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Abstract  
 
 

Rates of regional and global sea-level rise during the 20th century were faster than in any 

century over the last 3000 years. Sea-level rise accelerated between ~1850 and ~1950, before 

greenhouse gases became the dominant forcing agent, which suggests, in part, a natural 

origin. The acceleration appears to have been more rapid in the Southern Hemisphere, which, 

according to geophysical theory, could point at a contribution from Northern Hemisphere 

land-based ice melt. More high-resolution relative sea level (RSL) reconstructions from the 

Southern Hemisphere are needed to test this hypothesis, and to complement a limited dataset 

of proxy and tide-gauge records. This study establishes three new RSL records for 

southeastern Australia (covering ~1830 – 2018) from analyses of salt-marsh sediments. New 

training sets of contemporary salt-marsh foraminifera were used for transfer-function 

analyses to derive palaeo sea-level estimates. High-resolution chronologies were established 

via Accelerator Mass Spectrometry radiocarbon, radiogenic lead, stable lead isotope ratios 

and pollen analyses. The new records demonstrate that, when corrected for glacio-isostatic 

adjustment, sea level has risen by ~0.2 – 0.3 m since ~1830 in southeastern Australia. Rates of 

sea-level rise were especially high over the first half of the 20th century, with maximum 

average rates of 4.0 (-0.4 – 7.1 95 % confidence range) mm yr-1, but there is regional variability 

between sites. A modelled sea-level budget indicates that the acceleration was initially driven 

by the barystatic component (including gravity, rotation and deformation), but subsequently 

amplified and driven by sterodynamic sea-level change. An analysis of the sea-level 

fingerprints of the barystatic component to 20th century global sea-level rise points at a 

significant input from the Greenland (17 %) and Antarctic Ice Sheets (11 %) as well as glaciers 

in Alaska (14 %), the Russian Arctic (10 %), western Canada and the US (9 %), south Asia and 

southern Andes (8 % each). 
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1.0 Background 
 
Sea-level rise is one of the major consequences of climate change affecting millions of people 

worldwide (e.g. Dangendorf et al. 2019; Fox-Kemper et al. 2021; Kopp et al. 2014). 

Understanding the mechanisms and drivers behind sea-level change is therefore vitally 

important. By placing near-term changes into a long-term perspective, we can establish 

whether current trends are comparable to or exceed past trends (Clark et al. 2016). 

Quantifying any long-term deviations from the background rate is crucial for informing 

current and future mitigation and adaptation strategies. However, investigating long-term 

changes in sea level is difficult because there are few tide-gauge records that extend beyond 

~150 years (Hogarth, 2014b).  

 

Proxy-based sea-level records can supplement instrumental data and can extend sea-level 

records through the Common Era and further back in time (e.g. Gehrels et al. 2020; Kemp 

et al. 2015, 2017a, 2018; Kopp et al. 2016). High-resolution proxy records of sea-level change 

can be derived from salt marshes, as they accrete in fine layers in response to sea-level rise. 

These records often have decadal to centennial resolution and high vertical precision (e.g. 

Gehrels et al. 2008; 2012; 2020; Kemp et al. 2011; 2015; 2017a; Long et al. 2014; Saher et al. 

2015). In order to generate the palaeo sea-level estimates, we establish sea-level index points 

(SLIPs) using salt-marsh sediments and the microfossils preserved within them (e.g. 

foraminifera, diatoms, pollen and testate amoebae). SLIPs have a known age (which we can 

establish from radiometric and relative dating techniques) and elevation (microfossil 

assemblages occupy distinct vertical niches within the tidal frame – known as their 

indicative range; Figure 1). The indicative ranges of microfossils can be quantified using 
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statistical techniques called transfer functions (Sachs, Webb and Clark, 1977) which allow 

robust assessments of vertical uncertainties in the resulting reconstructions (e.g. Callard et 

al. 2011; Rush et al. 2021; Williams et al. 2021). In (sub)tropical regions like Northern 

Australia, proxy sea-level records have also been established from mangrove sediment (e.g. 

Woodroffe et al. 2015), but these reconstructions can be affected by age reversals resulting 

from bioturbation and sediment dynamics (Punwong, Marchant and Selby, 2013; Sefton, 

Woodroffe and Ascough, 2021).  

 

Figure 1. Schematic of a salt-marsh environment showing marsh vegetation zones and water 

reference levels – HAT = Highest Astronomical Tide, MHW= Mean High Water, MTL= Mean tide 

level, LAT= Lowest Astronomical Tide. The indicative range of a proxy tells us where in the tidal 

frame it occurs. (Figure uses and adapts icons from the Integration and Application Network - 

ian.umces.edu/media-library).  

Global mean sea-level rise is defined as the increase in the volume of the ocean divided by 

the ocean surface area (Gregory et al. 2019). Ocean volume is driven by changes in both the 

mass (the barystatic component, i.e. sea-level rise resulting from the addition of ocean water 
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mass which previously resided within the land as land water storage or land ice), and 

density (the steric component, i.e. sea-level change as a result of both thermosteric sea-level 

rise which is due to the change in in-situ temperature, and halosteric sea-level rise which is 

due to the change in salinity; Gregory et al. 2019). Global mean sea-level rise, therefore, is 

the sum of the thermosteric and barystatic components (Gregory et al. 2019). Locally and 

regionally, sea level can also be affected by sterodynamic changes (i.e. relative sea-level 

change due to changes in ocean density and circulation). Relative sea-level (RSL) rise is the 

change in sea level with respect to the land (Church et al. 2013; Gregory et al. 2019). Changes 

in RSL can be attributed to all of the above processes, but also changes in the land height 

(i.e. vertical land motion; VLM), which must be accounted for in the records. A dominant 

effect on RSL records today is the ongoing process of glacio-isostatic adjustment (GIA) i.e. 

deformation of the solid Earth as a result of past changes in land ice since the last glacial 

period (e.g. Gregory et al. 2019; Khan et al. 2015; Stuhne and Peltier, 2015). The effect of GIA 

is greater on relative sea-level records in the near-field (i.e. sites in close spatial proximity 

to past and present centres of grounded ice) than those in the far-field (Clark, Farrell and 

Peltier, 1978). RSL records are also affected by gravity, rotation and deformation (GRD) 

which results from the contemporary surface-mass redistribution of ocean water due to 

changes in ice mass and terrestrial water storage (Frederikse et al. 2020). 

 

Many of these RSL records have now clearly demonstrated that from at least the start of the 

20th century onwards, sea level has substantially deviated from the late Holocene 

background rate. The rates of the 20th century sea-level rise were faster than those during 

any of the preceding 3000 years (Kopp et al. 2016). Over the first half of the 20th century, 

global sea level was primarily driven by the barystatic component, which was responsible 
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for ~80 % of global mean sea-level rise (Frederikse et al. 2020; Figure 2). Thermosteric sea-

level rise then increased over the latter half of the century and into the 21st century 

(Frederikse et al. 2020; Figure 2). 

 

 

Figure 2. Temporal variations in the barystatic and thermosteric components, showing their sum 

and the observed global mean sea level (GMSL) since 1900. Figure adapted from Frederikse et al. 

(2020).  

Whilst there are numerous Common Era relative sea-level records from salt marshes in the 

Northern Hemisphere, and especially around the North Atlantic (e.g. Barnett et al. 2019; 

Gehrels et al. 2005; 2006, 2020; Kemp et al. 2011, 2017a, 2017b, 2018; Long et al. 2014; Saher 

et al. 2015), records from tectonically stable regions of the Southern Hemisphere are rare, 

with only a few high-resolution proxy records from this region (Frederikse et al. 2021; 

Gehrels et al. 2008; 2012; Grenfell et al. 2012; Strachan et al. 2014). None of these salt-marsh 

records extend beyond ~1000 years (although some coral microatoll records from the south-

central Pacific Ocean do (e.g. Goodwin and Harvey, 2008; Hallmann et al. 2018; Woodroffe 

et al. 2012). Furthermore, not only is there a lack of proxy-based records, but also a paucity 
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of instrumental data, as most long-term tide gauge records are located in the Northern 

Hemisphere (and especially in Europe and North America; Hogarth, 2014b; Figure 3). 

Therefore, the development and expansion of proxy-based records from the Southern 

Hemisphere is crucial for supplementing sparse tide-gauge data. Assessing the reliability 

of these proxy-based reconstructions is achieved by comparing periods in time where 

instrumental and proxy records overlap. Whilst some records agree well (e.g. Gehrels et al. 

2005; Long et al. 2014), some do not (e.g. Engelhart et al. 2009; Gehrels et al. 2012; Grenfell 

et al. 2012), and this necessitates more investigations into the discrepancy between proxy 

and instrumental data.  

 

Figure 3. Locations of long-term tide-gauge records from various coastal regions. Long tide-gauge 

records are biased towards the Northern Hemisphere. Figure adapted from Hogarth (2014b). 

Many of the proxy-based records suggest a sea-level acceleration between ~1850 and ~1950 

(e.g. Engelhart et al. 2009; Gehrels et al. 2008; 2012; Kemp et al. 2011; 2017b; 2018; Long et al. 

2014). Whether these inflexions represent one or multiple accelerations is uncertain, as 
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records indicate different timings in the sea-level acceleration, with estimates between 

~1800 to ~1900 at their oldest and ~1950 to ~1965 at their youngest (Figure 4).  

 

Figure 4. Timings of the modern sea-level acceleration recorded in proxy-based sea-level records 

from around the world.  

The ~1850 to ~1950 sea-level acceleration occurred before anthropogenic forcing became 

dominant (Slangen et al. 2016), and so must, in part, have a natural origin. As barystatic 

sea-level rise was dominant over this period, a possible explanation may be melting of land-

based ice (Frederikse et al. 2020; Malles and Marzeion, 2021; Parkes and Marzeion, 2018). 

Estimates suggest that Northern Hemisphere land-based ice (i.e. the Greenland Ice Sheet 

and Arctic glaciers) has contributed significantly more to GMSL than Southern Hemisphere 

land-based ice over the 20th century (Adhikari et al. 2018; Frederikse et al. 2020; Malles and 

Marzeion, 2021). Meltwater from the Greenland Ice Sheet (GrIS) and Arctic glaciers results 

in higher magnitude rises in the mid latitudes of the Southern Hemisphere and lower 

magnitude rises around the ice mass (Bamber and Riva, 2010; Figure 5). This is because an 
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ice mass has a gravitational pull on the surrounding ocean and, therefore, the water is held 

up in retention to the ice sheet. However, once the ice body loses mass as it melts during an 

interglacial period for example, the gravitational pull weakens, the land rebounds, and sea-

level falls in the near-field and rises in the far-field (Figure 5). The effect of this is termed 

GRD (Gregory et al. 2019). These fingerprint models can be used to assess the contribution 

(in sea-level equivalent) from ice-mass change of different ice sources to sites around the 

world (e.g. Dangendorf et al. 2017). When the barystatic component is isolated in RSL 

records, fingerprinting can provide a useful tool to estimate the role of different ice bodies 

in driving sea-level rise.  

 

Figure 5.  Figure 5. Sea-level change due to ice-mass loss in A. Greenland, B. Antarctica, C. Alaska D. Glaciers 

for the period 2000 – 2008. Green line indicates global average eustatic relative sea level. Figure from 

Bamber and Riva (2010). 
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Figure 6. Schematic of relative sea-level change in the near and far field during a glacial and 

interglacial period following ice mass gain (glacial) or loss (interglacial) and the redistribution of 

water masses (i.e. the ‘fingerprint’). Figure adapted from Rovere, Stocchi and Vacchi (2016). Figure 

uses and adapts icons from the Integration and Application Network – (ian.umces.edu/media-

library). 

Proxy records from Australia and New Zealand suggest more rapid rates of sea-level rise 

compared to those from the Northern Hemisphere (e.g. Gehrels et al. 2006, 2008; 2012; 
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Grenfell et al. 2012; Kemp et al. 2011), with inflexion rates up to 3.2 mm yr-1 larger in the 

Southern Hemisphere compared to the Northern (Gehrels et al. 2012), which could point to 

a Northern Hemisphere source for the sea-level acceleration (Gehrels and Woodworth, 

2013). However, currently, proxy data from Australia and New Zealand suggest faster rates 

of sea-level rise than the instrumental data from the same region (Gehrels et al. 2008; 2012; 

Grenfell et al. 2012). Therefore, there is a possible discrepancy between the records that 

warrants further investigation. The long-term tide gauges from Australia themselves are 

problematic, often with poor temporal and spatial resolution until around the mid 20th 

century (Hogarth 2014a; 2014b; White et al. 2014). A more detailed exploration of this 

phenomenon is given in Chapter 2.  

1.1 Thesis hypothesis, aims and objectives 
 
This thesis sets out to test the hypotheses that: 

(i) Sea-level rise between ~1850 and ~1950 was faster in southeastern Australia than in the 

North Atlantic region. 

If confirmed, geophysical theory predicts that far-field (i.e. Northern Hemisphere) ice melt 

may explain the difference. Therefore, a second hypothesis to be tested in this study is that: 

 
(ii) Arctic land-based ice melt was responsible for the global sea-level acceleration(s) between 

~1850 and ~ 1950.  

Three new palaeo sea-level records from southeastern Australia were established in this 

study to test hypothesis i. Modelling and sea-level fingerprinting were used to test 

hypothesis ii.  
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The following objectives are identified: 

 

1. Record and analyse the distribution of modern foraminiferal assemblages 

from salt marshes in southeastern Australia to create new sea-level transfer 

function models for the region. 

Currently, only one local transfer function is available for southeastern Australia 

from Little Swanport, Tasmania (Gehrels et al. 2012). This study will create three 

new training sets of modern foraminifera from southeastern Australia and 

investigate how the new and existing training sets can be combined into sub-

regional and regional training sets, analysing their predictive performance. It 

will also compare the distribution of modern foraminifera at the new sites to 

those elsewhere in Australia and New Zealand. 

 
2. Document the stratigraphy of the sites and undertake foraminiferal analyses 

on representative salt-marsh cores. 

Site stratigraphy will be logged in order to document coastal change at the sites 

and to locate the area of the marsh where the deepest peat is, as this is likely to 

yield the longest record of sea-level change. To obtain palaeo sea-level estimates 

from the salt-marsh records, detailed analyses of the fossil foraminifera will be 

undertaken. Fossil foraminifera will be calibrated using transfer functions to 

obtain palaeomarsh surface elevation estimates for each sample downcore. The 

reliability of the palaeomarsh surface elevation estimates will be assessed using 

a statistical approach. 
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3. Establish a chronology for each core using a multiple dating approach. 

To gain a high-resolution chronology, previous studies looking at historical sea-

level changes (e.g. Gehrels et al. 2008; 2012; Kemp et al. 2011) have undertaken a 

multiple dating approach using radiocarbon dating – (Accelerator Mass 

Spectrometry 14C bomb-spike, high precision i.e. multiple target (Marshall et al. 

2007) and routine), radionuclide analyses (137Cs, 210Pb) and relative dating (stable 

lead isotope ratios, pollen, charcoal, base metals). This thesis will also use the 

same techniques to establish chronologies for each site. The European settlement 

history of each site will be investigated in order to establish dates for potential 

chronohorizons in the core. Previously, 210Pb dates have been analysed in 

traditional models such as the constant rate of supply model which uses the 

decay equation of 210Pb to convert data into to calendar dates (Appleby and 

Oldfield, 1978). A new age-depth program has recently been developed called 

rplum (Blaauw, 2021) which negates the need to model “modelled data” and has 

been shown to produce more accurate age estimations than the traditional 

models (Aquino-López et al. 2020). Therefore, this study will create age-depth 

models using the chronological data and compare 210Pb age estimates from the 

traditional and rplum models.  

 

4. Reconstruct the timing and magnitude of sea-level rise across southeastern 

Australia at three sites. 

In order to reconstruct the timing and magnitude of sea-level rise in 

southeastern Australia, SLIPs for each core will be generated by combining the 

palaeo sea-level estimates with the chronology estimates. From this, Gaussian 
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process regressions will be performed on the data to obtain rates of sea-level 

rise. The trends between the sites will be compared in order to determine the 

timing and magnitude of sea-level rise in the region.  

 

5. Compare the novel sea-level records to sea-level fingerprint models, ocean 

dynamic models and historical records of ice melt.  

The difference in the rates of 19th and 20th century (i.e. pre and post acceleration) 

sea-level rise will be compared in the new proxy records as well as other global 

records to determine the magnitude of the acceleration in both hemispheres. The 

sterodynamic component will be accounted for using an ocean reanalysis 

model. These corrected rates will be compared to sea-level fingerprint models 

and historical records of ice melt to determine whether Arctic ice melt could 

have been responsible for the sea-level acceleration between ~1850 – 1950. 

1.2 Thesis structure  

This thesis is comprised of traditional chapters as well as a published research paper. 

Chapter 2 is a literature review which summarises the different estimates of global mean 

sea-level rise since 1900. The chapter then explores the contribution of land-based ice (both 

glacier and ice sheet) to sea-level rise over the 19th and 20th century, as well as documenting 

historical periods of accelerated ice loss and the potential causes. It then discusses sea-level 

fingerprinting and the use of it in sea-level studies. Finally, the chapter gives an expanded 

discussion on the discrepancy between proxy and instrumental data in Australia. Chapter 

3 gives a regional overview of the climate, geology and late Holocene palaeoenvironmental 

and sea-level history of southeastern Australia, as well as a description of the study sites. 
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The chapter then documents the European settlement and pollution history of the region in 

order to establish dates for chronohorizons which may be apparent in the sediment cores. 

Chapter 4 documents the methods used to achieve the thesis objectives including field 

methods, foraminiferal, sedimentological and chronological laboratory analyses, as well as 

statistical and modelling analyses. Chapters 5 and 6 present the main results of the thesis. 

Chapter 5 is based on a paper that has been published in the journal Open Quaternary 

(Williams et al. 2021) and presents the modern foraminifera data and transfer functions. To 

avoid repetition, the study sites and methods in this paper have been removed as they are 

presented in Chapters 3 and 4. As this is a collaborative paper between several co-authors, 

the author contributions have been outlined at the start of the chapter. Chapter 6 presents 

the litho- and biostratigraphies of the study sites, the palaeomarsh surface elevation 

estimates, the age-depth models and the relative sea-level reconstructions. Chapter 7 

discusses the key findings of Chapter 6 and uses sea-level fingerprinting to test the Arctic 

ice melt hypothesis. This is achieved using either error-in-variables regression (proxy data) 

or least squared regression analyses (tide-gauge records) to ascertain the magnitude in the 

change of the rate of sea-level rise between the 19th and 20th century at sites from around the 

world, and an optimisation model to find the combination of fingerprints that most closely 

match the observations. Chapter 8 summarises the key finding of the study and gives 

recommendations for future work.  
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2.0 Introduction 

As Chapter 1 demonstrated, many relative sea-level records suggest recent high rates of 

sea-level rise from ~1850 – 1950 that substantially deviate from the late Holocene 

background rate. A recent paper by Frederikse et al. (2020) showed that the barystatic 

contribution (from both glaciers and ice sheets) to global mean sea-level was especially high 

over the first half of the 20th century, and currently, proxy records from around the world 

suggest that the spatial pattern of this acceleration may point to a Northern Hemisphere 

source, i.e. the Greenland Ice Sheet and Arctic glaciers. The aim of this literature review, 

therefore, is to assess the contribution of land-based ice (glaciers and ice sheets) to sea level 

from ~1850 – 1950, as well as to ascertain the timings of accelerated ice mass loss over this 

period and potential causes. 

In order to achieve these aims, the review first compares modelled instrumental global 

mean sea level (GMSL) records since ~1900 to discern the rate of sea-level rise over this 

period. Second, it collates the timings of rate changes in sea level from ~1800 – 1965 from 

proxy-based relative sea-level reconstructions to determine whether the onset of modern 

sea-level rise was synchronous around the world. Third, the literature review summarises 

the contributions of glaciers and the GrIS to GMSL, as well as expanding on why the 

contribution from Southern Hemisphere land-based ice (i.e. Southern Hemisphere glaciers 

and the Antarctic Ice Sheet) is less certain. Fourth, it summarises developments in the field 

of sea-level fingerprinting since its inception two decades ago. Finally, the review expands 

the discussion on the discrepancy between instrumental and proxy sea-level data in 

historical records from Australia and New Zealand that was introduced in Chapter 1 to 

explain the difficulties of comparing proxy and instrumental data in Australasia. 
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2.1 Historical reconstructions of sea-level rise 
 
2.1.1 Global mean sea-level rise  
 
Instrumental records of GMSL are largely constructed from compilations of tide-gauge data 

(satellite altimetry data have only been available since ~the early 1990s). Reconstructions of 

historical GMSL therefore differ between models based upon their methodological 

approaches in their reconstructions. Church and White (2011) and Ray and Douglas (2011) 

combined static spatial patterns constrained from satellite altimetry observations with 

temporal data from tide gauges, whereas Jevrejeva et al. (2014) averaged regional sea-level 

curves by stacking rates of individual tide-gauge data into a global reconstruction. Similar 

approaches to Jevrejeva et al. (2014) were also taken by Calafat, Chambers and Tsimplis 

(2014) and Wenzel and Schröter (2010). The Jevrejeva et al. (2014) model extended back the 

furthest, estimating GMSL from the early 19th century onwards. However, prior to 1850, the 

record is based only upon data from three Northern Hemisphere tide-gauge records and 

carries large vertical uncertainties. All these studies estimated ~1.6 – 1.9 mm yr-1 GMSL rise 

since 1900 (Figure 7; Table 1). 

 

Hay et al. (2015) developed an approach where tide-gauge data were used alongside 

ensembles of model estimates of the spatial fingerprints of ocean dynamics, GIA and ice 

melt (both ice sheets and glaciers) and other contributions from VLM. This new way of 

modelling resulted in a lower rate of 20th century GMSL rise than previous estimates 

(1.2 ± 0.2 mm yr-1) and Hay et al. (2015) suggested that the previous models had 

overestimated GMSL rise. Subsequent reconstructions by Dangendorf et al. (2017; 2019) and 

Frederikse et al. (2020) follow more closely the methods of Hay et al. (2015) than of the 
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earlier estimates. Dangendorf et al. (2017; 2019) and Frederikse et al. (2020) stated that the 

earlier models were too linear and had estimates larger than the sum of the individual 

contributors. The Frederikse et al. (2020) model revised estimates of these contributing 

processes (i.e. glaciers and ice sheets, thermal expansion and terrestrial water storage) 

suggesting a trend of 1.6 ± 0.3 mm yr-1 for the period of 1900 – 2018.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 7. Global mean sea-level rise estimates since ~1800. 
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Table 1. Global mean sea-level rise estimates since 1900. 

Reconstruction Time period of 

reconstruction 

Global mean sea-level rise (mm yr-1) 

Calafat, Chambers and Tsimplis 

(2014) 

1900 – 2002 1.9 ± 0.2 

Church and White (2011) 1900 – 2009 1.7 ± 0.2 

Dangendorf et al. (2017) 1902 – 1990 1.1 ± 0.3  

Dangendorf et al. (2019) 1900 – 2015 1.6 ± 0.4 

Frederikse et al. (2020) 1900 – 2018 1.6 ± 0.3 

Hay et al. (2015) 1901 – 1990 1.2 ± 0.2 

Hay et al. (2017) 1901 – 1990 1.1 ± 0.3 (Kalman smoother) 

1.3 ± 0.2 (Kalman filter) 

Jevrejeva et al. (2014) 1900 – 1999 1.9 ± 0.3 

Ray and Douglas (2011) 1900 – 2007 1.7 ± 0.3 

Wenzel and Schröter (2010) 1900 – 2006 1.6 ± 0.3 

 

Kemp et al. (2015) undertook change-point analysis of the Jevrejeva et al. (2014) 

reconstruction and identified two intervals where the rate of sea-level rise increased. These 

were 1827 – 1860 and 1924 – 1943. Church and White (2011) found that an acceleration in 

the rate of global sea-level rise occurred in the 19th century from ~1880, with a secondary 

rise ~1930. In the shorter reconstructions, Dangendorf et al. (2017; 2019), Frederikse et al. 

(2020) and Hay et al. (2015) demonstrated continuous rise throughout the 20th century.  
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2.1.2 Local and regional sea-level rise    

As highlighted in Chapter 1, proxy-based sea-level reconstructions from salt-marsh 

deposits extend back in time beyond the tide gauge and satellite records (e.g. Kopp et al. 

2016). Regional records show different patterns in sea-level rise since the pre-industrial era, 

as well as different timings in the onset of modern sea-level rise, with some showing 

increases in sea level from the 18th century (e.g. Faivre et al. 2019; Gehrels et al. 2020; Kemp 

et al. 2017c; Long et al. 2014; Saher et al. 2015; Shaw et al. 2018), whereas others show little 

variability until a positive inflexion in either the late 19th century or early 20th century (e.g. 

Donnelly et al. 2004; Engelhart et al. 2009; Gehrels et al. 2004; 2005a; Kemp et al. 2011; 2013b; 

Leorri, Horton and Cearreta, 2008; Figure 4).  

 

It appears that the 1850 – 1950 acceleration is muted in some parts of Europe or is recorded 

later than in records from the western North Atlantic and Australasia. For example, Barlow 

et al. (2014) found in their records from Scotland that, whilst the biostratigraphy suggests a 

mid-20th century change in sea level, the change in the rate of relative sea level was either 

not large enough in magnitude, or was too short-lived to be recognisable in their sea-level 

reconstruction. This was also noted by Long et al. (2014) where change-point analysis did 

not detect any significant changes in the rate of sea-level rise over the period. This is found 

not only in the proxy records, but also in European tide-gauge records which suggest a 

more gradual long-term acceleration from 1850 – 1950 compared to others from around the 

world (e.g. Gehrels and Woodworth, 2013). However, recent instrumental data from 

Hogarth et al. (2021) does find a late 19th century acceleration in national records from the 

UK (~1888), and this acceleration has also been identified in proxy records from France 
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(Rossi et al. 2011) and Spain (Leorri, Horton and Cearreta, 2008). However, these records 

have been criticised for a lack in precision of both vertical and chronological data and Long 

et al. (2014) stated that more data are needed to be confident in the reconstructions, 

especially given the large uncertainties.  

 

These relative sea-level records show considerable regional variability, with the North 

American proxy records generally suggesting an earlier onset of sea-level rise compared to 

the Australasian records, but also a slower rate (e.g. Kemp et al. 2011; 2017a; 2017b). The 

differences in the timing of the acceleration between the records may either be a result of 

dating uncertainties or could reflect real non-synchroneity between the records. Similarly 

to the global signal, it remains uncertain whether the relative records document one sea-

level rise since the start of the 19th century or whether this is two separate rises with a first 

acceleration in the mid 19th century ~1850 and a second acceleration ~1920. The next section 

of this literature review considers both the Northern and Southern Hemisphere 

contribution of land-based ice (both glaciers and ice sheets) to sea-level rise over this same 

period. 

2.2 The contribution of land-based ice to sea level over the 
19th and 20th century 
 
N.B. This section will refer to mass loss from glaciers and ice sheets in both gigatons (Gt) 

and in sea-level equivalent (SLE). To calculate SLE from ice mass the following equation is 

applied: 

SLE (mm) = mass of ice (Gt) × (1/361.8) 
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For more detailed information on the conversion of Gt to SLE please refer to Davies (2021) 

and references therein. 

 

Mass changes of glaciers and ice sheets occur due to both changes in the surface mass 

balance (SMB), as well as ice discharge (i.e. dynamic ice loss) at the grounding line. Both are 

dependent on oceanic and atmospheric conditions (e.g. van den Broeke et al. 2009). SMB is 

the difference between accumulation (from solid precipitation i.e. snow) and ablation (ice 

melt and sublimation), whereas dynamic ice loss at the grounding line is related to 

accelerated flow at marine-terminating outlets as a result of oceanic and or atmospheric 

warming. This causes decreased buttressing which leads to extensive upglacier ice thinning 

which drives further loss  (e.g. King et al. 2020).  

 

2.2.1 Glaciers 
 
Estimates of glacier contribution to GMSL have been made by analysing glacier length 

change over time alongside in situ mass balance measurements and modelling (e.g. 

Marzeion et al. 2017). Several studies (e.g. Leclercq, Oerlemans and Cogley, 2011; Malles 

and Marzeion, 2021; Marzeion, Jarosch and Gregory, 2014; Zemp et al. 2019) have attempted 

to quantify the contribution of global glaciers to GMSL over varying time periods, with the 

oldest dating to back to ~1800 (Figure 8). Estimates largely vary due to the number of 

glaciers included within the dataset (both length records and geodetic and glaciological 

mass balance observations). Data from Leclercq et al. (2014) suggested that most glaciers 

did not begin to rapidly retreat until after ~1800, with periods of advance and retreat since 

~1760 (Csatho et al. 2008; Lea et al. 2014; Leclercq, Oerlemans and Cogley, 2011; Leclercq et 
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al. 2014). The end of the Little Ice Age (LIA) ~1850 likely triggered the onset of the melting 

of some glaciers (Csatho et al. 2008; Lea et al. 2014). The most recent estimates suggest that 

from 1901 – 2018, glaciers (excluding the Antarctic periphery) have contributed 

69.2 ± 24.3 mm sea-level equivalent (or 0.59 ± 0.21 mm yr-1; Malles and Marzeion, 2021). 

This represents a significant proportion (~33 %) of the observed sea-level rise over the 20th 

century (Frederikse et al. 2020). Glaciers in the Arctic have contributed the most to GMSL, 

with glaciers in the Southern Hemisphere, Europe and Middle East contributing far less. 

For example, from 1901 – 1990, globally, glaciers contributed 0.56 ± 0.27 mm yr-1 to GMSL. 

Out of that, Arctic glaciers were responsible for 0.34 ± 0.62 mm yr-1 which equates to ~62 % 

(Malles and Marzeion, 2021).  

 

Figure 8. A. Estimations of global glacier contribution to global mean sea level (GMSL) over the 19th 

and 20th century. B. Rate of glacier contribution to GMSL. Contribution errors are represented by the 

vertical lines and the time period of the study is represented by the horizontal lines. 
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2.2.2 The Greenland Ice Sheet 
 
Observational evidence has shown that there was considerable mass loss of the GrIS during 

the 20th century (Kjeldsen et al. 2015; Figure 9; Figure 10). Between 1980 – 2012, the average 

SMB was 361 ± 40 Gt yr-1 with a negative trend over time (mainly due to increased runoff 

(Shepherd et al. 2020)). In the first half of the 20th century, the greatest negative mass-

balance rates occurred during the 1920s and early 1930s, which also correlates with 

extensive glacier retreat in southeastern Greenland (Bjørk et al. 2012; Briner et al. 2020). 

Since 1972, the largest contributions to global sea-level rise have come from northwest (4.4 

± 0.2 mm), southeast (3.0 ± 0.3 mm), and central west (2.0 ± 0.2 mm) Greenland, with a total 

13.7 ± 1.1 mm for the Ice Sheet (Mouginot et al. 2019).  
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Figure 9. Mass loss estimates of the Greenland Ice Sheet from 1800 – 2016. Mass loss errors (1 σ) are 

represented by the vertical lines and the time period of the study is represented by the horizontal 

lines. 
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Figure 10. Top panel. Annual observed mass balance of the Greenland Ice Sheet from 1850 – 2012 

with 1 σ errors (where available) from Kjeldsen et al. (2015; blue) and Briner et al. (2020; green). 

Bottom panel. Contribution from the Greenland Ice Sheet to global mean sea level from the geodetic 

and temporal mass balance reconstruction approaches with 1 σ errors from Kjeldsen et al. (2015). 

The geodetic approach uses airborne and satellite altimetry combined with a digital elevation model 

to estimate mass balance. The temporal approach uses in situ determination of accumulation and 

ablation for the mass balance year.   

Modelling of GrIS SMB has shown the regime in the 1920s was comparable to that during 

the 2000s, where the Ice Sheet experienced high melt and low precipitation (e.g. Box, 2013; 

Fettweis et al. 2017; Wilton et al. 2017). There are quite large differences in estimates of 

surface mass loss over the 19th and 20th century (e.g. Fettweis et al. 2017; Kjeldsen et al. 2015; 

Wilton et al. 2017; Figure 11; Figure 12), which largely seem driven by which record of 

mean annual precipitation is chosen for the time series, or by which model is chosen e.g. 
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positive degree day, energy balance model, general circulation model  or regional climate 

model (RCM). Overall, polar RCMs perform the best compared to observations, in 

particular for simulating precipitation patterns, but are more computationally expensive 

than other models (Fettweis et al. 2020). SMB model outputs show that the Ice Sheet SMB 

was generally higher in the second half of the 20th century compared to the earlier half, 

indicating ice sheet growth (at least until the final decade; Figure 12).  
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Figure 11. Surface mass loss of the Greenland Ice Sheet from 1840 – 2004. Horizontal lines denote time period of study and vertical lines denote mass loss 

uncertainty (where applicable - 1 σ vertical lines).
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Figure 12. Estimates of historical Greenland surface mass loss from recent studies. Shaded areas 

show 1 σ errors (where given). 

Few studies have looked at dynamic ice loss beyond the mid-late 20th century due to the 

limited observations prior to the satellite era. From those that extend back to ~1960, data 

show in nearly all regions of the GrIS, ice discharge has increased from the mid 20th century 

to present (Mouginot et al. 2019; Rignot et al. 2008;  

Figure 13). Over the past four decades, on average, dynamic ice loss has contributed 

66 ± 8 % of the mass loss versus 34 ± 8 % for SMB (Mouginot et al. 2019). Recent data show 

between 1985 – 1990 the average dynamic ice loss was 17 ± 6 Gt yr-1, and ice thickness has 

decreased from the 1980s until present (King et al. 2020).  

 

 



 
53 

 
 

Figure 13. Mean yearly flux in discharge for the Greenland Ice Sheet from 1972 – 2017 (blue line) 

with 1 σ error showing increasing discharge over time with an acceleration from ~2000. Data from 

Mouginot et al. (2019). 

 

2.2.3 Southern Hemisphere land-based glaciers 
 
As mentioned in Chapter 1, the contribution from Southern Hemisphere glaciers such as 

those located in New Zealand, the low latitudes and the southern Andes has been assumed 

to have been a lot lower over the 19th and 20th century compared to their Northern 

Hemisphere counterparts. From 1901 – 1990, there has been a maximum estimated 

contribution of ~0.1 mm yr-1 from glaciers in the lower latitudes, southern Andes and New 

Zealand, compared to ~0.6 mm yr-1 from Arctic glaciers (excluding Greenland peripheral 

glaciers; Malles and Marzeion, 2021). However, mass loss of glaciers from many of these 
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regions is poorly constrained in comparison to Northern Hemisphere regions due to both 

limited field exploration, as well as complications with modelling mass loss due to the high 

number of marine-terminating glaciers in areas like the southern Andes (Malles and 

Marzeion, 2021).  

 

2.2.4 The Antarctic Ice Sheet 
 
In comparison to Greenland, the contribution of the Antarctic Ice Sheet (and its peripheral 

glaciers) is not well established (Frederikse et al. 2020). Current evidence suggests that only 

towards the end of the 20th century did the Antarctic Ice Sheet begin to make substantial 

contributions to GMSL (~0.05 mm yr-1 SLE; Adhikari et al. 2018; Frederikse et al. 2020), 

although, mass balance observations only extend back until around the mid-20th century 

(Rignot et al. 2019). Contributions over the latter decades of the 20th century are mostly 

assumed to have come from the West Antarctic Ice Sheet, whilst the East Antarctic Ice Sheet 

is largely assumed to have remained in balance (Shepherd et al. 2018).  

 

2.2.5. Historical periods of accelerated glacier mass loss  
 
As highlighted in section 2.2.1, globally, some glaciers began losing mass from as early as 

~1800, with a pronounced trend in the Arctic (Leclercq et al. 2014; Marzeion et al. 2015). 

Evidence from ice-rafted debris around Greenland suggests periods of high iceberg rafting 

from 1796 until the 1830s with a major peak around 1829 and from 1880 – 1940 (Wangner 

et al. 2018, 2020). Malles and Marzeion (2021) modelled mass change rate of glaciers in 

Randolph glacier inventory regions and showed that in many cases, mass loss rates were 

higher in the period 1901 – 1940 than the middle of the 20th century (i.e. 1941 – 1980 and 
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1901 – 1990; Table 2). In most regions, glacier mass loss rates increased until ~1930 after 

which the mass loss rate decelerated until ~1980 when accelerations began again (Malles 

and Marzeion, 2021). 

 

Table 2. Ensemble mean regional mass change rate estimates in mm SLE yr-1 for different time 

periods over the 20th century. Table adapted from Malles and Marzeion (2021). The greatest mass 

change rates for each region has been highlighted in bold. 

Region 1901 – 1940 1941 – 1980 1901 – 1990 1971 – 2018 Total mass 

change 

Alaska 0.08±0.17 0.05±0.03 0.06±0.07 0.09±0.03 0.28±0.3 

Arctic 

Canada 

(North) 

0.10±0.10 0.06±0.04 0.08±0.05 0.09±0.02 0.33±0.21 

Arctic 

Canada 

(South) 

0.08±0.10 0.03+0.03 0.06±0.04 0.04±0.00 0.21±0.17 

Greenland 

periphery 

0.17±0.13 0.05±0.06 0.10±0.08 0.07±0.04 0.39±0.31 

Iceland 0.01±0.01 0.01±0.00 0.01±0.00 0.01±0.00 0.04±0.00 

Svalbard 0.05±0.02 0.03±0.01 0.04±0.01 0.06±0.01 0.18±0.05 

Scandinavia 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 

Russian Arctic 0.06±0.10 0.05±0.01 0.05±0.05 0.06±0.01 0.22±0.17 

 

Observational evidence from Greenland largely agrees with model outputs. Bjørk et al. 

(2012) analysed frontal behaviour of 132 glaciers along the Greenland coastline and 
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identified two periods of significant recessional retreat: 1933 – 1943 and 2000 – 2010. It has 

been shown that peripheral glaciers and ice caps retreated faster between 1910 – 1932 than 

2000 – 2013 (22.1 ± 6.4 m yr-1 and 12.2 ± 1.8 m yr-1) (Bjørk et al. 2018). New evidence has 

shown that there was a major ice tongue collapse of the Kangerlussuaq Glacier (one of 

Greenland’s largest outlet glaciers) between 1932 – 1933 which resulted in a 9 km retreat 

(Vermassen et al. 2020). This retreat exceeds any of the glacier’s recent retreat events 

(Vermassen et al. 2020). Similar results regarding the timing of the retreat in the early 20th 

showing that past retreat rates from 1880 – 1930 were larger than present-day (Khan et al. 

2014; 2020).   

 

Many other glaciers around Greenland have also shown similar patterns of extensive loss 

in the early 20th century especially from ~1920 – 1930  (e.g. Andresen et al. 2012, 2017; Howat 

and Eddy, 2011; Johansson et al. 2020; Khan et al. 2020; Vermassen et al. 2019). The 

Jakobshavn Isbræ has one the most complete and longest records which shows that the 

glacier retreated steadily from the 1850s until the 1950s at an average rate of ∼300 m yr−1 

(Csatho et al. 2008). Two rapid periods of thinning of this glacier have been identified in the 

early 20th century including 1902 – 1913 and 1930 – 1959 (Csatho et al. 2008; Khan et al. 

2020); however the fastest observed retreat occurred between 1929 – 1942 and averaged 

500 m yr−1 (Howat and Eddy, 2011). The front then remained almost unchanged until the 

end of the century (Howat and Eddy, 2011; Lloyd et al. 2011). Mass loss of the Jakobshavn 

Isbræ in the early 1900s was comparable to present-day rates (Khan et al. 2020). Similar 

patterns in the timing of glacier retreat have also been reported elsewhere outside of 

Greenland, with many studies also reporting retreating glaciers in other Arctic regions 

during the late 19th century or early 20th century (e.g Björnsson et al. 2013; Błaszczyk, Jania 
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and Kolondra, 2013; Hannesdóttir et al. 2015; Kavan, 2020; Pálsson et al. 2012; Sigurđjsson, 

Jónsson and Jóhannesson, 2007).  

 

2.2.6. Historical periods of accelerated ice sheet mass loss  
 

Several studies (Briner et al. 2020; Fettweis et al. 2017; Kjeldsen et al. 2015; Wilton et al. 2017)  

have shown that the GrIS was subject to mass loss in the first half of the 20th century, 

although timings differ. The modelled SMB from Wilton et al. (2017) suggests a major 

decline between the mid-1920s and early 1960s; however results from Wake et al. (2009) 

only note this decline in the 1920s. Significant declines in sea ice surrounding Greenland 

are observed from ~1910 – 1960 (Brennan, Hakim and Blanchard-Wrigglesworth, 2020; 

Trusel et al. 2018) with increases ~1960 (Trusel et al. 2018). More recent developments using 

the previously mentioned RCMs specifically designed for polar regions have suggested that 

the Ice Sheet lost mass ~1930 (Fettweis et al. 2017). 

 

It is difficult to ascertain the runoff history of the GrIS prior to 1930 as many of the models 

predict different scenarios. Some models suggest continuous runoff increase from 

1900 – 1930 (Fettweis et al. 2017), whereas others suggest a runoff decrease from 1900 – 1920 

followed by a melt increase, reaching a maximum at the beginning of the 1930s (Box, 2013; 

Fettweis et al. 2017). There is also significant variability in instrumental and observational 

data. Precipitation conditions and trends in meteorological data from both ice cores and 

weather stations since 1890 vary, with some suggesting increased snowfall 1910 – 1940 and 

some suggesting reduced snowfall (Mernild et al. 2015). These differences seem regionally 

dependent. Some observationally constrained models have even suggested initiation of 
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GrIS melt following the onset of industrial-era warming in the mid-1800s (Trusel et al. 

2018). Noël et al. (2018) state that coarser-resolution SMB models (such as the 11 km 

RACMO2.3p2 models) insufficiently model GrIS SMB and that future efforts should be 

concentrated on high-resolution models i.e. 1 km to gain realistic measurements of GrIS 

SMB.   

 

However, as demonstrated, the GrIS mass balance did not become significantly negative 

until the 20th century (Kjeldsen et al. 2015). This could suggest two accelerations in sea level: 

the acceleration witnessed ~1850 may have been caused by the onset of melting glaciers and 

the ~1920 – 1940 acceleration may have been caused by negative mass balance of the GrIS 

and other Arctic land-based glaciers during the early twentieth century warming (ETCW).  

 

2.3 Causes of the warming 
 
Both global atmospheric and ocean temperatures have been shown to rise significantly 

during the ETCW (Friedman et al. 2020; Hegerl et al. 2018). The signal was especially strong 

in Arctic instrumental and proxy records (Abram et al. 2016; Andresen et al. 2012; 2017; 

Wangner et al. 2020; Figure 14). The warming has been linked to both internal climate 

variability (e.g. Chylek et al. 2016; Svendsen et al. 2018) and changes in external radiative 

forcing (Haustein et al. 2019). The degree to which either, or both, contributed to the ETCW 

is still debated (e.g. Bokuchava and Semenov, 2020; Haustein et al. 2019). The contribution 

of each will be considered here. 
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Figure 14. Time series of Arctic temperature changes from 1700 – 2000 from a Bayesian hierarchical 

model (PAGES2K ensemble) showing ensemble mean (purple) and ensemble members (grey). Data 

from Neukom et al. (2019). LIA= Little Ice Age. 

2.3.1. External forcings 
 
Some studies (e.g. Haustein et al. 2019; Hegerl et al. 2018; 2019) suggest strong external 

forcing in the early 20th century. Haustein et al. (2019) suggested that 98 % of 20th century 

warming can be explained by external forcing. Greenhouse gas emissions since the 

industrial revolution have caused a detectable warming from 1900 (e.g. Abram et al. 2016; 

Hegerl et al. 2019; Schurer et al. 2013) and simulations suggested they could have caused 

up to half of global warming between 1910 – 1940 (Egorova et al. 2018). Increasingly, studies 

are now suggesting that anthropogenic influences dominated the ETCW (e.g. Friedman et 

al. 2020; Fyfe et al. 2013; Najafi, Zwiers and Gillett, 2015). It is now generally agreed within 
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the literature that greenhouse gases largely drove the warming (Hegerl et al. 2018; 2019), 

however, the degree to which the other external forcings contributed to the ETCW is still 

debated (Hegerl et al. 2018). Tropospheric aerosols and internal climate variability have 

also played a role in cooling from the end of the ETCW until ~1970 (Hegerl et al. 2018).  

 

Increases in insolation are observed over the 20th century (Hegerl et al. 2018; 2019) and Suo 

et al. (2013) proposed that much of the warming in the Arctic can be explained by intensified 

solar radiation and a decline in volcanic activity between 1920 and 1950. Some subsequent 

studies (Egorova et al. 2018; Perner et al. 2019) have agreed and state that the effect of 

insolation was enhanced due to the decline in tropospheric aerosols over the 20th century, 

but also suggest that anthropogenic drivers played a role. Results from other studies 

however (Fyfe et al. 2013; Rohde et al. 2013) suggest that changes in insolation have not 

contributed to recent warming and that the observed warming can be explained by 

volcanism and anthropogenic effects. Volcanic eruptions were quite frequent throughout 

the 19th century; there was 29 major (i.e. Volcanic Explosivity Index >4) eruptions between 

1800 – 1900 (Newhall and Self, 1982). However, these became less frequent after the 

eruption of Santa Maria (1902) and Katmai (1912; Hegerl et al. 2018) and could have led to 

the positive forcing (Hegerl et al. 2019; Figure 15).  

 

There may be a discrepancy between studies that argue insolation was an important driver 

and those that suggest it was not, because estimates of insolation over the ETCW are 

extremely variable and therefore affect model outputs depending on which values are used 

(Hegerl et al. 2018; Przybylak et al. 2020). Finally, anthropogenic aerosols have also been 

argued as a key driver of the ETCW, with Carslaw et al. (2013) suggesting that these early 
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emissions may have caused substantial impacts in a less polluted atmosphere, but 

uncertainties associated with this are large (Hegerl et al. 2019). Currently, better estimates 

of the external forcings are needed for a clearer understanding of the effect of each on the 

ETCW.  

 

Figure 15. A. 3-year running mean of individual radiative forcings from the industrial era – present 

from IPCC AR5. B. Running 50 year trends in individual external forcings. GHG = Greenhouse gases, 

AER = Aerosols, VOLC= volcanism, SOLAR = solar insolation, GMST = Global mean surface 

temperature. Figure adapted from Hegerl et al. (2019). 

2.3.2. Decadal climate variability 
 
Other studies (e.g. Bokuchava and Semenov, 2020; Polyakov et al. 2010; Svendsen et al. 2018; 

Xiao et al. 2020) argued that external forcing alone is not enough to explain the observed 

warming in the Arctic over the ETCW and suggest that internal climate variability must 

have also played a role. After a long time of no real pronounced trend over the second half 
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of the 19th century, a marked-long term decrease in the North Atlantic Oscillation (NAO) 

occurred between the early 20th century and the 1970s (Hegerl et al. 2019). Decreases in the 

NAO can lead to warm temperatures over parts of Greenland, as well as the North Atlantic 

(Hegerl et al. 2019; Wegmann et al. 2020) and this has been suggested as a primary cause of 

the ETCW (e.g. Polyakov et al. 2010). Arctic warming leading to enhanced ice loss has been 

found to correlate with negative phases of the NAO (Andresen et al. 2012; Trusel et al. 2018; 

Wegmann et al. 2020) and ocean models have shown that atmospheric circulation such as 

that caused by the NAO can induce anomalously high northern heat transport in the North 

Atlantic, which drives Arctic warming with a lag time of around a decade (Müller et al. 

2015). Beitsch, Jungclaus and Zanchettin, (2014) proposed that internal variability of the 

Northern Hemisphere climate alone is sufficient to reproduce warm events similar to those 

of the ETCW in the Arctic region and no external forcing is needed.  

 

Other modes of natural climate variability such as the Atlantic Multidecadal Oscillation and 

the Pacific Decadal Oscillation (AMO and PDO respectively) have also been discussed as 

potential contributors to the ETCW (e.g. Hegerl et al. 2018; Johannessen et al. 2016; Tung 

and Zhou, 2013; Zhou and Tung, 2013), as both peak during the ETCW (Figure 16). The 

AMO has been shown in some studies to have potentially contributed up to 16 % of the 

observed warming (Fyfe et al. 2013), and significant correlations have been found between 

the AMO and declining Arctic sea ice during the ETCW (Bokuchava and Semenov, 2020). 

The PDO may act synchronously with the AMO, and Johannessen et al. (2016); Tokinaga, 

Xie and Mukougawa, (2017); Wegmann, Brönnimann and Compo, (2017) and Xiao et al. 

(2020) have suggested that the a combination of the two contributed to the ETCW However, 

some evidence has implied that the AMO does contribute but the PDO does not (Chylek et 
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al. 2016), and other evidence has suggested that the PDO has contributed but the AMO has 

not (Svendsen et al. 2018). Svendsen et al. (2018) argued that previous studies did not isolate 

the PDO and it in itself can explain the majority of observed warming. Therefore, it is still 

unclear and further work is needed to ascertain the potential contribution of each forcing. 

 

It is probable that the ETCW in the Arctic was driven by a combination of the two (Chylek 

et al. 2016; Fyfe et al. 2013; Hegerl et al. 2018, 2019; Xiao et al. 2020). A large proportion of 

the warming can be explained by external large-scale climate forcing and a smaller 

proportion by internal climate variability (Fyfe et al. 2013). A complex combination of 

external forcings, amplified by positive Arctic feedbacks from internal modes and 

anthropogenic factors are likely are responsible for the warming (e.g. Bokuchava and 

Semenov, 2020). The relative contribution of each external forcing and or internal mode 

Figure 16. Fluctuations in the Atlantic Multidecadal Oscillation (AMO) and the 

Pacific Decadal Oscillation (PDO). Red box indicates the Early Twentieth Century 

Warm Period. Figure adapted from Hegerl et al. (2018). 
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seems to currently depend on model parameters and it still remains unclear which is the 

most likely driver of the warming after greenhouse gas emissions.  

2.4 Sea-level fingerprinting 
 

As demonstrated in Chapter 1, melting of an ice sheet or glacier leads to a non-uniform 

distribution of meltwater and subsequent spatial variability in sea-level change (e.g. Khan 

et al. 2015; Mitrovica et al. 2011). In far-field regions, sea level can reach a value ~30 % higher 

than the globally averaged rise (Tamisiea and Mitrovica, 2011). The signature or 

“fingerprint” of this ice melt can therefore be traced spatially. Sea-level fingerprinting 

attempts to map and estimate the contribution of ice loss to GSML and is calculated using 

an equation which takes into account the effect of GRD (e.g. Riva et al. 2017). The first 

attempt to amalgamate sea-level fingerprinting into estimates of GMSL change was done 

by Mitrovica et al. (2001). One of the ice masses they studied was the GrIS and they used 

sea-level fingerprinting to estimate the contribution of the Ice Sheet to GMSL. Several other 

studies have since attempted this, with varying results (Table 3). 
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Table 3. Estimated contributions from the Greenland Ice Sheet to global mean sea level over the 

20th century using sea-level fingerprinting. 

Study Estimated contribution 

(mm yr-1) 

Mitrovica et al. (2001) ~0.6 

Nakada and Inoue (2005) ~1.0 

Plag (2006) ~0.1 

Hay et al. (2013) ~0.3 

Hay et al. (2017) ~0.1 

 

The early estimates of Mitrovica et al. (2001) and Nakada and Inoue (2005) tended to be 

higher than those calculated from observed rates of GrIS mass loss. If we take the most up 

to date estimates of GrIS contribution to GMSL from Kjeldsen et al. (2015), they suggests a 

contribution of 0.3 ± 0.1 mm yr-1 over 1900 – 1983. This means that these early sea-level 

fingerprint models suggested ~0.3 – 0.7 mm more rise per year than observations. This may 

be because the sea-level fingerprint models assumed constant rates of GrIS mass loss over 

the 20th century, which, as previous sections of this review highlight, is inaccurate. Newer 

attempts used a Bayesian methodology (Hay et al. 2013, 2015). These models used Kalman 

smoother and Gaussian process regression to estimate the processes responsible for the 

spatial variation in sea level. Hay et al. (2015) used these techniques to obtain the GMSL 

rates of 1.2 ± 0.2 mm yr-1 (Kalman smoother) or 1.1 ± 0.4 mm yr-1 (Gaussian process 

regression) shown in section 2.1.1. Hay et al. (2017) developed further on the 2015 study 

and estimated a GrIS melt rate of 0.14 ± 0.02 mm yr-1. 
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Sea-level fingerprinting has since been successfully used in sea-level studies to assess and 

potentially explain the recent temporal and spatial trends in sea-level change (e.g. Gehrels 

et al. 2020). Estimates of GrIS mass loss support the hypothesis that the GrIS may have been 

in part responsible for the rapid rise in sea level observed in Australian and New Zealand 

historical records from ~1850 – 1950 (Gehrels et al. 2012; Gehrels and Woodworth, 2013). 

Possible evidence of this phenomenon has not only been observed in Australasia, but 

America too (e.g. Engelhart et al. 2009; Kemp et al. 2018; Kopp et al. 2014, 2015), with 

increasing rates of sea level observed latitudinally north – south, postulated to be the result 

of GrIS melt. Sea-level fingerprinting cannot determine which specific ice body melt has 

come from i.e. it cannot determine which specific Arctic ice cap melt has come from, as there 

is correlation between the estimates of the individual sources (Hay et al. 2017); however, 

the total sum of ice melt contribution can be determined as shown in this section, and so 

fingerprinting remains a useful tool for sea-level scientists.  

2.5 The discrepancy between proxy and instrumental relative 
sea-level records from Australia  
 
Whilst Australia is a region which would experience higher magnitude rates of sea-level 

rise owing to Northern Hemisphere ice melt (both GrIS and Arctic glaciers), and proxy 

records from the region suggest this (Gehrels et al. 2008; 2012; Grenfell et al. 2012), tide-

gauge records suggest much slower rates of sea-level rise. For example, the New Zealand 

average rate (1891 – 2013) calculated from tide gauges at Auckland, Wellington, Lyttelton, 

New Plymouth and Dunedin was 1.5 ± 0.2 mm yr-1 (Denys et al. 2020) which is ~1 mm yr-1 

less than the proxy record suggests. This discrepancy also occurs in the Tasmanian record 

(Figure 17). Whilst the proxy-based records suggest highest rates occurred in the first half 
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of the 20th century, especially ~1910, long tide-gauge records from Fort Denison, Sydney do 

not suggest a sea-level acceleration until ~1940 – 1960 (Figure 17; PSMSL, 2021). At 

Fremantle, between 1915 – 1960, instrumental data suggest sea level rose at an average of 

2.2 ± 0.5 mm yr-1. This is ~2 mm a year less than the proxy data record and at Hobart, the 

average rate is 1.5 ± 0.7 mm yr-1 from 1889 – 1972 (Hunter, 2007).  

 

The earliest known direct measurements of sea level in Australia came from Port Arthur, 

Tasmania (1841 – 1842; White et al. 2014), but in southeastern Australia generally, long-

term tide-gauge data are quite spatially sparse and temporally patchy in nature. There are 

also only a few records that extend back to the 19th century, with numbers only increasing 

~1960. Some tide gauges such as Hobart, Fort Denison, Sydney and Newcastle are also 

problematic because they have datum shifts and or have been subject to land subsidence 

(Hunter, 2007; Watson, 2011; White et al. 2014). White et al. (2014) suggest that Australian 

individual tide-gauge records are too short and contain too much variability for detection 

of statistically significant accelerations in sea-level rise in Australia. Furthermore, due to 

the large distance between tide-gauge records and the proxy sites in Australia and New 

Zealand, comparisons between the two are difficult. Grenfell et al. (2012) suggested that 

compression in salt-marsh cores may be a reason for the discrepancy; however compression 

experiments from Brain et al. (2012) have shown that these salt marshes are not susceptible 

to compression, therefore the reason(s) for this discrepancy is still unknown. Burgette et al. 

(2013) advocate for combining instrumental records in order to obtain more accurate 

estimates of relative sea-level change.  
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Figure 17. Comparison of long term tide-gauge records from southeastern Australia and New 

Zealand with existing proxy data (Gehrels et al. 2008; 2012). Data are uncorrected for vertical land 

motion. Also shown is the Fremantle (Western Australia) record as it is one of the few long-term 

tide-gauge records from the region. Data are available from PSMSL (2021). 

2.6 Synthesis 
 
This review has summarised the potential contribution of land-based ice (including glaciers 

and the ice sheets) to sea level since ~1850 to assess its likelihood as a driver of the sea-level 

acceleration ~1850 – 1950. Due to a lack of long-term tide-gauge records, most global 

reconstructions do not extend beyond ~1900 and, as such, prior to this period uncertainties 

are large. Estimates of GMSL since 1900 range from ~1.2 mm yr-1 to ~1.9 mm yr-1 as a result 

of differing reconstruction methodologies. The most current estimate suggests a global 

trend of ~1.6 mm yr-1 since 1900. All records show continuous rise over this period. 
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The barystatic component dominated sea-level rise over the early half of the 20th century, 

with the largest contribution coming from glaciers followed by the GrIS (Frederikse et al. 

2020). Currently, (limited) evidence suggests that Southern Hemisphere land-based ice has 

not contributed significantly to 20th century sea-level rise, though further work is needed in 

the area to ascertain the contribution over the recent past and Common Era. Contributions 

from the steric component were low over the early 20th century, but increased over the 

century (Frederikse et al. 2020).  

 

As mentioned in Chapter 1, there are now numerous proxy-based relative sea-level records 

that can extend these GMSL predictions back into the 18th century and beyond. Most of 

these records come from the North Atlantic where a sea-level acceleration is witnessed 

primarily ~1850 – 1860, although some records show a rise as early as 1812 (e.g. Kemp et al. 

2017a). Records from Australia and New Zealand identify a slightly later sea-level 

acceleration ~1895 – 1920 (Gehrels et al. 2008; Gehrels et al. 2012) and some records from 

America and Canada have also identified an acceleration after 1920 (Barnett et al. 2017; 

Gehrels et al. 2005). This could mean that the earlier acceleration is possibly associated with 

the melting of glaciers worldwide (~1850) following the end of the LIA (e.g. Lea et al. 2014), 

and the second may be associated with melting of the GrIS during the ETCW in the Arctic 

(from ~1920). This non-synchroneity however could also be a result of age errors.  

 

Both empirical and modelling studies have shown that both glaciers and the GrIS have lost 

mass from the 19th century to present (e.g. Malles and Marzeion et al. 2021; Kjeldsen et al. 

2015; Wilton et al. 2017; Zemp et al. 2019). Rapid ice loss has occurred primarily after 1920 

which correlates with a period of anomalously warm temperatures in the Arctic at the start 
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of the 20th century (Kjeldsen et al. 2015). Causes of the ETCW are still debated within the 

literature (e.g. Bokuchava and Semenov, 2020; Haustein et al. 2019; Svendsen et al. 2018; 

Xiao et al. 2020), but the two main hypothesises suggest increased external forcings over 

this time period, primarily from greenhouse gas emissions (e.g. Haustein et al. 2019), as well 

as changes in internal climate variability likely related to the NAO, AMO or PDO (e.g. 

Johannessen et al. 2016; Tokinaga, Xie and Mukougawa, 2017; Svendsen et al. 2018; 

Wegmann, Brönnimann and Compo, 2017). Future work in this area will help to resolve the 

cause of this temperature anomaly. 

 

Sea-level fingerprinting demonstrates that meltwater from the Northern Hemisphere 

results in relative sea-level rise in the mid latitudes of the Southern Hemisphere (e.g. 

Bamber and Riva, 2010) and may explain why relative sea-level reconstructions from 

Australia and New Zealand suggest faster rates of sea-level rise during the earlier half of 

the 20th century compared to North American and European records. However, there is a 

discrepancy between proxy records and instrumental data in sea-level records from 

Australia and New Zealand, with long-term tide gauge records suggesting slower rates of 

sea-level rise over the 20th century than the proxy records (Gehrels et al. 2008; 2012). It is 

difficult to compare instrumental and proxy records in this region, because the tide gauges 

are generally too short to capture the acceleration, and a dense network of tide gauges are 

only available from ~1960 onwards (White et al. 2014). In the early records, there are 

problems associated with datum shifts, subsidence and the digitisation of the records which 

also make them unreliable. More proxy-based records are needed from the region to 

investigate the ~1850 – 1950 sea-level acceleration and to elucidate whether Northern 

Hemisphere ice was responsible for the rise. 
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3.0 Introduction 
 

This chapter introduces the physical setting of the three salt-marsh sites in southeastern 

Australia which are used to test the hypothesis, aims and objectives outlined in Chapter 1. 

Section 3.1. provides a broad regional overview of the physical geography and climate of 

southeastern Australia. Section 3.2 summarises the late Quaternary palaeoenvironmental 

history and section 3.3 presents the mid – late Holocene sea-level change in the region. 

Section 3.4 presents the field sites, and finally section 3.5 and 3.6 summarise the European 

settlement and pollution history of the sites which are important for providing 

chronostratigraphic horizons that are key to the chronologies that underpin the sea-level 

reconstructions.  

3.1 Regional overview 

3.1.1 Climate  
 
The Australian continent spans 30° of latitude from the tropics in the north, to the mid-

latitudes in the south, and as a consequence the continent experiences significant regional 

climate variability. In the north, tropical systems dominate and there are two main seasons. 

Moving southwards, the influence of the tropical systems decrease, and extra-tropical 

weather systems dominate. The rainfall cycle becomes weaker and the temperature contrast 

increases, resulting in four distinct seasons. This study is focussed on sites in southeastern 

Australia in the sub-tropics. The region has been termed the “Southern Slopes” by the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) (Grose et al. 2015) 

and extends from Wollongong in the North (34.4 °S) to the Islands off the south-east Cape 
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in Tasmania (43.8 °S) (Figure 18). The Southern Slopes can be further sub-divided into 

Western Victoria, Eastern Victoria, southeastern New South Wales, Western Tasmania and 

Eastern Tasmania. This region of Australia has many of the coolest, high-altitude areas in 

Australia but also has extensive lowland coastal regions. The Southern Slopes largely have 

a temperate, maritime climate with an annual mean temperature of ~8° C in the elevated 

regions of Tasmania and Victoria, to ~14° C in the lowlands, although temperatures can 

reach over 24° C in January and down to 0° C in July (Grose et al. 2015).   

 

 

The amount of rainfall the region receives is variable, but it is generally higher in the cooler 

months (Figure 19). In Tasmania, rainfall is largely driven by the Southern Annular Mode 

 
Figure 18. Regions of Australia split into national resource management clusters (NRMs) which can 

be used to split the physiographic characteristics of different regions of Australia (Figure from Grose 

et al. 2015).  
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(SAM) and in Victoria and south-east New South Wales by low pressure systems (Grose et 

al. 2015). In the winter and spring, rainfall is also influenced by the El Niño Southern 

Oscillation (ENSO) and the Indian Ocean Dipole (IOD). When La Niña combines with a 

negative IOD phase, rainfall is largely higher than average, and when an El Niño combines 

with a positive IOD phase, rainfall is largely lower than average (Risbey et al. 2009). 

Furthermore, the SAM also influences rainfall, leading to a complex interplay between the 

modes (Hendon, Lim and Nguyen, 2014). As well as the tropical and extra-tropical modes, 

the Southern Slopes are situated within the falling arm of the Hadley Cell and the northern 

edge of the ‘Roaring Forties’ westerlies and so the region often receives regular cold fronts.  
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Figure 19. Monthly rainfall (blue bars) and temperature for the southern slopes cluster A. Victoria 

West, B. Victoria East and south-east New South Wales, C. Tasmania West, and D. Tasmania East 

(1986 – 2005). Tmean is monthly mean temperature (green line), Tmax is monthly mean daily 

maximum temperature (orange line), Tmin is monthly mean daily minimum temperature (blue line) 

and Ann Tmean is the annual average of mean temperature (grey line). Figure from Grose et al. 

(2015). 
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3.1.2 Geology 
 

The geology of southeastern Australia is complex and is better detailed in the local site 

descriptions (see section 3.4); however, generally, much of western Victoria is covered in 

extensive basalt plains (Grose et al. 2015; Pilia et al. 2015) and Silurian/Devonian 

sedimentary rocks. Towards the east and over into southern New Southern Wales, the 

geology is dominated by Triassic-Jurassic and Late Devonian sedimentary rocks and 

Ordovician sedimentary rocks with Devonian and Ordovician granites (e.g. Pilia et al. 2015; 

Figure 20). The geology of western Tasmania is comprised of many different Palaeozoic 

sequences ranging from Meso-Neoproterozoic to Cretaceous in age. In the north-east of 

Tasmania, the geology is mainly comprised of Devonian-Carboniferous granites and 

marine quartz turbidites. Southeastern Tasmania is largely comprised of Carboniferous-

Jurassic sedimentary rocks with some Devonian-Carboniferous granites (e.g. Hong et al. 

2019; Figure 20). 
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Figure 20. Surface geology of southeastern Australia (Eastern Victoria and south-east New South 

Wales as well as Northern Tasmania) showing site locations of A. Lutregala, B. Wapengo and C. 

Tarra. Data from Shaw et al. (2000). 

 

3.2 Late Quaternary history and vertical land motion 
 
 
Evidence of the Late Pleistocene glaciation has been found in Australia, with a period of 

significant cooling and increased aridity starting ~30 ka and peaking ~23 and 18 ka 

(Williams et al. 2013). Annual temperatures decreased by as much as 10° C compared to 

present day (Miller et al. 1997); However the glaciation was relatively small and restricted 

to southern Australia, only extending as far north as southern New South Wales (Barrows 

et al. 2001). It occurred on mountains generally higher than 1000 m above sea level (Colhoun 
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and Barrows, 2011). The glaciation was most extensive in western Tasmania, with two ice 

caps forming on the central Plateau and West Coast Ranges, and valley and cirque glaciers 

forming on surrounding mountains (Barrows et al. 2002; Colhoun and Barrows, 2011). Ice 

cover only occurred during the Last Glacial Maximum (LGM) and for a brief time following 

the LGM. There is no evidence for a readvance during the Younger Dryas or the Antarctic 

Cold Reversal (Barrows et al. 2002). As glaciation of the region was limited, no effect from 

regional GIA is expected at the study sites.  

 

Continental levering as a result of meltwater loading (i.e. hydro-isostasy) produced VLM 

of the Australian continent during the Holocene (Lambeck and Nakada, 1990). Because of 

the irregular shape of the Australian coastline and shallow continental shelf (especially on 

the East Coast; e.g. Brooke et al. 2017), there is a non-uniform pattern of VLM across the 

continent (Fleming et al. 2012; Lewis et al. 2013), with subsidence in offshore locations and 

upward tilting of locations further inland away from the shelf margins (Lambek and 

Nakada, 1990). In southeastern Australia, the width of the continental shelf (i.e. the 

Gippsland and Eastern Tasmanian shelf) is narrow, and coastal sites are sufficiently close 

to the shelf margin to be tilted downwards, resulting in subsidence (Figure 21). Australia 

is largely considered tectonically stable (e.g. Lewis et al. 2013; Nakada and Lambeck, 1989), 

but does experience occasional earthquake activity (e.g. Leonard, 2008). 
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Figure 21. Rate of sea-level change across Australia due to vertical land motion – data from the ICE-

6G_C model (Peltier, Argus and Drummond, 2015).  

3.3 Sea level from the Last Glacial Maximum to present   
 
Following the Last Glacial Maximum, in southeastern Australia, sea level rose until it 

reached a highstand in the mid Holocene (e.g. Khan et al. 2015; Lewis et al. 2013; Sloss et al. 

2018; Williams et al. 2018; Figure 22). Estimates from north Australia suggest that the 

highstand reached 2.8 ± 0.4 m above present at 5 ka (Woodroffe, 2009), whereas estimates 

from southeastern Australia suggest a highstand of 1.4 ± 0.1 m at 5.5 ka (Sloss, Murray-

Wallace and Jones, 2007). The timing and the magnitude of the highstand in Australia 

depends on GIA, and so is variable around the continent as well as on and offshore (Nakada 

and Lambeck, 1989). Initially, studies found evidence that dated the highstand around 
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Australia to between ~6000 – 5500 cal. yr BP (Gill, Lang and Boyd, 1982; Nakada and 

Lambeck, 1989). Since then, evidence has showed the highstand varied systematically 

around the continental margin, occurring earlier on the East Coast and later on the West 

Coast (Nakada and Lambeck, 1989). Originally, there was no evidence for a highstand in 

Tasmania, however, Fletcher and Thomas (2010) analysed both benthic marine diatom and 

wetland vegetation records in western Tasmania, and found evidence of a highstand 

~6300 – 5800 cal. yr BP. Other studies have since found earlier evidence of the highstand 

commencing to 8000 – 7000 years ago (Lewis et al. 2013; Sloss, Murray-Wallace and Jones, 

2007). A more recent study suggested a synchronised highstand down the East Coast from 

Northern Queensland to Southern Tasmania at 6880 ± 50 cal. yr BP (Dougherty et al. 2019). 

The refined age appears to be concurrent with major ice loss from both Ice Sheets (e.g. Jones 

et al. 2015), and the authors state that these may have played in role in driving the 

highstand. Currently, the best evidence for the highstand is largely found in Northern 

Queensland near the Great Barrier Reef, as well as along the New South Wales Coast 

(Dougherty et al. 2019; Nakada and Lambeck, 1989).  
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Figure 22. Relative sea-level reconstruction from New South Wales, Australia from the Holocene to 

present. Gaussian process regression model ran by Khan et al. (2015) showing mean and 1 σ (dark 

purple) and 2 σ errors (light purple). Sea-level index points shown by the rectangles. Original data 

from Sloss, Murray-Wallace and Jones (2007). Figure adapted from Khan et al. (2015). 

Following the highstand, sea level fell gradually to its present level (Gehrels et al. 2008; 

Lewis et al. 2013; Woodroffe, 2009). Sea level then began to diverge from the Holocene 

background rate ~1500 (Gehrels et al. 2008; Masselink and Gehrels, 2015). The rate of 20th 

century sea-level rise was 1.5 ± 0.4 mm yr-1. Gehrels et al. (2012) note that the greatest rises 

occurred between 1900 – 1950 (4.2 ± 0.1 mm yr-1 compared with 0.7 ± 0.6 mm yr-1 between 

1950 – 2000). Spatially, the nearest proxy record to Tasmania comes from New Zealand 

(Gehrels et al. 2008). In southern New Zealand, sea level began rising slowly at 

0.3 ± 0.3 mm year-1 from 1500 to 1900 until the rapid rise ~1900, where during the 20th 

century, the rate increased to 2.8 ± 0.5 mm yr-1.  
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Figure 23. Upper panel. Relative sea-level reconstructions from Tasmania (Gehrels et al. 2012) and 

Lower panel. New Zealand (Gehrels et al. 2008; Garrett et al. 2022). Sea-level reconstructions have 

been updated to SHCal20. Boxes show 2 σ vertical and horizontal errors. Data are corrected for GIA 

using estimates from Caron et al. (2018). 

From the 1960s, trends in relative sea-level rise from Australian tide-gauge records show 

an average rate of 1.4 ± 0.2 mm yr-1; this ranged from 0.9 mm yr-1 at Fort Denison to 

2.6 mm yr-1 at Darwin (White et al. 2014). When the Southern Oscillation Index signal is 

removed, the average trend is 1.6 ± 0.2 mm yr-1 over the period. From the 1990s, the 

corresponding average Australian trend in relative mean sea-level change was 

4.5 ± 1.3 mm yr-1, however this was 2.7 mm yr-1 after the signal correlated with the Southern 

Oscillation Index was removed, and 3.1 mm yr-1 after allowance for GIA and atmospheric 

pressure changes (White et al. 2014). Therefore, a complex interplay between past sea-level 
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change and the ongoing GIA response, climate modes and atmospheric pressure changes 

drive sea-level variability in southeastern Australia. 

3.4 Study sites  
 

3.4.1 Introduction 
 

Salt marshes that are connected to the open ocean are regularly inundated by the tide and 

therefore have the potential to provide records of past sea-level change. In order to achieve 

the aims set out in Chapter 1, three new salt-marsh sites were selected in southeastern 

Australia - one each in Victoria, New South Wales and Tasmania (Figure 24). The new sites 

have minimal evidence of anthropogenic disturbance, are located in bedrock-framed inlets, 

and have small tidal ranges (≤1.25 m). These factors are important to maximise the 

likelihood that tidal ranges have not changed significantly over time, as this could have 

affected the vertical foraminiferal zonation.  
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Figure 24. A. Regional map showing broad overview of study areas in the grey bounding boxes as 

well as states and state boundaries, major cities and seas. B. Study region on Tasmania showing the 

location of Lutregala salt marsh in the grey bounding box on South Bruny Island. C. Study region in 

Victoria showing the location of Tarra salt marsh by the white marker. D. Study region in New South 

Wales showing the Wapengo salt marsh in the grey bounding box. E. Lutregala salt marsh. F. 

Wapengo salt marsh. G. Tarra salt marsh. 
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3.4.2 Lutregala  
 
Lutregala salt marsh is located on Bruny Island (Indigenous name is lunawanna-allonah) 

which lies off the coast of Tasmania (lutruwita), around 70 km south-west of Hobart 

(nipaluna; Figure 24b). An isthmus called ‘The Neck’ joins North and South Bruny Island, 

with Lutregala, ~ 0.4 km2 in area, fronting onto Simpsons Bay on South Bruny Island 

(Prahalad and Jones, 2013). Due to its sheltered and shallow nature, Simpsons Bay includes 

several wetland areas (Clark, Cochran and Mazengarb, 2011). The bay is joined to the 

D’Entrecasteaux Channel, which is located between Bruny Island and mainland Tasmania. 

The average salinity in Simpsons Bay changes very little annually, with a mean salinity of 

32.8 ppt in the bay (Crawford and Mitchell, 1999) and 31.5 – 34.7 ppt in the surrounding 

D’Entrecasteaux Channel (Parsons, 2012). The mean nearshore water temperature is 

13.88° C (Crawford and Mitchell, 1999) and tidal modelling suggests that the tidal range is 

microtidal (0.47 m; Williams et al. 2021). At the northern extent of Lutregala, tidal channels 

and creeks are prevalent. The largest creek, Simpsons Creek, runs through the length of the 

salt marsh and is part of a larger low-lying saline marsh system supplied by freshwater 

originating in the South Bruny Range (Bryant, 2018). The site and immediate surroundings 

are underlain by sub and supra-littoral Quaternary deposits, as well as Quaternary 

alluvium, aeolian dunes, and sheet sand deposits, as well as surrounded by Triassic 

sandstone and Jurassic Dolerite to the northwest and Permian mudstone formations to the 

southeast (Farmer and Forsyth 1993; Figure 20). 

 

At Lutregala, the upland is characterised by regenerating grazing land and sclerophyll 

forest, consisting primarily of Eucalyptus ovata (black gum) dry forest with a grassy 
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understorey (vegetation zone 1; Z1) (Figure 25). There is a patch of Eucalyptus amygdalina 

(coastal black peppermint) forest and E. ovata dry forest located on a dune system at the 

Simpson Bay beach side of the salt marsh (northeast area). Whilst all flora is found 

throughout the salt marsh, the dominance of the plants varies. The marsh is characterised 

by salt-loving plants. Higher elevations are largely characterised by Juncus krausii (salt-

marsh rush) and Gahnia filum (chaffy saw sedge). Towards the mid – low elevations, 

Sarcocornia quinqueflora (beaded glasswort) dominates. There is also a low abundance of 

Tecticornia arbuscula, (shrubby glasswort), Samolus repens (sea primrose) and Suaeda australis 

(seablite) in the salt marsh (vegetation zone 2; Z2).   

 

Figure 25. Vegetation zonation at Lutregala marsh showing upland Sclerophyll woodland, the main 

marsh flora and the unvegetated mudflat. 
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3.4.3 Wapengo  
 
Wapengo salt marsh is located around 30 km south of Bermagui in southern New South 

Wales (Figure 24c). The salt marsh, which is around 0.51 km2 in extent (Creese et al. 2009), 

is located at the northern end of the Wapengo Lake estuary. Towards the southern end, the 

estuary has a narrow bedrock-framed mouth (Bithry Inlet). The bottom of the channel is 

1.2 m below mean high tide (Roper et al. 2011) and is not fast flowing (Scammell, Batley 

and Brockbank, 1991). Whilst some sites along this coastline are occasionally cut off from 

the open ocean, the entrance to Wapengo is permanently open (Scanes et al. 2007), and so 

Wapengo continuously maintains a connection to the ocean. Due to the proximity to the 

Bithry Inlet, the site has a high salinity, with multiple recordings from 2010 – 2012 showing 

salinity in the range of ~34 – 37 ppt (Garside et al. 2014). The average temperature in the 

estuary is ~16° C (Garside et al. 2014) and the modelled mean tidal range is 0.95 m (Williams 

et al. 2021). The underlying geology of Wapengo is a formation known as the Adaminaby 

Group, which comprises Late Ordovician turbidities of metagreywacke and phyllite 

(Rickard and Love, 2000; Figure 20).  

 

At Wapengo there is a Eucalyptus sieberi (stringybark) dry forest with a shrub understorey, 

which transitions into a narrow fringe of coastal Melaleuca (tea tree) forest just above the 

salt marsh (vegetation zone 1; Z1). Sarcocornia quinqueflora is most dominant at higher 

marsh elevations and declines in dominance at elevation declines. Juncus kraussii is 

dominant at both high and low elevations with a decline at mid elevations. Gahnia filum is 

present sporadically at high elevations but increases in abundance as elevation declines and 

is dominant towards the lower end of the salt marsh. Tecticornia arbuscula and 
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Distichlis distichophylla (Australian salt grass) also increase in abundance as elevation 

declines. In the salt marsh there is also a low presence of S. australis and Disphyma 

crassifolium (rounded-leaved pigface) (these zones are defined at vegetation zone 2; Z2). 

Towards the seaward end, a transitional zone sees the appearance of Avicennia marina (grey 

mangrove) interspersed with T. arbuscula and D. distichophylla (vegetation zone 3; Z3), this 

develops into a dense mangrove forest at the lower elevations (vegetation zone 4; Z4) 

(Figure 26).  

 

 

Figure 26. Vegetation zonation at Wapengo marsh showing upland Sclerophyll woodland, the main 

marsh flora and mangrove forest at the southern entrance of the marsh.  

3.4.4 Tarra 
 

Tarra salt marsh is located along the Nooramunga coast in the Nooramunga national park 

in East Gippsland ~4 km from Port Albert. The coast on which the salt marsh has formed is 

sheltered and is characterised by extensive sand and mud flats, tidal channels and sandy 
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barrier islands known as the Nooramunga islands (Australian Government, Department of 

Sustainability, Environment, Water, Population and Communities, 2011; Bird, 2010; Sinclair 

and Boon, 2012). Tidal modelling estimates a tidal range of 1.25 m (Egbert and Erofeeva, 

2010) and the salt marsh is sheltered from strong wave action by the Nooramunga islands. 

The underlying geology of the Nooramunga park is comprised of Quaternary alluvium and 

colluvium, and Quaternary dune deposits with Neogene and Palaeogene deposits to the 

north and north east and the Cretaceous Strzelecki Group to the north west (Australian 

Government Bioregional Assessments, 2015; Figure 20). The Nooramunga coast itself is 

Pleistocene in age (Bird, 2010). Historical aerial imagery and maps from the Nooramunga 

coast show that there have been no significant changes in the positions of barrier islands 

and inlets over the last half century (Rosengren, 1989; Vic Basemap Services, State 

Government of Victoria, 2021), and it is expected that the Tarra marsh/river has maintained 

a constant open connection to the ocean. 

 

A narrow fringe of Melaleuca is present around the marsh (defined as vegetation zone 1; Z1) 

which transitions into a marsh dominated by S. repens, S. quinqueflora, J. krausii, 

D. distichophylla and T. arbuscula (vegetation zone 2; Z2). All vegetation is present 

throughout the marsh, but the dominance varies. D. distichophylla and S. quinqueflora are 

most dominant at higher elevations and decline at lower elevations and J. krausii, 

S. australias and T. arbuscula are sparse at higher elevations and increase at lower elevations. 

The marsh is fronted by Avicennia marina (vegetation zone 3; Z3). Unlike Wapengo, there is 

no transitional zone between the marsh vegetation and the mangrove.  
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Figure 27. Vegetation zonation at Tarra marsh showing upland Sclerophyll woodland, the main 

marsh flora and mangrove forest that fronts the marsh.  

3.5 European settlement and pollution history 
 

3.5.1 Introduction 
 
An investigation into a site’s land-use history can aid with identifying chronohorizons in 

salt-marsh records which can be used when establishing a chronology (e.g. Kemp et al. 

2012b). This last section of the chapter investigates the European settlement and pollution 

history of the sites which has yielded useful markers in previous work in the region 

(Gehrels et al. 2008; 2012).   
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3.5.2 Lutregala 
 
There is evidence from midden deposits of Aboriginal occupation of Bruny Island 

extending back 6000 years, although there has been little archaeological research on the 

island. The island was visited by the French Bruni D’Entrecasteaux Expedition in the late 

18th century, which noted that the island was occupied by the Nuenone people (Johnson 

and  McFarlane, 2015). Permanent European settlement of North Bruny commenced in 

~1818  (Nethery, 2012) and from the 1830s onwards, the North Island was predominantly 

used for timber, fruit growing, fishing, and sheep and cattle grazing (Jackson, 2006). 

However, official settlement of South Bruny Island was not recognised until the 

1850s – 1870s when the dominance of the coal mining and timber industry grew in 

importance.  

 

Following European settlement in Tasmania, several studies have found an increase in the 

abundance of woody and herbaceous species, as well as an introduction of exotic pasture 

species (Kershaw, Bulman and Busby, 1994; Romanin et al. 2016). Between 1930 – 1940 pine 

plantations were introduced at Cloudy Bay and Ventenat Point (Davis, 1990) on the South 

Island. The fire history from sites located on Tasmania shows an increase in charcoal 

abundance immediately succeeding European settlement, with an increase between 

1850 – 1980 (Romanin et al. 2016). This indicates that burning post-settlement was occurring 

on much more frequent timescales than it was under Aboriginal management. After 1989, 

there are a declining number of fire records (Marsden-Smedley, 1998; Mooney et al. 2011; 

Romanin et al. 2016), suggesting a decrease in burning as a method of land clearance. 
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Despite these modifications to the landscape, population on the island remained low 

throughout the 19th and 20th century with ~311 residents across the North and South island 

in the 1970s (Jackson, 2006). After this, population grew quite rapidly, especially during the 

1990s, and had doubled by 2001 to 600 (Jackson, 2006). By 2011, there were 534 living on the 

South Island alone (Australian Bureau of Statistics, 2021). Therefore, much of the European 

impact on the island has been relatively recent. In terms of mining history, there was a coal 

mine on the South Island which operated from 1879 – 1890 (Bacon, 1986). The coal seams 

were thin and small and so the mine was deemed of little economic importance and has not 

been mined since. The closest large refinery to South Bruny is the Risdon refinery (Figure 

28). It was built adjacent to the Derwent River near Hobart and commenced operations in 

1917. In 1924, the first Tasmanian ore from Rosebery, New South Wales was processed. 

Production at the mine has continued to the present day, with several major ores mined 

over that period of time including the Broken Hill lead-zinc-silver ore between 1930 – 1936 

(Townsend and Seen, 2012). Major concerns about the dumping of mine waste into the 

Derwent were raised in the early to mid 1970s and pollution highs are recorded in the river 

around this time (Townsend and Seen, 2012).  

  

Perhaps of greater significance to the wider Tasmanian settlement history is the Mt Lyell 

copper-silver-gold mining field on Tasmania which has been in operation for over 100 years 

(Augustinus et al. 2010; Bell and McCarthy, 2011; Corbett, 2001; Raymond, 1996; Figure 28). 

Excavation initially commenced in 1893 resulting in in two successful mines, two smelters, 

two towns and two ports (Weston, 2010; 2018). The company saw a highly successful 

decade in copper mining from ~1930. Production of copper rose gradually until 1933 and 
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peaked in 1935 (Weston, 2010). Copper production still remains high at the mine, with over 

22,000 tonnes mined in 2012 (MDO, 2019). 

 

Figure 28. Locations of the mines in southeastern Australia that became the major emitters of 

pollution during the 19th and 20th century (blue icons), towns and cities (white) and study sites 

(black). 

3.5.3 Wapengo 
 
The oldest archaeological site in the vicinity of Wapengo Marsh is at Burrill Lake (around 

150 km away; and has been dated to 21,000 years ago (Lampert, 1971). The site was 

occupied by the Yuin people at the time of European settlement and there is evidence that 

they had been in the area for at least 6,000 years (Byrne, 1983; DECCW, 2011). The area was 

settled in 1830 and was further expanded in 1835 (Bayley, 1942; Bazley, 2015; Lunney and 

Leary, 1988). The main land uses were both grazing of cattle and sheep, and wool and meat 
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production. Ecosystems in the Bega district were severely altered within months of 

settlement by grazing and the introduction of invasive and non-native plant and tree 

species (Lunney and Leary, 1988). The Robertson Land Act was passed in 1861 which 

allowed for the intensification of activity in the area (Griffiths, 2002; Keith and Bedward, 

1999). This encouraged a wave of migration (Spooner, 2005), and by 1861, the population 

of Bega stood at 625. In Eden, (one of the biggest towns in the area) this had grown to 

around 4000 by 1878 (Lunney and Leary, 1988). 

 

The timber industry exploited the forests in the Bega valley and the surrounding hills and 

the whole region had virtually been cleared by 1910. After the 1920s, the clearance rate 

dropped, and very little amounts of new land were cleared. Pine plantations were 

established over marginal grazing lands and native forest at Bombala and Pericoe during 

the 1970s and 1980s (Keith and Bedward, 1999). More broadly, across southern NSW, pine 

plantations were established over the late 1960s and early 1970s, with a peak in 1985. This 

was then reduced between 1990 – 1994 (Australian Bureau of Agricultural and 

Resource Economics, 2000).  

 

From European settlement until 1988, 14 major fires were recorded in the Bega region 

(Lunney and Leary, 1988). Two of the largest and most destructive fires documented in the 

region occurred in 1884 and 1952 (Scott, 1999; Whittaker et al. 2020). A fire in 1980, 

originating in Mumbulla (~8 km from Wapengo) reached Wapengo and has been 

documented in the fire history of the site (Lunney, Cullis and Eby, 1987) and another 

wildfire is recorded as occurring in the Mumbulla precinct in 1968.  
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Near the study site is the Dargues gold mine and the Woodlawn Project which mines zinc 

and copper (NSW mining, 2020). However, mining appears minimal in the area, and a 

study looking at heavy metal concentration in the catchment (including in the Wapengo 

Lake estuary) only found evidence of very low levels of pollution (Mackay et al. 1975). 

Further north, two major mines are the Port Kembla and Cobar Copper mines. At Port 

Kembla, a copper refinery and smelter was set up in the area in 1908 and a related 

manufacturing company arrived in 1916 (Eklund, 2002; Weston, 2018). Copper smelting 

continued in the region until around the late 1990s (Weston, 2018) and finally halted in 2003  

(He and Morrison, 2001; Huo, Crisp and Cohen, 1999; Martley, Gulson and Pfeifer, 2004). 

The Cobar copper fields were discovered in 1870  (Mudd, 2009). In 1917 the mine launched 

a smelter capable of smelting up to 100 – 150 tonnes per day. Until 1953 (the opening of Mt 

Isa), it was one of the biggest producers of copper in NSW (Mudd, 2009).  

3.5.4 Tarra 
 
There is evidence for Aboriginal occupation in the Gippsland region through the discovery 

of Aboriginal lithics (Brooks, Lawrence and Lennon, 2011). Archaeology suggests human 

occupation for at least 5 ka (McNiven, 2000). Port Albert (Aboriginal name Tarra Warackel) 

as well as the Albert and Tarra rivers were settled by Europeans ~1830 (South Gippsland 

Pioneers' Society, 1920). Victorian settlement may have been as early as 1835; however, 

documented settlement of the Tarraville and Port Albert area is from 1841 onwards 

(Caldow, 2003). By the end of 1843, a number of buildings had been constructed in the town 

and the population stood at 56 (Caldow, 2003). Ten years later, this figure had raised to 270 

and by 1857, 339 people were recorded as living in Tarraville (Caldow, 2003).  
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The early days of Gippsland land use were primarily focussed on pastoralism. The dairy 

industry began in the region as soon after settlement. Towards the end of the 1860s, the 

land around South Gippsland was nominated for selection under the Lands Act 1869. This 

act encouraged an intensification of land-use change in the area (South Gippsland Pioneers' 

Society, 1920) and thus activity in the region increased. By the 1870s, felling began on a 

larger scale. Similarly to Bega, the majority of the scrub in the region had been cleared by 

the end of the 18th century and early 19th century (1890 – 1910) (Frost, 1997; Lindenmayer, 

2007; South Gippsland Pioneers' Society, 1920). Pine plantations were established in the 

nearby Strzelecki Ranges during the 1940s (Mainville, 2007).  

 

There are numerous gold mines in Gippsland, and indeed, these mines were a primary 

reason for the population boom in the Victorian state in the 1850s (Mudd, 2007). Other 

mines within the region include the black coal deposits of the Strzelecki Group. Most of the 

coal in the South Gippsland area was mined in the late 19th century to mid 20th century 

(Australian Government Bioregional Assessments, 2018). There is little evidence however 

for mining activity within the immediate vicinity of the Tarra site. However, both Tarra and 

Wapengo are located southeast of the Broken Hill mine and may have been exposed to 

pollutants from the prevailing westerlies (Marx et al. 2010).  

 

3.5.5 Lead pollution 
 
Broken Hill is arguably one of the single-most important mines in the history of European 

settlement, as it completely revolutionised metal mining not only in Australia, but 

worldwide. Lead mining in particular reached new levels of operation and production after 
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the discovery of the Broken Hill lead-silver-zinc ore body in 1883 (Boreland and Lyle, 2009; 

Lyle et al. 2006; Mudd, 2009; Solomon, 1988). The first ore from Broken Hill was smelted at 

Spotswood, Victoria. However, business grew so quickly that later on in 1885, smelting 

began on-site. From 1885 – 1897, both open-cut mining and smelting of the ore body was 

conducted on site, with up to 28 smelters in operation (Woodward, 1965). Figures have 

estimated lead smelting emissions at Broken Hill to total 46,400 tonnes between 1886 – 1897 

and 167,000 tonnes at Port Pirie between 1889 – 1982, with the majority of the emissions 

being created within the first few decades until ~1920 (Van Alphen, 1991).  

 

Broken Hill thus became one of the first significant contributors to anthropogenic lead 

emissions in the Australian environment. Exportation of lead continued at exceptionally 

large rates and was the primary mined metal at Broken Hill. However, around 1897 zinc 

was also mined (McQueen, 2015). The zinc furnaces ran from 1902 – 1921 (Woodward, 

1965). Between 1946 – 1950, Broken Hill produced 10.7 % of the world’s lead (Solomon, 

1988). The Broken Hill lead ore comprises its own distinct isotopic signature (206Pb/207Pb 

1.04; 206Pb/204Pb ~16.00; 208Pb/207Pb 2.33; Kristensen and Taylor, 2016; Chiaradia et al. 1997) 

and Mt Isa also has a similarly low isotopic signature (206Pb/207Pb 1.04; 206Pb/204Pb ~16.12; 

208Pb/207Pb 2.31; Chiaradia et al. 1997). 

 

An increase in lead concentration is seen in many environmental archives shortly after 

European settlement (from ~1890 onwards; Marx et al. 2010; McConnell et al. 2015; Serrano 

et al. 2016; Van de Velde et al. 2005; Wu et al. 2016), as well as a corresponding change in 

the isotopic composition of the lead (e.g. Kristensen, Taylor and Flegal, 2017; Figure 29). 

This is attributed to mining at Broken Hill and subsequent smelting at Broken Hill and Port 
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Pirie (Vallelonga et al. 2002). Marx et al. (2010), whose record derives from a peat bog in 

southern New South Wales, also find a period of initial mining activity dating to 1850  

before the more marked decrease in 1890 (Figure 29). In Antarctica, Vallelonga et al. (2002) 

identify two other distinct periods of lead pollution in their Law Dome record, one between 

1919 – 1948 where 206Pb/207Pb ratios increase to values ~1.17 – 1.18 and then another between 

1956 – 1989 where values decrease again.  

 

Figure 29. Changes in the composition of stable lead isotope 206Pb/207Pb from 1830 – 2010 from 

various environmental archives. Variations in isotopic composition can be seen when smelting at 

Broken Hill mine began in 1884 from more radiogenic values of 206Pb/207Pb ~1.17 to less radiogenic 

values of 206Pb/207Pb ~ 1.12 (seen in peat bog and lichen records). Figure from Kristensen, Taylor and 

Flegal (2017). Dates on figure: Smelting at Broken Hill ~1885, smelting transferred to Port Pirie ~1889, 

leaded petrol introduced 1932, unleaded petrol introduced 1985 and leaded petrol removed 2002. 

This study aims to identify the Broken Hill event and Pb pollution maximum ~1960 – 1980 prior to 

the isotopic decline following the introduction of unleaded petrol and removal of leaded petrol 

towards the end of the 20th century and start of the 21st century. 
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The introduction of leaded petrol (1932) and unleaded petrol (1985) as well as the removal 

of leaded petrol in Australia in 2002 may also provide chronostratigraphic markers in the 

records (Kristensen, Taylor and Flegal, 2017). A Southern Hemisphere pollution maximum 

was reached between 1960 – 1980 in the 20th century (Kristensen, 2015; Vallelonga et al. 

2002), and a peak in Australian petrol lead emissions is recorded in the early 1970s (Figure 

30). Lead pollution can be seen in the lichen and fungi records from Sydney where 

significant declines in the 206Pb/207Pb isotopic compositions are observed from the end of the 

19th century to the 1970s. The following decades are then characterised by lower lead levels 

as a result of the introduction of unleaded petrol and the ban of leaded petrol. As a response 

to these regulatory changes, 206Pb/207Pb isotopic compositions increase, especially from 1995 

onwards (Wu et al. 2016). 
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Figure 30. Calculated lead emissions from leaded petrol in Australia and within New South Wales, 

Victoria and Tasmania individually. The lead maximum is reached between 1960 – 1980 with a peak 

in the early 1970s. NSW= New South Wales, TAS= Tasmania, VIC= Victoria. Figure adapted from 

Kristensen (2015). 

At Little Swanport (Gehrels et al. 2012), several isotopic markers are apparent in the lead 

profile of the core, including the Southern Hemisphere increase in atmospheric lead 

pollution in the 1890s, the late 1940s minimum (Wolff and Suttie, 1994), the leaded petrol 

signal and the widespread smelting of zinc since the 1930s (which required coal burning 

and consequently causes a lower 206Pb/207Pb ratio (Mudd, 2009).  

 

The onset of Southern Hemisphere pollution can be found as far as Antarctica (McConnell 

et al. 2015; Planchon et al. 2003), with ice cores showing increases in lead towards the end 

of the 19th century. The cores show a decrease in lead concentration from ~1910 until the 
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rise of leaded petrol (McConnell et al. 2015), which either suggests a decrease in the ores 

smelted at Broken Hill and Port Pirie, or could reflect the modernisation of the smelters. 

Furthermore, not only do the cores show increases in lead concentration, the isotopic 

composition of the lead also changes to the characteristic structure of the Broken Hill ore. 

The low isotopic ratios observed in the cores suggest that Broken Hill was the source for 

rapidly increasing lead fluxes and emissions after 1891 (Vallelonga et al. 2002).  

3.6 The potential use of chronostratigraphic markers in this 
study 
 
An investigation of historical records and documentation surrounding both land-use 

change and mining history in southeastern Australia has shown that evidence of European 

settlement should be visible within the palaeoenvironmental records at the sites. Dates from 

historical documentation have been collated from this section and are used in Chapter 6  to 

constrain the resulting chronologies. Using evidence from archival information and 

historical documentation, the following potential chronohorizons are established (Table 4).  

 

Table 4. Summary table of chronostratigraphic markers and their representative year as detailed in 

historical records. 

Site Marker Cause Year  Reference 
Lutregala Pollen Initial 

deforestation and 
introduction of 
exotic taxa 

~1850 – 1870 Personal 
communication with 
Bruny Island 
Historical Society 
(2021) 

Lutregala Pollen - Pinus Pine plantations 
established 

1930 – 1940 Davis (1990) 

Wapengo Pollen Initial settlement 
– Deforestation 
and introduction 
of exotic taxa 

1830 – 1840 Lunney and Leary 
(1988) 
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Wapengo Pollen - Pinus Pine plantations 
established 

~1965 – 1989 Australian Bureau of 
Agricultural and 
Resource Economics 
(2000); Keith and 
Bedward (1999); 
Scott (1999) 

Wapengo Charcoal Fire 1884 
1952 
1968 
1980 

Lunney, Cullis and 
Eby (1987); Lunney 
and Leary (1988) 

Tarra Pollen Initial settlement 
and introduction 
of exotic taxa 

1841 Caldow (2003) 

Tarra Pollen Introduction of 
pine in Victoria 

~1850 Mooney and Dodson 
(2001) 

Tarra Pollen - Pinus Pine plantation 
established in 
ranges near Tarra 

1940 – 1950 Mainville (2007) 

All sites Charcoal Change in fire 
regime following 
European 
settlement 

Settlement 
date for each 
site 

– 

All sites 206Pb/207Pb Sustained 
increase in 
Broken Hill 
pollution 

1890 – 1900 Van de Velde et al. 
(2005); Gehrels et al. 
(2012) 

All sites 206Pb/207Pb Start of post 
WW2 decline 

1946 – 1950 Vallelonga et al. 
(2002); Gehrels et al. 
(2012) 

All sites 206Pb/207Pb Leaded petrol 
introduction 

1932 Kristensen,Taylor and 
Flegal (2017) 

All sites 206Pb/207Pb Pb maximum ~1974 Kristensen (2015) 

All sites 206Pb/207Pb Unleaded petrol 
introduced 

1985 Kristensen,Taylor and 
Flegal (2017) 

All sites 206Pb/207Pb Leaded petrol 
removed 

2002 Kristensen,Taylor and 
Flegal (2017) 
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3.7 Summary 
 

The study area for this thesis is southeastern Australia, in particular three sites located in 

southern New South Wales, eastern Victoria and southern Tasmania as this area is suitable 

to test the hypothesis outlined in Chapter 1. All sites are located along a microtidal coast 

with bedrock framed inlets. Attempts have been made to choose sites with little evidence 

of human disturbance with the aim of sampling sites that have not changed vastly over 

time. Sites are largely tectonically stable, although there is ongoing VLM as a result of 

continental levering. Following the LGM, sea level in Australia rose until reaching a mid-

Holocene highstand ~6000 cal. yr BP, this was temporally variable around the continent. 

Sea level then gradually fell until ~500 years ago when it began to rise as it departed from 

the Holocene background rate. Proxy records from Australia and New Zealand show a 

period of rapid rise between ~1850 – 1950, although the number of proxy records are 

limited. Sea level in Australia is affected by ongoing VLM as well as the Southern 

Oscillation Index and changes in atmospheric pressure. European settlement of the sites 

occurred in the 19th century and several markers as a result of both the introduction of exotic 

flora, change in fire use, mining history and lead pollution may be apparent in the salt-

marsh records from the sites. Identifying these in the records will aid chronology 

establishment. 
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4.0 Introduction 
 

This chapter outlines the methodologies used to address the research questions 

summarised in Chapter 1. First, it describes field methods used to collect surface and core 

samples at the study sites in southeastern Australia (Lutregala, Wapengo and Tarra), and 

details how elevation and tidal data were obtained for said samples. Second, the chapter 

describes laboratory methods that were used to prepare and analyse microfossil and 

sediment samples. Third, the chapter outlines the statistical analyses undertaken to 

generate transfer functions for palaeomarsh surface elevation estimations and documents 

how RSL was calculated. Fourth, the chapter describes the methods used to obtain a 

chronology for each core. Finally, the chapter details modelling used for RSL 

reconstruction, assessment of the rates and magnitudes of RSL changes and sea-level 

fingerprinting.  

4.1 Fields methods 
 
4.1.1 Modern foraminifera sampling 
 
Two transects at each site from upland to tidal flat were established in order to obtain 

samples from all of the ecological zones observed in each salt marsh. At the sampling 

locations, samples ~1 cm in thickness and 12.5 cm3 in volume were collected (Figure 31). 

Marsh flora was also noted along each surface transect concurrently to sampling. 

 
4.1.2 Core sampling  
 
An initial inspection along coring transects was done at each site with a hand-held gauge 

corer (0.5 m × 3 cm) to ascertain the area of the marsh with the thickest salt-marsh peat that 
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might provide the longest sea-level record (Figure 31). Master cores were taken from each 

site using either a wide-diameter gouge (0.5 m × 6 cm) or Russian peat sampler 

(0.5  m  ×  6 cm). For Lutregala and Tarra, additional replicate cores were also collected in 

April 2019.  
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Figure 31. Surface and coring transects and master core locations at E. Lutregala, F. Wapengo and 

G. Tarra. Corresponding transects (Lutregala - Transects 1 and 2; Wapengo – Transects 3, 4 and 5 

and Tarra – Transects 6, 7, 8 and 9). N.B. Blue transects = transects used for both coring and surface 

samples, white transects = transects used only for coring. 
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4.2 Elevation and tidal data 
 
To enable inter-site comparison, the height of all samples (modern and core) were related 

to the Australian Height Datum – Geocentric Datum 2020 (AHD). Sample elevations were 

established using both a Trimble M1 (DR2”) total station and a Trimble R4 real-time 

kinematic GPS relative to a temporary benchmark. To survey sample heights into the 

geodetic datum, a ‘rapid static’ method was employed between the temporary benchmark 

and a local geodetic benchmark. Mean sea level (MSL) and highest astronomical tide (HAT) 

were obtained from the Australian National Tide Tables (AHP11; Australian Government, 

Department of Defence, 2020) using data from the nearest local tide station to each site 

(Table 5).  

 

As the tide gauges are located 20 – 50 km from the salt marshes, spatial differences in tidal 

range were checked using the TPXO8-Atlas global tidal model (Egbert and Erofeeva, 2010). 

The tidal range at the Hobart tide gauge is 0.81 m (Australian Government, Department of 

Defence, 2020) and the TPXO8-Atlas global tidal model indicated a minor difference in 

tides (0.02 m difference in MSL – HAT range) between the tide gauge and Lutregala (Egbert 

and Erofeeva, 2010). The tidal range at the Bermagui tide gauge is 1.01 m (Australian 

Government, Department of Defence, 2020) and the TPXO8-Atlas global tidal 

model indicated no difference in tidal range between the tide gauge and the entrance to 

Wapengo Lake estuary (Egbert and Erofeeva, 2010). Finally, the tidal modelling predicts a 

tidal range of 1.25 m at Tarra and a 0.2 m difference between the MSL – HAT range between 

the site and the tide gauge. Tidal range between sites was normalised using a Standardised 

Water-Level Index (SWLI; Zong and Horton, 1999). Wright, Edwards and van de Plassche 
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(2011) suggest using the highest occurrence of foraminifera (HOF) as the upper datum, as 

non-linearity between elevation and tidal inundation is most pronounced in the high 

marsh. Therefore, the following equation was applied: 

 

"#$%! =
100(ℎ! − ℎ"#$)
ℎ%&' − ℎ"#$

+ 100 

 

Where SWLIn is the Standardised Water-Level Index for sample n, hn is the sample 

elevation, hMSL is the elevation of mean sea level (MSL), and hHOF is the elevation of the HOF. 

A SWLI of 100 is MSL and the HOF is 200.  

 

Table 5. Tidal data used to calculate Standardised Water-Level Index (SWLI) values.  

Site Local tide 

station 

Mean sea 

level 

(m AHD) 

Highest occurrence of 

foraminifera (HOF) 

(m AHD) 

Lutregala Hobart 0.05 0.96 

Wapengo  Bermagui -0.03 1.07 

Little Swanport 

(previously 

published data 

from Callard et 

al. (2011) 

Spring Bay 0.04 0.76 

Tarra Port 

Welshpool 

-0.02 1.62 
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4.3 Laboratory methods 
 

4.3.1 Foraminifera samples 
 
Prior to analysis, surface samples and cores were kept refrigerated below 4° C (Edwards 

and Wright, 2015). A volume of 5 cm3 of each surface sample was subsampled using a 

scalpel to remove sediment from the surface sample and a graduated cylinder to measure 

volume. Samples were shipped to the University of York and stained immediately upon 

arrival using a buffered solution of rose Bengal and ethanol for 24 hours to distinguish 

between live and dead specimens (Walton, 1952). Most studies typically stain within 24 

hours of collection (e.g. Shaw et al. 2016); however, experiments have shown that even after 

death, foraminiferal protoplasm can stain over a month after collection (Murray and 

Bowser, 2000). Subsequently, samples were sieved through 500 µm and 63 µm sieves, and 

the residue from the 63 µm sieve was collected for foraminiferal analyses. Samples were 

preserved in a solution of deionised water and 30 % ethanol until analysis. Core samples 

were taken at 1 cm continuous intervals and were prepared in the same manner as surface 

samples. Samples from top 10 cm of each core were stained with rose Bengal as the majority 

of infaunal live foraminifera live in the top 10 cm of the sediment (c.f. Hayward et al. 2014 

and references therein). 

 

As sample counts of ~50 – 200 are sufficient for low diversity assemblages typical of salt-

marsh environments (Edwards and Wright, 2015; Fatela and Taborda, 2002; Grenfell et al. 

2012; Kemp, Wright and Cahill, 2020), samples were split into eight equal aliquots using a 

wet splitter (Scott and Hermelin 1993). Samples were counted wet via light microscopy 

using a Zeiss Stemi DV4 microscope at 80× – 320× magnification and identified with 
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reference to Hayward, Le Coze and Gross (2019). Taxonomic consistency was retained 

between this study and the Callard et al. (2011) study, identifying Trochamminita as two 

distinct species: Trochamminita salsa and Trochamminita irregularis. The dead assemblage 

was enumerated, as dead foraminifera have been shown to be a better analogue for fossil 

assemblages compared to living. This is due to the fact that dead assemblages are 

independent of factors such as seasonality, minimise temporal variability in modern 

distributions and are less likely to result in taphonomic bias arising from the dissolution of 

certain, usually calcareous, species (e.g. Grenfell et al. 2012; Horton and Edwards, 2006; 

Horton and Murray, 2006; Wright, Edwards and van de Plassche, 2011; Walker et al. 2020). 

Where possible, a count of at least 200 individuals per sample was taken (e.g. Chen et al. 

2020; Figueira and Hayward, 2014); however, where counts were less than 200, the entire 

sample was counted.  

 

4.3.2 Pollen and macrocharcoal analyses  
 
Pollen and microcharcoal analyses were conducted at the University of Queensland to 

provide additional chronohorizons by Dr Patrick Moss. Pollen preparation methods 

followed those outlined in Moss et al. (2013) and macrocharcoal preparation followed 

guidelines in Stevenson and Haberle (2005). Pollen and charcoal were subsampled at 1 or 

2 cm intervals.  

 

4.3.3 Loss on ignition  

Samples (2 cm3 in volume) were taken at 1 cm intervals downcore for loss on ignition (LOI). 

Crucibles were weighed empty and subsequently the wet weight of the combined sample 
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and crucible were noted. Samples were dried overnight (~18 hours) at 105 °C to remove 

moisture. Following that, samples were subject to a 550 °C burn and a 950 °C burn with a 

burn time of four and two hours respectively, following guidelines in Heiri, Lotter and 

Lemcke (2001). Between the burns, the 550 °C ignition weight of the samples was noted in 

order to obtain the organic carbon percentage, and following the 950 °C burn, the crucible 

was weighed again in order to obtain the inorganic carbon percentage.  

 

4.3.4 Particle size analyses 
 
Samples were taken at 1 cm intervals downcore for particle size analysis (PSA). Samples 

weighed at least 1 g, however, weight varied by organic content and for samples with 

higher percentages of organic carbon (calculated from LOI analyses), ~2 – 4 g of sediment 

was taken, so that sufficient minerogenic particles were present for accurate analysis. 

Samples were digested in 10 ml 30 % hydrogen peroxide (H2O2) overnight and heated on a 

hotplate at 50 °C. Another 10 ml H2O2 added the following day to remove any residual 

organic material. H2O2 was continually added until reactions stopped, and all organic 

material had been digested. Samples were then heated at  70 °C to reduce down, and 2 ml 

of 10 % HCL was added to samples to remove any organics. Samples were then centrifuged 

three times at 3500 rpm for 8 minutes, decanting excess water each time. 2 ml sodium 

hexmetaphosphate (NaPO3)6 were added to all samples. After vortexing to ensure an even 

distribution of all grain sizes, all samples were analysed using a Malvern Mastersizer 

Hydro 2000 laser granulometer, following the standard operating procedures of the 

equipment. A test sand with a known uniform grain size was used to calibrate the machine 

at the start of each day.  
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4.4 Statistical analyses   
 
4.4.1 Training set screening 
 
Transfer function models using only agglutinated foraminifera were employed following 

Edwards and Horton (2000). Local training sets from Lutregala and Wapengo were 

combined with a previously published training set from Little Swanport (Callard et al. 

2011). Prior to statistical analyses, calcareous species were removed from the training sets 

(Quinqueloculia sp., Haynesina germanica, and Elphidium sp.) as these species are susceptible 

to dissolution and are rarely preserved within the fossil salt-marsh sediments (e.g. Milker 

et al. 2015b). Calcareous species totalled 159 out of 27,390 individuals (~0.6% of the 

combined training set), 157 of which came from Little Swanport (Callard et al. 2011). 

Samples with total count sizes less than 50 were also removed as they are deemed 

statistically unreliable (Kemp, Wright and Cahill, 2020). 

 

4.4.2 Clustering and ordination 
 
Partitioning around medoids (PAM) clustering and silhouette analysis (Rousseeuw, 1987; 

Kaufman and Rousseeuw, 1990) were employed to determine biozones present within the 

training sets using the ‘cluster’ (Maechler et al. 2013) and ‘Factoextra’ (Kassambara and 

Mundt, 2017) packages in statistical software R (R Core Team, 2020). Only species 

distributions against elevation was analysed, as this is largely considered to be the 

environmental variable most responsible for influencing species distributions (e.g. Horton 

et al. 2003; Horton and Murray, 2007; Shaw et al. 2016). PAM was favoured over alternative 

hierarchical clustering methods, such as k-means, as it is considered more statistically 

robust (Kemp et al. 2012a). The PAM method minimizes a sum of dissimilarities which 
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means there is no requirement for clusters to have a certain size and structure (Chen et al. 

2020; Kaufman and Rousseeuw, 1990; Kemp et al. 2012a). The optimal number of clusters 

was determined using the average silhouette method, where a silhouette width (Si) of 1 

indicates a sample to be perfectly assigned to the cluster, while -1 indicates incorrect 

assignment (Kaufman and Rousseeuw, 1990).  

 

Detrended correspondence analysis (DCA; Hill and Gauch, 1980) was also performed on 

the training sets using R packages ‘vegan’ (Oksanen et al. 2007) and cluster. Ordination plots 

provide further information on groupings within a training set and have typically been 

used to show difference and similarity amongst samples. The plots indicate which samples 

contain higher or lower abundances of certain species based on their distribution around 

the species’ centroid (ter Braak and Verdonschot, 1995). Samples with similar composition 

are located close together in ordination space, whereas those with dissimilar compositions 

will plot further away from each other on the ordination plot (Kemp, Horton and Culver, 

2009).   

 

4.4.3 Transfer function development 
 
In previous sea-level reconstruction studies, transfer functions have typically been applied 

using training sets of data local (i.e. within a few kilometres) to the fossil record. However, 

many studies have advocated for combining training sets from a broad region (i.e. from 

hundreds of kilometres; e.g. Barlow et al. 2013; Gehrels, Roe and Charman, 2001; Hocking, 

Garrett and Cisternas, 2017; Watcham, Shennan and Barlow, 2013; Wilson and Lamb, 2012) 

to generate regional training sets. Some studies have also sub-divided regional training sets 
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into sub-regional training sets by grouping training sets from sites located in fairly close 

spatial proximity (e.g. Hocking, Garrett and Cisternas, 2017). These studies highlight that 

whilst the precision of the resulting models often decreases, accuracy increases by 

providing more modern analogues for the fossil assemblages in cores. In this study, training 

sets were created at varying spatial scales from local up to regional in order to assess how 

both accuracy and precision alter with increased spatial extent.   

 

To investigate whether the relationship between foraminiferal assemblage and elevation is 

unimodal or linear, a detrended canonical correspondence analysis (DCCA) was performed 

in CANOCO version 4.5 (ter Braak and Smilauer, 2002). Following Birks (1995), it was 

assumed that axis one gradients greater than two standard deviations indicate that species 

respond unimodally to elevation. Based on the DCCA result, either Partial Least Squares 

(PLS) or Weighted Averaging Partial Least Squares (WAPLS; ter Braak and Juggins, 1993; 

ter Braak et al. 1993) regression models were employed in R package ‘Rioja’ (Juggins, 2020).  

 

Following guidelines from Barlow et al. (2013) and Kemp and Telford (2015) a ‘minimum 

adequate model’ approach was employed where no more than three components were used 

to avoid over-fitting data, and the 5 % improvement in root-mean-squared-error-of-

predictions (RMSEP) rule was used as guidelines for the use of additional components. 

Transfer function performance was assessed via cross-validated model statistics. 

Bootstrapping was chosen as the cross-validation method because it provides sample-

specific errors (ter Braak and Juggins, 1993). In line with the recommendations of Kemp and 

Telford (2015), outlier removal was limited to a single pass to leave as much natural 

variability in the models as possible. Only samples with cross-validated residuals 
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exceeding two standard deviations from the mean were considered for removal from the 

training set (Juggins and Birks, 2012). Species optima and tolerances were calculated using 

the R package ‘palaeoSig’ (Telford, 2011).  

 

4.4.4 Generating palaeomarsh surface elevation estimates 
 
Palaeomarsh surface elevation (PMSE) estimates were calculated in ‘Rioja’ using the chosen 

sea-level transfer functions (Chapter 5) to generate estimates for fossil samples in the master 

cores. PMSE estimates were only quantified for samples counts >50 individuals as below 

this, counts were deemed too low and unreliable to calculate an 

indicative meaning (see Kemp, Wright and Cahill, 2020).   

 

4.4.5 Assessing reconstructive performance  
 

In order to assess the reliability of the PMSE estimates, the fossil assemblages were 

compared with modern ones by employing the modern analogue (MAT) technique in 

‘Rioja’. Whilst numerous dissimilarity methods (i.e. chi squared, euclidean, bray) can be 

utilised, the squared chord distance dissimilarity method was used in this study as it 

performs well with percentage counts rather than raw counts, and it down-weights rare 

species (i.e. noise) to highlight the principal patterns in the assemblage data (i.e. signal). The 

threshold between good, fair (also known as close), and poor modern analogues was using 

the dissimilarity between the samples in the modern training set. In line with 

recommendations from Kemp and Telford (2015), the 20th percentile was chosen as the 

threshold for analogy as the diversity of the modern training sets is low. Following 
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Watcham, Shennan and Barlow, (2013), “good” and “fair/close” analogues were defined as 

the 5th and 20th percentiles respectively. While Watcham, Shennan and Barlow (2013) use 

the term “close” rather than “fair”, this study uses the term “fair” as it is more consistent 

with the terms “good” and “poor”.   

 

4.4.6 Calculating relative sea level  
 
In order to calculate relative sea level, the following equation was used:  

 

" = .– % 

 

Where S is sea level, H is the sample height (in AHD) and I is the indicative meaning (i.e. 

PMSE estimate). Cores were considered compaction free due to the minimal compaction 

observed in the thin salt-marsh sediments from the region (Brain et al. 2012; Gehrels et al. 

2012).  

4.5 Chronological analyses 
 

4.5.1. 210Pb  
 
Preparation and analyses of the 210Pb samples were undertaken at ANSTO by alpha particle 

spectrometry, with 35 samples analysed in total across the three cores. Samples were 

processed for the determination of total 210Pb, measured indirectly from its progeny 

polonium-210 (210Po) and supported 210Pb, measured from its grandparent radioisotope 

radium-226 (226Ra). Unsupported 210Pb activity was estimated by subtracting supported 
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210Pb from the total 210Pb activity.  

 

4.5.2. Stable lead isotope (206Pb/207Pb, 208Pb/207Pb,  206Pb/204Pb and 
208Pb/206Pb)  
 
Stable Pb isotope analyses were undertaken at the Geochronology and Tracers Facility at 

the British Geological Survey, using a Nu Instruments, Nu Plasma HR, MC-ICP-MS (multi-

collector-inductively coupled plasma-mass spectrometer). Sediment sample were taken at 

1 cm contiguous intervals and prepared for isotope analysis. 500 mg of sediment were taken 

from each sample and the wet weight was noted. Samples were digested in 2 ml 16 M HNO3 

and heated overnight at 105 °C. For the extraction, samples were dissolved in an acid 

solution comprised of 2 ml 16 M HNO3, 2 ml HClO4 and 1 ml 29 M HF and heated 

overnight in an Evapoclean ® at 120 °C, subsequently being heated at 150 °C until all 

solution had evaporated. Following extraction, 2 ml 9 M HBr acid was added to the 

samples. Samples were left to dissolve on a hot plate heated to 105 °C overnight.  

Samples were centrifuged for 5 minutes at 3500 rpm prior to loading on the columns (5 ml). 

For the columns, AG1X8 resin was firstly added, followed by a full column of MilliQ water 

and 6 M HCl × 3. Next, half a column of MilliQ water was added, followed by half a column 

of 0.5 M HBr, and the samples were added to the columns. Following this, 1 ml 0.5 M HBr 

was added, then 2 ml of 0.5 M HBr. Subsequently, the sample was collected in 3 ml of 

6 M HCl. A few drops of 8 M HNO3 were added and samples were dried down on a hot 

plate at 105 °C. 

Prior to analysis, each sample was spiked with a thallium (Tl) solution, which is added to 

allow for the correction of instrument induced mass bias. Samples were then introduced 



 
119 

into the instrument via an ESI 50µl/min PFA micro-concentric nebuliser attached to a de-

solvating unit, (Nu Instruments DSN 100).  Faraday collectors were configured to allow for 

the detection of 204Pb, 206Pb, 207Pb, 208Pb and, additionally: 203Tl and 205Tl (for the 

aforementioned mass bias correction), and 202Hg to allow correction of the 204Hg interference 

on 204Pb. Each individual acquisition consisted of 75 ratios, collected at 5-second 

integrations, following a 60 second de-focused baseline. The precision and accuracy of each 

method was assessed through repeat analysis of NBS 981 Pb reference solution (also spiked 

with Tl). The average values obtained for each of the mass bias corrected NBS 981 ratios 

were compared to the known values for this reference, (taken from Thirlwall (2002), Pb 

double spike:  206Pb/204P = 16.9417, 207Pb/204Pb = 15.4996, 208Pb/204Pb = 36.724, 207Pb/206Pb = 

0.91488, 208Pb/206Pb = 2.1677).  All sample data were subsequently normalised, according to 

the relative deviation of the measured reference values from the true value. Internal 

uncertainties (the reproducibility of the measured ratio) were propagated relative to the 

external uncertainty (i.e. the excess variance associated with the reproducibility of the NBS 

981 reference material analysed during the session).  

4.5.3 14C  
 
Samples for 14C were analysed at the Scottish Universities Environmental Research Centre 

(SUERC), the University of California, Irvine (UCI) or the Australian Nuclear Science and 

Technology Organisation (ANSTO). Samples were subsampled at continuous 0.5 cm 

intervals at the University of York to find dateable material for radiocarbon analyses. Any 

dateable organic material greater than 1 mg that was lying horizontally (assumed to be 

deposited on the top of the marsh) and away from the edges of the core (to avoid 

contamination of modern material) was taken for radiocarbon analyses. Where plant 
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macrofossils were absent, bulk sediment samples were used, however this was avoided 

unless necessary. All samples were dried at 40 °C overnight in sterilised aluminium foil 

boats and their dry weight noted. Samples were then stored in glass vials until analysis. All 

samples were treated using the standard procedures described in Gehrels et al. (2012).  

 

Bomb-spike AMS 14C was employed for sediments younger than ~60 years old and high-

precision (multiple target) AMS 14C (Marshall et al. 2007) or routine bulk was used for 

sediments for sediments older than ~60 years old. Five routine precision samples were ran 

on the accelerator mass spectrometer (AMS) at the Scottish Universities Environment 

Research Centre (SUERC), 15 “small samples” were measured at the University of 

California, Irvine (UCI). A further 5 bulk sediment samples were ran at the Australian 

Nuclear Science and Technology Organisation (ANSTO) in Australia. Preparation of 

additional standards was required to match the sample carbon weights and data were 

corrected for modern carbon contamination using the data from process background and 

the standards.  

 

4.5.4 µXRF-ITRAX  
 
µXRF-ITRAX analyses were undertaken at the NERC facility BOSCORF, Southampton, UK. 

A core from each site was scanned with a Molybdenum X-ray tube with a step size of 

1000 microns at 45 kV and 40 mA and an exposure time of 0 ms. Before scanning, cores were 

subject to decontamination by removing the very surface layers of the core and were 

subsequently covered with an ultra-thin conductive plastic film.  
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Raw data were cleaned by removing any samples with a validity of 0 and by removing the 

data at the bottom of the cores which were deemed to be an artefact of the scanner and not 

representative of the real data. Elemental data were normalised and expressed as count 

rates of detected florescence data per unit time (kcps-1). The sum of the Mo incoherent (Inc) 

and Mo coherent (Coh) scattering was used, as it accounts for density and moisture content 

(Burn and Palmer, 2014; Kylander et al. 2011; Mackenzie et al. 2017). Base metals 

interrogated for chronostratigraphic markers included Zn, Cu and Pb.  

4.6 Age-depth modelling  
 
Bayesian age-depth modelling of dates (14C, 210Pb and calendar) was undertaken in the R 

package (R Core Team, 2020) ‘rplum’ (Blaauw, 2021). For post-bomb 14C dates, the SH Zone 

1 – 2 calibration curve was employed (Hua et al. 2013), for pre-bomb 14C dates the SHCal 

2020 curve was employed (Hogg et al. 2020). 210Pb ages were calculated in rplum using their 

depth in the core (cm), density (g/cm3), total 210Pb (Bq/kg), sample thickness (cm) and 

supported 210Pb(Bq/kg)  values. Bulk density was calculated at ANSTO using their standard 

operating procedure. Like traditional constant rate of supply models (e.g. Appleby and 

Oldfield, 1978), rplum assumes a constant rate of supply of 210Pb; however, it separates the 

age-depth modelling process from the 210Pb decay equation by using a self-adjusting 

Markov Chain Monte Carlo (MCMC) algorithm (Sim et al. 2021). Calendar dates were 

identified from chronostratigraphic markers in the stable lead isotope, pollen and charcoal 

data and assigned a normal distribution, with a mean and uncertainty based upon dates in 

the literature. Details on the individual priors used in each age-depth model are given in 

Chapter 6. 
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4.7 Reconstructing sea level 
 

A Gaussian process regression, accounting for both temporal and vertical uncertainties was 

used to model sea level at Lutregala, Wapengo, and Tarra. These were ran by Soenke 

Dangendorf. Covariance was represented by a Matérn function, and all parameters were 

estimated using an automatic hyperparameter optimisation algorithm which was 

implemented in MATLAB’s ‘fitrgp’ function. Both chronological and vertical uncertainties 

were assumed to be normally distributed, whereby temporal correlations were considered 

for vertical uncertainties. A Monte Carlo approach using 5000 iterations was used to 

estimate sea-level change at each site over time. Reconstructions were GIA-corrected using 

estimates from the Caron et al. (2018) model. This model considers uncertainties by varying 

the rheology and ice history in each realisation. A representative set of 5000 GIA model 

iterations were used to obtain RSL estimates at each site. From the ensemble, median values 

and 95 % confidence limits (2.5 and 97.5th percentiles) were extracted.  

 

The selection of tide-gauge stations to compare to the proxy records was based both on the 

geographical distance to the proxy sites and the temporal availability (only stations with 

more than 20 years of data were used). Stations in close proximity to the marshes are limited 

to the last ~30 years, but long-term tide gauge stations are located 100s of kilometres from 

the sites (Figure 32). 
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Figure 32. Locations of the tide gauges closest to each site (coloured dots) and locations of long-term 

tide gauges (grey dots). 

As there are no long-term tide gauges in the close vicinity of the marshes, additional data 

in the form of sea-level budgets (i.e. modelled estimates of the contributing components to 

sea-level rise) for each site were calculated using GRD estimates from Frederikse et al. 

(2020) and sterodynamic components from the SODAsi.3 ocean reanalysis model (Giese et 

al. 2016). The inverse barometer effect was also added using sea-level pressure from the 20th 

century reanalysis project (Slivinski et al. 2019). Sea-level budgets were computed by 

Soenke Dangendorf. 

 

Change points in the reconstructions were detected using the change-point model from 

Caesar et al. (2021) which takes into account both vertical and chronological uncertainties. 
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This model has been used in other sea-level studies (e.g. Gerlach et al. 2017) to quantitatively 

identify accelerations and decelerations of relative sea-level change. Following Kemp et al. 

(2013a), the number of change points was chosen based upon the deviance information 

criterion (DIC; Spiegelhalter et al. 2002) where the lower the DIC, the better the model. 

4.8 Sea-level fingerprinting 
 
In order to investigate the Arctic ice melt hypothesis, the new reconstructions need to be 

considered together with other 19th and 20th century sea-level records in order to determine 

spatial patterns of sea-level change that can be compared with the barystatic GRD 

fingerprints (i.e. sea-level fingerprints; Gregory et al. (2019)) of melting ice masses. Both 

proxy-based reconstructions and tide-gauge observations were used (Table 6; Figure 33). 

Site selection for the analysis was based upon both geographic variability (aiming for sites 

that cover a wide spatial extent), as well as temporal resolution of proxy records over the 

last 200 years. Proxy records with good coverage of the 19th century were selected from the 

dataset of Walker et al. (2021). The new reconstruction for the Falkland Islands (Rush, 2021) 

was added. Whilst the reconstruction from Lutregala would have been valuable to the 

study, it could not be included due to the limited data in the 19th century (for further details 

see Chapter 6). 
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Table 6. Sites chosen for comparison to the new Australian records. All proxy records have been 

updated to IntCal20 or SHCal20 to enable direct comparison between records. 

Site Location Co-ordinates 
(Latitude; 
Longitude) 

Reconstruction 
method 

References 

Swan Inlet Falkland 
Islands 

-51.8243; 
58.6124 

Proxy Newton 
(2017); 
Frederikse et 
al. (2021); 
Newton et al. 
(2021); Rush 
(2021) 

Pounawea New Zealand -46.470; 169.700 Proxy Gehrels et al. 
(2008) 
chronology 
updated by 
Garrett et al. 
(2022) 

Little 
Swanport 

Tasmania, 
Australia 

-42.344; 147.930 Proxy Gehrels et al. 
(2012)  

Barn Island Connecticut, 
North America 

41.338; -71.866 Proxy Gehrels et al. 
(2020)  

Sand Point North 
Carolina, 
North America 

35.885; -75.681 Proxy Kemp et al. 
(2011) 

Chezzetcook Nova Scotia, 
Canada 

44.739; -63.260 Proxy  Gehrels et al. 
(2020) 

Brest France 48.383; -4.495 Instrumental PSMSL (2021) 

Swinoujscie Poland 53.917; 14.233 Instrumental PSMSL (2021) 
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Figure 33. Spatial distribution of the sites used for the fingerprinting investigation. 

 

To compare rates of historical sea-level rise with the new Australian records, all 

chronologies but Plentzia Estuary (which is based solely on radionuclide data), were 

updated to IntCal20 or SHCal20 in either rplum or rbacon (depending on whether the sites 

had 210Pb data or not; Blaauw, 2021; Blaauw et al. 2021). SLIPs for Swan Inlet were taken 

from Rush (2021) who updated estimates from Newton (2017) using the transfer function 

from Newton et al. (2021). The 20th century SLIPs for Swan Inlet were published by 

Frederikse et al. (2021). 

 

The barystatic component (including GRD and GIA) was isolated from the records by 

removing the sterodynamic signal that, in turn, was derived from the SODAsi.3 ocean 

reanalysis model (Giese et al. 2016). A subset of sterodynamic time series corresponding to 

each SLIP was identified using the mean ± 5 sigma age range of each SLIP. For each of these 

subsets, a weighted mean (weighted assuming a Gaussian distribution specified by the SLIP 

mean age and 1 sigma uncertainty) of the sterodynamic contribution was then subtracted 
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from the mean RSL of the corresponding SLIP. To correct the tide-gauge records, the 

sterodynamic value was removed from the RSL value for each year. Code for this was 

written by Fiona Hibbert and analysis undertaken by myself.  

 

For the proxy data, rates of sea-level rise were calculated using error-in-variables regression  

(EIV; Cahill, 2021). This method of regression accounts for errors in both the vertical and 

age uncertainties. For the instrumental data, ordinary least squares regression was 

employed. Data were split into two periods – a ~19th century period 1815 – 1899 (Period 1) 

and a ~20th century period 1900 – 2013 (Period 2). Separate regressions were run on each 

period. Period 1 rates were then subtracted from Period 2 rates to obtain the magnitude of 

the rate of change at each site (see Chapter 6) and to remove the influence of GIA which 

can be discounted due to the linearity of the GIA rate.  

 

The spatial pattern of sea-level change at each site resulting from the mass loss of ice – i.e. 

the barystatic GRD component was computed in order to produce the “sea-level 

fingerprints”. The fingerprints were generated by Soenke Dangendorf using the methods 

of Dangendorf et al. (2017) whereby ice melt contributions were calculated by solving the 

sea-level equation (Mitrovica et al. 2005) and the rotational feedback was included 

following Tamisiea et al. (2010). Fingerprints were based on the sea-level equivalents of 18 

major glacier regions (RGI Consortium, 2017) and ice sheet mass balance discharge 

estimates of the Greenland and Antarctic Ice Sheets. Static fingerprints of 1 mm were 

generated (equivalent to -362 Gt ice mass change). 
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The following methodology was written by Fiona Hibbert to describe the optimisation 

model: 

 

Fingerprint optimisation (to find the combination of fingerprint predictions which most 

closely matched the sea-level observations) was coded and conducted by Fiona Hibbert 

using a differential evolution optimisation algorithm (Storn and Price, 1997) to iteratively 

minimise the distance between the observed rates and predicted relative sea-level rise at 

each site. The predicted sea-level rise is the sum of different weightings of the individual 

(n=18) mass loss sea-level fingerprints (0!) (equation 1).  

 

Δ2345(6, 4) = Σ(9( ∗ 0)*+#) 	+ (9, ∗ 0-.+#)+,… (9! ∗ 0!)    (equation 1) 

 

where,  

Δ2345(6, 4) is the difference between the 20th and 19th century rate of sea-level rise, 

9! is the weighting of each fingerprint (0!) 

 

The upper and lower bounds of contributions from each of the 18 fingerprints were 

constrained by empirical estimates of 20th century ice mass loss from Malles and Marzeion 

(2021), except for mass loss from the Greenland and Antarctic Ice Sheets which were taken 

from Kjeldsen et al. (2015) Adhikari et al. (2018) respectively, Table 7). There are no mass 

balance estimates beyond 1900, therefore it is assumed that the 19th century ice mass loss is 

zero. Glacier length records from Leclercq et al. (2014) suggest that most glaciers only 

significantly began losing mass towards the latter decade of the 19th century, therefore the 

global average will have been close to zero for most of the century. As the West Antarctic 
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and East Antarctic Ice Sheets have different fingerprints, the Antarctic Ice Sheet total 

contribution was split into East and West using proportions estimated from the 

contribution of each to sea level from Rignot et al. (2019).  

 

Table 7. Empirical constraints for the ice mass contribution to sea level over the 20th century from 

Malles and Marzeion (2021), Kjeldsen et al. (2015) and Adhikari et al. (2018). All units given in 

mm yr- 1. 

Ice mass Mean Lower 
(100 % CI) 

Upper 
(100 % CI) 

Alaska 0.060 -0.018 0.138 

Western Canada & US 0.040 -0.016 0.096 

Arctic Canada North 0.080 0.024 0.136 

Arctic Canada South 0.060 0.016 0.104 

Iceland 0.010 0.001 0.019 

Svalbard 0.040 0.029 0.051 

Scandinavia 0.003 0.002 0.004 

Russian Arctic 0.050 -0.006 0.106 

North Asia 0.002 0.001 0.003 

Central Europe 0.002 0.001 0.003 

Caucasus and Middle East 0.001 0.000 0.002 

Central Asia 0.050 0.028 0.072 

South Asia 0.060 0.038 0.082 

Low Latitudes 0.007 -0.002 0.016 

Southern Andes -0.010 -0.099 0.079 

New Zealand 0.003 0.000 0.006 

Greenland 0.210 0.166 0.269 

West Antarctic 0.050 0.000 0.075 

East Antarctic 0.000 0.000 0.034 

 

To find the optimised weighting parameters (i.e. 9(, 9,, ..., 9/),  the function was evaluated 

using weighted least squares (i.e. to evaluate the goodness of the fit of the predicted sea-

level rise at each site compared to the observations). 
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0(9)0 = ,
1∑ >

23456*78
9!"#

?
01

!:,        (equation 2) 

 

where, 

@AB is difference between the 19th and 20th century sea-level rates observed at each of the 

11 sites, 

C234 is the 1 sigma observation error at each site, 

DE5F is the predicted relative sea level at each of the sites derived from the sum of the 

weighted GIA fingerprints,  

and N is the number of sites. 

 

The global minimum was found using a differential evolution algorithm (Storn and Price, 

1997) to search the parameter space. A population of individual candidate solutions was 

maintained for each iteration, and new potential solutions were generated by combining 

existing ones according to the “best1bin” scheme (equation 1). The initial population was 

generated by randomly generating values of each parameter (fingerprint weighting) within 

the given bounds (Table 7), and then evaluating the sum against the observations (i.e. 0(9), 

equation 2). From this initial population, each individual was mutated in turn by randomly 

choosing two of the population members and using their difference to mutate the best 

population member (equation 3) to create a trial solution. The trial solution was populated 

by sequentially filling using either the original candidate or the new mutated vector from a 

binomial distribution (i.e. a random number between 0 and 1 was generated for each 

parameter, and if this was less than the cross-over probability, CR ∈ [0,1],  the parameter 

was loaded from the mutated vector, otherwise it was loaded from the original) 
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H/ =	9374; + I(9*$ − 9*%)       (equation 3) 

 

where, 

H/ is the mutated vector, 

9374; is the best individual vector (i.e., the individual with the lowest 0(9) in the iteration 

population) 

E/ are random integers which are mutually exclusive within the range [1,NP] where NP 

is the population size, and also different from index i, 

I is the differential weight (mutation factor, I	 ∈ [0, 2])  

 

This trial vector was then evaluated; if the trial was better than the original candidate, then 

it took its place within the population. Additionally, if the trial was better than the overall 

solution, it also replaced it. To improve the chances of finding the global solution, a number 

of factors were implemented into the model including: (i) a large population size (NP=200), 

as population size has a significant influence on the ability of the algorithm to explore and 

there is a relative large number of dimensions; (ii) a high mutation factor (I =[0.5, 1.5]) to 

widen the search radius, as I controls the amplification of the difference vector (equation 

3). This included dithering to randomly change the differential weight (mutation factor, I) 

between 0.5 and 1.5 (i.e. how far the model can search within the parameter space) between 

iterations to help speed convergence and prevent the algorithm overshooting good optima; 

and (iii) a relatively low crossover probability (recombination, CR = 0.5; i.e. how many get 

carried forward).  
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The influence of values of these controlling parameters (MN, I, O2	), as well as initialisation 

(i.e. vector 9() was explored, and values chosen to ensure both local and global search 

capabilities, and that the entirety of the parameter space was explored.  

 

Jackknifing (“leave one site out”) was used to evaluate the dependency of the result (i.e. 

fingerprint weighting) on site location. The optimisation algorithm was run 10 times, each 

time sequentially removing one site from the observations. The bias was calculated as the 

difference between the mean jackknife result and the original, therefore subtracting this 

difference from the original result yields a geographic bias-corrected estimate of the 

contributions of the different ice masses. 

4.9 Summary 
 
This chapter has described the methods used to achieve the aims outlined in Chapter 1. 

Sampling of modern and fossil foraminifera was undertaken at three sites in southeastern 

Australia. Clustering and ordination analyses were used to assess the distribution of 

modern foraminifera and transfer functions analyses using either PLS or WAPLS 

(depending on DCCA results) were employed to reconstruct to generate palaeo sea-level 

estimates. The reconstructive performance of the transfer functions was assessed using the 

MAT. Site lithology was logged, and representative master cores were taken at each site for 

further sedimentological and chronological analyses at the University of York and the 

University of Queensland. Sedimentological analyses included loss on ignition and particle 

size and chronological analyses included 14C, radiogenic lead, stable lead isotopes, pollen 

and ITRAX-µXRF analyses.  
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Bayesian age-depth models were run in rplum in order to obtain high-resolution 

chronologies for each core. Gaussian process regressions were run on the palaeo sea-level 

estimates in MATLAB. Reconstructions were GIA corrected using the model from Caron et 

al. (2018). Sea-level fingerprinting analyses were conducted on chosen high-resolution RSL 

reconstructions and two long-term tide gauge records. The barystatic GRD component was 

isolated by removing the sterodynamic signal using estimates from Giese et al. (2016). Rates 

of sea-level rise were calculated using either EIV or simple linear regression. Sea-level 

fingerprints were generated for sites of interest using the methodology outlined in 

Dangendorf et al. (2017). A fingerprint optimisation model was employed to assess the 

contributions of each ice mass to sea level by minimising the difference between 

observations of sea-level rise from the proxy and tide-gauge records and the predicted 

fingerprints. Jackknifing was used to assess the dependency of the result on site location.  
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Statement from the author 
 
For the most part, this chapter has been published in Open Quaternary under the citation:  
 
 

Williams, S., Garrett, E., Moss, P., Bartlett, R. and Gehrels, R., 2021. Development of a 

Training Set of Contemporary Salt-Marsh Foraminifera for Late Holocene Sea-Level 

Reconstructions in southeastern Australia. Open Quaternary, 7(1). doi:10.5334/oq.93 

 

The majority of the data acquisition, analysis, interpretation and the writing was conducted 

by S.W with input from E.G, P.M, R.B and R.G. E.G. undertook modelling of tides using the 

TPXO8-Atlas global tidal model and S.W completed all other analyses. S.W generated all 

figures for the paper. Further helpful comments were provided by Jason Kirby and two 

other anonymous reviewers. The majority of this chapter remains unchanged from the 

published article; however the study sites and methods sections have been removed from 

this chapter as they are described in Chapter 3 and Chapter 4. Section, figure and table 

numbers and references have also been changed for consistency with the rest of the thesis.  

 

Some further points: The Tarra local transfer function performance was poor; therefore the 

decision was made to not include the model in the paper (please see Appendix I for further 

information on the derivation of the transfer function and reasons for not including it in the 

paper). Furthermore, since the publication of this research article, code to generate Bayesian 

transfer functions has been made freely available online, therefore Appendix II also 

compares performance statistics between Bayesian transfer functions and the classical 

models described in this paper. The Bayesian transfer function method is an alternative 
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way to derive palaeomarsh surface elevation estimates which does not need to assume 

either a linear or unimodal species response like the classical models do and can incorporate 

‘prior’ information to further constrain elevation. 

Abstract   
 
We collected contemporary foraminiferal training sets from two salt marshes to enable 

more precise and accurate proxy historical sea-level reconstructions from southeastern 

Australia. Combined with an existing training set from Tasmania, this new regional set 

consists of 112 samples and 16 species of foraminifera, of which 13 are agglutinated. Cluster 

analyses group the regional training set into a high–elevation cluster, dominated by 

Trochamminita salsa, a mid–elevation cluster, dominated by Entzia macrescens and 

Trochammina inflata, and a mid–low elevation cluster dominated by Miliammina fusca and 

tidal-flat species. We develop transfer functions using local and regional training sets and 

assess their performance. Our resulting site-specific and chosen regional models are 

capable of predicting sea level with decimetre-scale precision (95 % confidence intervals of 

0.12 – 0.22 m). These results are comparable to other examples from around the world. 

When developing regional training sets, we advocate that the similarity in the 

environmental settings (particularly salinity) should be assessed as an alternative way of 

grouping sites, rather than simply using spatial proximity. We compare our findings with 

global results and conclude that salt marshes along microtidal coasts yield models with the 

lowest vertical uncertainties. Studies with the lowest uncertainties are located in the 

western Pacific and the western Atlantic, whereas those from the eastern Atlantic generally 

have larger tidal ranges and carry larger vertical uncertainties. Our models expand the 
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existing region available for sea-level reconstruction and can be used to generate new late 

Holocene sea-level reconstructions across southeastern Australia. 

5.0 Introduction  
 
Proxy-based palaeo sea-level reconstructions usefully complement historical tide-gauge 

data (Kopp et al. 2016) as they expand our knowledge of sea-level change beyond 

instrumental records and can be used to validate instrumental records where both overlap. 

Proxy data are particularly important in the Southern Hemisphere as tide-gauge records 

are sparse and often short compared to those in the Northern Hemisphere (Holgate et al. 

2013). Both proxy and tide-gauge sea-level data have shown that, globally, the 19th to 20th 

century sea-level acceleration is larger than any acceleration over the preceding 3000 years 

(Kopp et al. 2016). Proxy records derived from salt-marsh foraminifera in New Zealand and 

Tasmania have shown that the rise in regional mean sea level in the earlier half of the 20th 

century may have been anomalously fast in comparison to the global mean (Gehrels et al. 

2008; Gehrels et al. 2012). However, the few long tide-gauge records from the region do not 

show the same early 20th century trends as the proxy records (e.g. Gehrels et al. 2012). 

Compaction has been suggested as a possibility for the discrepancy between the proxy and 

instrumental data (e.g. Grenfell et al. 2012); however, these Southern Hemisphere salt 

marshes are shallow and are composed of a stratigraphy not very susceptible to 

compression (Brain et al. 2012). Therefore, this possible discrepancy is still unexplained. 

 

An important first step towards increasing our understanding of long-term sea-level 

fluctuations is to develop salt marsh sea-level transfer function models from training sets 

of contemporary salt-marsh micro-organisms (e.g. foraminifera and diatoms; Barlow et al. 
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2013; Kemp and Telford, 2015). This involves quantifying the relationship between 

elevation and contemporary foraminifera in order to generate palaeomarsh surface 

elevations. While there are numerous Northern Hemisphere high-resolution salt marsh sea-

level reconstructions based on such microfossil proxies, especially from the North Atlantic 

region (e.g. Barlow et al. 2013; Barnett et al. 2019; Gehrels et al. 2020; Kemp et al. 2017a; 2018; 

Kopp et al. 2015; 2016; Saher et al. 2015), there are very few from the Southern Hemisphere. 

High-resolution reconstructions are available for Tasmania, (Gehrels et al. 2012), New 

Zealand (Gehrels et al. 2008; Grenfell et al. 2012), South America (Frederikse et al. 2021) and 

South Africa (Strachan et al. 2014). However, the potential for salt-marsh based sea-level 

reconstructions from South Africa, Asia and South America are spatially constrained by the 

small availability of marsh in these parts of the world, with much greater availability in the 

Northern Hemisphere (FitzGerald and Hughes, 2019).  

 

Nonetheless, these Southern Hemisphere records are crucial for answering questions about 

the apparent early 20th century discrepancy in rates of sea-level rise observed between 

proxy and tide-gauge records (Gehrels et al. 2012; Grenfell et al. 2012), as well as helping to 

determine the cause of the rapid rise in sea level observed in these records. Gehrels et al. 

(2012) suggest that the sea-level acceleration observed in the Tasmanian proxy record may 

be due to the melting of Arctic and Greenland land-based ice, which, as sea-level 

fingerprinting demonstrates, would result in sea-level rises around Australia (Fleming et 

al. 2012). Whilst mass loss from the West Antarctic Ice Sheet could also result in sea-level 

rises along the southeast coast of Australia (Fleming et al. 2012; Gomez et al. 2010), the 

timing of the apparent sea-level acceleration in the Australian and New Zealand records 
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appears to correspond with a period of anomalous warming in the Arctic (Hegerl et al. 

2018) and subsequent enhanced melt of Arctic glaciers and the Greenland Ice Sheet (e.g. 

Bjørk et al. 2012; Kjeldsen et al. 2015; Parkes and Marzeion, 2018; Vermassen et al. 2020).  

 

It is well established globally that foraminifera occupy specific niches within the tidal frame 

which reflect both frequency and duration of tidal inundation (e.g. Birks, 1995; Gehrels et 

al. 2012; Kemp et al. 2012a; Scott and Medioli, 1978). As such, modern training sets linking 

salt-marsh elevation with species assemblages can be used to generate transfer functions 

for empirically-based numerical estimates of past sea-level change when applied to fossil 

counterparts in cores (Kemp and Telford, 2015; Sachs, Webb and Clark, 1977). In Australia 

and New Zealand, studies using transfer functions originating from salt-marsh 

foraminifera have demonstrated their use as a successful proxy, able to predict sea level 

with sub-decimetre vertical uncertainties (e.g. Callard et al. 2011; Grenfell et al. 2012; 

Southall, Gehrels and Hayward, 2006). In this paper we develop new local and regional 

training sets of contemporary salt-marsh foraminifera for southeastern Australia by 

collecting new samples from Tasmania and New South Wales and combining these with 

published training sets from Tasmania (Callard et al. 2011). We compare our findings with 

other microfossil training sets from around the world and assess how transfer function 

performance is affected by mean tidal range. The training sets presented in this study can 

be used to establish more salt-marsh based sea-level reconstructions across a wider region 

in southeastern Australia.  
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5.1 Results 

5.1.1 Modern foraminiferal distributions 

5.1.1.1 Lutregala  
 
At Lutregala, transect 1 spanned a distance of 315 m and transect 2 spanned 260 m. 

Combined, they covered a vertical range of 0.77 m. A total of 51 surface samples were taken. 

Within the Lutregala training set, we identified 10 agglutinated species and 1 calcareous 

species (Ammonia beccarii - 1 single individual encountered in the training set). Eleven 

surface samples had total counts lower than 50 individuals (Figure 34); therefore, we 

removed these samples from the training set. In the resulting training set, the total 

individual count ranged from 56 – 814, with an average total count of 232 individuals per 

sample.  

 

Along transect 1, the HOF was observed at 0.96 m AHD (0.91 m above MSL). Immediately 

below HOF, the higher elevation samples were dominated by T. salsa and 

Haplophragmoides wilberti (0 – 75 % and 0 – 43 % respectively). Mid-low elevations were 

dominated by Trochammina  inflata (1 – 84 %), Entzia macrescens (0 – 71 %) and T. irregularis 

(0 – 38 %). Low elevation samples were dominated by Miliammina fusca (0 – 97 %), with the 

largest abundance found in the lowest elevation sample. Along transect 2, E. macrescens and 

T. inflata dominated the high-mid elevation samples (0 – 66 % and 12 – 69 % respectively).  

Trochamminitia irregularis and H. wilberti were also found in these samples at lower 

abundance (0 – 13 % and 0 – 16 % respectively). Low elevation samples were again 

dominated by M. fusca (0 – 75 %) and similarly, to transect 1, the largest abundance was 

found in the lowest elevation sample. Minor species included Siphotrochammina lobata, 

Polysaccammina ipohalina, Ammobaculites agglutinans and Textularia sp., which each 

contribute less than 10 % to a sample when present. 
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Figure 34. Lateral distribution of surface foraminifera (dead assemblage) along transects 1 and 2 at 

Lutregala salt marsh. Foraminifera presented represent at least 10 % of the total count in at least one 

sample. Unfilled bars represent total counts lower than 50. The highest occurrence of foraminifera 

(HOF) was found at 0.96 m AHD (0.91 m above MSL). Vegetation zones are also shown.
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5.1.1.2 Wapengo 
 
At Wapengo, a total of 45 samples were taken. Transect 3 spanned 250 m and transect 4 

spanned 60 m. The two surface transects had a total vertical range of 0.71 m. Thirty samples 

contained total counts greater than 50 (Figure 35). Within the resulting training set, we 

identified 13 agglutinated and 1 calcareous species (Haynesina germanica – 1 individual noted 

within the training set). In the training set, the total count ranged from 55 – 453 and averages 

159 individuals per sample. 

 

The HOF was observed at 1.07 m AHD (1.10 m above MSL). Along transect 3, the high-mid 

elevation samples were dominated by T. inflata and E. macrescens (0 – 92 % and 0 – 55 % 

respectively) with low relative abundances of T. salsa (0 – 2 %), H. wilberti (0 – 9 %) and 

T. irregularis (0 – 5 %). These samples generally had the lowest total counts (<100 individuals). 

Mid-elevation samples were dominated by P. ipohalina (0 – 71 %) and low elevation samples 

were dominated by M. fusca and Ammobaculites exiguus (0 – 90 % and 0 – 49 %) with 

A. agglutinans and Polysaccammina hyperhalina in low abundance (0 – 7 % and 0 – 9 % 

respectively). Along transect 4, the high-mid elevation samples were largely dominated by 

T. inflata (0 – 89 %), with a low abundance of T. salsa (0 – 5 %) and Miliammina fusca (0 – 72 %). 

Entzia macrescens was dominant in the lowest elevation samples (6 – 85 %), with a low 

abundance of P. ipohalina (0 – 17 %). Siphotrochammina lobata was also observed in the training 

set but contributes less than 10 % to a sample when present. 
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Figure 35. Lateral distribution of surface foraminifera (dead assemblage) along transects 3 and 4 at 

Wapengo salt marsh. Foraminifera presented represent at least 10 % of the total count in at least two 

samples and filled bars represent counts greater than 50. The highest occurrence of foraminifera (HOF) 

was found at 1.07 m AHD (1.10 m above MSL). Vegetation zones are also shown. 

5.1.2 Multivariate analyses 
   
5.1.2.1 Partitioning Around Medoids Analysis 
 
Combining samples from Lutregala, Wapengo, and the previously published site at Little 

Swanport (Callard et al. 2011) into a regional training set, we find that PAM analysis groups 

samples into three clusters (Figure 36). PAM identifies a high-elevation cluster (cluster one), 

a mid-elevation cluster (cluster two) and a mid-low elevation cluster (cluster three). Cluster 

one (191 SWLI average) contains large relative abundances of T. salsa (average relative 
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abundance 63 %); the species is principally dominant at the uppermost elevations, but is 

present from ~200 – 155 SWLI. Cluster one also contains the largest relative abundance of 

H. wilberti (~188 – 156 SWLI; 11 % average). Cluster two (163 SWLI average) comprises the 

majority of samples and is largely composed of T. inflata (~200 – 118 SWLI; 55 % average 

relative abundance) and E. macrescens (~190 – 118 SWLI; 30 % average relative abundance). 

Both species have wide elevational ranges. Cluster three (155 SWLI average) comprises the 

majority of low elevation samples and has the largest relative abundance of M. fusca (average 

59 %). We find that M. fusca is generally sparse at high elevations and increases at lower 

elevations, with a maximum abundance at 114 SWLI. The cluster also contains typical low-

marsh species including A. exiguus, A. agglutinans, P. hyperhalina and 

Ammobaculites subcatenulatus. No samples from Little Swanport were classified into cluster 

three. This is likely due to the near-absence of M. fusca at the site.  
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Figure 36. A. Relative abundance of modern foraminifera across the regional training set, showing 

species exceeding 10 % abundance in at least one sample with total counts greater than 50 individuals. 

Samples are ordered by Standardised Water-Level Index (SWLI); the highest occurrence of foraminifera 

(HOF) and mean sea level (MSL) are displayed. Partitioning around medoids (PAM) cluster for each 

sample is shown. B. Average silhouette method to determine optimal number of clusters across the 

regional training set. The peak and the dashed line denote that samples are best clustered into three 

groups. C. Silhouette width of individual samples within the regional training set. The dashed 

horizontal line indicates the average silhouette width across the entire regional training set. Site key: 

LG = Lutregala, WAP = Wapengo, LSP = Little Swanport. 

5.2.2.2 Detrended Correspondence Analysis 
 
DCA analyses (Table A2) indicate that, across all training sets, SWLI is closely aligned with 

axis 1, although r2 decreases when samples are combined together with Little Swanport in the 

regional training set (Lutregala r2 = 0.60,  p= <0.01; Wapengo r2= 0.52, p= <0.01; Regional r2 = 
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0.22, p= <0.01; Figure 37). In each ordination plot, high-elevation samples plot furthest away 

in ordination space from low-elevation samples, suggesting these samples have the most 

disparate assemblages.  

 

In the Lutregala training set, four clusters are identified - a high-elevation cluster is dominated 

by T. salsa, a mid-elevation cluster is dominated by E. macrescens and T. irregularis and another 

mid-elevation cluster is dominated by T. inflata (Figure 37a). A low-elevation cluster is 

dominated by M. fusca, with influences from A. exiguus and P. ipohalina. Conversely, in the 

Wapengo training set, there is no defined high-elevation cluster; high-mid elevation samples 

form one cluster largely dominated by T. inflata and E. macrescens and low-elevation samples 

are dominated by M. fusca and Ammobaculites spp. (Figure 37b). This may be due to the low 

abundance of T. salsa at the site (~0 – 5 %), compared with ~50 – 85 % in samples near HOF at 

Lutregala and Little Swanport. 

 

In the regional training set, cluster one is dominated by T. salsa and samples with the highest 

SWLI values and cluster two is dominated by T. inflata and E. macrescens, with some influence 

from T. irregularis and S. lobata (Figure 37c). In cluster three, the mid-low elevation samples 

towards the centre of the plot are also dominated by T. inflata and low-elevation samples are 

dominated by M. fusca and Ammobaculites spp. Whilst Little Swanport has low-elevation 

samples, these samples are grouped into the mid-elevation cluster, again, likely due to the 

absence of low-marsh and tidal-flat species within the training set. Samples from Lutregala 

generally plot towards the negative side of the DCA triplot, whereas samples from Wapengo 

plot to the positive side of the DCA triplot, likely reflecting the differences in species 

assemblages between the sites, with T. salsa near absent from Wapengo but prevalent at 



 
147 

Lutregala and Ammobaculites spp. and Polysaccammina spp. more prevalent at Wapengo but 

near absent at Lutregala.  

 

 

Figure 37. Detrended correspondence analyses of samples from A. the Lutregala training set, B. the 

Wapengo training set and C. the regional training set (Lutregala, Wapengo and Little Swanport). 

Cluster number for each detrended correspondence analysis (DCA) plot has been defined by the 

partitioning around medoids (PAM) algorithm. Samples from varying sites are noted by different 

symbols. Foraminifera species are denoted by crosses and an associated code. Samples are coloured by 

Standardised Water-Level Index (SWLI) with samples near mean sea level (MSL; 100 SWLI) in dark 

blue and samples near highest occurrence of foraminifera (HOF; 200 SWLI) in pink. 
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5.1.3 Development of a transfer function for southeastern Australia  
 
We develop transfer functions for three local training sets (Lutregala, Wapengo and Little 

Swanport), a sub-regional training set that comprises the two Tasmanian sites (Lutregala and 

Little Swanport), a regional training set (I) that includes all samples (Lutregala, Wapengo and 

Little Swanport), and a regional training set (II) comprising only our new samples (Lutregala 

and Wapengo). Data are expressed as percentage abundance (Figure 38).  

 

Both the Lutregala and Wapengo local training sets, as well as the regional II training set, have 

axis one lengths greater than two standard deviations (2.05, 2.06 and 2.34 respectively; Table 

8) therefore, we apply WAPLS models in these sites. The sub-regional and regional I training 

sets have axis one lengths less than two standard deviations (1.48 and 1.52 respectively; Table 

8); therefore, we apply PLS models. Callard et al. (2011) had previously used a WAPLS and a 

PLS model on the Little Swanport training set as the axis one gradient length was close to two 

standard deviations (1.68; Table 8); however, we employ a PLS model (Birks, 1995).  

 

Table 8. Detrended canonical correspondence analysis results for the local, sub-regional and regional 

training sets. 

Training set Axis 1 

Length 

Axis 1 

Eigenvalue 

Axis 2 

Eigenvalue 

Axis 3 

Eigenvalue 

Axis 4 

Eigenvalue 

Cumulative  

% variance 

of species 

data 

Eigenvalue 

(ƛ1/ ƛ2) 

ratio 

Lutregala 2.05 0.36 0.27 0.15 0.07 24.0 1.33 

Wapengo 2.06 0.39 0.30 0.11 0.07 21.7 1.29 

Little 

Swanport 

1.68 0.29 0.12 0.05 0.02 28.9 2.51 
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Sub-

regional 

1.48 0.19 0.37 0.13 0.09 12.7 0.53 

Regional I 1.52 0.19 0.56 0.33 0.16 7.7 0.33 

Regional II 2.34 0.39 0.34 0.22 0.13 16.0 1.16 

 

The local training sets from Lutregala and Wapengo perform well, with model performance 

comparable to, or better than, that of the final Little Swanport model reported by Callard et 

al. (2011) (Table 9). The Lutregala model has the lowest RMSEP, demonstrating an ability to 

predict sea level within ± 6.4 SWLI units (equivalent to ± 0.06 m at Lutregala at 

68 % confidence or ± 0.12 m at 95 % confidence). The Wapengo model prediction error is 

larger at ± 9.7 SWLI units (equivalent to ± 0.11 m at Wapengo at 68 % confidence or ± 0.22 m 

at 95 % confidence). No models exhibit a 5 % improvement from component one, therefore 

we cannot justify the addition of a second component.  
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Table 9. Summary statistics for cleaned model data across local, sub-regional and regional training sets. Rows highlighted in bold indicate the chosen model 

for each training set. 

Training set Scale Sites included 
in the model 

Number 
of 
samples 

Number 
of 
species 

Model type and 
component 
number 

RMSEP 
(SWLI) 

RMSEP (m 
AHD) 

r2boot Average 
bias (SWLI) 

Maximum bias 
(SWLI) 

Lutregala Local Lutregala 37 9 WAPLS C1 6.42 0.06 0.65 -0.01 7.86 

     WAPLS C2 6.57 0.06 0.65 0.13 7.42 

     WAPLS C3 7.40 0.07 0.60 0.14 8.62 

Wapengo  Local Wapengo  29 12 WAPLS C1 9.73 0.11 0.56 0.12 20.32 

     WAPLS C2 10.80 0.12 0.53 0.50 18.14 

     WAPLS C3 12.49 0.14 0.50 1.02 18.77 

Little Swanport  Local Little Swanport 41 6 PLS C1 15.23 0.11 0.42 0.11 32.74 

     PLS C2 15.55 0.11 0.44 -0.03 32.95 

     PLS C3 14.88 0.11 0.53 -0.38 28.23 
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Sub-regional Sub-
regional 

Lutregala  and 
Little Swanport 

76 9 PLS C1 12.64 – 0.41 0.00 32.83 

     PLS C2 12.71 – 0.41 0.11 33.86 

     PLS C3 12.91 – 0.40 0.21 33.67 

Regional I Regional Lutregala, 
Wapengo   
and Little 
Swanport 

105 13 PLS C1 12.91 – 0.34 0.06 35.12 

     PLS C2 12.40 – 0.36 0.06 34.34 

     PLS C3 12.39 – 0.37 0.06 34.68 

Regional II Regional Lutregala  
and Wapengo 

65 13 WAPLS C1 7.66 – 0.69 0.07 9.15 

     WAPLS C2 8.49 – 0.65 0.29 8.54 

     WAPLS C3 9.68 – 0.63 0.50 8.18 
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Comparison of the sub-regional and regional model I performance with those of the local 

models highlights that the inclusion of Little Swanport into the models results in a decrease 

in performance, measured by an increase in RMSEP and a decrease in r2boot (Sub-regional 

RMSEP SWLI units = 12.64, r2boot = 0.41; Regional I RMSEP SWLI units = 12.91, r2boot = 0.34; 

Table 9). The residuals are much larger for the sub-regional and regional I model than for the 

local models, suggesting a poor fit to the observed elevations. Removing Little Swanport from 

the regional training set (regional II model) results in a ~40 % improvement in RMSEP over 

regional I. Regional II exhibits the best performance of the multi-site models (RMSEP = 7.66 

SWLI units, r2boot = 0.69) and has the second lowest vertical uncertainty after the Lutregala local 

model (Table 9). 
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Figure 38. Transfer function performance for local training set models Lutregala (A) and Wapengo (B), 

as well as our chosen regional model (C; Lutregala and Wapengo combined). Data are presented with 

elevation converted to Standardised Water-Level Index (SWLI). 95 % prediction uncertainties are given 

for each sample. 
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We analyse species optima and tolerance across the Lutregala and Wapengo local transfer 

functions and the regional II transfer function. We find that species optima and tolerances are 

largely similar between the models (Figure 39). The largest discrepancy is in the predicted 

optima of M. fusca; Lutregala and regional II predict the species optima 13 and 6 SWLI units 

higher respectively than the Wapengo model. We note this pattern is also replicated with 

T. salsa, T. irregularis and E. macrescens, with higher predicted species optima in the Lutregala 

and regional II model in comparison to Wapengo. The tolerance of T. salsa is also larger in the 

Wapengo model than in the Lutregala or regional II model. The species with the closest 

optima between all models is T. inflata, with a difference of only 0.95 SWLI units. 

Haplophragmoides wilberti and P. ipohalina optima are also predicted at very similar SWLI 

values across all models (within 1.7 SWLI units or less). The tight vertical optima and tolerance 

of P. ipohalina across all three models highlights the usefulness of this rare species in sea-level 

reconstruction.  

 

Figure 39. Species optima and tolerances from the local Lutregala and Wapengo models and the 

regional II model. 
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5.2 Discussion 
 
5.2.1 Controls on foraminiferal distribution and diversity  
 
Multivariate analyses demonstrate that elevation (as a proxy for duration and frequency of 

tidal inundation, or hydroperiod) has an influence on foraminiferal distribution, and supports 

findings reported across the literature (e.g. Avnaim-Katav et al. 2017; Barnett, Garneau and 

Bernatchez, 2016; Edwards, Wright and van de Plassche, 2004; Gehrels, 2000; Horton and 

Edwards, 2006; Kemp, Horton and Culver, 2009, Milker et al. 2015a). The ratio of the first 

constrained DCCA eigenvalue (λ1) to the second unconstrained eigenvalue (λ2) indicates the 

importance of an environmental variable as a determinant of species distribution (e.g. Juggins, 

2013). Across all three sites, we find that the ratio exceeds 1 (λ1/λ2 = 1.33, 1.29 and 2.51 at 

Lutregala, Wapengo and Little Swanport respectively; Table 8), further suggesting that 

elevation is an important environmental variable in explaining species distribution at all sites. 

DCCA axis 1 values suggest elevation is responsible for 24 %, 22 % and 29 % of the cumulative 

variance of species data at Lutregala, Wapengo and Little Swanport respectively (Table 8); 

however, these values are generally lower than those typically reported in other foraminiferal 

studies (e.g. Hawkes et al. 2010; Horton and Edwards, 2006). Barnett, Garneau and Bernatchez 

(2016) show that for M. fusca and T. inflata, some of the most dominant species in our training 

set, the amount of taxa variation accounted for by axis 1 is low. Furthermore, the values are 

not out of ranges reported elsewhere in the literature - Avnaim-Katav et al. (2017) report 

elevation influences 17.1 % of species distribution in their training set. Our values may 

therefore suggest other environmental variables also influence species distribution at the sites.  
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We find that the vertical distribution of species varies spatially, with foraminifera at Little 

Swanport having the widest vertical distributions (Figure 36a). For example, H. wilberti, 

T. irregularis and E. macrescens are generally observed at SWLI values above 150 at Lutregala 

and Wapengo, but are present at 89 SWLI at Little Swanport, a difference of ~61 SWLI units. 

Freshwater flooding events (Pearce et al. 2005) and variable rainfall (Hedge and Kriwoken, 

2000) in the Little Swanport estuary have periodically lowered the salinity in the estuary to 

values lower than 10 ppt (Crawford and Mitchell, 1999). We suggest this may cause a non-

uniform salinity gradient across the salt marsh, which can cause poorly defined vertical 

distributions (de Rijk and Troelstra, 1997). Low and variable salinity at the site may also 

explain the low abundance of M. fusca site in comparison to Lutregala and Wapengo.  

 

Salinity may also influence species diversity; Wapengo has the highest species diversity, 

followed by Lutregala. Foraminifera have higher species diversities at salinities of 32 – 27 ppt 

(Murray, 2006), and both the Lutregala and Wapengo estuaries have salinity values in this 

range (Crawford and Mitchell, 1999; Garside et al. 2014; Parsons, 2012). The average salinity 

in the Little Swanport estuary is ~27 ppt and decreases to ~20 ppt in the salt marsh and 

mudflat (Sakabe and Lyle, 2010); therefore, the weaker and variable salinity in the Little 

Swanport estuary may also explain the lower species diversity of this site. The higher species 

diversity at Wapengo is a result of the presence of a greater number of Ammobaculites species.  

Lal et al. (2020) suggest that high abundances of Ammobaculites spp. are correlated with a 

transition from mangrove to mixed mangrove and salt-marsh vegetation at the mid-elevations 

of the upper intertidal zone. Ammobaculites exiguus has been noted to often reside within 

mangroves and in unvegetated muddy tidal and sand flats, which we find at Wapengo 

(Hayward and Hollis, 1994; Schröder-Adams,Boyd and Tran, 2014). Vegetation is influenced 
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by elevation and salinity (Lal et al. 2020); therefore we suggest that a combination of tidal 

frequency and duration as well as salinity and vegetation type exert influence on species 

distribution and diversity at our sites.  

 

5.2.2 Foraminiferal distributions and diversity in southeastern Australia and 
New Zealand 
 
Modern foraminiferal distributions at Lutregala and Wapengo are broadly similar to those 

observed in other studies from southeastern Australia and New Zealand. At four sites located 

near Wollongong, New South Wales, M. fusca, E. macrescens and T. inflata also dominate 

surface sample assemblages (Lal et al. 2020). Trochammina inflata is especially dominant, which 

is also a common occurrence in New Zealand salt marshes (Hayward, 2014), with the species 

noted to often be found from pasture and salt meadow to mangroves (Hayward, Grenfell  and 

Scott, 1999).  

 

We find T. salsa present from ~155 – 200 SWLI (the upper half of the range between MSL and 

HOF), which is broadly similar to previous work conducted in New Zealand, where T. salsa 

is largely found in the upper third of the intertidal zone (Hayward and Hollis, 1994). The 

species can often extend into the upper reaches of estuaries, and is common in brackish 

settings with significant freshwater input (Hayward, 2014; Hayward, Grenfell and Scott, 1999; 

Hayward and Hollis, 1994). The species has previously been noted both in Tasmania (Callard 

et al. 2011) and Victoria (Apthorpe, 1980), and, in agreement with our findings, often occurs 

as a near-monospecific fauna (Hayward, 2014). However, the species is not documented in 

lower latitude Australian sites (Berkeley et al. 2008, 2009; Cann et al. 1993; Haslett, 2001; 

Haslett et al. 2010; Horton et al. 2003; Lal et al. 2020; Strotz, 2015; Wang and Chappell, 2001; 
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Woodroffe, 2005), which may suggest that the species has a preference for temperate salt 

marshes in Australia.  

 

Of the dominant agglutinated taxa noted in Lal et al. (2020) (i.e. those found at all of their 

Northern NSW sites), which includes Ammobaculites spp., Ammotium directum, E. macrescens, 

M. fusca, S. lobata and T. inflata, we note the presence of all but A. directum in our regional 

training set. Furthermore, Lal et al. (2020) encounter H. wilberti, but do not find it at every site. 

Previous literature shows A. exiguus can tolerate a wider range of salinities, usually around 

20 – 32 ppt (Ostrognay and Haig, 2012; Schröder-Adams, Boyd and Tran, 2014), with 

preferences for mangrove and tidal flat environments (Hayward and Hollis, 1994; Schröder-

Adams, Boyd and Tran, 2014). We find A. exiguus in one creek sample at Lutregala, and the 

species is absent from Little Swanport, supporting evidence of the species’ preference for 

mangrove and muddy substrate.  

 

Rarer species encountered by both Lal et al. (2020) and this study include Textularia sp., and 

P. ipohalina. Polysaccammina ipohalina is noted to be rare in temperate salt marshes, but has also 

been documented in New Zealand (Hayward, Grenfell and Scott, 1999). Whilst the species is 

found both at Lutregala and Wapengo, it is more prevalent at the latter site. 

Polysaccammina ipohalina has been associated as often subdominant to E. macrescens and 

T. inflata environments (Camacho et al. 2015), which is replicated also at our sites.  

 

Haslett et al. (2010) observed modern distributions at Minnamurra Inlet, one of the four sites 

studied by Lal et al. (2020) and note the presence of T. inflata, Ammobaculites spp., and 

Haplophragmoides spp., but also encountered species not found at our sites, with the site 
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reflecting a higher species diversity. However, they find only very low total counts in all 

surface samples (mean 3.27 specimens/g sediment), with single occurrences common. 

Furthermore, at Smiths Lake located north of Sydney (Strotz, 2015), species diversity of 

benthic foraminifera is also markedly higher than at our sites. Species common to our sites 

include M. fusca, T. inflata, Textularia sp., and A. agglutinans. We find species diversity tends 

to be higher at these lower latitude sites as calcareous foraminifera are far more prevalent.  

 

We do not include the samples from Haslett et al. (2010), Lal et al. (2020), and Strotz (2015) in 

our regional training set due to the site and sample selection criteria outlined in this paper. 

Lal et al. (2020) employ both living and dead foraminifera in their relative abundance counts, 

whereas our training set uses only dead assemblages. The Haslett et al. (2010) training set has 

insufficient total counts (<50 individuals) and the Strotz (2015) training set does not comply 

with our site selection guidelines, as the training set is derived from an artificially managed 

system. Other benthic foraminiferal studies from Australia (i.e. Berkeley et al. 2008; Cann et 

al. 1993; Dean and De Deckker, 2013; Haslett, 2001; Horton et al. 2003; Wang and Chappell, 

2001; Woodroffe, 2005) are either located outside of the region of interest, lack elevation data, 

or use grab samples that are not representative of the surface assemblages.  

 

5.2.3 Implications of environmental variability on regional transfer function 
performance 
 
Whilst the role of frequency of tidal inundation as a primary driver of the vertical distribution 

of foraminifera has long been established (e.g. Scott and Medioli, 1978), other abiotic and biotic 

factors such as food availability, oxygen, organic matter, grain size, salinity, vegetation and 

temperature can also influence species distributions (e.g. Murray, 2006). Multivariate analyses 
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of contemporary salt-marsh foraminifera from salt marshes on the Atlantic coast of North 

America have directly indicated that elevation does not exclusively control foraminiferal 

distribution (Edwards, Wright and van de Plassche, 2004; Wright, Edwards and van de 

Plassche, 2011). Whilst regional models can be advantageous due to the fact that they combine 

sites with differing physiographical and environmental parameters, making them applicable 

to a larger range of palaeoenvironments (Kemp and Telford, 2015), we find that the differing 

vertical foraminiferal distribution between species at Little Swanport and the two new sites 

greatly affects model performance. In both the sub-regional and regional I transfer functions, 

nearly all Little Swanport samples have predicted elevations ~158 SWLI (see Figure A6). This 

is likely due to the near absence of M. fusca and dominance of T. inflata at the site. As such, 

while the regional II transfer function is appropriate for reconstructing sea level from fossil 

assemblages at both Lutregala and Wapengo, this model is likely not suitable for 

reconstructions at sites with low (i.e. less than ~30  ppt) or variable salinity. We suggest that 

in such cases, a local model is currently more suitable and further modern samples should be 

collected to extend the training set. In line with other studies (e.g. Watcham et al. 2013; 

Hocking, Garrett and Cisternas, 2017), we suggest that when employing regional models, a 

wide spatial extent beyond a sub-region may be needed for good model performance.  

 

5.2.4 The use of transfer-function models in relative sea-level reconstruction 
 
5.2.4.1 Comparison with other local and regional sea-level transfer-function models  
 
Transfer function approaches are now widely employed in palaeoenvironmental research as 

they provide a quantitative and largely objective method by which reconstructions of 

palaeoenvironmental conditions can be directly compared and replicated by other studies 
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(Kemp  and Telford, 2015). We compare our transfer-function model performance with other 

proxy-based transfer functions from the literature, updating a global database of transfer 

function performance versus mean tidal range (MTR; Barlow et al. 2013; Barnett et al. 2017; 

Callard et al. 2011; Mills et al. 2013). The updated database integrates data from multiple 

proxies used in sea-level reconstruction: diatoms, benthic foraminifera, testate amoebae and 

pollen (Table 10).  
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Table 10. Comparisons of model performance and mean tidal range from multiple regions across the globe. Good model performance is recognised by a lower 

root mean squared error of performance (RMSEP). N – number of samples within training set. WA - Weighted Averaging regression, WA-Tol — Tolerance 

Down-Weighted Weighted Averaging regression, WAPLS — Weighted-Average Partial-Least-Squares regression, PLS — Partial-Least-Squares regression, ML 

– Maximum Likelihood. Table updated from those published by Barlow et al. (2013), Barnett et al. (2017), Callard et al. (2011) and Mills et al. (2013) combining 

and adding studies that utilise either diatoms, benthic foraminifera, testate amoebae, pollen or multiproxy (diatoms, foraminifera and testates combined) for 

sea-level reconstruction. We omit the Horton et al. (2007) subtidal transfer function from the analysis as this represents a large outlier in the dataset. 

Region Site Ref Model Microfossil N RMSEP MTR RMSEP/MTR 

Adriatic Croatia - Values 
given relative to 
Split tide gauge 

Shaw et al. 
(2016)  

WA-PLS Foraminifera 60 0.08 0.19 42.1 

Eastern 
Atlantic 

Brancaster 
Marsh, UK 

Gehrels, Roe  
and Charman 
(2001) 

WA-Tol Diatoms 88 0.21 3.81 1.4 

Eastern 
Atlantic 

Brancaster 
Marsh, UK 

Gehrels, Roe  
and Charman 
(2001) 

PLS Foraminifera 90 0.08 3.81 2.2 

Eastern 
Atlantic 

Brancaster 
Marsh, UK 

Gehrels, Roe  
and Charman 
(2001) 

PLS Testate 52 0.08 3.81 2.2 

Eastern 
Atlantic 

UK – Values 
given relative to 
Cowpen Marsh 

Horton, 
Edwards  and 
Lloyd (1999) 

WA-Tol Foraminifera 131 0.12 3.37 3.4 

Eastern 
Atlantic 

Mersey River UK  Mills et al. (2013) WA-PLS Foraminifera 56 0.13 5.93 2.2 
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Eastern 
Atlantic 

Ho Bugt 
Denmark 

Szkornik, 
Gehrels  and 
Kirby (2006) 

WA-PLS Diatoms 40 0.14 1.5 9.3 

Eastern 
Atlantic 

UK- Values given 
relative to 
Cowpen Marsh  

Zong  and 
Horton (1999) 

WA-Tol Diatoms 88 0.21 3.37 6.3 

Eastern 
Atlantic 

Scotland 
(average of 9 
locations) 

Barlow et al. 
(2013) 

WA-PLS Diatoms 215 0.4 4.3 9.3 

Eastern 
Atlantic 

Scotland 
(average of 9 
locations) 

Barlow et al. 
(2013) 

WA-PLS Diatoms 121 0.21 4.3 4.9 

Eastern 
Atlantic 

Scotland Barlow et al. 
(2013) 

WA-PLS Diatoms 73 0.16 4.3 3.7 

Eastern 
Atlantic 

Scotland Barlow et al. 
(2013) 

WA-PLS Diatoms 53 0.1 4.3 2.3 

Eastern 
Atlantic 

Norway - Values 
given relative to 
Lødingen 

Barnett (2013) WA-PLS Testate  29 0.09 1.92 4.7 

Eastern 
Atlantic 

Western 
Denmark 

Gehrels and 
Newman (2004) 

WA-Tol Foraminifera 16 0.16 1.5 10.7 

Eastern 
Atlantic 

Florida, USA - 
Values given 
relative to Little 
Manatee River 

Gerlach et al. 
(2017) 

WA-PLS Foraminifera 66 0.07 0.47 14.9 

Eastern 
Atlantic 

Bristol Channel, 
England 

Hill et al. (2007) WA-Tol Diatoms 61 0.88 11.66 7.5 

Eastern 
Atlantic 

Norfolk, 
England 
(average of 2 
locations) 

Horton and 
Edwards (2005) 

WA-PLS Foraminifera 47 0.25 4.8 5.2 
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Eastern 
Atlantic 

Southern 
Portugal 

Leorri et al. 
(2010) 

PLS Foraminifera 22 0.14 2 7 

Eastern 
Atlantic 

Northern 
Portugal 

Leorri et al. 
(2011) 

WA-PLS Foraminifera 30 0.1 1.95 5.1 

Eastern 
Atlantic 

Brittany, France Leorri et al. 
(2010) 

PLS Foraminifera 43 0.22 2.59 8.5 

Eastern 
Atlantic 

Northern Spain 
(average of 4 
sites) 

Leorri, Horton  
and Cearreta 
(2008) 

WA-PLS Foraminifera 30 0.19 2.5 7.6 

Eastern 
Atlantic 

South Devon Massey et al. 
(2006) 

WA-PLS Foraminifera 85 0.29 4.65 6.2 

Eastern 
Atlantic 

Schedlt estuary, 
Belgium 

Ooms, Beyens 
and 
Temmerman 
(2012) 

WA-PLS Testate  37 0.24 4.98 4.8 

Eastern 
Atlantic 

Brittany, France 
(average of 2 
sites) 

Rossi et al. 
(2011) 

PLS Foraminifera 36 0.07 3 2.3 

Eastern 
Atlantic 

Brittany, France - 
Values given 
relative to Bay of 
Brest  

Stéphan et al. 
(2014) 

WA-PLS Foraminifera 29 0.2 3.89 5.1 

Eastern 
Pacific 

Upper Cook 
Inlet, Alaska USA 
(average of 4 
locations) 

Barlow, Shennan  
and Long (2012) 

WA-PLS Diatoms 149 0.3 7.98 3.8 

Eastern 
Pacific 

California, USA - 
Values given 
relative to 
Tijuana River 
Estuary 

Avnaim-Katav et 
al. (2017) 

WA-PLS Foraminifera 55 0.09 1.13 8.4 
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Eastern 
Pacific 

Alaska, USA Hamilton  and 
Shennan (2005) 

WA-PLS Diatoms 154 0.11 7.98 1.4 

Eastern 
Pacific 

Oregon 
(average of 5 
sites) 

Hawkes et al. 
(2010)  

WA-PLS Foraminifera 91 0.2 1.81 11 

Eastern 
Pacific 

Chile, South 
America - Values 
given relative to 
Chaihuín  

Hocking, Garrett  
and Cisternas 
(2017) 

WA-PLS Diatoms 176 0.23 0.95 24 

Eastern 
Pacific 

Alaska, USA - 
Values given 
relative to 
Anchorage 

Watcham, 
Shennan and 
Barlow (2013) 

WA-PLS Diatoms 255 0.66 8 8.3 

Northern 
Atlantic 

Viðarholmi 
Iceland 

Gehrels et al. 
(2006) 

WA-Tol Foraminifera 21 0.2 2.1 9.5 

Northern 
Atlantic 

Viðarholmi 
Iceland 

Saher et al. 
(2015) 

WA-PLS Diatoms 53 0.09 2.1 4.3 

Northern 
Atlantic 

Aasiaat, 
Greenland 

Woodroffe  and 
Long (2010) 

WA-PLS Diatoms 64 0.16 2.7 5.9 

Northern 
Atlantic 

Sisimut, 
Greenland 

Woodroffe and 
Long (2010) 

WA-PLS Diatoms 70 0.19 4.5 4.2 

Red Sea Shuaiba Lagoon Abu-Zied  and 
Bantan (2013) 

WA-PLS Foraminifera 29 0.16 0.06 266.7 

South 
Atlantic 

Galpins salt-
marsh – Values 
given  relative to 
Port Elizabeth 

Strachan et al. 
(2015) 

PLS Foraminifera 37 0.17 1.12 15.2 

South 
Atlantic 

Swan Inlet  Newton et al. 
(2021) 

WA-Tol Testate 
amoebae 

28 0.13 0.07 0.19 

South 
Atlantic 

Swan Inlet Newton et al. 
(2021) 

WA-PLS Diatoms 37 
 

0.06 0.07 0.09 
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South 
Atlantic 

Swan Inlet Newton et al. 
(2021) 

WA-PLS Multiproxy 46 0.09 0.07 0.13 

Western 
Atlantic 

Magdalen 
Islands - Values 
given relative to 
Cap-aux-Meules 

Barnett, 
Garneau  and 
Bernatchez 
(2016) 

PLS Foraminifera 39 0.12 0.29 41.4 

Western 
Atlantic 

Magdalen 
Islands 

Barnett, 
Garneau  and 
Bernatchez 
(2016) 

Wa-Cla Testate  62 0.08 0.29 27.6 

Western 
Atlantic 

Newfoundland Wright, Edwards  
and van de 
Plassche (2011) 

WA-PLS Foraminifera 37 0.07 0.83 8.4 

Western 
Atlantic 

Pattagansett 
River, 
Connecticut, 
USA 

Wright, Edwards  
and van de 
Plassche (2011) 

WA-PLS Foraminifera 26 0.1 1.16 8.6 

Western 
Atlantic 

Maine and Nova 
Scotia, North 
America - Values 
given relative to 
the Chezzetook 
Inlet 

Charman et al. 
(2010) 

WA-Tol Testate  29 0.05 1.25 4.2 

Western 
Atlantic 

Connecticut 
USA (average of 
4 sites) 

Edwards, Wright  
and van de 
Plassche (2004) 

WA-PLS Foraminifera 91 0.18 1.36 13.2 

Western 
Atlantic 

Maine USA 
(average of 4 
sites) 

Gehrels (2000) WA-PLS Foraminifera 68 0.25 3.11 8 

Western 
Atlantic 

Nova Scotia (Gehrels et al. 
2005) 

WA-Tol Foraminifera 46 0.06 1.86 3.2 
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Western 
Atlantic 

New Brunswick, 
Canada 

Gehrels, 
Hendon  and 
Charman (2006) 

WA Testate  12 0.08 5.8 1.4 

Western 
Atlantic 

Maine, USA Gehrels, 
Hendon  and 
Charman (2006) 

WA Testate  17 0.07 2.6 2.7 

Western 
Atlantic 

Delaware, USA Gehrels, 
Hendon and 
Charman (2006) 

WA Testate  9 0.07 1.75 4 

Western 
Atlantic 

Outer Banks 
North Carolina 
USA (average of 
3 sites) 

Horton et al. 
(2006) 

WA-PLS Diatoms 46 0.08 0.35 22.9 

Western 
Atlantic 

Outer Banks 
North Carolina 
USA (average of 
10 sites) 

Kemp et al. 
2009) 

WA-PLS Foraminifera 46 0.04 0.27 14.8 

Western 
Atlantic 

New Jersey - 
Values given 
relative to Leeds 
Point 

Kemp et al. 
(2012a) 

WA-PLS Foraminifera 62 0.14 1.16 11.8 

Western 
Atlantic 

New Jersey - 
Values given 
relative to Leeds 
Point 

Kemp et al. 
(2013b) 

WA Foraminifera 175 0.15 1.16 13.2 

Western 
Atlantic 

Elizabeth  River, 
North Carolina, 
USA 

Wright, Edwards  
and van de 
Plassche (2011) 

WA-PLS Foraminifera 53 0.14 1.34 10.4 

Western 
Pacific 

Kaledupa Engelhart et al. 
(2007) 

ML Pollen 63 0.22 1.13 19.6 

Western 
Pacific 

Central Great 
Barrier Reef – 

Horton et al. 
(2007) 

WA-PLS Foraminifera 43 3.5 1.51 231.1 
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values given 
relative to 
Cleveland Bay 

 Western 
Pacific 

Hokkaido Japan 
(average of 2 
sites) 

Sawai, Horton  
and Nagumo 
(2004) 

WA-PLS Diatoms 78 0.29 1.05 27.6 

Western 
Pacific 

Caitlins Coast Southall,  
Gehrels,  and 
Hayward (2006) 

WA-Tol Foraminifera 31 0.05 1.5 3.3 

Western 
Pacific 

Little Swanport Callard et al. 
(2011) 

WA-PLS Foraminifera 43 0.1 0.6 16.7 

Western 
Pacific 

New Zealand -
Values given 
relative to 
Mokomoko 

Garrett et al. 
(Unpublished) 

PLS Foraminifera 77 0.08 1.89 4.2 

Western 
Pacific 

Manukau 
Harbour 

Grenfell et al. 
(2012) 

WA-Tol Foraminifera 25 0.11 1.84 6 

Western 
Pacific 

Cocoa Creek, 
Great Barrier 
Reef Coastline, 
Australia 

Horton et al. 
(2003) 

WA-PLS Foraminifera 34 0.07 1.48 4.7 

Western 
Pacific 

Lutregala This study WA-PLS Foraminifera 37 0.06 0.47 12.8 

Western 
Pacific 

Wapengo This study WA-PLS Foraminifera 28 0.11 0.95 11.6 

Western 
Pacific 

Regional II – 
Values given 
relative to 
Lutregala 

This study WA-PLS Foraminifera 65 0.07 0.47 14.9 
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We find a positive and significant correlation between MTR and model performance (both 

local and regional models) assessed using RMSEP (r2 = 0.44, n = 67, p = <0.01; Figure 40a). Our 

results suggest that microtidal ranges, such as those seen at Lutregala and Wapengo, provide 

the optimal environments for sea-level reconstructions as they yield models with low vertical 

uncertainties. We find that, due to generally smaller MTR, sites in the western Pacific (e.g. 

Callard et al. 2011; Horton et al. 2003; Southall, Gehrels and Hayward, 2006), western Atlantic, 

(e.g. Barnett, Garneau and Bernatchez, 2016; Horton et al. 2006; Kemp, Horton and Culver; 

Wright, Edwards and van de Plassche, 2011) and South Atlantic (e.g. Newton et al. 2021), have 

lower vertical uncertainties, whereas those from the eastern Atlantic, with larger tidal ranges, 

have larger vertical uncertainties (e.g. Barlow et al. 2013; Horton and Edwards, 2005; Massey 

et al. 2006; Mills et al. 2013). This supports findings previously described in the literature. 

When our regional model is compared to other regional models from across the world (Figure 

40b), we note that our model performs well, with similarly small vertical uncertainties to 

western Atlantic regional models from Barnett, Garneau  and Bernatchez (2016), Charman et 

al. (2010), Horton et al. (2006) and Kemp, Horton and Culver (2009). Spatially, the closest 

regional training set to ours currently is located in Japan (Sawai, Horton and Nagumo, 2004); 

most regional training sets come from the East and West Atlantic; therefore, future work 

should concentrate on developing more training sets for the western Pacific (Oceania) region 

in order to better resolve recent sea-level histories for this region of the world.
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Figure 40. A. Relationship between model performance (root mean squared error of 

prediction; RMSEP) and mean tidal range (MTR) across 67 models (Table 10) including the 

Lutregala (L) and Wapengo (W) local training sets and the regional II model (R). The updated 

dataset integrates training sets that use diatoms, benthic foraminifera, testate amoebae, pollen 

and multiproxy (diatoms, foraminifera and testates combined) approaches for sea-level 

reconstruction from multiple regions of the world. B. Relationship between model 

performance and mean tidal range showing only regional models. 

 

5.2.4.2 Alternative methods for paleoenvironmental reconstruction  
 
An alternative to the transfer-function approach is a ‘visual assessment’ (VA; Long et 

al. 2010). VAs may be used to assess key changes in microfossil taxa, whilst 

incorporating environmental data. Variables such as stratigraphy, loss on ignition 

and particle size, which cannot be incorporated into traditional transfer-function 

analyses, can be considered with a VA approach. VAs may also be used where the 

0.00

0.25

0.50

0.75

R
M

SE
P

(m
)

0.00

0.25

0.50

0.75

0.0 2.5 5.0 7.5 10.0 12.5
Mean tidal range (m)

R
M

SE
P

(m
)

Multiproxy
Pollen

Proxy
Diatoms
Foraminifera
Testate amoebae

Region
Adriatic Sea
Eastern Atlantic
Eastern Pacific
Northern Atlantic
Red eaS
South Atlantic
Western Atlantic
Western Pacific

A

B

L

W

r = 0.442

p<0.01

y=0.06x+0.04

r = 0.542

p<0.01

y=0.07x+0.05

R

R



 

171 

modern training set yields no good modern analogues for fossil material (e.g. Barnett 

et al. 2015). This method is not used widely, but may be utilised at sites with 

microtidal ranges, particularly in the upper marsh where species are mostly 

constrained to a small vertical range. However, the VA method has been criticised as 

it considers elevation as a discrete variable which can result in step changes in relative 

sea-level reconstructions, whereas transfer-function approaches produce sample-

specific errors as elevation is treated as a continuous variable (Kemp et al. 2017b). 

Furthermore, generally, transfer-function approaches will yield models with lower 

vertical uncertainties (Kemp and Telford, 2015). The recent use of Bayesian transfer 

functions in relative sea-level reconstruction provides an alternative to both of these 

methods and may incorporate the best aspects of both approaches (e.g. Cahill et al. 

2016; Kemp et al. 2017a; Walker et al. 2021). Future relative-sea level studies may 

choose to use this approach over the more traditional transfer-function method. 

5.3 Conclusions 
 
This study is the first to collate salt-marsh foraminifera into a regional training set for 

southeastern Australia and produces new transfer functions that will underpin future 

late Holocene sea-level reconstructions in the region. We report assemblages from 

two new sites: Lutregala salt marsh located on Bruny Island, Tasmania and Wapengo 

salt marsh located in southern New South Wales, and combine these with a 

previously published training set from Little Swanport, Tasmania (Callard et al. 

2011), successfully expanding the available region for reconstruction north and 

southwards of the previous site. Multivariate analyses identify three clusters within 

the combined regional foraminiferal training set, comprising a high elevation 

biozone, a mid-elevation biozone and a mid to low elevation biozone. Similar to 
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contemporary foraminiferal distributions reported elsewhere in Australia and New 

Zealand, T. inflata is dominant at all sites and found along the majority of the sampled 

elevation gradient. No samples from Little Swanport are classified into the mid to 

low elevation cluster; we attribute this to the low and variable salinity in the Little 

Swanport estuary.  

 

New local transfer functions for Lutregala and Wapengo perform well, with an ability 

to predict sea level within ± 0.06 m (68 % confidence) or ± 0.12 m (95 % confidence), 

and ± 0.11 m (68 % confidence) or ± 0.22 m (95 % confidence), respectively. The 

dominance of T. inflata and near-absence of M. fusca at Little Swanport complicates 

the development of a transfer function model that incorporates all three sites. Rather, 

a model combining the two higher salinity sites provides improved performance 

(RMSEP = 7.66 SWLI units) despite the large distance between these sites. When 

developing regional training sets, we advocate that the similarity in the 

environmental settings (particularly salinity) should be assessed as an alternative 

way of grouping sites, rather than simply using spatial proximity.  

 

Our transfer functions provide comparable predictive ability to other transfer 

functions reported elsewhere in Australia and New Zealand (e.g. Callard et al. 2011; 

Southall et al. 2006). By updating a global database of transfer function model 

performance we also show that our models are comparable with studies in distant 

regions, namely those from the western Atlantic. Our revised database of studies that 

use diatoms, benthic foraminifera, testate amoebae and pollen for sea-level 

reconstruction demonstrates that model performance is superior in locations with 
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microtidal regimes. Future sea-level reconstructions from the microtidal coasts of 

New South Wales and Tasmania underpinned by the work presented here offer the 

potential for sea-level reconstructions with low vertical uncertainties that will help to 

refine understanding of late Holocene sea-level change in Australia as well as shed 

light on the discrepancy in rates of sea-level rise observed in proxy and instrumental 

records in the western Pacific, and help to elucidate the causes of the early 20th 

century sea-level acceleration.  

 

Supplementary materials 
 

See Appendix III 
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6.0 Introduction 
 
This chapter presents the site stratigraphy, fossil foraminifera, palaeomarsh surface 

elevations (using transfer functions from Chapter 5), modern analogue evaluations, 

age-depth models, and the sea-level reconstructions of the master cores taken at each 

site. It also updates the previously published reconstruction from Little Swanport, 

Tasmania (Gehrels et al. 2012) to SHCal20. The aim of this chapter is to create three 

sea-level reconstructions to investigate the timing and magnitude and of sea-level 

change in southeastern Australia. The sea-level reconstructions are compared to 

nearby tide gauges and a modelled sea-level budget (Frederikse et al. 2020; Giese et 

al. 2016; Slivinski et al. 2019). 

 

N.B. Stratigraphy presented in the cross-section figures vary slightly to the master 

core descriptions, as the cross-sections detail field descriptions of the stratigraphy, 

whereas the master cores detail the re-described laboratory descriptions.  

6.1 Results  

6.1.1 Lutregala 

6.1.1.1 Stratigraphy and foraminiferal assemblages 

 
At Lutregala, two coring transects were established (Figure 41). At the base of the 

sequence at Lutregala (Unit 3) is a beige medium silty sand unit which extends down 

to at least -1.24 m AHD. Overlying this unit is a brown-grey tidal-flat silt (Unit 2) is 

thickest towards the seaward and landward sides of the salt marsh. At the surface of 

the sequence is a salt-marsh peat (Unit 1). At its thickest, the peat extends from 0.48 m 

to 0.76 m AHD. This unit can be further subdivided into a very dark brown silty salt-

marsh peat at the bottom (1b; 17 – 28 cm), and a fibrous brown salt-marsh peat at the 
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top (1a; 0 – 17 cm). The contact between these two sub-units is gradual in nature. 

Unit 2 is found between 28 – 31 cm and contains some rootlets. Unit 3 can be sub-

divided into a beige medium silty sand (31 – 40 cm; Unit 3a) and a beige medium 

sand (41 – 60 cm; Unit 3b) (Table 11).  

 

 

 

Figure 41. Cross section of both coring transects at Lutregala showing variations in 

stratigraphy across the site. The locality of the master core (LG-1) is highlighted in red in both 

transects. Both transects exhibit a salt-marsh peat unit, underlain by a brown-grey tidal-flat 

silt and a beige medium silty sand. 

 
 
 
 
 
 
 



 

177 

Table 11. Description of the main sediment units identified within the master core sequence 

from LG-1 and associated Troels-Smith (1955) classification.  

 
Unit Unit depth 

(cm) 
Description Troels-Smith log  

1a 0 – 17 Fibrous brown  
peat 

Th3 Ag1 + dar 2 + strat 2 + sicc 0 + elas 0 + lm 
- 

1b 17 – 28 Very dark 
brown silty 
peat 

Th2 Ag2 + dar 3 + strat 2 + sicc 0 + elas 0 + lm 
1 

2 28 – 31 Brown/grey silt 
with rootlets 

Ag1 Th+ + dar 1+ + strat 2 + sicc 0 + elas 0 + lm 
1 

3a 31 – 40 Beige medium 
silty sand 

Ga3 Ag1 Th+ + dar 1 + strat 2 + sicc 0 + elas 0 
+ lm 0 

3b 41 – 60 Beige medium 
sand 

Ga4 + dar 1 + strat 2 + sicc 0 + elas 0 + lm 0 

 

Total counts of dead foraminifera are high throughout the core, with only two 

samples at 30 and 32 cm having fewer than 50 foraminifera (3 and 13 individuals; 

Figure 42). Excluding these samples, total counts range from 69 – 665, with an 

average of 359 individuals per sample. Foraminifera are consistently found with total 

counts exceeding 100 individuals from 28 cm. Core samples contain eight species of 

foraminifera: Trochamminita salsa, Haplophragmoides wilberti, Entzia macrescens, 

Polysacammina ipohalina, Trochamminita irregularis, Trochammina inflata, 

Siphotrochammina lobata and Milliamina fusca. Trochammina inflata remains largely 

prevalent throughout the core (1 – 100 % relative abundance). The foraminifera in the 

silty sand unit of the core are inconsistent with the lithology and are mainly 

comprised of the high to mid marsh species Trochammina inflata (average relative 

abundance 96 %), with a low abundance of Trochamminita salsa and Entzia macrescens. 

Total counts are low in the unit (average of 19 specimens per sample). Foraminifera 

in the silt unit are largely comprised of T. inflata (average 96 % relative abundance), 
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and average total counts are higher (56 individuals per sample). Within the silty salt-

marsh peat unit of the core, T. salsa is more prevalent (average 39 % relative 

abundance, up to a maximum of 75 % relative abundance). Into the fibrous salt-marsh 

peat, the relative abundance of T. salsa declines and the assemblages diversify, with 

T. inflata, E. macrescens and M. fusca. Total counts are largest in this unit (average 219 

individuals per sample). 

 
In general, both inorganic and organic carbon content increase upcore (range: 

10 – 64 % organic and 2 – 17 % inorganic; Figure 42). Both start increasing 

significantly from 28 cm, which corresponds with the consistent large total counts of 

foraminifera, as well as the silt/peat boundary. Particle size data show silt and sand 

sized particles dominate the majority of the core. Increases in clay are noted at 28 cm, 

24 cm and 18 cm. Significant rises in sand percentages are noted in the upper 3 cm of 

the core, which corresponded to small decreases in the carbon content, especially 

around 2 cm where organic carbon content decreases to 35 %.  
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Figure 42. Litho-biostratigraphy of core LG-1 showing the relative abundance of foraminifera 

found exceeding 10 % in at least one sample. Unfilled bars represent samples with a total 

count <50. Core lithology, inorganic and organic carbon percentage change downcore (loss 

on ignition) and particle size are also shown.  

The greatest number of live individuals are found in the top centimetre (107 

individuals per cm3) and decline downcore, with 15 individuals per cm3  between 

1 – 2 cm and 14 individuals per cm3 between 2 – 3 cm (Figure 43). Species that occur 

infaunally include E. macrescens, T. inflata, T. irregularis, S. lobata and M. fusca. Live 

foraminifera are found as deep as 10 cm, and as such their limit has not been found. 

However, they occur in very low numbers (~4 live individuals per cm3 in comparison 

to ~80 dead individuals per cm3). Similarly to the dead assemblage, T. inflata 

dominates the live assemblage throughout the top 10 cm.  
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Figure 43. Live and dead foraminiferal densities (1cm3) in core LG-1 showing species with at 

least 5 individuals per cm3. Dotted bars denote where the death assemblage density has been 

estimated as they were not enumerated in the sample. 

 

6.1.1.2 Modern analogue evaluation and palaeomarsh surface elevation 
reconstruction 

 
In line with recommendations from Kemp and Telford (2015), the 20th percentile is 

chosen as the threshold for analogy as the diversity of the modern training sets are 

low (Chapter 5). This is because the dissimilarity amongst samples is relatively low 

and so the absolute distance for a particular percentile threshold is small, therefore a 

relatively high upper threshold is needed. Following Watcham, Shennan and Barlow 

(2013), “good” and “fair” analogues are defined as those with MinDC less than the 

5th and 20th percentiles respectively.  
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Modern analogue results (Figure 44) show that both the regional and local transfer 

functions provide at least fair modern analogues for all fossil samples, suggesting 

that modern assemblages are mostly representative of fossil assemblages. The 

regional model results in 29 good analogues and 2 fair, whereas the local model 

results in 22 good analogues and 9 fair. In the local model most fair analogues are 

found in the lower section of the core, suggesting that samples become more 

analogous to the surface samples upcore. The larger number of fair rather than good 

analogues in the lower third of the core (Figure 44) is due to the relative abundance 

of T. inflata being higher in the core compared to the modern surface samples 

(Williams et al. 2021). Whilst the regional model results in a larger number of good 

modern analogues compared to the local model, there is very little difference in PMSE 

estimates between the two models (Figure 44). As such, the local transfer function 

model is employed for the reconstruction.  

 

Only one sample from the silty sand unit provided in excess of 50 specimens; the 

resulting PMSE estimate suggests the sample accumulated at 0.71 m elevation, an 

elevation corresponding to the modern mid to high marsh, suggesting incongruence 

between the foraminifera and sediment, which could be a result of infaunality in the 

core or reworking of material following deposition.  Similarly, PMSE estimates in this 

silt suggest that the marsh elevation remained largely unchanged from the silty sand, 

and foraminifera remain indicative of a mid-high salt-marsh environment. In the silty 

salt-marsh peat, corresponding with the increase in T. salsa, PMSE increases by 

0.21 ± 0.08 m, reaching a maximum of 0.91 m AHD, suggesting an increase in the 

marsh elevation. Into the fibrous salt-marsh peat, there was a fall in PMSE to 
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0.70 m AHD which corresponds with the diversification of the assemblages to 

include more mid-low marsh species. In total, the local PMSE estimates range from 

0.68 to 0.91 m AHD with an average uncertainty of ± 0.06 m (1 !). 

 

 
 

Figure 44. Fossil foraminifera, palaeomarsh surface elevation (PMSE) estimations, modern 

analogue results and sedimentation rate for core LG-1. Unfilled bars represent samples with 

total counts <50 individuals where PMSE estimates were not generated due to low numbers 

of individuals (Kemp, Wright and Cahill, 2020). Modern analogue results for the Lutregala 

local model are shown with light orange showing samples classed as “good” and dark orange 

showing samples classed as “fair”. Dashed lines show 5th and 20th percentile boundaries. Both 

the Lutregala local transfer function PMSE estimates and regional PMSE estimates are shown. 

In the accumulation rate plot, the orange dotted line = median accumulation rate, dark green 

dotted line = mean accumulation rate, dark grey ribbon = 68 % confidence interval, light grey 

ribbon = 95 % confidence interval. The accumulation rate has been derived from age-depth 

modelling (see section 6.1.1.3). 
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6.1.1.3 Chronology 
 

High-resolution sea-level reconstructions must be underpinned by a robust and well-

dated chronology. This can be difficult to obtain over the Common Era due to the 

radiocarbon plateau and the limited chronometer of 210Pb (Kemp et al. 2012b); 

therefore, a combination of radiocarbon 14C AMS dating, radionuclide, stable lead 

ratios and pollen and charcoal data were used to generate chronologies for each core.  

 

In total 11 210Pb samples were obtained from core LG-1. Samples show a decline in 

unsupported Pb downcore (Table 12). A comparison between the CRS-derived age 

estimates and rplum age estimates (Figure 45) demonstrate that the ages agree well 

between the two models at the top of the core and diverge downcore, with 

uncertainty also becoming larger downcore. In the upper section there is a difference 

of ~2 – 3 years between the means of the rplum and CRS model age estimates, which 

increases to ~10 – 20 years towards the bottom of the profile. The uncertainties of 

rplum are also larger towards the bottom of the core, which is a common feature of 

the rplum model, but have largely been postulated to yield more accurate age 

uncertainties than the CRS model (Aquino-López et al. 2020). 
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Figure 45. Comparison of the 210Pb age estimates from the Constant Rate of Supply model 

(CRS) and the Bayesian rplum model in core LG-1. 
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Table 12. 210Pb results from core LG-1.  

 

 

ANSTO 
ID 

  
Depth (cm) 

  

Dry Bulk 
Density 
(g/cm3) 

  
 

Cumulative Dry Mass 
(g/cm2) 

  
  

Count 
Date 

  
Total 210Pb (Bq/kg) 

  

  
Supported 

210Pb (Bq/kg) 
  

  
  

Unsupported 210Pb Decay 
corrected 11-Mar-20 (Bq/kg) 

  
  

X133 0 - 2 0.14 0.17 ± 0.17 16-Feb-21 158.53 ± 8.37 1.54 ± 0.23 161.63 ± 8.62 

W622 2 - 3 0.19 0.44 ± 0.08 16-Mar-20 216.38 ± 11.27 1.15 ± 0.21 215.31 ± 11.27 
W623 4 - 5 0.10 0.72 ± 0.08 16-Mar-20 131.73 ± 6.58 0.54 ± 0.16 131.24 ± 6.59 

W624 6 - 7 0.12 0.94 ± 0.07 16-Mar-20 88.21 ± 4.06 2.73 ± 0.38 85.52 ± 4.08 

W625 8 - 9 0.10 1.16 ± 0.07 16-Mar-20 47.33 ± 2.33 0.74 ± 0.17 46.61 ± 2.33 
W626 10 - 11 0.08 1.34 ± 0.06 16-Mar-20 54.54 ± 2.55 5.21 ± 0.58 49.35 ± 2.61 

W627 12 - 13 0.13 1.55 ± 0.06 16-Mar-20 48.14 ± 2.29 0.62 ± 0.15 49.35 ± 2.29 
X134 14 - 15 0.14 1.82 ± 0.06 16-Feb-21 32.83 ± 1.53 0.76 ± 0.18 33.02 ± 1.59 

X135 16 - 17 0.18 2.14 ± 0.06 16-Feb-21 24.81 ± 1.23 1.18 ± 0.25 24.33 ± 1.29 

X136 18 - 19 0.17 2.49 ± 0.07 16-Feb-21 13.05 ± 0.67 0.71 ± 0.18 12.71 ± 0.71 
X137 20 - 21 0.17 2.83 ± 0.07 16-Feb-21 11.09 ± 0.60 1.48 ± 0.22 9.90 ± 0.65 
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Stable Pb isotope data (Appendix VI) show samples become increasingly less radiogenic and 

diverging from the Tasmania background signature to more polluted isotopic ratios from 

~25 cm, with a large excursion ~23 cm. This is attributable to the mining of the Broken Hill 

lead-zinc-silver ore deposits (~1895; Figure 46). A pollution maximum is reached at 10.5 cm 

(~1974 following a peak in petrol consumption and subsequent Pb emissions; Kristensen, 

2015) after which samples reverse back to more radiogenic values following the introduction 

of unleaded petrol (1985) and potentially also the removal of leaded petrol (2002) in Australia 

(Kristensen, 2015).  
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Exotic pollen does not appear until 13 cm (which stable lead isotopes and calibrated 14C dates 

suggest is mid – late 20th century) and no discernible chronohorizons can be identified in the 

trace metal record (Figure 47). As such, there are two identifiable chronohorizons in LG-1 

(Table 13).  

 

 

 

Figure 46. A. Source plot for samples from core LG-1 (coloured markers) as well as volcanic, pollution and 

background isotopic signatures (black markers). B. A zoom out of plot A showing also the isotopic 

signatures of the Hobart aerosols and petrol, the Century ore and the Broken Hill and Mt Isa ores (black 

markers). Data are available in Appendix IX. 
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Table 13. Calendar dates obtained from core LG-1.  

 

Chronostratigraphic 
Marker 

Depth (cm) Calendar Year 
(AD) 

Date given 
in model 
(AD) 

Reference 

Pb maximum 10.5 1964 – 1984 1974 ± 10 Kristensen 
(2015) 

Broken Hill smelting 23.5 1890 – 1900 1895 ± 5 Van de Velde et 
al. (2005) 

 
 

In total, nine AMS 14C samples were obtained from ANSTO, SUERC and UCI (Table 14). 

However, after considering stratigraphic ordering and comparing calibrated dates to 

established chronohorizons, two dates were removed prior to age-depth modelling 

(UCIAMS-26610 and UCIAMS-236611). These dates were deemed too young for their 

stratigraphic position; this could be a result of root contamination or misidentification of 

material. 
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Figure 47. Stable lead (206Pb/207Pb), 210Pb, pollen and charcoal data for core LG-1. Identified chronohorizons are highlighted by the grey boxes.  
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Table 14.  14C results from core LG-1 calibrated using SHCal20 (Hogg et al. 2020) and Bomb13 SH1 – 2 (Hua, Barbetti and Rakowski, 2013). Dates removed prior 

to age-depth modelling are highlighted by an asterisk. Depths given in the table represent the mid points of the samples. 

 Publication Code Material Depth (cm) Percent modern 14C (pMC) 
and error (1  !)   

Calibrated radiocarbon age 2	 "  
(AD) 

  ẟ¹³C-VPDB‰ 

SUERC-93775 Grass 5 110.99 ± 0.48 1958 – 2000 -26.9 

UCIAMS-236604 Grass 7 116.59 ± 0.19 1959 – 1992 n.d 

UCIAMS-236607 Grass 9 111.04 ± 0.18 1958 – 1998 n.d 

OZZ407 Bulk sediment 15  137.51 ± 0.35 1963 – 1976 -27.7 +/- 0.1 

UCIAMS-236608 Grass 16 116.77 ± 0.18 1959 – 1992 n.d 

UCIAMS-236609  Grass 19 98.75 ± 0.18 1711 – 1956 n.d 

UCIAMS-236610 * Grass 26 99.42 ± 0.18 1954 – 1956 n.d 

UCIAMS-236611 * Grass 29 100.45 ± 0.17 1955 – 1956 n.d 

OZZ408 Bulk sediment 34 95.39 ± 0.23 1463 – 1628 -26.3 +/- 0.2 
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The resulting 14C, 210Pb and calendar ages were combined in a Bayesian age-depth model to 

produce age estimates and uncertainties downcore. The prior for accumulation rate 

(acc.mean) was selected using that suggested by rplum from initial data analysis. The prior for 

memory (how much the accumulation rate can vary) was kept at the default of 0.5. The 

accumulation shape (i.e. accumulation smoothness c.f. Blaauw and Christen, 2011) was set at 

0.5 in order to better constrain model iterations through the Broken Hill (23.5 cm) calendar 

date. The model was run with a setting of ra.case=1 where the model assumes constant radium 

(i.e background Pb). Thickness was kept at the default of 1. A minimum core age of 2019 was 

set, and this was also given as the sampling date.  
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Figure 48. Upper panels: Prior (light green) and posterior distributions (light grey) as well as Markov 

Chain Monte Carlo iterations (dark grey). Lower panel: Age-depth model for core LG-1. Blue dotted 

squares show measured 210Pb and columns show modelled 210Pb. Purple squares show supported 210Pb. 

Calendar dates (teal) and calibrated radiocarbon dates (dark blue) are also shown. Mean ages are 

denoted by the dotted red line and 95 % confidence interval (i.e. age range) is denoted by the grey 

dotted lines. 

MCMC iterations indicate that that the model run was successful, with no visible structure 

seen. The model suggests variability in sedimentation rate from ~40 yr cm-1 – <10 yr cm-1 from 

the base to the top of the core. In the sand and silt units, the average accumulation rate was 

0.03 cm yr-1; this increased in the salt-marsh peat unit to an average of 0.19 cm yr-1. The model 

generates a mean age for each depth in the core alongside a 95 % confidence interval to yield 
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a minimum and maximum range. Model uncertainty is well constrained throughout the 

upper section of the core but increases between the final calendar date and basal radiocarbon 

date due to a lack of dateable material.  

 
A comparison of prior (calibrated 14C dates) and posterior age probability distribution 

functions shows that the posterior age distributions cover a larger chronological range than 

the prior age distributions as they are combined with the other dating methods (Figure 49). 

The posterior ages are estimated older than prior ages. Posterior probability distribution 

functions fit a near-Gaussian profile (Figure 50); therefore, a Gaussian-process model was 

deemed suitable for the sea-level reconstruction. 
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Figure 49. Probability distribution functions (PDFs) of prior 14C dates (grey) and posterior rplum 

distributions (orange). 
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Figure 50. Probability distribution functions (PDFs) of the posterior age ranges from the Lutregala age-

depth model. Numbers in the grey box indicate the depth that the PDF has been extracted from in 

centimetres. 

 
6.1.1.4 Sea-level reconstruction and change-point analysis 
 

Due to a lack of chronological constraint in the deeper part of the core, as well as incongruent 

foraminifera in the silt units, only data from above 23.5 cm (i.e. from the silty peat) are 

included in the Gaussian process model. The reconstruction was GIA-corrected at a rate of 

- 0.01 (-0.41 – 0.51; 95 % Confidence interval (CI)), mm yr-1 (Caron et al. 2018). The 

reconstruction suggests GIA-corrected sea level (GCSL) was ~0.31 m below present in the late 

19th century (Figure 51). The rate of sea-level rise during the first half of the 20th century 
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(1900 – 1949) was 1.7 (-4.0 – 6.5) mm yr-1. Change-point analysis detects a change point 

between 1904 – 1930 (95 % credible interval) and yields a mean change-point estimate of 1918, 

but it is not until 1953 that maximum rates of 8.3 (4.4 – 16.8) mm yr-1 were reached, showing 

a very fast acceleration over the first half of the century. Detrending by the minimum, 

maximum and mid GIA rate indicates that the timing of emergence above 0 mm yr-1 (Ea0; i.e. 

when the rate of sea-level rise exceeds 0 mm yr-1) of the modern acceleration in sea level was 

between ~1900 – 1940, and broadly coincides with the first change point. Timings of Ea0 are 

largely similar for each correction, varying no more than a few years between the median and 

lower 95 % CI for each. However, the upper 95 % CI of the maximum GIA rate shows a later 

onset (~10 years) than the upper 95 % limit of the mid and minimum GIA rates. Over the 

second half of the 20th century (1950 – 1999), rates remained high at an average of 

4.6 (0.9 – 8.7) mm yr-1, although rates do decline over the century. A second change point is 

detected in 1977 which may reflect the decrease in the rate of sea-level rise from the 1960s to 

present. 
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Figure 51. Upper panel. GIA-corrected sea-level (GCSL) reconstruction for Lutregala salt marsh. Grey 

parallelograms show palaeo sea-level estimates (i.e. sea-level index points) from core LG-1 with 2 σ 

vertical and age uncertainties. A GIA-corrected Gaussian process regression has been fitted to the index 

points showing the median (purple line) and 95 % confidence intervals (purple shading) of the mid-

range GIA correction. Also shown are the median gaussian process regression curves after detrending 

using the minimum (yellow line) and maximum (red line) GIA corrections. The filled grey bars denote 

identified change points from the change-point model (Caesar et al. 2021) showing 95% credible 

intervals and mean change point (black lines). Also plotted are local tide-gauge data and the sea-level 

budget (barystatic gravity, rotation and deformation, sterodynamic and the inverse barometer 

components - both have been 15-yr smoothed). Lower panel. The rate of sea-level change calculated 

from the Gaussian process regression showing the median (purple line) and 95 % confidence intervals 

(purple shading) of the mid-range GIA correction. Also shown are the rates after detrending using the 

minimum (yellow line and shading) and maximum (red line and shading) GIA corrections. The timing 

of emergence above 0 (Ea0) of the acceleration in sea level is denoted by the red box.  
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6.1.2 Wapengo 
 
6.1.2.1 Stratigraphy and foraminiferal assemblages  
 
At Wapengo three coring transects were established (Figure 52). The deepest core (WAP-100), 

located at 100 m along Transect 3, reached -1.03 m AHD. The basal unit is characterised by a 

silty sandy unit (Unit 3). Overlying Unit 3 is a brown-grey tidal-flat silt with yellow pebbles 

and rootlets (Unit 2), and above this is a salt-marsh peat unit (Unit 1). The area of thickest peat 

is observed from 0.73 to 0.97 m AHD. In core WAP-100, Unit 1 can be subdivided into a 

fibrous brown peat unit (0 – 16 cm; Unit 1a), and a very dark brown silty peat (16 – 24 cm; 

Unit 1b). Unit 2 (24 – 41 cm) is homogenous and contains some roots. Unit 3 can be subdivided 

into two units: a beige silty coarse sand (41 – 78 cm; Unit 3a) and a fine-medium sandy silt 

with yellow mottles (78 – 125 cm; Unit 3b; Table 15). 
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Figure 52. Cross section of coring transects at Wapengo showing variations in stratigraphy across the 

site. The locality of the master core (WAP-100) is highlighted in red in Transect 3. All transects exhibit 

a salt-marsh peat unit, underlain by a brown-grey tidal-flat silt with yellow pebbles and rootlets and a 

silty sand/ sandy silt unit.  
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Table 15. Description of the main sediment units identified within the master core sequence from WAP-

100 and associated Troels-Smith (1955) classification. 

Unit Unit depth 
(cm) 

Description Troels-Smith log  

1a 0 – 16 Fibrous brown 
peat 

Th3 Ag1 + dar 2+ + strat 0 + sicc 2 + elas 0 + lm 
- 

1b 16 – 24 Very dark 
brown silty 
peat 

Th2 Ag2 Sh+ + dar 3 + strat 0 + sicc 2 + elas 0 
+ lm 2 

2 24 – 41 Brown/grey silt 
with yellow 
pebbles and 
rootlets 

Ag3 Ga1 Th+ Gg+ + dar 1 + strat 0  + sicc 2- + 
elas 0 + lm 2  

3a 41 – 78 Beige silty 
coarse sand 

Ag1Gs3 Th+ + dar 1 + strat 0 + sicc 1 + elas 0 + 
lm 2 

3b 78 – 125 Fine-medium 
sandy silt with 
yellow mottles 

As3Ga1Th+ + dar 1 + strat 0 + sicc 2 + elas 0 + 
lm 3 

 

In core WAP-100 total counts of dead foraminifera are consistently high above ~20 cm (Figure 

53). The lowest counts are generally found in the lower quarter of the core and are especially 

sparse between in the silt between 29 – 41 cm, exceeding no more than 9 individuals. In total, 

22 samples contain less than 50 individuals. The average dead total count for the core is 194 

individuals per sample with a range across the core of 0 – 1420. Foraminiferal assemblages 

consist of T. salsa, H.  wilberti, E. macrescens, P. ipohalina, T.  irregularis, T. inflata, S. lobata and 

M. fusca. However, both T. irregularis and S. lobata are only found in low abundance (≤11 %). 

The silty sand unit is largely comprised of T. inflata, E. macrescens and H. wilberti (averages 

69 %, 11 % and 9 % respectively), although total counts are low (average 26 individuals), again 

suggesting incongruence between the foraminiferal assemblages and the sedimentology. In 

the core, the silt unit includes primarily T. inflata and M. fusca; however, again, foraminiferal 

counts are low (average of 15 individuals). Trochamminita salsa and T. inflata become dominant 
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towards the top of the silt unit. The base of the silty peat contains a fairly high proportion of 

T. salsa (average 23 %), although this decreases up the unit and is replaced by high counts of 

T. inflata (average 70 %). Into the fibrous salt-marsh peat, the relative abundance of M. fusca 

and P. ipohalina increase and T. inflata remained fairly prevalent (averages 33 %, 8 % and 36 % 

respectively).  

 

Both inorganic and organic carbon content increase upcore (range: 2 – 48 % organic and 0.4 –

8 % inorganic). Organic carbon increases substantially from ~18 cm and inorganic from ~8 cm. 

The organic carbon content increases are ~2 cm further upcore than the substantial increases 

in foraminifera. The top 5 cm of the core represents the most organic section of the core. 

Particle size data indicate that the core is largely composed of silt and sand. Sand is most 

prevalent in the lower section of the core with silt increasing marginally upcore.  
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Figure 53. Litho-biostratigraphy of core WAP-100 showing the relative abundance of foraminifera 

found exceeding 10 % in at least one sample. Unfilled bars represent samples with a total count <50. 

Core lithology, inorganic and organic carbon percentage change downcore (loss on 

ignition) and particle size are also shown.  

 

All species noted in the dead assemblages are found infaunally (Figure 54). Live foraminifera 

show that the greatest total numbers of live individuals are found between 2 – 3 cm 

(11 individuals per cm3), with the next highest densities found in the uppermost centimetre 

of the core (9 individuals per cm3). Live densities are very low in comparison to dead 

assemblage densities; the average dead density is 159 individuals per cm3 in the upper 3 cm. 

After 3 cm, live foraminifera exceed no more than 5 individuals per cm3. Mirroring death 

assemblages, T. inflata is the most dominant. Trochammina inflata is noted as deep as 10 cm. 

 



 203 

 

Figure 54. Live and dead foraminiferal densities (1cm3) in core WAP-100 showing species with at least 

5 individuals per cm3. Dotted bars denote where the death assemblage density has been estimated as 

they were not enumerated in the sample. 

6.1.2.2 Modern analogue evaluation and palaeomarsh surface elevation reconstruction 

Modern analogue results indicate that the regional transfer function provides 13 good 

analogues and 18 fair analogues, as well as no poor analogues. The local model results in 14 

samples with poor analogues, 11 with fair and 6 with good analogues. This is due to the fairly 

high relative abundance of T. salsa in the fossil assemblages, but low abundance of T. salsa in 

the local modern training set. Trochamminita salsa was often found in low count samples at 

Wapengo near the limit of the highest occurrence of foraminifera or highest astronomical tide, 

and so these samples were not included in the training set after screening by count size 

(Chapter 5; Williams et al. 2021). However, the species was more abundant in the regional 

training set due to the higher abundance in high total count samples at Lutregala. Williams et 
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al. (2021) compared the modern species optima between the Wapengo local model and the 

regional model. As optima were consistent between models, the regional transfer function is 

employed for the Wapengo reconstruction.  

 

From the sandy silt to the silt, PMSE increases by 0.19 ± 0.11 m, reaching a maximum of 

0.98 m. This elevation is associated with high-marsh environments in the modern 

environment, again potentially suggesting some infaunality or other post-depositional 

alteration of the assemblages. In line with the foraminifera, PMSE estimates decline from the 

silty peat to the fibrous peat by 0.13 ± 0.11 m to reach the core-top value of 0.81 m. Overall, 

PMSEs estimates from the regional transfer function range from 0.64 – 0.98 m AHD, with an 

average uncertainty of ± 0.08 m (1 !). 
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Figure 55. Fossil taxa, palaeomarsh surface elevation (PMSE) estimations, modern analogue results and 

sedimentation rate for core WAP-100 using both the Wapengo local model and regional model. Unfilled 

bars represent counts <50 individuals where PMSE estimates were not calculated due to low total 

counts (Kemp, Wright and Cahill, 2020). Both the Wapengo local transfer function PMSE estimates and 

regional PMSE estimates are shown. Modern analogue results for the regional model are shown with 

light orange showing samples classed as “good” and dark orange showing samples classed as “fair”. 

Dashed lines show the 5th and 20th percentiles respectively. In the accumulation rate plot, the orange 

dotted line = median accumulation rate, dark green dotted line = mean accumulation rate, dark grey 

ribbon = 68 % confidence interval, light grey ribbon = 95 % confidence interval. The accumulation rate 

has been derived from age-depth modelling (see section 6.1.2.3). 

6.1.2.3 Chronology  
 
Sixteen samples were taken for 210Pb analyses. Samples show a decline in unsupported Pb 

downcore (Figure 56; Table 16). Two samples, X127 and X130, did not have detectable 

unsupported 210Pb and so these samples were removed prior to modelling. A comparison of 
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the rplum model age estimations with the CRS model (Figure 56) shows that the rplum and 

CRS ages agree well within the top 8 cm of the core; age estimations are within a year of each 

other. After 10 cm, the difference between the means of the models increases to ~10 – 30 years. 

At this point, the rplum model predicts younger ages than the CRS model.  

 

 

Figure 56. Comparison of the 210Pb age estimates from the Constant Rate of Supply model (CRS) and 

the Bayesian rplum model in core WAP-100. 
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Table 16. 210Pb results from core WAP-100. 

 

ANSTO 
ID 

  
Depth (cm) 

  

Dry Bulk 
Density 
(g/cm3) 

  
Cumulative Dry Mass 

(g/cm2) 
  

Count 
Date 

  
Total 210Pb (Bq/kg) 

  
  

Supported 
210Pb (Bq/kg) 

  

  
Unsupported 210Pb Decay 

corrected 11-Mar-20 
(Bq/kg) 

  
X123 0 - 2 0.11 0.12 ± 0.12 18-

Feb-21 
167.0 ± 6.9 9.5 ± 1.0 162.2 ± 7.1 

W608 2 - 3 0.15 0.31 ± 0.06 16-
Mar-20 

303.1 ± 19.1 6.3 ± 0.6 297.0 ± 19.1 

W609 4 - 5 0.10 0.56 ± 0.06 16-
Mar-20 

203.1 ± 10.5 7.9 ± 0.7 195.3 ± 10.6 

W610 6 - 7 0.11 0.77 ± 0.06 16-
Mar-20 

177.5 ± 9.7 5.6 ± 0.6 172.0 ± 9.7 

W611 8 - 9 0.20 1.08 ± 0.06 16-
Mar-20 

188.0 ± 9.8 9.7 ± 0.9 178.3 ± 9.8 

W612 10 - 11 0.22 1.50 ± 0.07 16-
Mar-20 

161.6 ± 7.6 6.8 ± 0.6 154.8 ± 7.6 

W613 12 - 13 0.16 1.88 ± 0.08 16-
Mar-20 

127.2 ± 6.3 7.8 ± 0.7 119.5 ± 6.4 

W614 14 - 15 0.21 2.25 ± 0.08 16-
Mar-20 

43.2 ± 2.3 12.1 ± 1.1 31.1 ± 2.5 

X124 16 - 17 0.20 2.66 ± 0.08 18-
Feb-21 

24.0 ± 1.2 10.9 ± 1.1 13.5 ± 1.6 

X125 18 - 19 0.42 3.28 ± 0.09 18-
Feb-21 

17.8 ± 0.8 11.4 ± 1.0 6.6 ± 1.3 

X126 20 - 21 0.42 4.12 ± 0.10 18-
Feb-21 

15.6 ± 0.7 11.0 ± 0.9 4.7 ± 1.2 

X127 22 - 23 0.52 5.06 ± 0.11 18-
Feb-21 

14.5 ± 0.7 16.5 ± 1.5   not 
detected 

  

X128 24 - 25 0.63 6.20 ± 0.13 18-
Feb-21 

15.4 ± 0.8 12.9 ± 1.1 2.5 ± 1.4 
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X129 26 - 27 0.50 7.33 ± 0.14 18-
Feb-21 

19.1 ± 0.9 13.3 ± 1.2 6.0 ± 1.5 

X130 28 - 29 0.45 8.28 ± 0.15 18-
Feb-21 

14.0 ± 0.7 15.3 ± 1.4   not 
detected 

  

X131 30 - 31 0.70 9.42 ± 0.15 18-
Feb-21 

16.0 ± 0.8 11.3 ± 1.0 4.8 ± 1.3 
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206Pb/207Pb data (Appendix VII) show the onset of Pb pollution from 17.5 cm from mining of 

the Broken Hill ore (~1895) and samples rapidly become less radiogenic. A pollution 

maximum is reached at 7.5 cm (~1974) after which samples reverse back to more radiogenic 

values Figure 57). Exotic pollen indicative of European settlement appears and increases after 

21.5 cm alongside increases in Sporormiella (dung fungus) which is associated with European 

settlement (i.e. pastoralisation of the land) from this depth (Figure 58). The pollen record also 

shows increases in pine (Pinus) pollen from around the same depth as the Pb maximum. As 

documented in Chapter 3, pine plantations across southern NSW over the late 1960s and early 

1970s, with a peak in 1985 (Keith and Bedward, 1999). Due to the lag time of pine trees to 

produce pollen, this may suggest the pollution maximum date (i.e. 1974±10) may be towards 

the younger age range (i.e. 1980 and beyond).  In total, three chronohorizons are identified in 

WAP-100 (Table 17).
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Figure 57. A. Source plot for samples from core WAP-100 (coloured markers) as well as volcanic, 

pollution and background isotopic signatures (black markers). B. A zoom out of plot A showing also 

the isotopic signatures of the New South Wales aerosols and Sydney petrol, New South Wales smelters 

and the Broken Hill and Mt Isa ores (black markers). Data available in Appendix IX. PK= Port Kembla, 

LM= Lake Macquarie. 
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Table 17. Calendar dates obtained from core WAP-100. 

Chronostratigraphic 
Marker 

Depth (cm) Calendar Year 
(AD) 

Date given 
in model 
(AD) 

Reference 

Pb pollution maximum 
and introduction of pine 
plantations near Eden 
and Bermagui 

7.5 1964 – 1984 1974 ± 4 Australian 
Bureau of 
Agricultural and 
Resource 
Economics 
(2000); Keith 
and Bedward 
(1999); 
Kristensen 
(2015) 

Broken Hill smelting  17.5 1890 – 1900 1895 ± 5 Van de Velde et 
al. (2005) 

European settlement 
(exotic pollen 
introduction, peaks in 
charcoal and increase in 
Sporormiella) 

21.5 1830 – 1840 1835 ± 5 Lunney and 
Leary (1988)  

 

 



 
212 

 

 
 

 

 

 

Figure 58. Stable lead (206Pb/207Pb), 210Pb, pollen and charcoal data for core WAP-100. Identified chronohorizons are highlighted by the grey boxes. 
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In total, eight AMS 14C samples were obtained from ANSTO, SUERC and UCI (Table 18). 

However, a visual inspection based on stratigraphic ordering, and taking into account 

chronohorizons from the stable lead and pollen data, suggests that samples UCIAMS-236617, 

UCIAMS-236618 and UCIAMS-236619 have calibrated ages that are too young for their 

stratigraphic position and sample OZZ403 is too old for its stratigraphic position. Sample 

OZZ403 was a bulk sediment sample which may have contained older material and could 

have resulted in an older date and the younger dates may have been contaminated by root 

penetration. As clear outliers, these dates were removed from the age-depth model. 
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 Table 18. 14C results from core WAP-100 calibrated using SHCal20 (Hogg et al. 2020) and Bomb13 SH1 – 2 (Hua, Barbetti and Rakowski, 2013). Dates removed 

prior to age-depth modelling are highlighted by an asterisk. Depths given in the table represent the mid points of the samples. 

 
Publication 

Code 
Material Depth 

(cm) 
Percent modern 14C  (pMC) 

and error (1 	") 
Calibrated 

radiocarbon 
age 2 	"  

(AD) 

$¹³C-VPDB‰ 

UCIAMS-
236612 

Plant 
macrofossil 

3.5 108.10 ± 0.19 1958 – 2005 n.d 

UCIAMS-
236615 

Plant 
macrofossil 

7.5 119.87 ± 0.21 1960 – 1987 n.d 

UCIAMS-
236616 

Plant 
macrofossil 

12.5 126.71 ± 0.23 1962 – 1982 n.d 

UCIAMS-
236617 * 

Plant 
macrofossil 

17.5 110.91 ± 0.19 1958 – 1998 n.d  

OZZ403 * Bulk 
sediment 

20 95.93 ± 0.28 1504 – 1649 -26.5 +/- 0.1 

UCIAMS-
236618 * 

Plant 
macrofossil 

24.5 108.40 ± 0.19 1958 – 2004 n.d 

UCIAMS-
236619 * 

Plant 
macrofossil 

32.5 104.03 ± 0.18 1956 – 1957 n.d 

SUERC-93777 Bulk 
sediment 

46.5 84.05 ± 0.39 638 – 772 -25.9 
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The resulting 14C, 210Pb and calendar ages were combined in the age-depth model to produce 

age estimates and uncertainties downcore (Figure 59). Accumulation rate was established 

using that suggested by rplum from initial data analysis. Model memory was kept at the 

default of 0.5. The model was ran with a setting of ra.case=1. Thickness was kept at the default 

of 1 to allow flexibility in the model. A minimum core age of 2018 was set, and this was also 

given as the sampling date.  

 

 

Figure 59. Upper panels: Prior (light green) and posterior distributions (light grey) as well as Markov 

Chain Monte Carlo iterations (dark grey). Lower panel: Age-depth model for core WAP-100. Blue 

dotted squares show measured 210Pb and columns show modelled 210Pb. Purple squares show 

supported 210Pb. Calendar dates (teal) and calibrated radiocarbon dates (dark blue) are also shown. 

Mean ages are denoted by the dotted red line and 95 % confidence interval (i.e. age range) is denoted 

by the grey dotted lines. 
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MCMC iterations indicate that that the model run was successful, with no visible structure 

seen. The sedimentation rate varies from ~50 yr cm-1 – <10 yr cm-1 with significant increases 

from ~22 cm. Accumulation rate in the sand and silt units is ~0.02 cm yr- 1; this increases to 

~0.18 cm yr -1 in the salt-marsh peat. Model uncertainty is well constrained between 

~1800 – 2018, but error increases after this period until it is constrained by the final basal date.  

 

A comparison of prior (calibrated 14C dates) and posterior age probability distribution 

functions shows that the posterior post-bomb ages are better constrained than the prior 14C 

dates. The post-bomb dates are estimated to be younger than their prior calibrated ages; 

however, dates between 10 – 20 cm are predicted to be older than their prior ages (Figure 60). 

Interrogations of the probability function distributions shows that dates largely follow a 

Gaussian distribution aside from depths 45.5 and 46.5 cm which are close to the depth of a 14C 

date and therefore have bi-modal distributions (Figure 61). As most probability distribution 

functions fit a near-Gaussian shape, a Gaussian-process model was deemed suitable for the 

sea-level reconstruction. 
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Figure 60. Probability distribution functions (PDFs) of prior 14C dates (grey) and posterior rplum 

distributions (orange). 
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Figure 61. Probability distribution functions (PDFs) from the Wapengo age-depth model. Numbers in 

the grey box indicate the depth that the PDF has been extracted from in centimetres.  

6.1.2.4 Sea-level reconstruction 
 

Due to a lack of chronological constraint below 21.5 cm as well as incongruent foraminifera in 

the silt units, only data from 21.5 cm upcore (i.e. from the silty peat) are included the Gaussian 

process model. The reconstruction was GIA-corrected at a rate of -0.14 (-0.52 – 0.28) mm yr-1 

(Caron et al. 2018). GIA-corrected sea-level (GCSL) was ~0.25 m below present in the 19th 

century (Figure 62). The rate of sea-level rise was gradual over the century at 

0.9 (- 2.2 – 3.5; 95 % CI) mm yr-1 (1833 – 1899), it then increased significantly over the 20th 

century to 4.0 (1.2 – 7.1) mm yr-1. Change-point analysis detects a change point in RSL in 1892 

(1836 – 1935; 95 % credible interval), likely detecting the onset of the acceleration. Varying the 

GIA rate to assess the timing of Ea0 shows good agreement with the change point estimation, 
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suggesting an emergence sometime between ~1832 – 1908. Timings of Ea0 remain largely 

similar between all three corrections, especially between the mid and minimum GIA rates. 

The median values of the mid, maximum and minimum GIA rates indicate a lag of ~15 years 

in the Ea0 of the maximum GIA correction behind the mid and minimum rates, however, the 

upper and lower 95 % CIs remain largely consistent between all three. Maximum rates of sea-

level rise were reached in 1931, with rates of up to 5.4 (2.1 – 8.9) mm yr- 1. Over the second half 

of the 20th century (1950 – 1999), the rate of sea-level rise decreased to 0.9  (- 2.1 – 2.8) mm yr-

1. A second change point is detected in 1957 which may reflect the decrease in the rate of sea-

level rise over this period. 
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Figure 62. Upper panel. GIA-corrected sea-level (GCSL) reconstruction for Wapengo salt marsh. Grey 

parallelograms show proxy sea-level estimates (i.e. sea-level index points) from core WAP-100 with 2 σ 

vertical and age uncertainties. A GIA-corrected Gaussian process regression has been fitted to the index 

points showing the median (blue line) and 95 % confidence intervals (blue shading) of the mid-range 

GIA correction. Also shown are the median gaussian process regression curves after detrending using 

the minimum (yellow line) and maximum (red line) GIA corrections. The filled grey boxes denote 

identified change points from the change-point model (Caesar et al. 2021) showing 95 % credible 

intervals and mean change point (black lines). Also shown are local tide-gauge data and sea-level 

budget data (barystatic gravity, rotation and deformation, sterodynamic and inverse barometer effect 

components – both have been 15-yr smoothed). Lower panel. The rate of sea-level change calculated 

from the Gaussian process regression showing the median (blue line) and 95 % confidence intervals 

(blue shading) of the mid-range GIA correction. Also shown are the rates after detrending using the 

minimum (yellow line and shading) and maximum (red line and shading) GIA corrections. The timing 

of emergence above 0 (Ea0) of the acceleration in sea level is denoted by the red box.  
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6.1.3 Tarra 
 
6.1.3.1 Stratigraphy and foraminiferal assemblages  

 
At Tarra four coring transects were established. The deepest core extends to - 0.41 m AHD 

and is characterised by a yellow mottled grey silt with rootlets (Unit 3). Unit 3 is overlain by 

a brown-grey tidal-flat silt with fine red sand (Unit 2). The marsh is topped with salt-marsh 

peat. The area of thickest peat is found from 0.91 m to 1.08 m AHD. A master core was taken 

at 40 m along Transect 6 (TAR-40; Figure 63). Unit 1 can be sub-divided into two units: a 

fibrous brown peat unit (0 – 10 cm; Unit 1a), and a very dark brown silty peat (10 – 17 cm; 

Unit 1b). Unit 2 (17 – 29 cm) is comprised of a brown-grey tidal-flat silt with small proportions 

of fine red sand, and Unit 3 (29 – 74 cm) is comprised of a grey silt with yellow mottles and 

rootlets (Table 19).  
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Figure 63. Cross section of coring transects at Tarra showing variations in stratigraphy across the site. 

The locality of the master core (TAR-40) is highlighted in red in Transect 6. All transects exhibit a salt-

marsh peat unit, underlain by a brown-grey tidal-flat silt with red sand and a yellow mottled grey silt 

with rootlets. 

Table 19. Description of the main sediment units identified within the master core sequence from TAR-

40 and associated Troels-Smith (1955) classification. 

Unit Unit depth 
(cm) 

Description Troels-Smith log  

1a 0 – 10 Fibrous brown 
peat 

Th3 Ag1 + dar 2+ + strat 0 + sicc 2 + elas 0 + lm 
- 

1b 10 – 17 Red brown silty 
peat with roots 

Th2 Ag2 + dar 2 + strat 0 + sicc 2 + elas 0 + lm 
2 

2 17 – 29 Brown/grey silt 
with red sand 

As3 Ga1 Th+ + dar 1 + strat 0  + sicc 2- + elas 0 
+ lm 2 

3 29 – 74 Yellow mottled 
grey silt with 
roots        

As3 Th1 + dar 1 + strat 0 + sicc 3 + elas 0 + lm 
2 
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In core TAR-40, total counts of dead foraminifera increase from ~26 cm (Figure 64). Below 

26 cm, total counts of individuals are ≤17 individuals and foraminifera are especially sparse 

below 29 cm, exceeding no more than 8 individuals per sample. Throughout the whole core, 

total counts of dead foraminifera range from 0 – 611, with an average of 150 individuals. 

Foraminiferal assemblages consist of T. salsa, H. wilberti, E. macrescens, P. ipohalina, 

T. irregularis, T. inflata, S. lobata and M. fusca. Trochammina inflata is prevalent in the core, 

representing at least ¼ of the sample in the majority of samples. The yellow mottled silt unit 

of the core contains very sparse foraminifera (average total count is two specimens). The 

brown-grey silt unit of the core largely contains T. salsa, T. inflata and M. fusca (average 

relative abundances 19 %, 51 % and 15 % respectively). Total counts of foraminifera in the unit 

are higher (average 163 individuals per sample). In the silty peat, T. salsa and M. fusca decrease 

and the relative abundance of typical mid marsh species T. inflata and E. macrescens increases, 

with T. inflata becoming especially dominant, reflecting modern assemblages (average 

relative abundance 68 %). Into the fibrous organic salt-marsh peat, assemblages remain 

largely similar to the silty peat, although there is an increase in the relative abundance of 

E. macrescens (average relative abundance 25 %). 

 

Inorganic and organic carbon content increases upcore (range: 4 – 47 % organic and 2 – 11 % 

inorganic). Organic carbon increases substantially from ~16 cm and inorganic from ~13 cm. 

The top 4 cm of the core represents the most organic section of the core. Particle size data 

showed the core matrix is largely uniform in sorting, consisting mainly of silt and sand. 

However, there is also clay throughout the core (reaching 32 % at its maximum).  
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Figure 64. Litho-biostratigraphy of core TAR-40 showing the relative abundance of foraminifera found 

within the core exceeding 10 % in at least one sample. Unfilled bars represent samples with a total count 

<50. Core lithology, inorganic and organic carbon percentage change downcore (loss on ignition) and 

particle size are also shown. 

 

Infaunal species found in TAR-40 include H. wilberti, E. macrescens, P. ipohalina, T. irregularis, 

T. inflata, M. fusca and Ammobaculites sp. (Figure 65). Total counts of live foraminifera are 

highest in the uppermost centimetre (28 individuals per cm3) and generally decline downcore, 

however this does fluctuate, with higher densities of live foraminifera noted between 4 – 6 cm, 

mirroring dead totals. In the lowest sample, there are 4 live foraminifera per cm3 compared to 

an estimated 83 dead foraminifera per cm3. Similar to the dead assemblage, T. inflata dominate 

the live counts, followed by E. macrescens. 
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Figure 65. Live and dead foraminiferal densities (1cm3) in core TAR-40 showing species with at least 5 

individuals per cm3. Dotted bars denote where the death assemblage density has been estimated as 

they were not enumerated in the sample. 

6.1.3.2 Modern analogue evaluation and palaeomarsh surface elevation reconstruction 
 

For Tarra a local transfer function was created; however, as documented in Appendix I, the 

resulting transfer function performed very poorly in terms of the relationship between 

observed and predicted elevations. Comparison of the species optima shows the regional 

model is appropriate for the Tarra reconstruction (Appendix I); therefore, there are several 

options: 1. use the existing regional II training set for the Tarra reconstruction, 2. include the 

Tarra samples in a regional training set with existing samples, or 3: follow, for example, Long 

et al. (2014) and assign conservative semi-quantitative indicative ranges based on stratigraphy 

and common species. When samples are incorporated into the existing southeastern Australia 

regional transfer function (Williams et al. 2021), the model r2boot reduces from 0.69 to 0.54 as 
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many of the samples, like in the local transfer function, are predicted at the same elevation. 

Furthermore, the Tarra surface samples do not provide a wider range of analogues than the 

existing regional training set, therefore there is little reason to include them. The present day 

salt marsh extends between 1.35 and 1.01 m AHD, which yields an indicative range of 

1.18 ± 0.17 m. Narrower vertical ranges cannot be assigned, as foraminifera found at the upper 

and lower elevation limits in the modern environment at Tarra are present in the core. Using 

the regional II training set to estimate PMSE results in ranges of 

1.12 ± 0.12 to 1.33 ± 0.12 m AHD, with an average of 1.20 ± 0.12 m AHD. Therefore, both 

approaches result in very similar outputs. Finally, the poorly performing local transfer 

function PMSE estimates were compared with the regional PMSE estimates; data show that 

estimates are predicted within error between both models, further suggesting that the 

regional model is appropriate. The regional II training set is employed for the reconstruction 

due to the varying relative abundances of M. fusca, T. salsa and E. macrescens in the core which 

can be accurately modelled by the regional II training set, as well as the lower vertical 

uncertainty. 

 

Modern analogue results show that the regional training set provides good analogues for 14 

samples from the Tarra core and fair analogues for 13 samples (Figure 66). The majority of 

good analogues are found towards the top of the core where E. macrescens and T. inflata 

(common species in the modern training set) increase in abundance. No samples are classified 

as having a poor analogue, suggesting that the regional training set is fairly representative of 

fossil material in the Tarra core. 
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PMSE estimates were not calculated for the yellow mottled silt unit of the core due to the low 

total counts. In the brown-grey silt PMSE estimates decline by 0.22 ± 0.18 m from 1.33 m AHD, 

suggesting a decrease in the marsh surface. In the peat units, PMSE estimates remained largely 

uniform, suggesting the marsh kept pace with sea-level rise, with a small decline at the top of 

the core, reaching a core-top value of 1.16 m. In total, PMSE estimates range from 1.12 to 

1.33 m with an average uncertainty of ± 0.12 m (1 !). 
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Figure 66. Fossil foraminifera, palaeomarsh surface elevation (PMSE) estimations, modern analogue 

results and sedimentation rate for core TAR-40. Unfilled bars represent counts <50 individuals where 

PMSE estimates were not calculated due to low total counts of individuals (Kemp, Wright and Cahill, 

2020). PMSE estimates from the regional model are shown. Modern analogue results for the regional 

model are shown with light orange showing samples classed as “good” and dark orange showing 

samples classed as “fair”. Dashed lines show 5th and 20th percentile boundaries. In the accumulation 

rate plot, the orange dotted line = median accumulation rate, dark green dotted line = mean 

accumulation rate, dark grey ribbon = 68 % confidence interval, light grey ribbon = 95 % confidence 

interval. The accumulation rate has been derived from age-depth modelling (see section 6.1.3.3). 

6.1.3.3 Chronology 
 
In total eight 210Pb samples were obtained from TAR-40. 210Pb samples show a decline in 

unsupported Pb downcore, reaching near background levels at 14 – 15 cm (Table 20). A 

comparison between the rplum and CRS model (Figure 67) show that the rplum model 

estimates younger ages than the CRS model. Both rplum and CRS uncertainties are small 
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towards the top of the core but increase downcore. Means are closer towards the surface (~3 

years difference between the rplum and CRS model at 1 cm) and diverge downcore (to a 

maximum of ~16 years difference in the lowest sample).  

 

 

Figure 67. Comparison of the 210Pb age estimates from the Constant Rate of Supply model (CRS) and 

the Bayesian rplum model in core TAR-40. 
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Table 20. 210Pb results from core TAR-40.  

 
 

 

ANSTO 
ID 

Depth (cm) Dry Bulk 
Density 
(g/cm3) 

Cumulative Dry 
Mass (g/cm2) 

Count 
Date 

Total 210Pb (Bq/kg) Supported 
210Pb (Bq/kg) 

Uncorrected 210Pb 
(Bq/kg) 

Unsupported 210Pb Decay 
corrected 11-Mar-20 (Bq/kg) 

X132 0 – 2 0.30 0.30 ± 0.30 18-Feb-
21 

201.32 ± 7.96 4.27 ± 0.46 197.05 ± 7.97 202.92 ± 8.21 

W615 2 – 3 0.25 0.71 ± 0.14 16-Mar-
20 

320.07 ± 15.83 3.46 ± 0.36 316.61 ± 15.83 316.74 ± 15.84 

W616 4 – 5 0.26 1.22 ± 0.14 16-Mar-
20 

94.69 ± 5.04 5.01 ± 0.47 89.68 ± 5.06 89.72 ± 5.07 

W617 6 – 7 0.28 1.76 ± 0.14 16-Mar-
20 

81.36 ± 4.26 10.63 ± 0.96 70.74 ± 4.37 70.77 ± 4.37 

W618 8 – 9 0.36 2.40 ± 0.14 16-Mar-
20 

58.80 ± 2.94 6.50 ± 0.57 52.30 ± 3.00 52.32 ± 3.00 

W619 10 – 11 0.28 3.04 ± 0.14 16-Mar-
20 

37.24 ± 1.95 14.49 ± 1.31 22.75 ± 2.35 22.76 ± 2.35 

W620 12 – 13 0.37 3.69 ± 0.15 16-Mar-
20 

31.64 ± 1.65 14.21 ± 1.27 17.43 ± 2.08 17.44 ± 2.09 

W621 14 – 15 0.14 4.20 ± 0.14 16-Mar-
20 

16.96 ± 0.83 10.24 ± 0.92 6.73 ± 1.24 6.73 ± 1.24 
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206Pb/207Pb data (Appendix VIII) show the onset of Broken Hill Pb pollution from 14.5 cm and 

samples rapidly become less radiogenic after this depth (Figure 68). The Pb maximum 

(1974 ± 10) is placed at 4.5 cm.  

 

 

Figure 68. A. Source plot for samples from core TAR-40 (coloured markers) as well as volcanic, 

pollution and background isotopic signatures (black markers). B. A zoom out of plot A showing also 

the isotopic signatures of the Victoria aerosols, Bendingo and Ballarat ores, the Melbourne background 

and the Broken Hill and Mt Isa ores (black markers). Data available in Appendix IX.  

Exotic pollen indicative of  European settlement  appears at 46.5 cm and 22.5 cm, however the 

occurrences are isolated (Figure 69) and do not increase significantly until 15.5 cm, therefore 

European settlement is placed at 15.5 cm where pine and Asteraceae (Liguliflorae, introduced 
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European daisy) have sustained increases. Following Gehrels et al. (2008), a 20-year lag period 

with a ± 10 year error is added to account for the time taken for pine trees to produce pollen. 

In total, three chronostratigraphic horizons can be identified within the core from pollen and 

stable lead data (Table 21).  

 

Table 21. Calendar dates obtained from core TAR-40. 

Chronostratigraphic 
Marker 

Depth (cm) Calendar Year 
(AD) 

Date given 
in model 
(AD) 

Reference 

Pb pollution maximum  4.5 1964 – 1984 1974 ± 10 Kristensen 
(2015) 

Broken Hill smelting 14.5 1890 – 1900 1895 ± 5 Van de Velde et 
al. (2005) 

European settlement 15.5 1841 – 1851 1861 ± 10 
(20-year lag 
added for 
pollen 
marker and 
error 
increased) 

Caldow (2003) 
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Figure 69. Stable lead (206Pb/207Pb), 210Pb, pollen and charcoal data for core TAR-40. Identified chronohorizons are highlighted by the grey boxes. 
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A visual inspection using prior information from the identified chronohorizons and pollen 

data suggests that OZZ405, SUERC-93778 and SUERC-93779 are too old for their stratigraphic 

position. All three of the samples were bulk sediment and may have been contaminated by 

older material. UCIAMS-236625 is too young as it occurs at the same chronohorizon as the 

Broken Hill smelting and therefore place precedence on this marker over the 14C date due to 

the clarity of the signal. This may have been misidentified or subject to root penetration. 

Therefore, these dates were removed from the age-depth model prior to analysis.
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Table 22. 14C results from core TAR-40 SHCal20 (Hogg et al. 2020) and SH Zone 1 – 2 (Hua, Barbetti and Rakowski, 2013). Dates removed prior to age-depth 

modelling are highlighted by an asterisk. Depths given in the table represent the mid points of the samples. 

 
Publication/ 
Lab Code 

Material Depth 
in 
core 
(cm) 

Percent modern 14C (pMC) and 
error (1 !) 

Calibrated 
radiocarbon 
age 2 ! (AD) 

ẟ¹³C-VPDB‰ 

UCIAMS-
236620 

Plant 
macrofossil 

4.5 115.74 ± 0.20 1959 – 1993 n/a 

SUERC-93776 Plant 
macrofossil 

6.5 125.06 ± 0.57 1962 – 1983 -20.2 

UCIAMS-
236624 

Plant 
macrofossil 

11.5 130.45 ± 0.23 1963 – 1980 n/a 

UCIAMS-
236625 * 

Plant 
macrofossil 

14.5 101.98 ± 0.18 1956 – 1957 n/a 

 OZZ405 * Bulk 
sediment 

20 93.77 ± 0.30 1412 – 1454 -27.1 +/- 0.1 

SUERC-
93778 * 
 

Bulk 
sediment 

24 95.85 ± 0.42 
 

1485 – 1654 -25.0 
 

SUERC-
93779 * 

Bulk 
sediment 

26 93.47 ± 0.43 1330 – 1455 -25.1 

OZZ406 Bulk 
sediment 

50 84.80 ± 0.21 676 – 825 -26.4 +/- 0.1 
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The resulting 14C, 210Pb and calendar ages were combined in the age-depth model to 

produce age estimates and uncertainties downcore (Figure 70). The accumulation rate was 

established using that suggested by rplum from initial data analysis. Model memory was 

kept at the default of 0.5. The model was ran with a setting of ra.case=1. Thickness was kept 

at the default of 1 to allow flexibility in the model. A minimum core age of 2019 was set, 

and this was also given as the sampling date.  

 

 

Figure 70. Upper panel: Prior (light green) and posterior distributions (light grey) as well as Markov 

Chain Monte Carlo iterations (dark grey). Lower panel: Age-depth model for core TAR-40. Blue 

dotted squares show measured 210Pb and columns show modelled 210Pb. Purple squares show 

supported 210Pb. Calendar dates (teal) and calibrated radiocarbon dates (dark blue) are also shown. 

Mean ages are denoted by the dotted red line and 95 % confidence interval (i.e. age range) is denoted 

by the grey dotted lines. 
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MCMC iterations indicate that that the model run was successful, with no visible structure 

seen. The sedimentation rate varies from ~40 yr cm-1 – <10 yr cm-1 with significant increases 

from ~18 cm. The accumulation rate in the sand and silt units is ~0.03 cm yr-1 in both units; 

this increases to ~0.11 cm yr -1 in the salt-marsh peat, suggesting slightly slower 

accumulation at Tarra than the other two sites. Model uncertainty is well constrained 

between ~1800 – 2019, but error increases before this period until it is constrained slightly 

by the final basal date.  

 

A comparison of prior and posterior probability distribution functions shows that when 

combined with the other dating methods, the dates between 0 – 11.5 cm are estimated to be 

marginally older than the 14C prior ages and the date at 20 cm is modelled younger (Figure 

71). Interrogations of the posterior age distributions show most fit a near-Gaussian profile 

(Figure 72) and so Gaussian-process model was deemed suitable for the sea-level 

reconstruction. 
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Figure 71. Probability distribution functions (PDFs) of prior 14C dates (grey) and posterior rplum 

distributions (orange). 
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Figure 72. Probability distribution functions (PDFs) from the Tarra age-depth model. Numbers in 

the grey box indicate the depth that the PDF has been extracted from in centimetres.  

6.1.3.4 Sea-level reconstruction 
 

Due to a lack of chronological constraint beyond 15.5 cm as well as foraminifera not being 

consistent with the sedimentology in the silt units, only data from 15.5 cm upcore are 

included the Gaussian process model. The reconstruction was corrected for GIA at a rate of 

-0.25 (-1.16 – 0.30) mm yr-1. GCSL was 0.19 m below present in the late 19th century (Figure 

73). For the last two decades of the 19th century, sea level rose gradually at a rate of 0.3 (-

8.0 – 7.8) mm yr-1 (1871 – 1899). The rate of sea-level rise increased over the 20th century to 

rates of 1.4 (-2.0 – 4.7) mm yr-1 (1900 – 1949). Change-point analysis detects one change 

point in the Tarra reconstruction in 1942, although the credible intervals are extremely large 
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(1873 – 2015). This is likely due to the slower rate of sea-level rise at Tarra as well as the 

larger vertical uncertainties. Varying the GIA rate to assess Ea0 constrains this somewhat, 

with the Ea0 estimated sometime between ~1870 – 1950. Whilst the median values of all 

three corrections remain largely similar (varying on the order of a few years), the lower 

95 % uncertainty varies the Ea0 quite significantly depending on which correction is used. 

The mid and minimum GIA corrections suggest emergence as early as ~1900, however, the 

maximum correction does not suggest emergence until the mid-20th century. The rate of 

sea-level rise fell over the second half of the century (1950 – 1999), with average rates of 1.2 

(-2.5 – 4.3) mm yr-1. Maximum rates of sea-level rise were not reached until the early 21st 

century, with rates of up to 5.5 (0.9 – 9.8) mm yr-1 witnessed in 2002.  
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Figure 73. Upper panel. GIA-corrected sea-level (GCSL) reconstruction for Tarra salt marsh. Grey 

parallelograms show proxy sea-level estimates (i.e. sea-level index points) from core TAR-40 with 

2  σ vertical and age uncertainties. A GIA-corrected Gaussian process regression has been fitted to 

the index points showing the median (blue line) and 95 % confidence intervals (blue shading) of the 

mid-range GIA correction. Also shown are the median gaussian process regression curves after 

detrending using the minimum (yellow line) and maximum (red line) GIA corrections. The filled 

grey boxes denote identified change points from the change-point model (Caesar et al. 2021) showing 

95% credible intervals and mean change point (black line). Also shown are local tide-gauge data and 

the sea-level budget (barystatic gravity, rotation and deformation, sterodynamic and the inverse 

barometer components - both have been 15-yr smoothed). Lower panel. The rate of sea-level change 

calculated from the Gaussian process regression showing the median (blue line) and 95 % confidence 

intervals (blue shading) of the mid-range GIA correction. Also shown are the rates after detrending 

using the minimum (yellow line and shading) and maximum (red line and shading) GIA corrections. 

The emergence above 0 (Ea0) of the acceleration in sea level is denoted by the red box.  
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6.1.4 Update of Little Swanport, Tasmania  
 

The Little Swanport age-depth model (Gehrels et al. 2012) was updated to the latest 

radiocarbon calibration curve, SHCal20 (Hogg et al. 2020) and run through the same 

Gaussian process analyses as the new reconstructions to provide a regional comparison to 

the new reconstructions (see Chapter 7). The reconstruction was corrected for GIA at a rate 

of -0.05 (-0.70 – 0.46) mm yr-1. The reconstruction shows that GCSL was ~0.31 m below 

present around the start of the 19th century (1822; Figure 74). The rate of sea-level rise was 

steady over the 19th century (1822 – 1899) at 1.0 (- 2.3 – 4.3) mm yr-1. The first change point 

was detected in the mid 19th century (mean change point 1869; 1838 – 1891 95 % credible 

interval). The Ea0 is estimated at ~1820 – 1880, agreeing well with the first change point. 

The lower 95 % CIs of all three rates suggest similar timings in the onset of Ea0, however 

the median rates differ fairly substantially, with the maximum GIA correction suggesting 

an onset ~15 years later than the minimum correction and ~5 years later than the mid 

correction. The rate of sea-level rise then increased over the first half of the 20th century 

(1900 – 1949) to rates of 4.0 (1.6 – 7.1) mm yr-1. Maximum rates of sea-level rise were reached 

in 1907 (5.4 (3.0 – 8.4)) mm yr-1. Following a peak in the early 20th century, rates of sea-level 

rise then slowed over the second half of the 20th century to 0.4 (-2.6 – 3.3) mm yr-1.  
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Figure 74. Upper panel. GIA-corrected sea-level (GCSL) reconstruction for Little Swanport salt 

marsh. Grey parallelograms show proxy sea-level estimates (i.e. sea-level index points) with 2 σ 

vertical and age uncertainties. A GIA-corrected Gaussian process regression has been fitted to the 

index points showing the median (plum-coloured line) and 95 % confidence intervals (plum-

coloured shading) of the mid-range GIA correction. Also shown are the median gaussian process 

regression curves after detrending using the minimum (yellow line) and maximum (red line) GIA 

corrections. The filled grey boxes denote identified change points from the change-point model 

(Caesar et al. 2021) showing 95% credible intervals and mean change point (black line). Also shown 

are local tide-gauge data and the sea-level budget (barystatic gravity, rotation and deformation, 

sterodynamic and the inverse barometer components - both have been 15-yr smoothed). Lower 

panel. The rate of sea-level change calculated from the Gaussian process regression showing the 

median (plum line) and 95 % confidence intervals (plum shading) of the mid-range GIA correction. 

Also shown are the rates after detrending using the minimum (yellow line and shading) and 



 
244 

maximum (red line and shading) GIA corrections. The emergence above 0 (Ea0) of the acceleration 

in sea level is denoted by the red box. 

6.2 Summary 
 

This chapter has presented the site stratigraphy, fossil foraminifera, palaeomarsh surface 

elevation estimates, chronologies, and subsequent relative sea-level reconstructions for 

three master cores taken from Lutregala, Wapengo and Tarra, as well as an update to the 

previously published record from Little Swanport. All sites consist of a similar lithology, 

with a basal unit comprised of a silt or sandy silt unit which is often characterised by yellow 

mottling; this is overlain by a thin brown-grey silt. Overlying each marsh is a unit that is 

comprised of ~30 cm of salt-marsh peat, which the chronology suggests formed in ~80 – 100 

years. 

 

Core samples primarily contained eight species of foraminifera: T. salsa, H. wilberti, 

E. macrescens, P. ipohalina, T. irregularis, T. inflata, S. lobata and M. fusca. Trochammina inflata 

was the most abundant species across all three cores, which mirrors the modern data (see 

Chapter 5). In all cores, live foraminifera were found infaunally in the top 10 cm; however, 

their densities were much lower than dead foraminifera, especially downcore of the top 

3 cm. A visual inspection suggests that foraminiferal assemblages in the inorganic units of 

the cores are indicative of a mid-high marsh environment, which is not analogous with the  

sediment. However, total counts of foraminifera in the sands and silts are low - frequently 

below 50 individuals. Upcore, foraminiferal assemblages diversify to those indicative of 

mid-low marsh environments. 
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Using the modern analogue technique, the reconstructive performance of the transfer 

functions was assessed. For Lutregala, whilst the regional II model resulted in more “good” 

modern analogues, there were no poor analogues and so little justification could be made 

to employ the regional model over the local. However, for the Wapengo reconstruction, the 

modern analogue technique showed that using the local model resulted in 14 poor 

analogues, whereas the regional model resulted in no poor analogues. This is likely due to 

the low abundance of T. salsa in the modern surface samples (due to removal during data 

screening), but higher abundance in the core. Similarly for Tarra, as the local transfer 

function performance was extremely poor, multiple methods of obtaining palaeomarsh 

surface elevation estimates were considered. Species-elevation relationships were 

comparable between the local and regional training set and results were similar to 

assuming a constant indicative range, and so and the regional model was also employed 

for this reconstruction. Across the models, PMSE estimates range from 0.64 – 1.33 m AHD 

with 1 ! uncertainties of 0.06 – 0.12 m. 

 

Three chronologies were developed using multiple dating approaches. 206Pb/207Pb ratios 

were analysed down each core and the profiles were used to identify chronohorizons in the 

cores. Two distinct signals were apparent in each core: the mining of the Broken Hill ore 

and the late 20th century pollution maximum resulting from peak petrol consumption. 

Pollen and charcoal in the cores were used to identify the European settlement at Wapengo 

and Tarra which was dated using the archival information in Chapter 3; however, no 

evidence of initial European settlement was found in the Lutregala core. Bayesian 

modelling using MCMC simulations in rplum were used to establish age-depth models. The 
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models combined the raw 210Pb and 14C data with the calendar ages to provide downcore 

age estimates at 1 cm resolution with corresponding uncertainties. Age-depth models show 

sediment accumulation in the silt and sand units was low ~0.02 – 0.03 cm yr-1, but this 

increased rapidly in the peat to ~0.11 – 0.19 cm yr-1 . 

 

New reconstructions were only generated from the 19th century onwards (in the organic 

units of the cores) due to the poor dating resolution in the silt and sandy units, as well as 

the inconsistent foraminiferal assemblages in these sections of the cores. The previously 

published reconstruction from Little Swanport, Tasmania (Gehrels et al. 2012) was updated 

to SHCal20 to enable a regional comparison (see Chapter 7) and run through the same 

Gaussian process analyses as the new reconstructions. The GCSL reconstructions 

demonstrate that sea level was ~0.2 – 0.3 m below present in the 19th century. Rates of 19th 

century sea level rise were gradual at Wapengo, Tarra and Little Swanport at 

0.9 (- 2.2 – 3.5)  mm yr-1 (1833 – 1899), 0.3 (-8.0 – 7.8) mm yr-1 (1871 – 1899) and at 

1.0 (- 2.3 – 4.3)  mm yr-1 (1822 – 1899) respectively. Trends could not be derived for 

Lutregala over this period as the record only begins in the last decade of the 19th century.  

 

The rate of sea-level rise increased during the first half of the 20th century to 

1.7 (- 4.0 – 6.5) mm yr-1, 4.0 (1.2 – 7.1) mm yr-1, 1.4 (-2.0 – 4.7) mm yr-1 and 

4.0  (1.6 – 7.1)  mm  yr-1 at Lutregala, Wapengo, and Tarra and Little Swanport respectively. 

Maximum rates of sea-level rise were reached at Lutregala, Wapengo and Little Swanport 

in the early-mid 20th century, but at Tarra did not peak until the early 21st century. Varying 

the GIA rate does change the Ea0 at each site, especially at Tarra, although the overall 

uncertainty in the Ea0 is similar to that predicted by change-point analysis and differences 
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in Ea0 vary largely on the order of years. For these reconstructions, a mid-range value is 

appropriate as there is little difference in the magnitude of RSL change between the 

different GIA rates. Rates decreased over the second half of the 20th century at Wapengo 0.9 

(-2.1 – 2.8) mm yr-1, Tarra 1.2 (-2.5 – 4.3) mm yr-1 and Little Swanport 0.4 (-2.6 – 3.3) mm yr-

1; however, the average rate of sea-level rise was high at Lutregala at 4.6 (0.9 – 8.7) mm yr-1 

(although rates did fall over the century). Therefore, the reconstructions suggest 

considerable regional variability. Reasons for this variability are explored further in 

Chapter 7.  
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7.0 Introduction 
 

This chapter first undertakes a regional comparison of the proxy reconstructions with  tide-

gauge data from Australia and the wider western Pacific, as well as to the global average 

over the 20th century. Second, it discusses the drivers of 20th century sea-level change in the 

region, considering both the barystatic and sterodynamic contributions to RSL over this 

period. Third, it presents the sea-level fingerprinting analyses to consider the likely sources 

of barystatic sea-level rise over the 20th century.  

7.1 Discussion 
 

 

7.1.1 Regional and global comparison 
 

Overall, the two longest records from Wapengo and Little Swanport show that rates of sea-

level rise were similar over the 19th century at ~0.9 – 1.0 mm yr-1. The records then suggest 

the rate of sea-level rise increased to ~4.0 mm yr-1 over the first half of the 20th century. These 

two records suggest faster rates of sea-level rise than at Lutregala and Tarra over the same 

period of the 20th century (~1.4 – 1.7) mm yr-1.  

 

Varying each reconstruction by its maximum, minimum and mid GIA correction (i.e. the 

upper 95 % CI, lower 95 % CI and median) does marginally affect the Ea0 (typically on the 

order of years, but up to decades in some cases) and may, in part, explain some of the 

differences between the onset of modern acceleration in each of the records. There is clear 

overlap in the Ea0 at Wapengo and Tarra and each of the Tasmanian sites (Figure 75), but 

Lutregala and Little Swanport differ significantly in their Ea0’s (~80 – 120 years) despite 
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being in closest proximity to each other spatially. This suggests that there are other drivers 

responsible for the differences between the RSL histories at each site.  

 

There may be several reasons for the discrepancies in the pattern and magnitude of RSL 

change between the records: firstly the earliest SLIPs in the Little Swanport record derive 

from a tidal-flat mud (Gehrels et al. 2012). This study has demonstrated that owing to a low 

accumulation rate (suggesting removal and dispersal of material), low preservation of 

foraminifera, and age reversals in the chronology, these tidal-flat deposits may be subject 

to re-working. This may be the same for the tidal-flat deposit at Little Swanport. Similarly, 

there is also a possibility of infaunality within this unit of the core. Future work may seek 

to only run Gaussian process analyses on the organic unit of the Little Swanport 

reconstruction to re-analyse the Ea0 and change-point analysis and compare to the other 

three reconstructions to see if this affects Ea0.  

 

Secondly, all reconstructions have been derived from salt marshes along coastlines with 

microtidal tidal ranges. Whilst this is advantageous due to the resulting smaller vertical 

errors (Williams et al. 2021), this could also mean that the foraminifera are responding to 

other localised processes such as wave and wind-induced changes in tidal range 

(Woodroffe and Long, 2010). Changes in the tidal range along the coastline may also be 

affected by pressure-induced changes owing to changing atmospheric conditions. A more 

detailed discussion on the effect of these pressure-induced changes on 20th century sea level 

in Australia is considered in section 7.1.3. 
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Figure 75. Comparison of A. the rate of relative sea-level rise at the salt marshes, B. full budget at each 
of the sites (15-yr smoothed) and C. dominant climate indices (Interdecadal Pacific Oscillation IPO; El 
Niño Southern Oscillation ENSO; and Southern Annular Mode SAM - all 15-yr smoothed) from 
1900 – 2020. Red boxes denote the emergence above 0 mm yr-1 (Ea0) of the modern acceleration in sea 
level. Data for the climate indices are from Marshall (2003); Henley et al. (2015) and NOAA (2021) 
updated by NOAA (2021). 
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Thirdly, the Tarra salt marsh is located up-estuary and perhaps may be better characterised 

as a fluvially-dominated salt marsh, as opposed to an embayment marsh (which Lutregala, 

Wapengo and Little Swanport may be described as). At Tarra there is little vertical range 

between the landward and seaward ends of the marsh, and also a distinct lack of vertical 

zonation in both the flora (across the salt marsh until entering the mangrove zone) and in 

the foraminifera (both modern and fossil). Foraminifera (namely T. salsa and M. fusca) 

which are typically found at the upper and lower ends of the elevation gradient in other 

marshes (e.g. Williams et al. 2021), often co-exist at the same elevation. This may suggest a 

weak environmental gradient across the marsh, and the presence of Phragmites in the 

southern end of the marsh (not sampled in this study) may suggest significant freshwater 

inputs to the marsh. The near-linearity of the reconstruction therefore may be an artefact of 

the age-depth model, and future work therefore should derive more reconstructions from 

the southern Australian coastline to verify the Tarra reconstruction. It should consider 

location of the marsh in terms of its position in the estuary and should seek to sample from 

marshes located in closer proximity to the open ocean.  

 

Therefore, currently, it is difficult to ascertain the reason(s) for the discrepancies of both the 

onset of the acceleration and the pattern of RSL change between the local reconstructions. 

Whilst varying the GIA rate does change the Ea0 and magnitude of RSL (to a degree), there 

remain differences which are unrelated to a long-term linear signal. Several reasons 

presented could include: infaunality and re-working of foraminifera, response of 

foraminifera to localised changes in the tidal range (which may be augmented as a result of 

the salt marshes being located on microtidal coastlines) and or the response of foraminifera 

to secondary variables other than tidal inundation such as salinity changes, freshwater 
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input, vegetation and organic matter content of the sediment. Finally, another factor 

causing the variability could be the result of localised sterodynamic changes in sea level. 

As previously mentioned, this will be considered further in the resulting sections. 

 

At Lutregala, a comparison of the proxy record with the instrumental data over the last 

three decades shows good agreement, with the Hobart tide-gauge data falling entirely 

within the Gaussian process range (Figure 51). Similarly, tide-gauge data from Stony Point 

agree very well with the Tarra proxy record, falling within the Gaussian process range over 

the entire reconstruction (Figure 73). There is little cross over between available 

instrumental data and the Little Swanport proxy record, although where data do overlap, 

the tide-gauge data fall in the lower uncertainty of the Gaussian process range ( 

Figure 74). Tide-gauge data from Eden also lie within the Gaussian process range over the 

late 1980s, 1990s and early 2000s, but predict faster rates of sea-level rise than the Wapengo 

Gaussian process range from the mid 2000s to present. Differences between the tide-gauge 

data and the proxy data cannot be attributed to GIA uncertainty, but may reflect small 

localised changes in sea level due to the distance between the two sites (~65 km). Tide-

gauge data are however still within the error of the SLIPs (Figure 62). 

 

Estimates of global mean sea level from 1900 – 1949 suggest an average rate of 

1.4 (0.8 – 1.8) mm yr-1 and rates from the Indo-Pacific are 1.0 (0.1 – 1.9) mm yr-1 (Frederikse 

et al. 2020). Therefore, the global average is comparable to that estimated at Lutregala and 

Tarra, but far slower than those reconstructed at Wapengo and Little Swanport. Similarly, 

in the Indo-Pacific, rates of sea-level rise are slower than those observed in our records from 

southeastern Australia (Frederikse et al. 2020). Over the second half of the 20th century, rates 
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at Wapengo, Tarra and Little Swanport are closer to the global average 

1.0 (- 0.4 – 0.3) mm yr-1 and the Indo-Pacific average 0.4 (- 0.5 – 0.6) mm yr-1, whereas the 

rates from Lutregala are far higher owing to the exceptionally fast rates in the 1950s and 

1960s.  

 

Unfortunately, the few long-term tide gauges in southeastern Australia such as Sydney Fort 

Denison, Newcastle, and Williamstown (Figure 32) have large data gaps, subsidence issues 

and datum shifts, especially over the late 19th and early 20th century which can make them 

problematic (Hogarth, 2014a, 2014b; White et al. 2014). In the longest record, Fort Denison, 

there were issues with the digitisation of the record which may have led to errors in the 

earlier part of the record (Hamon, 1988; White et al. 2014). White et al. (2014) state that 

individual Australian tide-gauge records are too short and too variable for the detection of 

statistically significant accelerations in sea-level rise.  

 
7.1.2 Comparison to the sea-level budget 
 

An alternative approach to a comparison of the proxy records and the tide-gauge data is to 

compare the reconstructions to a sea-level budget at each site. As previously mentioned, 

the sea-level budget uses barystatic GRD estimates from Frederikse et al. (2020) and 

sterodynamic sea-level estimates from the SODAsi.3 ocean reanalysis model (Giese et al. 

2016). The inverse barometer effect (IBE) is added using sea-level pressure from the 20th 

Century Reanalysis V3 model (20CRv3; Slivinski et al. 2019). All components are taken from 

nearest neighbour estimates to the proxy sites. An advantage of this method is that the data 

are also continuous in time from 1900 – 2013, so have higher temporal resolution than the 
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tide-gauge data over the early 20th century. A disadvantage however is that data density in 

the model is sparse prior to ~1950 (owing to lack of observational data) and therefore earlier 

sterodynamic estimates may be less precise.  

 

As documented in Chapter 6, at all sites, the budget falls within the uncertainty of the GIA-

corrected SLIPs during the first half of the 20th century and largely lies within the Gaussian 

process range from ~1950 – present, thus suggesting that sterodynamic, barystatic GRD, 

and IBE contributions can explain the observed RSL rise at the sites. At Lutregala however, 

the budget falls within the very upper limits of the SLIP uncertainty over the early 20th 

century, which may suggest an over-estimation of the acceleration at this site or an under-

estimation of the budget. The discrepancy between the two may be better resolved by using 

an ensemble of sterodynamic estimates to evaluate the sterodynamic contribution to sea 

level over this period.   

 

There was an increase in the rate of the barystatic GRD contribution to sea level at all of the 

sites from ~1920, and a marked increase in the sterodynamic component from ~1930 – 1940 

(Figure 76). The IBE declined from 1900 – 1930 but increased rapidly from ~1930 – 1960 

before falling again, where it remained low to present. The full budget suggests that from 

~1950 – 1975, the rate of the contribution from sterodynamic, barystatic and the IBE 

components to RSL slowed, which agrees with the proxy records. The barystatic GRD 

contribution remained at a record low over the century until ~1975, when the contribution 

increased rapidly until present. The contribution from the sterodynamic component, 

however, did not increase again significantly until ~2000. Increases in the rate of RSL are 

not observed in the Lutregala, Little Swanport or Wapengo record over the latter decades 
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of the 20th century but are apparent in the Tarra record from ~1975.  This may be due to the 

fact that the density of index points are not particularly large at the time series boundaries, 

which may have also added additional uncertainty to the Gaussian process at the start and 

end of the records.  

 

It is important to note that sterodynamic changes are the only component that show 

significant regional variability between individual locations. Variability is especially large 

over the first half of the 20th century, after which sterodynamics become more comparable 

between sites (Figure 76).  
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Figure 76. Contribution from the sterodynamic component, inverse barometer effect (IBE) and 

barystatic gravity, rotation and deformation (GRD) component (all 15-yr smoothed) to sea level at 

Lutregala, Wapengo, Tarra and Little Swanport from 1900 – 2013.  
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7.1.3 Drivers of 20th century sea-level change in southeastern Australia and 

the wider western Pacific 

Both the barystatic GRD and sterodynamic components have contributed to the rapid rates 

of sea-level rise at the sites. The barystatic GRD component contribution was high over the 

first half of the 20th century. Overall, it contributed an average of 1.6 mm yr-1 between 

1900 – 1949 to sea level at the sites, with substantial contributions of ~2 mm yr-1 especially 

between 1920 and 1940. The barystatic component also dominated early 20th century global 

mean sea-level rise (e.g. Parkes and Marzeion, 2018; Frederikse et al. 2020; Malles and 

Marzeion, 2021), with contributions primarily from land-based glaciers, as well as and the 

Greenland and Antarctic Ice Sheets (Frederikse et al. 2020).  

 

The sterodynamic component then amplified the rapid rates and subsequently drove the 

acceleration from ~1930 – 1940, contributing up to ~4 mm yr-1 at its peak in the mid 20th 

century. The increase in sterodynamic sea level may have been driven by strengthening of 

ocean gyres (including the East Australian Current; Cai and Cowan, 2007; Giese et al. 2016), 

increases in sea surface temperature (especially from ~1920), changes in wind stress (Giese 

et al. 2016) and phase changes of several key climate modes. For example, over the early 

20th century, the Interdecadal Pacific Oscillation (IPO) index declined (e.g. Salinger et al. 

2001; Parker et al. 2007), changing from a positive to a negative phase. The IPO modulates 

the impacts of the El Niño Southern Oscillation (ENSO) in Australia by controlling the 

position of the South Pacific Convergence Zone and influencing sea surface temperature 

(and thus sea level) (e.g. Power et al. 1999; Henley et al. 2015; Kelly et al. 2019). This rapid 

decline in the IPO (marked by a positive increase in the rate of change of the index) is 
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coincident with our rapid rates of sea-level rise (Figure 75). Additionally, an upward trend 

of the Southern Annular Mode (SAM) due to the depletion of ozone has resulted in higher 

rates of sea-level rise in the subtropical southern oceans over the late 20th century and early 

21st century (Duan et al. 2021). 

 

A common feature of the Australian records and the New Zealand proxy record (Garrett et 

al. 2022; Gehrels et al. 2008) is a plateauing or falling of sea level over the latter few decades 

of the 20th century to present (except Tarra which begins to rise again from ~2000), and the 

change point-model identifies secondary change points in the Lutregala and Wapengo 

reconstructions over this time period (mean change points 1977 and 1957 respectively). This 

trend has also been found in tide-gauge records around Australia and New Zealand. For 

example, White et al. (2014) noted a sea-level depression of ~0.2 mm yr-1 for the majority of 

the east Australian coast from 1966 – 2010. The records from Wapengo and Lutregala show 

an average depression with rates of ~0.0 – 0.1 mm yr-1 over the same period. Similarly, 

Haigh et al. (2011) also observed a period of stability in tide-gauge records from Western 

Australia between 1950 – 1990, with a rise in the early 21st century.   

 

The stabilisation in sea level in the western Pacific over the latter half of the 20th century has 

also been attributed to phase changes and an intensification of climate modes (e.g. Goring 

and Bell, 1999; Church et al. 2004; Sasaki et al. 2008; Woodworth et al. 2009; Haigh et al. 

2011; Holbrook et al. 2011; Watson, 2011; White et al. 2014). An El Niño (negative ENSO) 

phase depresses sea level around Australia (Goring and Bell, 1999) and the index became 

progressively more negative after ~1960, resulting in more El Niño phases. The 

(sterodynamic) budget reconstruction estimates a decline in the rate from ~1960 – 2000 
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coinciding with a trend of more frequent high-pressure events over Australia (Figure 75; 

Figure 76).   

 

However, the fall or plateau in the rate of sea-level change occurs at different times amongst 

the reconstructions (which does not suggest a synchronous response to climatic events) and 

therefore warrants further investigation into the discrepancy between the patterns of RSL 

rise. This may be achieved through addition of new reconstructions in the region, and or 

by undertaking a more robust statistical analysis to better decipher the regional and local 

non-linear and linear signals in the RSL records such as that undertaken by Walker et al. 

(2022).  

 

Whilst the modelled budget suggests increased contributions from the barystatic GRD and 

sterodynamic components over the early 21st century, only the proxy data from Tarra reflect 

the increase in the rate of sea-level rise over this period. Currently, other reconstructions 

from the region (i.e. Little Swanport, Pounawea, Mokomoko) are too old to capture 21st 

century sea-level trends (Garrett et al. 2022; Gehrels et al. 2008, 2012).  

 

7.1.4 Sea-level fingerprinting  
 

To better quantify the barystatic GRD contribution to RSL over the 20th century, a set of sea-

level records from around the world was used (see Chapter 4; Figure 33). Each site was 

corrected for sterodynamic sea-level changes prior to analysis (Figure 77). As sterodynamic 

sea level was and is, in general, much higher in the Southern Hemisphere compared to the 
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Northern (Figure 78; Figure 79), the sterodynamic corrections are greater for the Australian 

sites than for those located in North America and Europe (Figure 77). 

  

 

Figure 77. Comparison of sterodynamic uncorrected (grey) and corrected (blue) relative sea-level 

reconstructions at the salt marsh and tide-gauge sites. 
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Figure 78. Time series of sterodynamic sea level at the fingerprinting sites from 1815 – 2013 from the 

SODAsi.3 ocean reanalysis model (Giese et al. 2016). 

 

Figure 79. Global sterodynamic sea level from the SODAsi.3 ocean reanalysis model from 

1815 – 2013 (Giese et al. 2016) showing linear trend differences between Period 1 (1815 – 1899) and 

Period 2 (1900 – 2013). Highlighted are A. Swan Inlet, B. Pounawea, C. Little Swanport, D. Tarra, E. 

Wapengo, F. Sand Point, G. Barn Island, H. Plentzia Estuary, I. Chezzetcook, J. Brest, K. Swinoujscie. 

 

Sterodynamic-corrected RSL shows positive increases in sea level at the majority of sites 

over the 19th century, although there is a mean negative trend at Brest, Swinoujscie and 

Tarra (Figure 80). It must be noted that at Tarra the error is large over this period due to the 
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limited number of SLIPs in the 19th century, as well as the large vertical uncertainty of the 

available SLIPs. The corrected records from the Plentzia Estuary, Chezzetcook and Brest 

exhibit the greatest increases in sea-level rates from Period 1 (1815 – 1899) to Period 2 

(1900 – 2013) (Table 23). This is followed by New Zealand and Swan Inlet in the Southern 

Hemisphere (Table 23). In the 20th century, the mean trend at the Little Swanport and Tarra 

sites is negative, although uncertainties are large. 
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Figure 80. Comparison of Period 1 (1815 – 1899) and Period 2 (1900 – 2013) sterodynamic-corrected rates 

using error-in-variables regression or least squares regression for proxy records from Swan Inlet, 

Pounawea, Little Swanport, Tarra, Wapengo, Sand Point, Barn Island, Plentzia Estuary, Chezzetcook, Brest 

and Swinoujscie. Mean rates are denoted by the blue lines, 1 σ sea-level index point errors are denoted by 

the grey boxes and the mean of each index point is denoted by the grey dots. Rates are given to 2 σ. 
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Table 23. Calculated rates of sea-level rise at the sites using error-in-variables regression or linear least squares regression (marked by an asterisk) for Period 1 

(1800 – 1899) and Period 2 (1900 – 2013). All units are given in mm yr-1. 

Site 
Period 1 
rate 

Period 1 
error (1  σ) 

Lower (95 % 
uncertainty) 

Upper 
(95 % 
uncertainty) 

Period 2 
rate 

Period 2 
error (1 σ) 

Lower (95 % 
uncertainty) 

Upper 
(95 % 
uncertainty) 

Rate 
difference 
(P2-P1) 

Error  (1 σ) 

Swan Inlet 0.3 0.5 -0.6 1.3 1.0 0.4 0.2 1.7 0.7 0.6 

Pounawea 1.1 1.7 -2.6 4.4 2.2 0.4 1.4 3.0 1.1 1.8 

Little 
Swanport 

0.3 1.6 -2.9 3.5 -0.2 0.9 -1.9 1.6 -0.5 1.9 

Tarra -0.5 4.1 -8.6 7.6 -0.5 1.2 -2.8 1.6 0.0 4.2 

Wapengo 0.8 2.7 -4.9 6.0 0.7 0.6 -0.4 1.7 -0.1 2.7 

Sand Point 1.8 0.8 0.4 3.4 2.0 0.6 0.8 3.1 0.1 1.0 

Barn Island 0.7 1.8 -3.1 4.6 1.4 0.4 0.6 2.2 0.7 1.8 

Plentzia 
Estuary 

0.2 3.7 -7.3 7.6 2.1 1.9 -1.7 6.1 1.9 4.2 

Chezzetcook 0.6 0.7 -0.9 2.0 2.4 0.4 1.6 3.2 1.8 0.8 

Brest * -0.3 0.1 -0.5 0.0 1.1 0.1 0.9 1.2 1.3 0.2 

Swinoujscie * -0.3 0.2 -0.6 0.1 0.3 0.1 0.1 0.5 0.6 0.2 
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Using the empirical estimates and uncertainties of the contribution of glaciers and Ice 

Sheets to sea level over the 20th century from glaciers (Malles and Marzeion, 2021), 

Greenland (Kjeldsen et al. 2015) and Antarctica (Adhikari et al. 2018), an optimisation 

model was run to establish the likely contribution from each ice mass. The proportion of 

each ice masses’ contributions were produced by evaluating the goodness of the fit of the 

predicted sea-level rise at each site, compared to the observations (i.e. minimising the 

difference between the predicted rates of sea-level rise and the observed rates of sea-level 

rise; Figure 81). 

 

To understand the influence of each site on the ice-mass contributions (i.e. the geographic 

bias) jackknifing (leave-one-site-out) was employed. Jackknifing suggests that there is little 

difference between the optimised fingerprints and the bias-corrected fingerprints, implying 

that no one site has a dominant influence on the contribution estimates (Table 24). Where 

there are marginally larger differences between the optimisation results and the cross-

validated results (as denoted by the orange values in Table 24), the ice-mass contribution 

estimates (i.e. the fingerprint weightings) tend to be influenced by the removal of the most 

southerly and northerly RSL sites, and it is generally the ice masses located furthest north 

that are affected, likely reflecting the effects of GRD.  
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Table 24. Fingerprinting results showing the mean contribution (i.e. the empirically derived mean contribution from each ice mass to sea level over the 20th 

century from the literature); Optimised contribution (i.e. the weighted fingerprint prediction (where population=200, F=[0.5,1.5], CR=0.5)); Jackknife results, X 

= Excluding, SI = Swan Inlet, PW = Pounawea, LSP = Little Swanport, TAR = Tarra, WAP = Wapengo, SP = Sand Point, BI = Barn Island, PE = Plentzia Estuary, 

CZ = Chezzetcook, B = Brest, S = Swinoujscie; Jackknife = the average of all jackknifing results; Diff = the difference between optimised fingerprint and the 

average jackknifed fingerprint for each ice mass and Corrected = the bias-corrected result (i.e. the difference between Diff and Optimised). f(x) is the difference 

between the observed and predicted values at each site. All values are given in mm yr-1. Orange values show fingerprints with marginally larger differences 

which are more affected by the removal of a particular site. 

Ice mass Mean Optimised  X-SI X-
PW 

X-
LSP 

X-
TAR 

X-
WAP 

X-SP X-BI X-PE X-CZ X-B X-S Jackknife Diff Corrected 

Alaska 0.06 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.08 0.14 0.13 0.01 0.13 

Western 
Canada & US 

0.04 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 -0.02 0.10 0.07 0.02 0.07 

Arctic 
Canada 
North 

0.08 0.04 0.10 0.04 0.06 0.04 0.05 0.07 0.04 0.04 0.02 0.02 0.14 0.05 -0.02 0.05 

Arctic 
Canada 
South 

0.06 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.07 0.03 -0.01 0.03 

Iceland 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Svalbard 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.03 0.03 0.04 0.01 0.04 

Scandinavia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 



 268 

Russian 
Arctic 

0.05 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 -0.01 0.11 0.08 0.02 0.08 

North Asia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Central 
Europe 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Caucasus 
and Middle 
East 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Central Asia 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.00 0.07 

South Asia 0.06 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.00 0.08 

Low 
Latitudes 

0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.00 0.02 

Southern 
Andes 

-0.01 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.00 0.08 

New Zealand 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 

Greenland 0.21 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.00 0.17 

West 
Antarctic 

0.05 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.00 0.08 

East 
Antarctic 

0.00 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.00 0.03 

 
f(x) 0.83 0.85 0.87 0.81 0.86 0.85 0.80 0.87 0.87 0.82 0.55 0.78 
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Figure 81. A. Mean ice mass loss (in sea-level equivalent to show contribution to sea level) from glaciers 

and the ice sheets over the 20th century. Blue circles and error bars show mean estimates and uncertainty 

from the literature (100 % confidence intervals), orange squares show the fingerprint optimisation (i.e. the 

predicted contribution) and yellow squares show the Jackknifed bias-corrected optimisation. B. Rates of 

sea-level rise at the global sites showing observed rates of sea-level rise calculated from error-in-variables 

analysis (blue circles and error bars - 2 σ) and Jackknifed bias-corrected predicted rates of sea-level rise 

using the optimised ice mass loss (yellow squares).  
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The results suggest that the largest contributions from glaciers have come from Alaska, 

western Canada and the US, the Russian Arctic, central and southern Asia as well as the 

southern Andes (Figure 81; Table 24). Large contributions from Alaskan glaciers to mid-late 

20th century sea level are well documented in the literature showing ~30 % of glacier 

contributions to sea level came from Alaska between the 1960s – early 2000s (e.g. Box et al. 

2018; Zemp et al. 2019). Empirical estimates suggest a contribution of Alaskan glaciers of ~8 % 

(equivalent to 0.06 mm yr-1) from 1901 – 1990 (Malles and Marzeion, 2021). The optimised 

results suggest that Alaska contributed above the mean empirical estimates of Malles and 

Marzeion (2021), indicating Alaska was responsible for ~14 % of the rise (equivalent to ~0.13 

mm yr-1 1901 – 1990). Large mass losses from Alaska over the second half of the 20th century 

were associated with increasing summer temperatures (Arendt Luthcke and Hock, 2009; 

Bieniek et al. 2014; Winski et al. 2018), which may be related to both internal climate variability 

and increased sea surface temperatures (Christian et al. 2016). 
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Figure 82. Bias-corrected predicted contribution from the ice masses to sea level over the 20th 
century estimated from the optimisation model. 
 

The results also indicate ~10 % (0.10 mm yr-1) of the observed sea-level rise came from the 

Russian Arctic, which is marginally more than empirical data suggest (~7 %; Malles and 

Marzeion, 2021). This region has been proposed as a large contributor to 20th century sea-level 

change in the literature after Alaska and Arctic Canada (Box et al. 2018; Malles and Marzeion, 

2021; Zemp et al. 2019). For example, Box et al. (2018) states that, over 1971 – 2017, barystatic 

sea-level contributions from land north of ~55° were largest from Greenland (10.6 ± 7.3 mm), 

followed by Alaska (5.7 ± 2.2 mm), Arctic Canada (3.2 ± 0.7 mm) and the Russian Arctic 

(1.5 ± 0.4 mm). However, in comparison to Alaska and Canada, mass balance records from 

the Russian Arctic are sparse (Box et al. 2018), being limited both temporally as well as 

spatially due to the inaccessible nature of the environment.  
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In contrast to findings from the literature (Box et al. 2018; Gardner et al. 2011; Malles 

and Marzeion, 2021; Noël et al. 2018), the results do not suggest a significant input from Arctic 

Canada. Results suggest a contribution of only ~8 % when Arctic Canada North and South are 

combined which is ~0.08 mm yr-1. This is 0.06 mm yr-1 less than the mean empirical estimate 

(Malles and Marzeion, 2021). However, Parkes and Marzeion (2018) found that there was poor 

agreement between estimates of the Arctic Canada contribution to sea level, and Malles and 

Marzeion (2021) note that the uncertainty for this region in their model is high. This may be 

because the region has a large number of marine-terminating glaciers for which statistical 

modelling does not take into account frontal ablation (therefore producing a discrepancy 

between statistically modelled estimates and observational estimates of ice mass loss (Hanna 

et al. 2020)).  

 

For the Southern Hemisphere an 8 % contribution is estimated from the southern Andes. 

Glacier mass balance observations from the southern Andes are also temporally and spatially 

limited (with most mass loss histories only quantified over the 21st century; e.g. Bamber et al. 

2018; Braun et al. 2019; Dussaillant et al. 2019; Wouters, Gardner and Moholdt, 2019). 

Furthermore, the different reconstruction methods produce variable results as this region, like 

Arctic Canada, has many marine-terminating glaciers (Hanna et al. 2020). Currently, evidence 

suggests that over the last few decades, most ice loss has come from the Patagonian Ice Fields 

(~0.05 ± 0.00 mm yr-1 Braun et al. 2019), but a 35-year long record has suggested the wider 

Andean Cordillera has lost mass, contributing on average ~0.10 mm yr-1 to sea level between 

1979 – 2013 (Mernild et al. 2017). Zemp et al. (2019) suggests that relative mass changes were 

largest from the southern Andes from 1961 – 2016 out of any glaciated region on Earth. 

 



 
273 

The data also suggest above average contributions from central and south Asia (combined 

~16 % equivalent to 0.15 mm yr-1). Glaciers in the mountains of Asia have been losing mass 

since at least the 1960s and 70s (Bhattacharya et al. 2021; Dehecq et al. 2019; Farinotti et al. 

2015; King et al. 2019; Zhou et al. 2018). The largest amount of mass loss in this region has 

occurred in the central-eastern Himalayas (Bhattacharya et al. 2021; Zhou et al. 2018) and 

Malles and Marzeion (2021) estimate a mean contribution of 0.11 mm yr-1 to sea level from 

glaciers in central and south Asia over the 20th century. Since the LIA, Himalayan glaciers 

have lost 0.92 – 1.38 mm SLE and Lee et al. (2021) state that the centennial-scale rates of change 

in mass exceed those observed anywhere else in the world. However, the large weighting of 

the Asian ice masses may also be a result of using the empirical estimates from Malles and 

Marzeion (2021) which are higher for central and south Asia than the previously published 

literature (e.g. Wouters, Gardner and Moholdt, 2019; Zemp et al. 2019).  

 

The model shows the largest single barystatic contributor to sea-level rise over the 20th century 

was the GrIS (17 % equivalent to 0.17 mm yr-1; Figure 81), which is largely consistent with 

observational estimates (Kjeldsen et al. 2015) which predict a ~0.21 mm yr-1 contribution over 

the 20th century. Greenland mass loss has been driven by atmospheric warming (Hanna et al. 

2020) and reconstructions of Arctic temperatures suggest that significant warming occurred 

in the 19th century (Neukom et al. 2019). Trusel et al. (2018) reconstructed past melt rates from 

Greenland using refrozen melt layers in ice cores. They demonstrated that GrIS run off 

occurred from the mid 19th century in response to weakening of the Atlantic meridional 

overturning circulation and a shift to a negative North Atlantic Oscillation phase. The results 

from this study are furthermore supported by global sea-level data as Frederikse et al. (2020) 



 
274 

have attributed melting from the GrIS as a primary driver of global sea-level rise, especially 

from the 1940s.   

 

Finally, the results also indicate an above average contribution from the Antarctic Ice Sheet 

(AIS) to sea level (~11 %). It had been thought until fairly recently that the East Antarctic Ice 

Sheet (EAIS) had been largely stable, contributing 0.01 ± 0.13 mm yr-1 between 1992 – 2017 

(Shepherd et al. 2018). It was suggested that most mass loss had come from the West Antarctic 

Ice Sheet (WAIS; Shepherd et al. 2018). However, subsequent evidence using improved high-

resolution datasets and updated SMB estimates has suggested that, whilst most of the 

acceleration has indeed come from the WAIS (0.13 mm SLE yr-1 decade-1), contributions from 

the EAIS have also accelerated at 0.08 mm SLE yr-1 decade-1 (Rignot et al. 2019). Rignot et al. 

(2019) stated that over the last four decades, the cumulative contribution to sea level from the 

EAIS is close to that of the WAIS, and that their observations challenge the conventional view 

that the EAIS is/has been stable. This study also challenges this view and suggests more melt 

may have come from the AIS than previously assumed.  

 

Over the 20th century, most of the mass loss of the AIS has been dominated by dynamic ice 

loss (Bamber et al. 2018; Hanna et al. 2020), with increased sea-surface temperatures and the 

upwelling of saline deep circumpolar water likely drivers (Rignot et al. 2019). Rignot et al. 

(2019) found evidence of dynamic ice loss from as early as the 1970s, as well as periglacial 

retreat from the 1960s. Furthermore, significant warming trends have been found over much 

of the AIS since at least the 1950s (Abram et al. 2013; Bromwich et al. 2013; Steig et al. 2009). 

Like Greenland, this warming has also been attributed to early greenhouse gas emissions as 

well as internal climate variability (namely strengthening of the SAM) which has been driven 
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by atmospheric circulation changes resulting from ozone depletion (Abram et al. 2013). This 

therefore suggests future work may seek to further constrain AIS mass loss over the recent 

past to better understand the contributions of the WAIS, EAIS and Antarctic Peninsular to sea 

level over the 20th century.  

 

7.1.5 Limitations to the fingerprinting study and improving estimates of the 
barystatic GRD contribution to sea level 
 

Despite recent improvements to quantify mass loss of the AIS over the late 20th century, it 

remains very poorly constrained in comparison to the GrIS (largely due to its considerable 

extent which increases the uncertainty of SMB and GIA estimates (Shepherd et al. 2018). 

Unfortunately, there are only a few approaches available to constrain the mass loss history 

prior to the satellite era (e.g. sea-level fingerprinting and ice cores) and, currently, mass 

balance data only extend back the last four decades (Rignot et al. 2019). This is a large 

limitation to this study, as it was assumed that the late 20th century contribution of Antarctica 

was representative of the whole century.  

 

Furthermore, some evidence has pointed to an underestimation of both mass balance and 

SMB of the AIS even over the last few decades. For example, Agosta et al. (2019) stated that 

AIS SMB may have been miscalculated due to underestimating continental-scale sublimation 

and Sutterley et al. (2014) found that satellite altimetry was underestimating mass loss of the 

WAIS when compared to observational data. Hanna et al. (2020) suggested that the difference 

in mean mass loss estimates of 62 Gt yr-1 between Shepherd et al. (2018) and Rignot et al. (2019) 

likely arose from uncertainties in ice thickness and modelled SMB, as well as uncertainty in 
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GIA when processing GRACE data. Hanna et al. (2020) further noted that the range of mass 

loss estimations from the AIS does not seem to be reducing with time, and state that there is 

a lack of advancement in the mass balance determination methods, which is hindering a good 

understanding of AIS mass balance over the recent past. Shepherd et al. (2018) stated that 

further SMB model improvements, validations and intercomparisons are needed for EAIS 

mass balance and Rignot et al. (2019) suggested that more focus be placed on understanding 

mass loss of the EAIS. 

 

There are several ongoing developments which are improving estimates of historical ice sheet 

mass balance over the 20th century. For both the AIS and the GrIS, there are efforts to improve 

estimates of SMB via the SMB Model Intercomparison Project (SMB_MIP (Fettweis et al. 

2020)). This project aims to standardise model comparisons and evaluation using in situ and 

satellite data (Hanna et al. 2020) which will help to inform which model outputs are the most 

reliable/realistic. Another solution as mentioned in Chapter 2 is to downscale regional climate 

models to more accurately model ice sheet mass balance (Noël et al. 2018). The Randolph 

Glacier Inventory and the Greenland Ice Mapping Project have recently produced high-

resolution digital elevation models and glacier outlines of the GrIS (and its peripheral glaciers) 

which better represent boundary conditions for numerical modelling and statistical 

downscaling (van den Broeke et al. 2017). Expanding the long-term glaciological 

measurement programmes and glacier front observations in space and time will also aid with 

quantifying contributions to sea level over the recent past. 

 

Additionally, extending ice sheet mass-balance histories by incorporating empirical evidence 

from ice cores into mass balance models has recently been shown to be highly effective (Trusel 
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et al. 2018) and could be used to inform models in the future (e.g. Abram et al. 2013; Briner et 

al. 2020; Das and Alley, 2008; Trusel et al. 2018). Furthermore, the use of high-resolution RSL 

reconstructions in close proximity to the ice sheets may also help to inform about past 

barystatic GRD contributions (e.g. Long et al. 2010). Ongoing improvements to GIA models 

(i.e. shifting from 1D models which assume a uniform lateral rheology to 3D models that more 

accurately model the different rheologies) and allowing the GIA rate to vary through time 

(rather than assuming a temporally constant rate) will also improve estimates as currently, 

GIA models are large sources of uncertainty in AIS mass balance models (e.g. Gomez, 

Latychev and Pollard, 2018; Hanna et al. 2020; Whitehouse et al. 2019). 

 

Whilst glacier mass-balance histories are largely better resolved than those for the ice sheets, 

there are still issues with the spatial distribution of mass balance records which are biased to 

easily accessible regions such as western North America, central Europe, New Zealand, 

Scandinavia and Iceland (Zemp et al. 2015). As mentioned in section 7.1.4, there is a paucity 

of data in more inaccessible regions such as the peripheral glaciers of the AIS, Arctic Canada, 

Arctic Russia and the low latitudes (Zemp et al. 2015). The mass-balance histories of these 

understudied regions will likely be better resolved as improvements are made to modelling 

techniques and reconciling statistical, observational and altimetry data.  

 

This study used estimates of glacier contribution to sea level from Malles and Marzeion (2021) 

as these modelled results extend furthest back into the 20th century (from 1900) and because 

they are the most recent estimates with the most up-to-date validation data and Randolph 

Glacier Inventory version. As previously mentioned, there are some differences between the 

mass balance estimates of individual glacier regions over the late 20th century between Malles 
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and Marzeion (2021) and previously published literature (Bamber et al. 2018; Wouters, 

Gardner and Moholdt, 2019; Zemp et al. 2019; see Table 4 in Malles and Marzeion, 2021) which 

will bias the optimisation model; however, the authors note their estimates do mostly lie in 

the uncertainty of the global estimations (with a maximum of  ~0.2 mm yr-1 difference between 

their estimations and other estimations from the literature over the same time periods). 

Furthermore, many of the fingerprints are predicted at their lower or upper empirical 

uncertainty (Figure 81), which suggests that the bounds should either be extended, or that 

probabilities could be placed on the mean and confidence intervals to reconcile this. This may, 

however, significantly increase computational time, which may necessitate the removal of and 

or combination of ice masses to reduce the number of observations.  

 

Finally, the optimisation model would greatly benefit from more sea-level observations, 

specifically from those in locations from which the fingerprinting source can be more easily 

identified as the results tend to underpredict contributions from Arctic Canada and perhaps 

overpredict for some of the regions such as the southern Andes and western Canada and the 

US. For example, to better quantify AIS mass loss, we should reconstruct sea level for sites 

located in areas sensitive to Southern Hemisphere ice loss where we can use gradients of RSL 

rise to distinguish the ice mass. An area of particular interest would be the east coast of South 

America (taking into account the effect of localised GRD; Figure 83). Whilst the fingerprint of 

WAIS mass loss would be also observed along the Chilean coast, it would there be overprinted 

by earthquake deformation cycles, which cannot currently be sufficiently accounted for to 

provide tectonically corrected reconstructions (Garrett et al. 2020; Wesson et al. 2015). Some 

sections of the coastline are also affected by the Patagonian Ice Fields (Figure 83). 
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Other areas of interest to better quantify AIS loss would also be the southern tip of South 

Africa and southwestern Australia. Whilst there are a couple of RSL reconstructions in South 

Africa (Compton, 2001; Strachan et al. 2014), they are not at a high enough temporal resolution 

to study 20th century ice mass contributions, and there are currently no high-resolution RSL 

records from Western Australia. Also of interest would be an investigation into sites in the 

low latitudes, where both the GrIS and AIS signals should be present. For example, some high-

resolution coral records have been used to reconstruct Holocene sea level in the Pacific 

(Goodwin and Harvey, 2008; Hallmann et al. 2018; Majewski et al. 2022; Woodroffe et al. 2012) 

and future work could seek to quantify the barystatic contribution from both sources, which 

in theory, should be greatest in this region.  

 

 

 

 



 
280 

 
Figure 83. The gravitational, rotational and deformational effects (or “fingerprints”) of Mountain 
Glaciers, the Greenland Ice Sheet, West Antarctic Ice Sheet and East Antarctic Ice Sheet (all excluding 
peripheral glaciers). 

 

7.2 Summary 
 
This chapter has assessed the magnitude and rate of sea-level rise in the new RSL records from 

southeastern Australia and compared them with instrumental data from the wider Indo-

Pacific, as well the global average and a modelled sea-level budget. Over the early 20th century, 

rates of sea-level rise from Lutregala and Tarra agree more with tide-gauge data from the 

Indo-Pacific and the global average. However, over the second half of the 20th century, the 

rates of sea-level rise at Wapengo and Little Swanport decrease, which agrees better with the 

instrumental data, but the average rates of sea-level rise at Lutregala are far higher. The 

differences in both the magnitude of sea-level rise, as well as the timing of the onset in the 

RSL records may be attributable to a variety of linear and non-linear processes.  
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Varying the GIA rate does marginally change the onset of the acceleration in each 

reconstruction (especially for Tarra), and can account for, in part, some of the discrepancy 

between the onset of the acceleration between the records. However, assessing the Ea0 shows 

that even when accounting for uncertainty in GIA, the timing of the Ea0 is different for each 

site, and is especially disparate between the Lutregala and Little Swanport records (despite 

them being located in close spatial proximity). This suggests that there are other non-linear 

drivers of change causing the regional variability in sea level witnessed in the reconstructions. 

It remains unclear whether the variability has been driven by the foraminifera themselves (i.e. 

as a result of issues regarding re-working and infaunality), whether it is the response of the 

foraminifera to more localised changes in tidal range driven by waves, wind or atmospheric 

pressure changes, or whether it is a result of varying sterodynamic contributions to sea level.  

 

Currently, the budget shows that initially, the rapid rates were driven by the barystatic 

component ~1920 – 1940, but that rates were subsequently amplified and driven by the 

sterodynamic component where maximum rates were reached in the mid 20th century. Future 

work may seek to employ an ensemble of sterodynamic estimates to better estimate the 

sterodynamic contribution over the 20th century and or may seek to assess the timing of 

emergence of the modern acceleration in sea level using a more robust statistical approach 

such as that employed by Walker et al. (2022).  

 

To assess the contribution of the barystatic component to sea-level rise over the 20th century, 

the new records (excluding Lutregala as the record only starts in the last decade of the 19th 

century), together with published sea-level reconstructions and long tide-gauge records, were 

compared with sea-level fingerprints from melting ice masses. To find the combination of ice 
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masses that best fit the sea-level observations, an optimisation model was employed. The 

results suggest that the GrIS was the single largest barystatic contributor to sea-level rise over 

the 20th century, followed by Alaska, the Russian Arctic and western Canada and the US. This 

largely agrees with results found in the literature (e.g. Bamber et al. 2018; Box et al. 2018; 

Kjeldsen et al. 2015; Noël et al. 2018; Zemp et al. 2019), but the fingerprinting results suggest 

a bigger contribution from western Canada and the US, and a smaller contribution from Arctic 

Canada than is suggested in the literature from glaciological records and models (Box et al. 

2018; Malles and Marzeion, 2021; Noël et al. 2018). Results also suggest a significant 

contribution from Southern Hemisphere land-based ice such as the southern Andes and the 

AIS. The contributions from these ice masses to 20th century sea level are more uncertain in 

the glaciological literature (e.g. Braun et al. 2019; Dussaillant et al. 2019; Rignot et al. 2019; 

Shepherd et al. 2018; Wouters, Gardner and Moholdt, 2019; Zemp et al. 2019), and this 

suggests that the optimisation model would benefit from further sea-level observations, 

especially in areas sensitive to Southern Hemisphere ice loss.  

 

The model used in this study is especially limited by empirical estimates of the AIS 

contribution to sea level due to the poorly constrained mass loss history. Future work will 

rely on a better constraint of AIS mass loss over the 20th century, especially that before the 

satellite era. Whilst the study uses the most up-to-date and longest term estimations of glacier 

contribution to sea level over the 20th century, Malles and Marzeion (2021) note that mass loss 

estimates of some glacier regions are different to those previously estimated in the literature 

(e.g. Wouters, Gardner and Moholdt, 2019; Zemp et al. 2019), and the results from this study 

are biased towards the empirical estimations from that study. It is clear that more work is 

needed to better constrain the ice mass loss history of glaciers in more remote locations and 
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the ice sheets over the 20th century and into the 19th century and beyond. Future work therefore 

may seek to combine modelling with proxy records such as has been done by Trusel et al. 

(2018) for the GrIS in order to quantify ice loss over longer time scales. 
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8.0 Introduction 
 

This thesis has generated RSL reconstructions for three sites in southeastern Australia: 

Lutregala salt marsh (Bruny Island, Tasmania), Wapengo salt marsh (New South Wales) and 

Tarra salt marsh (Victoria) (Chapter 3). The sites were chosen because previous work from 

Little Swanport, Tasmania (Gehrels et al. 2012) suggested that the sea-level acceleration 

between ~1850 and ~1950 was more rapid in southeastern Australia than from comparable 

records from the North Atlantic (Chapter 1). Instrumental records from tide gauges from the 

region are too short to capture the acceleration, and so further records were needed to confirm 

the rapid rates of the Little Swanport reconstruction.  

 

Therefore, this study set out to test the hypotheses that: 

 

(i) Sea-level rise between ~1850 and ~1950 was faster in southeastern Australia than 

in the North Atlantic region. 

If confirmed, geophysical theory predicts that far-field (i.e. Northern Hemisphere) ice melt 

could explain the difference. Therefore, a second hypothesis to be tested in this study was 

that: 

 
(ii) Arctic land-based ice melt was responsible for the global sea-level acceleration(s) 

between ~1850 and ~1950.  

The new sea-level reconstructions for southeastern Australia were established to test these 

hypotheses (Chapter 6) in conjunction with a comprehensive review of land-ice contributions 
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to regional and global sea-level change during the 20th century (Chapters 2 and 7). This was 

achieved through the following objectives: 

 

1. Record and analyse the distribution of modern foraminiferal assemblages from 

salt marshes in southeastern Australia to create new sea-level transfer function 

models for the region (Chapter 5). 

2. Document the stratigraphy of the sites and undertake foraminiferal analyses 

on representative salt-marsh cores (Chapter 6). 

3. Establish a chronology for each core using a multiple dating approach 

(Chapter 6). 

4. Reconstruct the timing and magnitude of sea-level rise across southeastern 

Australia at three sites (Chapter 6). 

5. Compare the novel sea-level records to sea-level fingerprint models, ocean 

dynamic models and historical records of ice melt (Chapter 7).  

This chapter summarises the main findings of this study. 

8.1 Sea-level transfer functions 
 

Chapter 5 presented two new local training sets for southeastern Australia from Lutregala 

and Wapengo, as well as (sub)regional training sets which both included and excluded 

samples from the previously published Little Swanport site. The local training set for Tarra 

was excluded from the regional model because the local transfer function model performed 

poorly, with samples largely predicted at the same elevation. When samples from Tarra were 
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combined with samples from Wapengo and Lutregala, it also reduced model precision and 

did not provide a wider range of potential analogues for fossil samples.  

 

PAM and silhouette analysis showed samples were clustered into three distinct biozones, 

grouped by elevation (i.e. frequency of tidal inundation). The local transfer functions for 

Lutregala and Wapengo performed well and were able to predict sea level with decimetre-

scale precision; however, when Little Swanport samples were included in a regional model 

with the Lutregala and Wapengo samples, it reduced the vertical precision of the model. 

Again, including the samples did not provide a wider range of analogues than the training set 

comprised of samples from Lutregala and Wapengo, therefore they were not included in the 

final regional training set (Regional II).  

 

The performance of the classical models were compared with Bayesian transfer functions. The 

comparison showed that the Bayesian transfer functions had marginally higher vertical 

precision for the local training sets, and marginally lower precision for the regional training 

set. Overall, analysis showed that using the Bayesian models for the RSL reconstructions 

would not result in significantly different reconstructions to those generated using the 

classical models.  

8.2 Sea-level reconstructions 
 

Chapter 6 presented the stratigraphy, fossil foraminifera, PMSE estimates, chronologies and 

RSL reconstructions for Lutregala, Wapengo and Tarra (as well as a RSL reconstruction for 

Little Swanport updated using the SHCal20 radiocarbon calibration curve). At all sites, the 
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stratigraphy of the marshes were comprised of three main units, containing a basal unit of a 

Holocene sand or silt (often characterised by yellow mottling), overlain by a brown-grey tidal 

flat silt and topped by a unit of salt-marsh peat. PMSE estimates ranged from 0.64 – 1.33 m 

with uncertainties of 0.6 – 0.12 m (1 !). The reliability of the modern foraminifera as sea-level 

indicators was assessed using the MAT. This showed that all fossil samples had at least a fair 

modern analogue using either a local or the regional II training set.  

 

Chronologies were established using multiple dating methods including 14C AMS, radiogenic 

lead (210Pb), stable lead isotopes and pollen. The dating resolution was high from present back 

to ~1830 but decreased significantly below this depth due to a lack of dateable organic material 

in the cores, as well as there being no further anthropogenic chronohorizons. As the dating 

resolution declined significantly before ~1830 and because foraminifera in the silt and sand 

units of the cores were incongruous with the sedimentology (perhaps suggesting reworking 

and or issues with test preservation) sea level was only reconstructed from the organic units 

of the core. In total, records span from ~1830 – 2018.   

 

The new reconstructions suggest that sea level has risen by ~0.2 – 0.3 m over the last 200 years. 

Although both the timings and magnitudes differ between sites, all sites showed evidence of 

a sea-level acceleration in either the late 19th century or early 20th century, in agreement with 

the Little Swanport reconstruction (Gehrels et al. 2012) and thus confirming the first 

hypothesis of this study.  

 



 
289 

8.3 Drivers of sea-level change in southeastern Australia  
 

Inter-site variability in southeastern Australian RSL in the early 20th century may be attributed 

to a variety of both linear and non-linear processes. The influence of GIA uncertainty on the 

timing of the acceleration was ascertained by observing how detrending by the minimum 

(lower 95 % CI), median and maximum (upper 95 % CI) rate affected the timing of Ea0 (i.e. 

the onset of acceleration). Whilst detrending the records using different GIA rates did affect 

the timing of the Ea0, the effect was minimal (typically on the order of years), especially for 

Lutregala, Wapengo and Little Swanport. This suggests that non-linear processes are 

primarily responsible for the variability in the RSL reconstructions. Currently, it remains 

unclear what is causing this disparity. Differences could be a result of the foraminifera 

themselves (re-working and/or infaunality), the response of the foraminifera to changes in the 

local tidal range (perhaps as a result of wind, wave or atmospheric pressure-induced changes) 

and/or changes in RSL driven by local sterodynamic sea level.  

 

The barystatic GRD and IBE components remained largely consistent between sites. 

Maximum average rates of sea-level rise were high in the early 20th century, reaching up to 

4.0 (-0.4 – 7.1) mm yr-1 between 1900 – 1949. The budget showed that initially, the barystatic 

GRD component drove the acceleration, contributing ~1.6 mm yr-1 to sea level between 

1900 – 1949. However, from ~1930 – 1940, the sterodynamic component amplified and 

subsequently drove sea level, contributing up to ~4.0 mm yr-1 at its peak in the mid 20th 

century. The second hypothesis tested in this thesis suggested that barystatic sea level was the 

driver of the 1850 – 1950 acceleration; however, the study has brought to light new evidence 

which indicates that the sterodynamic component (as a result of changes in ocean density and 
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circulation caused by increased sea surface temperatures, changes in wind stress, increasing 

overturning circulation and phase changes in dominant climate modes) was the primary 

driver of the acceleration. Therefore, the hypothesis is rejected and instead, it is proposed that 

a combination of both sterodynamic and barystatic sea-level rise drove the sea-level 

acceleration between 1850 and 1950, with sterodynamic sea level the main cause of the 

acceleration. 

8.4 Contributions of melting land ice to 20th century global sea 
level 
 

Sea-level fingerprinting analyses in Chapter 7 demonstrated that the largest single barystatic 

contributor to global sea level in the 20th century was the GrIS (17 %). Observational evidence 

for the GrIS only extends to 1900, but data suggest significant losses from the early 20th century 

(especially between 1920 – 1940). Furthermore, melt layers in ice cores suggest mass loss from 

the GrIS since the mid 19th century (Kjeldsen et al. 2015; Trusel et al. 2018) which suggests 

melting has occurred since the onset of industrial-era warming.  

 

The fingerprinting results also suggested significant contributions have likely come from 

Alaska (14 %), the Russian Arctic (10 %), Western Canada and the US (9 %), central and 

southern Asia (16 % combined) and the southern Andes (8 %). This largely agrees with the 

literature (e.g. Malles and Marzeion, 2021; Wouters, Gardner and Moholdt, 2019; Zemp et al. 

2019), although the results do not suggest as large a contribution from Arctic Canada (8 %) 

which is in contrast to most other recent findings (e.g. Noël et al. 2018). This may be a result 

of using the empirical estimates from Malles and Marzeion (2021) for which Arctic Canada 

has a large uncertainty due to the high number of marine-terminating glaciers in the region.  
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The results also suggest significant mass loss from some Southern Hemisphere sources 

including the AIS (11 %) and southern Andes (8 %). Mass loss from the southern Andes is 

only really well constrained over the early 21st century, but longer-term evidence suggests that 

the Andean Cordillera has been losing mass since at least the second half of the 20th century. 

Mass loss from the AIS remains subject to debate, with large uncertainty between estimates 

for the late 20th century. Some recent work, however, suggests significant loss from both the 

WAIS and EAIS since at least the 1960s and 1970s (Rignot et al. 2019). It is clear that further 

work is still needed in order to quantify loss over the 20th century (Hanna et al. 2020; Rignot 

et al. 2019; Shepherd et al. 2018).  

 

To conclude, this study has generated three new RSL reconstructions for southeastern 

Australia. The new records demonstrate that early 20th century sea level was more rapid in 

southeastern Australia than in comparable records from the Northern Hemisphere. The 

barystatic component likely initiated the sea-level acceleration, with contributions from the 

GrIS, AIS and other large, glaciated regions such as Alaska, the Russian Arctic and Asia. It is 

probable that these ice bodies have lost mass in response to natural climate variability, as well 

as anthropogenically-induced climate change (driven primarily by greenhouse gas 

emissions). However, the hypothesis is rejected as this study adds further evidence which 

suggests that a combination of both barystatic and sterodynamic contributions drove the 

acceleration in southeastern Australia, with the sterodynamic component primarily 

responsible for the rapid rates (especially between 1930 – 1950).  
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8.5 Recommendations for future work 
 
From this study, the following recommendations for future work are drawn: 

 

As documented in Chapter 7, it is clear that high-resolution RSL studies can help to better 

quantify longer-term ice-mass loss beyond the satellite era, but that more observations are 

needed, in particular from the Southern Hemisphere. Currently, there remains large 

uncertainties of 19th and early 20th sea level in the South Atlantic Ocean and South Pacific 

Ocean. Future research efforts should be placed on targeting sites on the west coast of South 

America, the southern tip of South Africa, southwestern Australia and the low latitudes which 

would help to better constrain the uncertainties in these regions. Furthermore, the, sites could 

be chosen to exploit gradients of the barystatic GRD fingerprint of ice mass loss (i.e. using 

transects of sites north to south) which will help to elucidate whether the fingerprint of 

Northern or Southern Hemisphere ice loss is captured in RSL records.  

 

Additionally, future studies should attempt to better quantify contributions of glaciers and 

the ice sheets to GMSL over the last two centuries, as currently this represents a large 

uncertainty. Whilst the 20th century contribution of the GrIS is largely now well quantified, 

uncertainty remains prior to ~1900. Similarly, for some glaciers (namely those in accessible 

regions such as North America and Europe), the 20th century contributions are also well 

understood, but for glaciers in the Russian Arctic and Southern Hemisphere, even the 20th 

century mass-balance histories are not well determined. Likewise, the AIS mass balance is 

very poorly constrained over the 20th century due to its considerable size. Therefore, of great 

importance will be understanding the early-mid 20th century contributions, and ideally the 
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19th century mass balance history of the ice sheets. Perhaps of primary importance is to better 

constrain mass losses in more remote locations over the 20th century (a similar issue was 

highlighted by Parkes and Marzeion (2018) of the importance of including small and 

disappeared glaciers in the estimation of the contribution to 20th century sea level) and 

subsequently to try to extend all histories into at least the 19th century to better understand 

their histories since the LIA. This may be achieved by combining ice-core studies with sea-

level fingerprinting studies to quantify mass loss over longer time scales. Both approaches, or 

the combined approach, may then help to inform statistical models to improve mass balance 

models and estimates. 

 

This study has also shown that it is valuable to assess the effect of uncertainty in GIA on RSL 

records and consider how this may affect the timing in the onset of the acceleration and the 

magnitude of RSL change. Detrending records via the minimum, median and maximum rates 

may be especially important for RSL reconstructions which reconstruct sea level back through 

the Common Era and beyond into the late Quaternary where the effect of GIA uncertainty 

becomes larger. 

 

Finally, the sterodynamic component of 20th century sea-level change needs to be better 

constrained. Results from Chapter 6 have demonstrated that using ocean reanalysis models 

to reconstruct sterodynamic sea level is of crucial importance for understanding the drivers 

of RSL; however, only one estimate of sterodynamic sea level was used in this study. 

Therefore, future work should seek to develop and use multiple ocean reanalysis products 

with ensemble uncertainties that may more accurately model sterodynamic contributions. 

Furthermore, this study has demonstrated that variability between RSL records is attributable 
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to differences in dynamic regimes, therefore future work may further assess the role of ocean 

circulation changes in explaining regional differences between individual locations. It has also 

shown that comparing RSL reconstructions to a sea-level budget is valuable in regions where 

there is limited temporal and spatial availability of reliable tide-gauge data. Therefore, studies 

may seek to compare RSL records to a modelled sea-level budget alongside tide-gauge records 

to assess the reliability of the proxy data. 
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Appendix I. Tarra local transfer function  
 
Whilst modern surface samples were taken at Tarra, the performance of the transfer function 

model was very poor, and so the samples were not included in the regional model or used as 

a local training set in Williams et al. (2021). This appendix describes the sampling process, 

distribution of modern species and why the decision was made to not include the samples in 

the transfer function models. 

 

Modern surface training sets of foraminifera were taken along two transects at Tarra marsh 

(Figure 31; Figure A1). Combined the two transects have a vertical range of 0.6 m. Forty one 

samples were taken in total and five samples had total counts less than 50 individuals, 

therefore these samples were removed from the training set. Foraminifera found in the 

samples include: Trochamminita salsa, Haplophragmoides wilberti, Polysacammina ipohalina, 

Trochamminita irregularis, Trochammina  inflata, Siphotrochammina lobata, Entzia macrescens, 

Ammobaculites exiguus and Ammotium fragile. Within the remaining samples, total counts range 

from 51 – 636 individuals with an average of 190 individuals per sample. Trochammina inflata 

dominates the training set (24 – 98 %) representing at a minimum at least ¼ of the assemblage 

in every sample. Entzia macrescens is sub-dominant (0 – 54 %) and is found in most samples 

across the training set. As Transect 6 does not have a clear downward elevation gradient, the 

typical high-elevation species T. salsa (that would usually be restricted to the upper elevations 

in Australasian marshes (Hayward and Hollis, 1994; Williams et al. 2021)) is found both at the 

start and the end of the transect. Haplophragmoides wilberti and M. fusca increase down transect. 

Ammobaculites exiguus is found generally at the lower elevations which is around 50 m along 
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Transect 6. Along transect 7, T. inflata, E. macrescens and M. fusca dominate the transect, with 

A. exiguus found in the lowest elevation sample. 

 

 

Figure A1. Relative abundance of foraminifera along surface transects 6 (left) and 7 (right) at Tarra salt 

marsh. Samples with total counts less than 50 are represented by unfilled bars. Species shown represent 

at least 10% in one sample. Vegetation zones are also plotted (See Chapter 3). 

 

The Tarra local transfer function was subject to the same transfer function development steps 

as all other models detailed in Chapter 4. DCCA results yielded an axis 1 length of 0.63, 

therefore a PLS model was employed. Whilst the RMSEP of the model is similar to that of the 
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other local models (RMSEP = 0.08 m), the model performed very poorly with an r2boot of 0.02 

(Figure A2). Many of the samples are predicted at the same elevation ~1.20 – 1.25 m.  This is 

because T. inflata dominates so many of the samples which has an optima ~1.20 m (Figure A2; 

Figure A3).  

 

As detailed in Chapter 5, some studies have advocated for using regional training sets to 

reconstruct PMSEs where no good analogues are available from a local training set or where 

a local transfer function model performs poorly. However, this must be done with caution as 

analogues derived from marshes with very different species-environment relationships may 

not be representative of the local marsh environment. Therefore, in order to determine 

whether the regional II training set would be suitable for the Tarra PMSE reconstruction, 

species optima and tolerances were compared between the two training sets (Figure A4). Data 

show that species-elevation relationships between the models are quite similar, especially 

between dominant species such as E. macrescens and T. inflata which have optima with 2 SWLI 

unit differences between the two training sets. There are some larger discrepancies between 

less common foraminifera such as T. salsa and M. fusca which have differences of 11 SWLI 

units and 16 SWLI units respectively. The largest difference between the two training sets is 

in A. exiguus (25 SWLI). This is due to the rarity of the species at Tarra, and, as such would not 

be a prominent driver in resulting transfer function reconstructions. As the differences in 

species optima and tolerance between the regional training set and the Tarra local training set 

were minimal, the Tarra reconstruction was conducted with the regional II transfer function. 

See Chapter 6 for resulting PMSE reconstructions. 
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Figure A2. Tarra local transfer function model. 

 

 



 
336 

 
 

Figure A3. Modern foraminiferal abundances at Tarra showing species that contribute at least 10 % to 

one sample. Light blue denotes samples with counts greater than 50 individuals, dark blue denotes 

counts with less than 50 individuals.  
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Figure A4. Comparison of species optima and tolerance in the Tarra modern training set and the 

regional II training set. Upper dotted line = HOF, lower dotted line = MSL. 

 

There are several factors which may have caused the limited zonation at Tarra. Firstly, there 

is a fairly limited vertical range at the site which is evident in (Figure A2) which has led to 

very little contrast between the ecological zones in the marsh. This is further reflected by the 

largely homogenous vegetation across the marsh. Trochammina inflata is able to inhabit a large 

proportion of the sampled elevation gradient in the marsh (Figure A2). Another reason for 

the lack of zonation may pertain to the input of fresh water into the marsh. The range of T. salsa 

is large and is not just restricted to the upper elevations of the marsh, which suggests that the 

marsh is not particularly saline even at the lower elevations. This could relate to the position 

of the marsh within the estuary, as the site is located quite far up estuary and the Tarra river 

fronts the marsh which likely floods and inputs fresh water into the system, but also there 
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may be seepage from the surrounding catchment, as Phragmites (a common salt-intolerant 

reed) is found further south in the marsh beyond the section of the marsh explored in this 

study (Sinclair, S. 2021, pers comm 8 June). Finally, many of the wetlands along the 

Nooramunga and Corner Inlet have been, or currently are, used for agriculture and grazing 

(West Gippsland Catchment Management Authority, 2013). Around the whole area, many of 

the salt marshes have been subject to drainage and have been channelised which has lowered 

the water table in the marshes, reduced salinity and oxidised the surface soils (Capon, James  

and Reid, 2016) therefore it is likely that a combination of the site’s position in the estuary 

alongside previous and current land management has resulted in significant fresh water 

inputs into the marsh and has reduced the lateral zonation across the marsh surface. 
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Appendix II. Bayesian transfer functions  
 
Bayesian transfer functions are an alternative method by which PMSEs can be derived. Their 

main benefits include: 1. the ability to incorporate ‘priors’ to further constrain elevation and 

2. they do not just assume linear or unimodal species responses like the classical models do 

(Cahill et al. 2016). Since the publication of Williams et al. (2021), code to generate Bayesian 

transfer functions has been made available online – package ‘BTF’ (Cahill, 2021). Therefore, a 

comparison of the predictive performance of the classical and Bayesian models (Table A1) 

has been undertaken in order to determine the efficacy of Bayesian transfer functions on the 

Australian training sets (Lutregala local, Wapengo local and regional II).  

 

Table A1 shows that for both the Lutregala local and Wapengo local models, the Bayesian 

predictive capability is better than the classical models (for Lutregala there is a difference in 

RMSEP of ~0.1 SWLI and for Wapengo there is a difference in RMSEP of ~2.3 SWLI). In 

regional II however, the Bayesian model has a marginally higher RMSEP than the classical 

model (~0.1 SWLI). Comparisons between the two models across all training sets show that 

whilst the Bayesian transfer function may be advantageous due to the smaller errors,  using 

the Bayesian models for RSL reconstructions would not result in significantly different 

reconstructions to those generated using WA-PLS models (Figure A5).  
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Table A1. Comparison of the root-mean-squared-error-of-prediction (RMSEP) between the chosen 

classical models from Williams et al. (2021) and Bayesian transfer function for each model. 

Model Classical RMSEP (SWLI) Bayesian RMSEP (SWLI) 

Lutregala local 6.42 6.29 

Wapengo local 9.73 7.39 

Regional II 7.66 7.74 
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Figure A5. Comparison of Bayesian and classical (weighted-averaging partial least squares; WA-PLS) 

models for the Lutregala and Wapengo local training sets and regional II training set showing mean 

(circles) and 95 % prediction uncertainties. 
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Appendix III. Modern foraminifera paper (Chapter 5) 
supplementary material  
 

Table A2. Detrended Correspondence Analysis axis scores for the Lutregala, Wapengo and Regional 

(Lutregala, Wapengo and Little Swanport combined) training sets. 

Training set DCA axis 1 DCA axis 2 DCA axis 3 DCA axis 4 
Lutregala 0.56 0.24 0.12 0.13 
Wapengo 0.72 0.26 0.30 0.17 
Regional 0.65 0.33 0.22 0.22 

 

 

Figure A6. A. Transfer function performance for sub-regional and B. Regional I training sets showing 

plateauing of Little Swanport samples when combined with the Lutregala and Wapengo training sets. 

Data are presented with elevation converted to Standardised Water-Level Index (SWLI). 95 % 

prediction uncertainties are given for each sample.
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Appendix IV. Foraminifera data tables 
 

Table A3. Surface foraminifera counts from Lutregala (LG), Wapengo (WAP) and Tarra (TAR) converted to percentage. T. s = T. salsa, H. w = H. wilberti, P. i = 

P. ipohalina, T. ir = T. irregularis, E. m = E. macrescens, T. i = T. inflata, S. i = S. lobata, M. f= M. fusca, A. a = A. agglutinans, A. e = A. exiguus, A. s = A. subcatenulatus, 

P. h = P. hyperhalina, H.g = H. germanica, A. f = A. fragile, A. b = A. beccarii, T sp.= Textularia sp.  

Sample Elevation (m AHD)  T. s H. w P. i T. ir E. m T. i S. l M. f A. a A. e A. s P. h H. g A. f A. b T sp.  Total 

LG24 0.94 10.4 30.0 0.0 2.1 4.4 50.0 0.4 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14 

LG30 0.92 0.0 0.0 0.0 11.8 58.8 27.5 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18 

LG32 0.87 0.0 0.0 0.0 1.2 28.6 69.4 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 167 

LG36 0.85 0.0 0.0 0.0 2.8 26.5 26.1 0.9 43.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 320 

LG38 0.84 0.0 15.8 0.0 11.1 3.5 68.4 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 257 

LG48 0.81 0.0 0.0 0.0 0.0 66.7 25.1 2.9 5.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 281 

LG7 0.87 0.4 0.0 0.0 1.6 2.8 19.4 0.0 75.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 122 

LG60 0.82 0.0 0.0 2.0 6.3 19.6 27.1 1.2 43.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 524 

LG6 0.76 0.0 0.4 0.0 0.4 56.6 42.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 47 

LG120 0.87 77.8 0.0 0.0 22.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 223 

LG130 0.79 44.4 9.4 0.0 0.0 5.4 40.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 252 

LG135 0.81 75.4 1.8 0.0 3.6 17.4 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 814 

LG5 0.82 0.0 0.0 2.1 0.3 18.5 38.4 0.3 40.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 66 

LG160 0.82 68.0 8.2 0.0 2.5 7.4 7.4 0.0 6.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 101 

LG170 0.80 51.9 10.3 0.0 0.0 13.4 24.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 90 

LG185 0.77 56.0 28.8 0.0 0.4 6.6 8.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 63 

LG4 0.77 0.0 0.0 0.0 0.0 9.4 82.8 0.0 7.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 76 
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LG215 0.76 0.0 0.0 0.0 0.0 45.5 53.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16 

LG225 0.74 3.0 34.7 0.0 9.9 4.0 46.5 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 157 

LG230 0.73 39.5 43.1 0.0 0.0 6.4 8.9 0.0 2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102 

LG1 0.75 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 116 

LG240 0.70 0.0 0.0 0.0 37.8 61.1 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 452 

LG245 0.72 2.0 13.9 0.0 4.8 10.7 63.9 0.0 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 244 

LG255 0.66 0.0 0.0 0.0 9.4 63.9 12.0 0.0 14.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 171 

LG260 0.68 0.0 0.0 0.0 3.2 71.4 25.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 567 

LG2 0.60 49.2 13.7 0.0 13.0 11.5 9.2 0.2 3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 59 

LG275 0.64 0.0 0.0 0.0 0.0 59.2 39.5 0.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 383 

LG280 0.61 0.0 0.0 0.0 6.3 12.5 18.8 0.0 62.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 247 

LG285 0.60 10.6 14.9 0.0 0.0 61.7 12.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 56 

LG3 0.68 0.7 0.2 0.0 1.7 65.6 31.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 64 

LG290 0.58 0.0 0.0 0.0 1.7 12.9 83.6 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 186 

LG295 0.56 0.0 0.6 0.0 4.5 24.8 64.3 0.0 5.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 151 

LG305 0.18 0.0 0.4 0.0 0.0 18.9 27.5 0.8 52.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 148 

LG315 0.22 0.0 0.0 0.0 3.1 19.7 35.8 0.0 41.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 174 

ST2-LG-20 0.77 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

ST-2LG0 0.79 0.0 0.7 0.4 13.3 3.2 22.9 0.0 59.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 233 

ST-2LG40 0.74 0.0 0.0 0.0 0.0 0.0 0.0 0.0 90.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 0.0 410 

ST-2LG60 0.69 0.0 2.3 0.0 0.0 0.6 30.5 0.0 66.1 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 412 

ST-2LG80 0.68 0.0 0.0 0.0 0.0 0.7 1.4 0.0 97.3 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 171 

ST-2LG100 0.63 0.0 5.4 0.0 8.9 12.5 37.5 0.0 35.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 272 

ST-2LG120 0.62 0.0 10.2 0.0 6.8 11.9 64.4 0.0 6.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 255 

ST-2LG140 0.61 0.0 3.7 0.0 0.6 3.0 39.6 0.0 53.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 279 

ST-2LG160 0.59 0.0 3.5 0.0 0.0 0.0 19.3 1.8 75.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 328 

ST-2LG190 0.58 0.0 2.2 0.0 19.9 0.5 29.0 0.0 48.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 57 
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ST-2LG220 0.24 0.0 15.2 0.0 0.7 2.0 23.8 0.0 58.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10 

ST-2LG235 0.32 0.0 0.0 0.0 0.0 6.7 40.0 0.0 53.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8 

ST-2LG240 0.34 0.0 0.0 0.0 0.0 12.5 25.0 0.0 62.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 15 

WAP -10 ST-1 1.10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

WAP -5 ST-1 1.07 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12 

WAP -7.5 ST-1 1.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

WAP 0 ST-2 1.02 5.2 0.0 0.0 0.0 5.8 83.2 2.3 3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 173 

WAP 1 ST-1 1.01 75.0 0.0 0.0 0.0 0.0 25.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4 

WAP 2 ST-1 1.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

WAP 5 ST-1 0.99 12.5 0.0 0.0 0.0 87.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16 

WAP 7 ST-1 0.98 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3 

WAP 22 ST-1 0.96 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17 

WAP 28 ST-1 0.94 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

WAP 110 ST1 0.91 0.0 1.2 1.2 0.0 6.0 91.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 83 

WAP 35 ST-1  0.90 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

WAP 120 ST-1 0.87 0.0 9.1 0.0 0.0 10.9 76.4 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 55 

WAP 60 ST-1 0.87 1.4 0.0 0.0 0.0 54.9 39.4 0.0 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 142 

WAP 10 ST-2 0.85 0.4 0.0 0.0 0.0 12.7 78.0 5.5 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 236 

WAP 15 ST-2 0.84 0.0 0.0 0.0 0.0 0.0 71.4 14.3 14.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7 

WAP 20 ST-2 0.83 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

WAP 122 ST-1 0.83 0.0 0.0 0.0 0.0 0.0 0.0 0.0 72.8 1.2 26.0 0.0 0.0 0.0 0.0 0.0 0.0 254 

WAP 5 m ST-2 0.83 0.4 0.0 0.0 1.2 19.2 48.5 0.4 30.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 260 

WAP 30 ST-2  0.82 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2 

WAP 25 ST-2 0.82 0.0 0.0 0.0 0.0 11.8 86.8 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 68 

WAP 125 ST1 0.80 0.0 0.0 1.4 0.0 21.4 61.4 0.0 15.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70 

WAP 35 ST -2 0.78 0.0 0.0 4.3 0.0 21.7 65.2 0.0 8.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23 

WAP 130 ST1 0.77 0.0 0.0 35.2 0.0 23.1 36.3 5.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 91 
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WAP 135 ST-1 0.75 0.4 1.5 9.3 0.0 1.5 81.7 4.1 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 268 

WAP 140 ST-1 0.73 0.0 0.0 71.0 1.7 9.1 13.9 0.0 2.6 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 231 

WAP 144 ST-1 0.73 0.0 0.0 3.9 0.0 46.1 46.1 0.0 3.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 76 

WAP 40 ST-2 0.73 0.0 0.0 0.0 0.0 10.8 89.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 74 

WAP 45 ST-2 0.71 0.0 0.0 7.8 0.0 19.6 0.0 0.0 71.6 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102 

WAP 150 ST-1  0.69 0.0 0.0 3.1 4.7 20.3 10.9 0.0 60.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 64 

WAP 50 ST-2 0.68 0.0 0.0 17.0 0.0 19.9 62.4 0.0 0.3 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 311 

WAP 55 ST-2 0.67 0.0 0.0 3.5 0.0 85.0 7.1 0.0 4.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 113 

WAP 60 ST-2 0.64 0.0 0.0 13.0 0.0 71.3 15.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 115 

WAP 155 ST-1 0.64 0.0 0.0 3.6 0.0 29.1 67.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 55 

WAP 159 ST1 0.63 0.0 0.0 27.4 0.0 43.8 0.0 0.0 28.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 73 

WAP 160 ST-1 0.60 1.7 0.0 5.1 0.0 30.5 59.3 0.0 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 59 

WAP 165 ST-1 0.58 0.0 0.0 0.0 0.0 9.5 71.4 0.0 14.3 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21 

WAP 170 ST-1 0.56 0.0 0.0 0.0 0.0 0.0 0.9 0.0 33.3 7.1 49.3 0.4 8.9 0.0 0.0 0.0 0.0 225 

WAP 175 ST 1 0.56 0.0 0.0 0.0 0.0 0.0 46.1 0.0 16.6 1.8 34.0 0.0 1.5 0.0 0.0 0.0 0.0 453 

WAP 180 ST-1 0.54 0.0 0.0 0.0 0.0 0.0 0.0 0.0 63.6 2.9 30.1 0.0 3.5 0.0 0.0 0.0 0.0 173 

WAP 190 ST-1 0.47 0.0 0.0 0.0 0.0 0.0 0.0 0.0 80.0 0.0 19.3 0.0 0.7 0.0 0.0 0.0 0.0 140 

WAP 200 ST-1 0.46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 50.0 1.0 47.9 0.0 1.0 0.0 0.0 0.0 0.0 96 

WAP 210 ST-1 0.45 0.0 0.0 0.7 0.0 0.0 0.3 0.0 48.2 5.6 44.6 0.0 0.7 0.0 0.0 0.0 0.0 303 

WAP 230 ST-1 0.42 0.0 0.0 0.0 0.0 0.0 1.5 0.0 89.6 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 67 

WAP 240 ST-1 0.38 0.0 0.0 0.0 0.0 0.0 0.6 0.0 82.0 0.0 17.4 0.0 0.0 0.0 0.0 0.0 0.0 328 

TAR ST -2 0.5 1.62 0.0 0.0 0.0 0.0 18.2 81.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11 

TAR ST-2 1  1.59 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

TAR ST-2 90 1.35 8.3 0.0 0.0 0.0 14.0 72.7 2.5 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 121 

TAR ST-2 130 1.35 8.0 1.5 0.0 0.5 13.9 68.7 0.0 7.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 201 

TAR ST-2 80 1.34 8.0 5.6 0.0 0.0 0.0 84.8 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 125 

TAR ST-2 120 1.32 7.9 0.0 0.0 1.8 11.5 70.9 0.0 7.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 227 
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TAR ST-2 100 1.30 4.0 0.8 0.0 0.0 3.2 58.7 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 126 

TAR ST-1 5 1.29 2.6 0.4 0.0 0.0 11.9 80.9 1.3 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 235 

TAR ST-1 10 1.25 1.3 0.0 0.0 0.0 8.0 88.4 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 225 

TAR ST-1 125 1.23 10.1 2.2 0.0 0.9 4.7 37.1 0.0 45.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 636 

TAR ST-1 110 1.23 0.0 0.0 0.0 2.1 30.8 60.4 0.0 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 240 

TAR ST-1 7 1.23 29.5 0.0 0.0 0.0 15.0 55.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 220 

TAR ST-2 140 1.22 0.0 2.0 0.0 0.0 3.9 35.3 0.0 5.9 0.0 49.0 0.0 0.0 0.0 3.9 0.0 0.0 51 

TAR ST-1 115 1.22 0.0 0.0 0.0 0.7 23.5 75.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 272 

TAR ST-1 15 1.22 0.0 0.0 0.0 0.0 0.0 93.8 0.0 6.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16 

TAR ST-1 130 1.21 0.8 7.2 0.0 0.0 3.4 54.0 6.8 27.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 237 

TAR ST-1 116 1.21 0.0 0.0 0.0 0.0 35.5 64.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 287 

TAR ST-1 12 1.21 0.0 0.0 0.0 0.0 15.1 79.6 3.2 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 93 

TAR ST-1 0 1.20 10.1 1.4 0.0 1.4 0.0 81.8 0.0 5.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 148 

TAR ST-1 107 1.20 0.0 0.0 0.5 0.0 53.7 44.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 218 

TAR ST-1 120 1.20 0.4 0.8 0.0 0.0 15.3 81.5 0.4 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 249 

TAR ST-1 135 1.19 5.1 2.0 0.0 0.0 9.7 47.1 10.3 25.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 350 

TAR ST-1 105 1.19 0.0 0.0 0.0 0.0 19.1 78.7 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 178 

TAR ST-1 20 1.19 0.0 0.0 0.0 0.0 15.7 84.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 229 

TAR ST -2 20 1.18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

TAR ST-1 17 1.18 0.0 0.0 0.0 0.0 0.0 98.4 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 123 

TAR ST-1 19 1.18 0.0 0.0 0.0 0.0 2.7 96.6 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 263 

TAR ST -1 65 1.18 6.9 0.0 0.0 3.4 32.8 53.4 0.0 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 58 

TAR ST-1 25 1.17 0.0 0.0 0.0 0.0 10.3 83.8 0.0 5.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 271 

TAR ST-1 95 1.17 0.0 8.7 1.0 1.0 10.7 74.8 0.0 3.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 103 

TAR ST-1 35 1.17 0.0 0.0 0.0 0.5 37.7 59.4 0.5 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 212 

TAR ST-1 80 1.17 0.0 0.0 0.0 0.0 37.6 54.6 5.0 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 141 

TAR ST-1 70 1.16 0.7 1.3 0.0 2.0 17.6 53.6 0.7 24.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 153 
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TAR ST -1 90 1.16 0.9 11.7 0.0 0.9 11.3 56.8 5.0 13.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 222 

TAR ST-1 37 1.14 1.9 0.0 0.0 0.0 15.1 80.2 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 106 

TARST-1 60 1.14 0.0 0.0 0.0 0.0 32.4 37.8 0.0 5.4 0.0 24.3 0.0 0.0 0.0 0.0 0.0 0.0 37 

TAR ST-1 45 1.11 4.0 1.3 0.0 0.0 8.0 54.7 0.0 6.7 0.0 25.3 0.0 0.0 0.0 0.0 0.0 0.0 75 

TAR ST-1 50 1.10 0.0 8.5 0.0 0.0 11.9 23.7 0.0 8.5 0.0 44.1 0.0 0.0 0.0 3.4 0.0 0.0 59 

TAR ST-1 40 1.08 0.0 0.0 0.0 1.3 22.8 75.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 79 

TAR ST -1 140 1.06 5.7 14.2 0.0 0.0 1.7 38.1 5.7 34.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 176 

TAR ST-1 145 1.01 4.2 18.5 0.0 0.8 9.2 47.1 3.4 16.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 119 
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Table A4. Fossil foraminifera counts from LG-1 (Lutregala), WAP-100 (Wapengo) and TAR-40 (Tarra). T. s = T. salsa, H. w = H. wilberti, E. m = E. macrescens, P. i 

= P. ipohalina, T. ir = T. irregularis, S. l = S. lobata, T. i = T. inflata, M. f= M. fusca.  

Site Depth (cm) T. s H. w E. m P. i  T. ir S. l T. i M. f Total 

Lutregala 0.5 0.0 0.0 11.8 0.0 0.0 0.0 85.6 2.6 153 

Lutregala 1.5 0.0 0.0 30.0 0.0 1.4 0.5 68.2 0.0 220 

Lutregala 2.5 0.0 0.0 19.9 0.0 1.7 0.0 77.2 1.2 241 

Lutregala 3.5 0.0 0.0 26.6 0.0 0.0 0.0 72.9 0.5 188 

Lutregala 4.5 0.0 0.0 30.3 0.0 1.8 0.0 67.9 0.0 109 

Lutregala 5.5 0.7 0.0 16.5 0.0 3.9 0.0 58.8 20.1 284 

Lutregala 6.5 0.4 0.0 16.5 0.0 6.8 0.4 57.2 18.7 278 

Lutregala 7.5 0.8 0.0 27.7 0.0 1.9 0.0 66.3 3.3 365 

Lutregala 8.5 0.0 0.0 10.5 0.0 1.7 2.2 75.1 10.5 229 

Lutregala 9.5 0.4 0.4 9.6 0.4 1.8 1.4 84.0 2.1 282 

Lutregala 10.5 1.0 2.0 7.5 0.0 1.5 0.0 86.0 2.0 200 

Lutregala 11.5 0.0 1.2 4.2 0.0 0.0 0.3 93.3 0.9 330 

Lutregala 12.5 0.0 18.1 1.4 0.0 0.0 0.0 80.5 0.0 215 

Lutregala 13.5 0.9 36.7 0.9 0.0 0.9 0.5 57.5 2.7 221 

Lutregala 14.5 3.6 15.0 5.2 2.1 6.2 0.0 67.4 0.5 193 

Lutregala 15.5 40.3 7.5 35.8 0.0 0.6 0.0 15.1 0.6 159 

Lutregala 16.5 59.5 7.1 19.5 0.0 1.4 0.0 12.4 0.0 210 

Lutregala 17.5 69.6 10.1 17.4 0.0 0.0 0.0 2.8 0.0 247 

Lutregala 18.5 73.5 7.4 17.5 0.0 0.8 0.0 0.8 0.0 257 

Lutregala 19.5 77.5 4.3 14.7 0.4 0.9 0.0 2.2 0.0 231 

Lutregala 20.5 73.7 4.9 15.6 0.4 0.9 0.4 4.0 0.0 224 

Lutregala 21.5 81.9 0.0 13.9 0.0 2.5 0.0 1.7 0.0 237 
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Lutregala 22.5 66.1 0.8 12.4 0.0 4.1 0.0 16.5 0.0 121 

Lutregala 23.5 17.0 0.0 11.5 0.0 2.0 0.4 68.8 0.4 253 

Lutregala 24.5 10.6 0.0 9.9 0.0 0.0 0.4 79.2 0.0 283 

Lutregala 25.5 0.0 0.0 4.1 0.0 0.0 0.8 95.1 0.0 244 

Lutregala 26.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 180 

Lutregala 27.5 0.0 0.0 0.0 0.0 0.0 2.5 97.5 0.0 122 

Lutregala 28.5 0.0 0.0 0.0 0.0 0.0 1.4 98.6 0.0 69 

Lutregala 29.5 2.4 0.0 0.0 0.0 3.5 1.2 92.9 0.0 85 

Lutregala 30.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 13 

Lutregala 31.5 1.9 0.0 5.7 0.0 0.0 0.0 92.5 0.0 53 

Lutregala 32.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 3 

Lutregala 33.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Wapengo 0.5 3.2 27.0 0.0 0.0 0.0 3.2 57.1 9.5 63 

Wapengo 1.5 0.0 36.1 0.0 1.4 0.0 6.8 38.8 17.0 147 

Wapengo 2.5 0.0 25.6 1.1 0.0 1.1 0.0 57.1 15.0 266 

Wapengo 3.5 0.0 0.0 2.3 0.0 0.9 0.0 48.4 48.4 213 

Wapengo 4.5 2.8 20.4 8.4 0.4 1.2 0.4 40.4 26.0 250 

Wapengo 5.5 0.0 15.0 6.9 4.0 4.0 0.9 32.4 36.7 346 

Wapengo 6.5 12.2 6.9 2.8 7.2 6.9 0.0 26.2 37.8 362 

Wapengo 7.5 0.8 2.5 7.1 24.1 6.2 0.8 23.2 35.3 241 

Wapengo 8.5 1.2 0.6 23.6 25.1 1.5 2.3 29.7 16.0 343 

Wapengo 9.5 0.0 0.0 5.6 33.9 0.6 0.9 38.2 20.7 319 

Wapengo 10.5 0.2 0.0 13.6 13.4 0.7 1.2 34.0 36.9 426 

Wapengo 11.5 0.8 0.0 11.2 8.5 0.4 1.7 19.6 57.8 902 

Wapengo 12.5 0.2 0.4 24.3 6.3 0.2 0.2 16.2 52.2 1307 

Wapengo 13.5 0.7 4.9 6.5 3.7 0.7 0.7 23.8 58.9 1420 

Wapengo 14.5 11.4 4.1 5.0 2.3 0.6 0.0 35.2 41.3 341 
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Wapengo 15.5 14.9 0.0 4.3 0.3 1.7 1.0 59.1 18.8 303 

Wapengo 16.5 6.3 0.0 9.9 1.7 0.7 1.3 71.2 8.9 302 

Wapengo 17.5 10.2 0.0 6.0 0.0 0.0 2.3 80.1 1.5 266 

Wapengo 18.5 5.6 0.9 3.7 0.0 0.0 0.0 89.7 0.0 214 

Wapengo 19.5 8.6 0.0 1.0 0.0 0.0 1.0 86.2 3.3 210 

Wapengo 20.5 22.4 0.0 2.4 0.0 3.2 0.0 69.6 2.4 125 

Wapengo 21.5 19.6 0.0 8.9 0.0 0.0 1.8 64.3 5.4 56 

Wapengo 22.5 60.3 1.4 0.0 1.4 1.4 1.4 32.9 1.4 73 

Wapengo 23.5 23.5 2.0 2.0 9.8 0.0 0.0 62.7 0.0 51 

Wapengo 24.5 51.7 0.0 0.0 0.0 1.1 0.0 44.8 2.3 87 

Wapengo 25.5 73.6 0.0 0.0 0.0 0.0 0.0 26.4 0.0 53 

Wapengo 26.5 40.4 0.0 0.0 1.9 3.8 0.0 53.8 0.0 52 

Wapengo 27.5 42.1 0.0 3.5 14.0 0.0 0.0 38.6 1.8 57 

Wapengo 28.5 19.3 0.0 0.0 0.0 5.3 0.0 66.7 8.8 57 

Wapengo 29.5 0.0 0.0 18.2 0.0 0.0 0.0 81.8 0.0 11 

Wapengo 30.5 0.0 0.0 0.0 0.0 0.0 0.0 50.0 50.0 4 

Wapengo 31.5 0.0 0.0 33.3 33.3 0.0 0.0 33.3 0.0 3 

Wapengo 32.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 1 

Wapengo 33.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 1 

Wapengo 34.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 2 

Wapengo 35.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 1 

Wapengo 36.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 1 

Wapengo 37.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Wapengo 38.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Wapengo 39.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Wapengo 40.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 1 

Wapengo 41.5 0.0 11.1 11.1 0.0 11.1 0.0 66.7 0.0 9 



 
 

352 

Wapengo 42.5 4.0 14.0 12.0 0.0 4.0 0.0 56.0 10.0 50 

Wapengo 43.5 0.0 7.7 7.7 0.0 0.0 0.0 76.9 7.7 13 

Wapengo 44.5 0.0 5.9 17.6 0.0 11.8 0.0 58.8 5.9 17 

Wapengo 45.5 0.0 0.0 16.7 0.0 0.0 0.0 83.3 0.0 6 

Wapengo 46.5 6.9 15.5 1.7 0.0 3.4 0.0 70.7 1.7 58 

Tarra 0.5 0.0 1.4 32.1 0.0 0.0 0.0 57.9 6.2 209 

Tarra 1.5 0.0 0.0 53.2 0.5 1.5 0.0 43.8 1.0 203 

Tarra 2.5 9.0 4.7 15.4 0.9 10.7 2.1 48.3 9.0 234 

Tarra 3.5 19.8 4.4 15.0 2.9 12.1 0.4 38.8 6.6 273 

Tarra 4.5 16.9 2.5 23.3 0.9 11.7 0.2 36.4 8.0 437 

Tarra 5.5 0.9 0.3 14.1 0.6 0.9 1.8 78.2 3.1 326 

Tarra 6.5 1.5 1.0 46.6 1.8 0.8 0.0 46.9 1.3 388 

Tarra 7.5 0.0 0.0 16.4 2.1 0.0 0.0 77.5 3.9 280 

Tarra 8.5 0.7 0.0 20.8 5.5 1.0 0.0 66.6 5.5 293 

Tarra 9.5 1.9 0.0 17.9 1.9 0.3 0.0 77.6 0.3 313 

Tarra 10.5 5.1 0.0 21.5 0.0 0.2 0.2 71.5 1.5 410 

Tarra 11.5 5.3 0.0 23.8 0.0 0.0 0.5 69.9 0.5 206 

Tarra 12.5 2.5 2.3 19.8 0.0 0.0 0.0 71.2 4.3 611 

Tarra 13.5 7.4 0.5 7.4 0.0 0.0 1.4 81.9 1.4 216 

Tarra 14.5 8.3 3.9 9.4 0.0 0.9 1.3 72.3 3.9 542 

Tarra 15.5 3.5 11.1 6.6 0.7 0.3 1.4 68.2 8.3 289 

Tarra 16.5 4.3 11.0 9.7 0.0 0.7 5.0 43.1 26.1 299 

Tarra 17.5 4.0 11.0 4.0 0.0 0.4 2.9 45.6 32.0 272 

Tarra 18.5 12.8 8.9 10.1 0.0 0.6 2.8 44.1 20.7 179 

Tarra 19.5 15.4 6.7 11.4 0.0 0.7 4.7 50.3 10.7 149 

Tarra 20.5 20.0 4.3 10.4 0.0 1.3 1.3 41.7 20.9 230 

Tarra 21.5 13.9 5.0 5.0 0.0 0.8 2.9 41.6 30.7 238 
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Tarra 22.5 9.8 5.1 4.3 0.0 1.2 0.0 55.1 24.4 254 

Tarra 23.5 11.3 5.1 3.5 0.4 0.0 6.2 56.4 17.1 257 

Tarra 24.5 18.1 9.5 4.8 0.5 0.0 1.4 56.7 9.0 210 

Tarra 25.5 24.2 12.9 6.5 1.6 0.0 3.2 46.8 4.8 62 

Tarra 26.5 36.7 2.5 3.8 0.0 1.3 1.3 51.9 2.5 79 

Tarra 27.5 33.3 11.1 0.0 0.0 0.0 0.0 55.6 0.0 9 

Tarra 28.5 29.4 0.0 0.0 0.0 0.0 0.0 64.7 5.9 17 

Tarra 29.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 30.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 31.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 32.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 33.5 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 1 

Tarra 34.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 35.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 36.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 1 

Tarra 37.5 0.0 20.0 0.0 0.0 0.0 0.0 80.0 0.0 5 

Tarra 38.5 0.0 83.3 0.0 0.0 0.0 0.0 16.7 0.0 6 

Tarra 39.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 40.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 41.5 0.0 12.5 12.5 0.0 0.0 0.0 75.0 0.0 8 

Tarra 42.5 50.0 0.0 0.0 0.0 0.0 0.0 0.0 50.0 2 

Tarra 43.5 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1 

Tarra 44.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 45.5 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 3 

Tarra 46.5 0.0 12.5 0.0 0.0 0.0 0.0 62.5 25.0 8 

Tarra 47.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Tarra 48.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 
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Tarra 49.5 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 1 
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Table A5. Live core foraminifera for core LG-1 (Lutregala), WAP-100 (Wapengo) and TAR-40 (Tarra). T. s = T. salsa, H. w = H. wilberti, E. m = Entzia macrescens, 
P. i = P. ipohalina, T. ir = T. irregularis, S. l = S. lobata, T. i = T. inflata, M. f= M. fusca, A sp = Ammobaculites species.  

Site Depth T. s H. w E. m P. i T. ir T. i S. l M. f A sp. Total Density (cc) 

Lutregala 0.5 0.0 0.0 11.2 0.0 1.5 9.0 78.4 0.0 0.0 134 1.25 

Lutregala 1.5 0.0 0.0 6.9 0.0 0.0 0.0 93.1 0.0 0.0 58 3.75 

Lutregala 2.5 0.0 0.0 14.8 0.0 0.0 3.7 81.5 0.0 0.0 54 3.75 

Lutregala 3.5 0.0 0.0 16.0 0.0 0.0 0.0 84.0 0.0 0.0 25 5 

Lutregala 4.5 0.0 0.0 17.2 0.0 3.4 3.4 75.9 0.0 0.0 29 5 

Lutregala 5.5 0.0 0.0 28.6 0.0 0.0 0.0 57.1 14.3 0.0 14 5 

Lutregala 6.5 0.0 0.0 6.3 0.0 6.3 0.0 87.5 0.0 0.0 16 5 

Lutregala 7.5 0.0 0.0 27.3 0.0 0.0 0.0 72.7 0.0 0.0 22 5 

Lutregala 8.5 0.0 0.0 26.3 0.0 0.0 0.0 73.7 0.0 0.0 19 5 

Lutregala 9.5 0.0 0.0 28.6 0.0 0.0 0.0 71.4 0.0 0.0 21 5 

Wapengo 0.5 0.0 1.2 0.2 0.0 0.0 7.6 0.0 0.0 0.0 45 5 

Wapengo 1.5 0.4 1.6 0.0 0.0 0.0 3.4 0.2 0.2 0.0 29 5 

Wapengo 2.5 0.0 5.9 0.3 0.0 0.5 5.9 1.1 0.8 0.0 54 3.75 

Wapengo 3.5 0.0 1.6 0.0 0.0 0.0 2.0 0.6 1.2 0.0 27 5 

Wapengo 4.5 0.0 3.0 1.0 0.0 0.0 8.0 0.0 0.0 0.0 12 5.0 

Wapengo 5.5 0.2 0.0 0.0 0.0 0.0 1.2 0.0 0.4 0.0 9 5 

Wapengo 6.5 0.4 0.2 0.2 0.0 0.0 2.4 0.2 0.2 0.0 18 5 

Wapengo 7.5 0.0 0.0 0.0 0.4 0.0 0.2 0.0 0.0 0.0 3 5 

Wapengo 8.5 0.0 0.2 0.2 0.2 0.0 0.4 0.0 0.0 0.0 5 5 

Wapengo 9.5 0.0 0.0 0.4 0.4 0.0 1.0 0.0 0.0 0.0 9 5 

Tarra 0.5 0.0 2.9 11.6 0.0 0.0 84.1 0.0 1.4 0.0 69 2.5 

Tarra 1.5 0.0 4.3 44.9 0.0 0.0 47.8 0.0 0.0 2.9 69 3.75 

Tarra 2.5 0.0 1.8 17.5 0.0 1.8 78.9 0.0 0.0 0.0 57 5 

Tarra 3.5 0.0 3.4 6.9 0.0 0.0 89.7 0.0 0.0 0.0 29 5 
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Tarra 4.5 0.0 1.7 13.3 0.0 0.0 81.7 0.0 3.3 0.0 60 3.75 

Tarra 5.5 0.0 0.0 32.1 5.7 7.5 54.7 0.0 0.0 0.0 53 3.75 

Tarra 6.5 0.0 0.0 23.6 9.1 0.0 67.3 0.0 0.0 0.0 55 3.75 

Tarra 7.5 0.0 0.0 12.5 37.5 0.0 50.0 0.0 0.0 0.0 32 5 

Tarra 8.5 0.0 0.0 0.0 20.0 0.0 80.0 0.0 0.0 0.0 20 5 

Tarra 9.5 0.0 0.0 4.5 4.5 4.5 86.4 0.0 0.0 0.0 22 5 
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Appendix V. Pollen diagrams 
 
Colleagues at the University of Queensland (Dr Patrick Moss, Claire Ellison, Kallen Marecic 

and Jody Daniels) prepared and analysed pollen downcore in LG-1, WAP-100 and TAR-40. 

Their results were used to identify chronostratigraphic markers in Chapter 6. A private link 

to the data on figshare has been added to the caption of each pollen diagram as the data are 

not yet published.  

 

 



 
 

358 

 

 

Figure A7. Pollen diagram for core LG-1 (Lutregala) showing either species that exceed 10 % relative abundance or exotics which can be used to identify 

European settlement (orange). Full data set available on figshare: https://figshare.com/s/35126122b7576411e302 
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Figure A8. Pollen diagram for core WAP-100 (Wapengo) showing either species that exceed 10 % relative abundance or exotics which can be used to identify 

European settlement (orange). Full data set available on figshare: https://figshare.com/s/17a84cede94b339b43b6 
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Figure A9. Pollen diagram for core TAR-40 (Tarra) showing either species that exceed 10 % relative abundance or exotics which can be used to identify European 

settlement (orange). Full data set available on figshare: https://figshare.com/s/2d3caedf6944dda8fe79 
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Appendix VI. Lutregala stable lead isotope data 
 
 
Table A6. Stable lead isotope data for core LG-1.  

Sample 206Pb/204Pb ± 2SE 207Pb/204Pb ± 2SE 208Pb/204Pb ± 2SE 208Pb/207Pb ± 2SE 206Pb/207Pb ± 2SE 208Pb/206Pb ± 2SE Total Pb 

0–1 cm 18.0799 0.0036 15.5928 0.0028 38.1746 0.0082 2.44831 0.00025 1.15953 0.00143 2.11147 0.00032 4.4 

0–1  cm 18.2035 0.0009 15.6160 0.0007 39.1819 0.0018 2.50916 0.01418 1.16568 0.00002 2.15253 0.00004 16.40 

1–2 cm 18.6822 0.0038 15.6350 0.0029 39.5070 0.0087 2.52686 0.00025 1.19490 0.00134 2.11471 0.00026 10.3 

1–2 cm 18.6780 0.0041 15.6316 0.0032 39.5018 0.0095 2.52988 0.00026 1.19485 0.00135 2.11490 0.00027 6.2 
2–3 cm 17.8454 0.0038 15.5772 0.0030 37.7441 0.0086 2.42309 0.00024 1.14567 0.00128 2.11500 0.00026 5.6 

3–4 cm 17.8323 0.0038 15.5761 0.0032 37.7213 0.0091 2.42173 0.00025 1.14482 0.00132 2.11538 0.00028 6.0 

4–5 cm 17.8342 0.0038 15.5741 0.0030 37.7485 0.0085 2.42382 0.00024 1.14512 0.00129 2.11664 0.00027 6.1 

5–6 cm 17.8714 0.0037 15.5765 0.0029 37.8095 0.0084 2.42739 0.00024 1.14731 0.00129 2.11572 0.00027 7.7 

6–7 cm 17.8595 0.0038 15.5780 0.0031 37.8273 0.0087 2.42825 0.00024 1.14645 0.00130 2.11805 0.00027 5.9 

7–8 cm 17.7838 0.0037 15.5678 0.0030 37.6799 0.0085 2.42044 0.00024 1.14234 0.00129 2.11884 0.00027 7.8 

8–9 cm 17.7432 0.0038 15.5656 0.0030 37.6285 0.0087 2.41743 0.00024 1.13989 0.00129 2.12076 0.00027 8.1 

9–10 cm 17.6743 0.0037 15.5589 0.0029 37.5617 0.0084 2.41415 0.00024 1.13596 0.00128 2.12520 0.00027 8.0 

10–11 cm 17.5911 0.0037 15.5443 0.0030 37.4300 0.0086 2.40794 0.00025 1.13165 0.00129 2.12782 0.00028 6.6 

10–11 cm 17.5945 0.0037 15.5481 0.0030 37.4386 0.0084 2.40798 0.00024 1.13161 0.00128 2.12792 0.00027 8.2 

11–12 cm 17.6012 0.0038 15.5417 0.0031 37.4508 0.0088 2.40976 0.00025 1.13252 0.00129 2.12779 0.00028 5.4 

11–12 cm 17.6740 0.0005 15.5708 0.0005 37.5684 0.0014 2.41276 0.01164 1.13506 0.00001 2.12566 0.00004 27.38 

12–13 cm 17.6136 0.0037 15.5530 0.0030 37.4695 0.0086 2.40912 0.00024 1.13249 0.00128 2.12729 0.00027 6.6 

13–14 cm 17.7126 0.0038 15.5605 0.0031 37.5890 0.0088 2.41561 0.00025 1.13829 0.00130 2.12213 0.00027 4.5 

14–15 cm 17.7665 0.0040 15.5644 0.0033 37.6491 0.0094 2.41902  0.00024 1.14150 0.00130 2.11916 0.00027 4.2 
15–16 cm 17.7454 0.0013 15.5813 0.0012 37.6562 0.0032 2.41674 0.02539 1.13889 0.00002 2.12202 0.00008 6.78 

16–17 cm 17.9339 0.0012 15.5942 0.0009 37.8625 0.0023 2.42806 0.02199 1.15002 0.00003 2.11131 0.00006 8.75 

17–18 cm 17.7781 0.0012 15.5845 0.0011 37.6967 0.0029 2.41892 0.01861 1.14075 0.00003 2.12046 0.00005 8.86 

18–19 cm 17.8436 0.0009 15.5918 0.0011 37.7694 0.0023 2.42254 0.02374 1.14445 0.00003 2.11677 0.00006 8.43 
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19–20 cm 17.8586 0.0018 15.5932 0.0015 37.7930 0.0035 2.42371 0.02574 1.14534 0.00003 2.11615 0.00007 7.04 

20–21 cm 17.8342 0.0013 15.5882 0.0011 37.7444 0.0027 2.42137 0.01428 1.14408 0.00002 2.11643 0.00003 11.10 

21–22 cm 18.0825 0.0012 15.6104 0.0007 38.0282 0.0018 2.43617 0.02443 1.15837 0.00003 2.10311 0.00007 15.46 

22–23 cm 18.4416 0.0010 15.6394 0.0009 38.4319 0.0023 2.45743 0.02302 1.17920 0.00003 2.08399 0.00007 11.62 

23–24 cm 18.5535 0.0010 15.6481 0.0007 38.5593 0.0019 2.46417 0.02983 1.18567 0.00003 2.07830 0.00009 10.45 

 24–25 cm 18.5552 0.0021 15.6341 0.0016 38.5211 0.0042 2.46392 0.00016 1.18681 0.00004 2.07609 0.00011 6.70 

25–26 cm 18.6446 0.0019 15.6404 0.0014 38.6317 0.0039 2.47000 0.00017 1.19207 0.00005 2.07203 0.00012 8.31 

26–27 cm 18.6810 0.0018 15.6430 0.0013 38.6762 0.0035 2.47244 0.00016 1.19420 0.00004 2.07037 0.00011 14.22 

27–28 cm 18.6911 0.0018 15.6422 0.0013 38.6955 0.0036 2.47380 0.00017 1.19491 0.00005 2.07028 0.00011 10.78 

28–29 cm 18.7332 0.0018 15.6447 0.0013 38.7700 0.0037 2.47813 0.00016 1.19741 0.00004 2.06957 0.00011 12.15 

29–30 cm 18.7328 0.0019 15.6458 0.0014 38.7755 0.0039 2.47834 0.00016 1.19731 0.00004 2.06992 0.00011 9.13 

30–31 cm 18.7720 0.0019 15.6473 0.0014 38.7927 0.0038 2.47925 0.00016 1.19968 0.00005 2.06659 0.00011 10.29 

31–32 cm 18.7537 0.0019 15.6417 0.0013 38.8187 0.0037 2.48178 0.00016 1.19894 0.00004 2.06997 0.00011 9.78 

31–32 cm 18.7539 0.0018 15.6424 0.0012 38.8209 0.0035 2.48178 0.00016 1.19893 0.00004 2.07000 0.00011 10.19 
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Appendix VII. Wapengo stable lead isotope data 
Table A7. Stable lead isotope data for core WAP-100. 

Sample 206Pb/204Pb ± 2SE 207Pb/204Pb ± 2SE 208Pb/204Pb ± 2SE 208Pb/207Pb ± 2SE 206Pb/207Pb ± 2SE 208Pb/206Pb ± 2SE Total Pb 

0-1cm 18.4623 0.0040 15.6466 0.0030 38.6900 0.0090 2.47277 0.00025 1.17995 0.00012 2.09566 0.00027 6.0 

1-2cm 18.5571 0.0039 15.6563 0.0030 38.8549 0.0089 2.48178 0.00025 1.18527 0.00012 2.09386 0.00026 5.6 

2-3cm 18.4933 0.0041 15.6462 0.0034 38.7461 0.0097 2.47651 0.00026 1.18199 0.00013 2.09520 0.00028 4.1 

3-4cm 18.5256 0.0039 15.6511 0.0030 38.7522 0.0087 2.47594 0.00025 1.18364 0.00012 2.09180 0.00027 7.7 

4-5cm 18.5251 0.0038 15.6510 0.0029 38.7492 0.0088 2.47588 0.00024 1.18363 0.00012 2.09178 0.00027 12.3 

4-5cm 18.6680 0.0019 15.6618 0.0014 38.9316 0.0038 2.48582 0.00016 1.19197 0.00004 2.08547 0.00011 7.54 

5-6cm 18.6042 0.0018 15.6591 0.0014 38.8842 0.0038 2.48320 0.00017 1.18807 0.00005 2.09011 0.00012 11.87 

6-7cm 18.3729 0.0018 15.6357 0.0013 38.5614 0.0035 2.46629 0.00016 1.17507 0.00004 2.09884 0.00011 11.81 

7-8cm 18.3309 0.0018 15.6326 0.0013 38.5179 0.0037 2.46399 0.00015 1.17262 0.00004 2.10127 0.00011 10.77 

7-8cm 18.3317 0.0017 15.6331 0.0013 38.5177 0.0035 2.46385 0.00016 1.17261 0.00004 2.10116 0.00011 11.28 

8-9cm 18.3485 0.0027 15.6356 0.0021 38.5392 0.0067 2.46491 0.00014 1.17351 0.00006 2.10045 0.00006 10.09 

9-10cm 18.4627 0.0028 15.6449 0.0021 38.7071 0.0067 2.47412 0.00014 1.18011 0.00006 2.09651 0.00005 9.71 

10-11cm 18.4580 0.0027 15.6432 0.0021 38.6949 0.0067 2.47361 0.00014 1.17994 0.00006 2.09639 0.00006 12.25 

11-12cm 18.4439 0.0027 15.6435 0.0021 38.6778 0.0066 2.47248 0.00014 1.17902 0.00006 2.09707 0.00006 9.42 

12-13cm 18.4429 0.0027 15.6435 0.0020 38.6846 0.0066 2.47293 0.00013 1.17896 0.00006 2.09755 0.00005 17.39 

13-14cm 18.4240 0.0027 15.6415 0.0020 38.6538 0.0066 2.47130 0.00013 1.17790 0.00006 2.09806 0.00005 13.15 

13-14cm 18.4230 0.0017 15.6408 0.0013 38.6535 0.0035 2.47134 0.00016 1.17787 0.00004 2.09814 0.00011 12.67 

13-14cm 18.4245 0.0017 15.6415 0.0010 38.6535 0.0030 2.47129 0.00009 1.17790 0.00002 2.09804 0.00006 12.97 

14-15cm 18.4750 0.0027 15.6477 0.0020 38.7327 0.0065 2.47533 0.00013 1.18069 0.00006 2.09651 0.00005 12.04 

15-16cm 18.4535 0.0027 15.6471 0.0021 38.6804 0.0066 2.47212 0.00014 1.17935 0.00006 2.09616 0.00006 16.04 

16-17cm 18.5386 0.0027 15.6554 0.0021 38.7893 0.0067 2.47778 0.00013 1.18419 0.00006 2.09238 0.00005 12.21 

17-18cm 18.7223 0.0027 15.6719 0.0020 39.0495 0.0066 2.49174 0.00014 1.19465 0.00006 2.08575 0.00006 15.60 

18-19cm 18.7193 0.0027 15.6710 0.0020 39.0319 0.0067 2.49075 0.00013 1.19453 0.00006 2.08513 0.00005 11.39 

18-19cm 18.7183 0.0016 15.6705 0.0009 39.0288 0.0025 2.49067 0.00008 1.19449 0.00002 2.08513 0.00006 10.33 

19-20cm 18.7311 0.0027 15.6707 0.0020 39.0487 0.0064 2.49180 0.00013 1.19527 0.00006 2.08473 0.00004 14.81 
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20-21cm 18.7528 0.0028 15.6715 0.0021 39.0854 0.0067 2.49405 0.00013 1.19661 0.00006 2.08427 0.00005 14.45 

21-22cm 18.7383 0.0027 15.6714 0.0020 39.0546 0.0065 2.49212 0.00013 1.19570 0.00006 2.08424 0.00004 10.21 

22-23cm 18.7688 0.0027 15.6720 0.0020 39.1022 0.0066 2.49513 0.00014 1.19762 0.00006 2.08341 0.00006 19.29 

22-23cm 18.7698 0.0018 15.6723 0.0013 39.1045 0.0036 2.49513 0.00016 1.19764 0.00004 2.08336 0.00011 16.05 

23-24cm 18.7742 0.0027 15.6751 0.0021 39.1373 0.0068 2.49683 0.00015 1.19769 0.00006 2.08470 0.00006 13.97 

24-25cm 18.7333 0.0027 15.6707 0.0020 39.0530 0.0066 2.49214 0.00013 1.19542 0.00006 2.08473 0.00005 15.67 

25-26cm 18.7801 0.0006 15.6941 0.0006 39.1934 0.0017 2.49739 0.00005 1.19664 0.00001 2.08700 0.00003 27.08 

26-27cm 18.7538 0.0009 15.6934 0.0009 39.1283 0.0025 2.49334 0.00008 1.19501 0.00002 2.08646 0.00006 17.76 

27-28cm 18.7627 0.0006 15.6948 0.0005 39.1422 0.0015 2.49404 0.00004 1.19547 0.00001 2.08625 0.00003 31.37 

28-29cm 18.7520 0.0005 15.6954 0.0004 39.1203 0.0023 2.49250 0.00012 1.19474 0.00001 2.08622 0.00010 32.91 

29-30cm 18.6987 0.0007 15.6859 0.0008 39.0261 0.0023 2.48801 0.00008 1.19206 0.00002 2.08716 0.00006 26.91 

30-31cm 18.7827 0.0006 15.6946 0.0006 39.1542 0.0020 2.49479 0.00007 1.19676 0.00002 2.08462 0.00005 22.05 

31-32cm 18.7675 0.0004 15.6862 0.0004 39.1161 0.0012 2.49368 0.00006 1.19643 0.00002 2.08427 0.00003 25.00 

32-33cm 18.8025 0.0009 15.6949 0.0007 39.2174 0.0022 2.49875 0.00007 1.19798 0.00002 2.08581 0.00005 21.71 

33-34cm 18.7672 0.0006 15.6898 0.0006 39.1283 0.0017 2.49393 0.00005 1.19614 0.00002 2.08499 0.00003 31.25 

34-35cm 18.7885 0.0009 15.6965 0.0008 39.2057 0.0023 2.49778 0.00007 1.19699 0.00002 2.08672 0.00005 22.75 

35-36cm 18.7911 0.0005 15.6952 0.0004 39.1970 0.0017 2.49743 0.00006 1.19724 0.00001 2.08598 0.00005 29.33 

36-37cm 18.7918 0.0009 15.6941 0.0012 39.2032 0.0033 2.49801 0.00010 1.19735 0.00002 2.08628 0.00007 20.24 

37-38cm 18.7476 0.0007 15.6887 0.0008 39.1326 0.0021 2.49434 0.00006 1.19497 0.00002 2.08737 0.00004 31.73 

38-39cm 18.8171 0.0006 15.6940 0.0006 39.1833 0.0016 2.49674 0.00006 1.19900 0.00002 2.08234 0.00004 22.75 

39-40cm 18.7986 0.0008 15.6936 0.0009 39.1903 0.0030 2.49726 0.00011 1.19787 0.00002 2.08475 0.00009 25.19 

40-41cm 18.7992 0.0006 15.6929 0.0005 39.1854 0.0017 2.49706 0.00007 1.19793 0.00002 2.08447 0.00006 25.38 

41-42cm 18.7953 0.0006 15.6963 0.0006 39.1942 0.0017 2.49706 0.00006 1.19742 0.00001 2.08536 0.00004 28.94 

42-43cm 18.7555 0.0009 15.6910 0.0008 39.1082 0.0026 2.49244 0.00006 1.19531 0.00001 2.08519 0.00005 19.38 

43-44cm 18.7693 0.0010 15.6909 0.0009 39.1473 0.0031 2.49499 0.00009 1.19620 0.00002 2.08577 0.00007 19.76 

44-45cm 18.7671 0.0006 15.6917 0.0008 39.1387 0.0020 2.49419 0.00007 1.19596 0.00002 2.08550 0.00005 23.79 

45-46cm 18.7733 0.0009 15.6908 0.0009 39.1598 0.0026 2.49576 0.00008 1.19645 0.00002 2.08596 0.00006 26.37 



 
 

365 

46-47cm 18.6926 0.0009 15.6850 0.0007 38.9899 0.0028 2.48584 0.00008 1.19175 0.00001 2.08587 0.00006 20.71 

47-48cm 18.7412 0.0006 15.6903 0.0005 39.1363 0.0018 2.49430 0.00008 1.19442 0.00003 2.08830 0.00006 33.05 
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Appendix VIII. Tarra stable lead isotope data 
 
 
Table A8. Stable lead isotope data for core TAR-40. 

Sample 206Pb/204Pb ± 2SE 207Pb/204Pb ± 2SE 208Pb/204Pb ± 2SE 208Pb/207Pb ± 2SE 206Pb/207Pb ± 2SE 208Pb/206Pb ± 2SE Total Pb 

0-1cm 18.3447 0.0010 15.6324 0.0010 38.4046 0.0025 2.45678 0.00007 1.17354 0.00002 2.09347 0.00004 13.49 

1-2cm 18.1919 0.0009 15.6194 0.0010 38.2002 0.0026 2.44575 0.00008 1.16468 0.00002 2.09994 0.00005 16.86 

2-3cm 18.0378 0.0011 15.6031 0.0010 38.0061 0.0026 2.43586 0.00007 1.15605 0.00001 2.10706 0.00005 14.35 

3-4cm 18.1386 0.0006 15.6138 0.0005 38.1321 0.0018 2.44224 0.00007 1.16168 0.00002 2.10234 0.00005 16.03 

4-5cm 18.0589 0.0008 15.6070 0.0006 38.0351 0.0016 2.43711 0.00007 1.15711 0.00002 2.10621 0.00006 17.74 

5-6cm 18.1805 0.0007 15.6166 0.0006 38.1933 0.0017 2.44570 0.00005 1.16420 0.00001 2.10076 0.00004 21.18 

6-7cm 18.2348 0.0007 15.6247 0.0007 38.2845 0.0021 2.45025 0.00008 1.16704 0.00002 2.09953 0.00006 17.39 

7-8cm 18.2659 0.0007 15.6284 0.0009 38.3489 0.0031 2.45373 0.00011 1.16875 0.00003 2.09945 0.00008 19.75 

8-9cm 18.2634 0.0009 15.6269 0.0009 38.3443 0.0024 2.45378 0.00006 1.16871 0.00002 2.09956 0.00004 25.64 

9-10cm 18.3045 0.0008 15.6338 0.0008 38.3973 0.0020 2.45607 0.00006 1.17084 0.00002 2.09770 0.00004 23.95 

10-11cm 18.3777 0.0007 15.6418 0.0008 38.4870 0.0023 2.46055 0.00008 1.17489 0.00002 2.09427 0.00006 26.42 

11-12cm 18.4528 0.0006 15.6488 0.0006 38.5779 0.0018 2.46520 0.00009 1.17918 0.00002 2.09062 0.00007 19.40 

12-13cm 18.6083 0.0008 15.6616 0.0006 38.7718 0.0020 2.47563 0.00009 1.18815 0.00002 2.08360 0.00007 17.70 

13-14 cm 18.7505 0.0011 15.6484 0.0010 38.8222 0.0028 2.48102 0.00009 1.19833 0.00002 2.07041 0.00007 10.15 

14-15 cm 18.8121 0.0011 15.6530 0.0011 38.9098 0.0026 2.48584 0.00008 1.20180 0.00002 2.06843 0.00006 8.81 

15-16 cm 18.8268 0.0010 15.6544 0.0011 38.9322 0.0028 2.48697 0.00009 1.20261 0.00003 2.06798 0.00006 7.53 

16-17cm 18.8054 0.0010 15.6482 0.0009 38.8794 0.0027 2.48468 0.00010 1.20179 0.00002 2.06748 0.00008 8.84 

17-18 cm 18.8156 0.0011 15.6539 0.0011 38.9000 0.0031 2.48515 0.00010 1.20204 0.00003 2.06744 0.00008 8.91 

18-19 cm 18.8134 0.0013 15.6560 0.0011 38.9466 0.0034 2.48778 0.00009 1.20173 0.00002 2.07018 0.00006 7.05 

19-20 cm 18.8200 0.0014 15.6555 0.0012 38.9150 0.0031 2.48576 0.00010 1.20220 0.00002 2.06768 0.00007 9.34 

20-21 cm 18.8243 0.0010 15.6539 0.0009 38.9304 0.0025 2.48699 0.00008 1.20258 0.00002 2.06805 0.00005 11.72 
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21-22 cm 18.8252 0.0009 15.6549 0.0008 38.9456 0.0022 2.48788 0.00007 1.20250 0.00002 2.06893 0.00005 14.17 

22-23 cm 18.8193 0.0012 15.6528 0.0011 38.9138 0.0032 2.48608 0.00010 1.20229 0.00002 2.06778 0.00007 9.70 

23-24 cm 18.8249 0.0014 15.6564 0.0011 38.9446 0.0030 2.48754 0.00009 1.20243 0.00003 2.06876 0.00007 7.85 

24-25 cm 18.8230 0.0011 15.6553 0.0010 38.9012 0.0028 2.48487 0.00009 1.20237 0.00002 2.06665 0.00006 9.86 

25-26 cm 18.8182 0.0008 15.6532 0.0008 38.8943 0.0023 2.48480 0.00008 1.20225 0.00002 2.06679 0.00006 12.88 

26-27 cm 18.6020 0.0007 15.6265 0.0007 38.5888 0.0020 2.46957 0.00007 1.19045 0.00002 2.07449 0.00005 18.81 

27-28 cm 18.7830 0.0008 15.6495 0.0009 38.8442 0.0028 2.48221 0.00010 1.20027 0.00002 2.06804 0.00007 16.65 

28-29 cm 18.6053 0.0009 15.6308 0.0008 38.6431 0.0022 2.47234 0.00008 1.19034 0.00002 2.07700 0.00006 10.94 

29-30 cm 18.8168 0.0012 15.6542 0.0010 38.9505 0.0029 2.48829 0.00007 1.20204 0.00002 2.07006 0.00005 7.17 

30-31 cm 18.8334 0.0014 15.6556 0.0014 39.0280 0.0034 2.49280 0.00008 1.20296 0.00002 2.07222 0.00005 5.82 

31-32 cm 18.8128 0.0012 15.6560 0.0011 38.9292 0.0028 2.48668 0.00007 1.20168 0.00002 2.06933 0.00005 6.13 

32-33 cm 18.6976 0.0011 15.6406 0.0009 38.7517 0.0024 2.47773 0.00008 1.19549 0.00002 2.07256 0.00005 7.10 

33-34 cm 18.6220 0.0010 15.6356 0.0009 38.6808 0.0025 2.47395 0.00009 1.19104 0.00002 2.07714 0.00007 8.52 

34-35 cm 18.5930 0.0011 15.6324 0.0010 38.6433 0.0027 2.47203 0.00007 1.18942 0.00002 2.07835 0.00005 10.28 

35-36 cm 18.6578 0.0011 15.6435 0.0010 38.7949 0.0027 2.48007 0.00008 1.19266 0.00002 2.07944 0.00006 9.47 

36-37 cm 18.6634 0.0007 15.6422 0.0008 38.7384 0.0022 2.47661 0.00009 1.19316 0.00002 2.07568 0.00006 16.46 

37-38 cm 18.6544 0.0140 15.6479 0.0128 38.7285 0.0289 2.47523 0.00024 1.19239 0.00009 2.07587 0.00012 0.41 

38-39 cm 18.7899 0.0007 15.6533 0.0007 38.8689 0.0018 2.48316 0.00006 1.20041 0.00002 2.06860 0.00004 18.37 

39-40 cm 18.8126 0.0010 15.6548 0.0009 38.9240 0.0027 2.48643 0.00007 1.20175 0.00001 2.06901 0.00005 11.93 

40-41 cm 18.8150 0.0009 15.6543 0.0008 38.9365 0.0025 2.48733 0.00009 1.20188 0.00002 2.06953 0.00007 10.10 

41-42 cm 18.7943 0.0009 15.6521 0.0009 38.8940 0.0025 2.48497 0.00007 1.20078 0.00002 2.06946 0.00005 10.07 

42-43 cm 18.8061 0.0009 15.6532 0.0009 38.9225 0.0023 2.48656 0.00008 1.20145 0.00002 2.06964 0.00005 10.87 

43-44 cm 18.8086 0.0010 15.6553 0.0010 38.9464 0.0026 2.48773 0.00008 1.20147 0.00002 2.07057 0.00005 7.48 

44-45 cm 18.8159 0.0014 15.6552 0.0012 38.9317 0.0033 2.48692 0.00006 1.20194 0.00002 2.06910 0.00004 9.07 

45-46 cm 18.8199 0.0008 15.6535 0.0008 38.9538 0.0023 2.48858 0.00007 1.20231 0.00002 2.06983 0.00005 11.99 

46-47 cm 18.8176 0.0010 15.6533 0.0009 38.9062 0.0027 2.48557 0.00008 1.20219 0.00002 2.06753 0.00005 13.13 
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Appendix IX. Source stable isotope data table 
 
 
Table A9.  Lead isotope compositions of relevant environmental and mining sources for each site – LG= Lutregala; WAP = Wapengo; TAR = Tarra. 

Source Local site 206Pb/207Pb 208Pb/207Pb 208Pb/206Pb 206Pb/204Pb Reference 

Coal  All 1.205 2.487 2.063 – Díaz-Somoano et al. 
(2009) 

Broken Hill ore All 1.041 2.315 2.225 16.003 Chiaradia et al. 
(1997) 

Mount Isa All 1.043 2.318 2.222 16.112 Chiaradia et al. 
(1997) 

Tambora lava All 1.211 2.494 2.060 – Turner and Foden 
(2001) 

Krakatoa1 (1883) All 1.191 2.479 2.082 – Turner and Foden 
(2001) 

Pinatubo (1991) All 1.182 2.476 2.096 – Bernard et al. (1996) 

Roseberry ore (Risdon smelter) LG 1.171 2.440 2.084 18.270 Townsend and Seen 
(2012) 

Hellyer ore (Risdon smelter) LG 1.176 2.447 2.081 18.350 Townsend and Seen 
(2012) 

Elura ore (Risdon smelter) LG 1.159 2.448 2.112 18.130 Townsend and Seen 
(2012) 

Century ore (Risdon smelter) LG 1.053 2.328 2.211 16.330 Townsend and Seen 
(2012) 

Hobart, TAS (aerosol) LG 1.068 2.340 2.191 – Bollhöfer and 
Rosman (2000) 

Smithton, TAS (aerosol) LG 1.089 2.356 2.163 – Bollhöfer and 
Rosman (2000) 
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Smithton, TAS (aerosol) LG 1.106 2.373 2.146 – Bollhöfer and 
Rosman (2000) 

Eastern Tasmanian granites LG 1.179 2.445 2.073 – Black et al. (2010) 

Western Tasmanian granites LG 1.203 2.453 2.039 – Black et al. (2010) 

Deep Glen Bay granite LG 1.185 2.437 2.056 – Black et al. (2010) 

Stony Head sandstone LG 1.171 2.420 2.067 – Black et al. (2010) 

Derwent river background LG 1.200 2.464 2.053 18.750 Townsend and Seen 
(2012) 

Hobart aerosols (1995) LG 1.068 2.340 2.191 – Bollhöfer and 
Rosman (2000) 

Melbourne, VIC (aerosol) TAR 1.067 2.339 2.192 – Bollhöfer and 
Rosman (2000) 

Melbourne, VIC (aerosol) TAR 1.069 2.341 2.190 – Bollhöfer and 
Rosman (2000) 

Melbourne, VIC (aerosol) TAR 1.067 2.342 2.195 – Bollhöfer and 
Rosman (2000) 

Melbourne, VIC (aerosol) TAR 1.069 2.339 2.188 – Bollhöfer and 
Rosman (2000) 

Melbourne, VIC (aerosol) TAR 1.102 2.369 2.150 – Bollhöfer and 
Rosman (2000) 

Eltham, VIC (aerosol) TAR 1.092 2.368 2.168 – Bollhöfer and 
Rosman (2000) 

Bundoora, VIC (aerosol) TAR 1.066 2.341 2.196 – Bollhöfer and 
Rosman (2000) 

Melbourne soil/bedrock TAR 1.185 2.472 2.086 18.800 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.192 2.477 2.078 18.800 Wu et al. (2016a) 
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Melbourne soil/bedrock TAR 1.167 2.457 2.105 18.300 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.167 2.455 2.104 18.200 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.139 2.420 2.125 17.800 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.147 2.420 2.110 17.900 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.172 2.461 2.100 18.300 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.131 2.414 2.134 17.500 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.139 2.420 2.125 17.700 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.136 2.422 2.132 17.800 Wu et al. (2016a) 

Melbourne soil/bedrock TAR 1.216 2.497 2.053 19.100 Wu et al. (2016a) 

Mount Macedon Gold Mine (lichen sample) TAR 1.143 2.418 2.115 17.700 Wu et al. (2016a) 

Trentham gold mine (Lichen sample) TAR 1.077 2.354 2.186 16.700 Wu et al. (2016a) 

Bendigo and Ballarat Ore TAR 1.153 2.434 2.111 – Wu et al. (2016a) 

Sydney bedrock WAP 1.140 2.440 2.140 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.159 2.478 2.138 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.160 2.434 2.098 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.142 2.447 2.143 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.124 2.413 2.147 – Wu et al. (2016b) 
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Sydney Harbour National Park bedrock WAP 1.158 2.464 2.128 – Wu et al. (2016b) 

Lane Cove National Park bedrock WAP 1.127 2.434 2.160 – Wu et al. (2016b) 

Lane Cove National Park bedrock WAP 1.165 2.476 2.125 – Wu et al. (2016b) 

Lane Cove National Park bedrock WAP 1.176 2.500 2.126 – Wu et al. (2016b) 

Lane Cove National Park bedrock WAP 1.156 2.467 2.134 – Wu et al. (2016b) 

Duffys Forest bedrock WAP 1.134 2.426 2.139 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.114 2.402 2.156 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.108 2.388 2.155 – Wu et al. (2016b) 

Lane Cove National Park bedrock WAP 1.098 2.394 2.180 – Wu et al. (2016b) 

Duffys Forest bedrock WAP 1.121 2.432 2.169 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.144 2.459 2.149 – Wu et al. (2016b) 

Sydney Harbour National Park bedrock WAP 1.146 2.445 2.134 – Wu et al. (2016b) 

Lane Cove National Park bedrock WAP 1.123 2.441 2.174 – Wu et al. (2016b) 

Duffys Forest bedrock WAP 1.135 2.430 2.141 – Wu et al. (2016b) 

Bega granite (feldspar) WAP 1.166 2.441 2.093 – McCulloch and 
Woodhead (1993) 

Bega granite (whole rock) WAP 1.161 2.438 2.099 – McCulloch and 
Woodhead (1993 

Berridale granite (feldspar) WAP 1.159 2.445 2.109 – McCulloch and 
Woodhead (1993 

Petrol Sydney 1978-1981 WAP 1.137 2.397 2.108 – Wu et al. (2016b) 

Petrol Sydney 1900-1999 WAP 1.093 2.358 2.157 –  Wu et al. (2016b) 

Slag North Lake Maquarie Zn-Pb smelter WAP 1.140 2.424 2.127 17.780 Gulson et al. (2004) 

Cobar copper WAP 1.159 2.442 2.108 18.105 Gulson et al. (2004) 

Southern Copper fume (PK) WAP 1.148 2.436 2.122 17.943 Gulson et al. (2004) 

BHP (PK) blast furnace  WAP 1.213 2.415 1.991 19.053 Gulson et al. (2004) 

Kanahooka smelter soil (PK) WAP 1.055 2.333 2.211 16.249 Gulson et al. (2004) 

Kanahooka smelter fume (PK) WAP 1.058 2.336 2.209 16.322 Gulson et al. (2004) 
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Tallawarra Power station (fly ash) (PK) WAP 1.211 2.488 2.055 18.912 Gulson et al. (2004) 

Sydney, NSW (aerosol) WAP 1.067 2.342 2.195 – Bollhöfer and 
Rosman (2000) 

Cammeray, NSW (aerosol) WAP 1.065 2.338 2.195 – Bollhöfer and 
Rosman (2000)) 

Orange, NSW (aerosol) WAP 1.071 2.345 2.190 – Bollhöfer and 
Rosman (2000) 

Canberra, NSW (aerosol) WAP 1.064 2.337 2.196 – Bollhöfer and 
Rosman (2000)) 

Sydney aerosols (1994) WAP 1.067 2.342 2.195 – Bollhöfer and 
Rosman (2000) 
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