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Abstract  

 

Rottnest Island, located in the Indian Ocean approximately 20 kilometres west of 

Perth, Western Australia, contains eight hypersaline lakes. Sediment at the 

depositional surface of the lakes mostly comprises relict marine biogenic grains, 

including articulated bivalves, such as Katelysia scalarina, along with Posidonia 

australia seagrass rhizome fibres locally, deposited prior to ~1,900 calender years 

before present (years BP) when the lakes formed lagoons connected to the sea. The 

paucity of detrital sedimentation during the lacustrine phase of the depressions is 

attributable to the semi-arid climate and low lying catchment areas, coupled with 

hypersalinity precluding most flora and fauna and production of biogenic carbonate. 

Peloids comprise up to ~65% of grains locally in perennially submerged areas of the 

lakes, though typically less than 25%, and are mostly micritised skeletal grains and 

invertebrate faecal pellets. Although texturally and compositionally similar to other 

modern carbonate lake facies, biogenic carbonate in hypersaline coastal lakes is 

mostly relict marine, and carbonate precipitates in littoral areas show greater textural 

diversity, reflecting steeper environmental gradients. 

 

Geochemical analyses of the benthic foraminifera Quinqueloculina seminula tied to 

radiocarbon dates in a sediment core reveal that sea surface temperature (SST) and 

salinity in the lagoons were similar to the adjacent modern Indian Ocean from 

~2,500–2,050 years BP. Lagoonal SST for the same period shows an overall cooling 

trend, coincident with increasing variability in the El Niño Southern Oscillation 

(ENSO) decreasing the strength of the Leeuwin Current. Increased frequency in the 

El Niño phase of ENSO at ~2,100 years BP coincides with an abrupt fall in lagoonal 

SSTs to ~2,050 years BP. From 2,050–1,900 years BP SST and salinity in the 
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lagoons increased linearly, hypothesised to have resulted from increasing restriction 

of the lagoons as eustatic sea level fell.  

The same factors limiting detrital input have facilitated the development of 

ubiquitous microbial mats in the lakes that are spatially associated with biological 

and chemical precipitates. An exceptionally diverse range of microbially influenced 

carbonate deposits, including microbialites (thrombolites and stromatolites), oncoids, 

spherulites and composite ooids, have formed at the lake margins. Gypsum 

precipitation beyond the lake margins suggests groundwater driven changes in water 

chemistry influence carbonate precipitation in nearshore areas. The dominant 

mineralogy is aragonite followed by high Mg-calcite. Microbialite fabrics form in 

close association with the metabolic activities of cyanobacteria and heterotrophic 

bacteria and the extracellular polymeric substances (EPS) they secrete. Poorly 

crystalline Mg-Si precipitates are spatially associated with fossil cyanobacteria, 

locally have a polyhedral morphology, and were likely bio-induced by local 

increases in pH driven by oxygenic photosynthesis. EPS provided a viscous medium 

for mesoclot and spherulite formation within microbialites and for friable spherulite 

aggregates. Mineralised microbes, and cavities left by microbial decomposition, 

contributed directly to fabric development. Thrombolites and spherulitic 

microbialites are dominated by coccoid cyanobacteria, whereas stromatolites contain 

cavities left by filamentous cyanobacteria and the Bacillus morphotype. Locally, 

diagenetic recrystallisation has overprinted the microbial component in the Rottnest 

Island microbialites. 
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Chapter 1  

Introduction 

1.1 Preamble and significance   
 

Coastal lakes formed by Holocene eustatic sea level change and shoreline migration 

are a common feature along subtropical to temperate coastlines (Cohen, 2003). 

Lakes in these settings typically occupy closed basins and are surrounded by 

subdued topography, limiting siliciclastic input. The bedrock is commonly late 

Quaternary marine and/or coastal aeolian deposits, which may result in carbonate-

dominated settings (Brooke, 2001; Hearty et al., 2008; Adlam, 2014). These 

conditions favour the development of benthic microbial mats that form 

organosedimentary deposits known as microbialites (Burne et al., 1987) that have so 

far been the focus of most coastal carbonate lake studies (e.g., Moore et al., 1994; 

Dupraz et al., 2013; Wacey et al., 2018). As a result, the range and spatial 

distribution of sedimentary environments and deposits in such settings remain 

largely undocumented. In addition, the protected and low energy character of coastal 

carbonate lakes, and their proximity to the ocean, may facilitate the preservation of 

late Holocene climate and eustatic sea level records.  

 

Holocene microbialites have been described from a wide range of settings (Figure 

1.1) providing insight into their formation. Processes that generate modern 

microbialites include grain trapping by organic substrates, calcification of 

microorganisms, and carbonate mineral precipitation, either through microbial 

mediation or abiotically (Burne and Moore, 1987). Modern lithifying microbial mats 

contain photoautotrophs (e.g., cyanobacteria), and aerobic and anaerobic 

heterotrophs (e.g., sulphate reducing bacteria), embedded in various amounts  
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Figure 1.1. Global geographical distribution of actively forming microbialites. 

Adapted from Visscher (2019). 

 

 

extracellular polymeric substances (EPS) (Dupraz et al., 2009). The role of two types 

of microbial metabolisms in carbonate precipitation are well documented. 

Cyanobacterial oxygenic photosynthesis may promote carbonate precipitation 

through uptake of carbon dioxide increasing the pH, and by deprotonation of 

bicarbonate ions (Dupraz et al., 2009). Sulphate reducing bacteria may promote 

carbonate precipitation by oxidising organic carbon to produce bicarbonate ions 

(Visscher et al., 1998). 

 

Modern microbialites predominantly form in shallow marine or lacustrine settings 

and have a global distribution (Figure 1.1). Marine microbialites form by a 

combination of grain trapping and carbonate mineral precipitation, e.g., in open 

marine conditions in the Bahamas (Dravis, 1983; Reid et al., 1995; Planavsky et al., 

2009) and in embayed marine conditions in Hamelin Pool (Logan, 1961; Reid et al., 
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2003; Jahnert et al., 2012; Suosaari et al., 2016a). Texturally, microbialites in marine 

settings comprise detrital grains in micritic cement that together may form fabrics 

that are massive, weakly clotted and/or layered or laminated. Micrite has been 

correlated with the metabolic activity of sulphate reducing bacteria in Bahamian 

microbialites (Visscher et al., 2000; Baumgartner et al., 2006) and calcification of 

cyanobacteria within micrite has been reported in Hamelin Pool microbialites (Reid 

et al., 2003; Suosaari et al., 2016a). 

 

In contrast, lacustrine microbialites form primarily by in situ mineral precipitation 

(Chagas et al., 2016). Lacustrine microbialites have been described from localities as 

disparate as Antarctica (Mackey et al., 2017), the Andes (Gomez et al., 2014; Pacton 

et al., 2015) and southwestern Australia (Playford et al., 1977; Moore et al., 1994; 

Coshell et al., 1998; Burne et al., 2014). Lacustine microbialite fabrics may include 

clotted aggregates of calcified cyanobacteria, such as in Great Salt Lake (Pace et al., 

2016) and brackish Lake Clifton in  southeastern Australia (Burne et al., 2014). Well 

laminated fabrics have been reported in hypersaline lakes, such as in Cuba, where 

laminae formation was attributed to the creation of a high pH interface between 

oxygenic and anoxygenic layers in the microbial mat and changes in EPS 

composition (Pace et al., 2018). 

 

Microbialites provide the earliest macroscopic evidence for life in the geological 

record (Walter et al., 1980; Van Kranendonk et al., 2008). In ancient microbialites, 

direct evidence for a biological origin has commonly been destroyed during 

diagenesis (e.g., Theisen et al., 2016), which may lead to questions over their 

biogenicity (Awramik et al., 2005; Wright et al., 2015). Study of modern 
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microbialite-forming settings, such as coastal carbonate lakes, can provide insights 

into the distribution, formation and diagenesis of ancient examples. In addition, the 

proximity of modern coastal lakes to the nearby ocean, along with their protected 

and low-energy character, means they are highly likely to record changes in sea level 

and climate during the Holocene.  

 

This thesis focuses on Rottnest Island, a small limestone island located ~20 km off 

the coast of Perth, Western Australia. Rottnest Island hosts eight hypersaline 

carbonate lakes containing microbial mats actively forming microbialites, and a 

shallow marine fossil fauna deposited during Holocene eustatic sea level highstands 

when the lakes were lagoons connected to the Indian Ocean. By documenting the 

sedimentology of the lakes on Rottnest Island, this thesis aims to provide new 

insights into the (1) range of deposits and controls on their formation and distribution 

in coastal carbonate lakes, (2) formation and diagenesis of microbialites, and (3) 

environmental history of the lakes and the region. Rottnest Island has been 

designated a Class-A Reserve by the Government of Western Australia, emphasising 

its high conservation value and the importance of using scientific knowledge to 

underpin management of these environments (RIA, 2019). 

 

1.2  Regional Setting 
 

Southwestern Australia (SWA) is globally important for modern lacustrine 

microbialites (Figure 1.2). Localities include domical stromatolites and thrombolites 

in Lake Thetis (Grey et al., 1990; Reitner et al., 1996; Wacey et al., 2018), columnar 

to domical thrombolites in Lake Clifton (Moore, 1987; Konishi et al., 2001; Wacey 

et al., 2010; Burne et al., 2014), domical thrombolites in Lake Walyungup (Coshell 
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et al., 1998), domical thrombolites in Lake Richmond (1987), and conical 

microbialites in Rottnest Island lakes (Playford et al., 1977). On Rottnest Island, the 

internal fabrics and range of macrostructures have not been described prior to this 

study.  

 

Holocene lakes containing microbialites in SWA are located within the Perth Basin, 

formed during Permian to early Cretaceous rifting of Australia from India associated 

with the breakup of Gondwana (Playford et al., 1976; Harris, 1994) (Figure 1.2). 

Basin strata are up to 15,000 m thick and range in age from Permian to Quaternary. 

To the east the basin is bounded by the Darling Fault, which separates it from the 

Yilgarn Block, and to the north by the Southern Carnarvon Basin. Quaternary 

deposits form a veneer over the Perth Basin that is up to 300 m thick and includes 

deposits of the Guildford Clay, Bassendean and Spearwood dune systems distributed  

from east to west and decreasing in age towards the coast (Tapsell et al., 2003) 

(Figure 1.3, 1.4). The Spearwood dunes locally overlie the Tamala Limestone, a 

diverse suite of unconsolidated to strongly lithified calcareous sandstones 

(Semeniuk, 1983). The Tamala Limestone comprises the bedrock for the SWA lakes. 

Southwestern Australia has a Mediterranean-type climate, characterised by mild wet 

winters and hot dry summers. The microbialite-forming lakes in this region are all 

hydrologically closed basins that are recharged by surface run-off and groundwater 

discharge (Grey et al., 1990; Moore and Burne, 1994; Coshell et al., 1998).  
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Figure 1.2. Regional geological setting and location of microbialite-forming lakes in 

southwestern Australia. Location of embayed marine microbialites at Hamelin Pool 

is also shown. Adapted from Grey et al. (2009). 
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Figure 1.3. Regional geology and bathymetry of study area, adapted from the  

1:50 000 maps from the Department of Mines, Industry Regulation and Safety, 

Government of Western Australia (DMIRS, 2019). 
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Figure 1.4. Stratigraphic column summarising Quaternary strata within the Perth 

Basin. After Smith et al. (2012).   

 

 

The underlying Tamala Limestone bedrock coupled with the absence of volcanic 

rocks and a deeply weathered regolith means that lakewaters are alkaline and 

nutrient poor (Moore, 1987; Grey et al., 1990; John et al., 2009; Smith et al., 2010). 

This has facilitated the development of lithifying microbial mat communities that 

mostly comprise prokaryotic bacteria (Gleeson et al., 2016; Monteiro et al., 2019) 

although diatoms are also locally important (Grey et al., 1990; John et al., 2009).  

The importance of nutrient-poor lakewater has been highlighted by the recent demise 

of lithifying mats in Garden Lake on Rottnest Island and at Lake Clifton (Figure 1.2) 

because of eutrophication (John et al., 2009; Smith et al., 2010; Gleeson et al., 2016).   
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The mineralogical and elemental composition of lacustrine microbialites in SWA 

trends with lakewater chemistry (Grey et al., 1990; Moore and Burne, 1994; Rosen et 

al., 1996). Although salinity varies between the SWA lakes, lakewaters evolved from 

seawater which, in combination with input of Ca from groundwater, results in 

Mg/Ca ratios that are typically more than double seawater (Coshell et al., 1998; 

Wacey et al., 2018). This results in microbialites with a dominantly aragonitic 

mineralogy (Fernandez-Diaz et al., 1996). Mg-silicate minerals and poorly 

crystalline Mg-Si precursors have recently been identified in Lake Clifton (Burne et 

al., 2014) and Lake Thetis (Wacey et al., 2018) where they formed in close 

association with the metabolic activities of cyanobacteria, consuming CO2 and 

locally increasing the pH. Mg-silicate precipitation has been recognised in a number 

of other lacustrine microbialite-forming settings, including Great Salt Lake (Pace et 

al., 2016) and Mono Lake (Souza-Egipsy et al., 2005).  

 

1.3 Aim and Objectives  
 

The lacustrine sedimentology on Rottnest Island has not been described, beyond 

preliminary descriptions of microbialite macrostructure in Playford (1977). The 

overarching aim of this research is to document the character (mineralogical and 

geochemical composition, texture and components) and spatial distribution of 

lacustrine sedimentary deposits on Rottnest Island, to better constrain the factors 

influencing their formation and distribution. The emphasis in this thesis is placed on 

the microbial carbonate component of the lakes, particularly the microbialites.  

The objectives of this thesis are to:  

(1) describe the sedimentary facies and their spatial distribution in the lacustrine 

depositional environments on Rottnest Island; 
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(2) develop models for coastal carbonate lake systems to better understand 

controls on facies development; 

(3) characterise the microbial mat and microbialite facies from the macro (m 

scale) to nanoscale, with an emphasis on textural characterisation at the meso 

(cm–mm) scale and smaller; 

(4) develop models for microbialite fabric development; and   

(5) establish the environmental history of the lakes and precursor lagoons.  

 

1.4 Materials and methods  
 

Geological mapping of littoral areas around the lakes, including sediments, 

sedimentary rocks and microbial mats, was undertaken in March–August 2015, 

using aerial photographs from Google Earth® to the scale of features 0.1 m in 

diameter. Probable microbialite samples were collected during this period. Samples 

were collected along transects perpendicular to the lake shore in March and April 

2017, and additional microbialite samples collected when necessary, to provide a 

representative sample set encompassing the sedimentological and environmental 

variability in the lakes. Geological maps were updated in a geographic information 

system (QGIS) as data were generated.  

 

Textural characteristics of lithological samples were described via petrographic work 

on thin sections using conventional transmitted light microscopy and scanning 

electron microscopy on thin sections and rock fragments. Bulk mineralogy was 

obtained with X-ray diffraction. Unconsolidated sediment samples were analysed 

through sieving and laser granulometry to obtain grain-size distributions. Component 
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composition was evaluated via visual inspection and point counting using a 

binocular and/or petrographic microscope.  

 

Seasonal variation in the physiochemistry of the lakes was investigated by measuring 

the pH, temperature and total dissolved solids during field campaigns in March 

2017, October 2018 and Feburary 2019. Water samples were collected when lake 

levels were at their highest in autumn (October 2018) and lowest in summer 

(February 2019) to capture seasonal variability. The stable isotope (δ13C and δ18O) 

and ionic composition of the lake water and modern sea water were obtained with 

mass spectrometry.   

 

The environmental history of the lakes and precursor lagoons was investigated using 

the sedimentology of eight sediment cores, and geochemistry of benthic foraminifera 

in one sediment core. Elemental and stable isotope (Mg/Ca, δ13C and δ18O) 

compositional data on the foraminifera were obtained with mass spectrometry. 

Information on the range of mean sea level change was obtained by measuring the 

elevation between the lakes and sea with a differential dGPS. 

 

1.5 Study location 
 

1.5.1 Indigenous and colonial history 
 

Indigenous Australians had occupied southwestern Australia by 43–50 kyrs ago 

(Allen et al., 2003) during the middle of the last glacial period when sea level was 

60–80 m below today (Spratt et al., 2016) and Rottnest Island formed a low hill 5–20 

kilometres inland from the coast. The presence of indigenous Australians on this hill 

is recorded by two Eocene chert flakes, one calcrete flake and one feldspar pebble 
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interpreted as transported (Ward et al., 2016). The indigenous Noongar referred to 

the island as Wadjemup or ‘place across the river’ (Stasiuk, 2015) after it was 

separated from the mainland by eustatic sea level rise ~6,500 years ago. Willem de 

Vlamingh visited the island in 1698 while looking for the lost ship Riddenschop de 

Holland (Knight of Holland), mistook the quokka marsupials on the island for 

oversized rodents, and named the island Rottenest (Rats Nest). Rottnest Island 

contains some small ephemeral lakes (Pink Lake, Lake Sirius and Pearse Lakes) that 

develop salt crusts in late summer when they dry out completely. Salt was produced 

commercially from Pearse Lakes for about 100 years from 1852, providing most of 

the Perth salt supply during this period (Playford et al., 1977).  

 

1.5.2 Rottnest Limestone and Tamala Limestone 
 

Formation of Rottnest Island began during the last interglacial ~127,000 years ago 

when eustatic sea level was 3–4 m higher than today with the deposition of coral 

limestone (Rottnest Limestone) located at Fairbridge Bluff (Figure 1.5). Deposition 

of aeolian calcareous sand that would comprise the Tamala Limestone began 

~125,000 years ago, and peaked between 80,000–70,000 years ago when sea level 

was ~18 m lower than today (Hearty, 2003; Hearty and O’Leary, 2008). The Tamala 

Limestone, with characterisitc large scale aeolian cross-bedding, is conspicuous on 

Rottnest Island in areas with topographic relief and as eroded platforms around the 

lakes(Playford et al., 1977; Hearty, 2003) (Figure 1.6). Outcrops of Tamala 

Limestone around the lakes have been eroded by wave action during minor sea level 

highstands in the late Holocene, creating wave cut ‘notches’ that have been used to 

infer the amplitude of relative sea level change (Playford, 1988; Baker et al., 2005). 

Eustatic sea level rise isolated the island ~6,500 years ago (Stirling et al., 1995;  
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Figure 1.5. Geology and topography of the study area on Rottnest Island, adapted 

from Playford (1977). Lake bathymetric data from the Rottnest Island Authority, 

Government of Western Australia.  
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Figure 1.6. Tamala Limestone at the lake margins on Rottnest Island. Linear features 

on the platform are aeolian cross-beds. The undercut ‘notch’ containing the scale has 

been used to infer sea level variability during the late Holocene.  

 

 

 

Lambeck et al., 2014). The dune ridge connecting Rottnest Island to the mainland is 

now mostly 5–10 m underwater and includes Carnac Island and Garden Island 

(Figure 1.3).  

 

Tamala Limestone on Rottnest Island is composed of abraded and mostly 

fragmented shallow marine, fine skeletal grains and up to ~50% quartz (Playford et 

al., 1977). Skeletal constituents include molluscs, coralline algae, echinoderms and 

foraminifera (mostly Rotalid taxa). The limestone fabric varies from weakly 

cemented, grain supported and friable to strongly micrite cemented (Playford et al., 

1977; Hearty, 2003). The carbonate composition is similar to that of the mainland 
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Tamala Limestone Grey Member, which contains approximately 67% low Mg-

calcite, 21% aragonite and 12% high Mg-calcite non carbonate grains are quartz and 

minor amounts of microcline and orthoclase feldspar, ilmenite, magnetite, garnet, 

amphibole and epidote (Bastian, 1996; Lipar et al., 2014). 

 

 

 

1.5.3 Herschell Limestone  
 

The Herschell Limestone is found around the margins of the lakes, comprising a rich 

shallow marine fossil fauna that includes both well lithified limestones and 

unconsolidated carbonate sediments (Playford et al., 1977; Playford, 1988) (Figure 

1.5). The formation is up to 2.5 m thick and overlies the Tamala Limestone. The 

fossil fauna is very diverse and includes over 200 species of molluscs (mainly 

gastropods and bivalves, with minor chitons and scaphopods), and echinoderms, 

foraminifera and polychaetes (Playford, 1988). Radiocarbon dating of Katelysia 

bivalves and serpulid worm tubes around the lake margins suggests that the 

Herschell Limestone was deposited between ~2,200–5,900 years ago when the lakes 

formed shallow lagoons connected to the Indian Ocean (Playford, 1988; Baker et al., 

2005).  

 

1.5.4 Present-day climatic conditions  
 

The climate is semi-arid with hot dry summers and mild wet winters. Mean 

maximum summer temperature from 1983–2019 during summer was 27oC and mean 

minimum temperature during winter was 18oC (BOM, 2019b) (Figure 1.7). The 

island had an average rainfall between 1983 and 2019 of 573 mm/year of which 422  
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Figure 1.7. Mean temperature and rainfall on Rottnest Island from the Australian 

Bureau of Meteorology from 1983–2019 (BOM, 2019b).   

 

 

mm/year fell between May and September. Rainfall in southwestern Australia has 

decreased by 15–20% since the 1960s (IOCIP, 2002; Feng et al., 2015). Strong 

southeasterly afternoon sea breezes, typically >30 km per hour, prevail during 

summer. In contrast, more variable lighter winds, predominantly from the southwest 

and northeast, characterise the winter months (BOM, 2017; data from 1965–2015). 

 

1.5.5 Lakes 
 

Eight lakes in the northeastern corner of Rottnest Island are the focus of this thesis 

(Figure 1.5). The lakes are hypersaline and vary from ephemeral and unstratified, to 

perennial and stratified. Bunn et al. (1984) described seasonal stratification in 

Government House Lake and Lake Serpentine resulting from the inflow of cool fresh 

water from surface run-off spreading over warmer, saltier water below the 

thermocline located at ~2.5 m water depth. These authors argued that the lakes 
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represented ‘hot lakes’, i.e. meromictic lakes, because  mixing occurred in summer 

outside the normal circulation period. Hassell et al. (1960) described algal gyttja 

forming in the lakes – a Swedish word used to describe a gel-like substance formed 

by decomposing peat and composed of bacterial gels, gypsum and lime mud. This 

substance matches the description of EPS, secreted by benthic microbes to protect 

them from desiccation and harmful ultra violet rays (Decho et al., 2005). Playford 

(1977) noted a veneer of algal and evaporitic sediments on the lake floors, and 

appears to have been the first to note microbialites forming in the lakes, describing 

them as ‘undulous stromatolites’. Playford (1977) used microbialites growing on a 

glass beer bottle of known age to deduce a growth rate for the microbialites of ~1.5 

mm a year. John (2009) investigated the dominant cyanobacterial and diatom 

assemblages within Lake Herschell, Garden Lake, Government House Lake and 

Lake Serpentine. He noted that the microbial assemblage in Garden Lake was 

distinct from the other lakes and attributed this to its more nutrient-rich water, likely 

reflecting its proximity to the settlement and golf course, fertiliser run-off and 

eutrophication.  

 

The elongate to ovoid shape of the lakes on limestone bedrock was the basis for a 

karstic origin interpretation as collapsed dolines (sinkholes) for the lakes by Playford 

et al. (1977). Playford et al. (1977) also emphasised the similarity in size and shape 

of the Rottnest Island lakes to the blue holes in the Albrohos Islands to support this 

interpretation. These  features may also have a growth origin in which mollusc beds 

stabilise the substrate along shorelines that have a morphology partly controlled by 

wave action (Wyrwoll et al., 2006; Schlager et al., 2015).  
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1.5.6 Hydrogeology of Rottnest Island 
 

Two recent groundwater studies on Rottnest Island showed that a fresh water lens to 

the west of the lakes had no measurable impact on the lakewater chemistry (Bryan et 

al., 2016) and that groundwater is rainwater derived (Bryan et al., 2017). 

Groundwater at the top of the water table was saturated with respect to calcite and 

aragonite, indicating carbonate dissolution had occurred, primarily by the interaction 

carbonic acid with calcium carbonate. Lake levels vary seasonally between about      

-0.5 and -1.3 m below the Australian Height Datum, suggesting seawater intrusion is 

minimal and that lake levels are controlled by seasonal changes in evaporation and 

precipitation (Boulton et al., 2014). Playford et al. (1977) attributed the apparent 

absence of seawater influx into the lakes, despite less than 100 m of porous 

limestone separating the lakes and ocean in places, to the benthic microbial mats, 

muds and evaporite deposits on the lake floors, sealing the lakes from seawater 

intrusion.  

 

1.7 Microbialite terminology   
 

The term microbialite was introduced by Burne and Moore (1987) to describe 

organosedimentary deposits formed by the mineral precipitating and/or grain 

trapping activities of benthic microbial mats. Microbialites may be described at 

several scales of observation. This thesis follows the system outlined by Shapiro 

(2000) that describes microbialites at the scale of the macrostructure (individual 

microbialite buildups, i.e., m–cm scale, e.g., domical, conical, columnar, planar), 

mesostructure (scale of the internal fabric at hand sample scale, i.e., cm–mm scale) 

and microstructure (mm–micron scale). Microbialites are generally defined 

according to their mesostructure (Kennard et al., 1986; Moore and Burne, 1994; 
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Planavsky and Ginsburg, 2009; Jahnert and Collins, 2012; Perri et al., 2012; Barlow 

et al., 2016). The two dominant types of fabric are stromatolites (Kalkowsky, 1908; 

adjective: stromatolitic), which have a laminated internal fabric, and thrombolites 

that have a crudely layered to clotted internal fabric (Aitken, 1967; adjective: 

thrombolitic). The other type of microbialite fabric relevant to this thesis is 

spherulitic, with an internal fabric characterised by radial-fibrous carbonate 

spherulites (Verrecchia et al., 1995).   

 

1.8 Thesis structure 

 

This thesis is presented as a series of chapters, several of which are manuscripts that 

are in various stages of journal preparation, submission and acceptance. The four 

main data chapters address the objectives of the project. Chapter 2 documents the 

diverse sedimentary facies and their distribution in and around the lakes, and 

discusses controls on their formation and distribution. Chapter 3 investigates the 

timing of the marine lagoon–lake transition and the environmental conditions present 

during the lagoonal phase, through evaluation of eight sediment cores and the 

geochemistry of benthic foraminifera from one core. Chapter 4 describes and 

interprets the fabric of thrombolites, including the processes that formed the fabric 

and influenced the relative preservation of the microbial component. Chapter 5 

describes the internal fabric of microbialites with a conical external morphology 

containing spherulitic fabrics, and presents a model for the formation of the fabrics. 

Chapter 6 discusses some of the key findings of this thesis in the context of current 

knowledge and Chapter 7 presents the conclusions of the project and suggestions for 

future work. Reference lists are presented at the end of each chapter and 

supplemental information for Chapters 2 and 5.  
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Chapter 2  

Sedimentology of hypersaline coastal carbonate lakes on Rottnest Island, 

Western Australia  

Abstract 
 

Carbonate lakes are a common feature of semi-arid coastlines, yet there are few 

studies comprehensively describing their modern sedimentology. Here, we 

investigate the sedimentary environments and deposits of five endorheic and 

hypersaline carbonate lakes on Rottnest Island, Western Australia, using field 

observations and petrographic analyses of samples collected along seven transects. 

Lake types comprise shallow unstratified lakes (ephemeral to <2.5 m depth) with 

continuous low-angle margins and monomictic deep lakes (>2.5 m depth) with a 

slope break between littoral and basinal environments. Lake sediments are mostly 

bioclastic and of three types. (1) Reworked calcareous sandstone bedrock (Tamala 

Limestone) is mostly present in onshore areas. (2) Biogenic marine grains from a 

minor sea level highstand ~2–3 kyr ago are unevenly distributed, and locally include 

articulated bivalves and pristine foraminifera, suggesting little detrital sedimentation 

since partial in situ deposition during the lagoonal phase of the lakes. (3) Peloidal 

sediment composed of invertebrate faecal pellets and micritised skeletal grains. 

Ubiquitous microbial mats in the lakes are spatially associated with texturally 

diverse microbial carbonate and gypsum. Flocculent mats dominated by filamentous 

cyanobacteria characterise the shallow lakes, and include lithifying mats spatially 

associated with stromatolites, and non-lithifying mats containing thick intervals of 

extracellular polymeric substances, locally containing spherulites and composite 

ooids. Oncoids form in onshore areas of the deep lakes with heavy groundwater 

discharge. Texturally diverse microbial mats in the deep lakes are coccoid-dominant, 
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bathymetrically controlled and spatially associated with thrombolites in littoral areas. 

Gypsum precipitation beyond the littoral–basinal slope break suggests groundwater-

driven variations in water chemistry influence carbonate precipitation in the 

nearshore. Although compositionally and texturally similar to other modern 

carbonate lake facies, biogenic carbonate in hypersaline coastal lakes is mostly relict 

marine, and carbonate precipitates in littoral areas show greater textural diversity, 

reflecting steeper environmental gradients.  

2.1 Introduction  
 

Carbonate lakes formed during Holocene eustatic sea level rise, shoreline migration 

and drainage blockage behind coastal sand bodies are a common feature of semi-arid 

coastlines (Brooke, 2001; Cohen, 2003). Despite their importance as ecological 

refuges and recorders of past environmental and/or sea level change, 

sedimentological descriptions of carbonate lakes in coastal settings are rare in the 

literature. In regions such as western and southern Australia, where these lakes are a 

common coastal feature, published work has tended to focus on microbialites 

forming at the lake margins (e.g., Grey et al., 1990; Moore et al., 1994; Rosen et al., 

1996; Coshell et al., 1998; Wright et al., 2005; Perri et al., 2012; Burne et al., 2014; 

Wacey et al., 2018). As a result, the diversity and spatial distribution of lacustrine 

environments and their facies in such settings remain largely undocumented. 

Discovery of hydrocarbon reservoirs associated with lacustrine microbialites in 

offshore Brazil (Carminatti et al., 2008) and Angola (Saller et al., 2016) further 

highlights the need for modern analogue data from these settings (Awramik et al., 

2012). Here we contribute new information on the exceptional variability present in 

five modern coastal hypersaline lakes on Rottnest Island, Western Australia (Figure 

2.1).  
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Figure 2.1. Geology (Department of Mines, Industry and Regulation, Government of 

Western Australia) and lake bathymetry (Rottnest Island Authority, Government of 

Western Australia) of the (A) regional setting and (B) study area also showing 

sample transect locations.   
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Modern lake sedimentology has been described from glacial (Eyles et al., 1988), 

fluvial (Bohacs, 2000), tectonically active (Cohen et al., 1987; Lambiase, 1990), 

volcanic (Last et al., 1990), playa and continental saline lake settings (Eugster et al., 

1978; De Deckker, 1988; Last et al., 1997). Coastal lakes comprise ~2.3% of the 

present day total global lake area (Meybeck, 1995) and are concentrated in semi-arid 

regions such as southern Australia (e.g., De Dekker, 1988; Chagas et al., 2016) and 

the eastern margin of southern Africa (e.g., Hill, 1975; Hobday, 1979).  Subdued 

topography in these regions, coupled with the tendency for coastal lakes to occupy 

hydrologically closed (endorheic; e.g., karstic or inter-dune) basins, typically limits 

clastic input. The bedrock commonly comprises late Quaternary marine and/or 

coastal aeolian deposits (Brooke, 2001; Hearty and O’Leary, 2008) typically 

resulting in carbonate-dominated settings (e.g., Adlam, 2014; Bouton et al., 2016).  

Lake types that may share sedimentary features with coastal carbonate lakes include: 

perennial continental-saline lakes that produce well-laminated evaporite, carbonate, 

and siliciclastic facies (e.g., Last, 1990); and freshwater-karstic and maar lakes that 

commonly contain indurated-carbonate hardgrounds and microbialites in littoral 

areas (e.g., Arp et al., 1999; Morellón et al., 2009; Last et al., 2010). Rottnest Island 

contains a range of unstratified ephemeral lakes and seasonally stratified perennial 

lakes. Although the catchment geology is predominantly bioclastic carbonate 

material, these lake systems also contain a significant microbial component, 

evaporites and minor siliciclastic sediments, providing a unique opportunity to 

examine the variability in coastal carbonate lakes.  

 

Coastal carbonate lakes may differ from other lake types in their microbial influence 

and microbialite diversity, coupled with low clastic sedimentation rates and presence 
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of marine sediments (e.g., Wright et al. 2005; Spadafora et al., 2010). Variable lake 

morphology and physiochemical conditions can result in diverse microbial mat 

communities, producing microbialites with a wide range of external morphologies 

and internal fabrics. Microbialites in coastal lakes predominantly have a clotted 

internal structure (e.g., Dupraz et al., 2004; Moore et al., 1994). Modern lacustrine 

microbialites form primarily by in situ mineral precipitation (e.g., Coshell et al., 

1998; Laval et al., 2000; Gischler et al., 2008; Chidsey et al., 2015; Pace et al., 

2018), in contrast to modern marine examples formed primarily by grain trapping 

processes (e.g., Planavsky et al., 2009; Jahnert et al., 2012). Modern lacustrine 

microbialites may therefore provide the most suitable analogues for ancient 

Phanerozoic (e.g., Theisen et al., 2016; Kirkham et al., 2018) and Precambrian 

microbialites (e.g., Turner et al., 2000; Van Kranendonk, 2006) also formed by in 

situ mineral precipitation. Although laminated microbialites have been reported in 

Holocene lakes (e.g., Perri et al., 2012; Gomez et al., 2014) they are uncommon, and 

new reports of modern examples may provide valuable insight into the genesis of 

Precambrian stromatolites, due to the formation of both principally by autochthonous 

mineral precipitation (Riding, 2000). Diverse microbial mat communities in seven of 

nine hypersaline carbonate lakes on Rottnest Island are actively forming 

microbialites. With the exception of brief descriptions of microbialite macro-

morphologies and skeletal limestones in Playford (1977, 1988) and microbial mat 

cyanobacterial and diatom assemblages in John (2009), no detailed work has been 

published on the microbialites or lacustrine sedimentology of Rottnest Island.   

The general aim of this paper is to develop improved models for coastal carbonate 

lake systems, to better understand the controlling influences on facies development. 

The specific objectives are to: document the range and spatial distribution of 
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lacustrine depositional environments on Rottnest Island; describe their sedimentary 

and microbial facies; and discuss controls on facies distributions and development. 

Here we present some of the first high spatial resolution information on the lateral 

variability present within these dynamic and paleoenvironmentally-important 

depositional settings.   

 

2.2 Setting   
 

2.2.1 Geology   
 

Rottnest Island is situated 18 km west of the coast in Western Australia, in a 

tectonically quiescent portion of the Perth Basin (Cawood and Nemchin, 2000; 

Figure 2.1A).  The island bedrock is composed of aeolian grainstones (of the Tamala 

Limestone), deposited as coastal dune ridges during the last Pleistocene interglacial 

highstand (Hearty, 2003). The Tamala Limestone is locally intercalated with a coral 

framestone–bafflestone (Rottnest Limestone) on the southern coast of the island 

(Stirling et al., 1995).  Eustatic sea level rise separated the island from the mainland 

about 6.5 kyr ago (Eisenhauer et al., 1993; Lambeck et al., 2014) and the subaqueous 

element of the connecting dune system now forms a ridge ~10 m deep (Figure 2.1A).  

 

The eastern end of the island has nine hypersaline lakes that are the focus of this 

study (Figure 2.1B; Table 2.1), and several lower salinity, ephemeral and perennial 

interdunal swamps  (Edward et al., 1959; Gouramanis et al., 2012). The lakes have 

elongate to ovoid shapes, and are broadly aligned and deepen from east to west. 

Interpretation of the lakes as karst features based on lake shape and the underlying 

carbonate geology by Playford (1988) has since been questioned in comparable  
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Table 2.1. Physical properties of study lakes, seawater and groundwater on Rottnest Island. Water level data courtesy of the 

Rottnest Island Authority, Government of WA. Pink Lake chemistry data from Monteiro (unpublished). Lake Serpentine 

chemistry data from Gillen (2016). Seawater and groundwater data collected during this study. AHD=Australian Height Datum. 

Locality  Type Permanence 
Size 

(ha) 

Date 

collected 

Water 

level 

(AHD, m) 

Depth 

(m) 
pH 

Alk.    

meq/L 

Na+ 

mmol/L 

Cl-

mmol/L 

SO42- 

mmol/L 

Ca2+ 

mmol/L 

Mg2+ 

mmol/L 
Mg/Ca 

Pink Lake Shallow 
Ephemeral – 

Perennial 
5.3 

Jul 2015 NR 0.77 8.0 2.4 1307.7 1353.3 67.0 28.0 153.3 5.5 

Jan 2016 NR 0.35 7.6 7.0 3892.0 4409.1 240.4 13.0 1078.4 83.1 

Lake 

Serpentine 
Deep Perennial 38.3 

Jul 2015 -0.47 5.43 8.0 2.9 1772.9 1881.5 81.8 22.8 221.9 9.7 

Jan 2015 -0.96 4.94 8.1 3.6 3227.6 3213.6 160.4 29.7 371.0 12.5 

Government 

House Lake 
Deep Perennial 55.4 

Jul 2015 -0.48 7.82 8.0 2.7 2368.0 2738.5 25.4 23.6 287.6 12.2 

Feb 

2015 
-1.09 7.21 7.8 2.7 3074.0 3405.5 65.3 30.4 367.8 12.1 

Seawater - - - Oct 2018 -0.4 - 8.1 9.3 431.7 493.0 9.7 10.2 55.8 5.5 

Groundwater  - - - Oct 2018 - - 7.7 7.0 52.3 54.6 0.3 3.8 8.9 2.4 



51 

 

settings (Wyrwoll et al., 2006). Such shapes may have a growth rather than purely 

karstic origin, with one possible mechanism being the biotic-self organisation of 

mollusc beds in tidal flats stabilising the substrate (Schlager and Purkis, 2015).  

 

Limestones and skeletal sand containing a shallow marine and stenohaline fossil 

fauna (Herschell Limestone; Figure 2.1B) are found along the lake margins. The 

Herschell Limestone overlies the Tamala Limestone and is overlain by microbialites 

(Playford, 1988). Radiocarbon dates on Katelysia spp. bivalves and serpulid tubes at 

wave-cut notches in the Tamala Limestone constrain the timing of two changes in 

relative sea level: an upper notch 2.4 m above present mean sea level between 4.8 

and 5.9 kyr ago, containing Katelysia rhytiphora; and a lower notch ~1 m above 

present between 2.2 and 3.2 kyr ago, containing Katelysia scalarina. 

 

Some of the lakes have been affected by human activity. The southern margin of 

Government House Lake, the northern margin of Lake Herschell and the former 

isthmus between the two (now a causeway) have been physically altered to build 

roads (Figure 2.1B). Garden Lake, located near the main settlement and golf course, 

has been affected by eutrophication due to fertilizer runoff and by wastewater 

disposal/irrigation (John et al., 2009). Pearse Lakes were used for salt production 

until 1952 (Playford et al., 1977). Care was taken to work on undisturbed areas of the 

lakes during this study.  

 

2.2.2 Climate  
 

Rottnest Island has a Mediterranean-type climate characterised by hot-dry summers 

and cool-wet winters. The island has an average rainfall of 569 mm/year, of which 
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422 mm/year falls between May and September (BOM, 2017; data from 1983–

2015). Annual evapo-transpiration rates far exceed precipitation, for example in 

2016 when 1628 mm was recorded (BOM, 2017). Strong southeasterly afternoon sea 

breezes, typically >30 km per hour, prevail during summer. In contrast, more 

variable lighter winds, predominantly from the southwest and northeast, characterise 

the winter months (BOM, 2017; data from 1965–2015).  

 

2.2.3 Hydrology and hydrochemistry  
 

Lake levels are driven by rainfall recharge and evaporation cycles (Bryan et al., 

2017) and vary seasonally between around -1.1 (late autumn, i.e., April–May) to -0.5 

m (late winter, i.e., July–August) below the Australian Height Datum (Table 2.1). 

The shallow lakes (<2.5 m autumn depth) have gently dipping sides, whereas the 

deep lakes (>2.5 m depth autumn depth) have a sigmoidal slope break at ~1 m water 

depth. 

 

Late summer salinity in the lakes can exceed 150 g L-1 and hypersaline lake water 

has no measurable impact on the composition of a fresh groundwater lens 

approximately 1 km to the west (Bryan et al., 2016).  This coupled with seasonal 

change in lake levels of up to ~1 m together suggest seawater intrusion is minimal. 

The deeper lakes (Government House Lake, Lake Serpentine, Lake Herschell) are 

temperature and salinity stratified during winter and spring: brines below the 

thermocline, located at water depths between 2–3 m, are up to 10°C warmer than the 

surface (Bunn et al., 1984). Stratification is caused by rainfall-derived freshwater and 

discharging groundwater spreading over denser hypersaline water during autumn–
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winter, and is subsequently destroyed during summer periods by reduced lake water 

levels and increased wind and wave action. 

 

2.3 Materials and methods 
 

Surficial deposits (upper 10–30 cm) were collected along seven transects into or 

across five lakes during two visits to the island in early April and May of 2017 

(Figure 2.1B). Transect locations were chosen to capture the sedimentological and 

modern physiochemical variability within and between lakes (8–16 samples per 

transect; 74 samples total). To obtain a representative sample, sample volume varied 

between 5–10 cm3. Samples were collected at visible changes in lithology, sediment 

colour and/or composition, as well as microbial mat colour and/or surface 

morphology. Submerged samples were collected with a trowel in water depths of 

<0.8 m and at deeper depths with a Van Ween grab sampler lowered on a rope. In 

water depths greater than a meter where these features could not be discerned, 

samples were collected from a boat at ~50 cm changes in water depth. Both 

sampling methods resulted in very good recovery and no overt disturbance in 

shallow (<1.2 m) waters where lithifying mats and microbialites are found. Recovery 

of non-lithifying mats in water depths of >1.2 m was also good and involved 

minimal disturbance. The physical characteristics (internal organisation, texture and 

surface morphology) of the microbial mats at the mesoscale (cm–mm scale), and 

their relationship with sediments and lithified samples, were recorded in the field. 

Representative microbial mat samples were collected in sterile 80 ml vials and 

refrigerated at ~2° C for further examination. 
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Grain-size distributions for the <2 mm sieved sediment fraction were quantified with 

a Malvern Mastersizer Hydro 2000G® laser particle-size analyser. Samples were 

weighed and treated with hydrogen peroxide to remove organic matter and weighed 

again to obtain total organic carbon (TOC) content. Samples were then treated with a 

sodium hexametaphosphate solution to disaggregate grains and run through the 

analyser.  The >2 mm size fractions were sieved and weighed, with the weights of all 

fractions normalised to yield overall grain-size distributions.  

 

Prior to embedding sediment samples in epoxy resin for thin section production, 

locally abundant organic matter, notably extracellular polymeric substances (EPS) 

present in microbial mats, was removed by decanting the sediment in de-ionised 

water 3–6 times. Quantitative and textural data on sediment grains were obtained by 

petrographic examination of 43 standard petrographic thin sections (26 mm x 46 

mm) under a Nikon Eclipse Ci POL optical microscope. Between 250 and 300 grains 

were counted in each sample using photomicrographs and the recursive point 

counting method in J-Microvision® software (Roduit, 2008). Components >2 mm 

were identified and semi-quantified through visual inspection.  Foraminiferal genera 

in sediment samples were investigated by removing the <100 µm fraction and 

examining the sediment under a light microscope. Microbial mats were examined 

within two days of field collection, by placing a small amount of microbial mat into 

paraffin on a thin section, compressing with a coverslip and identifying the dominant 

cyanobacterial and diatom genera under a Nikon Eclipse Ci POL optical microscope 

based on morphology. 
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Mesoscale internal fabrics in lithified samples, including the microbialites, were 

initially described from saw-cut sections. Microscale (mm–µm scale) features were 

investigated with 26 resin-embedded standard petrographic thin sections (oriented 

perpendicular to the depositional surface; 26 mm x 46 mm) using Leica DM2500M 

and Nikon Eclipse Ci POL optical microscopes. Microbialite microfabric 

components and their elemental composition were further investigated using broken 

fragments coated in 6 nm of platinum, on an FEI Verios XHR scanning electron 

microscope (SEM), equipped with an Oxford Instruments X-Max 80 energy 

dispersive X-ray spectroscopy (EDS) system and Oxford Instruments AZtec 3.0 

nanoanalysis software. Working distance ranged from 4.5–5.5 mm and the 

accelerating voltage was 5–15 keV.  

 

Bulk mineralogy of sediment and lithified samples was determined by powder X-ray 

diffraction using a Panalytical Empyrean® diffractometer using the software 

Highscore®. Measurements were made between 2-theta incidence angles of 5o–80 o.  

 

Radiocarbon ages of two microbialite fabrics from the eastern margin of 

Government House Lake were obtained by Accelerator Mass Spectrometry (AMS). 

Approximately 3 mg of diagnostic microbial carbonate material (e.g., mesoclots, 

laminae) were subsampled with a dental drill 0.06 mm in diameter and treated with 

hydrogen peroxide to remove organic carbon. Radiocarbon ages were converted to 

calendar years using Calib 6.0 software. No marine reservoir correction was made 

because obtained radiocarbon ages were significantly younger than the likely age of 

the lagoon–lake transition  (Playford, 1988). 
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2.4 Definitions  
 

Lithified limestone facies are named following Dunham’s (1962) textural 

classification scheme, modified by Embry and Klovan (1971). Unlithified sediment 

facies names are based on modal grain size with a component prefix where the latter 

comprises at least 8% of the sediment. Microbial mats are classified on the basis of 

surface morphology and internal structure using existing names in the literature 

where possible (e.g., Golubic et al., 2000; Jahnert and Collins, 2012). Microbial mats 

are, however, named from marine systems; no systematic nomenclature for microbial 

mats in lacustrine settings exists. We use the term microbialite in the sense of Burne 

and Moore (1987) to describe in situ carbonate precipitates formed by the interaction 

of benthic microbial mats with detrital and chemical sediments. There are two types 

of microbialite on Rottnest Island, those with: a laminated fabric (stromatolite, 

adjective: stromatolitic); and a massive to clotted fabric (thrombolite, adjective: 

thrombolitic). Designation of microbialite types follows Kennard and James (1986) 

and Burne and Moore (1987).  

 

2.5 Results 
 

2.5.1 Lake environments and facies  
 

Using the approach of Platt and Wright (2009), four lacustrine sedimentary 

environments are established according to the frequency with which they are 

submerged, namely backshore, foreshore, littoral and basinal areas (Figure 2.2). The 

backshore encompasses a perennially emergent, sub-horizontal vegetated terrace 3–

40 m wide, locally with a berm-gravel ridge (0.4–3 m wide and 4–12 cm high) 

representing the high water mark of the lakes. Backshore sediment occurs in shallow, 

elongate shore-parallel depressions (1–5 cm deep, 0.3–1 m wide and up to 3 m long)  
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Figure 2.2. Lacustrine depositional environments and lake types on Rottnest Island. 

Backshore areas are landward of blue lines; foreshore areas between blue to red 

lines; littoral areas between red to green lines; and basinal areas lakeward of green 

lines. (A) Lateral view of microbialite sheets on eastern foreshore of shallow 

ephemeral Pink Lake. (B) Aerial view of Pink Lake showing environmental 

distribution. (C) Lateral view of pustular microbial mat encrusting domical 

microbialites in foreshore area with heavy groundwater discharge (arrows) of deep 

perennial Lake Serpentine. (D) Aerial view of Lake Serpentine showing 

environmental divison. 
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between feather spear grass (Austrostipa flavescens), beaded samphire (Sarcocornia 

quinqueflora) and scrubby samphire (Tecticornia halocnemoides; Rippey et al., 

2003). The foreshore environment includes areas that are submerged with an annual 

to sub-annual frequency (4–30 m wide), and are typically associated with areas of 

groundwater discharge (3–15 m wide). Seasonally to perennially submerged areas 

proximal to the shoreline, containing diverse microbial mat communities to ~1.3 m 

autumn water depth, define the littoral environment. Finally, perennially submerged 

areas characterised by reduced microbial mat diversity (i.e., surface morphology, 

colour and internal texture) beyond the littoral zone comprise the basinal 

environment.  

 

Two lake types can be distinguished based on autumn water depth and lake-margin 

morphology. Shallow lakes (Figure 2.2A, B) range from ephemeral to perennial, are 

less than 2.5 m deep and have continuous, gently inclined slopes of 1.2°–4°. These 

include Lake Sirius (Supplemental Figure 2.S1), Pink Lake (Figure 2.3) and Lake 

Baghdad (Figure 2.4, 2.5). Deep lakes, by comparison, have stepped or ‘bench’ style 

margins (sensu Murphy et al., 1980) featuring a slope break with a maximum slope 

angle of 8°–15° between littoral and basinal environments. The deep lakes 

investigated here are Lake Serpentine (Figure 2.6, S2) and Government House Lake 

(Figure 2.S3). Within these lake environments deposits are placed into skeletal 

limestone, bioclastic sediment, spherulite and coated grain, microbial mat, 

microbialite and gypsum facies groups in which 23 facies are collectively recognised 

and summarised in Table 2.2.  
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Figure 2.3. Summary diagram of shallow ephemeral–perennial Pink Lake. From top: schematic cross section of lake; stratigraphic logs 

showing EPS-rich areas to the left (west) and microbialites to the right (east); and grainsize data to first change in lithology down 

section. 
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Figure 2.4. Summary diagram of shallow perennial eastern Lake Baghdad. From top: schematic cross section of lake; stratigraphic logs 

showing EPS-rich areas to the left (west) containing spherulites and composite ooids; and grainsize data to first change in lithology 

down section. 
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Figure 2.5. Summary diagram of shallow perennial western Lake Baghdad. From top: schematic cross section of lake; stratigraphic logs 

showing skeletal grainstone in foreshore areas and microbialites in littoral areas; and grainsize data to first change in lithology down 

section. 
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Figure 2.6. Summary diagram of deep perennial southern Lake Serpentine. From top: schematic cross section of lake; stratigraphic logs 

showing bioclastic sand and oncoids in foreshore areas transitioning to microbialites in littoral areas and gypsum in basinal areas; and 

grainsize data to first change in lithology down section and; components to first change in lithology down section.   
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Table 2.2. Facies summary for the Rottnest Island lakes based on diagnostic components for limestone and sediment facies, 

morphology and fabric for microbial mats and microbialites, and morphology for gypsum. Mineral percentages by X-ray 

diffraction. HMC=High magnesium calcite (>5 mol % MgCO3); LMC=low magnesium calcite (<5mol % MgCO3); TOC=total 

organic carbon; EPS=extracellular polymeric substances. 
       

Group Facies Principal components and description Sedimentary features Mineralogy Environments Figures 

Skeletal 

limestone  

Skeletal 

grainstone 

bedrock  

Tamala Limestone; large-scale cross bedding; 

abraded mollusc-dominant shell fragments, red 

algae,  foraminifera, bryozoans, echinoids and 

quartz sand 

Rhizoliths locally LMC 46%; 

HMC 28%; 

aragonite 

24%; quartz 

3% 

Rottnest Island 

bedrock 

7A, B 

 Skeletal 

rudstone– 

floatstone 

Herschell Limestone; tabular molluscan 

limestone beds up to 2.5 thick (Playford et al., 

1977); friable to strongly cemented with a 

micritic matrix; bivalves Katelysia scaralina 

and Brachidontes sp. locally articulated and in 

life positions 

Eroded sub-circular–ovoid 

domes up to 1.3 m wide 

locally 

Aragonite 

63%; Quartz 

14%; LMC 

12%; HMC 

11% 

Foreshore– 

littoral  

7C, D 

       

Group Facies Principal components Secondary components Mineralogy / 

TOC 

Environments Figures 

       

Bioclastic 

sediment 

Bioclastic 

sand–gravel 

Unabraded shell fragments (22–45%) 

dominated by bivalves; lithic grains <30 mm 

diameter (6–25%); peloids (17–25%) mostly 

micritised skeletal grains; gastropods (0–9%)  

Batallaria spp., and Cantharidus sp., with 

Hydrococcus sp. locally 

Disarticulated bivalves (0–

7%) dominated by 

Katelysia scalarina and 

Irus irus; rotalids (0.9–

2%) and miliolids (0–

0.7%) ; soil and roots 

locally; coralline algae up 

to 6% 

Aragonite 

34%; HMC 

32%;  LMC 

23%; Quartz 

11%. TOC=3–

26% 

Backshore– 

foreshore  

8A, B 
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 Bivalve sand–

gravel 

Articulate and disarticulated bivalves (29–

45%) and shell fragments (3–21%) dominated 

by Katelysia scalarina,  Brachidontes sp. and 

Irus irus; lithic grains (10–36%) <20 mm 

diameter 

Serpulid tubeworms 

locally common in 

foreshore areas  

Aragonite 70–

73%; HMC 

12%; LMC 

12%; Quartz 

<4%. 

TOC=7–48% 

Backshore– 

foreshore  

8C, D 

 Lithic gravel Lithic grains (33–70%) 2–50 mm diameter of 

skeletal grainstone or floatstone; bivalve 

fragments (22–45%) Katelysia sp.; 

disarticulated bivalves (0–20%) Katelysia 

scalarina, Brachidontes sp. and Irus irus with 

Fragnum erugatum locally 

Gastropods (0–12%)  

Cantharidus sp., 

Nassarius sp., 

Hydrococcus sp. and 

Diala sp.  

HMC 35–

39%; 

Aragonite 24–

31%; LMC 

10–21%; 

Quartz <13%. 

TOC=4–13%  

Backshore– 

foreshore  

8E, F 

 Gastropod 

sand–gravel 

Unabraded shell fragments (18–33%); peloids 

(6–26%) mostly micritised skeletal grains; 

gastropods (8–19%) Cantharidus sp., 

Batallaria spp., Cominella sp., Hydrococcus 

sp. and Coxiella sp.; bivalves (8–11%) 

articulated  Katelysia scalarinaand Irus irus 

Miliolids rare (0.2%) to 

common (8.7%); rotalids 

rare (0–1.1%); polychaete 

worm (Galeolaria 

caespitosa) tube fragments 

(diameter ~1 mm, length 

3–6 mm) locally 

TOC=9–40% Foreshore– 

littoral of 

shallow lakes  

8G, H 

 Peloidal  silt–

sand 

Peloids (23–65%) mostly 50–250 μm in 

diameter probable faecal pellets  and micro-

peloidal aggregates; ragged semi-opaque 

material probable microbial mat fragments 

(22–71%) 

Shell fragments (1–11%); 

miliolids (0–10%) locally 

common; gastropods (0–

7%) Batallaria spp. and 

Nassarius sp. Irus irus 

locally 

Aragonite 90–

94%; HMC 

6%. TOC=16– 

32% 

Littoral of 

shallow lakes 

8I 

Coated grains  Spherulitic–

oolitic sand–

oolite 

Spherulites  (~25%) and/or peloid-nucleated 

composite ooids (up to 73%) sharing cortical 

laminae 

Peloids (15–43%) 

micritised skeletal grains 

and faecal pellets 

Aragonite 81–

93%; HMC 3–

9%; Quartz <2 

% 

Littoral of 

shallow lakes  

9A–D 
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 Oncolitic 

gravel  

Irregularly laminated and elongate oncoids up 

to 8 mm diameter (22–55%) and carbonate 

coated disarticulated Katelysia sp.  valves (20–

65%) 

Shell fragments (0–16%) 

Katelysia scaralina; 

peloids (0–12%) 

micritised skeletal grains 

Aragonite 

78%; HMC 

11%; LMC 

8%; Quartz 

3%. TOC=2–

13% 

Deep lake 

foreshore areas 

with heavy 

groundwater 

discharge 

11E, F 

       

Group Facies External morphology and internal fabric Sedimentary features and associations Environments Figures 

       

Microbial 

mats 

Flocculent 

mat 

Non-cohesive; yellow-brown layer 1–5 mm 

thick; purple layer locally <1 mm–2 mm thick; 

draped over gelatinous mat  

Stromatolite crusts (Type 2) and weakly 

lithified gypsum crusts in eastern Lake 

Baghdad; thick EPS intervals in western 

Lake Baghdad and Pink Lake  

Littoral of 

shallow lakes 

10A–D 

 Pustular mat Undifferentiated cohesive; dark pigmented 

surface layer with a crenulated pustular 

surface; pustules 1–8 mm thick; purple and 

green patches within pustules  

Encrusting sediment and rimming domal 

depressions in littoral areas; associated with 

oncolitic gravel 

Foreshore with 

groundwater 

discharge to 

~20 cm water 

depth  

10E, F 

 Blister mat Planar to undulate; laminated cohesive; pink 

layer 1 – 3 mm thick; green layer 0.2 – 1 mm 

thick; purple layer 0.5–2 mm thick 

Type 1 stromatolites and Type 2 

thrombolites  

Littoral areas of 

deep lakes 

10G, H 

 Nodular mat Undulate–domal–conical; layered cohesive; 

orange layer 1 mm thick with nodules 1–2 mm 

wide and 1–4 mm high aggregating on highs to 

10 mm wide and 12 mm high; green layer 0.3–

1 mm thick; purple layer 0–2 mm thickening 

in depressions 

Over gelinatous EPS and/or spherulitic 

thrombolites in cones 

Littoral; locally 

in basinal to ~2 

m depth 

12I, J 

 Perforate  mat Undulate–domal and locally columnar; 

unlaminated and cohesive; green/grey/yellow 

mat with stippled or 'perforated' surface 

Gypsum crusts  Basinal  10K 
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Group Facies Internal fabric External morphology Mineralogy Environments Figures 

       

Thrombolites Type 1 Mesoclots comprising peloidal aggregates; 

mesoclots amoeboid to polylobate 1–2 mm 

wide in packstone–grainstone; pore space 

locally infilled by fibrous aragonite 

Sheets Aragonite 

79%; HMC 

15%; Quartz 

6% 

Foreshore–

littoral of 

shallow lakes 

11 

 Type 2 Diffuse irregularly shaped mesoclots 

comprising mineralised coccoids in a sparitic 

matrix 

Domes and sheets Aragonite 

99%; HMC 

1% 

Mostly littoral 

areas of deep 

lakes; locally in 

shallow lakes  

12A–D 

Stromatolites Type 1 Tapering and discontinuous alterating 

lensoidal laminae of sparite and micrite; 

skeletal grains locally; molds/body fossils of 

bacillus bacterial morphotypes  

Domes and sheets Aragonite 

88%; HMC 

12% 

 12E, F 

 Type 2 Alternating 0.1–0.2 mm laminae of sparite and 

micrite forming domes up to 10 mm high and 

12 mm wide; abundant filament molds  

As crusts ~1 cm thick in 

surface undulations <1 cm 

high and ~3 cm wide, 

locally forming a 

labyrinthine pattern  

Aragonite 

99%; HMC 

1% 

Littoral of deep 

lakes; locally in 

Lake Baghdad 

East 

13 

Group Facies Physical characteristics     

       

Gypsum  Gypsum 

granules  

Millimetric anhedral–lenticular gypsum 

granules partially aggregated into crusts 

Gypsum 100%  Deep lakes 

between 0.7–2 

m 

 

 Gypsum 

crusts 

Sets of centimetre-thick alternating yellow-

brown to green anhedral–lenticular gypsum 

granules aggregated into crusts 

Gypsum 100%  Basinal areas 

of deep lakes 
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2.5.2 Skeletal limestone facies group  
 

Skeletal grainstone (Tamala Limestone bedrock)  

Areas of topographic relief including most of the bedrock on Rottnest Island are 

composed of skeletal grainstone (Playford et al., 1977; Hearty and O’Leary, 2008; 

Figure 2.1). Large-scale cross-bedding is common and includes eroded “platforms” 

around the lake margins (Figure 2.7A). Constituent grains comprise moderately 

sorted, fine to medium sand-sized abraded fragments of molluscs, coralline algae,  

echinoderm and foraminifera, and up to ~20% quartz (Figure 2.7B). Skeletal 

grainstones with small serpulid fragments (~50 µm thick and up to 1 mm long) form 

2–5 cm thick layers beneath microbialites in eastern Lake Baghdad. 

 

Skeletal floatstone–rudstone (Herschell Limestone)  

This facies is up to 2.5 m thick, predominantly found in foreshore areas, and consists 

of friable rudstone to strongly cemented floatstone with a micritic matrix (Playford, 

1988; Figure. 2.1, 2.9C, D). Constituent grains comprise a diverse shallow-marine 

and mollusc-dominated fossil fauna, including echinoderms, foraminifera, corals, 

polychaete tubes, chitons, scaphopods and arthropods. The locally extinct bivalve 

Katelysia scalarina, and bivalves Brachidontes sp. and Irus irus are most common. 

Locally in foreshore–littoral areas, these bivalves are articulated and in life-positions 

(Figure 2.7C). Intact fossils of large symbiont-bearing benthic foraminifera 

Amphisorus are present around Government House Lake. The ratio of rotalid to 

miliolid foraminifera is typically >3:1, consistent with foraminiferal assemblages in 

marine environments at similar latitudes to Rottnest Island (e.g., Mossadegh et al., 

2009). According to radiocarbon dates of Katelysia bivalves, the Herschell 

Limestone was deposited during the two mid–late Holocene highstands when sea  
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Figure 2.7. Skeletal grainstone and floatstone facies. (A) Cross-bedding in eroded 

platform in foreshore area of Government House Lake. (B) Photomicrograph 

showing clast-supported  abraded grains in skeletal grainstone. (C) Example of 

skeletal floatstone in plan view showing articulated bivalves in life positions 

(arrows). (D) Photomicrograph of skeletal floatstone showing bivalve fragment (B), 

echinoid spicule (E) and rotalid foraminifera (R). 
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levels were up to 2.4 m higher and the lakes were connected to the sea (Playford, 

1988). 

 

2.5.3 Bioclastic sediment facies group 
 

Unlithified sediment with an aragonite- or calcite-dominated mineral composition is 

present in all shallow lake environments and in backshore and foreshore areas of the 

deep lakes (Figure 2.8). Although quartz sand locally comprises >10% of samples, 

siliciclastic content typically makes up <5% of most sample as confirmed by X-ray 

diffraction (Table 2.2). Seagrass root and rhizome fibres of Posidonia australis 

(Kendrick, G, pers. comm., 2017), are locally abundant in shallow lake deposits and 

in the western foreshore areas of Lake Serpentine. Additionally, rare semi-

translucent and carbonate-encrusted Posidonia leaf blades are found in Pink Lake.   

 

Skeletal grain constituents are similar to those of the Herschell Limestone and 

include bivalves, gastropods, benthic foraminifera, articulated and crustose coralline 

algae, calcareous worm tubes, echinoid fragments, bryozoans, sponge spicules, 

ostracods, scaphopods, and crab claw fragments (Figure 2.8A–E, G, H). Numerous 

fragmented shells, mostly of Katelysia, typify backshore areas, whereas bivalves in 

foreshore and littoral areas are commonly intact, locally articulated and in life 

positions.  In areas of groundwater discharge in western Lake Serpentine and 

northern Government House Lake, mollusc valves and bioclastic and lithic granules 

form the nuclei of oncoids (Figure 2.2C). In contrast, bivalve fragments within the 

shallow lakes are commonly abraded, bored and partially micritised.  

 

Angular bioclasts (>2 mm) comprise a large percentage of the gravel fraction in most 

foreshore areas and are mostly skeletal grainstone–packstones or rudstones  
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Figure 2.8. Sediment facies. (A) Bioclastic sand–gravel and (B) light 

photomicrograph showing Katelysia (Sk) and lithic fragments (Lf) of Tamala 

Limestone. (C) Bivalve sand–gravel and (D) showing intact Katelysia scalarina 

valves (K), skeletal fragments (Sk) and coralline algae (Cl). (E) Lithic gravel  and 

(F) light photomicrographs showing Katelysia scalarina valve (K) and lithic 

fragments (Lf) of. (G) Gastropod sand–gravel (S1D) and (H) light photomicrographs 

showing Batallaria estuarina (B), Hydrococcus sp. (arrow) gastropods, serpulid 

tubes (Sp) and miliolid foraminifera (M). (I) Peloidal silt–sand showing faecal 

pellets (P1), micritised grains (P2) and micropeloids (P3).  
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resembling the Tamala Limestone or Herschell Limestone (Figure 2.8E, F). A third 

sub-rounded to angular clast type is composed of heterogeneous wackestone, locally 

with irregular laminae and/or peloidal aggregates.   

 

Peloids are ubiquitous in the lake sediments. Three types can be distinguished 

(Figure 2.8I). (1) Rounded to sub-rounded, typically homogenous grains 50–250 µm 

in diameter are common in foreshore–littoral areas of the shallow lakes. The size, 

shape and homogenous internal structure are consistent with the faecal pellets of 

gastropods and polychaete worms (Flügel, 2010), the shells and agglutinated  tubes 

of which are locally common in the lakes (Figure 2.8H). (2) Variously shaped grains 

ranging in size from 50 µm to 1 mm, often preserving some internal structure, 

notably of coralline algae, are interpreted as abraded and partly to wholly micritised 

skeletal grains. (3) The smallest peloids comprise rounded to sub-rounded 

homogenous grains <5–15 µm in diameter, are usually clustered into aggregates up 

to ~300 µm wide and are tentatively interpreted as colonies of coccoid cyanobacteria 

(e.g., Arp et al., 1999).   

 

Sediment grain sizes in backshore and foreshore areas are sandy with large bimodal 

to trimodal gravel fractions. The gravel fractions are predominantly composed of 

whole or fragmented molluscs and lithic grains up to 6 cm in diameter (Figure 2.8A). 

Clay- to silt-sized fractions are notably absent from the deep lakes and western sides 

of the shallow lakes. In contrast, muds comprise up to 20% of the sediment on 

eastern foreshore and littoral areas of the shallow lakes. 

 

 



72 

 

2.5.4 Spherulite and coated grain facies group 
 

Aggregates of fused and coalescent spherulites with a mostly radial crystal 

orientation (Verrecchia et al., 1995), as well as composite ooids comprising peloidal 

aggregates sharing multiple cortical laminae, are locally present in all shallow lakes. 

These allochems are, however, especially common in western Lake Baghdad, where 

they occur within thick intervals of dark grey and gelatinous organic matrix 

composed of EPS (Arp et al., 1999; Wingender et al., 2012) in flocculent microbial 

mats (Figure 2.4, 2.9A–D, 10B). Allochems transition laterally within five meters 

from aggregates of spherulites ~100 µm in diameter, to composite ooids of poorly 

sorted peloids (100–300 µm in diameter), encased within alternating, continuous 

micritic and sparitic laminae, forming irregularly shaped clumps up to 1 mm wide.   

 

Elliptical oncoids, 4–12 mm in diameter, along with irregular coatings over 

Katelysia valves, are found in foreshore areas of Lake Serpentine and Government 

House Lake where there is groundwater discharge (Figure 2.2C, 2.9E, F). The cortex 

is typically laminated, whereas the grain nucleus comprises structureless micrite 

and/or shell fragments. Oncoid laminae are concentric and semi-continuous 

alternating bands of pale finely crystalline carbonate and micrite. Shell fragments 

and peloids locally disrupt laminae. Irregularly shaped voids, approximating the 

shape of bivalve fragments, are common in oncoid nucleii.  

 

2.5.5 Microbial mat facies group 
 

Benthic microbial mats are ubiquitous on the floors of the Rottnest Island lakes and 

in some foreshore areas where there is groundwater discharge (Table 2.2; Figure 

2.10A–J). On the basis of surface morphology and/or internal structure five mat  



73 

 

 

 

Figure 2.9 Spherulite and coated grain facies. (A) Light photomicrographs of 

spherulite aggregate and (B) fused and coalescent spherulites with radial crystal 

orientation. (C) Light photomicrographs of composite ooid aggregates (D) exhibiting 

shared cortical laminae (arrows) around peloidal nuclei.  (E) Foreshore area of heavy 

groundwater discharge in which (F) oncoids with indistinct and tapering laminae 

(arrows) containing skeletal debris in the nuclei were observed in thin section under 

a light microscope.   
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Figure 2.10. Microbial mat and gypsum facies. (A) Non-lithifying flocculent mat 

lateral and (B) in cross-section. (C) Lithifying flocculent mat plan view and (D) 

cross-section photographs showing underlying microbialite. (E) Pustular mat plan 

and (F) cross-section photographs showing view showing pustules (Ps) and area 

containing purple colouration (arrow). (G) Blister mat plan view (H) cross-section 

photographs showing bulbous morphology and internal differentiation. (I) Nodular 

mat plan view and cross-section (J) photographs showing nodules (n) and internal 

differentiation. (K) Perforate mat in plan view with gypsum embedded in the surface. 

(L) Gypsum crusts that characterise the gypsum observed in association with the 

perforate mat, comprising aggregates of anhedral–lenticular, shown here in plan 

view and cross-section. 
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types are recognised, namely flocculent, pustular, blister, nodular and perforate mats 

(Golubic et al., 2000; Jahnert and Collins, 2012). 

 

The EPS in microbial mats varies substantially in internal colour and texture, 

commonly containing an irregularly laminated upper part and a more massive lower 

part varying significantly in thickness. To show this thickness variability, figure 

depictions of the mats distinguish between upper and lower parts of the mats, 

however they comprise the same microbial mat (e.g., Figure 2.10B).  In the deep 

lakes the microbialites transition systemically from foreshore areas into the lakes 

(Figure 2.6). All microbial mats are dominated by similar cyanobacterial and diatom 

genera, which vary in abundance between mats (John et al., 2009). Filamentous 

cyanobacteria include Oscillatoria, Microcoleus, Spirulina and Schizothrix. In 

contrast, coccoid cyanobacteria are predominantly Gloeocapsa, and usually occur 

with Aphanothece, which instead have an oval to cylindrical shape. Sulphate 

reducing bacteria are abundant in the microbial mats on Rottnest Island as revealed 

by meta-genomic analyses (Monteiro et al., 2019). 

 

Flocculent mats are restricted to the shallow lakes (Figure 2.3–2.5, 2.10A–D). This 

mat has a 1–5 mm thick, smooth, non-cohesive yellow-green layer , over a <1–2 mm 

thick purple layer. On the western side of ephemeral Pink Lake the upper layer of the 

flocculent mat contains pink granular halite crystals and commonly has mollusc 

shells embedded in the surface. Locally, this mat contains thick accumulations (up to 

~25 cm thickness) of gelatinous EPS, as seen in Pink Lake and western Lake 

Baghdad. Filamentous cyanobacteria predominate and are mostly Schizothrix, 

whereas diatoms are mostly Navicula. 
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Pustular mat encrusts gravel in foreshore areas with heavy groundwater discharge, 

and forms laterally extensive mats in littoral areas to autumn water depths of ~30 cm 

(Figure 2.5, 2.6, 2.10E, F). This mat has a black pustular or crenulated surface made 

up of individual pustules 1–8 mm wide and high. Layering is typically absent to 

weak and irregular beneath the surface layer. However, semi-continuous patches of 

purple colouration are locally visible, likely indicating some spatial differentiation of 

microorganisms. Cyanobacteria are predominantly of coccoidal Gloeocapsa. 

 

Blister mat predominates in littoral areas of the deep lakes in 20–50 cm water depth 

(Figure 2.6, 2.10G, H). This mat is characterised by bulbous to elongate undulations 

2–8 cm in diameter and ~1 cm high. From top to bottom, laminae comprise a pink–

orange layer 1–3 mm thick, a green layer 0.2–1 mm thick, and a purple layer 0.5–2 

mm thick. Cyanobacteria are predominantly Gloeocapsa, followed by Aphanothece 

and Schizothrix. In addition, diatom frustules of Navicula and Mastogloia were 

observed. The nodular mat is most common in water depths between between 0.7–

1.3 m depths (Figure 2.6, 2.10I, J). The mat is laminated and has an orange surface 

layer 1 mm thick. Beneath the surface layer there is a green layer 0.3–1 mm thick 

and, locally, a purple layer thickening in depressions up to 2 mm thickness. Organic 

nodules 1–2 mm wide and 1–4 mm high aggregate into clumps on local relief up to 

10 mm wide and 12 mm high.  Cyanobacteria mostly comprise Gloeocapsa, whereas 

diatom frustules of both Navicula and Mastogloia were observed. 

 

The perforate mat dominates the deep water areas of the large perennial lakes in 

association with gypsum crusts (Figure 2.6, 2.10K, J). The surface mat layer is 
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emerald green, up to 5 mm thick, unlaminated and cohesive with a stippled or 

perforated surface. Surface morphology is undulate to domical and locally columnar. 

Cyanobacteria are predominantly Gloeocapsa and Aphanothece.  

 

2.5.6 Microbialite facies group 
 

Macrostructure  

Well-lithified microbialites are extensive in foreshore and littoral environments to 

~1.3 m autumn water depth, where they form tabular accumulations <30 cm thick 

and 1–40 m wide (Figure 2.2A, C, 2.3, 2.5, 2.6). At the macroscale three types of 

microbialite accumulation are defined by their surface morphology, namely sheets, 

domes and cones. Sheets have planar to slightly undulate surfaces and two types of 

internal organisation. The first comprises 1–3 planar and stratiform layers 1–4 cm 

thick, containing variable amounts of shallow marine fossils, characteristic of the 

shallow lakes. The second contains a single very well-cemented planar to undulate 

layer 3–8 cm thick, typical of the shallow littoral environment of the deep lakes to 

~50 cm autumn water depth. Domes characterise foreshore areas of the deep lakes 

and occur locally around the shallow lakes. Individual domes are sub-circular to 

ovoid in shape, 10–120 cm wide and <20 cm high, and comprise either several 

concentric and stratiform layers 1–3 cm thick, or are massive and contain abundant 

bivalve fossils. Intact domes are hollow, uniformly jointed and joints infilled by 

carbonate cement. Eroded domes only preserve the outermost layer, suggesting they 

were also hollow. Cones, in contrast to sheets and domes, are restricted to 

perennially submerged areas of the deep lakes and are 5–15 cm wide and high. On 

Rottnest Island, the same microbialite external morphology may contain either 
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stromatolitic (internally laminated) and/or thrombolitic (internally unlaminated to 

clotted) (Burne and Moore, 1987) internal fabrics.  

 

Thrombolite facies 

Two types of thrombolite facies were distinguished by the composition and 

morphology of isolated masses (termed mesoclots) within the matrix (Shapiro et al., 

2000): thrombolites with discrete mesoclots (Type 1) and those with a more diffuse 

or mottled fabric (Type 2). At the mesoscale, Type 1 thrombolites contain 

conspicuous and striking pale brown mesoclots in a darker brown matrix, containing 

abundant and irregular pore space (Figure 2.11). At the microscale, mesoclots are 

revealed to be composed of fused peloidal aggregates within micrite and locally 

envelop gastropod shells, while the matrix comprises peloidal and/or skeletal 

grainstone (Figure 2.11B, C). Mesoclots and detrital grains within the matrix are 

rimmed with isopachous aragonite. Mesoclots range from 0.5–4 mm in diameter and 

vary in shape from amoeboid to polylobate. Type 1 thrombolites are restricted to 

sheets in the shallow lakes and were emergent at the time of sampling, making any 

microbial mat affinity uncertain (Figure 2.3).  

 

At the mesoscale, Type 2 thrombolites are characterised by diffuse dark mottled 

areas in a pale brown matrix (Figure 2.12A). At the microscale, mottled areas are 

revealed to comprise circular to ovoid features ~5 μm wide, aggregating into 

contiguous and irregular clumps up to ~3 mm in diameter, separated by acicular 

aragonite cement infilling interstices (Figure 2.12B). SEM observations of 

thrombolites sampled near the interface with the blister microbial mat, reveal 

mineralised coccoid cells with similar dimensions to Gloeocapsa (Figure 2.12C).  
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Figure 2.11. Thrombolite Type 1 facies. (A) Hand sample photograph showing sub-

circular mesoclots (arrows) and abundant porosity. (B) Photomicrograph showing 

main microfabric components, including mesoclots and sparitic cement. (C) 

Photomicrograph of a mesoclot showing internal texture comprising aggregates of 

opaque peloids and isopachous rim (arrow). 
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Figure 2.12. Thrombolite Type 2 and Stromatolite Type 1 facies. (A) Photograph of 

the hand sample showing thrombolite (T) and stromatolite (S) fabrics. AMS 14C 

sampling locations are shown with stars. (B) Photomicrograph of Thrombolite Type 

2 showing aggregates of sub-circular features (arrows) within fibrous aragonite. (C) 

SEM-SE image of thrombolite from near the modern mat showing sub-circular 

features resembling coccoid cells (arrows). (D) SEM-SE image of area below (S) 

showing mineralised coccoid cells and EDS spectra exhibiting an elemental 

composition consistent with aragonite. (E) Photomicrograph of Stromatolite Type 1 

(S) showing irregular sparitic laminae defined by darker areas (arrows). (F) 

Photomicrograph showing darker areas comprise microfossils/molds with 

dimensions consistent with the bacillus bacterial morphotypes (arrows).  
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SEM-EDS measurements of thrombolite indicate that mineralised cells and the 

matrix have an elemental composition consistent with aragonite (Figure 2.12D).  

Type 2 thrombolites occur within sheets and cones in littoral areas of the deep lakes, 

and are spatially associated with the blister and nodular microbial mats, both 

characterised by abundant coccoidal cyanobacteria. 

 

Stromatolite facies 

Following Monty (1976), two types of stromatolite facies are distinguished by the 

continuity and arrangement of laminae, namely: stromatolites with laterally 

discontinuous and irregular laminae (Type 1); and those with continuous and 

concentrically arranged laminae (Type 2). Type 1 stromatolites are present as 

discrete pale brown layers ~5–20 mm thick with negligible porosity, either overlying 

skeletal floatstones or as a layer within mottled thrombolites (Figure 2.12A). At the 

microscale under a light microscope, laminae are composed of wavy, discontinuous 

and tapering laminae of mottled sparite 20–150 μm thick (Figure 2.12E). Locally, 

irregular voids truncate laminae. Skeletal grains and peloids are variably present in 

this fabric. At higher magnification, the mottled areas within laminae are revealed to 

comprise rod-shaped molds and/or body fossils that are 3–4 μm long and <1 μm 

wide (Figure 2.12F). Such fossil dimensions are consistent with the bacillus bacterial 

morphotype (Jones et al., 2001). Type 1 stromatolites were not observed directly in 

contact with a microbial mat, thus microbial mat affinities are uncertain.  

 

At the mesoscale, Type 2 stromatolites contain indistinct laminae within 10–20 mm 

thick planar to undulate crusts (Figure 2.13A). At the microscale under a light 

microscope, the stromatolites comprise laterally continuous and alternating pale  
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Figure 2.13. Stromatolite Type 2. (A) Photograph of hand sample showing location 

of Type 2 Stromatolite above Type 1 Thrombolite (arrows). (B) Photomicrograph 

showing alternating sparitic and micritic laminae. (C) SEM-SE image of stromatolite 

from near the modern mat showing filament-like features (arrows). (D) SEM-SE 

image showing location of abundant sub-circular to elongate features within sparitic 

layer and beneath micrite. (E) SEM-BSE image showing a filament mold with well-

defined segments (arrows). EDS spectra at circle location are consistent with 

aragonite. 
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sparite laminae 10–80 μm thick, alternating with dark 5–50 μm thick laminae of dark 

micrite (Figure 2.13B). Together stacks of these laminae couplets form small-scale 

domes 3–12 mm wide and 1–6 mm high. Under SEM, crystalline carbonate laminae 

are revealed to contain abundant sub-circular to elongate voids ~3–25 μm wide 

(Figure 2.13C). SEM analyses of stromatolites sampled near the microbialite-

microbial mat interface show the presence of filament-like features (Figure 2.13D). 

At higher magnification under SEM, voids are revealed to be segmented, with width 

and segment spacing dimensions similar to those present in the cyanobacterium 

Schizothrix (Figure 2.13E). This fabric is restricted to microbialites with a sheet 

morphology in the shallow lakes, particularly Lake Baghdad, where it is spatially 

associated with the flocculent microbial mat, characterised by abundant filamentous 

cyanobacteria. 

 

2.5.7 Gypsum facies group 
 

Authigenic gypsum deposits have formed in littoral areas of Lake Baghdad below 

0.7 m water depth, in basinal areas of Lake Baghdad and the deep lakes (Figure 2.5, 

2.6). Gypsum deposits take two forms. In the first, unconsolidated anhedral–

lenticular granules occur within transitional nodular to perforate mats between 1.3 

and 2.3 m water depth. Although only weakly aggregated into surficial crusts, this 

gypsum type is characteristic of Lake Baghdad deposits. Below ~2.3 m water depth, 

sets of centimetre-thick gypsum crusts comprising texturally similar lenticular 

granules form domes and columns 5–10 cm wide and high (Figure 2.10L). The 

underside of the gypsum crusts have a granular ‘sugary’ texture. Needle-like 

prismatic crystals ~100 μm wide and 1 mm long occur at the bottom of the crusts, 

characteristic of crystal formation in supersaturated solutions (Magee, 1991).  
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2.5.8 Radiocarbon dating 
 

To constrain the age of the microbialites two AMS radiocarbon ages were obtained 

from a Type 1 stromatolite and Type 2 thrombolite, both from the same microbialite 

sample (Figure 2.12A). The thrombolite give an age of 1006 ± 16 calendar years, 

whereas the Type 1 stromatolite gives an age of 794 ± 18 calendar years. These ages 

are necessarily older than the actual age of the microbialites because of the hard 

water effect (e.g., Gischler et al. 2008). This results from the interaction of 

groundwater with Tamala Limestone bedrock (>70 kyr) that is completely depleted 

in 14C, discharging into the lakes and diluting the 14C in the lake water, from which 

the microbial carbonate precipitated. The dates are still useful, however, because 

they give a maximum age for the microbialites.  

 

2.5.9 Summary of lake types and their facies distribution 
 

Two lake types (shallow and deep) on Rottnest Island, defined by depth and lake 

margin morphology, contain distinctive surficial sedimentary deposits. Bioclastic 

sediment is largely restricted to onshore environments of the deep lakes (Figure 2.6), 

in contrast to the shallow lakes where it is present at the depositional surface in all 

environments (Figure 2.3–2.5). Bivalve sand typifies backshore–foreshore areas and 

is dominated by locally extinct bivalve Katelysia scalarina. In contrast, gastropod 

and peloidal sand are more common in littoral areas of the shallow lakes, where they 

contain Hydrococcus spp., and Batillaria spp. and up to ~10% miliolid foraminifera, 

including Quinquokkulina spp. and Triloculina sp. Gastropod sand is notable for 

containing abundant Posidonia australis seagrass root and rhizome fibres, in 

addition to rare leaf blades. Oncoids are largely confined to foreshore areas of the 

deep lakes with heavy groundwater discharge, whereas spherulites and ooids appear 
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to be restricted to littoral areas of the shallow lakes where they are found within 

thick EPS intervals. 

 

Microbial mats are spatially associated with particular microbialite fabrics and 

macro-morphologies. Flocculent mats are confined to the shallow lakes and are 

spatially associated with sheets containing stromatolites and gypsum below ~0.5 m 

in eastern areas, whereas flocculent mats in western areas contain thick (up to ~25 

cm) accumulations of EPS and locally contain spherulites and ooids. Pustular mats 

locally form in the shallow lakes and are dominant in foreshore areas of the deep 

lakes, particularly with groundwater discharge, forming in association with oncoids, 

and microbialite sheet and domical macromorphologies containing skeletal 

floatstones and mottled thrombolites. In contrast, blister and nodular mats are only 

present in the deep lakes where they are spatially associated with stromatolites and 

thrombolites within sheets, domes and cones. The perforate mat is only observed in 

basinal areas of the deep lakes where it forms in association with gypsum crusts 

below the thermocline at ~2.5 m water depth.  

 

2.6 Discussion  
 

2.6.1 Carbonate lake facies models  
 

The spatial distribution of lacustrine facies in the Rottnest Island lakes can be 

divided into two groups based on environment, namely littoral (including foreshore 

areas) and basinal facies, in keeping with published facies models for coastal and 

non-coastal carbonate lake systems (Platt and Wright, 2009; Table 2.3). The unifying 

feature of carbonate lakes is a limestone- and/or volcanic-dominated catchment 

resulting in mildly to strongly alkaline lake waters. Most carbonate production, 



86 

 

Table 2.3. Characteristics of coastal and non-coastal carbonate lakes mentioned in the text. NR=not recorded. 

Salinity,   locality  

(climate)  

Genetic 

type 

Area     

(ha) 

Max. 

depth 

(m) 

Mixed 
Water 

chemistry   
Lake ecology   Littoral facies Basinal facies 

In situ 

carbonate 

minerals 

References 

Hyposaline  
  

     
 

 

Lake Estanya 

(temperate)  

Karstic 19 20 Mono-

mictic 

Highly 

alkaline 

Charo- and 

macrophytes, 

ostracods, 

gastropods 

Bioturbated silts, 

ostracods, gastropods, 

calcified Chara remains 

and coatings  

Reworked 

littoral 

sediments; 

black massive 

to laminated 

muds 

Calcite, 

minor 

dolomite  

Morellón et 

al. (2009) 

Lake Clifton (semi-

arid) 

Coastal  33*102  3 No HCO3 

and Ca 

rich  

Charophytes, 

ostracods, 

gastropods, 

fish, diatoms 

Thrombolites, calcareous 

mud, ostracods, 

gastropods, calcified 

Chara remains, peloids 

NR Aragonite Moore et al. 

(1994); 

Konishi et al. 

(2001)  

Lake Tangyanika 

(tropical)  

Tectonic 

(rift)  

33*105  1470 NR Mildly 

alkaline, 

Ca and 

Mg rich  

Charophytes, 

gastropods, 

fish 

Calcareous silt–sand, 

ooids, calcified Chara 

remains, peloids, 

gastropod coquinas, 

thrombolites 

NR High-Mg 

calcite 

Cohen et al. 

(1987)  

           

Hypersaline           

Lake Thetis (semi-

arid)  

Coastal 11 4 No Highly 

alkaline 

Diatoms, 

Coxiella 

Thrombolites, mostly 

marine derived bioclastic 

sand–gravel 

Calcareous 

muds, shell 

fragments 

Aragonite, 

minor 

calcite 

Grey et al. 

(1990) 

Rottnest Is.  (semi-

arid)  

     

 

    



87 

 

Shallow Coastal 1–75  ~2  No Highly 

alkaline, 

Ca and 

SO4 rich  

Artemia, 

diatoms, 

nematodes, 

Coxiella in 

ephemeral 

lakes  

Ooids, thrombolites, 

stromatolites, gypsum 

granules, marine derived 

bioclastic sand–gravel 

Peloidal– 

bioclastic silt–

sand, gypsum  

Aragonite This study; 

Playford et al. 

(1977); Bunn 

(1984)  

Deep  Coastal 38–55  8 Mono-

mictic  

Highly 

alkaline, 

Ca and 

SO4 rich  

Artemia, 

diatoms, 

nematodes 

Oncoids, thrombolites, 

stromatolites, marine 

derived bioclastic sand–

gravel 

Gypsum Aragonite  

Lake Marion (semi-

arid)  

Coastal 30*10  2 No Highly 

alkaline, 

Ca and 

SO4 rich  

Brine shrimp, 

nematodes, 

Coxiella 

Stromatolites, gypsum 

granules, oncoids, 

mostly marine derived 

bioclastic sediment 

Calcareous 

muds, gypsum  

Aragonite, 

minor 

high-Mg 

calcite 

Von der 

Borch et al. 

(1977); Perri 

et al. (2011) 

Great Salt Lake 

(temperate) 

Contin- 

ental 

saline 

44*104  10 Mero-

mictic 

Highly 

alkaline, 

abundant 

NaSO4 

Brine shrimp, 

diatoms, 

ostracods 

Mirabilite crusts, ooids, 

oncoids, stromatolites, 

thrombolites 

Reworked 

littoral 

sediments; 

black massive 

and wavy to 

laminated 

muds 

Aragonite Post (1977); 

Bouton et al. 

(2016) 
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however, is concentrated in littoral environments where light and oxygen are most 

abundant. Although bioclastic sediment locally dominates shoreline areas in 

hypersaline coastal carbonate lakes, as on Rottnest Island and in Lake Marion in 

South Australia (Perri et al., 2012), it is marine and records deposition during sea 

level fluctuations 2–3 kyr ago (Playford, 1988). In contrast, biogenic carbonate 

facies in hyposaline coastal lakes and non-coastal carbonate lakes are dominated by 

lacustrine ostracods and molluscs (De Deckker, 1988; Moore and Burne, 1994), 

which in fresh to brackish lakes are typically found with aquatic plants and 

charophytes (Cohen and Thouin, 1987; Morellón et al., 2009). Charophyte meadows 

are a characteristic feature of low energy conditions in hyposaline lakes, where they 

baffle, trap and stabilise mud. Hypersaline conditions on Rottnest Island preclude 

most fauna and flora, including charophytes, with a few notable exceptions (e.g., 

Artemia in the water column, halo-tolerant nematodes in microbial mats). High 

carbonate productivity in littoral areas of hyposaline lakes has been attributed to CO2 

uptake by respiring aquatic plants and charophytes (Liu et al., 2008), promoting 

abiotic carbonate encrustation of algae and stems, which then rapidly break down in 

situ to carbonate muds (Murphy et al., 1980) partly explaining the paucity of micritic 

clay-sized fraction locally in the Rottnest Island lakes. In addition, this low 

claycontent in Rottnest Island facies may partly reflect higher energy conditions 

during the lagoonal phase of the lakes winnowing out the clay fraction.  

 

One striking aspect of carbonate lakes is the diversity of microbial features in littoral 

environments. On Rottnest Island, carbonate-supersaturated groundwater discharges 

into lake water with high calcium concentrations, contributing to the formation of 

spherulites, ooids, oncoids and microbialites in foreshore and littoral areas. 



89 

 

Extensive aragonitic ooid sands have formed in Great Salt Lake, as a result of strong 

seasonal runoff and groundwater influx, coupled with much larger catchment areas 

and lake size enabling sufficient wind and wave action to cause ooid saltation 

(Sandberg, 1975; Post, 1977). In Lake Tanganyika, high energy conditions and 

development of ooid shoals and gastropod concentrations in the nearshore hinders 

the formation of microbialites, which instead form at depths of >20 m (Cohen and 

Thouin, 1987). In contrast, spherulites and ooids on Rottnest Island are concentrated 

in low energy areas and appear to have formed with limited to no agitation.  

 

Microbialite macro-morphology is influenced by water depth and accommodation 

space availability. Microbialite accumulations in the shallow and ephemeral lakes 

mostly comprise tabular sheets (Figure 2.14). In contrast, microbialites with surface 

relief, notably conical thrombolites, occur in perennially submerged areas of the 

deep lakes, and are similar in overall morphology to those in perennial Lake Clifton 

(Moore and Burne, 1994; Figure 2.15).   

 

Stromatolites and thrombolites have both formed in the Rottnest Island lakes. 

Detailed interpretation of their formation and diagenesis is beyond the scope of this 

paper and will be published elsewhere. Thrombolites and the mesoclots that are their 

diagnostic components can be primary features that did not result from metazoan 

disruption of pre-existing laminae (Kennard and James, 1986), as shown by 

formation of thrombolites in hypersaline Great Salt Lake (Pace et al., 2016) and on 

Rottnest Island. All reported microbialite occurrences in hyposaline lakes appear to 
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Figure 2.14. Facies trends in shallow lakes. (A) Foreshore samples plotted against 

observed foreshore groundwater discharge (GWD; 0=absent, 2=strong) and sediment 

input (bioclastic – peloidal). Foreshore areas with strong GWD and peloidal 

sediment form thick EPS layers offshore; bioclastic sediment with low–medium 

GWD associated with offshore microbialites. (B) Western areas of shallow lakes 

with strong GWD and thick sediment intervals form thick EPS in littoral. (C) Eastern 

areas of shallow lakes with lower permeability lithified pavement channelling 

groundwater into littoral areas along unconsolidated sediment underlying 

microbialitic biostromes (M). 
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Figure 2.15.  Facies and microbialite macromorphology trends in deep lakes. Above: 

distribution of microbialite and gypsum morphologies. Below: facies distributions. 

Lithified pavement typifies foreshore areas focusing groundwater into littoral areas 

beneath microbialites. Locally heavy groundwater discharge at the surface forms 

oncoids.   
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be thrombolites that co-exist with a grazing fauna. Hyposaline localities include 

include Lake Clifton where conical thrombolites contain burrowing isopods (Moore 

and Burne, 1994), domical thrombolites from Lake Tanganyika that are heavily 

grazed by two species of gastropod (Cohen and Thouin, 1987) and dendritic 

thrombolites in Pavilion Lake containing midges (Laval et al., 2000). Stromatolites, 

in contrast, rarely co-exist with a grazing fauna, and as a result are more likely to be 

present in hypersaline lakes where grazing pressure is reduced. Modern hypersaline 

localities where stromatolites have formed include Lake Thetis (Grey et al., 1990), 

the Coorong Region of South Australia (Wright et al., 2005), Cayo Coco island near 

Cuba (Pace et al., 2018), lakes in the Great Plains area of Canada (Last et al., 2010) 

and on Rottnest Island. This suggests that hypersalinity is a necessary but not 

sufficient condition to form stromatolites by in situ mineral precipitation, and that 

microbial assemblage is equally important in determining the type of fabric that 

forms (Shiraishi et al., 2017).   

 

In contrast to the extensive lateral variability in littoral areas, lake facies in deeper, 

open water, can largely be predicted by the physiochemistry of the lake water, lake 

margin geometry and detrital influx. Evaporite and/or laminite facies are commonly 

dominant, depending on the degree of chemical stratification, anoxia and salinity 

(Last and Vance, 1997; Morellón et al., 2009; Petrash et al., 2012). Gypsum 

dominates the basinal areas of the Rottnest lakes, indicating that the water column is 

fully oxidising and detrital input is minimal.  
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2.6.2 Controls on facies variability  
 

Bioclastic sediment and skeletal limestone mineral composition  

The carbonate mineralogy of the Rottnest Island lake sediments reflects the 

proportion of detrital grains and in situ precipitates, coupled with the extent of 

subaerial exposure since deposition (Table 2.2). Detrital grains are mostly skeletal 

and were originally composed of either aragonite (most molluscs, including 

Katelysia) or high-Mg calcite (HMC) (foraminifera, coralline algae, echinoderms 

and some molluscs). These two minerals are only stable sub-aqueously in marine or 

marine-influenced conditions (including coastal lakes), and rapidly alter to low-Mg 

calcite (LMC) during subaerial exposure (Bathurst, 1972; Kindler et al., 1996). The 

Tamala Limestone skeletal grainstones comprising Rottnest Island’s bedrock have 

been heavily altered from their original mineralogy and are now mostly LMC. In 

contrast, skeletal floatstones–rudstones (Herschell Limestone) have undergone less 

alteration and retain more of their original aragonite and HMC composition. 

Similarly, bioclastic sediment contains both LMC and HMC, suggesting in the case 

of LMC derivation from the Tamala Limestone, and in the case of HMC, derivation 

from, or deposition roughly contemporaneous with, the Herschell Limestone, as seen 

also at Lake Thetis and Lake Marion (Borch et al., 1977; Grey et al., 1990). These 

contrast with peloidal sands mostly composed of aragonite and minor HMC, 

suggesting little subaerial exposure.  

 

Authigenic mineral composition 

Mineral composition of lacustrine microbialites, spherulites and coated grains trends 

with lake water chemistry (Chagas et al., 2016). In the present study, this must be 

qualified by the observation that lake conditions may have differed in the past when 



94 

 

the precipitates were forming. Microbialite ages obtained by AMS 14C dating of 

~800–1000 years, however, must be older than the true microbialite ages due to the 

hard water effect, suggesting lake conditions have not changed substantially since 

the microbialites formed. Microbialites, spherulites and coated grains on Rottnest 

Island are mostly composed of aragonite, as revealed by XRD and confirmed by 

SEM-EDS analyses of microbialite samples. The ionic composition of coastal lakes 

reflects their seawater derivation and concentration through groundwater runoff and 

evaporation. Thus, lake water on Rottnest Island is Na-Cl dominant, hypersaline, and 

contains much higher Mg2+ and SO4
2- concentrations than seawater (Table 2.1). 

Numerous empirical and experimental studies indicate that precipitation of calcite 

versus aragonite is directly related to the Mg/Ca ratio (Fyfe et al., 1965; Fernandez-

Diaz et al., 1996). This is because the presence of Mg2+ ions inhibits calcite 

nucleation while having no effect on aragonite precipitation, which does not 

incorporate Mg2+ into its crystal lattice. Removal of Ca2+ by aragonite and calcite 

precipitation increases Mg/Ca ratios until calcite precipitation is no longer possible. 

Aragonite appears to be favoured when Mg/Ca is >2, and calcite when Mg/Ca is  ≤2 

(Sandberg, 1975; Given et al., 1985). Consequently, modern microbialites in marine 

settings, such as the Bahamas (Feldmann et al., 1998) and Hamelin Pool, Western 

Australia (Logan, 1961), are composed of aragonite. With the exception of Pink 

Lake (described below), the Rottnest Island lakes have Mg/Ca ratios ranging from 

5.5 to 12.1 (Table 2.1), resulting in the preferential precipitation of aragonite. These 

values are similar to several other West Australian coastal lakes, including Lake 

Thetis and Lake Clifton, both of which contain well developed thrombolites 

composed of aragonite in littoral areas (Grey et al., 1990; Moore and Burne, 1994). 

Additionally, high concentrations of dissolved SO4
2-, as are present in the Rottnest 
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Island lakes, may decrease the Mg/Ca ratio in which aragonite precipitation is 

favoured over calcite (Bots et al., 2011).  

 

Pink Lake represents a conspicuous departure from Mg/Ca ratios approximating 

seawater, of >80 during the summer of 2015–2016 (Table 2.1). Empirical and 

experimental data from the Coorong Region indicate that bacterial sulphate reduction 

can overcome kinetic constraints on dolomite formation, by removing SO4
2-, 

releasing Mg2+ and Ca2+ions and contributing to Mg/Ca ratios of up to 329, but 

typically 30–60 (Wright, 1999; Wright and Wacey, 2005). Pink Lake differs 

markedly in its SO4
2- concentration, which is 2–10 times higher than the lakes in the 

Coorong (Wright, 1999). This suggests either that sulfate-reducing bacteria have 

been relatively inactive in Pink Lake, and/or high concentrations of SO4
2- inhibited 

the formation of dolomite (Warren, 2000).  

 

Environmental change  

Shallow marine fossils at the present day depositional surface, locally including 

intact echinoids, pristine foraminifera and articulated bivalves in life position, are 

indicative of very low sedimentation rates and low energy conditions (Figure 2.16). 

High percentages of miliolid foraminifera, present in the shallow lakes and 

particularly Pink Lake, and their occurrence with Hydrococcus spp., Batillaria spp., 

are typical of elevated salinities, observable today in the salinity gradient within 

restricted marine conditions at Hamelin Pool, Western Australia (Mossadegh et al., 

2009; Suosaari et al., 2016b). It should be noted, however, that this miliolid and 

gastropod assemblage may also occur in stenohaline conditions. In addition, 

miliolids have a much wider salinity tolerance range than their accompanying 
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biogenic carbonate-forming organisms, thus may have been deposited later and 

mixed in with the other skeletal grains (e.g., Burne et al., 1982). Nevertheless, such 

faunal variations are consistent with progressive severance of the lagoons from the 

sea and a shift to increasingly restricted conditions (e.g., Bufarale et al., 2015) and/or 

to uneven patterns of water circulation and salinity (Playford et al., 1977).  

 

The seagrass Posidonia australis grows profusely in dense meadow-like stands on 

the seafloor in southern and western Australia, including today in the Indian Ocean 

around Rottnest Island. It has massive rhizomes, a deep root system and broad, strip-

like leaves (Jernakoff et al., 1996). The variable abundance of Posidonia debris in 

lake sediments suggests that patchy meadows flourished when the lakes were 

connected to the sea (Figure 2.16). In dense Posidonia meadows, the prolific growth 

of seagrass and dense rhizome mats can inhibit active bivalve infauna (James et al., 

2007). This may partly account for the variable distribution of gastropod and bivalve 

dominated facies. In addition, Posidonia leaves would have acted as a sediment 

baffle inhibiting transport of silts and clays onshore (Ginsburg et al., 1958). 

Interestingly, large benthic foraminifera, such as Amphisorus, which occur in close 

association with seagrasses including Posidonia, are conspicuously absent from the 

shallow lake sediments, but present in foreshore areas of Government House Lake 

where Posidonia was not observed. This may be due to a number of factors, 

including the poor preservation potential of Posidonia in subaerially exposed areas 

where Amphisorus are observed, asynchronous deposition, preferential post 

depositional transport of Posidonia fragments to the west, meteoric dissolution of 

Amphisorus tests, and/or local differences in the paleoenvironment.   
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Figure 2.16. Depositional models for the Rottnest Island lakes. (A) Marine phase ca. 2–5 kyr ago. (B) Modern shallow lakes. (C) 

Modern deep lakes.   
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Lake physiography and microbial carbonate distribution   

Sedimentation rates partly reflect topography and the size of lake catchment areas for 

both ground- and surface-water, which appears to influence the distribution of 

microbialites, spherulites and coated grains. The lakes are located in the northeast 

corner of the island resulting in a much larger catchment area to the west, 

particularly for the western lakes, coincident with stronger observed groundwater 

discharge, thicker lake sediment intervals and a paucity of microbialites (Figure 2.4, 

2.5). Additionally, currents created by strong prevailing southeasterly winds during 

summer may ‘push’ or re-suspend sediment towards western shores, and the absence 

of microbialites in the west may partly reflect greater sediment fluxes (Figure 2.14). 

Microbial mats in these areas are well-developed, forming EPS accumulations 

greater than 25 cm thick (Figure 2.4). EPS can both inhibit and promote CaCO3 

precipitation (Dupraz et al. 2004). Cyanobacteria produce most EPS (Decho et al., 

2004), which can chelate large amounts of dissolved Ca2+ ions, inhibiting 

precipitation of CaCO3 (Kawaguchi et al., 2002). Alternatively, degradation of EPS 

by heterotrophic bacteria can release calcium ions, promoting CaCO3 precipitation 

(Decho et al., 2005; Braissant et al., 2009). Included in heterotrophic bacteria are 

sulfate-reducing bacteria, which have been implicated in the precipitation of CaCO3 

in microbialites in a number of studies (e.g., Braissant et al., 2009; Decho, 2010). 

Accumulation of substantial EPS in western areas of the shallow lakes, therefore, 

may reflect both greater sediment fluxes and a higher ratio of phototrophic to 

heterotrophic bacteria.  

 

Littoral areas of the deep lakes and eastern sides of the shallow lakes contain 

microbialites (Figure 2.3, 2.5, 2.6). Location of lithifying microbial mats proximal to 
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the shore, the groundwater-fed character of the lakes and seasonal stratification in 

the deep lakes, suggests variations in lake water chemistry between littoral and 

basinal areas may be an important control on the distribution of microbialites.  

Bathymetric control on microbialites has been reported in other lakes, notably Lake 

Clifton, in which coalescent reef-like structures pass into domical forms with 

increasing depth (Moore and Burne, 1994), similar to the transition from undulate to 

conical forms in deep lake littoral areas on Rottnest Island.  

 

Oncoids are locally developed in higher energy foreshore areas of the deep lakes 

with heavy groundwater discharge, and at the time of sampling were encrusted with 

pustular microbial mat characterised by abundant coccoidal cyanobacteria (Figure  

2.6, 2.9E, F). The oncoids are mostly composed of micrite around a core of skeletal 

debris and/or lithic fragments, within an envelope of irregular sparitic laminae. 

Alterations in cortical laminae thickness in oncoids from other terrestrial 

environments have been attributed to changes in the thickness of enveloping 

biofilms, precipitating carbonate minerals (Gerdes et al., 1994) and/or trapping 

sediment grains (Jones, 2011).  

 

In contrast, aggregates of fused and coalescent spherulites, and peloid-nucleated 

composite ooids sharing cortical laminae are restricted to littoral areas of the shallow 

lakes (Figure 2.4, 2.9A–D). Field and experimental studies have shown that agitation 

and CaCO3 supersaturation state are important controls on spherulite and ooid 

formation and texture. Spherulites and radial ooids precipitate in quieter settings with 

little to no agitation, whereas concentrically laminated (tangential) ooids form in 

higher energy environments commonly involving saltation (Sandberg, 1975; Davies 
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et al., 1976; Strasser, 1986). Spherulites owe their radial crystal orientation to 

formation in situ and may subsequently form ooid nuclei given grain salation 

(Davies et al., 1978; Verrecchia et al., 1995). Extensive ooid sands in Great Salt 

Lake vary from radial to tangential crystal orientations, partly attributable to seasonal 

changes in lake water physiochemistry (Sandberg, 1975). In contrast, tangential ooid 

sands in the Bahama’s, rather than changing texturally based on these two 

parameters, in quieter conditions beyond the surf zone are cemented into clumps 

(grapestones) by micrite between ooids (O'reilly et al., 2017). The composite ooids 

on Rottnest Island differ from these examples, however, by their aggregation into 

irregular and friable clumps by shared cortical laminae between peloids, also 

suggesting largely in situ formation (Strasser, 1986).  

 

A number of studies have suggested a biotic role in the formation of spherulites and 

ooids, emphasising the role of microbes in carbonate precipitation (Verrecchia et al., 

1995; Davaud et al., 2001; Kahle, 2007), or the presence of a common microbial 

community between disparate locations (Summons et al., 2013; O'reilly et al., 2017). 

Location of the Rottnest Island spherulites and ooids within thick EPS intervals in 

the perennial shallow lakes may have provided a viscous medium to precipitate 

highly friable aggregates in situ. In addition, accumulation of thick EPS layers and 

their subsequent degradation, liberating chelated Ca2+ ions (Dupraz et al., 2009), 

combined with strong seasonal and highly alkaline runoff, as shown in the 

groundwater chemistry (Table 2.1), could have created conditions highly favourable 

to spherulite and ooid precipitation. A more detailed interpretation of the formation 

of the spherulites on Rottnest Island is beyond the scope of this paper and will be 

published elsewhere.  
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The transition to gypsum precipitation below ~1.3 water depth may be attributable to 

lake water chemistry as well as changes in microbial mat composition. The intimate 

association between undulate to domical gypsum crusts and the perforate mat 

suggests a microbial influence on the external morphology. Microbially-influenced 

gypsum deposits have been reported in Israel (Canfield et al., 2004) and gypsum 

thrombolites are present in hypersaline island lagoons in Venezuela (Petrash et al., 

2012). Location of the transition between gypsum granules and crusts at the 

thermocline also suggests periodic undersaturation and gypsum dissolution at this 

depth interval (Cohen et al., 1977).  

 

Apparent variation in microbial mat diversity between shallow and deep lakes likely 

reflects differences in lake depth, size, chemistry and margin morphology. Small 

and/or shallow lakes are more prone to seasonal dilution by meteoric input or 

concentration by evaporation. Moreover, gentle slope margins in the shallow lakes 

result in greater seasonal shoreline movement. Consequently, the lake water 

chemistry and shoreline locations are less prone to change in the deep lakes versus 

the shallow lakes, consistent with the greater number of microbial mat facies and 

microbialite macro-morphologies in the deep lakes, notably the conical thrombolites 

that are the subject of ongoing research.  

 

2.7 Conclusions 
 

This study and comparison with published work from elsewhere shows that 

hypersaline carbonate lakes in coastal settings display several distinctive features.  

 Very low sedimentation rates, related to their location in semi-arid climates 

with low-lying catchment areas, coupled with hypersaline conditions 
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precluding most flora and fauna, result in lake systems that are largely in 

stasis in terms of biogenic carbonate production and detrital input. 

 Consequently, surficial bioclastic sediment of marine origin in littoral areas 

comprise relict grains formed during late Holocene sea level fluctuations.  

 The lakes are strongly microbially influenced: most deposits since the 

Holocene sea- level highstands comprise biological and chemical 

precipitates, notably texturally and morphologically diverse microbialites in 

littoral areas, as well as oncoids, spherulites and ooids, and gypsum in open 

water. Therefore, it is possible to establish the sedimentological evolution of 

the lakes since the Holocene highstands using the surficial sediments. 

 Stromatolites and thrombolites are both present on Rottnest Island. This 

reinforces the view that thrombolitic fabrics can be primary features formed 

by in situ mineral precipitation. Hypersalinity, however, also hinders a 

grazing fauna that would disrupt stromatolitic laminae and contribute to the 

formation of the thrombolites that characterise most lacustrine microbialites. 

This suggests that modern stromatolites formed by in situ precipitation are a 

characteristic feature of hypersaline carbonate lakes, though they are not 

restricted to coastal settings.  

 Littoral facies differ between ephemeral and perennial lakes. Conical 

microbialites are restricted to perennially submerged littoral areas of the deep 

lakes, whereas ephemeral lakes contain tabular crusts and bioclastic sediment 

in deeper areas. This reflects both water depth and ephemerality controlling 

accommodation space and influencing the development of microbial mats, 

and the presence of a much larger catchment area supplying sediment to the 

ephemeral lakes.   
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The Rottnest Island lake facies share features with other modern carbonate lake 

systems, however the environmental gradients in hypersaline coastal lakes are 

steeper. Negligible detrital input since the lagoonal phase of the lakes in the late 

Holocene, coupled with their morphological heterogeneity, hypersalinity and 

alkalinity, has facilitated the development of an exceptionally diverse suite of 

surficial facies. Together, these facies record a transition from marine to lacustrine 

conditions, and provide a modern laboratory for studying microbially influenced 

carbonates (e.g., microbialites, spherulites, ooids, oncoids) and evaporites. Ongoing 

research will utilise the information presented here to develop mineralisation models 

for the microbialites, and help clarify environmental changes recorded in the 

Rottnest Island lake and lagoonal sediments.  

Acknowledgements 

This research was funded by the Rottnest Island Authority (RIA), School of Earth 

Sciences (SES), University of Western Australia (UWA) and the Australian Nuclear 

Science and Technology Organisation. Karl Bischoff was supported by an Australian 

Government Research Training Program Scholarship at UWA, and an Australian 

Institute for Nuclear Science and Engineering Postgraduate Research Award. We are 

grateful to Rosine Riera (UWA) for her help in the field and Luke Wheat and 

Cassanya Thomas (RIA) for logistical support. Anne Brearley (Indian Ocean Marine 

Research Centre, UWA) helped with mollusc identification, and David Haig (SES, 

UWA) with foraminiferal identification. We thank Frank Nemeth (UWA) for thin 

section preparation and Chris Brouwer (UWA) for performingthe grain-size 

analyses. Electon microscropy was done at the Centre for Microscopy, 

Characterisation and Analysis at UWA. Stanley Awramik provided a very useful 

review of an earlier version of this manuscript. 



104 

 

2.8 Supplementary information  
 

 

 

Figure 2.S1. Summary diagram of small ephemeral Lake Sirius. From top: schematic cross section of lake; stratigraphic logs; grainsize 

data to first change in lithology down section and; components to first change in lithology down section.   
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Figure 2.S2. Summary diagram of deep perennial Lake Serpentine. From top: schematic cross section of lake; stratigraphic logs 

showing bioclastic sand and oncolitic gravel in foreshore areas transitioning to microbialites in littoral and gypsum in basinal areas; 

grainsize data to first change in down section and; components to first change in lithology down section.  
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Figure 2.S3. Summary diagram of deep perennial Government House Lake. From top: schematic cross section of lake; stratigraphic logs 

showing skeletal floatstone in foreshore transitioning to microbialites in littoral and gypsum in basinal areas; grainsize data to first 

change in lithology down section and; components to first change in lithology down section.
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Appendix 1A. <2 mm sediment components by thin section point counting.  
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Chapter 3  
 

Marine lagoon to lake transition, southwestern Australia: implications for late 

Holocene climate and eustatic sea level change 

Abstract 
 

Spatiotemporal changes in eustatic sea level during the late Holocene are poorly 

constrained, due to the paucity of continuous high-temporal resolution records through 

periods of abrupt sea level change. Here the sedimentology and geochemistry of sediment 

cores collected in lagoonal sediments from present-day lakes on Rottnest Island, Western 

Australia, provide insight into climatic and eustatic sea level changes during the late 

Holocene. Sedimentary facies in the cores transition from silty sand containing abundant 

foraminifera and sea grass rhizome fibres, characteristic of deeper lagoonal areas, to fine 

sand dominated by bivalves and gastropods, characteristic of higher energy conditions 

closer to the shore. Geochemical analyses of the benthic foraminifera Quinqueloculina 

seminula tied to radiocarbon dates in a sediment core reveal that sea surface temperature 

(SST) and salinity in the lagoons resembled those in the adjacent modern Indian Ocean 

from ~2,500–2,050 calander years before present (BP). Lagoonal SST for the same period 

show an overall cooling trend, coincident with increasing variability in the El Niño 

Southern Oscillation (ENSO), coupled with a negative phase of the Southern Annular 

Mode, decreasing the strength of the Leeuwin Current. Increased frequency in the El 

Niño phase of ENSO at ~2,100 years BP coincides with an abrupt fall in lagoonal SST to 

~2,050 years before present. From 2,050–1,900 years BP, SST and salinity in the lagoons 

increased linearly, hypothesised to have resulted from increasing restriction of the 

lagoons as eustatic sea level fell.  
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3.1 Introduction  
 

In comparison with the northern hemisphere, the relative tectonic stability and absence of 

Quaternary glaciations on mainland Australia makes it ideal for investigating Holocene 

sea level change (Lewis et al., 2013). Even in tectonically stable ‘far-field’ regions away 

from the influence of ice sheets, such as Australia, however, resolving middle to late 

Holocene spatiotemporal changes in eustatic sea level to a high degree of accuracy is 

difficult (e.g., Sloss et al., 2007). This is due to (1) the low amplitude (cm–dm) scale of 

the changes, (2) location of former sea level indicators along active coastlines subject to 

erosion and sedimentation, (3) assumptions made about the meaning of different sea level 

indicators, and (4) local variability in tectonism, wind and ocean circulation patterns 

(Lambeck, 2002; Sloss et al., 2007; Lewis et al., 2013; Lambeck et al., 2014). Here, a 

continuous record of eustatic sea level and climate change is investigated through the 

latter stages of the last sea level highstand and the subsequent significant eustatic sea 

level fall between ~2,500 and 1,900 calendar years before present (herein referred to as 

years BP). Evaluation is through sedimentological study and geochemical analyses of 

foraminifera from lake sediment cores on Rottnest Island, southwestern Australia, 

deposited during a sea level highstand when the lake was a lagoon connected to the 

Indian Ocean.  

 

 

Holocene geological records show that eustatic sea level reached near its present level 

~6,500 years ago (Eisenhauer et al., 1993; Wanner et al., 2008; Lewis et al., 2013). 

Geomorphic and paleontological evidence for Quaternary sea level oscillations on 

Rottnest Island, together with its tectonic stability, have prompted a number of studies 

investigating eustatic sea level change on the island (Fairbridge, 1961; Playford, 1988; 
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Baker et al., 2005; O’Leary et al., 2013). Playford (1988) radiocarbon dated marine 

bivalves found around the lakes and correlated them with geomorphic features interpreted 

as representing the mean high water level. Notches at the lake margins eroded by wave 

action ~1 m above present day MSL were correlated with Katelysia scalarina marine 

bivalves deposited between 2,200 and 3,200 years BP. It is unclear whether the dates 

were calibrated and/or corrected for marine reservoir effects so these data are not used in 

this chapter. However, Baker et al. (2005) re-dated some of the material and sites in 

Playford (1988), together with several sites to the south of Rottnest Island and these are 

used here. This study will utilise and build on existing sea level data from Rottnest Island, 

potentially providing insight into global climatic and sea level trends.  

 

Eustatic sea level change estimates vary with the type of sea level indicator used. Fixed 

biological indicators attached to a substrate in intertidal areas (e.g., barnacles, oysters, 

tubeworms, some corals), provide the most reliable information on former sea level, as 

their position is relatively well-constrained in relation to paleo mean sea level and as such 

requires fewer assumptions and corrections (Lewis et al., 2013). Microatolls comprising 

Porites corals have recently been the focus of several Holocene sea level studies, 

emphasising a mostly stable sea level for the past ~5,000 years falling ~1 m to the 

present-day (Woodroffe et al., 2012; Harris et al., 2015; Hallmann et al., 2018; Leonard et 

al., 2018). Sea level data from other fixed biological indicators suggest eustatic sea level 

around Australia was ~1 m above the present 2,000 years ago (e.g., Baker et al., 2005). 

The lack of evidence for oscillations in eustatic sea level during the late Holocene 

recorded by fixed biological indicators may reflect the poor temporal resolution of the 

data. Here, an age model is constructed using radiocarbon dates from foraminifera in a 

sediment core from the western margin of Lake Baghdad on Rottnest Island. This 
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provides a high temporal resolution framework for the geochemical investigation of 

environmental change, including eustatic sea level change, in the Rottnest Island lagoons 

during the late Holocene. 

 

Southwestern Australia has experienced increasing aridity through the second half of the 

Holocene, due in part to the southerly migration of the Inter-Tropical Convergence Zone 

(ITCZ) (Gouramanis et al., 2013). A change to wetter conditions in southwestern 

Australia between ~2,300 and 1,400 years before present has been attributed to a negative 

shift in the Southern Annular Mode (SAM), moving mid-latitude westerlies to the north 

and increasing precipitation (Cai et al., 2011; Gouramanis et al., 2012). Gouramanis et al. 

(2012) found that the Indian Ocean Dipole, defined as the sea surface temperature (SST) 

differential between eastern and western equatorial regions of the Indian Ocean, did not 

appear to significantly influence the climate of southwestern Australia during the second 

half of the Holocene. 

 

The southerly shift of the ITCZ from the middle Holocene weakened the monsoon in 

Asia, resulting in increasing aridity in Asia and Africa (Fleitmann et al., 2007; Wanner et 

al., 2008). This likely contributed to changes in the variability of the El Niño Southern 

Oscillation (ENSO), the most important interannual climate fluctuation on Earth (Yeh et 

al., 2018). ENSO alternates between anomalously warm (El Niño) and cool (La Niña) 

climate phases. A number of studies have shown strong co-variability between ENSO and 

Antarctic sea-ice extent in which positive sea-ice-extent anomalies are associated with El 

Niño events (Yuan, 2004; Stammerjohn et al., 2008; Shevenell et al., 2011). Furthermore, 

this relationship may be strongest when El Niño events coincide with the negative phase 

of SAM (Fogt et al., 2011).  
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The Leeuwin Current is a band of warm equatorial water emanating from the Indonesian 

Throughflow flowing south along the western Australian coastline (Moros et al., 2009). 

Modern variability in the Leeuwin Current has been linked to ENSO, in which the current 

is weaker during El Niño phases compared to during La Niña phases (Feng et al., 2003). 

Moros et al. (2009) attributed increasing 𝛿18O in planktonic foraminifera from a deep sea 

sediment core off South Australia to a general decrease in Leeuwin Current strength and 

increasing ENSO variability during the late Holocene. Rottnest Island is situated off the 

coast of southwestern Australia and ideally situated to record changes in the Leeuwin 

Current, and potentially by extension, ENSO.  

 

Anthropogenic global warming is driving eustatic sea level rise today. Global mean 

temperature in 2017 reached ~1oC above 1850–1900 temperatures and is increasing by 

~0.2oC per decade at an accelerating rate (Stocker, 2014; Sun et al., 2019). Since 1993, 

eustatic sea level has risen by ~7 cm at +3 mm per year and is also accelerating (Nerem et 

al., 2018) (Figure 3.1a). Ocean thermal expansion is the greatest contributor to present 

day sea level rise (~40%) (Church et al., 2013).  

 

This study uses the geochemistry and sedimentology of sediment cores collected in lakes 

on Rottnest Island, Western Australia, to reconstruct the environmental history of 

precursor lagoons. The geochemistry of benthic foraminifera Quinqueloculina seminula 

has been used to reconstruct sea surface temperature and salinity, to examine the lagoon–

lake transition and to contribute new information on eustatic sea level and climate 

variability during this period.  
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3.2 Materials and methods 

Study location  

Rottnest Island is located in a tectonically quiescent portion of the Perth Basin, in the 

Indian Ocean approximately 20 kilometres from the city of Perth, Western Australia 

(Harris, 1994) (Figure 3.1). Shallow marine fossils, including bivalves, gastropods and 

foraminifera, in eight hypersaline lakes on the eastern side of the Island (Figure 3.1b, c) 

indicate that they were formerly marine embayments connected to the Indian Ocean 

(Playford et al., 1977).  

Sediment core collection and initial characterisation  

Eight sediment cores were collected from the margins of Lake Baghdad (2), Lake 

Serpentine (3) and Lake Vincent (3) (Figure 3.1c; Table 3.1). Cores from individual lakes 

were collected along transects oriented perpendicular to the shore, from the seasonally 

emergent backshore area to the perennially submerged foreshore area. In order to sample 

beneath any microbialites, hardgrounds or crusts, the cores were collected in three mm 

thick aluminium tubes (80 mm in diameter), using a hydraulic post driver and diesel 

power pack. Core length was corrected for sediment compaction by adding the difference 

between protrusion height from the depositional surface and distance to the sediment 

surface within the tube to the total core length. 

 

The cores range from 0.7–2.0 m long. Texture and composition, notably bioclasts such as 

molluscs and seagrass rhizome fibres, were described at the macro-scale (components >2 

mm in size). The less than 2 mm size fraction of 18 samples from core BAG1 was run 

through a Malvern laser granulometer for grain size analysis. Component analysis on the 

<2 mm fraction in all 8 cores were sampled at 20 cm intervals and the mud fraction 



133 

 

 
 

 

Figure 3.1. Study location. (a) Global mean sea level rise from 1993–2017 

(CNSE/LEGOS/CLS, 2017). (b) Aerial photograph (Google®) of Rottnest Island showing 

location of study area. (c) Digital elevation model (Geoscience Australia) showing lakes 

in white below present-day mean sea level and location of the sediment cores used in this 

study.  
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Table 3.1. Sediment core length, elevation relative to the Australian Height Datum 

(ADH) and location.   

 

Core #  Length (m)   m AHD Latitude  Longitude 

BAG-1  1.99  -0.61   31°59'44.27"S  115°30'43.57"E 

BAG-2  1.26  -0.75   31°59'44.05"S  115°30'44.55"E 

SER-1  1.11  -0.31  32° 0'25.57"S  115°31'14.79"E 

SER-2  1.6  -0.52   32° 0'24.63"S  115°31'15.15"E 

SER-3  1.3  -0.81   32° 0'24.21"S  115°31'15.77"E 

VCT-1  1.0  -0.38   31°59'57.29"S  115°30'51.01"E 

VCT-2  1.08  -0.6   31°59'56.35"S 115°30'51.62"E 

VCT-3  0.9  -0.79   31°59'56.14"S  115°30'52.23"E 
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removed by washing samples through a 100 μm mesh. Residual sediment was dried 

overnight in an oven at 50oC. Biogenic components in the 100–500 μm fraction were 

identified using a binocular microscope, with a focus on foraminifera, along with their 

condition (e.g., abraded, broken, pristine) and a visual estimate of their relative 

abundance. Here, rare, common and abundant refers to <1%, 1 to ~5% and >~5% by 

volume of the biogenic components, respectively, in either the <2 mm or >2 mm fraction.  

 

Elevation at the coring sites and low-lying areas between the lakes and the ocean were 

measured with a Trimble GeoExplorer® 6000 differential GPS. Approximately 160 

elevation measurements were collected to identify areas formerly connected to the Indian 

Ocean and to help constrain an estimate of MSL change. Vertical accuracy of the 

measurements collected in the field was ± 0.1 m achieved/through ‘tying’ them to the 

fixed ground-based reference station in Perth, Western Australia (located at 31 47' 

52.854" S 115 56' 00.582" E). Measurements are made with reference to the Australian 

Height Datum (ADH) which is equivalent to mean sea level (MSL) from 30 tidal gauges around 

Australia, determined by Geoscience Australia, Australian Government (2019). 

 

Core dating and geochemical analyses 

The core BAG-1 was selected for geochemical analyses due the abundance of benthic 

foraminifera in pristine to near pristine condition, established through analyses with a 

binocular and scanning electron microscope equipped with energy dispersive 

spectroscopy, suitable for radiocarbon dating and geochemical analyses. These included 

benthic foraminifera Peneroplis planatus, which are fragile and easily broken, suggesting 

that the sediments of the core may be ‘unreworked’ with the potential for stratigraphic 

continuity.  
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Seven accelerator mass spectrometry (AMS) radiocarbon (14C) dates were obtained from 

specimens of benthic foraminifera Peneroplis planatus. AMS dates were generated at the 

Australian Nuclear Science and Technology Organisation (ANSTO) at Lucas Heights, 

Sydney. Foraminifera were leached in dilute (0.02 M) HCl and placed in a sonic bath at 

room temperature for two minutes to remove surface contamination. Samples were then 

decanted and rinsed in ultrapure Milli-RO water three times prior to being dried in an 

oven at 60oC for 24 hours (Hua, 2015). The program Calib6® was used for calibration 

using the ShCal13 calibration curve (Stuiver et al., 1993). A marine reservoir correction 

from nearby Garden Island, located ~23 km to the southeast of Rottnest Island, was 

applied (Gillespie et al., 1979). An age-depth model was then produced using the program 

Bacon® (Blaauw et al., 2011) in statistical software package R®.   

 

The foraminifera Quinqueloculina seminula was selected for geochemical analyses 

(Mg/Ca content and 𝛿18O and 𝛿13C isotopic composition) from sediment core BAG-1 

because they are abundant and in pristine condition, and in view of the established use of 

Quinqueloculina in paleoclimate reconstructions (Toyofuku et al., 2000; Gussone et al., 

2016; De Nooijer et al., 2017). At least 50 and up to 70 tests of Q. seminula from the 

250–300 μm sediment size fraction, to account for biological effects, at approximately 

three cm intervals (37 sampling intervals and ~2500 specimens) were picked. The 

cleaning protocol of Barker et al. (2003) was used. An oxidative treatment using 

hydrogen peroxide to remove organics was performed on the foraminifera with 0.5 M of 

H2O2 using a NaOH buffer to inhibit dissolution, followed by four minutes in a sonic bath 

at low power. The oxidative solution was then decanted and replaced with ultrapure Milli-

Q water and sonicated for four minutes at low power and repeated three more times. After 
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final decanting, the samples were placed in an oven to dry at 40oC for two days. Cleaned 

foraminifera were used in the geochemical analyses outlined below.  

 

Elemental composition of the foraminifera was obtained using the laser ablation 

instrument COMPex Pro tied to an X-Series 2 inductively coupled plasma mass 

spectrometer. For each of 36 samples, 15–20 Q. seminula were mounted on a glass slide 

with carbon tape. Three sites in each foraminiferal test, one in each main foraminiferal 

chamber, were ablated with a ~30 μm diameter laser beam. Multiple specimens and 

measurement sites per sample were obtained to account for biological (vital) variability 

and to investigate seasonality.  

 

Sea-surface temperatures (SST) were obtained using the Mg/Ca thermometer of 

Toyofuku et al. (2000), as it uses benthic foraminifera Quinqueloculina yabei, of the same 

genus as Quinqueloculina seminula used in this study, calibrated to account for biological 

(vital) effects, in which:  

 

T (oC) = 0.3431 (Mg/Ca(mmol/mol)) - 22.54 

 

Seasonality was investigated using the standard deviation (SD) across sites recorded for 

each sample. Data were plotted and interpolated in R using the ggplot2® package with a 

smoothing function of 0.5. 

 

For the bulk measurement of 𝛿18O and 𝛿13C, 40–50 Q. seminula tests in each of 41 

samples (41 measurements) were crushed in sterile glass vials with a sterile scalpel to 

generate a representative carbonate sample. Analysis of 100–130 µg of carbonate per 
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sample was undertaken using a Thermo Fisher Scientific MAT 253 isotope ratio mass 

spectrometer. Both 𝛿18O and 𝛿13C are given relative to the Vienna-Pee Dee Belemnite 

(VPDB) standard. Analytical precision for 𝛿13C was between ±0.002 and ±0.010% and 

for 𝛿18O between ±0.007% and ±0.014% (±1σ) based on repeat analyses of the standard 

(Ostermann et al., 2000). Data were plotted and interpolated in R® using the ggplot2® 

package and a smoothing function of 0.5. 

Salinity reconstruction  

Salinity trends with changes in 𝛿18O and temperature (Rohling et al., 1998). As a result, 

paired paleotemperatures reconstructed from Mg/Ca ratios and 𝛿18O values from 

foraminifera can be used to reconstruct paleosalinity (e.g., Ferguson et al., 2008; Dissard 

et al., 2010). The methods used here is after Rostek et al. (1993) and Elderfield et al. 

(2000) in which:  

S=Sm+(𝛿18OF – a𝛿T)/b 

where 

S is paleosalinity          

Sm is modern mean salinity in the Indian Ocean near Perth, WA of 35.75 ‰ (CSIRO, 

2005)      

𝛿18OF is the deviation between 𝛿18O of Q. seminula and modern seawater    

a is the slope of 𝛿18OF versus temperature, and                       

b is the slope of modern (last 50 years) mean 𝛿18O versus modern mean salinity for the 

Indian Ocean taken from LeGrande et al. (2006). 
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3.3 Results     
 

3.3.1 Core sedimentology  
 

The sediment core BAG-1 is composed of muddy bioclastic sand capped by a brown 

bioclastic medium sand (Figure 3.2). Three main stratigraphic units can be distinguished. 

The lowermost unit (S1) is dark grey, fine to medium sand with ~10–30% mud (mostly 

silt with a few % clay). Pristine miliolid foraminifera, including Quinqueloculina and 

Peneroplis, articulated Bornia bivalves, and Diala and Hydrococcus gastropod shells are 

common in this unit with rare hyaline foraminifera, such as Elphidium. Rhizome root 

fibres of the seagrass Posidonia australis are locally abundant, and typically form sub-

horizontal bundles within the core. Crab claws are present locally. In addition, laser 

granulometry grainsize data for core BAG-1 make it possible to distinguish two sub-units 

within S1 (Figure 3.2). Unit S1a shows increasing silt and clay content, in contrast to S1b 

which shows the opposite. The stratigraphic unit (S2) comprising the upper ~20 cm 

(exempting the top 2 cm) of the core is moderately well sorted brown sand, containing 

articulated Katelysia scalarina bivalves, Batillaria estuarina gastropods and serpulid 

tubules likely to be Galeolaria, with rare abraded and broken miliolid foraminifera. The 

top ~2 cm of the core (S3) is capped by indurated granular crust and microbial mat 

resembling the flocculent mat facies defined in Chapter 2. 

 

Sediment core BAG-2 is mostly massive fine and moderately well-sorted bioclastic sand 

(Figure 3.3). Locally, articulated Bornia, Katelysia and Redicure bivalves, along with 

Diala and Cantharidus gastropods occur. Abraded echinoid spine fragments are common. 

Bundles of Posidonia rhizome fibres occur between depths of 70–80 cm. Apart from 

broken and abraded Elphidium hyaline foraminifera, microfossils were not observed. 

Katelysia abundance increases from ~25 cm depth to the top of the core. From  
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Figure 3.2. Sediment core BAG1 photograph, mean grainsize distribution obtained by 

laser granulometry, and relative presence of main biogenic components. (a) Grainsize 

distribution of <2 mm fraction showing stratigraphic unit division. Note unit S1 is sub- 

divided into S1a and S1b according to trends in the clay to silt fraction. (b) Relative 

presence of main biogenic components.  
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Figure 3.3. Sediment core BAG-2 photograph, grainsize distribution and relative 

abundances of main biogenic components obtained by visual inspection.  
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approximately 30 cm depth to the surface friable carbonate crusts ~2 mm thick are 

unevenly distributed. These contrast with a very well cemented carbonate layer at ~22 cm 

depth. The core top contains flocculent microbial mat defined in Chapter 2. 

 

Sediment core SER-1 contains three distinct stratigraphic units (Figure 3.4). The 

lowermost unit is predominantly silt to fine sand and includes Diala gastropods, abundant 

miliolid foraminifera and sub-horizontal Redicure bivalves occur locally. The second unit 

consists of massive fine and moderately well-sorted bioclastic sand coarsening up to 

medium sand. A lens of Hydrococcus gastropods occurs at 45 cm depth. Crystalline 

carbonate along with carbonate encrusted Katelysia valves and oncoids, defined as 

oncolitic gravel in Chapter 2, form the upper ~25 cm of the core. 

 

Sediment core SER-2 closely resembles BAG-2 in terms of its lithological and faunal 

characteristics (Figure 3.5). Sediment core SER-3 contains the same stratigraphic unit 

organisation as SER-1 (Figure 3.6). However, the microbially influenced deposits at the 

core top contain friable carbonate crusts <2 mm thick and a laminated microbial mat 

resembling the blister microbial mat facies defined in Chapter 2.  

 

The lower part of sediment core VCT-1 is predominantly silt to fine sand intercalated 

with bundles of Posidonia fibres, locally within coarser fine to medium sand lenses 

(Figure 3.7). Miliolid foraminifera are abundant and hyaline foraminifera  
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Figure 3.4. Sediment core SER-1 photograph, grainsize distribution and relative 

abundances of main biogenic components obtained by visual inspection.  
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Figure 3.5. Sediment core SER-2 photograph, grainsize distribution and relative 

abundances of main biogenic components obtained by visual inspection.  



145 

 

 
 

 

Figure 3.6. Sediment core SER-3 photograph, grainsize distribution and relative 

abundances of main biogenic components obtained by visual inspection.  
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Figure 3.7. Sediment core VCT-1 photograph, grainsize distribution and relative 

abundances of main biogenic components obtained by visual inspection.  
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are uncommon. Articulated Katelysia, Brachidontes and Bornia bivalves occur locally. 

The upper part of the core is predominantly massive medium sand locally containing 

abundant Hydrococcus and Diala gastropods, as well as articulated Katelysia bivalve 

shells. Cemented carbonate crusts characterise the top of the core. 

 

Sediment core VCT-2 is comprises silty sand containing Posidonia rhizome fibres and 

abundant miliod foraminifera (Figure 3.8). The middle to upper part of the core is 

predominantly massive fine and moderately well-sorted bioclastic sand, locally with disks 

of large benthic foraminifera up to 2 mm wide, likely representing Amphisorus. An 

indurated granular crust caps the core.  

 

Sediment core VCT-3 contains a lowermost silt to fine sand layer resembling those 

outlined in cores VCT-1 and VCT-2 (Figure 3.9). This is overlain by a predominantly fine 

sand layer containing Diala and Cominella gastropods and articulated Bornia bivalves, 

grading into massive fine sand containing Katelysia fragments and Hydrococcus 

gastropods. 

 

3.3.2 Core age model  
 

Seven AMS 14C dates from the benthic foraminifera Peneroplis planatus sampled from 

S1 in BAG-1 were used to create an age model in Bacon (Blaauw and Christen, 2011) 

within R (Table 3.2; Figure 3.10). Following calibration, reservoir correction and age 

modelling, the core spans approximately 600 years, from ~2,500–1,900 years before 

present. The mean sedimentation rate for S1 is 3 mm per year. In the following text age is 

given in calendar years before present (BP). Radiocarbon dates are limited to stratigraphic 

unit S1 in sediment core BAG-1.  
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Figure 3.8. Sediment core VCT-2 photograph, grainsize distribution and relative 

abundances of main biogenic components obtained by visual inspection.  
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Figure 3.9. Sediment core VCT-3 photograph, grainsize distribution and relative 

abundances of main biogenic components obtained by visual inspection.  
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Table 3.2. Radiocarbon and calendar ages from the benthic foraminifera Plantatus 

peneroplis used to create the age model in this study. Reservoir correction is from 

Garden Island, 23 km to the south of Rottnest Island (Gillespie and Polach, 1979). 

Sample 

# 
Depth (cm) 

Radiocarbon 

age 
Error ± 

Marine 

reservoir 

Calibrated 

age 

(calendar 

years BP)  

Error ± 

       

BAGF1 25 2350 20 323 1976 22 

BAGF2 44 2285 30 323 2035 34 

BAGF3 62 2370 25 323 1974 4 

BAGF4 97 2455 30 323 2054 41 

BAGF6 146 2630 30 323 2325 20 

BAGF7 187 2780 25 323 2417 58 

BAGF8 199 3015 30 323 2765 19 
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Figure 3.10. Core age-depth model showing Bacon output. (a) Stationary distribution of 

iterations showing a good run. (b) Accumulation rate. (c) Memory. (d) Age-depth model. 

Red curve shows the best model on weighted mean average for each depth. Grey stippled 

lines indicate the 95% confidence interval, with darker greys showing more likely 

calendar ages.  
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3.3.3 Late Holocene sea-surface temperature (SST) reconstruction  
 

Sea surface temperatures were calculated using the Mg/Ca ratio of Q. seminula from S1 

in BAG-1 and the range of values is shown in Figure 3.11a and Table 3.3. Seasonality is 

equivalent to the standard deviation (SD) of SSTs at each sampling interval and ranges 

from ~1.8–3.5oC (Figure 3.11b). The standard error (SE) = SD / √ (n) and shows the 

accuracy of the sample mean compared to the population mean, thus showing the 

representativeness of the data. The SE here ranges from 0.4 to 0.6, meaning there is a 

95% chance that the population mean is within ± ~1.0oC of the sample mean, shown 

visually as the confidence interval in the plotted data here and in subsequent plots 

(Figures 3.11–3.13).  

 

From ~2,500–2050 years BP, SSTs in the lagoons on Rottnest Island were on average 

20.2oC (Table 3.3; Figure 3.12a). However, mean SSTs on Rottnest Island decreased 

between ~2,500 and 2,050 years BP by ~2.5oC, from a high of 22.7oC at~2,400 years BP, 

to a low of 17.8oC at ~2,050 years BP. From ~2,050 years BP, SSTs in the lagoons show 

a steady increase to 26.8oC by 1,900 years BP. The average temperature for this interval 

is 24.3oC with a reduction in SST variability shown by a narrowing of the confidence 

interval.  
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Table 3.3. Mean sea surface temperature (SST) and seasonality derived from Mg/Ca 

ratios in Quinqueloculina seminula on Rottnest Island. 

Core depth 

(cm) 

Calendar 

years BP 

SST 

(oC) 

Standard 

error 

Seasonality 

(oC) 

Standard 

error 

25 1913 26.8 4.4 3.8 0.62 

28 1923 24.3 4.0 2.8 0.45 

32 1933 24.6 4.0 2.9 0.48 

36 1943 23.0 3.8 2.8 0.46 

46 1971 23.9 3.9 3.0 0.49 

49 1980 22.0 3.6 2.1 0.35 

54 1993 23.8 3.9 3.3 0.54 

58 2003 20.3 3.3 2.8 0.45 

60 2009 19.8 3.3 3.5 0.57 

66 2027 20.0 3.3 3.8 0.62 

70 2039 20.5 3.4 2.5 0.41 

73 2047 17.7 2.9 1.9 0.32 

80 2072 19.1 3.1 3.0 0.50 

85 2089 20.0 3.3 3.4 0.56 

92 2114 22.7 3.7 3.1 0.51 

97 2131 18.8 3.1 3.9 0.64 

105 2157 18.7 3.1 3.3 0.55 

108 2171 18.9 3.1 3.5 0.58 

111 2180 19.7 3.2 3.0 0.50 

116 2198 19.2 3.1 2.3 0.39 

124 2230 19.7 3.2 3.0 0.49 

130 2254 21.9 3.6 3.0 0.49 

134 2268 19.7 3.2 2.9 0.48 

141 2296 21.4 3.5 2.3 0.37 

146 2315 21.5 3.5 2.9 0.47 

154 2344 19.2 3.2 3.1 0.51 

159 2362 20.0 3.3 2.6 0.43 

162 2377 20.5 3.4 2.6 0.43 

166 2391 21.0 3.5 2.9 0.48 

170 2406 22.4 3.7 3.1 0.51 

172 2415 22.7 3.7 3.4 0.56 

176 2431 20.8 3.4 2.8 0.46 

182 2456 22.0 3.6 3.3 0.55 

186 2470 19.5 3.2 2.6 0.43 

194 2506 19.8 3.3 2.6 0.43 
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Figure 3.11. Reconstructed sea surface temperatures (SSTs) and seasonality on Rottnest 

Island from Mg/Ca of Q. seminula. (a) Spread of SST measurements. (b) Seasonality 

derived from the standard deviation of SSTs at each sampling interval. The grey area 

shows the 95% confidence interval.  
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Figure 3.12. Geochemical data derived from Q. seminula. The grey area shows the 95% 

confidence interval. (a) Mean sea surface temperatures (SSTs) from the Mg/Ca ratio of 

using thermometer calibration of Toyofuku (2000). (b) Bulk 𝛿18O. (c) Bulk 𝛿13O. (d) 

Paleosalinity calculated using Mg/Ca paleo SSTs and 𝛿18O and modern marine salinity 

and 𝛿18O.  
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Table 3.4. Stable isotope δ13C and δ18O ratios from bulk carbonate samples of 

Quinqueloculina seminula on Rottnest Island. 

Core 

depth 

(cm) 

Calendar 

years BP 
 

 δ13C (‰ 

VPDB) 

Precision 

(‰ 

VPDB) 

Standard 

error 

 

 

 δ18O 

(‰ 

VPDB) 

Precision 

(‰ VPDB) 

Standard 

error 

25 1913  1.19 0.01 0.20   1.36 0.01 0.22 

28 1923  1.15 0.01 0.19   1.34 0.01 0.22 

32 1933  1.28 0.01 0.21   1.29 0.01 0.21 

36 1943  1.18 0.01 0.19   1.45 0.01 0.24 

38 1950  1.42 0.01 0.23   1.30 0.01 0.21 

42 1960  1.21 0.01 0.20   1.40 0.01 0.23 

46 1971  1.51 0.01 0.25   1.21 0.01 0.20 

49 1980  1.37 0.01 0.23   1.33 0.01 0.22 

54 1993  1.56 0.01 0.26   1.17 0.01 0.19 

60 2009  1.17 0.01 0.19   1.26 0.01 0.21 

64 2019  1.21 0.01 0.20   1.28 0.01 0.21 

66 2027  1.38 0.01 0.23   1.00 0.01 0.16 

70 2039  1.31 0.01 0.22   1.19 0.01 0.20 

73 2047  1.31 0.01 0.22   1.25 0.01 0.21 

76 2059  1.30 0.01 0.21   1.38 0.01 0.23 

80 2072  1.14 0.01 0.19   1.20 0.01 0.20 

85 2089  1.26 0.01 0.21   1.10 0.01 0.18 

89 2102  1.48 0.01 0.24   1.03 0.01 0.17 

92 2114  1.16 0.01 0.19   1.16 0.01 0.19 

97 2131  1.17 0.01 0.19   1.34 0.01 0.22 

101 2145  1.22 0.01 0.20   1.47 0.01 0.24 

105 2157  1.42 0.01 0.23   1.14 0.01 0.19 

108 2171  1.34 0.01 0.22   1.26 0.01 0.21 

111 2180  1.28 0.01 0.21   1.11 0.01 0.18 

116 2198  1.28 0.01 0.21   0.90 0.01 0.15 

119 2212  1.25 0.01 0.21   1.33 0.01 0.22 

124 2230  1.36 0.01 0.22   1.24 0.01 0.20 

130 2254  1.32 0.01 0.22   1.15 0.01 0.19 

134 2268  1.33 0.01 0.22   1.12 0.01 0.18 

141 2296  1.44 0.01 0.24   1.12 0.01 0.18 

146 2315  1.58 0.01 0.26   1.05 0.01 0.17 

151 2334  1.52 0.01 0.25   1.35 0.01 0.22 

154 2344  1.44 0.01 0.24   1.17 0.01 0.19 

159 2362  1.40 0.01 0.23   1.25 0.01 0.21 

162 2377  1.40 0.01 0.23   1.22 0.01 0.20 

166 2391  1.39 0.01 0.23   0.89 0.01 0.15 

172 2415  1.58 0.01 0.26   1.23 0.01 0.20 

176 2431  1.55 0.01 0.25   1.29 0.01 0.21 

182 2456  1.52 0.01 0.25   1.18 0.01 0.19 

186 2470  1.53 0.01 0.25   1.33 0.01 0.22 

194 2506  1.52 0.01 0.25   1.12 0.01 0.18 



157 

 

Table 3.5. Paleosalinity reconstructed from Mg/Ca sea surface temperatures and 

δ18O in Quinqueloculina seminula on Rottnest Island, present day salinity from the 

adjacent Indian Ocean (CSIRO, 2005) and mean δ18O and salinity for the Indian 

Ocean from ~1956–2006 (LeGrande et al., 2006). 

 

Core depth 

(cm) 

Calendar 

years BP 

Salinity 

(‰) 

Standard 

error 

25 1913 39.5 7.0 

28 1923 39.0 6.9 

32 1933 38.8 6.9 

36 1943 39.5 7.0 

46 1971 38.2 6.7 

49 1980 38.5 6.8 

54 1993 37.9 6.7 

70 2039 37.4 6.6 

73 2047 37.3 6.6 

80 2072 37.3 6.6 

85 2089 36.8 6.5 

92 2114 37.6 6.6 

97 2131 38.1 6.7 

105 2157 36.8 6.5 

108 2171 37.6 6.6 

111 2180 36.8 6.5 

116 2198 35.4 6.3 

119 2212 38.0 6.7 

124 2230 37.6 6.6 

130 2254 37.4 6.6 

134 2268 36.8 6.5 

141 2296 37.1 6.6 

146 2315 36.7 6.5 

154 2344 38.2 6.8 

159 2362 37.3 6.6 

162 2377 37.8 6.7 

166 2391 37.7 6.7 

170 2406 35.9 6.3 

172 2415 38.1 6.7 

176 2431 38.1 6.7 

182 2456 37.7 6.7 

186 2470 38.2 6.7 

194 2506 36.9 6.5 

 

 



158 

 

3.3.4 Stable isotopic composition 
 

Bulk 𝛿18O and 𝛿13C measurements of Q. seminula from S1 in BAG-1 are presented 

(Table 3.4; Figure 3.12b, c). Mean 𝛿18O was broadly stable between 2,500 and 2,050 

years BP at ~+1.2 ‰, then increased to 1.2–1.4 ‰, peaking at 1.49 ‰ by 1,900 years BP. 

Over the same interval, mean 𝛿13C decreases from +1.51–1.35‰ (Figure 3.13c). Values 

then show a minor increase to +1.51‰ by 1,980 BP but otherwise an overall decline to 

1.27‰ by 1,900 years BP. 

 

3.3.5 Salinity 
 

Mg/Ca-derived paleotemperatures and 𝛿18O have been used to reconstruct salinity 

fluctuations during the interval recorded by the core (Table 3.5; Figure 3.12d). Mean 

salinity from 2,500–2,050 years BP was broadly stable at 37.4‰. In contrast, from 2,050 

years BP mean salinity steadily increases to 39.4‰ by 1,900 years BP.  

 

3.3.6 Sea level data 
 

Former areas of potential connectivity between the lakes and Indian ocean were 

investigated with dGPS elevation measurements to constrain the range in paleo MSL 

change (Figure 3.1c). Crucially, low lying areas of probable former connectivity between 

the lakes (lagoons) and Indian Ocean are now occupied by the main settlement on the 

island, namely those between Government House Lake and Thompson Bay (Figure 3.1c). 

This area contains roads, houses and, in places, artificial terraces. The area separating 

Government House Lake is the lowest lying between the lakes and ocean, at ~1.58 m ± 10 

cm above present MSL. In contrast, the narrow dune ridge separating Lake Baghdad from 

the Indian Ocean directly north of the core site has an elevation >4 m above present MSL. 

Elevation of the surfaces where the sediment cores were collected are all below present 
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MSL (Table 3.1), such as sediment core BAG-1, which has an elevation of 0.61 ± 10 cm 

below present MSL.  

 

Late Holocene MSL data from eastern Australia (Baker et al., 2001b, a; Sloss et al., 2007) 

and Western Australia (Baker et al., 2005; Collins et al., 2006) were collated and plotted 

with a 95% confidence interval to estimate MSL changes (Figure 3.13). For comparison, 

only sea level  indicators from ‘fixed’ intertidal positions (e.g., barnacles, oysters, 

tubeworms) that provide the most reliable former sea level estimates (Lewis et al., 2013) 

have been plotted. Coral microatolls (e.g., Porites) are another type of fixed biological 

indicator that have been used to constrain Holocene eustatic sea level, however, published 

coral data for the time interval generated by the core dates is limited. The upper estimate 

for sea level at the onset of the S1a–S1b transition (~2050 years BP) is ~1.37 m and the 

lower estimate is ~0.85 cm (Figure 3.13). This gives a MSL of 1.11 m ± 0.16 m and 

potential range in MSL change of 0.52 cm. According to these sea level data, the MSL 

range did not vary significantly during deposition of unit S1a and S1b (and onset of unit 

S2 deposition), ranging between 1.33 and 0.81 m. This equates to a MSL of 1.07 ± 0.16 

m and a potential MSL change also of ~0.52 m.  

 

3.4 Interpretation  
 

3.4.1 Stratigraphic unit synthesis  
 

Stratigraphic units identified in core BAG-1 can be distinguished in all sediment cores. 

Diagrams of the cores illustrating the unit division and relationship between them are 

shown in Figure 3.14. Three main units are recognised, namely: (S1) silty  
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Figure 3.13. Mean sea level estimates from eastern and western Australia (Baker et al., 

2001b, a; Baker et al., 2005; Collins et al., 2006; Sloss et al., 2007) used to constrain the 

possible range in sea level change during the late Holocene. Coloured bars show location 

of stratigraphic sub-units S1a and S1b in time. AHD=Australian Height Datum. Grey area 

shows the 95% confidence interval.  
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Figure 3.14. Schematic diagrams showing division and organisation of stratigraphic units 

in sediment cores.  
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sand containing Posidonia rhizome fibres, Diala gastropods and abundant milioid 

foraminifera; (S2) predominantly massive fine to medium bioclastic sand containing 

Katelysia and Bornia bivalves and Diala gastropods; and (S3) comprising microbial mats 

and microbially influenced deposits, previously described in Chapter 2, including 

microbial mats, microbialites and oncolitic gravel containing carbonate encrusted 

Katelysia valves. The faunal and floral assemblage in S1 is consistent with deeper 

lagoonal conditions, whereas S2 is characteristic of higher energy conditions closer to the 

shore and/or deposition in shallower water. Unit S1 uniformly occurs beneath S2. An 

abrupt change in lithology and fauna is observed at the S1–S2 boundary.  

 

 

3.4.2 Environmental reconstruction  
 

Seasonality recorded in Quinqueloculina seminula exhibited a lower range of 1.8–3.5oC 

(Figure 3.11b) compared to modern Thompson Bay, which between 1995–2001 ranged 

from 3.2–5.1oC (Pearce et al., 2006). Toyofuku et al. (2000) found that Quinqueloculina 

yabei tests did not calcify during the warmest summer months or coolest winter months. 

This is consistent with a lower range in Rottnest Island seasonality recorded in Q. 

seminula relative to the present day Indian Ocean, which likely approximates conditions 

in the Indian Ocean when the core was deposited, discussed below.  Prior to ~2,050 years 

BP (stratigraphic unit S1a), temperatures in the Rottnest Island lagoons were on average 

20.2oC (Figure 3.12a), comparable to the modern temperatures in Thompson Bay, which 

had an annual mean SST of 20.5oC from 1995–2001 (Pearce et al., 2006). In contrast, 

from ~2,050 years BP mean temperature and salinity show a near linear increase to 

~1,900 years BP (stratigraphic unit S1b; Figure 3.12a, d). Geochemical and grainsize data 

are consistent with a gradual fall in sea level causing increasing restriction of the lagoons 

and increases in temperature, 𝛿18O and salinity (Figure 3.12b, d). It is possible that trends 
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in the geochemical data are due to a relative decrease in lagoon depth caused by 

sedimentation reducing the accommodation space (relative sea level fall). However, unit 

S1b shows a fining up trend with relative increases in the clay to silt fraction (Figure 

3.2a). This suggests a decrease in energy and sedimentation rate, more compatible with a 

shift to greater restriction and reduced sediment supply. The geologically recent character 

of the marine sediments in the lakes coupled with the tectonic stability of Rottnest Island 

(Baker et al., 2005), suggest that the vertical elevation of the sediment in the core did not 

change substantially since it was deposited. Stratigraphic unit S1 in all the sediment cores 

contains a lithology and fauna characteristic of deeper and lower energy conditions in the 

lagoon, unconformably overlain by massive medium bioclastic sand (unit S2) more 

characteristic of higher energy conditions proximal to the shore (Figure 3.14). This 

stratigraphic arrangement is consistent with a fall in sea level and lateral migration of the 

shoreline basinward eroding the underlying sediment. Taken together, the most 

parsimonious explanation for these trends is a fall in eustatic sea level. 

 

Salinity (~37‰) prior to ~2,050 years BP is elevated relative to modern mean salinity 

(35.5–36.0 ‰) in the Indian Ocean at the same latitude (CSIRO, 2005). This indicates 

that the lagoons were subject to some evaporative concentration (Figure 3.12d). 

Similarity between modern marine and paleosalinity in the lagoons reflects their small 

scale and proximity to the ocean, resulting in continual flushing-out of the lagoonal 

waters. In contrast, Hamelin Pool, Western Australia, represents a large-scale restricted 

marine embayment with a salinity gradient that reaches 87‰ in places (Suosaari et al., 

2016b). Miliolid foraminifera have a higher salinity tolerance range than hyaline 

foraminifera, as in Hamelin Pool where miliolid foraminifera increase in abundance 

relative to hyaline foraminifera along the salinity gradient (Mossadegh et al., 2009). 
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Hyaline foraminifera, dominated by Elphidium, were observed in unit S1a and showed a 

patchy distribution in unit S1b, consistent with a shift to more saline conditions.  

 

Existing data on eustatic sea level around Australia indicate sea level was up to 1.3 m 

above the present MSL (Baker et al., 2001b, a; Baker et al., 2005; Collins et al., 2006; 

Sloss et al., 2007) and could have fallen by up to ~0.5 m during deposition of S1 (Figure 

3.13). Elevation data collected with differential GPS suggests that eustatic sea level may 

have been >2 m above present MSL during the latter stages of S1, in order to breach the 

present-day barrier between Government House Lake and Thompson Bay, with a lowest 

elevation of ~1.5 m. The highly disturbed character of this low lying area, however, 

makes these elevation data unreliable. Moreover, sea water breaching may also have 

made use of inter-dune connections and gaps, requiring a lower MSL. As shown by fixed 

biological indicator studies used here and data from Porites microatolls, eustatic sea level 

continued to fall to the present day (Woodroffe and Murray-Wallace, 2012; Leonard et 

al., 2016; Leonard et al., 2018), accounting for the height difference between present day 

MSL and the lowest areas separating the lakes and Indian Ocean today. 

 

5. Discussion  
 

Mean SSTs on Rottnest Island decreased between ~2,500 and 2,050 years BP by ~2.5oC 

(Figure 3.12a). Cooling of the lagoons is reflected in decreasing 𝛿13C, in which cooler 

temperatures reduce primary productivity and the pH by shifting the carbonate 

equilibrium as a result of more dissolved CO2  (Figure 3.12c). This trend is consistent 

with the foraminiferal geochemistry of Murray Canyon core MD03-2611 off Southern 

Australia, which records a decrease in the strength of the Leeuwin Current during this 

interval, attributed to increasing ENSO variability as a result of the southward migration 



165 

 

of the ITCZ driving upwelling of cold water (Moros et al., 2009). From ~2,300, 

Gouramanis et al. (2012) identified a shift to a negative SAM phase, moving the mid-

latitude westerly wind belt north, increasing the strength of cold fronts and resulting in 

greater precipitation in southwestern Australia.  

 

Solar forcing may have influenced the climate in southwestern Australia during the late 

Holocene. The solar magnetic field shields the Earth against galactic cosmic rays that 

produce cosmogenic radionuclides (Steinhilber et al., 2009). Consequently, a weaker sun 

corresponds to higher cosmogenic radionuclide production, seen in oscillations in 

atmospheric 14C content observed in tree rings (Stuiver et al., 1998) and 10Be archived in 

Greenland ice cores (Vonmoos et al., 2006; Steinhilber et al., 2009). From ~2,500–2,200 

years BP peaks and troughs in SSTs and total solar insolation (TSI) broadly correspond 

(Figure 3.15). Slight offset between SSTs and TSI may reflect age asymmetries between 

the core age models from Rottnest Island and Greenland and the temporal resolution of 

the Rottnest Island data. The pronounced drop in TSI between ~2,400 and 2,300 years 

before present coincides with a drop in SSTs on Rottnest Island, and is also recorded in 

SSTs reconstructed using a diatom transfer function from a sediment core on the Vøring 

Plateau in the eastern Norwegian Sea (Berner et al., 2011). Reduced solar energy may 

have cooled  
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Figure 3.15. Rottnest Island sea surface temperature (SST) anomaly relative to the mean 

from foraminiferal Mg/Ca (blue) and total solar irradiance (TSI) from 10B Greenland ice 

core (red) (Vonmoos et al., 2006; Steinhilber et al., 2009). From 2,500 to ~2,200 years BP 

peaks and troughs in SSTs and TSI broadly correspond, suggesting TSI was one of the 

main controls on regional climate during this period. Slight offset between SSTs and TSI 

during the period of overlap may be due to asymmetries in the core models from Rottnest 

Island and Greenland.  
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and/or by reducing ultra violet intensity, thereby reducing the production of heat trapping 

ozone in the stratosphere (van Geel et al., 2000; Martin-Puertas et al., 2012). Wanner et 

al. (2008) attritube the overall cooling trend during the late Holocene to decreased solar 

insolation acting in combination with a possible slowdown of thermohaline circulation 

and a series of explosive volcanic eruptions acting in tandem. 

 

The apparent decoupling of SSTs on Rottnest Island with TSI at ~2,200 years BP, prior to 

the SST and salinity spike (Figure 3.16a), coincides with an increase in ENSO variability 

and frequency of the El Niño phase (Conroy et al., 2008). This shift has been observed in 

foraminiferal 𝛿18O in a sediment core off southern Australia (Moros et al., 2009), in lithic 

fluxes in Galapagas Islands lake sediments (Conroy et al., 2008) (Figure 3.15b) and 

foraminiferal 𝛿18O and SSTs from the Pacific Ocean (Stott et al., 2004) (Figure 3.16c). 

Recent observations of ENSO have shown a relationship between net global ocean 

cooling during and after El Niño events (Cheng et al., 2019). Positive sea-ice anomolies 

in Antarctica coincide with El Niño events due to regional changes in ocean circulation 

patterns  (Yuan, 2004; Stammerjohn et al., 2008; Kwok et al., 2016; Pope et al., 2017). 

This relationship may be strongest during negative SAM phases (Fogt et al., 2011), 

interpreted to have been present between ~2,300 and 1,400 years BP (Gouramanis et al., 

2013). Changes in sea ice volume do not contribute  directly to eustatic sea level change 

as sea ice displaces sea water. However, sea ice is extremely reflective, particularly when 

covered in snow, creating both local climatic feedbacks and contributing significantly to 

the Earth’s albedo and thus global climate (Brandt et al., 2005; Pistone et al., 2014). Sea 

surface temperatures derived from lipids in pelagic marine  
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Figure 3.16. Trends Rottnest Island and globally. (a) Salinity and SST anomalies on 

Rottnest Island relative to modern mean. (b) Percentage sand from El Junco Lake 

showing increases in ENSO frequency (Conroy et al., 2008). (c) SSTs and 𝛿18O from core 

MD76 in Western Pacific (Stott et al., 2004). SSTs from pelagic marine archea in 

Antarctica (Shevenell et al., 2011). Yellow bar shows location of stratigraphic sub-unit 

S1b in time.  
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archea record a drop in SSTs in the Western Antarctica Peninsula, likely resulting in net 

sea-ice advance (Shevenell et al., 2011) and are coincident with the deposition of S1b in 

Lake Baghdad (Figure 3.16d). Gobal cooling potentially attributable to increasing ENSO 

variability, recorded in SSTs in Antarctica, the Pacific Ocean and the Indian Ocean in this 

study, would have changed the global mean density of sea water. While the overall mean 

SST between 2,500 and 2,050 years BP fell ~2.5oC on Rottnest Island, mean SST at 

~2,110 years BP peaked at 22.5oC before dropping rapidly to 17.5oC by ~2,050 (Figure 

3.13), potentially signalling a marked increase in ENSO variability and a decrease in 

Leeuwin Current strength. Ocean thermal expansion is the largest contributor to present-

day eustatic sea level rise and is expected to contribute 0.4 m to global mean sea level per 

1oC above pre-industrial temperatures (Levermann et al., 2013). Volcanic eruptions 

injecting aerosols into the stratosphere and blocking solar radiation demonstrate the 

potential for abrupt global cooling, which may produce a fall in eustatic sea level of 5 mm 

within years (Church et al., 2005). Given deposition of unit S1b potentially corresponds 

to an increase in ENSO variability and a period of global cooling, changes in sea water 

density during this period may have contributed to eustatic sea level fall. There is some 

lag time between the onset of increased ENSO variability, global cooling and the spike in 

salinity on Rottnest Island (Figure 3.16). However, this is consistent with a gradual fall in 

mean sea level only leaving a measureable impact on the lagoon environment once there 

was sufficent restriction.  
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6. Conclusion  
 

This study provides a new high resolution record of the climate and timing of the last 

Holocene sea level highstand. The Rottnest Island foraminiferal geochemistry shows a 

relationship between solar activity and climate prior to ~2,200 years ago, upon which 

SSTs and TSI appear to decouple approximinately coincident with increased ENSO 

variability. At ~2,050 years BP, coincident with an increase in ENSO frequency, water 

temperature and salinity in the lagoons increase linearly, attributable to increasing 

restriction as eustatic sea level fell. El Niño events appear to result in net global cooling 

(Cheng et al., 2019). More frequent El Niño events may have resulted in net global 

cooling in the past. In addition, increases in ENSO coincided with a negative phase of the 

SAM, likely resulting in an increase Antarctic sea ice extent and increases in the Earth’s 

albedo, also contributing to net global cooling. A cooler climate potentially drove changes 

in global mean sea water density, resulting in a minor eustatic sea level fall, seen in 

increasing SSTs and salinity in the Rottnest Island lagoons as they became more 

restricted. Given the climate trajectory and consequent eustatic sea level rise expected in 

the coming centuries and millenia, the fall in eustatic sea level documented here may be 

the last experienced by human civilisation for at least several millenia.  
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Chapter 4 
 

Thrombolite taphonomy in modern hypersaline lakes, Rottnest Island, Western 

Australia 

Abstract 
 

Thrombolites (microbial carbonates with a clotted mesostructure) reliably appear in the 

geological record during the Neoproterozoic, yet questions remain about how their 

diagnostic components, namely mesoclots, form. Thrombolites have been forming in 

hypersaline lakes on Rottnest Island, Western Australia, since closure of the precursor 

marine lagoons to form the lakes ~1,900 years ago. The thrombolites preserve microbial 

features at various stages of diagenetic alteration, providing insights into texturally 

similar thrombolites in the fossil record. The internal texture comprises mm-scale micritic 

clots (mesoclots) within fibrous aragonite cements and shallow-water marine fossils 

deposited during the lagoonal phase of the lakes. Three main steps are inferred in 

mesoclot formation. (1) A filamentous-cyanobacteria dominated microbial mat formed 

botryoidal peloids ~80–300 μm wide, within tabular accumulations of extra-cellular 

polymeric substances (EPS). Mg-Si precipitates formed around cyanobacterial filaments 

and were locally dissolved and/or replaced by aragonite, while space between filaments 

was infilled by Mg-calcite, potentially promoted by heterotrophic bacteria. (2) A coccoid-

dominated microbial mat developed around peloids. EPS surrounding coccoid cells was 

locally replaced by Mg-Si precipitates with a polyhedral morphology, while coccoid cells 

and the space between them were mineralised as Mg-calcite, also potentially aided by 

heterotrophic bacteria. (3) Aragonite cements precipitated abiotically in ambient water 

lake around peloids, mesoclots and skeletal debris trapped in the microbial mat. This 

study confirms that both filamentous and coccoid cyanobacteria can contribute to 

thrombolitic textures, and demonstrates the significance of early diagenetic obliteration of 
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the microbial component, helping explain its variable preservation in ancient 

thrombolites.  

4.1 Introduction  
 

4.1.1 Background   
 

Thrombolites are microbialites with a clotted mesostructure, comprising millimetre to 

centimetre-scale ‘mesoclots’ (sensu Kennard and James, 1986; Shapiro, 2000). Most 

mesoclots are composed of micrite separated by sparite and/or detrital sediment (Aitken, 

1967). Although thrombolites have been reported from the Paleoproterozoic (Kah et al., 

1992) and Mesoproterozoic (Tang et al., 2013), more reliable examples appear in the 

Neoproterozoic, approximately coeval with the appearance of calcified cyanobacteria 

(Riding, 2000; Turner et al., 2000). They become abundant in the Cambrian, broadly 

coincident with the radiation of metazoans (Kennard et al., 1986; Riding, 2000; Theisen 

et al., 2016). Although thrombolites declined in relative abundance after peaking in the 

Cambrian to early Ordovician, they remained locally important throughout the 

Phanerozoic (Webb, 1987; Feldmann et al., 1997; Shapiro et al., 2006; Kirkham et al., 

2018), and continue to form in a range of modern marine and lacustrine environments  

(Logan, 1961; Dravis, 1983; Moore et al., 1994; Laval et al., 2000; Gischler et al., 2008; 

Glunk et al., 2011; Chidsey et al., 2015).  

 

Thrombolite mesoclots have been attributed to in situ calcification of discrete growth 

forms of coccoid-dominated microbial communities (Pratt, 1984; Dupraz et al., 2004; 

Pace et al., 2016), filament-dominated microbial communities (Burne et al., 2014; 

Theisen et al., 2015; Wacey et al., 2018), in addition to microbially mediated precipitation 

of micrite between algal-foraminiferal colonies (Toomey et al., 1988) and peloids 

(Kazmierczak et al., 1996; Adachi et al., 2004). Although most of these authors attribute 



182 

 

clot formation to the activities of cyanobacteria, questions remain about how the 

diagnostic components of thrombolites, namely mesoclots, form. This is because most 

thrombolites, even sub-fossil ones, are generally poorly preserved. In most cases, 

recrystallization begins within a few millimetres of the surface. The microbial component 

decomposes rapidly leaving few traces, and it is difficult to establish the relationships 

between micro-organisms and other primary features. The thrombolites forming in 

hypersaline lakes on Rottnest Island (Figure 4.1), Western Australia, are remarkable in 

conserving the biological component and enabling the association between biogenic and 

abiogenic components to be established. Here we document the mechanism of clot 

formation and trace the pathway from exceptionally well preserved mesoclots in which 

internal structure is preserved, to others exhibiting early diagenetic alteration. We focus 

primarily on features at meso- to microscale to investigate biological contribution to 

mesoclot formation, and the role of diagenetic processes in their preservation. The 

Rottnest Island thrombolites may, therefore, provide insight into the development of 

ancient thrombolites in the geological record.  

 

4.1.2 Limnology of study lakes  
 

The study lakes vary from ephemeral (Pink Lake) to perennial and unstratified (Lake 

Vincent and Lake Baghdad; Figure 4.1). As a result, lake levels and physiochemistry vary 

according to seasonal changes in evaporation and precipitation (Table 4.1). In the 

perennial lakes salinity ranges from ~120–160 g/L and pH from 8.5 to 7.8 between winter 

and summer. Alkalinity increases slightly during summer to ~double that of seawater, 

whereas Mg/Ca ratios remain slightly elevated relative to seawater. In ephemeral Pink  
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Figure 4.1. Study location on Rottnest Island, Western Australia, showing lake 

bathymetry and distribution of planar to undulate pavement containing the thrombolites, 

and a photograph of the thrombolitic pavement at Pink Lake.   
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Table 4.1. Physiochemistry of the study lakes on Rottnest Island, Western Australia.  

   

Locality  Date pH 
Alk. 

mmol/L 

Na 

mmol/L 

Cl   

mmol/L 

SO4 

mmol/L 

Si   

mmol/L 

Ca  

mmol/L 

Mg 

mmol/L 
Mg/Ca 

Pink Lake 

Oct 2018 8.46 2.88 1558.67 1963.63 31.27 0.10 27.49 188.74 6.87 

Feb 2019 7.30 14.90 2518.16 4559.79 214.15 0.12 4.38 1666.91 380.66 

Lake Vincent 

NR NR NR NR NR NR NR NR NR NR 

Feb 2019 7.80 2.06 3074.02 3405.47 65.25 0.09 30.36 367.82 12.12 

Lake Baghdad 

Oct 2018 8.46 2.09 1717.71 2097.30 33.67 0.07 27.21 204.49 7.52 

Feb 2019 7.77 2.45 2215.26 2402.33 44.20 0.17 32.83 227.64 6.93 

Seawater Oct 2018 8.10 1.17 431.70 493.04 9.70 0.03 10.21 55.83 5.47 

Groundwater  Oct 2018 7.70 7.05 52.28 54.57 0.32 0.13 3.77 8.90 2.36 
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Lake, salinity ranges from around 100 up to 300 g/L prior to drying out completely. 

However, when measured in February 2019, Pink Lake still contained water and salinity 

was ~200 g/L. Similarly, pH ranges from 8.5 to 7.3 between winter and summer, while in 

February 2019 (summer) alkalinity had increased to 15 times that of seawater and the 

Mg/Ca ratio to 380. 

 

4.1.3 Modern microbial mat communities within the lakes 
 

John et al. (2009) used light microscopy to describe the dominant diatom and 

cyanobacterial morphotypes in perennial Government House Lake and Lake Serpentine 

on Rottnest Island, located to the east of the study lakes. Pennate diatoms Navicula, 

Amphora, Nitzschia and Mastogloia were common in the mats. Filamentous 

cyanobacteria were predominantly Spirulina subsalsa, Schizothrix calcicola and 

Microcoleus lyngbyaceous, whereas coccoid cyanobacteria were dominated by 

Gloeocapsa turgidus, Aphanothece halophytica, Anacystis marina and Agmenelluni 

thermale.  

 

Monteiro et al. (2019) examined the genetic diversity within the microbial mats on 

Rottnest Island, including for those spatially associated with the thrombolites in this 

study. Microbial mat metagenomes predominantly comprised Bacteria (97.2%), 2.3% of 

sequences were assigned to Archaea and the remaining 0.5% to Eukaryota (0.48%) and  

Viruses (0.02%). There phyla contributed most of the taxonomic diversity, namely 

Proteobacteria (52.9%), Bacteroidetes (20.8%), and Cyanobacteria (10.9%). 

Proterobacteria include heterotrophic Alpha-, Delta-, and Gammaproteobacteria that play 

an important role in sulfur cycling, known to be important in thrombolite formation 

(Baumgartner et al., 2006; Dupraz et al., 2009). Deltaproteobacteria perform anoxygenic 
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respiration using sulphate as a terminal electron acceptor, reducing it to sulphide. This 

process locally increases the alkalinity, which given sufficient calciumpromotes calcium  

carbonate precipitation (Visscher et al., 2005). Within the Cyanobacteria phylum were 

Oscillatoriales (5%; filamentous morphotaxa), Chroococalles (4%; coccoidal 

morphotaxa) and Bacillaceae (2%; bacillus morphotaxa).

4.2 Materials and methods 
 

4.2.1 Sample collection, preparation and geological mapping 
 

Thrombolitic pavements were sampled during fieldwork on in April 2015 and April–May 

2017 from the eastern margin of Pink Lake, western margin of Lake Vincent, and the 

southern and eastern margins of Lake Baghdad where they are distributed (Figure 4.1). 

Thrombolite samples were impregnated with epoxy resin and 30 micron-thick polished 

thin sections were made perpendicular to the depositional surface. Thin sections and 

broken fragments from the thrombolites were coated in 6 nm of platinum for electron 

microscopy and spectroscopy.  

 

4.2.2 Microscopy and spectroscopy 
 

Textural relationships within the thrombolites were investigated petrographically using a 

Nikon Eclipse Ci POL microscope and Nikon image capture system. Textural 

components and their elemental composition in thin sections and with broken fragments 

were then examined with an FEI Verios XHR scanning electron microscopy (SEM) using 

back-scattered electron (BSE) and secondary electron (SE) detectors. The SEM is 

equipped with an Oxford Instruments X-Max 80 energy dispersive X-ray spectroscopy 

(EDS) system and Oxford Instruments Aztec® 3.0 nanoanalysis software. Working 

distance ranged from 4–5.5 mm and the accelerating voltage was 5–15 keV.  
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Bulk mineral composition of the samples was determined by XRD analysis at the CMCA. 

Two thrombolitic samples were ground to a homogenous powder and bulk composition 

measured with a Panalytical Empyrean® diffractometer between 2Theta angles of 5–80˚ 

using the software Highscore®  

4.3 Results 
 

4.3.1 Thrombolitic macrostructure  
 

The thrombolites occur within pavements in nearshore littoral areas (<1 m late autumn 

water depth) of the ephemeral to perennial and unstratified lakes on the northwestern side 

of the lake system (Pink Lake, Lake Baghdad, Lake Vincent; Figure 4.1). The pavements 

range in thickness between ~5 and 20 cm, have planar surfaces and typically overlie 

Herschell Limestone or, less commonly, Tamala Limestone or unconsolidated bioclastic 

sand.   

 

4.3.2 Mesostructure characteristics and bulk mineralogy   
 

The thrombolitic mesostructure is characterized by cream-coloured mesoclots with sub-

circular shapes surrounded by detrital grains that include mollusc shells (gastropods and 

bivalves) and sub-angular quartz grains (Figure 4.2). Mesoclots increase in size upwards, 

from ~0.5 mm to 2 mm across and locally enclose gastropod shells. The fabric is highly 

porous and two main types of pore space can be distinguished: sub-circular cavities a few 

mm wide; and irregular, elongate cavities up to 15 mm wide and 5 mm high that define a 

crude layering (e.g. Figure 4.2B). 
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Figure 4.2. Thrombolite mesostructure. (A) Distribution of mesoclots (arrows). (B) 

Schematic diagram showing main framework components and pore space. Note increase 

in mesoclot size up section.  

 

 

 

 

 



189 

 

The mean bulk mineral composition of thrombolite samples is predominantly aragonitic 

(~80%), with subordinate high-Mg calcite (15%) and minor quartz (5%; Figure 4.3). High 

Mg-calcite contains 10–12 molar % Mg substituting for Ca. Calcite and low-Mg calcite 

were not identified.  

 

4.3.3 Microstructure components    
 

Light microscopy reveals two main framework components. Namely, cream-coloured 

mesoclots composed of dark brown microcrystalline carbonate, within detrital grains  

bound by isopachous carbonate cement (Figure 4.4). At higher magnification, mesoclots 

are internally heterogeneous (Figure 4.4B). Opaque, dark brown, moderately rounded 

grains 60–150 μm wide, herein termed peloids, occur within mottled dark brown micrite. 

As magnification is increased, the peloids show internal differentiation, containing 

discrete sub-rounded and ovoid to elongate dark features 5–10 μm wide (Figure 4.4C). 

Under SEM-BSE, mesoclot peloids and interstitial areas do not vary significantly in 

composition although the peloids have well-defined dark grey rims (e.g., Mesoclot 1; 

Figure 4.5A).  

 

At higher magnification, peloid interiors contain compositional heterogeneities, visible as 

darker grey sub-circular to ragged and elongate forms 6–11 μm wide, with a dark grey 

peloidal rim. The contrasting shades of grey suggest differing elemental compositions, 

confirmed by energy dispersive spectroscopy (EDS) elemental maps (Figure 4.5C-F). 

Calcium is distributed throughout the field of view, but is concentrated in peloid rims, and 

locally around some of the circular to elongate forms as seen in the top right of section 

(Figure 4.5C). Magnesium is also distributed throughout the section. However, 

magnesium coincides with silicon around the elongate forms not dominated by Ca,  
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Figure 4.3. X-ray diffraction spectra of representative thrombolite showing semi-

quantitative abundances of the dominant minerals.  
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Figure 4.4. Light photomicrographs of thrombolite. (A) Thrombolite microstructure 

showing dark brown mesoclots in a pale sparite matrix. (B) Mesoclot showing peloids (P) 

within dark brown micrite. (C) Peloids showing internal textural heterogeneity.  
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Figure 4.5. Mesoclot 1 showing peloid texture and composition. (A) SEM-BSE thin 

section photomicrograph of a mesoclot showing peloids with a range of shapes and sizes. 

(B) Area in (A) showing compositional heterogeneities within a peloid revealed by 

contrasting shades of grey (arrows). EDS elemental maps of: (C) calcium distribution 

showing calcium concentrated at outer boundary and around sub-circular features; (D) 

magnesium concentrated around indistinct, sub circular to elongate features coincident 

with (E) silicon. 
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suggesting the Mg and Si represent a discrete phase (Figure 4.5D, E). By contrast, 

magnesium is absent from the Ca-dominated rims of the peloids. Measureable quantities 

of K and Al were not observed, while the spatial distribution of minor Na broadly 

corresponded to Cl and S, suggesting these are derived from salts.  

 

SEM-BSE observations of peloids in Mesoclot 2 reveals more irregular and elongate 

shapes (Figure 4.6A). Well-defined circular to elongate features ~10 μm wide and up to 

~60 μm long are packed within the peloids (Figure 4.6B). EDS shows areas between the 

elongate features have an elemental composition consistent with Mg-calcite 

(measurement site shown with continuous circle). Elongate features with similar shapes 

and dimensions are observed in broken fragments and thin sections under SEM-BE 

(Figure 4.6C). In broken fragments these features are lined by acicular crystals and have 

an elemental composition consistent with aragonite (Figure 4.6D).  

 

SEM-SE observations of Mesoclot 3 show textural differences between interlinked 

peloids and areas between the peloids within the mesoclots (Figure 4.7A). Peloidal areas 

have a rather mottled texture characterised by indistinct sub-circular features, which at 

higher magnification locally include outlines of pennate diatoms (Figure 4.7B) 

resembling  Navicula present in the modern mats (Figure 4.7C). Areas adjacent to the 

peloids show less textural heterogeneity. Under SEM-BSE ovoid and paired 

hemispherical forms 4–6 μm wide share a similar shape and size with the coccoid  
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Figure 4.6. Mesoclot 2 showing peloid texture. (A) SEM-BSE thin section 

photomicrograph of a mesoclot showing ragged and irregularly shaped peloids. (B) Area 

in (A) showing sub-circular features and elongate features likely comprising longitudinal 

sections of the same components (arrows). EDS spectra for measurement site (continuous 

circle) consistent with Mg-calcite; area shown dotted circle has a very similar spectral 

composition to measurement site. Na, Cl and S are likely from salts and Pt is from sample 

coating. (C) SEM-BSE photomicrograph of a rock fragment showing cavities with similar 

dimensions to those in (B; arrow). (D) Area in (C) showing crystals rimming the inside of 

cavities. EDS spectra for measurement site (circle) is a Ca-carbonate phase that includes 

Sr, compatible with aragonite.  
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Figure 4.7. Mesoclot 3 showing textural differences between peloid interior and exterior. 

(A) SEM-BE thin section photomicrograph showing textural heterogeneities between 

interlinked peloids (Region 1) and interstitial areas (Region 2). EDS spectra for 

measurement site (circle) showing a spectral composition consistent with Mg-calcite. S 

and Cl are likely from salts and Pt is from sample coating. (B) Pennate diatom frustule 

from modern flocculent microbial mat. (C) SEM-BE thin section photomicrograph of area 

in (A) showing mottled texture and a diatom frustule (arrow). (D) SEM-BSE thin section 

photomicrograph of area in (A) showing a cluster of sub-circular to hemispherical 

features.  
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cyanobacteria Gloeocapsa. At higher magnification, the larger of two putative cells is cut 

at the centre by a linear feature, potentially representing the point at which the coccoid 

cell began cell division prior to fossilisation (Figure 4.8A). 

 

Elemental maps of the same coccoid-like features show pervasive Ca except at the rim, 

which instead contains magnesium and silicon (Figure 4.8A–D). Mg-Si surrounding the 

cells is roughly hexagonal in shape. The connecting feature between the possible dividing 

cells visible in the BSE image is absent in elemental distribution maps, indicating it is a 

textural and not compositional feature. Features with similar shapes and dimensions to 

these putative coccoid cells observed with SEM-BSE (Figure 4.8E) were also observed in 

interstitial areas between peloids in other mesoclots (Figs. 5, 6). These forms are less-well 

defined and distinguished by textural differences between the possible cells and 

surrounding material, rather than by compositional differences.  

 

Examination of broken mesoclot fragments under SEM in areas adjacent to peloids 

locally reveals texturally smooth and pitted areas within coarser microcrystalline areas 

(Figure 4.9A). Cavities in the pitted areas are ~100–200 nm wide and sub-spherical in 

morphology (Figure 4.9B).  EDS elemental maps show that coarser areas have an 

elemental composition consistent with high Mg-calcite, whereas pitted areas have an 

elemental composition consistent with a mixture of a carbonate and Mg-Si phase (Figure 

4.9C).   

 

 

 



197 

 

 

 
 

 

Figure 8. Composition of components within Region 2. (A) SEM-BSE thin section 

photomicrograph of circular and hemispherical features resembling coccoid cells. (B–D) 

EDS elemental mats of the same features showing absence of calcium coincident with the 

presence of both silicon and magnesium (Mg-Si) around the cells. Note the polyhedral of 

the Mg-Si precipitates around the putative cells. (E) SEM-BSE thin section 

photomicrograph from spatially equivalent area between peloids (Region 2) in another 

mesoclot, showing textural differences between sub-rounded features with dimensions 

similar to coccoid cells, and compositional homogeneity between the potential cells and 

interstitial areas.  
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Figure 9. SEM-BSE photomicrographs of broken mesoclot fragment from the area 

outside peloids (Region 2). (A) Image showing two types of texture: coarser 

microcrystalline (red arrows), and smooth, microcrystalline and pitted (green arrow). (B) 

Higher magnification image of area in (A) showing pitted texture of smooth area. (C) 

EDS spectra of regions corresponding to coloured circles shown in (B) containing an 

elemental composition consistent with Mg-calcite (red) and a mixture of a carbonate 

phase and Mg-Si phase (green). The potentially transitional character of the Ca-carbonate 

and Mg-Si substance may show recrystallisation of poorly crystalline Mg-Si phases to 

Ca-carbonate. Na, Cl and S are likely from salts given the hypersaline lake water, while 

Pt is from sample coating.  
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4.4 Interpretation and discussion  
 

4.4.1 Mesostructure components and composition   
 

The thrombolites on Rottnest Island probably formed after the formation of the lakes that 

supported benthic microbial activity following a drop in eustatic sea level ~1,900 years 

ago (Chapter 3). Bischoff et al. (Chapter 2) radiocarbon dated two microbialite fabrics 

from deep perennial Government House Lake, which gave ages of 800–1000 calendar 

years before present. However, the microbialites are likely considerably younger due to 

the addition of non-radiogenic carbon into the lakes from groundwater (hardwater effect). 

The skeletal component in areas surrounding the mesoclots may partly explain the 

carbonate mineralogy of the thrombolites.  The highly porous thrombolitic fabric contains 

abundant detrital grains, including both skeletal grains (e.g., Katelysia bivalve fragments, 

gastropod shells and foraminifera) and quartz (~6% quartz in XRD spectra; Figure 4.2). 

Skeletal grains of marine origin were originally composed of aragonite (most molluscs, 

including Katelysia bivalves) or Mg-calcite (foraminifera, coralline algae, echinoderms 

and some molluscs). Given the relatively young age of the skeletal grains (between 6,500 

and 1,900 years old) and the absence of calcite and low-Mg calcite (which aragonite and 

high-Mg calcite ultimately alter to), it is likely they mostly retain their original chemistry 

(Bathurst, 1972) and is one interpretation of the carbonate mineralogy of putative 

microbialites containing skeletal grains given in Chapter 2.  

 

Spectra from EDS of areas directly adjacent to putative cyanobacteria body fossils and 

moulds locally exhibited an elemental composition consistent with Mg-silicate minerals 

(Figs. 5, 8). The absence of spectra attributable to Mg-silicates in XRD data may reflect 

their highly localised distribution, suggesting they are below the ~1% weight detection 
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limit for XRD, and/or to the potential for Mg-Si phases to be poorly crystalline (Tosca et 

al., 2014; Pace et al., 2016; Wacey et al., 2018). 

 

Empirical and experimental studies have shown that the Mg/Ca ratio is a crucial control 

on whether aragonite or calcite precipitates, due to the kinetic inhibition of calcite 

precipitation by Mg ions (Fyfe et al., 1965; Fernandez-Diaz et al., 1996). In contrast, 

Jones (2017) found that aragonite precipitation is favoured over calcite in spring water 

when there is high CO2 content and rapid CO2 degassing, irrespective of Mg/Ca ratios. 

However, Jones (2017) also found that Mg/Ca has an inhibitory effect on calcite 

precipitation when the ratio is above ~3. Elevated Mg/Ca ratios resulting from 

evaporative concentration in the lakes, coupled with the dominance of aragonite in XRD 

spectra, suggests that most of the fibrous sparitic cement in the thrombolite is aragonite.  

 

4.4.2 Role of cyanobacteria in mesoclot formation 
 

The most striking feature of the Rottnest Island thrombolites are sub-circular to 

amoeboid-shaped mesoclots “floating” in fibrous aragonite and bioclastic grains (Figs. 2, 

4A), containing peloids composed of opaque micrite and rimmed by aragonite (Figs. 4, 

5). The dominant component within the peloids are circular to elongate features with 

dimensions consistent with some filamentous cyanobacteria, notably Oscillatoria 

previously identified by John (2009) and by Monteiro et al. (2019) in the microbial mat 

metagenome, and in thrombolites and associated microbial mats elsewhere (Laval et al., 

2000; Table 4.2). As there is little other morphological information available (e.g., sheath 

structure and dimensions) we acknowledge that a definitive taxonomic identification is 

not possible. The aragonitic rim around the peloids may represent a mineralised 

mucilaginous envelope secreted by the cyanobacteria (Kempe et al., 1990; Kazmierczak 
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et al., 1996) or could have precipitated abiotically. By contrast, areas between peloids 

making up most of the mesoclot volume contain sub- rounded to hemispherical features 

with dimensions consistent with Gloeocapsa coccoid cyanobacteria. Similarly, limited 

morphological information beyond the overall cell shape and dimensions prevent 

definitive taxonomic identification, thus both cyanobacteria in the following text are 

referred to simply as filamentous or coccoid types.  

 

Another line of evidence suggests the putative cyanobacterial cells are indeed cells, 

relating to the presence of Mg-Si precipitates around the mineralised filaments and 

coccoid forms. Lake Clifton intestine-shaped thrombolitic mesoclots (Burne et al., 2014) 

and irregular discrete mesoclots within Lake Thetis thrombolites (Grey et al., 1990; 

Wacey et al., 2018) contain mineralised filamentous cyanobacteria, in which the filament 

sheath has been replaced by Mg-Si precipitates (Table 4.2). In addition, Souza-Egipsy et 

al. (2005) found Mg-Si associated with cyanobacteria in biofilms in tufa deposits in Mono 

Lake, California. Mg-Si are spatially coincident with the filament rim in the Rottnest 

thrombolites, suggesting a similar mineralisation process here. Examination of broken 

mesoclot fragments under SEM indicate that the filaments are hollow, suggesting they 

could also be cyanobacterial borings, as seen in open marine Bahamian thrombolites 

(Planavsky et al., 2009) and/or have resulted from filament decay. Mg-Si precipitates 

around the Rottnest filaments, however, indicate in situ mineralisation. Many prokaryotic 

organisms secrete extracellular 
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Table 4.2. Characteristics of modern thrombolites mentioned in the text.  

Occurrence  Water chemistry  Depth 

Macro-

morphology  Microorganisms Microstructure Mineralogy  

       

Fresh       

Pavilion Lake 

(temperate)  

Slightly alkaline ~10 to 

>30 m 

Dendritic  Oscillatoria, Calothrix, 

Gloeocapsa 

Mineralised and locally radiating 

filaments in micrite  

Calcite 

Laguna Bacalar 

(sub-tropical) 

Carbonate and 

calcium-rich 

–3 m Domical, 

oncoidal  

Homeothrix,  

Leptolyngbya,diatoms 

Mineralised and locally radiating 

filaments in micrite  

low Mg-calcite 

       

Brackish       

Lake Van 

(temperate) 

Hyper-alkaline 

(Soda lake) 

~5 to 

>100 m 

Towers to 

~40 m high  

Pleurocapsa,diatoms Mottled texture comprising mineralised 

coccoid cells in micrite 

Aragonite, 

calcite 

Lake Clifton 

(arid)  

Bicarbonate and 

calcium-rich  

Nearshore 

to <3 m 

Domical to 

conical 

Scytonema,diatoms Intestine-like mesoclots of fossil-

filaments in micrite   

Aragonite, 

stevensite  

       

Saline       

Lake Thetis 

(arid)  

Alkaline  Nearshore Domical Scytonema, diatoms Irregular discrete mesoclots of fossil-

filaments in micrite 

Aragonite, Mg-

Si phases 

       

Hypersaline       

Rottnest Island 

(this study)  

Sulphate-rich, 

alkaline 

Nearshore Planar  Schizothrix, 

Microcoleus, 

Gloeocapsa 

Discrete mesoclots comprising 

botryoidal clumps of fossil-filaments 

surrounded by fossil-coccoid cells and 

micrite 

Aragonite, high 

Mg-calcite, Mg-

Si locally  

Great Salt Lake 

(temperate) 

Highly alkaline, 

abundant NaSO4 

Nearshore Columnar Coccoid cyanobacteria Intestine-like mesoclots of fossil-

coccoid cells in micrite   

Aragonite, Mg-

Si phases, 

mirabilite 

Eleuthera Island, 

Bahamas (sub-

tropical) 

Alkaline  Nearshore Planar to 

columnar  

Gloeocapsa, 

Microcoleus 

Mottled texture comprising mineralised 

coccoid cells in micrite 

High Mg-calcite 

       

Marine       

Bahama's (sub-

tropical) 

Marine  Sub-tidal  Columnar  Schizothrix, 

Solentia,diatoms 

Mottled texture comprising 

recrystallised and cyanobacterially 

bored sand grains and micrite  

Aragonite, high 

Mg-calcite 



 

 

polymeric substances (EPS) that protect them from UV light and desiccation (Braissant 

et al., 2009; Dupraz et al., 2009). Mineralized EPS within microbialites can have a 

honeycomb-like polyhedral structure (DeFarge et al., 1996; Dupraz et al., 2004; 

Spadafora et al., 2010). This structure mirrors the polygonal geometry observed in Mg-

Si precipitates on Rottnest Island, which, given their spatial association with putative 

coccoid cells, suggests they too represent mineralised EPS (Figure 4.8). Abundant 

diatoms present in the extant microbial mats on Rottnest Island, in addition to fossil 

diatoms observed within mesoclots, may provide a ready source of Si (John et al., 2009), 

while evaporative concentration of the lake water has increased the modern Mg/Ca ratio 

to a seasonal minimum of ~12, providing abundant Mg for precipitation of Mg-Si 

phases (Figure 4.2).  

 

4.4.3 Authigenic Mg-calcite precipitation  
 

Sulphate reducing bacteria may have contributed to high-Mg calcite precipitation within 

the mesoclots. Monteiro et al. (2019) demonstrated the functional importance of 

sulphate reducing bacteria in the present-day microbial mats on Rottnest Island. 

Elevated Mg/Ca ratios in the Rottnest Island lakes, coupled with the presence of 

abundant cyanobacteria molds in the thrombolites that would have resulted in abundant 

CO2 degassing, should favour aragonite precipitation (Fernandez-Diaz et al., 1996; 

Jones, 2017). This appears to be at odds with the elemental composition of the mesoclot 

interiors as shown by EDS, which is consistent with Mg-calcite (Figs. 5C, D, 9C). Sub-

spherical cavities 100–200 nm wide were observed in broken fragments under SEM 

(Figure 4.9), which may represent moulds left by decomposed heterotrophs and/or 



 

 

smaller cyanobacteria. However, the cavities could also represent spherical and poorly 

crystalline precipitates (Dupraz et al., 2004) that subsequently dissolved. Nonetheless, 

several studies have demonstrated a spatial relationship between sulphate reducing 

bacteria and high Mg-calcite and dolomite, in which sulphate reduction removes kinetic 

restraints on the precipitation of these minerals (Vasconcelos et al., 1997; Van Lith et 

al., 2003; Wright et al., 2005). Sulphate reducing bacteria can also locally increase the 

alkalinity, which in combination with the liberation of Ca and Mg ions through 

degradation of the organic biomass (including EPS), can promote high Mg-calcite 

precipitation, as seen in thrombolites forming in Eleuthera Island (Dupraz et al., 2004). 

The high Mg-calcite composition of most of the mesoclots contrasts with the isopachous 

aragonite cements surrounding detrital grains in the rest of the thrombolite, which likely 

precipitated abiotically in ambient lake water. 

 

4.4.4 Authigenic Mg-Si precipitation   
 

Mg-silicates and poorly crystalline Mg-Si ‘gels’ have been described from a number of 

modern lake settings. Initial thrombolite mineralisation in Lake Clifton and Lake Thetis, 

begins by Mg-Si replacement of cyanobacterial sheaths, followed by Mg-Si 

mineralisation of the EPS, then by aragonite precipitation infilling pore space (Burne et 

al., 2014; Wacey et al., 2018). In both Lake Clifton and Lake Thetis, dissolution of 

diatoms present in microbial mats were cited as a source of Si in otherwise Si-poor lake 

water (Grey et al., 1990). On Rottnest Island, it appears that cellular preservation is 

initially favoured for the coccoid cyanobacteria when Mg-Si precipitates enclose the 



 

 

cells (Figure 4.8), however the Mg-Si phases may recrystallise and obliterate primary 

evidence for the microbial mat (Figure 4.9).  

 

Mg-silicates are the most chemically reactive of all clay minerals, due to their sensitivity 

to changes in pH, cation chemistry and salinity (Millot, 1970; Jones et al., 1986). 

Shallow closed-lake basins are dynamic environments prone to significant seasonal 

changes in lake water physiochemistry (Verschuren, 1999; Talling, 2001). This is 

particularly true in semi-arid settings such as Rottnest Island, where seasonal 

evaporation-precipitation driven changes to lake water chemistry are pronounced. Lake 

water pH in the Rottnest Island study lakes in this chapter varies from 8.5 during winter, 

slightly below the pH threshold of 8.7 needed for abiotic Mg-silicate precipitation 

observed in experiments (Tosca and Masterson, 2014), down to 7.3 during summer in 

ephemeral Pink Lake prior to it drying out completely (Table 4.1). Given the spatial 

association between Mg-Si phases interpreted as either mineralised EPS in the case of 

the polyhedrons surrounding coccoid cells, and potentially mineralised sheaths in the 

filaments, oxygenic photosynthesis likely contributed to the conditions necessary for 

Mg-Si precipitation, a process that can locally increase the pH within microbial mats to 

>10 (Pace et al., 2016). As with microbialites in other modern lake settings, this needs to 

be qualified by the observation that Mg-Si phases could have formed earlier when lake 

water chemistry was different to the present-day (Wacey et al., 2018). By contrast, 

fluctuating lake levels and chemistries likely contributed to subsequent Mg-Si 

remobilisation and/or diagenetic alteration. The labile character of Mg-silicates also 



 

 

helps explain the highly variable preservation of putative cyanobacteria within the 

mesoclots on Rottnest.  

 

4.4.5 Growth model for the thrombolitic mesostructure 
 

Variable preservation of components within the thrombolitic mesoclots permits the 

development of a growth model (Figure 4.10). Initially, a filamentous-cyanobacteria 

dominant microbial mat formed sub-circular to interconnected and botryoidal colonies 

that later formed peloids. The irregular and discontinuous character of the colonies 

suggests they were supported within EPS and/or grew locally within bioclastic sediment 

(Figure 4.4). Consumption of CO2 by filamentous cyanobacteria may have locally 

increased the pH to create conditions favourable for Mg-Si precipitation, either around 

the filament sheaths and/or adjacent EPS (Burne et al., 2014; Tosca and Masterson, 

2014; Wacey et al., 2018). Filaments either decomposed leaving moulds and/or were 

replaced by high Mg-calcite, followed by precipitation of high Mg-calcite infilling space 

between filaments, potentially aided by heterotrophic bacteria, notably sulphate 

reducing bacteria (Baumgartner et al., 2006; Braissant et al., 2007). Subsequently, a 

coccoid-dominated microbial mat is inferred to have developed around the peloids. 

Oxygenic photosynthesis by coccoid cells may locally increase the pH, promoting Mg-

Si precipitation as polyhedrons enclosing the cells. Labile and variably preserved Mg-Si 

phases were subsequently remobilised and/or recrystallised by the highly dynamic 

seasonal physiochemistry of the lakes. Aragonite partially infilled filament moulds 

and/or replaced Mg-Si precipitates, and formed cortices around cyanobacterial peloids. 

Following mineralisation of the mesoclots an aragonite cement precipitated between the 

mesoclots and skeletal grains.  



 

 

 

 

Figure 4.10. Model for mesoclot formation. (A) Colonies of filamentous cyanobacteria 

develop within a mucilaginous envelope. (B) Filament sheaths and/or surrounding EPS 

are replaced by Mg-Si precipitates due to pH increases in the zone oxygenic 

photosynthesis. Mg calcite infills space between filaments. A second coccoid-dominant 

mat develops around peloids. (C) Mg-Si precipitates in/around filaments are locally 

replaced by aragonite; an aragonitic cortex forms. EPS surrounding coccoid cells is 

replaced by Mg-Si precipitate polyhedrons. (D) Mg-calcite precipitates, potentially 

driven heterotrophic bacterial decay of the organic material. (E) Micritisation of 

microbial components and recrystallisation of labile Mg-Si phases continues. (E, F) 

Fibrous aragonite rims mesoclots and skeletal grains to form thrombolite matrix.  



 

 

To summarise, in this model three main steps are inferred, involving two different 

microbial mat communities (shown as Region 1 and Region in Figure 4.7). These are 

mineralisation of a filament-dominant mat (Figure 4.10A), followed by mineralisation of 

a coccoid-dominant mat (Figure 4.10B), and subsequent aragonite cementation (Figure 

4.10C). The tabular macro-morphology of the pavement potentially reflects the tabular 

morphology of the microbial mats and EPS, allowing local cyanobacterial colonies to 

develop and form the locus of mineral precipitation.  

 

4.4.6 Comparison with thrombolites from the geological record  
 

What follows compares Rottnest Island thrombolites with selected ancient examples that 

share similar textural features with those in the present study, potentially providing 

insights into their formation and diagenesis. Early Neoproterozoic thrombolites in the 

Little Dal Group, Northwest Territories (Aitken et al., 1989; Turner et al., 1993) contain 

botryoidal clusters of peloidal grains comprising micrite-encrusted cyanobacterial 

filaments. The preserved microbial community appears to be monospecific and limited 

to filamentous cyanobacteria, which form both stromatolites and thrombolites (Turner et 

al., 2000). Consequently, the extent to which thrombolites formed may reflect the degree 

to which clumps of filaments were micrite-encrusted to form peloids. This suggests both 

that the same microbial assemblage can form different microbialite mesostructures, and 

that taphonomic processes in this case played a key role in determining whether 

stromatolites or thrombolites formed.  

 



 

 

Thrombolites from the middle Neoproterozoic Beck Springs Dolomite in eastern 

California, near Death Valley, are characterised by peloidal aggregates forming 

mesoclots (Knoll et al., 1993; Harwood et al., 2011). Thrombolitic mesostructures are 

distinguished by variation in the tightness of mesoclot packing. Constituent mesoclot 

peloids are 60– 

 

100 μm wide, micritic and opaque. The peloids were originally interpreted as detrital 

(Gutstadt, 1968) and later reinterpreted as autochthonous, due to the intergrowth of 

peloids and mesoclots and abundant primary porosity (Harwood et al., 2011). However, 

unlike the Little Dal Group and Rottnest thrombolites, the Beck Springs Dolomite 

thrombolites do not appear to preserve direct biological evidence in the form of calcified 

microbes (likely cyanobacteria). This may be attributable to their formation under 

variable environmental conditions, ranging from shallow subtidal to supratidal, resulting 

in several generations of clot growth, and cementation and dissolution of interstitial 

grains and carbonate crusts and/or overprint by dolomitisation (Harwood and Sumner, 

2011). Such environmental variability, as seen in the lacustrine thrombolites on Rottnest 

Island, can influence diagenetic processes, notably when authigenic phases such as 

labile Mg-Si silicates and gels are formed in microenvironmental conditions created by 

microbes that vary significantly from the ambient water chemistry. The presence of Mg-

Si precipitates on Rottnest Island appears to directly influence the extent to which 

calcified microfossils are preserved and/or distinguishable from surrounding high Mg-

calcite, a process which may also have contributed to the destruction of primary 

microbial features in the Beck Springs Dolomite thrombolites.  



 

 

Extensive terminal Proterozoic thrombolitic reefs within the Nama Group in Namibia 

share textural similarities with those from Rottnest Island. Mesoclots range in size from 

a few millimetres to centimetres, are ovoid to polylobate in shape and formed an open 

framework that was subsequently infilled by fibrous marine cement and geopetal 

sediment (Grotzinger et al., 2005). Mesoclots are composed of distinct aggregates of 

peloids, ~40–100 μm in diameter. Poorly preserved sub-circular structures in mesoclot 

cores have dimensions similar to coccoid cyanobacteria and were tentatively interpreted 

as such (Grotzinger et al., 2005). Due to their similarities, along with the presence of 

calcifying cyanobacteria and metazoans, the Rottnest thrombolites may represent a 

modern analogue for the Nama thrombolites.  

 

Thrombolites in the Late Cambrian Timna Formation in Israel highlight the role of 

different microbial metabolisms in mesoclot formation and diagenesis. Timna Formation 

thrombolites are characterised by pervasive and mottled micrite within sparitic cement 

(Soudry et al., 1995). The micrite comprises hollow polygonal structures 2 μm wide 

with a pitted surface, characteristic of mineralised EPS in modern microbialites with a 

honeycomb texture (Spadafora et al., 2010) and similar to textures observed in the 

Rottnest thrombolitic mesoclots (Figure 4.9). The pitted cavities were interpreted as 

moulds left by heterotrophic bacteria. In places the micrite forms indistinct 80–300 μm 

sub-circular mesoclots, with diffuse boundaries grading into sparite. It appears that EPS 

mineralised first as high Mg-calcite, leaving cavities previously occupied by coccoid 

cells. These observations are consistent with a role for sulphate reducing bacteria, 

mediating high Mg-calcite precipitation and degrading the organic biomass (Van Lith et 



 

 

al., 2003; Dupraz et al., 2004; Baumgartner et al., 2006), and possible absence of 

pronounced pH increases through oxygenic photosynthesis (Pace et al., 2016) inferred to 

have been present in the Rottnest thrombolites.  

 

Two Mesozoic thrombolite examples are characterised by peloids inferred to have a 

microbial origin, which appear to share some textural and genetic features with the 

Rottnest thrombolites. Thrombolites formed after the end-Permian extinction in the 

modern-day Bangeng area in Guizhou Province, south China, contain coccoid-cell 

aggregates (referred to as peloids) 70–200 μm in diameter, which combine to form 

larger millimetre-scale mesoclots within a sparitic matrix. These fossil-coccoid cells are 

contained with micrite interpreted as bio-induced by the metabolic activities of the 

cyanobacteria. In contrast, peloids from the Late Jurassic open marine sediments, 

Central Poland, though also likely derived from in situ calcification of coccoid-dominant 

microbial mats, were interpreted as forming after the mats had mineralised 

(Kazmierczak et al., 1996). Following mineralisation of the microbial mats into mainly 

homogenous micrite, sub-rounded mucilaginous envelopes surrounding the coccoid cell 

colonies caused differential preservation of these sub-rounded bodies during early 

diagenesis, forming discrete peloids. Spaces between the peloids were subsequently 

dissolved and replaced by sparitic cement. This mechanism is highly improbable in the 

Rottnest mesoclots, due to the presence of two apparently discrete microbial 

communities between peloids and interstitial areas. However, the Late Jurassic 

thrombolites in Central Poland highlight the role of microbial calcification processes in 



 

 

thrombolite formation, and of mucilaginous envelopes in preserving cyanobacterial 

peloids as discrete bodies within mesoclots, as seen on Rottnest Island.  

 

4.5 Conclusion  
 

Thrombolites that formed in hypersaline lakes on Rottnest Island have mesoclots (the 

diagnostic component of thrombolites) that locally contain well-preserved microbial 

features. It is possible to infer the potential steps in the formation and early diagenesis of 

the Rottnest thrombolites. Two apparently discrete and temporally unrelated microbial 

communities were involved in the formation of the Rottnest thrombolites. The mesoclots 

initiated on filament-dominant cyanobacterial colonies. Initially, local pH increases by 

cyanobacteria promoted Mg-Si phase precipitation around the filaments, followed by 

Ca-carbonate precipitation infilling the space between filaments and potentially 

promoted by heterotrophic bacteria. An aragonitic rim may represent a mucilaginous 

envelope containing the filaments. This process was then repeated with a coccoid-

dominant cyanobacterial mat, formed around the template provided by the earlier phase 

of microbial mat calcification. Subsequently, fibrous aragonitic cements precipitated 

between the mesoclots to form the thrombolitic fabric. Micritisation of the microbial 

cells, combined with recystallisation of labile Mg-Si phases associated with them, may 

progressively obliterate these microbial features, which are variably preserved in the 

Rottnest Island mesoclots. This study highlights the role both filamentous and coccoidal 

cyanobacteria can play in thrombolite formation. In addition, it suggests that where 

primary microbial features are not preserved, both morphotypes could have had a hand 

in their formation. Finally, the presence of biologically induced Mg-Si precipitates, 



 

 

spatially associated with cyanobacteria, may contribute to the obliteration of primary 

microbial features during diagenesis.  

 

Acknowledgements  

This research was funded by the Rottnest Island Authority (RIA) and School of Earth 

Sciences (SES), University of Western Australia (UWA). Help in the field from Rosine 

Riera (UWA) and Luke Wheat and Cassanya Thomas (RIA) is gratefully acknowledged. 

Frank Nemeth (UWA) is thanked for thin section preparation. Electron microscropy was 

completed at the Centre for Microscopy, Characterisation and Analysis (CMCA) at 

UWA.  

References  
 

Adachi, N., Ezaki, Y., and Liu, J., 2004, The fabrics and origins of peloids immediately 

after the end-Permian extinction, Guizhou Province, South China: Sedimentary 

Geology, v. 164, no. 1-2, p. 161-178. 

Aitken, J., 1967, Classification and environmental significance of cryptalgal limestones 

and dolomites, with illustrations from the Cambrian and Ordovician of 

southwestern Alberta: Journal of Sedimentary Research, v. 37, no. 4. 

Aitken, J., and Narbonne, G. M., 1989, Two occurrences of Precambrian thrombolites 

from the Mackenzie Mountains, northwestern Canada: Palaios, p. 384-388. 

Baumgartner, L. K., Reid, R. P., Dupraz, C., Decho, A. W., Buckley, D., Spear, J., 

Przekop, K. M., and Visscher, P. T., 2006, Sulfate reducing bacteria in microbial 

mats: changing paradigms, new discoveries: Sedimentary Geology, v. 185, no. 3, 

p. 131-145. 



 

 

Braissant, O., Decho, A. W., Dupraz, C., Glunk, C., Przekop, K. M., and Visscher, P. T., 

2007, Exopolymeric substances of sulfate‐reducing bacteria: Interactions with 

calcium at alkaline pH and implication for formation of carbonate minerals: 

Geobiology, v. 5, no. 4, p. 401-411. 

Braissant, O., Decho, A. W., Przekop, K. M., Gallagher, K. L., Glunk, C., Dupraz, C., 

and Visscher, P. T., 2009, Characteristics and turnover of exopolymeric 

substances in a hypersaline microbial mat: FEMS microbiology ecology, v. 67, 

no. 2, p. 293-307. 

Burne, R. V., Moore, L. S., Christy, A. G., Troitzsch, U., King, P. L., Carnerup, A. M., 

and Hamilton, P. J., 2014, Stevensite in the modern thrombolites of Lake 

Clifton, Western Australia: A missing link in microbialite mineralization?: 

Geology, v. 42, no. 7, p. 575-578. 

Chidsey, T. C., Berg, M. D. V., and Eby, D. E., 2015, Petrography and characterization 

of microbial carbonates and associated facies from modern Great Salt Lake and 

Uinta Basin's Eocene Green River Formation in Utah, USA: Geological Society, 

London, Special Publications, v. 418, no. 1, p. 261-286. 

DeFarge, C., Trichet, J., Jaunet, A.-M., Robert, M., Tribble, J., and Sansone, F. J., 1996, 

Texture of microbial sediments revealed by cryo-scanning electron microscopy: 

Journal of Sedimentary Research, v. 66, no. 5, p. 935-947. 

Dravis, J. J., 1983, Hardened subtidal stromatolites, Bahamas: Science, v. 219, no. 4583, 

p. 385-386. 



 

 

Dupraz, C., Reid, R. P., Braissant, O., Decho, A. W., Norman, R. S., and Visscher, P. 

T., 2009, Processes of carbonate precipitation in modern microbial mats: Earth-

Science Reviews, v. 96, no. 3, p. 141-162. 

Dupraz, C., Visscher, P. T., Baumgartner, L., and Reid, R., 2004, Microbe–mineral 

interactions: early carbonate precipitation in a hypersaline lake (Eleuthera Island, 

Bahamas): Sedimentology, v. 51, no. 4, p. 745-765. 

Feldmann, M., and McKenzie, J. A., 1997, Messinian stromatolite‐thrombolite 

associations, Santa Pola, SE Spain: an analogue for the Palaeozoic?: 

Sedimentology, v. 44, no. 5, p. 893-914. 

Fernandez-Diaz, L., Putnis, A., Prieto, M., and Putnis, C. V., 1996, The role of 

magnesium in the crystallization of calcite and aragonite in a porous medium: 

Journal of sedimentary research, v. 66, no. 3, p. 482-491. 

Fyfe, W. S., and Bischoff, J. L., 1965, The calcite aragonite problem. 

Gischler, E., Gibson, M. A., and Oschmann, W., 2008, Giant Holocene freshwater 

microbialites, Laguna Bacalar, Quintana Roo, Mexico: Sedimentology, v. 55, no. 

5, p. 1293-1309. 

Glunk, C., Dupraz, C., Braissant, O., Gallagher, K. L., Verrecchia, E. P., and Visscher, 

P. T., 2011, Microbially mediated carbonate precipitation in a hypersaline lake, 

Big Pond (Eleuthera, Bahamas): Sedimentology, v. 58, no. 3, p. 720-736. 

Grey, K., Moore, L., Burne, R., Pierson, B., and Bauld, J., 1990, Lake Thetis, Western 

Australia: and example of saline lake sedimentation dominated by benthic 

microbial processes: Marine and Freshwater Research, v. 41, no. 2, p. 275-300. 



 

 

Grotzinger, J., Adams, E., and Schroder, S., 2005, Microbial–metazoan reefs of the 

terminal Proterozoic Nama Group (c. 550–543 Ma), Namibia: Geological 

Magazine, v. 142, no. 5, p. 499-517. 

Gutstadt, A. M., 1968, Petrology and depositional environments of the Beck Spring 

Dolomite (Precambrian), Kingston Range, California: Journal of Sedimentary 

Research, v. 38, no. 4, p. 1280-1289. 

Harwood, C. L., and Sumner, D. Y., 2011, Microbialites of the Neoproterozoic Beck 

Spring Dolomite, Southern California: Sedimentology, v. 58, no. 6, p. 1648-

1673. 

John, J., Hay, M., and Paton, J., 2009, Cyanobacteria in benthic microbial communities 

in coastal salt lakes in Western Australia: Algological Studies, v. 130, no. 1, p. 

125-135. 

Jones, B., 2017, Review of calcium carbonate polymorph precipitation in spring 

systems: Sedimentary Geology, v. 353, p. 64-75. 

Jones, B. F., and Mumpton, F., 1986, Clay mineral diagenesis in lacustrine sediments: 

United States Geological Survey Bulletin, v. 1578, p. 291-300. 

Kah, L. C., and Grotzinger, J. P., 1992, Early Proterozoic (1.9 Ga) thrombolites of the 

Rocknest Formation, Northwest Territories, Canada: Palaios, p. 305-315. 

Kazmierczak, J., Coleman, M. L., Gruszczynski, M., and Kempe, S., 1996, 

Cyanobacterial key to the genesis of micritic and peloidal limestones in ancient 

seas: Acta Palaeontologica Polonica, v. 41, no. 4, p. 319-338. 



 

 

Kempe, S., and Kazmierczak, J., 1990, Calcium carbonate supersaturation and the 

formation of in situ calcified stromatolites: Facets of Modern Biogeochemistry: 

Berlin, Springer-Verlag, p. 255-278. 

Kennard, J. M., and James, N. P., 1986, Thrombolites and stromatolites: two distinct 

types of microbial structures: Palaios, p. 492-503. 

Kirkham, A., and Tucker, M. E., 2018, Thrombolites, spherulites and fibrous crusts 

(Holkerian, Purbeckian, Aptian): Context, fabrics and origins: Sedimentary 

Geology, v. 374, p. 69-84. 

Knoll, A. H., Fairchild, I. J., and Swett, K., 1993, Calcified microbes in Neoproterozoic 

carbonates: implications for our understanding of the Proterozoic/Cambrian 

transition: Palaios, p. 512-525. 

Laval, B., Cady, S. L., Pollack, J. C., and McKay, C. P., 2000, Modern freshwater 

microbialite analogues for ancient dendritic reef structures: Nature, v. 407, no. 

6804, p. 626. 

Logan, B. W., 1961, Cryptozoon and associate stromatolites from the Recent, Shark 

bay, Western Australia: The Journal of Geology, p. 517-533. 

Millot, G., 1970, Geology of Clays, Springer Science & Business Media. 

Moore, L. S., and Burne, R., 1994, The modern thrombolites of Lake Clifton, western 

Australia, Phanerozoic stromatolites II, Springer, p. 3-29. 

Pace, A., Bourillot, R., Bouton, A., Vennin, E., Galaup, S., Bundeleva, I., Patrier, P., 

Dupraz, C., Thomazo, C., and Sansjofre, P., 2016, Microbial and diagenetic 

steps leading to the mineralisation of Great Salt Lake microbialites: Scientific 

reports, v. 6, p. 31495. 



 

 

Planavsky, N., and Ginsburg, R. N., 2009, Taphonomy of modern marine Bahamian 

microbialites: Palaios, v. 24, no. 1, p. 5-17. 

Pratt, B. R., 1984, Epiphyton and Renalcis; diagenetic microfossils from calcification of 

coccoid blue-green algae: Journal of Sedimentary Research, v. 54, no. 3, p. 948-

971. 

Riding, R., 2000, Microbial carbonates: the geological record of calcified bacterial–algal 

mats and biofilms: Sedimentology, v. 47, no. s1, p. 179-214. 

Shapiro, R. S., and Awramik, S. M., 2006, Favosamaceria cooperi new group and form: 

a widely dispersed, time-restricted thrombolite: Journal of Paleontology, v. 80, 

no. 3, p. 411-422. 

Soudry, D., and Weissbrod, T., 1995, Morphogenesis and facies relationships of 

thrombolites and siliciclastic stromatolites in a Cambrian tidal sequence (Elat 

area, southern Israel): Palaeogeography, Palaeoclimatology, Palaeoecology, v. 

114, no. 2-4, p. 339-355. 

Souza-Egipsy, V., Wierzchos, J., Ascaso, C., and Nealson, K. H., 2005, Mg–silica 

precipitation in fossilization mechanisms of sand tufa endolithic microbial 

community, Mono Lake (California): Chemical Geology, v. 217, no. 1-2, p. 77-

87. 

Spadafora, A., Perri, E., McKenzie, J. A., and Vasconcelos, C., 2010, Microbial 

biomineralization processes forming modern Ca: Mg carbonate stromatolites: 

Sedimentology, v. 57, no. 1, p. 27-40. 

Talling, J., 2001, Environmental controls on the functioning of shallow tropical lakes: 

Hydrobiologia, v. 458, no. 1-3, p. 1-8. 



 

 

Tang, D., Shi, X., and Jiang, G., 2013, Mesoproterozoic biogenic thrombolites from the 

North China platform: International Journal of Earth Sciences, v. 102, no. 2, p. 

401-413. 

Theisen, C. H., Sumner, D., Mackey, T., Lim, D., Brady, A., and Slater, G., 2015, 

Carbonate fabrics in the modern microbialites of Pavilion Lake: two suites of 

microfabrics that reflect variation in microbial community morphology, growth 

habit, and lithification: Geobiology, v. 13, no. 4, p. 357-372. 

Theisen, C. H., and Sumner, D. Y., 2016, Thrombolite fabrics and origins: influences of 

diverse microbial and metazoan processes on Cambrian thrombolite variability 

in the Great Basin, California and Nevada: Sedimentology, v. 63, no. 7, p. 2217-

2252. 

Toomey, D. F., Mitchell, R. W., and Lowenstein, T. K., 1988, " Algal Biscuits" from the 

Lower Permian Herington/Krider Limestones of Southern Kansas-Northern 

Oklahoma: Paleocology and Paleodepositional Setting: Palaios, p. 285-297. 

Tosca, N., and Masterson, A., 2014, Chemical controls on incipient Mg-silicate 

crystallization at 25 C: Implications for early and late diagenesis: Clay Minerals, 

v. 49, no. 2, p. 165-194. 

Turner, E. C., James, N. P., and Narbonne, G. M., 2000, Taphonomic control on 

microstructure in Early Neoproterozoic reefal stromatolites and thrombolites: 

Palaios, v. 15, no. 2, p. 87-111. 

Turner, E. C., Narbonne, G. M., and James, N. P., 1993, Neoproterozoic reef 

microstructures from the Little Dal Group, northwestern Canada: Geology, v. 21, 

no. 3, p. 259-262. 



 

 

Van Lith, Y., Warthmann, R., Vasconcelos, C., and Mckenzie, J. A., 2003, Sulphate‐

reducing bacteria induce low‐temperature Ca‐dolomite and high Mg‐calcite 

formation: Geobiology, v. 1, no. 1, p. 71-79. 

Vasconcelos, C., and McKenzie, J. A., 1997, Microbial mediation of modern dolomite 

precipitation and diagenesis under anoxic conditions (Lagoa Vermelha, Rio de 

Janeiro, Brazil): Journal of sedimentary Research, v. 67, no. 3, p. 378-390. 

Verschuren, D., 1999, Sedimentation controls on the preservation and time resolution of 

climate-proxy records from shallow fluctuating lakes: Quaternary Science 

Reviews, v. 18, no. 6, p. 821-837. 

Visscher, P. T., and Stolz, J. F., 2005, Microbial mats as bioreactors: populations, 

processes, and products: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 

219, no. 1, p. 87-100. 

Wacey, D., Urosevic, L., Saunders, M., and George, A., 2018, Mineralisation of 

filamentous cyanobacteria in Lake Thetis stromatolites, Western Australia: 

Geobiology. 

Webb, G., 1987, Late Mississippian thrombolite bioherms from the Pitkin Formation of 

northern Arkansas: Geological Society of America Bulletin, v. 99, no. 5, p. 686-

698. 

Wright, D. T., and Wacey, D., 2005, Precipitation of dolomite using sulphate‐reducing 

bacteria from the Coorong Region, South Australia: significance and 

implications: Sedimentology, v. 52, no. 5, p. 987-1008. 

 

 

 



 

 

Chapter 5 

Spherulitic microbialites from modern hypersaline lakes, Rottnest Island, Western 

Australia 

Abstract  

 

Fibrous-radiating carbonate spherulites spatially associated with poorly crystalline Mg-

Si substances have formed within conical microbialites in modern hypersaline lakes on 

Rottnest Island, Western Australia. Two spherulitic fabrics can be distinguished based 

on compositional and textural differences. The oldest (lowermost) fabric comprises 

variably intergrown aragonitic spherulites 100–500 μm wide, containing micritic nuclei 

with coccoid cell molds in various stages of cell division. Spherulite matrices contain 

aggregates of individual nanospheres 150–200 nm wide, composed of a poorly 

crystalline Mg-Si phase, locally containing cell molds with similar dimensions to those 

within spherulite nuclei. The younger (upper) fabric comprises sub-polyhedral networks 

of mineralized EPS composed of an Mg-Si substance. The polyhedrons contain 

aragonite-replaced coccoid cells, voids and polyhedral spherulites 8–12 μm wide with a 

morphology determined by fossil EPS, interpreted to have been produced by coccoid 

cyanobacteria. These spherulites are composed of high Mg-calcite, inferred to have 

formed in association with heterotrophic bacteria. Stable isotope data, textural 

relationships and geochemical modelling are consistent with cyanobacterial oxygenic 

photosynthesis influencing the precipitation of Mg-Si substances and aragonitic 

spherulites by locally increasing the pH. The morphology of the polyhedral spherulites 

suggests the former presence of EPS, and that faceted spherulites with similar 

dimensions in the geological record may represent biosignatures. The Rottnest Island 

conical microbialites demonstrate an intimate association between microbial features 



 

 

and processes and spherulitic fabrics, potentially providing insights into texturally and 

compositionally similar features in the geological record.  

 

5.1 Introduction  
 

Radiating fibrous carbonate spherulites associated with Mg-silicates and poorly 

crystalline Mg-Si phases or “gels” are a common component in the economically 

important Lower Cretaceous (Aptian) “Pre-Salt” South Atlantic lacustrine carbonate 

rocks (Terra et al., 2010; Muniz et al., 2015; Saller et al., 2016) and have also been 

reported in lake deposits of Carboniferous age (Rogerson et al., 2017). Spherulites have 

been found in a number of other depositional settings, notably hot springs (Jones et al., 

1995; Chafetz et al., 2018) and calcrete crusts (Verrecchia et al., 1995), emphasizing a 

wide range of formation modes. Despite this, the contribution of biological processes to 

lacustrine spherulite formation remains a topic of significant debate, due to unclear 

preservation of the microbial component in geological examples and a lack of suitable 

modern analogues (Awramik and Buchheim, 2012; Kirkham and Tucker, 2018).  

 

The biological influence in the formation of Mesozoic and Paleozoic lacustrine 

spherulites is contested. Workers who found no direct biological evidence within 

micritic nuclei (e.g., bacterial fossils or molds) in the Pre-salt spherulites, observed 

abundant micropores (Wright and Barnett, 2015; Herlinger et al., 2017). Such 

micropores have been interpreted as a characteristic feature of biologically induced 

peloids and crystal shrubs (Chafetz, 2013). Spherulites in the Aptian Codó Formation 

exposures in north-eastern Brazil, and in the Lower Carboniferous Concretionary Beds 



 

 

located in Bristol, UK, although lacking discernable fossil evidence, have been 

interpreted as bio-induced due to the presence of interstitial organic matter (Bahniuk et 

al., 2015; Kirkham and Tucker, 2018). These interpretations are consistent with 

experimental data in which calcitic spherulites nucleated in the presence of organic acids 

(Mercedes-Martín et al., 2016).  

 

Mg-silicate minerals and/or poorly crystalline precursor Mg-Si gels are thought to have 

originally formed the matrices of the Pre-salt spherulites (Muniz and Bosence, 2015; 

Wright and Barnett, 2015). Mg-silicate minerals and Mg-Si gels associated with 

spherulites in the geological record have been produced experimentally, requiring a 

minimum pH of  about 8.7 to precipitate (Tosca and Masterson, 2014). Solution 

chemistry favorable to the formation of Mg-silicates associated with the Aptian 

spherulites may have been produced abiotically through evaporation-driven increases in 

salinity and alkalinity (Wright and Barnett, 2015). Experiments with solutions similar to 

those interpreted for the Aptian Pre-Salt lakes, however, failed to produce Mg-Si gels 

and, moreover, Mg-Si gels appeared to inhibit spherulite development (Mercedes-

Martín et al., 2016).  

 

One promising area of research has been the discovery of Mg-silicate minerals within 

microbialities formed in association with the metabolic and degradational activities of 

microbes in a number of modern lake settings (Souza-Egipsy et al., 2005; Burne et al., 

2014; Zeyen et al., 2015; Pace et al., 2016). Here the term microbialite is used in the 

sense of Burne and Moore (1987) to describe organosedimentary deposits formed by the 



 

 

interaction of benthic microbes with their environment. In microbialites forming in 

Great Salt Lake, for example, oxygenic photosynthesis locally increased the pH to >10, 

facilitating the formation of Mg-silicate minerals and/or gels (Pace et al., 2016). 

Authigenic Mg-silicate minerals associated with microfossils may survive deep into the 

fossil record (Wacey et al., 2014),  however, they are also chemically reactive and may 

be replaced by more stable minerals such as dolomite during diagenesis (Perri et al., 

2007; Herlinger et al., 2017).  

 

Here we describe and discuss conical microbialites containing two types of spherulitic 

fabric from hypersaline lakes on Rottnest Island, Western Australia (Figure 5.1), with 

petrographic and geochemical analyses of the microbialites and lake water. Exceptional 

preservation of microbial components within the spherulitic fabrics, coupled with the 

presence of Mg-Si precipitates, provides an opportunity to examine their formation and 

diagenesis. Insights from these modern deposits may provide an analogue for texturally 

and compositionally similar deposits in the geological record. 

 

5.2 Materials and methods 

Study site   

Rottnest Island is located in the Indian Ocean ~20 kilometers from the coast of Perth, 

Western Australia (Figure 5.1). The island bedrock was mostly deposited 70,000 to 

80,000 years ago as a coastal aeolian dune ridge that now comprises skeletal grainstones 

of the Tamala Limestone (Hearty, 2003). Eustatic sea level rise separated the island 

from the mainland ~6,500 years ago (Lambeck et al., 2014).  Eight hypersaline lakes are 



 

 

located on the eastern side of the island (Figure 5.1), and radiocarbon dating of marine 

bivalves distributed around the lakes suggests intermittent connection to the ocean until 

~2,200 years ago (Playford, 1988).  

 

Playford (1977) first described the external morphology of conical microbialites in 

perennial and monomictic lakes up to 8 m deep (Lake Serpentine and Government 

House Lake). The microbialites occur between autumn water depths of ~0.5 and 1.3 m, 

in association with a diatom-rich and coccoid-dominant microbial mat (Figure 5.2; John  

et al., 2009; Bischoff et al. in review). The lakes are groundwater fed and lake water 

chemistry varies seasonally according to changes in evaporation and precipitation (Table 

5.1). The climate is Mediterranean-type, characterized by hot-dry summers and mild-

wet winters. The island has an average rainfall of 569 mm/year, of which 422 mm/year 

falls between May and September (BOM, 2019; data from 1983–2015). Salinity ranges 

from 180–130 g/L and pH between 7.7 and 8.1 during summer and autumn, 

respectively.  Mg/Ca ratios are ~14 and alkalinity is 2–3 times that of seawater. 

Negligible Si concentration in the lake water reflects the limestone bedrock. 



 

 

 

 

Figure 5.1. Rottnest Island location offshore from Perth, Western Australia (A) and lake bathymetry (Rottnest Island 

Authority, Government of Western Australia) on the eastern side of the island (B) with spherulitic microbialite distribution 

and sampling locations.  



 

 

Sample collection and preparation  

Three microbialite cones were collected in April–May 2017 from the northwestern 

margin of Lake Serpentine (samples SN25A and SN25B), and the northern margin of 

Government House Lake in ~50 cm autumn water depth (Fig. 5.1; sample G34A; 

sample details are summarized Table 5.2). Samples SN25A and G34A were collected 

with the microbial mat attached, placed in sterile containers with lake water, and 

dehydrated within two days of collection in graded steps of 50%, 70%, 90% and 100% 

ethanol. The samples were slabbed, one half resin-impregnated and two polished 

petrographic thin sections per sample (four thin sections total), orientated perpendicular 

to the surface, were produced. After petrographic examination in both plane and cross 

polarized light, the thin sections, along with broken microbialite fragments from all 

three microbialite cone samples, were coated in 6 nm of platinum for analysis with 

electron microscopy and spectroscopy. 

Light microscopy  

Thrombolite textural relationships between the main components were investigated 

using Nikon Eclipse Ci POL and Leica DM2500M optical microscopes. Dominant 

cyanobacterial morphotypes (filamentous and coccoid) in the modern microbial mats 

were investigated by placing a small amount of microbial mat onto glass slides 

containing a drop of colorless paraffin, compressing with a coverslip, and examining 

under a Nikon Eclipse Ci POL optical microscope with 50x and 100x objectives.  

 



 

 

 

 

Table 5.1. Physiochemical composition of Lake Serpentine water and adjacent seawater on Rottnest Island. Ionic 

concentrations are in mmol/L. δ18O are in (‰) VSMOW and δ13O (‰) VPDB. 

 

 pH  oC Ca  Mg  K  Na  Sr  Si  Cl  NO3  SO4  Alk.  Mg/Ca δ18O  δ13C 
Calcite 

Ω 

Aragonite 

Ω 

Stevensite 

Ω 

Oct 2018 

Lake 

Serpentine 

8.10 23 19.3 264.0 54.8 2259.2 0.3 0.1 3137.0 0.3 41.1 2.6 13.7 2.3 -9.1 1.1 0.8 5.9 

Feb 2019 

Lake 

Serpentine  

7.83 28 23.9 308.9 63.9 3022.3 0.4 0.1 3424.9 0.4 54.8 2.9 12.9 4.6 1.7 1.0 0.7 4.7 

Oct 2018 

Seawater 
8.10 19 12.0 55.8 10.6 431.7 0.1 0.0 489.0 0.1 9.7 1.2 4.6 0.9 1.0 0.9 0.8 -0.3 

Oct 2018 

Groundwater 
7.70 18 3.8 8.9 1.4 52.3 0.1 0.2 54.6 0.0 0.3 7.0 2.4 -3.4 -0.1 0.6 0.4 2.2 

 

 

 

 

 

 

 



 

 

Table 5.2. Sample description and analytical methods used on each sample. XRD=X-ray diffraction, LM=light 

microscropy, SEM-EDS=scanning electron microscopy and energy dispersive spectroscopy, TEM=transmission 

electron microscopy and SAED=selected area electron diffraction. 

 

 

 

 

 

Sample  Description  Latitude Longitude Preparation  Analyses (number of samples)  

      
SN25A Conical 

microbialite with 

microbial mat 

attached 

32o00'12.32" 115o31'28.71" Deyhydration in graded 

ethanol steps, resin-

impregnation, polished 

thin section production, 

broken rock fragments 

XRD (3), thin section LM (2), thin 

section SEM-EDS (2), TEM and SAED 

(3), rock fragment SEM-EDS (6), stable 

isotope analyses (12)  

SN25B Conical 

microbialite 

32o00'12.39" 115o31'28.73" Broken rock fragments Rock fragment SEM-EDS (3)  

G34A Conical 

microbialite with 

microbial mat 

attached 

32o00'01.95" 115o32'22.91" Deyhydration in graded 

ethanol steps, resin-

impregnation, polished 

thin section production, 

broken rock fragments 

XRD (3), thin section LM (2), thin 

section SEM-EDS (2), rock fragment 

SEM-EDS (3)  

 

 



 

 

 

 

 

 

 

Figure 5.2. (A) Conical microbialites in Lake Serpentine beneath a nodular orange 

microbial mat (cones 10–12 cm high, water depth = 50cm). (B) Microbialite cone 

showing microbial mat layers, with an uppermost orange layer, a lowermost purple layer 

and a thin green layer between them. (C) Dominant cyanobacterial morphotype showing 

coccoid cyanobacteria at different stages of cell division and development. 

 

 

 

 

 

 

 



 

 

 

Scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS) 

Microfabric components and their elemental composition were investigated using an 

FEI Verios XHR SEM on thin sections and broken fragments, equipped with an Oxford 

Instruments X-Max 80 energy dispersive X-ray spectroscopy system and Oxford 

Instruments AZtec 3.0 nanoanalysis software. Working distance ranged from 4.5–5.5 

mm and the accelerating voltage was 5–15 keV.  

Focused ion beam (FIB) preparation for transmission electron microscopy (TEM) 

Prior to FIB preparation, regions of interest (ROI) were first identified in resin-

embedded polished petrographic thin sections using a Nikon Eclipse Ci POL light 

microscope. Ultrathin wafers c. 150 nm thick were prepared for high resolution imaging 

and elemental composition mapping on a duel beam FEI Helios NanoLab FIB-SEM, 

using a modified protocol based on Wacey et al. (2012, 2018). Due to the softness of the 

material the protective Pt strip over the ROI was deposited with an electron-beam 

energy of 5.5 nA. Trench-milling used a gallium ion-beam energy of 9.3 nA. The wafers 

were initially milled to c. 1 μm thick using an ion-beam energy of 2.3 nA. Following 

this, the wafers were extracted using an in situ micromanipulator and welded with Pt 

onto PELCO FIB lift-out Cu TEM grids. Final thinning was carried out using a lower 

ion-beam energy of 0.23 nA. Lastly, dust deposited during milling was gently swept off 

the wafer using an ion-beam energy of 23 pA for 15 seconds.  

 

 



 

 

TEM analysis of wafers   

Wafers were analyzed on an FEI Titan G2 80-200 TEM/scanning TEM (STEM) 

equipped with a ChemiSTEM EDS system at 200kV using a probe size of ~1 nm and a 

probe current of ~0.7 nA. Data obtained include bright-field TEM images, high-angle 

annular dark-field STEM (HAADF-STEM) images, EDS elemental maps and selected 

area electron diffraction (SAED) patterns (using a 600 nm or 2 μm field selecting 

aperture) for mineral identification.  

 

X-ray diffraction (XRD)  

Texturally distinct areas identified petrographically were sub-sampled and ground to a 

homogenous powder. Bulk mineralogy and semi-quantitative mineral abundances were 

then obtained with a Panalytical Empyrean diffractometer between 2Theta angles of 5–

80 degrees, using Malvern Panalytical HighScore software.  

 

Geochemistry  

The relative contribution of biological and environmental processes to calcium 

carbonate precipitation were investigated with δ13C and δ18O using the Vienna Pee Dee 

Belemnite (VPDB) standard, in sample SN25A (Table S2). The cone was sub-sampled 

with a micro-drill 0.06 mm in diameter at ~1 cm intervals (n=12) and sub-samples were 

treated with NaOH and H2O2 to remove organic carbon. Stable isotope ratios were 

measured with a GasBench II, coupled with a Thermo-Fisher Scientific Delta XL Mass 

Spectrometer, with an external precision 0.1‰ (Skrzypek & Paul, 2006). 



 

 

Hydrochemistry 

Seasonal physiochemical and isotopic variability in the lake and ground water were 

investigated to compare with microbialite geochemical data. Lake water was collected in 

winter 2018 and summer 2019 with a syringe and 4 μm filter at the Lake Serpentine 

microbialite sampling site (Fig 1). Delta 13C VPDB was measured with the same 

instrument as the microbialite, while δ18O was measured with an Isotopic Liquid Water 

and Continuous Water Vapour Analyser Picarro 2130i, using the Vienna Standard Mean 

Ocean Water (VSMOW) standard, with an external error 0.05‰ and using the protocol 

in Skrzypek and Ford (2014). Summer and winter elemental composition of lake waters 

were measured with a Perkin Elmer Optima 5300DV Inductively Coupled Plasma 

Optical Emission Spectrometry, and anions by ion chromatography. Saturation indices 

for carbonate minerals aragonite and calcite and the trioctahedral Mg-silicate mineral 

stevensite were calculated using PHREEQC software (Parkhurst & Appelo, 2013) using 

the Pitzer parameters for solutions of high ionic strength (Pitzer, 1991). In addition, a 

solubility diagram showing the composition of the lake and ground water relative to the 

solubility equilibriums of Mg-silicate minerals and their amorphous precursors was 

produced with the software and parameters used to generate saturation indices.   

 

5.3 Results  
 

5.3.1 Hydrochemistry      
 

 

Measurements of the lake water physiochemistry in Lake Serpentine (Fig 1) show that 

there is seasonal variability in the chemical composition and pH of the lake water (Table 

1). Autumn pH is 8.10 compared to 7.83 during summer. The ratio of Ca to Mg 



 

 

decreases over the same period from 13.7 to 12.9 mmol/L, while alkalinity increases 

from 2.6 to 2.9 mmol/L and SO4 increases from 41.1 to 54.8 mmol/L. Lake Serpentine is 

saturated with respect to calcite and aragonite and saturation indices do not vary 

significantly between seasons. In contrast, the saturation index for the Mg-silicate 

mineral stevensite decreases from 5.9 during autumn to 4.7 in summer. The stable 

isotope data show marked changes between seasons, from a 𝛿18O VSMOW of 2.3 ‰ in 

autumn to 4.6 ‰ in summer, and δ13C VPDB of -9.1 ‰ in autumn to 1.7 ‰ in summer.  

 

5.3.2 Microbialite fabric     
 

The slabbed microbialitic cones are composed of three texturally distinct layers (Figure 

5.3A): an inner, moderately cemented and porous layer (S); a well-cemented and 

micrite-rich layer (M); and an outer, friable, organic-rich layer (O). All layers thicken at 

the center to form the conical morphology. Petrographically, layer O contains mottled 

dark-brown patches within paler brown areas, and includes incipient isopachous 

aragonite locally infilling pore space (Figure 5.3B). Layer M displays two texturally 

distinct areas. Dark-colored and structureless areas (Area 1; Figure 5.3C) transected by 

elongate dark ‘arms’ rimmed by isopachous aragonite (Area 2; Figure 5.3C). In contrast, 

layer S is characterized by 100–500 μm wide radiating and variably intergrown 

spherulites, which form irregular clumps that are separated by a dark grey matrix 

(Figure 5.3D). 

 

 

 



 

 

 

 

 

Figure 5.3. (A) Vertical section of a microbialite showing three distinct layers (S, M and 

O) and isotopic compositions given in ‰ VPDB. (B) Plane-polarised light (PPL) image 

of layer O showing dark brown patches within paler brown areas, and incipient 

isopachous aragonite (arrows). (C) PPL image of layer M showing elongate dark areas 

(Area 2), with similarly dark material (Area 1) and isopachous aragonite (arrows). (D) 

PPL image of layer S showing spherulites and matrix.  

 

 

 

 



 

 

5.3.3 Bulk mineralogy and geochemical composition 
 

Aragonite and high-Mg calcite are the dominant mineralogies for all layers on the basis 

of powder X-ray diffraction (XRD) on bulk samples (Figure 5.4; n=6, two 

measurements per textural layer). Semi-quantitative abundance estimates using 

Panalytical Highscore® software indicate that layer S contains 95–98% aragonite and 2–

5% high-Mg calcite. In contrast, layers M and O contain 85–88% aragonite and 12–15% 

high-Mg calcite. The high Mg-calcite has a similar composition in all three layers, and is 

a solid solution containing 8–13 molar % Mg substituting for Ca.  

 

Stable oxygen isotopic values within the microbialite (n=4 for each layer) are 

consistently positive (Figure. 3A; Table S2; all values to the VPDB standard). The 𝛿18O 

values in layer S range from 2.5–2.9‰ with a small increase into layers M (2.9–3.5‰) 

and O (2.8–3.1‰).  For 𝛿13C, values are 2.7–5.7‰ in layer S with the highest value at 

the base. The 𝛿13C data show a decrease into layer M (1.6–2.9‰) and O (1.4–2.6‰). 

 

5.3.4 Microstructure and component composition of layer S   
 

Under cross-polarized light, layer S spherulites exhibit the Maltese-cross pattern 

characteristic of spherulites and are herein referred to as large spherulites (Figure 5.5A). 

The spherulite interior has a diameter of ~50–100 μm and contains a cloudy mass of  

 

 



 

 

 

 

Figure 5.4. X-ray powder diffraction patterns showing mineralogy of the three layers 

identified within the microbialites. Green spectra show the uppermost layer (layer O), 

blue the middle layer (layer M) and red the lowermost layer (layer S). Note the 

additional high-Mg calcite spectral peaks in layers O and M, which according to semi-

quantitative calculations with the Pananalytical Highscore software contain 12–15 

weight % high-Mg calcite, compared to layer S which contains 3–5 weight % high-Mg 

calcite. 

 

 

 

 

 



 

 

 

Figure 5.5. Microstructure of spherulitic fabric in layer S. (A) Cross-polarized thin 

section photomicrograph of spherulite showing dark cloudy areas (arrow) and Maltese-

cross pattern. (B) SEM-SE image of spherulite nucleus showing coccoid cell voids 

(arrow). (C) Matrix composed of Mg-Si nanospherical aggregates locally containing 

paired hemi-spherical voids (arrows). (D) Inset of (C) showing habit of Mg-Si spheres 

and aragonite crystals in transverse section. (E) Paired sub-circular molds in 

nanospherical aggregates. (F) Ovoid and sub-circular voids in nanospherical aggregates. 

(G) Spherulite matrix comprising a layer of nanospheres overlain by smoother areas. (H) 

Inset of (G) showing relationship between spheres and smooth layer. 

 



 

 

dark spots, in turn surrounded by radiating aragonite crystals. The spherulites are 

separated by a dark matrix, the composition of which is described below. Under SEM, 

the spherulitic nuclei are micritic and contain pairs of sub-circular to hemispherical 

voids 3–5 μm wide (Figure 5.5B). Voids have similar dimensions to coccoid 

cyanobacteria observed within the modern microbial mats, photographed at various 

stages of cell division (Figure 5.2C).  

 

Between the spherulites the matrix consists of aggregates of nanospheres, with 

individual spheres 150–200 nm in diameter (Figure 5.5C, D). The spherulites are 

partially visible under the SEM as acicular aragonite crystals (transverse section) 

beneath the nanospheres (Figure 5.5C, D). Locally the spheres are enveloped by a 

smooth outer layer, which together with the nanospheres forms a cortical rim around the 

spherulites (Figure 5.5E, F). SEM-EDS analyses (n=10) show the major spectral peaks 

(excluding low molecular weight C) for the nanosphere are for O, Mg and Si, with 

minor Na, Cl and S likely from salts and Pt from the sample coating (Figure 5.5D). 

Broken acicular aragonite crystals also locally characterize the matrix and are coated in 

nanospheres (Figure 5.5C). Voids 3–7 μm wide within the nanospherical aggregates 

have similar shapes and dimensions to voids within spherulitic nuclei (Figure 5.5B, E, 

F) and coccoid cells within the modern mats (Figure 5.2C).  

 

To investigate the texture and composition of specific regions in layer S at higher 

resolution, ultrathin wafers were made with a FIB and examined under a TEM equipped 

with EDS and SAED for mineral identification. HAADF images of a wafer extracted 



 

 

from layer S matrix show clusters of spherical features 150–200 nm wide, matching the 

diameter of those observed within broken fragments in the same layer (Figure 5.5D, F, 

5.6). In EDS elemental maps the spheres contain Mg and Si and do not include C or Ca 

(Figure 5.6C). SAED performed on a cluster of nanospheres exhibits no clear diffraction 

pattern (Figure 5.7A), indicating that the Mg-Si substance is likely poorly crystalline to 

amorphous (consistent with their absence in XRD). In contrast, SAED in areas adjacent 

to the spherical features show a diffraction pattern compatible with aragonite, exhibiting 

a second high intensity ring with a d-spacing of 3.39 (blue ring in Figure 5.6B). Use of 

low beam currents in sample preparation and EDS analyses, and retention of 

crystallinity in adjacent aragonite, suggests it is unlikely that TEM or FIB beam 

irradiation made a previously crystalline Mg-silicate phase amorphous.  

 

5.3.4 Microstructure and component composition of layers M and O  
 

In layer M, two areas are distinguishable by light microscopy (Figure 5.3C). Under 

SEM, honeycomb-like polyhedral networks are cross-cut by micrite rimmed by 

isopachous aragonite (Area 1 and Area 2, respectively; Supplemental Figure 5.S1A). 

Within the micritic areas, radiating spherulites 8–12 μm wide appear to be faceted, and  

 

 



 

 

 

 

Figure 5.6. (A) Light microscope thin section image of layer S showing FIB wafer 

location in relation to the Mg-Si matrix and spherulites. (B). HAADF-STEM image of 

nanospherical precipitates (arrows) within aragonite and location of SAED 

measurements. (C) TEM-EDS elemental maps of area in (B) showing nanospherical 

precipitates (arrows) and probable nanospherical aggregate (circle). Note coincidence of 

Mg and Si within the spheres along with absence of C and Ca. (D) SAED patterns 

showing no clear pattern for the nanospheres on the left (SAED 1), and a pattern 

characteristic of aragonite, with a high intensity second ring containing a d-spacing of 

3.39, highlighted in blue (SAED 2). 

 



 

 

discrete sub-spherical features with positive relief have dimensions similar to living 

cells in the mat (Figure 5.S1B, 5.2C). In the following text, spherulites in layer M are 

referred to as polyhedral spherulites, to distinguish them from the large spherulites in 

layer S. 

 

A FIB wafer extracted from Area 2 of layer M (Figure 5.7A) and examined with 

HAADF imaging, shows coccoid cells in the process of cell division, rimmed by a dark 

substance with a polyhedral shape, within a microcrystalline matrix (Figure 5.7B). 

SEM-EDS elemental maps show dark areas rimming the cells that contain Mg and Si, 

coincident with the absence of Ca (Figure 5.7C). Pervasive C through the TEM-EDS 

section, including within the areas containing Mg and Si, could indicate the carbon is 

organic.  

 

SEM observations near the margin of layers M and O (Figure 5.3A) show the potential 

development of the polyhedral spherulites (Figure 5.8A–D). Polyhedral spherulites 

within micrite appear to be nucleated on sub-circular features (Figure 5.8A). The Mg-Si 

envelope delineates the boundary of radiating spherulites in 2D (Figure 5.8B) and in 3D 

exhibits a faceted polyhedral morphology (Figure 5.8C). SEM observations of layer O 

reveal a honeycomb-like network of polyhedrons containing coccoid cells, locally 

preserving the outer-cell wall or surrounding voids (Figure 5.8D). SEM-EDS spectra 

show that micrite surrounding the polyhedral spherulites and mineralized coccoid cells 

are mostly composed of O and Ca and minor Sr, consistent with aragonite (Figure 5.8A,  

 



 

 

 

 

 

 

 

Figure 5.7. (A) Light microscope thin section image of layer M showing FIB wafer 

location in relation to the textural features discussed in the text. (B). HAADF-STEM 

image of coccoid cell in the process of cell division and SAED measurement location. 

Note polygonal boundaries at the top of the cell (dashed line). (C) TEM-EDS elemental 

maps showing coincidence of Mg and Si coincident along absence of C and Ca rimming 

the cells. Note the pervasive distribution of C including in both Mg-Si and Ca-rich 

regions, suggesting it is not all derived from Ca-carbonate minerals and could be 

organic. 

 



 

 



 

 

 

Figure 5.8. Microstructure of layers M and O. (A) Radial spherulites (red circle) in 

cross-section showing 2D hexagonal shape and micritic nucleus (white arrow) within 

micrite (blue circle). (B) Spherulites (red circle) in 2D showing hexagonal envelope 

(yellow arrow). (C) Polyhedral spherulites in 3D (red arrow) within Mg-Si envelope 

(yellow circle). (D) Mineralized EPS containing fossil coccoid cells preserving outer 

cell wall structure (blue arrow) closely resembling living cells in the modern mats. 

(E) EDS X-ray spectra from measurement sites shown with colored circles in A–C, 

and features with a very similar elemental composition to the measurement sites 

shown with colored arrows in B–D. Blue spectra have an elemental composition 

consistent with aragonite, red with high Mg-calcite, and yellow with an Mg-Si 

precipitate. Pt is from sample coating. S, Na, and Cl are likely from salts given the 

hypersaline character of the lakes. 

 

D, E). By contrast, polyhedral spherulites exhibit spectral peaks for O, Mg and Ca, 

suggesting they comprise high Mg-calcite (Figure 5.8A, E). Finally, honeycomb-like 

structures show spectral peaks for O, Mg and Si (Figure 5.8C, E). 

5.4 Interpretation and discussion   
 

5.4.1 Modern microbial mat community composition   
 

Cyanobacteria on Rottnest Island are dominated by the Chroococcales order, 

comprising 4.6% of the total taxonomic diversity (Monteiro et al., 2019), consistent 

with microscropic examinations of dominant cyanobacterial morphotypes in mats 

associated with the microbialite cones in this study (Fig. 2) in which coccoid cells 

are dominant. In the study of Monteiro et al. 2019, the vertical distribution of 

microbes within the microbial mats was not investigated. Cyanobacteria are the 

dominant primary producers within microbial mats and produce most EPS (Decho, 

Visscher, & Reid, 2005). While diatom frustules were observed in the modern mats 

in this study and in a previous study (John, Hay, & Paton, 2009), no diatom fossils 

were observed in the microbialites. Similarly, while Monteiro et al. (2019) 

demonstrated the abundance and functional importance of heterotrophic bacteria in 

the Rottnest Island microbial mats, direct fossil evidence for heterotophs in 

petrographic examinations of the cones was not observed.  
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5.4.2 Aragonite precipitation  
 

Elevated 𝛿13C values (2.7–5.7‰ VPDB near the base) in layer S, relative to the lake 

water (-9.11–1.68‰) can partly be explained by abundant oxygenic photosynthesis 

by cyanobacteria, preferentially using the lighter 12C isotope during CO2 fixation, 

consistent with the presence of abundant coccoid cell molds. Variability in 𝛿13C 

within and between layers may reflect local heterogeneities in microbial mat 

composition and the inclusion of different amounts of aragonite cement. 

Nonetheless, 𝛿13C values in layer S have a mean of 3.87 ‰, compared to 2.16 ‰ in 

layer O and 2.22 ‰ in layer M (Fig 2; Table S2), consistent with greater rates of 

oxygenic photosynthesis in layer S relative to the layers O and M. Such differences 

in 𝛿13C are consistent with a greater relative abundance of cyanobacteria in the 

precursor microbial mat in layer S compared to the other layers. Oxygenic 

photosynthesis may locally increase the pH to >10, as observed in microbialite-

forming mats in Great Salt Lake (Pace et al., 2016). Rapid precipitation of aragonitic 

spherulites in microbialites has been observed in saline lakes on an atoll in the 

tropical Pacific Ocean, interpreted as resulting from pH increases driven by high 

rates of cyanobacterial oxygenic photosynthesis (Arp et al., 2012), though pH values 

are not given. In addition, observational and empirical data have shown that 

spherulites preferentially initiate in the presence of organic matter (Braissant, 

Cailleau, Dupraz, & Verrecchia, 2003; Chafetz et al., 2018; Mercedes-Martín et al., 

2016), shown to have been present within the large spherulites by coccoid cell molds 

(Fig. 5B).  

 

Seasonal changes in the lake physiochemistry may have contributed to aragonite 

and/or calcite precipitation in all three layers. No significant difference in 
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microbialite sample δ18O VPDB between layers suggests that they formed in similar 

lake water conditions (Figure 5.3A). Similar δ18O VSMOW lake water and δ18O 

VPDB microbialite values may indicate that carbonate precipitation occurred 

predominantly in spring (October to November) when lake levels were highest in 

their annual cycle (Table 5.1). Aragonite and calcite saturation indices do not change 

markedly between spring and summer. However, influx of highly alkaline ground 

water low in dissolved Ca to the lakes, which are otherwise high in Ca and with 

moderately elevated alkalinity (Table 5.1; Bryan et al., 2016), during winter and 

spring, would increase the saturation indices for these minerals within the microbial 

mats, which are concentrated in littoral areas of the lakes (Monteiro et al., 2019). In 

addition, lake water pH is at its highest during spring (~8.1), requiring a smaller shift 

in the carbonate equilibrium to induce carbonate precipitation.  

 

Seasonal changes in the lake physiochemistry may have contributed to aragonite 

precipitation. The δ18O lake water and microbialite values for the large spherulites 

may indicate that spherulite precipitation occurred in spring (October to November) 

when lake levels were highest in their annual cycle (Table 5.1). Influx of highly 

alkaline groundwater low in dissolved Ca to the lakes, which are otherwise high in 

Ca and with moderately elevated alkalinity (Table 5.1; Bryan et al., 2016), would 

have increased the CaCO3 saturation state of the lake water. In addition, lake water 

pH is at its highest during spring (~8.1), requiring a smaller shift in the carbonate 

equilibrium to induce carbonate precipitation.  
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5.4.3 Character and genesis of Mg-Si precipitates    
 

Both the nanospherical precipitates present in the matrix between the large 

spherulites, and in the polygonal networks in layers M and O, appear to have an 

elemental composition consistent with Mg-silicate minerals (e.g., stevensite, kerolite, 

talc, sepiolite) in SEM-EDS examinations (Figs. 5D, 6, 7C, E). In laboratory 

experiments, Tosca and Masterson (2014) found that the identity of the Mg-silicate 

mineral was controlled by the ratio of dissolved Mg/Si, salinity and pH. At NaCl 

0.46 mol/kg, Mg/Si >6 and pH >~8.7, synthetic stevensite-like products 

preferentially formed (N. Tosca & Masterson, 2014). The Rottnest Island lakes are 

supersaturated with respect to stevensite in both spring and summer (Table 5.1). 

However, SAED performed on a cluster of nanospheres in layer S did not show a 

pattern characteristic of a systematic crystal lattice spacing, suggesting that the 

nanospheres, at least locally, are poorly crystalline to amorphous (Figure 5.6, 5.7) 

and are therefore not Mg-silicate minerals. This is consistent with the absence of 

spectral peaks in XRD data attributable to Mg-silicate minerals in all three 

microbialite layers (Figure 5.4). Mg-Si precipitates in the microbialites, as observed 

with SEM-EDS (Figure 5.5C, G), are locally volumetrically important and therefore 

likely above the ~1% weight detection limit for minerals in XRD. Interpretation of 

the Mg-Si precipitates on Rottnest Island as poorly crystalline is, however, in 

agreement with experimental and observational data, in which hydrated poorly 

crystalline phases commonly precede the formation of Mg-silicate minerals. Wollast 

et al. (1968), Jones and Mumpton (1986), and Zeyen et al. (2015) referred to this 

substance as ‘amorphous sepiolite’, whereas Tosca et al. (2011) referred to the 

formation of the Mg-Si substance as ‘homogenous nucleation’. Solubility diagrams 

provided in these studies indicate that Mg/Si ratios and pH are the most important 
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controls on the dissolution kinetics of Mg-silicate minerals and poorly crystalline 

Mg-Si precipitates (B. F. Jones & Mumpton, 1986; N. J. Tosca, Macdonald, Strauss, 

Johnston, & Knoll, 2011; Wollast, Mackenzie, & Bricker, 1968; Zeyen et al., 2015). 

This relationship is observed when plotting the Rottnest Island lake water parameters 

with solubility equilibriums for Mg-silicates and Mg-Si precipites (Figure 5.S2). A 

pH of greater than ~9.3 in the Rottnest Island lake water is needed to exceed the 

solubility line for the formation of poorly crystalline Mg-Si precipitates, well above 

the maximum seasonal pH of ~8.1. Local increases in pH driven by cyanobacterial 

oxygenic photosynthesis, facilitating the precipitation of Ca-carbonate and Mg-Si 

precipitates, would partly explain the preferential preservation of cyanobacteria, 

relative to heterotrophic bacteria that were not observed in the cones. This would 

also be consistent with the patchy distribution of Mg-Si substances in the cones that 

may need the metabolic activity of cyanobacteria to precipitate, potentially in 

combination with an influx of highly alkaline groundwater (Table 5.1; Tosca et al. 

2011; Tosca and Masterson, 2014).  

 

These geochemical data indicate that increases in pH alone, facilitated by oxygenic 

photosynthesis, appear to be sufficient to induce the precipitation of Mg-Si 

substances. However, diatoms were observed in the modern microbial mats and were 

not observed in the microbialites. Amorphous silica dissolves in pH solutions of <9 

to mostly produce undissociated H4SiO4  (Williams, Parks, & Crerar, 1985). An 

increase in pH driven by oxygenic photosythenesis may also have facilitated the 

dissolution of diatoms composed of amorphous silica and explain their apparent 

absence in the cones. Elevated dissolved silica within the mats would shift the 
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location of the lake water on the solubility diagram in Figure 5.S2 to the right, 

further promoting the precipitation of Mg-Si substances.  

 

In addition to these geochemical data, there is a strong spatial association between 

Mg-Si precipitates in the microbialites and coccoid cells, as cell molds within 

nanospherical aggregates (Figure 5.5E, F), and as mineralized polyhedrons 

surrounding cells or voids previously occupied by cells (Figure 5.7B, 5.8B–D, 5.S1). 

A number of studies have shown that EPS can provide nucleation sites for authigenic 

mineral precipitation, including as templates for Mg-silicate synthesis (Burne et al., 

2014; Pace et al., 2016; Souza-Egipsy et al., 2005; Zeyen et al., 2015). High Mg-

calcite nanospheres 200–500 nm wide have been reported replacing the alveolar 

walls of EPS in hypersaline lagoons, prior to developing more typical crystal habits 

(Dupraz, Visscher, Baumgartner, & Reid, 2004). The cell molds of nanospheres on 

Rottnest Island are well-defined, indicating they either represent mineralized EPS 

and/or nucleated within the EPS. Honeycomb-like polyhedrons of mineralized EPS 

composed of carbonate minerals have been reported from a number of modern 

lacustrine settings (Dupraz et al., 2004; Spadafora, Perri, McKenzie, & Vasconcelos, 

2010), and in ancient examples (Perri & Tucker, 2007), and closely resemble the 

Rottnest Island example. In contrast, polyhedra in the Rottnest microbialites are 

composed of Mg-Si precipitates, indicating that the polyhedral morphology was 

mostly likely inherited from the EPS template and is not controlled by crystal 

structure (Baum et al., 2009; Schaudinn et al., 2007).  

 

Honeycomb-like polyhedral structure that characterize the fossil EPS on Rottnest 

Island may be an artifact caused by drying during sample preparation, such as during 
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cryo-fixation (C. Dupraz, personal communication, 2020). While microbialite and 

microbial mat samples were dehydrated in graded ethanol steps here, this does not 

explain the presence of polyhedral spherulites enclosed within Mg-Si precipitates 

interpreted to represent fossilized EPS and elaborated on below. We therefore argue 

that the honeycomb-like structure of the Mg-Si precipitates is either a primary and/or 

early diagenetic feature, allowing for the formation of the polyhedral spherulites 

within them.  

 

5.4.4 High Mg-calcite in polyhedral spherulites  
 

Spherulites composed of high Mg-calcite have formed within polyhedral voids of 

mineralized EPS. Calcite precipitation is kinetically inhibited by Mg ions, thus 

elevated Mg/Ca ratios such as those present in the Rottnest Island lakes, in the 

absence of biological influences, should favor aragonite precipitation (Fernandez-

Diaz et al., 1996). Heterotrophic decay may induce carbonate precipitation by the 

increasing alkalinity and pH (depending on the type of microbial metabolism) 

(Andres et al., 2006). Several studies have demonstrated a spatial relationship 

between sulfate reducing bacteria and Ca-carbonate precipitation in microbialites 

(Visscher et al., 2000; Gallagher et al., 2012), and high Mg-calcite specifically (Van 

Lith et al., 2003; Dupraz et al., 2004). Along with providing carbonate precipitation 

inducing mechanisms, sulfate reducing bacteria may contribute specific organic exo-

polymers that aid incorporation of Mg into the crystal lattice (Bontognali et al., 

2014). Heterotrophic decay of the cyanobacterial biomass is consistent with variable 

preservation of a visible microbial component in the polyhedral spherulite center 

along with their high Mg-calcite composition. 
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5.4.5 Mineralization models 
 

Two lines of evidence suggest that the large aragonitic spherulites and the Mg-Si 

component of the matrix formed approximately synchronously. Although the matrix 

fills interstitial areas, it also forms a cortical rim around the spherulites, seen in thin 

section as a dark layer and as a discrete layer over acicular aragonite crystals under 

SEM (Figure 5.3D, 5.5D, G). Therefore, either the Mg-Si nanospheres (i) formed 

after the spherulites, or (ii) approximately synchronously with the micritic core 

which then displaced incipient Mg-Si precipitates, remnant EPS and cells outwards. 

The presence of Mg-Si phases that appear to require biologically induced changes in 

the porewater chemistry, i.e., in association with coccoid cyanobacteria, coupled 

with the occurrence of cell molds within Mg-Si nanospherical aggregates in discrete 

shell-like layers around the spherulites (Figure 5.5C–H), favors the latter 

(syngenetic) interpretation.   

 

A growth model for both spherulitic fabrics is presented in Figure 5.9. Fabrics within 

the conical microbialites on Rottnest Island developed in association with coccoid 

cyanobacteria and diatom-rich microbial mats. In layer S, local increases in pH 

driven by oxygenic photosynthesis, and potentially aided by a flux of highly alkaline 

groundwater, increased the aragonite supersaturation state within the microbial mat, 

inducing aragonite precipitation. The EPS would have provided a viscous medium 

within which the spherulites could form. Some cells were entombed in aragonitic 

nuclei and decomposed to form molds. In contrast, incipient Mg-Si phases, along 

with remnant EPS and cells, are interpreted to have been displaced outwards by the 

micritic nuclei and radiating fibrous aragonite crystals. Mg-Si phases potentially 

continued to precipitate during this process, during which EPS decomposed and/or  
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Figure 5.9. Spherulite growth model. (A) Both spherulitic fabrics form from a 

cyanobacteria and diatom-rich microbial mat within EPS. (B) Oxygenic 

photosynthesis locally increases the pH promoting aragonite and Mg-Si 

precipitation. (C) Microcrystalline aragonite displaces incipient Mg-Si precipitates 

and remnant microbial mat components outwards forming spherulite nuclei. (D) 

Radiating acicular aragonite crystals continue to displace remnant mat components 

and Mg-Si precipitates outwards. During this phase Mg-Si precipitates may continue 

to form as EPS is degraded making Si and Mg ions available. (E) Oxygenic 

photosynthesis locally increases the pH; EPS ultrastructure replaced by Mg-Si 

precipitates forming polyhedrons. (F) Aragonite locally replaces cells. Spherulites 

composed of high-Mg calcite initiate, potentially aided by heterotrophic bacteria. (H) 

Aragonite infills pore space and Mg-Si precipitates are dissolved and/or replaced.  

 

 

was degraded by heterotrophic bacteria, freeing up complexed Si and Mg ions. 

Finally, aragonite locally precipitated within the matrix, enveloping the Mg-Si 

nanospheres.  In contrast to the large spherulites, in layers O and M, EPS is first 

replaced by Mg-Si phases in the zone of oxygenic photosynthesis, forming a sub-

polygonal network (Figure 5.8, 5.S1). This is followed by aragonite mineralization 

of cells within the polyhedrons, locally leaving voids where the cells are not 

preserved. Radiating Mg-calcite spherulites initiate on organic material, with the 

outer boundary defined by the polyhedral morphology of the fossil-EPS.  

 

5.4.5 Implications for the geological record  
 

Aptian “Pre-salt” lacustrine carbonates from the Barra Velha Formation in the South 

Atlantic contain spherulites 0.2–2.7 mm in diameter within a dolomite matrix 

containing trace amounts of Mg-silicates (Figure 5.12A) (Terra et al., 2010; Muniz 

and Bosence, 2015; Armelenti et al., 2016; Saller et al., 2016). The dolomite is 

interpreted to have replaced voluminous Mg-silicate deposits (Herlinger et al., 2017) 

that may have developed from poorly crystalline Mg-Si gels (Wright and Barnett, 

2015; Saller et al., 2016; Tosca et al., 2018). Both biotic and abiotic origins for the 
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Pre-salt spherulites have been proposed. Wright and Barnett (2015) argued that the 

Pre-salt spherulites have an abiotic origin. In this model, alternating layers of 

laminated fossiliferous silts form the base of a cyclothem, overlain by Mg-silicate 

deposits partially replaced and displaced by calcite spherulites with fascicular calcite 

crusts at the top, resulting from environmentally driven changes in lake 

physiochemistry, particularly temperature, pH, and Si, Mg and Ca fluxes. The 

spherulites formed in suspension within poorly crystalline Mg-Si gels, during a 

period of strong evaporative concentration in highly alkaline lake water rich in 

dissolved Si and Mg, favoring Mg-Si gel precipitation (Wright and Barnett 2015). In 

contrast, Chafetz et al. (2018) argued that the Pre-salt spherulites were induced by 

microbial communities that formed the micritic nuclei around which abiotic radiating 

calcite crystals formed. Evidence cited for a microbial origin are similar textural 

features in the nuclei of  Pre-salt spherulites and spherulites formed in modern 

travertine deposits at Yellowstone National Park, with both containing mottled 

accumulations of bacterial bodies (Chafetz et al., 2018). However, Herlinger et al. 

(2017) reported that although Mg-silicate peloids, siliciclastic grains and ostracods 

locally form spherulitic nuclei, most of the Pre-salt spherulites show no visible 

nuclei. The presence of Mg-silicate peloids within nuclei is particularly intriguing, 

because Mg-Si phases are closely associated with microbial metabolic activities in 

modern environments (Burne et al., 2014; Zeyen et al., 2015; Pace et al., 2016; 

Wacey et al., 2018) as well as in some ancient environments (Wacey et al., 2014). 

Moreover, the highly labile character of Mg-silicate minerals suggests that primary 

evidence for life (e.g., molds, body fossils) may have been destroyed during 

diagenetic remobilization of the Mg-clays (Tosca and Wright, 2018), potentially 

explaining their apparent absence. Regardless, the apparent absence of direct 
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evidence for a microbial contribution does not rule out a biological influence. 

Mercedes-Martín et al. (2016) found that spherulite initiation was inhibited by Mg-Si 

gels, and that calcitic spherulites preferentially formed in the presence of some 

organic acids under experimental conditions. The large spherulites on Rottnest 

Island, therefore, do not appear to have initiated in an Mg-Si gel (Wright and 

Barnett, 2015) or in suspension in the water column (Chafetz et al., 2018) as 

suggested for the Pre-salt spherulites, but within EPS. This interpretation is 

consistent with the observation of Mercedes-Martín (2016) in which Mg-Si phases 

were incidental, and in fact inhibitory, to spherulite formation.  

 

In contrast to the large spherulites, the morphology of the polyhedral spherulites was 

determined by the fossil-EPS polyhedral structure (Figure 5.8A–C), whereas 

heterotrophic bacteria may have mediated the precipitation of high Mg-calcite. The 

polyhedral spherulites have similar dimensions to natural spherulites (Spadafora et 

al., 2010) and synthetic spherulites (Braissant et al., 2003) with a demonstrable 

microbial influence. The polyhedral envelop in the Rottnest spherulites closely 

resembles that present around spherulites from Aptian carbonates in the Codó 

Formation in north-eastern Brazil (Bahniuk et al., 2015), which also have an Mg-

silicate composition and were reported along with fossil EPS with a polyhedral 

morphology (Figure 5.S3). The results of the present study show that faceted 

spherulites bearing dimensions similar to fossil EPS polyhedrons (7–12 μm in 

diameter) may indicate the former presence of EPS and a microbial mat community, 

and therefore represent a biosignature.  
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5.5 Conclusions 
 

Conical microbialites containing two types of spherulitic fabric have formed in 

hypersaline lakes on Rottnest Island. Both types of spherulites include evidence for a 

biological influence. Aragonitic spherulites that characterize the lowermost layer 

were likely bio-induced by oxygenic photosynthesis locally increasing the pH and 

shifting the carbonate equilibrium. Mg-Si precipitates initiated approximately 

synchronously with the aragonite in microenvironmental conditions created by these 

increases in pH and were displaced outwards. Consequently, the Mg-Si phases in 

this study appear to be incidental to the formation of the large spherulites, instead 

forming as a result of biologically driven changes in water chemistry that also 

prompted aragonite precipitation. It appears that the EPS secreted by microbes 

provided the original viscous medium within which the spherulites formed, and also 

provided the necessary Si ions for Mg-Si precipitates to form, potentially sourced 

from dissolved diatoms within the microbial mat.  

 

The morphology of polyhedral spherulites appears to have resulted directly from the 

preferential mineralization of EPS as honeycomb-like polyhedrons that defined the 

outer spherulite boundary. Moreover, the high Mg-calcite composition of the 

polyhedral spherulites suggests a role for sulfate reducing bacteria, either removing 

kinetic constraints to Mg-calcite precipitation, and/or by providing exo-polymers that 

directly facilitated its formation. This study demonstrates an intimate association 

between biological features and processes and spherulite formation on Rottnest 

Island, and provides a mechanism that may help explain texturally and 

compositionally similar features in the geological record.  
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5.6 Supplementary information   
 

Table 5.S1. Stable isotope data for the different textural layers within the 

conical microbialites on Rottnest Island 

 

Sample 

location  

δ13C (‰, 

VPDB) 

δ18O (‰, 

VPDB) 

External 

error 

(‰) 

Uppermost organic-rich layer (layer O)  

Layer O1 2.13 2.83 0.1 

Layer O2 2.53 2.79 0.1 

Layer O3 1.41 3.13 0.1 

Layer O4 2.57 2.96 0.1 

Mean 2.16 2.93 - 

Std. dev. 0.54 0.15 - 

Middle micrite-rich layer (layer M)   

Layer M1 1.64 3.28 0.1 

Layer M2 2.90 2.86 0.1 

Layer M3 2.48 3.49 0.1 

Layer M4 1.86 3.41 0.1 

Mean 2.22 3.26 - 

Std. dev. 0.50 0.24 - 

Lowermost layer (layer 

S)  
 

Layer S1 3.49 2.52 0.1 

Layer S2 3.57 2.58 0.1 

Layer S3 2.72 2.93 0.1 

Layer S4 5.72 2.87 0.1 

Mean 3.87 2.73 - 

Std. dev. 1.12 0.18 - 
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Figure 5.S1. SEM-SE images of layer M. (A) Sub-polyhedral network (Area 1) 

cross-cut by micrite (Area 2) rimmed by isopachous aragonite (arrow). (B) 

Characteristic texture of Area 2 showing faceted spherulites with similar dimensions 

to the polyhedrons in (A) along with sub-spherical features with positive relief (A) 

resembling cells. Scale bar in A is 50 μm and in B is 10 μm.  
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Figure 5.S2. Solubility diagram showing apparent solubilities of crystalline Talc, 

Sepiolite and Kerolite (Jones et al., 1986), Stevensite (Tosca et al., 2014), amorphous 

silica (Wollast et al., 1968) and poorly crystalline Mg-Si precipitates (Wollast et al., 

1968; Jones and Mumpton, 1986; Tosca et al., 2011). Water parameters from Lake 

Serpentine during summer (blue) and winter (red) along with ground water (grey) 

were plotted to see their location relative to the solubility lines of the different phases 

and substances.  
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Figure 5.S3. Comparison with spherulites in the geological record. (A) Light 

microscope image under crossed-polars of the Aptian Pre-salt spherulites from the 

Campos Basin from Herlinger et al. (2017), showing dolomite matrix interpreted as 

replacing Mg-silicates (yellow arrow) and the spherulites (red arrow). (B) Light 

microscope crossed-polars image of the Rottnest spherulites. (C) Spherulite within 

“gently folded sheets” of Mg-silicates in the Aptian Codó Formation from Bahruik et 

al. (2015). See striking similarity with Rottnest polyhedral spherulite in Figure 5.10C 

(D) Interior of spherulite showing cell-like nucleus, also from Bahruik et al. (2015). 
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Chapter 6  

Discussion 

6.1 Climate in southwestern Australia (SWA)  
 

The results of this study are relevant to recent climate trends in SWA. The 

Intertropical Convergence Zone (ITCZ) is a belt of low pressure circling Earth’s 

equator where northern and southern hemisphere trade winds converge, resulting in 

intense rainfall (Broccoli et al., 2006). Using palynology and ostracod taxonomy and 

geochemistry from Barker Swamp on Rottnest Island, Gouramanis et al. (2012) 

found that strengthening of the Australian/Asian summer monsoon from ~4,300–

2,300 years BP resulted in a more southerly mean position of the ITCZ. This pushed 

the Southern Annular Mode (SAM) south (positive phase), decreasing westerly wind 

flow in SWA and contributing to a drying trend (Gouramanis et al., 2012). 

Reconstructed SSTs on Rottnest Island between 2,500 and ~2,250 years BP, while 

appearing to broadly track with solar insolation, show an overall cooling trend, 

consistent with the interpretation of Gouramanis et al. (2012). In SWA, winter 

rainfall has decreased by ~20% since the 1960s (Smith et al., 2000; BOM, 2019a). 

The recent decline in precipitation in SWA has been attributed to a more positive 

SAM phase (Smith et al., 2000; Hendon et al., 2007; Cai et al., 2011). However, 

anthropogenic global warming is shifting the mean position of the southern edge of 

the ITCZ north, due to increased moisture content in the atmosphere as a result of a 

warmer climate steepening the moist static energy gradient (Bony et al., 2013; Byrne 

et al., 2016). This suggests that, while a more positive SAM features in the drying 

trend in SWA ~2,500–2,250 years BP and today, the underlying mechanisms are 

different.  
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Low to high latitude climate teleconnections are well documented, although the 

mechanisms are complex and debated (Diaz et al., 2001; Yuan, 2004; Fogt et al., 

2011; Ding et al., 2012; Yeh et al., 2018; Cheng et al., 2019). Gouramanis et al. 

(2013) found that the El Niño Southern Oscillation (ENSO) appeared to have had a 

negligible impact on climate in SWA from 5,600 years BP. Gouramanis et al. (2013) 

compared the Barker Swamp climate record with records from southeastern 

Australia (SEA) and found that SEA climate was influenced by ENSO variability, 

whereas the SWA climate was not. Rottnest Island is located in the path of the 

Leeuwin Current, emanating from the Indonesian Throughflow and transporting 

warm water along western and southern Australia (Godfrey et al., 1985). Results in 

this study support interpretations from climate and SST records in southern Australia 

that the influence of the Leeuwin Current decreased in the late Holocene (Moros et 

al., 2009; dos Santos et al., 2012), seen in the overall cooling trend is SSTs on 

Rottnest Island between 2,500 and 2,050 years BP (Figure 3.12). Decreasing 

Leeuwin Current strength coincided with an increase in ENSO variability (Conroy et 

al., 2008; Moros et al., 2009; Perner et al., 2018). The marked increase in the 

frequency of the El Niño phase ~2,100 years BP (Conroy et al., 2008) corresponds to 

a marked decrease in SSTs on Rottnest Island to ~2,050 years BP. This is consistent 

with increasing ENSO frequency driving upwelling of cool water and weakening the 

Leeuwin Current (Moros et al., 2009). Gouramanis et al. (2012) identified a shift to a 

negative SAM phase ~2,300 years BP, moving mid-latitude westerlies and frontal 

systems north and increasing precipitation in SWA. Moros et al. (2009) found that 

stronger westerlies corresponded to a weaker Leeuwin Current. Gomez et al. (2012) 

showed that ENSO teleconnections are strongest when ENSO coincides with a 

negative SAM phase. Therefore, while Barker Swamp recorded regional climate 
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variability (Gouramanis et al., 2012), the swamp does not appear to have recorded 

changes in Leeuwin Current strength, and thus ENSO. This may indicate that 

variability in the Leeuwin Current did not measurably impact the local climate in 

SWA during the late Holocene. Furthermore, this could mean that any recent 

changes in Leeuwin Current strength may not directly contribute to recent climate 

trends in SWA.    

 

6.2 Microbialite textural diversity  
 

Textural diversity is a feature of lacustrine microbialites generally, due to the range 

in and dynamic physiochemistry of lake water (Chagas et al., 2016), demonstrated 

by comparisons with marine microbialites. Compared to lacustrine microbialites, 

modern marine microbialites are relatively texturally consistent, comprising massive, 

weakly layered or crudely laminated detrital grains in micritic cement, such as in the 

Bahamas (Visscher et al., 2000; Planavsky and Ginsburg, 2009) and the marine 

embayment in Hamelin Pool (Reid et al., 2003; Suosaari et al., 2016a). This 

comparative textural homogeneity may be attributed to a narrower range in the 

chemical composition and physical conditions of seawater, higher energy conditions 

and greater detrital input, along with the co-existence of microbial mats with 

metazoans (Tarhan et al., 2013).  

 

Rottnest Island microbialites show an unusual amount of textural variability, 

however, compared to microbialites from other lake settings, such as lakes in 

southwestern Australia (Grey et al., 1990; Moore and Burne, 1994; Coshell et al., 

1998), Great Salt Lake (Chidsey et al., 2015) or the Andes (Gomez et al., 2014). This 

may be attributed to a combination of factors variably acting on the above examples. 
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Hypersalinity precludes a grazing fauna, allowing finely laminated stromatolites to 

form (Spadafora et al., 2010; Perri et al., 2012; Gomez et al., 2014; Pace et al., 

2018), a textural feature conspicuously absent from hyposaline lakes (Moore and 

Burne, 1994; Coshell et al., 1998; Laval et al., 2000) and largely absent from marine 

microbialites. A semi-arid climate, in which nearly all the yearly rainfall occurs 

during winter, results in highly dynamic lake levels and lake water physiochemistry, 

causing substantial vertical and lateral seasonal changes in microbial mat 

composition. While alkalinity in the Rottnest Island lakes is ~2–3 times seawater, 

groundwater percolating over and through the limestone bedrock is up to eight times 

that of seawater. Consequently, variation in groundwater input directly related to 

rainfall contributes to significant seasonal variability in the carbonate saturation state 

of the lake water on Rottnest Island. This is coupled with location of the lakes in one 

part of an island, resulting in different catchment size areas and local variability in 

groundwater input. Considerable environmental variability therefore exists between 

and within the lakes on Rottnest Island, producing compositionally diverse microbial 

mats that form variable amounts and types of EPS (Figure 2.3–2.6, 2.10), generating 

a texturally diverse suite of microbialites.   

 

6.3 Implications for thrombolites and stromatolites in the geological record  
 

The clotted mesofabric characteristic of thrombolites may be a primary feature that 

did not result from metazoan disruption of pre-existing laminae as demonstrated by 

the presence of thrombolites in hypersaline lakes lacking metazoan burrowers and 

grazers, as in Great Salt Lake (Chidsey et al., 2015; Pace et al., 2016) and on 

Rottnest Island in this study. In contrast, marine thrombolites appear to primarily 

result from metazoan disruption (e.g., Planavsky et al., 2009; Jahnert et al., 2012).  
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Modern well-laminated stromatolites appear to be restricted to hypersaline lakes 

(e.g., Spadafora et al., 2010; Perri et al., 2012; Dupraz et al., 2013; Gomez et al., 

2014) and to be largely absent from marine settings. An important exception to this 

are irregularly laminated stromatolites forming in open marine conditions in Exuma 

Sound, Bahamas (Visscher et al., 1998; Reid et al., 2000; Visscher et al., 2000). 

Lamina accretion in the Exuma Sound stromatolites forms by periodic sedimentation 

and intermittent lithification of microbial mats. The filamentous cyanobacterium 

Schyzothrix sp. first traps and binds sediment. Bacterial activity, notably by sulphate 

reducers, promotes aragonite precipitation, forming micritic laminae, whereas 

microboring and infilling by the coccoid cyanobacterium Solentia sp. fuses grains in 

the thicker laminae (Reid et al., 2000; Visscher et al., 2000). For reasons that are 

unclear, metazoans appear to be largely absent from the stromatolite-forming 

microbial mats in Exhuma Sound. Dupraz et al. (2013) argued that there is a 

common ecological mechanism for stromatolite formation in both Exhuma Sound 

and in a small hypersaline lake on an island in the Bahamas. These authors proposed 

that iterative lamina accretion results from the alternation of active microbial 

communities at the microbialite surface, coupled with the range of microbial 

metabolic processes that induce carbonate precipitation. 

 

Grotzinger et al. (1999) noted that laminae in Archean and Paleoproterozoic 

stromatolites formed largely through in situ mineral precipitation, in contrast to 

younger stromatolites that grew through mineral precipitation and sediment 

accretion. This trend was attributed to the long-term evolution of Earth’s surface 

environments, particularly an overall decrease in the carbonate saturation state of 

seawater through the Proterozoic, rather than changes in microbial assemblage. 
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Stromatolites in Exhuma Sound accrete in modern marine salinity where metazoans 

are seemingly absent (Reid et al., 2000). On Rottnest Island, stromatolites have 

formed in Holocene hypersaline lakes lacking metazoans. Stromatolites are absent 

from hyposaline lakes and most marine settings where mats co-exist with metazoans. 

Such observations support the hypothesis that stromatolite formation is constrained 

mostly by environmental factors and not microbial assemblage.  

 

However, stromatolites and thrombolites have both formed on Rottnest Island by in 

situ mineralisation, indicating that a mixture of intrinsic and extrinsic factors must 

contribute to fabric development. Metagenomics studies of prokaryotes in microbial 

mats have not resolved this question. Ruvindy et al. (2016) found that Shark Bay 

metagenomes contain both heterotrophic and photosynthetic metabolic pathways, 

whereas Exuma Sound appears to be dominated by photosynthetic pathways 

(Khodadad et al., 2012). Given several studies demonstrating the role of sulphur 

cycling heterotrophic bacteria in micritic lamina precipitation in Bahamian 

stromatolites (Visscher et al., 1998; Reid et al., 2000; Visscher et al., 2000; Dupraz 

et al., 2005), these results are problematic, and potentially highlight the difficulty in 

capturing the genomic variability in microbial mats that vary seasonally and are 

vertically stratified (Pace et al., 2018). Monteiro et al. (2019) sequenced lithifying 

and non-lithifying microbial mats on Rottnest Island, including mats spatially 

associated with sub-fossil stromatolites and thrombolites. Mats spatially associated 

solely with thrombolites contained more filamentous cyanobacteria from the 

Spirochaetes family relative to the other lithifying mats. Mats spatially associated 

with thrombolites and stromatolites, in contrast, were compositionally similar in 

terms of their microbial assemblage. Further work on stromatolites formed 
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unambiguously by in situ mineral precipitation on Rottnest Island, outlined in the 

next chapter of this thesis, may provide insight into the influences on stromatolite 

and thrombolite development.  

 

6.3 Rottnest Island as a potential analogue for the South Atlantic Pre-salt  
 

Spherulite facies with an enigmatic genesis formed in lakes during the Cretaceous 

and are now beneath salt diapirs in the South Atlantic, where they host significant 

hydrocarbon accumulations (Karner et al., 2007; Saller et al., 2016). These ‘Pre-salt’ 

lacustrine carbonate reservoirs have attracted significant research interest, and 

various hypotheses have been proposed for the formation of the spherulite facies. 

Features with a similar texture and composition in Rottnest Island microbialites 

suggest this modern location could provide insight into mechanisms of spherulite 

formation relevant for the Pre-salt, despite the difference in scale between settings.  

During the most recent lacustrine phase, a veneer of microbially influenced 

carbonates ~0.1–0.5 m thick has formed in the Rottnest Island lakes. These include 

spherulite aggregates and spherulite facies within conical microbialites. In 

comparison, the South Atlantic spherulite facies are contained within sag-basin 

sequences that are up to 550 m thick (Karner and Gambôa, 2007; Terra et al., 2010; 

Saller et al., 2016).  

 

The spherulite facies in the Pre-salt form part of a cyclothem underlain by laminated 

calcimudstones containing ostracods and vertebrate debris (Terra et al., 2010). The 

spherulites are within a dolomite matrix that includes traces of Mg-silicate minerals 

(Herlinger et al., 2017). On Rottnest Island, spherulites in conical microbialites are 

contained within poorly crystalline Mg-Si substances, or locally within EPS in the 
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case of friable spherulite aggregates. As with most microbialites on Rottnest Island, 

they are underlain by either skeletal sediment/floatstones containing biogenic grains 

from the lagoonal phase, or Pleistocene eolian skeletal grainstones. Textural 

differences can be distinguished between the two types of spherulite described here. 

The friable spherulites lack conspicuous nuclei, radiating CaCO3 crystals are less 

systemically arranged, and individual spherulites are more intergrown relative to the 

microbialitic spherulites. In both examples, however, EPS provided a crucial viscous 

medium for spherulite genesis, and in the case of the microbialitic spherulites, likely 

provided silicon ions for Mg-Si precipitation. EPS intervals on Rottnest Island ~0.3 

m thick were observed. Difficulty in accessing the deeper parts of the shallow lakes 

due to the treacherous ‘quick sand’ like character of the EPS, however, prevented me 

from sampling areas that likely contained much thicker EPS intervals during the field 

campaign for this part of the study.  

 

Unlike other clay minerals, Mg-silicate minerals and their poorly crystalline 

precursors are geochemically labile, due to abundant water content in the lattice and 

absence of structural aluminium (Tosca et al., 2011; Tosca and Masterson, 2014). 

Consequently, they may recrystallise as dolomite (Tosca and Wright, 2018). Pre-salt 

spherulite facies are ~0.5–3 m thick and characterised by calcitic spherulites in a 

dolomite matrix containing traces of the Mg-silicate mineral stevensite (Wright and 

Barnett, 2015; Herlinger et al., 2017). Stevensite was observed in thrombolites at 

Lake Clifton, interpreted to have been bio-induced by cyanobacterial oxygenic 

photosynthesis and to have replaced EPS (Burne et al., 2014).  
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The vertical facies arrangement in the Rottnest Island lakes shows their evolution 

from marine lagoons to hypersaline lakes, in which variably cemented biogenic 

grains are overlain by microbialites with features indicative of precipitation within 

an EPS medium. This includes spherulites in conical microbialites containing 

abundant porosity, spherulites sampled within the EPS, and potentially mesoclots in 

thrombolites from the shallow lakes. Similarly, the transition from fossiliferous 

mudstone facies to spherulite facies within a dolomite matrix in the Pre-salt is 

consistent with a shift to more saline conditions hostile to metazoans and favourable 

to the development of microbial mats containing thick EPS accumulations. In this 

interpretation here, the dolomite matrix represents mineralised EPS that originally 

comprised Mg-silicates and/or poorly crystalline gels. Furthermore, the thickness of 

spherulite facies in the Pre-salt is compatible with the possible thickness of EPS 

layers, especially given the immense size of the lake setting and availability of 

extensive low-angle slopes and accommodation space (Karner and Gambôa, 2007). 

However, this assumes that each spherulite facies interval in the Pre-salt represents a 

discrete microbial mat. Instead, it is more likely that each interval contains multiple 

generations of lithified microbial mats, consistent with the presence of laminations in 

the dolomite matrix (Herlinger et al., 2017). Future eustatic sea level rise will result 

in deposition of lagoonal facies over the microbial carbonate facies and the 

completion of a cyclothem on Rottnest Island within a few centuries, broadly 

analogous to the cyclothems in the Pre-salt, albeit on a much smaller scale.  
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Chapter 7 
 

Conclusion and future directions 

7.1 Introduction  
 

This research had two main aims. The first was to document the character 

(mineralogical and geochemical composition, texture and components) and spatial 

distribution of lacustrine sedimentary deposits on Rottnest Island, to better constrain 

the factors influencing their formation and distribution. The second was to establish 

the environmental history of the lakes and precursor lagoons. Through these 

investigations, new information on the sedimentology of coastal lakes, microbial 

carbonate genesis and diagenesis, and local and regional sea level and climate 

variability was generated.    

 

7.2 Sedimentology 
 

Two lake types were identified based on water depth and lake margin geometry 

(Figure 2.2–2.6). Shallow lakes are unstratified, ephemeral to <2.5 m deep and have 

continuous low angle margins. Deep lakes are monomictic, >2.5 m deep and contain 

a slope break between littoral and basinal environments. The lakes have largely been 

in stasis in terms of biogenic carbonate production and detrital input since their 

formation, shown by the dominance of shallow marine bioclastic grains from the 

lagoonal phase at the depositional surface. The paucity of detrital sedimentation can 

be attributed to their location in one part of an island and their closed character, a 

semi-arid climate and hypersaline conditions precluding most flora and fauna. The 

same factors limiting detrital input have facilitated lake conditions highly favourable 

to benthic microbial mat development and microbial carbonate precipitation (Figure 

2.9–2.13). Most deposits during the lacustrine phase comprise biological and 
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chemical precipitates, notably texturally diverse microbialites in littoral areas, 

oncoids, spherulites, ooids, and gypsum in open water. Microbialites with a conical 

macro-morphology have developed in littoral areas of the deep lakes, due in part to 

greater accommodation space availability and less seasonal shoreline movement.  

 

7.2 Depositional history 
 

Radiocarbon dating of benthic foraminifera Peneroplis planatus, coupled with the 

geochemical composition (Mg/Ca, 𝛿18O, 𝛿13C) of benthic foraminifera 

Quinqueloculina seminula from a sediment core in Lake Baghdad, revealed that 

from ~2,500–2,050 years BP the lakes on Rottnest Island were lagoons with a 

salinity and water temperature close to those of the adjacent Indian Ocean (Figure 

3.12). These marine embayments contained Posidonia australis seagrass meadows 

and a diverse shallow marine fauna (Figure 2.16). During this period, water 

temperatures in the lagoons show an overall cooling trend (mean SST from ~21–

19oC), coincident with an increase in the variability of the El Niño Southern 

Oscillation (ENSO), potentially weakening the Leeuwin Current. From ~2,100 –

2,050 years BP water temperature in the lagoons drop abruptly, coincident with an 

increase in the frequency of the El Niño phase of ENSO, during a negative phase of 

the Southern Annular Mode. Equatorial–pole teleconnections for these two modes of 

climate variability are strongest when they are in phase. It is hypothesised that the 

resulting net global cooling may have driven thermal contraction of sea water, 

contributing to the fall in eustatic sea level observed in the geochemical data from 

Rottnest Island.  
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Location of microbialites at the lake margins, overlying and/or incorporating relict-

marine grains, and radiocarbon dates from two microbialites of <1,000 years BP, 

indicate that they only initiated once the lakes had formed. Microbialites are located 

in seasonally–perennially submerged littoral areas with a maximum elevation of 0.5 

m below mean sea level, indicating that they formed when lake levels were near 

those of the present day. No evidence for bioturbation was observed within the 

microbialites, consistent with their formation in hypersaline conditions precluding 

most metazoans and approximating modern lake water conditions.  

 

7.3 Microbial carbonate facies and materials 
 

Thrombolites, stromatolites, spherulites, ooids and oncoids are all present on 

Rottnest Island. Texturally, microbially influenced features in the microbialites (e.g., 

laminae, mesoclots, spherulites) comprise precipitates (e.g., micrite, Mg-Si 

substances) that include negligible, indicating that they formed primarily by in situ 

mineral precipitation (Figure 2.13, 4.14). The microbialites are predominantly 

aragonitic, reflecting Mg/Ca ratios of ~12 or higher in the lakes (Table 2.2, Figure 

5.4). High Mg-calcite, although subordinate, is also common in the microbialites, 

and is spatially associated with cyanobacterial evidence (Figure 4.6, 4.7). This 

spatial association with microorganisms, coupled with high Mg/Ca ratios that should 

kinetically inhibit calcite precipitation, implies a role for microbial metabolic 

processes in high Mg-calcite precipitation. Transition to gypsum ~below the 

thermocline in the deep lakes points to a role for hyperalkaline groundwater 

contributing to CaCO3 precipitation in littoral areas, indicating that the microbialites 

likely accreted through both biotic and abiotic processes. Aragonitic cements binding 

skeletal debris within the thrombolite framework in the shallow lakes, isopachous 
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aragonite occluding pores in the upper (outer) facies within conical microbialites, 

and radiating aragonite crystals in the microbialitic spherulites, are some examples of 

possible abiotic CaCO3. 

 

7.4 Mg-Si precipitates 
 

Substances with an elemental composition consistent with Mg-silicate minerals and 

their poorly crystalline ‘gel’ precursors, identified in microbialites from several other 

lake settings (Burne et al., 2014; Pace et al., 2016; Wacey et al., 2018), were also 

identified in spherulitic microbialites and thrombolites on Rottnest Island. The Mg-

Si precipitates are spatially associated with cyanobacteria fossils, suggesting a role 

for oxygenic photosynthesis in their formation (Figure 4.8, 5.7, 5.8). No evidence in 

XRD or selected area electron diffraction data was found to suggest that Mg-Si 

precipitates on Rottnest Island are crystalline. This is consistent with experimental 

studies that show Mg-silicate minerals may be preceded by a poorly crystalline 

substance containing abundant water molecules in the ‘lattice’ (Tosca and 

Masterson, 2014). The results of this thesis suggest that variable preservation of the 

microbial component in some fossil microbialites may partly reflect the presence and 

subsequent dissolution and/or recrystallisation of chemically reactive Mg-Si 

precipitates formed during early mineralisation. The diversity of microbialite fabrics 

at various stages of diagenetic alteration, reflecting a range in the geometry and 

physiochemical conditions of the lake margins, makes Rottnest Island an ideal 

location to further examine the formation and destruction of Mg-Si precipitates.  
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7.5 Extracellular polymeric substances (EPS)  
 

This study confirms previous work showing that EPS may promote or inhibit 

microbialite formation, depending on the degree to which ions chelated within the 

mats can be liberated to contribute to CaCO3 precipitation, and also potentially by 

the type of exopolymers within the EPS. In addition, the results of this study suggest 

that EPS provides a crucial medium for CaCO3 precipitation. Proximity to a larger 

catchment area around the lakes correlated both with greater detrital input and thick 

EPS accumulations, and areas where microbialites are absent to poorly developed, 

such as the western side of the shallow lakes (e.g. Lake Baghdad, Pink Lake; Figure 

2.14). From this, it was inferred that heterotrophic bacteria that degrade EPS and 

liberate chelated ions are potentially less active and/or comprise a smaller percentage 

of the microbial assemblage in the mats. In thick EPS intervals within the shallow 

lakes, spherulite aggregates and composite ooids nucleated on poorly sorted peloids. 

The highly friable character and radial crystal orientation in the spherulite aggregates 

indicates in situ formation (Figure 2.9). Similarly, the presence of shared cortical 

laminae in the composite ooids also implies in situ formation without grain saltation. 

Spherulite aggregates not attached to a substrate in Lake Baghdad contrast with well 

lithified spherulites in conical microbialites in the deep lakes overlying skeletal 

floatstones or grainstones (Figure 5.3D, 5.5A). Micritic mesoclots within 

thrombolites ‘float’ within a framework of skeletal grains and aragonite cement and 

typically overlie skeletal floatstones (Figure 4.4). Spherulites and mesoclots in both 

microbialites were interpreted to have initially precipitated within a viscous medium 

provided by EPS (Figure 4.10, 5.9). Evidence for cyanobacteria, commonly as 

fossils or molds, were observed in these examples suggesting a role for oxygenic 

photosynthesis in CaCO3 precipitation. Any direct biological influence on aragonite 
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precipitation (e.g., through the metabolic processes of cyanobacteria or sulphate 

reducing bacteria) within the spherulites in the shallow lakes is unclear at present. 

However, EPS likely provided a viscous medium and to a lesser extent may have 

promoted aragonite precipitation through the processes described above. Factors 

inhibiting aragonite precipitation and microbialite formation in the shallow lakes 

with thick EPS intervals may include greater (though still low) detrital input, a 

potentially lower ratio of heterotrophic bacteria to cyanobacteria, and lack of a 

lithified substrate.  

 

This thesis provides one of the first high resolution studies to document the range 

and distribution of surficial sedimentary deposits in coastal carbonate lakes, 

identifying and describing a variety of microbially influenced facies. These include 

thrombolites, stromatolites, spherulites and coated grains. Growth models for 

thrombolites and spherulitic microbialites provide insights into the genesis of fossil 

examples. Presence of spherulites and Mg-Si precipitates on Rottnest Island indicate 

that it could provide a rare modern analogue for the ‘Pre-salt’ lacustrine carbonates 

in the South Atlantic. New information on late Holocene climate and sea level 

change in southwestern Australia generated here suggests a role for ENSO. Rottnest 

Island confirms the utility of coastal carbonate lakes for the study of microbial 

carbonates and as recorders of Holocene environmental change, providing a rich 

source of information on both.  

 

7.6 Future directions 
 

The location of Rottnest Island in a tectonically stable region that has not been 

glaciated since the Permian, in the Indian Ocean and path of the Leeuwin Current, 
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ideally situates it to record changes in climate and sea level during the Holocene and 

Pleistocene. This is especially true for southwestern Australia, which so far has 

received little attention compared to eastern Australia and the northern hemisphere 

(Wanner et al., 2011; Gouramanis et al., 2013). Basinal areas of the deep perennial 

lakes (Serpentine, Government House) appear to have had negligible to no detrital 

sedimentation since the onset of lacustrine conditions, and instead contain gypsum 

and microbial mats. Lagoonal sediments in the lake centres would be ~4–9 m below 

the elevation of sediment cores collected at the lake margins during this study 

(depending on evaporite thickness and maximum lake water depth) and therefore 

reflect quieter depositional conditions. More accommodation space could promote 

thicker sediment accumulation. Sediment cores collected from the deep lake centres 

could therefore contain a significant sedimentary, climatic and eustatic sea level 

record for the last ~6,500 years. 

 

Additional work is needed to establish the extent of any direct microbial influence on 

spherulite and ooid formation in the shallow lakes. This should include electron 

microscopy to characterise the textural components and their elemental composition, 

and fluorescence microscopy to investigate the contribution of cyanobacteria through 

excitation of chlorophyll pigments. Biomarkers have been used to link specific 

microbial metabolisms to CaCO3 precipitation (e.g., O'Reilly et al., 2017), a method 

that may be useful here. Monteiro et al. (2019) sequenced the metagenomes of 

prokaryotes in the mats on Rottnest Island. Linking these results with the organic 

molecular composition of EPS, notably the types of exopolymers, coupled with 

seasonal physiochemical information, may provide valuable insights into mineral 

precipitation and fabric development (Decho et al., 2005; Pace et al., 2016; Shiraishi 
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et al., 2017). Similarly, further work linking the metagenomics of mats spatially 

associated with thrombolites and/or stromatolites may provide insight into intrinsic 

controls on specific microbialite fabric development. Variable mineral precipitation 

within the microbial mats and texturally diverse microbialite fabrics on Rottnest 

Island make it ideal for this work.  

 

Additional petrographic work describing the formation and diagenesis of the 

Rottnest Island stromatolites may provide further insight into the relative 

contributions of heterotrophs (e.g., sulphate reducers) and cyanobacteria to lamina 

genesis. Techniques include fluorescence microscopy to examine the relative 

presence of chlorophyll pigments, coupled with Raman spectroscopy to investigate 

the relative presence of organic carbon between sparitic and micritic laminae. In 

addition, TEM equipped with energy dispersive spectroscopy (EDS) should be used 

to determine whether micropores are present within laminae and, if so, whether they 

contain discrete pockets of carbon likely sourced from organic matter. Finally, TEM-

EDS could be used to investigate spatial relationships between mineral phases (e.g., 

aragonite, high Mg-calcite, Mg-Si precipitates) and biological components at high 

resolution. Further Mg-Si characterisation should include transmission electron 

microscopy (TEM) and selected area diffraction to identify crystalline Mg-Si phases 

where they exist and differentiate recrystallisation phases (e.g. high Mg-calcite, 

dolomite?). In addition, Raman spectroscopy may help reveal the extent to which 

organic carbon from EPS is retained in the precipitates.  
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