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Abstract

ABSTRACT
The study of modern examples of microbial deposits provides important analogues to establish
the environmental and evolutionary patterns of microbialites, important in the evaluation of
hydrocarbon deposits. This study aims to improve our understanding of the evolution of a
contemporaneous microbial organo-sedimentary system.
Yalgorup National Park was created in 1970 and comprises a cluster of eleven lakes located
around 100 km south from Perth, Western Australia. Yalgorup National Park is a protected
wetland area under the “Ramsar” Convention on wetlands as a Wetland of International
Importance, especially as waterfowl habitat, and was listed in Western Australia as critically
endangered in 2001. The Australian Government’s EPBC Act in 2010 reinforced the concerns
with this area, and actions are being taken to save this unique environment. Due to these special
conditions, permission for scientific work was approved and issued by DEC (now DPaW,
Department of Parks and Wildlife).
The particular conditions of some lakes have facilitated the development of a unique set of
organo-sedimentary structures. These structures can be classified as microbialites and range
from an indurated continuous pavement to individual or coalescent forms, and sometimes reeflike structures over specific margins in lakes. The lakes were formed in interdunal depressions,
which were isolated during sea level fall during the Holocene, creating three linear water bodies
parallel to the coast: Lake Preston to the southwest, Lake Clifton to the northeast and a chain of
lakes in between, defined recently as the Yalgorup Chain. The lakes are defined as groundwater
sinks, without any significant incoming or outgoing perennial drainage. Specific physical and
chemical properties associated with climate and adjacent terrains have provided ideal
environmental conditions for several types of microbial communities. The microbialites found
in the area, chiefly in Lake Clifton, exhibit a clotted internal texture and can be classified as
thrombolites. Well-defined phases of growth are present in the thrombolites and represent time
intervals in the calcium carbonate precipitation process, sometimes giving way to the trapping
and binding process of sediments influenced by the exopolymeric substance secreted by the
benthic microbial community. The coexistence of both processes has created a mixed texture in
some microbialites. Different physical and chemical processes occurring within the lakes
probably created the dissimilar external morphologies and internal fabrics found in microbialites
in the different lakes.
The lakes have been studied by several authors, in particular Lake Clifton, which contains a
recent “living” microbialite system. The area is considered a natural laboratory to analyse a
contemporaneous depositional environment of organo-sedimentary deposits. However, the
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expansion of land use for agricultural and recreation purposes around the Yalgorup National
Park has caused a rapid alteration of the wetland environments leading to increased salinity and
nutrient concentrations in lake waters, observed during this study when water sampling results
were compared to previous studies.
Mapping of the lakes has determined the regional distribution of microbial-related deposits and
the geology of area. While subspheroidal, turbinate, tabular and hemispheroidal thrombolitic
forms occur in Lake Clifton, laterally linked and subtle domical pavements prevail in the other
lakes, commonly with overgrowths defining tepee structures.
In Lake Clifton distinct generations of thrombolites have formed in specific geographical
positions in the lake, with younger forms occupying relatively recent sedimentary accretionary
platforms attached to margins. The older forms occupy earlier highs and platforms delineated by
the Tamala Limestone substrate, mostly covered by sediments. The seasonal average water
levels and interspacing between initial points of thrombolitic forms controlled all of the
individual and composite morphologies of microbialites in Lake Clifton. Beyond the microbial
organo-sedimentary systems, a Pleistocene marine reef phase could be identified and mapped
over highs of Tamala Limestone in the southern part of Lake Preston (>42,500 14C yr BP).
Due to seasonal variation in rainfall, the water levels and salinities of the studied lakes vary
significantly during the year. In Lakes Hayward and Preston, the water level is always below
average sea-level during the year (0 m AHD, Australian Height Datum). In Lake Clifton, and in
an isolated water body in the extreme southern part of Lake Preston, water levels reach altitudes
above 0 m AHD during the wet season. The isolated southern water body in Lake Preston
exhibits a distinct chemistry in comparison to the rest of Lake Preston, with a lower salinity
range (6,300-55,000 ppm) and absence of any kind of microbialites on its margins. This water
body has a process of aragonite micrite mud precipitation, defined as “whiting events” and
discharges its water through an ephemeral channel in the wet season to the northern and lower
level Lake Preston.
Using

14

C dating analyses and push-core descriptions, the chronological and faciological

evolution of the lakes system could be established: Initially, an onset of sea-level rise in the
Early Holocene (Flandrian transgression) progressively flooded the proximal interdunal
depressions in the Swan Coastal Plain with fresh water by elevating the water table in the
coastal plain, establishing a paralic/swampy phase around 8,500-7,500 yr BP. About 7,500 yr
BP the paralic phase ended due to progressive marine invasion in the previous swampy
interdunal terrain, providing an ephemeral lagoonal transition phase. Close to the peak of
maximum eustatic level (around 7000 yr BP, Peel Inlet and Leschenault sea-level curves), the
marine inlet phase was established and lasted to around 5,600 yr BP, when sea-level
iv
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progressively fell, leading to permanent isolation from the Indian Ocean. This process initially
provided an ephemeral lagoonal phase and finally generated the still ongoing lacustrine phase.
After isolation, the lake’s evolution varied mainly as a function of climate until the present time
and created the ideal conditions for the specific benthic microbial community growing in each
lake, with the associated calcium carbonate precipitation and/or trapping and binding processes
in some benthic microbial communities, eventually generating the present forms observed in the
lakes. Stable isotopes

18

O and

13

C measured in thrombolites collected at lakes Clifton and

Preston indicate a highly evaporative environment with calcium carbonate precipitation
dominated by photosynthesis. The δ18O values in microbialites and water defined the average
palaeotemperatures in lakes, which showed no significant variation in the last two thousand
years. Currently, the thrombolite remnants on the margins of Lakes Preston, Martins Tank,
Yalgorup, Hayward and Newnham are partially eroded and weathered. Thrombolites in Lakes
Clifton and Pollard are better preserved: however they may be undergoing weathering and
erosion. Lakes Duck Pond, Boundary and Linda’s Lagoon were not studied due to time
restrictions and difficult access.
The hydrochemistry of lakes is typically similar to seawater. Lakes Clifton and Preston show an
ionic dominance of Na⁺>Mg+2>Ca+2>K+ and Cl+>SO₄¯²>HCO₃¯, with Lake Preston having a
subtly different cationic dominance of Na⁺>Mg+2>Ca+2≈K+. Lake Hayward possesses an ionic
dominance of Na⁺>Mg+2>K+>>Ca+2 and Cl¯>SO₄¯²>HCO₃¯. Variable small amounts of Br¯, F¯
and CO3+2 are present in all lakes. In the case of the groundwater contained in the unconfined
aquifer that feeds the lakes, the ionic dominance is Cl¯ >Na⁺> SO₄¯²> HCO₃¯ > Ca+2>
Mg+2>K+> Br¯> F¯≈ CO3+2. The majority of fresh groundwater discharge comes from the
regional Superficial Aquifer to the east, with the majority of calcium, carbonate and bicarbonate
coming from dissolution of the Tamala Limestone during groundwater flow. The major volume
of discharge is captured by Lake Clifton and the southern area of Lake Preston due to their
geographical positions, inducing lower salinities in Lake Clifton and in an isolated water body
in the southmost area of Lake Preston in comparison with other lakes.
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Glossary
The terminology used in this work for definition of microbial related deposits and other terms is listed
below:

1) AHD: Australian Height Datum.
2) BMC: Benthic Microbial Community, a complex ecological association of photosynthetic
prokaryotes, eukaryotic microalgae and chemoautotrophic and chemoheterotrophic microbes
(Bauld, 1986; Burne & Moore, 1987).

3) Calcrete: A secondary accumulation of fine-grained carbonate (cryptocrystalline micrite)
formed in subaerial areas located centimetres to a few metres above the phreatic level that
involves solution and reprecipitation of carbonate. Precipitation of carbonate results from
evaporation, decrease of CO2 pressure, CO2 consumption, temperature and pH changes
caused by microbial activity. In addition, evapotranspiration, which causes rapid loss of
vadose water, is an important cause of CaCO3 precipitation (Read, 1976).

4) DGPS: Differential Global Positioning System.
5) EDS: Energy-dispersive X-ray Spectroscopy.
6) Hardground: Indurated pavement cemented by calcium carbonate in exposed surfaces under
influence of vadose and rainfall waters.

7) Hyposaline/Hypersaline: salinity in water comparing with seawater average composition.
8) Lithoherm and Lithostrome: Isolated/semi-isolated and continuous (respectively) calcified
framework product of biologically influenced, non-skeletal precipitation resulting from the
effect of the BMC on the physicochemical microenvironment (Moore & Burne, 1987).

9) Mesoclot: mesoscopic component of the thrombolite (Modified from Kennard & James,
1986).

10) Microbial biofilm: microscopic layer of BMC dispersed through loosely consolidated and
detrital sediment (Burne & Moore, 1987).

11) Microbial mat: intimate association of a cohesive BMC (Modified from Burne & Moore,
1987).
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12) Microbialite: organo-sedimentary deposits that have accreted as a result of a benthic
microbial community trapping and binding detrital sediment and/or forming the locus of
mineral precipitation.
13) Ooids and oncoids: unattached mini-stromatolites that are spherical to ellipsoidal 0.25 to >2
mm in diameter, sometimes larger, with a nucleus covered by precipitated concentric coatings
that display radial or concentric orientation of constituent crystals. Ooids can have calcareous,
ferruginous, siliceous bauxitic, phosphatic, evaporitic or other concentrations (Modified from
Scholle & Ulmer-Sholle, 2003).
14) SCDL: Seawater concentration-dilution line.
15) SEM: Scanning Electronic Microscopy.
16) SRB: Sulphate-reducing bacteria.
17) Stromatolites: laminated organo-sedimentary structures built by the sediment-trapping,
sediment-binding

and/or

carbonate-precipitating

activity

of

microbial

communities

(Kalkowsky, 1908).
18) TDS: Total dissolved solids
19) Tepee: Sedimentary structure with arched up antiform margins present in carbonate
hardgrounds, commonly disrupted, brecciated and forming megapoligons. The genesis in the
case of lacustrine settings is attributed to repeated incremental fracturing and fracture fill by
sediment and/or cement, which cause the hardground to expand (Kendall & Warren, 1987)
20) Thrombolite: microbial build-up whose framework is characterised by the lack of an
internally laminated texture, with a fabric made by a clotted texture (Aitken, 1967; Monty,
1967; Kennard & James, 1986; Burne & Moore, 1987).
21) XRD: X-ray Diffraction
22) Whiting: Micrite to silt-size precipitates as benthic deposits with carbonate laminae
alternating with organic rich and detrital layers occurring in shallow seas and lakes, have been
related to bacterial activity in the water column. These blooms occur where different water
bodies display different conditions in terms of pCO2 and richness of bacterially generated
HCO3 (Riding, 2000).
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Chapter 1

Foreword
Just after my graduation in bachelor of geology in the end 1988 I entered in the Petrobras
Company (Petróleo Brasileiro S/A) and started without any previous experience to work in the
petroleum world. Initially, during more than the following ten years I worked in onshore and
offshore rigs, supervising and analyzing wells data during drilling and wire-logs acquisition,
and results. In 2001 I began to work in the area of exploratory interpretation, studying
geological and geophysical data in order to define the placement of exploratory wells. Since
then, my understanding of geology becomes much more complete, involving several disciplines
in the petroleum area, as seismic interpretation, structural geology, tectonics, geochemistry,
basin modelling, etc... In the geologist interpreter career the professional has to know well the
elements of the petroleum system, which demand acknowledge of various disciplines in order to
assemble a puzzle, where each discipline in the petroleum geology is a piece of this puzzle. One
important part of this puzzle is the understanding of the reservoir rock genesis and their
association with peripheral facies, and the integration of the vertical strata facies. The
relationships where the reservoir rock is emplaced will help to establish the evolutionary model
of the geological history in the area under appraisal.
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Introduction
Conceptual geological models of depositional environments are a useful tool when interpreting
paleoenvironments and subsequent paleofacies, which, combined with diagenesis and other
factors, result in the preserved rock record.

The study of modern analogs is a key way to

understand how geological systems were formed in the geological past and has been termed the
Principle of Uniformitarianism (Lyell, 1832).
In the case of this project, the goal of the study is to improve our understanding of present-day
microbial-related deposits and effects of very early diagenesis in the basin, without considering
the countless potential transformations in the rock after burial and subsequent diagenesis. In the
scope of petroleum for reservoir potential, the diagenesis can repeatedly alter the permo-porous
properties of a particular lithology several times throughout geological time. Nonetheless, the
recognition of depositional settings is an initial step for the evolutionary understanding of a
particular stratigraphic sequence in a sedimentary basin.
Wetlands of Yalgorup National Park are an example of a microbially related rock depositional
environment representing a saline lacustrine closed basin environment. There is some
siliciclastic influence from the nearby sandy coastal dune ridges and Tamala Limestone. The
Yalgorup National Park is a protected wetland area under the “Ramsar” Convention on wetlands
as a Wetland of International Importance especially as waterfowl habitat, and was listed in
Western Australia as critically endangered in 2001. The Australian Government’s EPBC Act in
2010 reinforced concerns with this area, and actions are being taken to save this unique
environment. Due to these special conditions, permission for scientific work was approved and
issued by DEC (now DPaW, Department of Parks and Wildlife).
Previous works relate and describe the main aspects, external morphologies, population
densities, distribution along lake margins and statistical morphometric correlation of
thrombolites found in Lake Clifton and their relationship with some environmental controls,
such as winds and water currents, pointing out the importance of the study and preservation of
the unique microbially related deposits present at Lake Clifton (e.g. Moore, 1979; Moore, Knott
& Stanley, 1983; Neil, 1984; Burne & Moore, 1987; Moore, 1988; Moore, 1993; Moore &
Burne, 1994).
Previous work describing water chemistry, nutrient cycling, aquifer characteristics, runoff
influence and the impact of human occupation and activities around the lakes at Yalgorup
National Park were carried out by several authors (e.g. Moore, 1987; Commander, 1988;
Moore, 1993; Davies & Lane, 1996; Rosen et al., 1996; Knott et al., 2003; Regan, 2009; Smith
et al., 2010; Noble, 2010). The major concerns for the Wetlands of Yalgorup National Park are
2
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ecological modifications, use of fertilizers for agricultural purposes, aquifer water extraction
and the resulting degradation of land, native vegetation and the original lake’s features. State
government

departments,

mainly

DEC/DPaW

(Department

of

Environment

and

Conservation/Department of Parks and Wildlife) and DoW (Department of Water) have
performed monitoring. Unfortunately, in the last three decades, the lakes have experienced an
increase in nutrient and salinity concentrations, likely responsible for a shift in the biological
composition of the microbial community living in the lakes.

1.1

Objective

The objective of this thesis is to investigate the origin and distribution of microbialites,
including their evolution, in the major saline to hypersaline lakes of Yalgorup National Park.
Identifying the origin, distribution, external and internal characteristics, and growth history of
the microbial calcifying organo-substrates is the key objective.
The research of this thesis has focused on Lake Clifton, and secondarily on Lake Preston with
some reference to the Yalgorup Lakes inside Yalgorup National Park, in order to improve
understanding of microbially related deposits and environmental characteristics in the Lakeland
system. Comprehension of evolution in microbial communities and the environments associated
is one of the best ways to predict and model reservoir rocks for hydrocarbons in ancient
analogues, e.g., the nominated pre-salt section in the southern Brazilian marginal passive basins.
In order to achieve this objective, the following tasks were completed:
•

High resolution mapping comprising the lakes inside the Yalgorup National Park and
proximities using aerial ortho-photos from Landgate. The scale of mapping varied from
1:1,000 to 1:5,000. All maps were referenced to GDA (Geocentric Datum of Australia),
1994, and projected coordinate system MGA 50. The values of coordinates are in
Transverse Mercator Projection (UTM).

•

Construction of seven ground truth traverses in lakes Clifton (5), Hayward (1) and
Preston (1), making a high resolution profile of altimetry and geographical coordinates
on lake margins with DGPS equipment (Differential Global Positioning System);

•

Interpretation of surface and shallow subsurface sediments and rocks across the ground
truth traverses by field mapping, PVC push-coring, and rotary/drilling-coring. The data
was used also to calibrate, validate and correct the aerial remote mapping;
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A sequence of nine water sampling campaigns in intervals of approximately six weeks in
lakes Clifton, Hayward and Preston (the latter in two separated water bodies in its
southern area), and in monitoring well Y2-4A, the last property of DoW. The samples
were used to determine the major cations and anions, trace elements, total alkalinity and
nutrient concentrations. Additionally, water properties of pH, dissolved oxygen and
Redox potential (Eh) were determined. The analyses were used to determine the
hydrochemistry of the lakes, the possible relationships with the thrombolite
communities, and to perform a comparison with earlier data in the area to evaluate
environmental changes caused by the human occupation around lakes.

More than fifty rock and sediment samples were collected and analysed, including four
complete or semi-complete thrombolite forms in Lake Clifton. Rock sampling investigated parts
of the “fossil” lithostrome or lithoherms found in lakes Preston, Hayward and Newnham and
included:
•

Analyses of stable isotopes δ13C and δ18O in microbial-related carbonates (total of
twenty eight) and δ18O in water samples (total of twenty six), in order to model
paleoclimate data.

•

Radiocarbon (14C) dating in selected samples (total of forty), establishing the growth rate
of the thrombolites in different lakes and chronostratigraphic evolution during the
Holocene from a paralic to lacustrine facies;

•

Analyses of 24 rock samples under SEM (Scanning Electronic Microscopy) and EDS
(Energy-Dispersive X-ray Spectroscopy),

22 thin sections in optical petrographic

microscopy, and 20 XRD (X-Ray Diffraction), supporting identification of mineralogical
and elemental composition, and micro textures/fabrics in microbialites and sediments;

•

Deployment of three diver loggers in lakes Clifton and Preston to determine water levels,
temperatures, and salinities over a one year period.

In summary, this project aimed to produce geo-referenced maps, collect samples, describe and
analyse sedimentary deposits in selected lakes and study depositional facies, internal
frameworks, controls over the external morphologies and position of different microbialite
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morphologies in lakes. All these data and interpretations will help in developing an analogy
with ancient microbial deposits.

1.2

Dissertation Structure

The dissertation begins with an introduction to explain briefly the motivation, objectives, and
results obtained during the project (Chapter 1). A literature review of previous studies of
microbially related deposits in Yalgorup National Park (Chapter 2) allowed present and past
analogs to be analyzed, a catalog of examples of advances in understanding of this issue to be
compiled, and comparisons to be made between microbialites from lakes of southwestern
Australia (Yalgorup National Park). Chapter 3 describes the materials and methodologies used
to achieve the goals of the present project. Chapters 4, 5 and 6 will report the results of studies.
Chapter 4 will describe in more detail the macro and micro textures of microbialites found in
Yalgorup National Park. Morphological evolution of the individual thrombolitic forms and
resulting individual and coalesced macro-morphologies present in Lake Clifton will be
discussed, comparing the different geometries of thrombolites in situ and unburied forms.
In Chapter 5, the Holocene evolution in area will be investigated to try to correlate the
approximate absolute ages of the microbial deposits and the facies changes in the lakes of the
Yalgorup National Park through the Holocene, including part of the Pleistocene, the latter
considered as the basement for the Holocene sedimentation. This study is supported by a series
of radiocarbon 14C dating in samples performed during this project from selected microbialites,
mollusc shells and vegetal remnants in the Lakeland area.
Chapter 6 will present a study of water chemistry and biological composition of microbial mat
in the lake´s area. This chapter will present findings of the relationships between BMC
composition and hydrology (water chemical and physical properties) in four selected lakes in
the study area: lakes Clifton, Hayward, Preston Middle-South and Preston South, the two latter
defined in this project. Data from these lakes was compared with available data obtained over
the last three decades. Beyond the lakes, one DoW borehole close to Lake Clifton was
monitored to assess the groundwater chemistry and levels in this area.A brief discussion of
chapters 4, 5 and 6 will be carried out in chapter 7.
Finally, the dissertation closes with the study conclusions and bibliography (Chapters 8 and 9,
respectively), plus an Appendix section listing the data acquired in this project.
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2.1

Microbial Deposits and Thrombolite Terminology

Microbial carbonates are produced by the interaction of microbial growth and metabolism, cell
surface properties, and EPS with mineral precipitation and grain trapping. Consequently,
microbialite history reflects not only microbial mat evolution, but also long-term changes in
water and atmospheric chemistry that have influenced microbial metabolism and water
carbonate saturation state (modified from Riding, 2000).
Aitken introduced the term thrombolite in 1967 to define cryptalgal deposits with a “clotted”
structure, to distinguish these rock structures from the classic stromatolites first defined by
Kalkowsky in 1908. Aitken regarded both thrombolites and stromatolites as cryptalgal deposits,
which respectively have clotted and laminated macrofabrics. Kennard & James (1986)
introduced the term “mesoclot” to define the individual elements of the clotted texture, with a
“…complex internal structure (microstructure), composed of one or more microstructural types,
such as lobate, cellular, microspherulitic, grumous, corpuscular, peloidal, vermiform, mottled,
massive, variegated, calcified microfossils…”. Subsequently, the work of Burne & Moore
(1987) defined the term microbialite that encompassed more diverse benthic microbial deposits
independent of the internal texture. Riding (2000) classified microbial deposits into four types,
taking into account their internal texture: stromatolite (laminated), thrombolite (clotted),
dendrolite (dendritic), and leiolite (aphanitic) (Figure 2.1.1).
Thrombolites, as with their laminated stromatolitic counter parts, represent an important milieu
for the evolution of life (Kennard & James, 1986). The oldest described thrombolite in the
literature is dated from the Palaeoproterozoic (Kah & Grotzinger, 1992). Some thrombolitic
forms were recognised in the Mesoproterozoic (Tang et al., 2013) and Neoproterozoic (Aitken
& Narbonne, 1989; Harwood & Sumner, 2011). Despite the strong worldwide decline of
microbialites in the geological record during the Neoproterozoic and Early Cambrian (Awramik,
1971; Walter & Heys, 1985; Riding, 2000), microbial thrombolitic fabric reached a peak of
existence between the middle and late Cambrian. In the early-middle Ordovician the
thrombolites declined, with some recovery in the late Devonian-early Mississippian, whereas
they are scarce in the Cenozoic (Riding, 2000).
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Figure 2.1.1 – Microbial carbonates defined by macrofabric: leiolite (aphanitic), stromatolite (laminated),
thrombolite (clotted), and dendrolite (dendritic). Examples show domes and associated sediment. Not to
scale. All categories are intergradational (after Riding, 2011).

Riding (2000) proposed a classification of thrombolites into two types:
(i)

Calcified microbe thrombolites, which consist of clots with irregular centimetric
amoeboid forms or extend vertically into elongate meandriform and laterally
amalgamated types. The clots are surrounded by detrital sediment infill. Calcified
microbe thrombolites are widespread in shallow environments during the
Neoproterozoic and early Palaeozoic.

(ii)

Coarse agglutinated thrombolites, which are largely composed of fenestral
microbially trapped sandy sediment within finer-grained microbially lithified
matrix. They are only known in the late Neogene and their development appears to
be linked to the rise of algal-cyano-bacterial mats able to trap coarse sediment.

In same work, Riding points out the distinctive distribution of microbialite forms through
geological time, where the fine-grained thrombolites are more common from the
Neoproterozoic to present-day. The coarse-grained thrombolites are only known from the past
10 Ma or less.
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Geological Setting

The project area is located in Perth Basin, Swan Coastal Plain. The geology and stratigraphy of
Perth Basin is based on studies carried out by Playford et al. (1976), Davidson (1995) and
others.
The Perth Basin is a deep trough nearly 1,000 km long that averages about 65 km in width,
filled with sediments and sedimentary rocks. The east side is bounded by the Darling Fault in
the Yilgarn Block, of Archean age. The southwestern corner of the basin is bounded by a
narrow belt of Proterozoic granulite and gneiss in the Leeuwin Block, Cape Naturaliste. The
western and southern offshore margins of Perth Basin have not been precisely defined. The
Darling Fault has been a critical control on sedimentation in the basin, with a maximum throw
of 15,000m. Consequently, the total thickness of the Phanerozoic succession may exceed 15,000
m, recording a sedimentary column from the Palaeozoic to the Quaternary. The northern part of
the basin is bounded by a ridge of relatively shallow basement rocks (The Northampton
Complex – Iasky & Mory, 1993) that extends from the north (Figure 2.2.1).

Figure 2.2.1 – Geographical location and main basement and structural features around Perth Basin.
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The Darling fault itself is obscured by sediments, and is presently located approximately 1–3
km west of the fault’s surface expression, the Darling Scarp. The Perth Basin is generally
intensely faulted, with most faults having north to northwest trends and throwing both to the
east and west. There are a number of moderately large cross-faults trending approximately east–
west (Janssen et al., 2003).
Pre-Mesozoic stratigraphy includes Proterozoic siliciclastic sedimentary rocks, the Silurian
Tumblagooda Sandstone, and a well-developed Permian succession that comprises nine
formations over at least 2,600 m thickness. Within the Mesozoic, the Triassic succession varies
between continental and marine, and is of a similar thickness to the Permian sequence. The
mainly continental Jurassic sediments are widespread throughout the basin, and are believed to
be at least 4,200 m thick. The Perth Basin Cretaceous succession, which may be as thick as
12,000 m, comprises a lower continental unit, a mixed continental, paralic and marine unit, and
an upper marine unit, which are separated by unconformities. A well-marked unconformity
occurs within the continental to paralic sequence of the Lower Cretaceous. Palaeogene-Neogene
marine sediments up to 600 m thick occur beneath the Perth area and over much of the
continental shelf. Quaternary deposits blanket much of the Perth Basin. Thicknesses of
Tertiary/Quaternary deposits in the region generally increase to the west and north (Playford et
al., 1976) and (McPherson & Jones, 2005).Two formal stratigraphic units of the Perth Basin
crop out in the project area and provide the lake’s substrate: the Tamala Limestone and the
Safety Bay Sand (Playford et al., 1976; Cockbain, 1990, and Davidson, 1995) (Figure 2.2.2).
The Tamala Limestone, defined by Playford et al. (1976), extends along the coastal strip of the
Perth Basin in the study area. It consists of a creamy-white to yellow, or light-grey, calcareous
aeolianite, which by definition suggests deposition as coastal dunes (Nidagal & Davidson,
1991). The Tamala Limestone contains various proportions of quartz sand, fine to mediumgrained shell fragments, and subordinate shell beds and marls. The quartz sand varies from fine
to coarse-grained, but is predominantly medium-grained, moderately sorted, sub-angular to
rounded, frosted, and commonly stained with limonite. The limestone contains numerous
solution channels, calcified plants roots, cavities and solution pipes, particularly in the zone of
water table fluctuation, and in some areas exhibits karst structures. The surface of this unit is
commonly calcretised, with a laminated texture caused, at least partially, by microbial activity
alteration in the vadose zone (Matej & Webb, 2015), and some examples of this are present in
the studied area (Figure 2.2.3). Riding (2000) discussed laminar calcrete, defining it as
“terrestrial stromatolites” because of the processes of evaporation and microbial activity
involved in their genesis.
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Commander (1988) described the occurrence of marls and shell beds in the Tamala Limestone
associated with present day lake beds. The upper surface is usually leached of lime, but
generally very compact due to the carbonate cementation of the remaining siliciclastic sands.
Depending on the location, this unit unconformably overlies the Cretaceous Leederville and
Osborne Formations or the Bassendean Sand, and has a maximum known thickness of 110 m in
the Perth area, but may be up to 150 m thick outside the Perth area (McPherson & Jones, 2005).
Along the coastal margin it is unconformably overlain by the Becher Sand or the Safety Bay
Sand. Another stratigraphic unit present in the area is the Jandakot beds, make up of medium to
coarse-grained sand through to fine-grained sand, silt and clay, characteristically with a large
number of small gastropod and bivalve shells. Carbonaceous material is often present at the top
of this unit. The fossils are indicative of brackish and salt-water environments. The Jandakot
beds do not outcrop in the lakes area, unconformably overlying the Leederville Formation and
are overlying, presumably unconformably, the Bassendean Sand and the Tamala Limestone
(Commander, 1988).
The Safety Bay Sand, defined by Passmore (1967, 1970) and Playford & Low (1972),
comprises white, unlithified, calcareous fine to medium-grained quartz sand and shell fragments
with traces of fine-grained black heavy minerals. At Yalgorup National Park, it occurs along the
coastal margin as stable and mobile aeolian dunes, which overlie the Tamala Limestone
(Davidson, 1995).
The Lakeland system of the Yalgorup National Park occurs on the western edge of the Swan
Coastal Plain. The evolution of the coastal plain in recent times was characterised by a sea-level
fall of 2-3m above its present position after the peak of the Flandrian or postglacial
transgression about 7,000 years ago. The regression assisted the formation of coastal sand
barriers and delineated a series of coastal lakes made by the progressive isolation from the sea in
interdunal areas previously defined by the Tamala Limestone, deposited during the Pleistocene
(modified from Moore & Burne, 1994). The lakes are distributed in three linear geometries
almost parallel with the present coast. The larger lakes Clifton and Preston represent two of
them and between these two lakes there is a set of nine smaller lakes, the Yalgorup Chain
(Figure 2.2.4). The Tamala Limestone and/or associated carbonate sands may have significantly
influenced microbialite development in WA coastal lakes generally, not only in Yalgorup lakes,
by influencing water composition and supply (e.g. lakes Richmond, Walyungup, Cooloongup
and Thetis).
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Figure 2.2.2 – Stratigraphic column of Perth Basin sediments in the Perth region (Tertiary-Quaternary,
from Davidson, 1995). The Tamala Limestone (Pleistocene age) and the Safety Bay Sand (Holocene age)
are the outcropping stratigraphic units in the Yalgorup National Park.

Figure 2.2.3 – Outcrop of Tamala Limestone Aeolian limestone, Old Bunbury Road, Lake Clifton. (A)
Long semi-planar cross-bedded laminations of palaeodunes; (B) Laminated calcrete (red arrow) and
calcified plant roots (yellow arrows).
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Figure 2.2.4 – Regional Map of Yalgorup Lakeland system.

2.3

Climate

The Yalgorup Lake system contains eleven salt lakes, whose salinities vary both between the
lakes and during the year, increasing in summer-early autumn (dry season) and decreasing
during the winter-early spring (wet season). This cyclicity is strongly influenced by climate,
which is classified as Mediterranean and characterised by dry summers and wet winters
(Köppen–Geiger climate map system, Peel et al., 2007)..

2.4

Microbial Sediments at Yalgorup National Park

The first reference of a microbialite presence in Lake Clifton is the Annual Report for 1912 of
the Geological Survey of Western Australia (Maitland, 1913). Maitland described a visit by
E.C. Saint-Smith to Lake Clifton to assess the quality of the limestone deposits. Saint-Smith
reported that “Especially along the Eastern shore small circular patches of fairly compact lime
are forming as the result of the growth of colonies of small organisms, but the deposits appears
to be entirely superficial”. This may be the first record of living microbialites anywhere in the
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world, and it is remarkable that Saint-Smith recognized the role of organism in the construction
of the circular patches. This view only became widely accepted after the study of Andros Island
microbialites (Black, 1933).
During the first half of the 1920’s carbonate muds present in the bottom of Lake Clifton
attracted economical interest and the West Australian Cement Company was formed to mine
lime from the lake. However, problems with the lime quality and costly transport to Perth by
railway made the exploitation sub-commercial, and by the end of 1925 the mining was
abandoned. Remnants of the dredging metal pipeline and the excavated bottom of lake, located
about 10km from the north margin, are still present (in Moore, 1993).
Linda Moore, who undertook a study of macrobenthic fauna of Lake Clifton (Curtin Graduate
Diploma Thesis, 1979), conducted the first deeper scientific studies on lakes at Yalgorup
National Park. At this time, the microbial build-ups present in the lake were classified as
“stromatolites” and it was suggested that their origin was by carbonate precipitation mediated
by filamentous algae.
In 1982, a short note was published by Anon in The Australian Geologist, referring again to the
microbial deposits in Lake Clifton as “stromatolites” formed by algal trapping and binding, and
precipitation at the interface of groundwater discharge from the east and the brackish water of
the lake. In the same year, a study was conducted about the microbial deposits at Lake Clifton,
which resulted in the article “The stromatolites of Lake Clifton, Western-Australia – living
structures representing the origins of life” (Moore, Knott & Stanley, 1983). This work pointed
out the importance of this system, classifying it as an “unprecedented opportunity for a study of
stromatolite initiation and formation” with easy access from Perth. The work drew attention to
the risk of human occupation and intervention around the lake as a way to destroy or change this
unique environment due to its fragility.
In 1984 Neil completed his Honours thesis entitled “Microbiology of mats and stromatolites of
the Clifton/Preston Lake complex”, focusing on the BMC composition. In the following years,
studies of the Yalgorup National Park wetland system mainly involved the microbialites origin
and evolution, living BMCs composition and the relationship with the superficial aquifer and
lakes hydrochemistry were conducted, primarily by Moore (1987), Moore & Neil (1985), and
Burne & Moore (1986, 1987). The conclusions from these works demonstrated the strong
environmental controls over the microbialites in Lake Clifton, classifying all lakes in the system
as groundwater sinks without perennial incoming or outgoing water streams and demonstrating
the influence of the inflow of alkaline groundwater from the east in the placement of
microbialites at Lake Clifton. The isolation of lakes and the associated low levels of nutrients
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generated a suitable environment for calcifying BMCs in most of lakes of the system, with a
strong control by climate.
During 1978/1979, the Geological Survey of Western Australia performed the Lake Clifton
Shallow Drilling Project, proposed by Bestow in 1978 and based on monitoring results on
hydrogeology acquired by Allen in 1977. The concern was for the phreatic water levels and
salinity in the aquifer changing as a function of its use in private properties for irrigation. This
project consisted of 61 boreholes drilled along seven selected transects between the Harvey and
Leschenault inlets. The data acquired on the shallow geology and hydrology was interpreted and
published by Commander (1988), who concluded that the coastal lakes are groundwater sinks
underlain by hypersaline groundwater bodies, which enables the lakes stay below sea level (0 m
AHD) for the major part of the year.
In 1993 Moore concluded a Doctor of Philosophy thesis entitled “The Modern Microbialites of
Lake Clifton, South-Western Australia”, where the hydrochemistry, thrombolites characteristics
and environmental issues were detailed (Moore, 1993). This thesis summarised previous
knowledge from Lake Clifton area and provided new insights to comprehend the evolution,
environmental controls, and morphologies/distribution of thrombolites around lake, shedding
light on the microbialite system. Some of the more relevant conclusions from the thesis are
listed below:
- “…near-surface groundwater seepage reduces the effects of desiccation on the BMC during
periods of exposure…;
- “…the groundwater provides a source of calcium and bicarbonate ions promoting the
production of a calcified microbialite by the BMC…;
- …groundwater inflow maintains lower salinities within the lake sediments and at the
sediment-lake water interface, conditions which appears to favour growth of Scytonema, the
major constructive organism which was not found in the more saline lakes of the CliftonPreston Lakeland system during the course of this study…”;
- “ …serial carbon-14 dating and interpretations of sea-level change and barrier building during
the Holocene provide a maximum age around 2,000 years and a minimum average annual
growth rate of 1 mm per year…”;
- “The SEM and microbialite carbon-13 studies have shown that the internal framework of the
various external morphological types of thrombolites in Lake Clifton is remarkably consistent
and appears to be controlled by the dominant microbial component, i.e. the filamentous
cyanobacterium Scytonema sp.
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- “The high δ¹³C values obtained from the aragonitic mesoclots…support the view that mesoclot
formation is the result of biologically-influenced precipitation of aragonite within the microenvironment of a BMC dominated by Scytonema.”
- “The increasing trend in both nutrient levels and incidence of Cladophora vagabunda suggests
that continued development of microbialites in Lake Clifton may become threatened through
competition for space and light with other benthic algae and planktonic cyanobacteria whose
growth was previously nutrient-limited. Unsympathetic land uses requiring increased utilisation
of the shallow aquifer could be deleterious to microbialite growth”.
-“Water depth is considered the major factor controlling the height and shape of the
thrombolites on the platform at the north end of the lake, with various shapes attributable to the
degree of growth limitation imposed by falling water levels and increasing exposure during
summer and autumn. Deposition of fine sediments may have led to the development of the
‘stalked’ or ‘club-shaped’ thrombolites which occur on the western margin of the deep-water
channel”.
- “Factors potentially responsible for the wide range of external microbialite morphologies in
Lake Clifton are identified as seasonal fluctuations in water depth, regional variations in
sedimentation rates and the effects of prevailing winds and currents”.
Pustular black mats that are found in the mid and upper shore of Lake Clifton were described as
“fine laminated stromatolites” forming aggregations of “pincushion-like” morphologies by
Moore, (1987, 1993). The position of these structures is clearly related to the less saline
sediment –pore water areas in the higher margins and the black pustular mat is present in the
same context in all studied lakes. This issue will be discussed in chapter 4.
Altermann et al. (2006) described the process of calcium carbonate precipitation by Scytonema
bacterium, which is catalysed by photosynthesis with uptake of CO2 from bicarbonate
molecules. The Figure 2.4.1 represents the schematic process.
Burne et al. (2014) produced an article about the precipitation of stevensite in thrombolites of
Lake Clifton. According to this study, the microbialites in the lake gain their initial structural
rigidity from biofilm mineralisation by the trioctahedral smectite mineral stevensite. After
microbial materials are entombed, local carbon and calcium activities would rise and aragonite
microcrystals would grow within the stevensite matrix and perhaps replace it entirely, with
eradication of biogenic textural features. The presence of stevensite as a precursor mineral in
microbialites of Lake Clifton is an important issue because of the occurrence of similar clay
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minerals in the petroleum bearing reservoir in the Pre-salt section of southeastern marginal
basins in Brazil (Mello et al., 2011).

Figure 2.4.1 – Schematic precipitation model for Scytonema. Dissolved inorganic carbon is taken up by
an active pump system from CO2, as indicated by the frame. Hydroxyl ions are liberated when
bicarbonate is used for photosynthesis. The hydroxyl ions are then released by the cells or neutralised by
H+ uptake. In both ways, carbonate ions are formed in the outer sheath, attracting Ca2+ ions and resulting
in CaCO3 precipitation. After Merz (1992), in Altermann et al., 2006.

The availability of previous radiocarbon dates in the area is very limited. A collection of
selected thrombolite samples from the lake was taken during the PhD project of Moore, aiming
to decipher the absolute ages and growth rates of microbialites in Lake Clifton by 14C dating.
However, these data have remained unpublished. In the fossil microbialites present in other
lakes of the area there is no previous published work about absolute dating. Coshell & Rosen
(1994) performed three

14

C dating on samples of unidentified organic matter and one in a

Katelysia mollusc shell at Lake Hayward, and published an article about the Holocene history of
this lake. Additionally, Semeniuk (1996) performed some radiocarbon dating in marine-prone
shells, focusing the study of the marine coastal deposits. Measurements of stable isotope ratios
of 13C and 18O were performed in the area. In the case of stable isotopes, more data was acquired
previously and partially published. Moore (1993) presented a table with eleven isotopic analyses
of 13C in microbialites of Lake Clifton and pointed out the correlation of elevated values of 13C
ratios as indicative of calcium carbonate precipitation through microbial-induced processes
associated with photosynthesis. Several authors (e.g. Borowitza, 1982; Calder & Parker, 1973;
Burne & Moore, 1987) have attested to the biological fractioning of

13

C stable isotope in

carbonate precipitation mediated by photosynthesis. In the photosynthesis process, organisms
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tend preferentially to use the lighter isotope 12C to produce organic molecules. This preference
causes an enrichment of δ13C in the microenvironment around the organism and the biologically
induced carbonate precipitated will have anomalous positive values of δ13C. Warden et al.
(2012) performed analysis of δ18O in previously collected samples of microbialites in Lake
Clifton in order to understand the conditions under which ancient thrombolites were formed.
Lake Hayward began to draw attention from researchers after 1990, when studies about
dolomite formation (Rosen & Coshell, 1992), Holocene evolution and stratigraphy of the lake
(Coshell & Rosen, 1994), and BMC analysis (Burke & Knott, 1997) were accomplished. These
studies provided important data about the environmental controls and features of non-calcifying
BMCs in hypersaline lakes. The work of Coshell & Rosen (1994) provided the environmental
evolution of lake, and this evolutionary sequence can be applied to other lakes in the area as will
be seen in Chapter 5.
Some lakes at Yalgorup National Park have records of “fossil” thrombolites, including lakes
Pollard, Martins Tank, Yalgorup, Hayward, Newnham and Preston. In these lakes, the
morphologies vary in comparison with Lake Clifton, comprising extensive continuous calcified
pavements, i.e., lithostromes, excepting in Lake Pollard. The internal texture remains
thrombolitic, but with coarse laminations crossing the clotted texture. This will be detailed in
Chapter 4.

2.5

Microbialite Morphologies

Several authors (e.g. Moore, 1979; Moore, Knott & Stanley, 1983; Neil, 1984) undertook initial
morphological descriptions of microbialites in Lake Clifton. The more familiar is the
classification of Moore, which separates the main morphologies into: tabular, domical and
conical, from upper margin to lake basin, respectively. This distribution reflects the average
water level in the lake through the year and the vertical space for vertical or lateral accretion.
Burne & Moore (1993) compared the morphologies and growth manner of tabular forms found
in Lake Clifton with classical Cambrian stromatolites from the Hoyt Limestone Member of
Whitehall Formation (Saratoga Springs, New York, USA), and coral microatolls. This work
describes the water/atmosphere interface controlling the rate of upward accretion of
microbialites, which might force the thrombolites to accrete laterally, resulting in the tabular
morphology encountered in the lake. Figure 2.5.1 illustrates the schematic distribution of
thrombolites in Lake Clifton at the northeastern margin (Moore, 1993), including the composite
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forms generated by coalescence of individual forms. In the case of grouped forms, the position
shown in the figure below is not a rule of thumb and will be discussed in Chapter 4.
As already mentioned, lakes Pollard, Martins Tank, Yalgorup, Hayward, Newnham and Preston
have distinct morphologies in their “fossil” microbialites, but they are poorly studied in
previous works. Moore (1993) briefly reported the presence of sub-recent thrombolites in lakes
Pollard, Newnham, South Preston, Hayward and Martins Tank. The microbialites in these lakes
are not apparently active and are restricted to lake margins. She described tepee structures in the
eastern margin of Lake Preston southern area, with presence of “unusual” digitate and crustose
thrombolites beyond the tepee zone. Pamelup Pond is cited because of the occurrence of a
“Conophyton-like” microbialite with a reticulated microstructure and poorly-developed axial
zones, formed by intermediation of cyanobacteria genus Phormidium (Hickman et al., 2011).
Lake Martins Tank microbialite morphologies are described as “external digitate or columnar
protuberances”, without internal laminations (Figure 2.5.2). Finally, she highlighted that the
present microbial mats in these lakes “are not associated with the ‘relict’ microbialites”. These
mats are dominated by halotolerant and halophilic cyanobacteria (Neil, 1984). In Chapter 4 the
morphologies and internal textures of microbialites present in the above mentioned lakes will be
discussed.

Figure 2.5.1 – Idealised section of Lake Clifton thrombolite margin distribution (in Moore & Burne,
1987), horizontal scale greatly compressed. Note the representation of grouped thrombolites and the
distribution of different forms from tabular, domical to conical morphologies lakeward. The deepest part
of lake is settled by macroalgae.
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Figure 2.5.2 – Microbialites described by Moore (1994). (A) Crustose lithoherm with tepee structures
from southern area of Lake Preston, eastern margin; (B) “Conophyton-like” microbialite (?) from Pamela
Pond; (C) Digitate and crustose structure from an offshore area (1-2m) beyond the tepee zone in Lake
Preston, southern area; (D) Microbialite with digitate and columnar protuberances, Lake Martins Tank.

2.6

Water Chemistry in Lakes

Several studies on the water chemistry at the lakes in Yalgorup National Park have been
conducted (e.g. Williams & Buckney, 1976; McArthur & Bartle, 1980), sometimes tracing the
relationships between the microbial systems and carbonate precipitation (Moore, 1987; Moore
& Turner, 1988; Rosen et al., 1996). These papers demonstrate that the ionic dominance in all
lakes was inherited from seawater after the isolation of water bodies from the Indian Ocean. The
ionic dominance follows the sequence Na+>Mg+2>Ca+2>K+ and Cl->SO4-2>HCO3-, constituting a
Na-Cl-SO4-2 brine (Rosen et al. 1996). In the aquifer, the ionic dominance is
Na+>Ca+2>Mg+2>K+ and Cl->HCO3->SO4-2, reflecting the carbonate dissolution of the Tamala
Limestone, which furnishes the alkaline water discharge in the eastern shore of lakes (Moore,
1987; Rosen et al., 1996). The main control over the saturation of elements and substances in
lakes is the climate, which causes change through dilution during the wet season and
concentration in the dry season.
The Table 2.6.I illustrates the salinity range of some lakes at the Yalgorup wetland system from
1979 to 1984.
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Table 2.6.I – Salinities determined in the main lakes of the Yalgorup wetland system (in Commander,
1988).

The most important chemical reaction in the lakes is the precipitation of calcium carbonate,
predominantly as aragonite (Rosen et al., 1996). The waters of Lake Clifton, Hayward and
Preston are thermodynamically capable of precipitating carbonate all year, but seemingly
biochemical processes are acting as a catalyst and may be important in controlling the calcium
carbonate precipitation in the lakes (Rosen et al., 1996). The presence of dolomite is only
reported in shallow sediments at Lake Hayward as diagenetic cement, and may have been
formed by biochemical process (Rosen & Coshell, 1992).
Nutrient supply does not appear to be a limiting factor for microbial mat existence. In fact, the
BMCs are in organised stratified layers containing groups of microbes with a similar
metabolism operating in concert to accomplish a complete cycling of key elements and consist
of an almost closed system to nutrients, thus maintaining concentrations that enable them to
flourish beneath a nutrient poor water column (Bauld, 1986; Dupraz et al., 2009). The
conditions for microbialite development are not restricted by high salinities or grazing
organisms, as was attested by Lake Clifton (Moore, 1987, 1993). In the case of the lakes of the
Yalgorup wetland system, the low nutrient inflow in water seems to be the key control for the
microbialites. The scarcity of nutrient data for the system hampers a more detailed comparison
as a way to understand the eutrophication process in lakes. Nutrient studies in saline wetlands
are less common because these systems are remote and generally not valued as highly as
freshwater wetlands (Rosen et al., 1996).
Nutrient cycling is strongly influenced by the particular BMCs and micro/macroalgae
communities living in each lake. Low levels of nutrients and salinities are interpreted as
responsible for the microbialites thriving in Clifton, avoiding macroalgae competition (Moore,
1993).
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Aquifer water abstraction by boreholes and fertiliser use for agriculture, combined with the
progressive deforestation around lakes and decreasing rainfall index in the last few decades led
to an intervention from the Western Australian Government. In 1977, the South West Coastal
Groundwater Area was declared in an attempt to manage water aquifer around the lakes,
especially Lake Clifton, due to the presence of “living” microbialites and the proximity of a
large number of groundwater users. Since then, several authors have dedicated efforts to study
the ongoing eutrophication and salinisation process in Lake Clifton (e.g. Davies & Lane, 1996;
Knott et al., 2003; Regan, 2009; Smith et al., 2010, Noble, 2010). All studies carried out in the
area indicated continued salinisation, with salinity increasing 40% between 1993 and 2000
(Knott et al., 2003). The then Department of Conservation and Land Management (CALM)
implemented an Interim Recovery Plan (IRP, term 2004-2010), trying to reverse the salinisation
process. Unfortunately, salinity continued to increase, making the lake hypersaline all year
round (Noble, 2010). John et al. (2009) determined that the salinity of Lake Clifton doubled in
the last 25 years and that Scytonema was absent in the BMC, replaced by a tight network of
Phormidium species. The physico-chemical changes in the Yalgorup Lakes will not affect just
the thrombolites, but the entire lake ecology. Several organisms are thought to depend on
thrombolites and BMCs for food and shelter (Konishi et al., 2001). The Table 2.6.II shows the
salinity evolution in the lake in the period 1985-2005 (Smith et al., 2010).

Table 2.6.II – Depth and salinity data from Lake Clifton for period 1985-2005 and 1985-2006 (in Smith
et al., 2010).
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Holocene Evolution of Lakeland

The deposition of the Holocene sediment sequence in the area began with the Flandrian
transgression in the Early Holocene with the basement geomorphically defined by the
Pleistocene aeolian Tamala Limestone. The evolution of the area during the Holocene was
previously discussed by Semeniuk, (1995) (Figure 2.7.1).
Close to the peak of the transgressive tract, the ocean began to intermittently invade the
interdunal spaces, generating an ephemeral lagoonal depositional environment with likely
significant local groundwater input. At the peak eustatic level, the marine inlet depositional
phase was established. After the start of the regressive tract, the low relief interdunal spaces
started to be progressively isolated, depositing another lagoonal facies and finally the lacustrine
and microbial deposits still being deposited today. The Safety Bay Sand barrier dunal coastal
formation began to be formed close to the peak of the transgressive tract and generated a narrow
and long marine embayment represented by a marine inlet phase, which later would be totally
isolated from the ocean producing Lake Preston (Moore & Burne, 1994; Coshell & Rosen,
1994; Semeniuk, 1995).

Figure 2.7.1 – Schematic evolution model of the lakes of Yalgorup National Park, by Semeniuk (1995).
Geographic features are named. The Bouvard reefs and reefs in map are submarine linear ridges of
Tamala Limestone.
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Ancient and Modern Analogues of Thrombolites

Despite possible Palaeoproterozoic (Kah & Grotzinger, 1992), Mesoproterozoic (Tang et al.,
2013) and Neoproterozoic (Aitken & Narbonne, 1989; Harwood & Sumner, 2011) thrombolites
having been reported, they appeared dramatically near the base of the Cambrian (Riding, 2000).
During the Cambrian and Early Ordovician, thrombolites and dendrolites participated
extensively in reef formation, either in association with metazoans such as archaeocyaths or
alone (Copper, 1974). Thus, the geological record shows a change in the microbial fabric
behaviour, starting with the decline of stromatolitic microbialites in the Neoproterozoic and the
recovery of microbial carbonates and alteration of their character (Riding, 2000). The distinctive
coniform and microdigitate forms had almost disappeared, branched stromatolites were scarce
and columnar forms often show thrombolitic interiors (Kennard, 1994).
Fischer (1965) noted an overall decline of microbial deposits from the Middle-Ordovician and
onwards. The appearance of bryozoans, tabulate corals, stromatoporoid sponges and other
skeletal metazoans was a major change for reef-building (Fagerstrom, 1987). Even in less
quantity, microbial deposits remained important during the Mesozoic, with several examples
around the world (Riding, 2000). However, microbial carbonates appear to have been scarcer in
the Palaeogene (Webb, 1996). One example in the Neogene is the coarse-grained microbialites
of Miocene age in the Mediterranean area, which could represent unusual conditions (Riding et
al., 1991b, c; Martín et al., 1993; Braga et al., 1995, Braga, 1996). Modern marine and
lacustrine environments continue to host a diversity of microbial deposits (Browne et al., 2000),
e.g. Shark Bay coarse-grained domes and Lake Clifton thrombolites.
In the following subchapters some examples of thrombolites occurrences in the geological
history of earth will be described. In the discussion that follows, comparisons are drawn
between some fossil examples and the modern microbialites of Yalgorup National Park.

2.9

Palaeoproterozoic Thrombolites

The oldest record of thrombolites in the geological history is reported by Kah & Grotzinger
(1992) in the Rocknest Formation, Northwest Territories in Canada (Figure 2.9.1). The age
attributed to these microbialites is around 1.9 Ga and the data described below were taken from
this article. These thrombolites are significantly different from the younger Proterozoic and
Phanerozoic thrombolites, containing far less detrital sediment and greater abundances of
marine cement. They are represented by silicified dolostones with micritic dolomitised
interframework sediments. The framework is composed of densely packed 1-3 mm lobate to
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digitate clots, distributed individually or forming 3-4 mm irregular heads. The heads tend to
display vertical orientations and are generally domical, lobed or vaguely club-shaped. On a
larger scale these clots and heads coalesce to form irregularly massive bodies of large clots
(>4cm), and associated voids. The interframework components comprise 25-30% of the
collected sample (Figure 2.9.2).
The palaeoenvironmental data shows a shoaling facies from shallow subtidal to intertidal zones.
The wave energy was not of sufficient intensity in a consistent direction to cause elongation in
the lithoherm.
The construction of clots was penecontemporaneous with the precipitation of encrusting
cements. The preservation of primary structures suggests that the replacement of framework
material with silica occurred before any severe degradation of the original fabric through
dolomitisation or other ubiquitous diagenetic events. The silica has an affinity for organic
material (Knoll, 1985), and silicification within clots may have been enhanced by porosity and
fabric. This suggests early diagenesis in the microbial system. Finally, Kah and Grotzinger
concluded that the Rocknest thrombolites are not disrupted stromatolitic fabrics.

Figure 2.9.1 – Kikerk Lake region of the Rocknest Formation, Wopmay Orogen, Northwest Territories,
Canada, including underlying Odjick Formation and the overlying Recluse Group. Asterisk at the eastern
edge of "The 'Gap'" shows sample location (in Kah & Grotzinger, 1992)
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Figure 2.9.2 – (a) Outcrop of thrombolite facies revealing externally domical morphology and a
massively clotted fabric. Mound is approximately 1 m thick and 2 m in diameter (hammer for scale),
underlain and overlain by laminated carbonates; similar facies can be recognised laterally over distances
approaching 200 km. (b) Rocknest thrombolite sample displaying relationships between framework
microcrystalline, organic-rich clots and marine cements (dark grey-C), interframework micritic sediments
(pale grey-M), diagenetic silica (black-S), and blocky dolomitic spar (white-D). Note the clotted fabric
and the vague arcuate laminae of drusy cements. Scale bar is 2 cm, arrow indicates up (in Kah &
Grotzinger, 1992).

Kennard & James (1986) disagreed with the conclusions of Hoffman (1975) and Grotzinger
&Hoffman (1983) that these records are really thrombolites, interpreting it as a “…most likely
early diagenetic, rather than a primary microbial fabric…the structures…are not thrombolites
sensu stricto, but are best classified as diagenetically disrupted microbial boundstones”.
However, the majority of others authors consider the evidence from the Rocknest Formation as
conducive for a thrombolite interpretation (e.g. Riding, 2000).

2.10

Mesoproterozoic Thrombolites

Tang et al., (2012) identified Mesoproterozoic thrombolites in subtidal dolostones of the
Wumishan Formation in the North China platform (ca.1.50-1.45 Ga) (Figure 2.10.1).
The Mesoproterozoic succession in the North China platform was deposited in rift and post-rift
basins with the tectonic evolution from the break-up of Columbia to the assembly of Rodinia.
The Wumishan Formation is largely composed of dolostone, with abundant siliceous bands and
variety of microbialites (Wang et al. 2000; Mei et al., 2001; Zhou et al., 2006; Shi et al., 2008;
Tang et al., 2011). The formation is dominated by peritidal carbonate facies, divided into four
members that record shallowing-upward deposition in a prograding carbonate platform (Shi et
al., 2008; Tang et al., 2011). The deposits can be divided into parasequences, from middle to
lower subtidal zones in the basal part to upper intertidal and supratidal environments in the
upper part (Figure 2.10.2 (a)).
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Figure 2.10.1 – Simplified geological and location map of the study area. The blue areas represent the rift
and post-rift sediments (in Tang et al., 2012).

The lithology is represented by partially silicified dolostones with domical or tabular
morphologies. The domes are commonly 10-40 cm in width and 10-30 cm in height, but
occasionally form build-ups of 3 m high and 6 m wide. The tabular thrombolites are the most
common type and are characterised by diffused mesoclots (Figure 2.10.2 (b-c-d)). Domical
thrombolites are composed of clustered mesoclots that form branching patterns with upward
growth features (Figure 2.10.2 (e)). Evidence of exposure on top of parasequences is present in
the form of curled mud-cracks and erosional surfaces (Figure 2.10.2 (f)). The internal
components are similar, with variable shaped mesoclots (framework), micritic matrixes and spar
filled voids. Microscopically, each mesoclot comprises a micritic core and an outer layer
composed of microsparitic fibrous crystals (Figure 2.10.3).
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Figure 2.10.2 - Stratigraphic succession, parasequences and thrombolite features from the Wumishan
Formation. (a) Typical architecture of a parasequence. The parasequence comprises three depositional
units: thick to massive bedded thrombolitic dolomite (A), medium bedded, laminated dolomite rich in
silicified microbial mats and small domical stromatolites (B), and thin bedded dolomicrite (C); (b)
Thrombolite with blocky mesoclots; (c) Thrombolite with blocky mesoclots and a few intraclasts (arrows)
in micritic matrix; (d) Thrombolite with ribbon-like mesoclots; (e) Thrombolite with dendritic mesoclots;
(f) Subaerial erosion surface with microbial mat cracks with curled margins (arrows) in the uppermost
unit of the parasequence (in Tang et al., 2012).
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Figure 2.10.3 – (A) Mesoclot with organic-rich micritic core (Mc) and organic-poor outer layer of fibrous
aragonite pseudo-crystals (Fa); (B) Possible filamentous bacteria in the outer layer of a mesoclot (yellow
dotted rectangle); (C) Close view of boxed part in (B). In Tang et al., 2012.

Considering that no metazoan are known in the Mesoproterozoic, the possibility that mesoclots
originated from metazoan disruption can be excluded.
Concluding, the core of mesoclots in thrombolites of Wumishan Formation may have resulted
from mineralisation of EPS and bacterial biomass. The outer layers of mesoclots may have been
derived from microbially influenced precipitation.

2.11

Neoproterozoic Thrombolites

Thrombolites gradually became abundant from the late Neoproterozoic (Tang et al., 2013).
Examples of Neoproterozoic thrombolites were described by Aitken & Narbonne (1989) in the
Little Dal Group and Blueflower Formation, both located at the Mackenzie Mountains,
Northwestern Canada (Figure 2.11.1).
The older example belongs to the Little Dal Group, with estimated ages between 1200-600 Ma
based on correlation using the Precambrian fossil record (Hofmann & Aitken, 1979) and
radiometric Rb-Sr dating (Baragar, in Wanless & Loveridge, 1972; Armstrong et al., 1982).
The thrombolites of the Little Dal example are characterised by notably prostrate mesoclots,
ranging from 2 to 10 mm in thickness and up to 50 mm or more in length. The microstructure is
grumous and corpuscular (cf. Kennard & James, 1986), with an interframework porosity of 2040% of millimetre to centimetre scale. The pores are filled mainly with laminated carbonate
mud or silt, cemented with sparry carbonate cement (geopetal fillings) (Figure 2.11.2).
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Figure 2.11.1 – Location and index map: B = thrombolite locality, Blueflower Formation; LD =
thrombolite locality, Little Dal Group (in Aitken & Narbonne, 1989).

Figure 2.11.2 – Specimens of thrombolitic reef core, Little Dal Group. (A) Polished slab. Note the high
proportion of large original pores, now geopetal cavities. Scale bar 1 cm; (B) Petrographic detail of the
specimen part illustrated in (A). Note the grumous and corpuscular microfabric, the pendent undersides of
the mesoclots, and the geopetal cavity-fillings. Thin- section photomicrograph polarised with transmitted
light. Scale bar = 5 mm (in Aitken & Narbonne, 1989).
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The younger example is the thrombolitic boulders found in the Blueflower Formation,
Ediacaran age (determined by fossil correlation). The thrombolites are present in the form of
boulders inside a paraconglomerate lithology. The paraconglomerate is interpreted as a muddy
debris-flow deposited in a deep-water slope setting. The megaclasts, up to 2.3 m in diameter,
consist of thrombolitic and stromatolitic limestone and dolomite, sandy lime grainstone and
calcareous sandstone (Figure 2.11.3). It is assumed that all material is derived from a shallow
carbonate platform coeval in part with the Blueflower Formation (Aitken, 1988b).

Figure 2.11.3 - Specimens from two thrombolitic boulders, Blueflower Formation. Scale bars = 1 cm. (A)
Thrombolitic-stromatolitic limestone. Photograph is oriented with reference to the thrombolitic
stromatolite at right center; (B) Thrombolitic limestone. Specimen was sawn normal to stylolitic seams,
but is otherwise unoriented. In Aitken & Narbonne, 1989.

The mesoclots in both specimens are highly irregular, commonly elongate and/or curved objects
with millimetric dimensions. Elongation is parallel, oblique or normal to the assumed
palaeohorizontal plane. The biostratigraphic correlation with biota from the Russian Platform
(Fendonkin, in Palu et al., 1979) and the Ediacara Member of the Rawnsley Quartzite in South
Australia identify the strata below and above the paraconglomerate as undoubtedly of
Precambrian age, (e.g., Glaessner & Wade, 1966; Germs, 1972; Fedonkin, 1985; Narbonne &
Hofmann, 1987).
Other examples of Neoproterozoic thrombolites have been found in the Beck Spring Dolomite
of southern California. Harwood & Sumner (2011) recognised thrombolitic and composite
microbialites in this unit in addition to previously known stromatolites. They are abundant in
peritidal facies, with stromatolites dominating in deeper intertidal to subtidal facies, whereas
thrombolitic textures are more abundant in upper intertidal facies. Composite microbialites with
intermingled clotted and laminated textures were formed in all environments, but are more
abundant in intertidal facies. The age of formation is broadly constrained between ca 1.08 Ga
and 750 Ma using data from radiometric dating and biota association of underlain and overlain
beds, respectively (Heaman & Grotzinger, 1992; Horodysky, 1987; Dehler et al., 2001).
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Beck Spring thrombolites comprise a variety of macroscale structures. They typically occur as
broad decimetre to metre thick massive and poorly bedded tabular sheets, broad biostromes, and
peaked structures (Figure 2.11.4). Texturally uniform packages of thrombolitic microbialites are
typically several metres thick, with successions up to 15 m thick.

Figure 2.11.4 - Schematic representation of the field relationships between thrombolitic, stromatolitic and
composite microbialites, and the mesoscale features of each. (A) The macrostructure of Beck Spring
microbialites consists of tabular beds and broad lithostromes of intergrading stromatolitic (right) and
thrombolitic (left) structures. Composite microbialites (centre) contain both clotted and laminated fabrics.
Textures grade into each other on the scale of several metres; (B) to (D): The mesostructures of
thrombolitic, composite and stromatolitic microbialites consist of: intergrown mesoclots (B);
intermingled clots and discontinuous laminae (C); and crinkly stromatolitic laminae (D), respectively.
Arrows indicate mesoclots. In Harwood & Sumner, 2011.

The framework of thrombolites is composed of light grey micritic mesoclots >500 µm in
diameter (Figure 2.11.5), but dark in thin section due to the presence of abundant organic
inclusions (Figure 2.11.6). Framework components constitute between 60 and 95% of volume,
with cement and sediments infilling comprising the interframework space.
The association of thrombolites shows exposure indicators, e.g. curled up mudstone clasts and
dissolved cements, layered lime-mudstone and large coated grains. However, others show no
evidence of desiccation and are associated with subtidal facies. Overall, sedimentary
relationships demonstrate that they lithified early and grew in peritidal to subtidal environments
with variable energy conditions.
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Figure 2.11.5 - Tracing of a vertically oriented polished thrombolitic microbialite hand sample showing
the typical morphology and relationships between thrombolitic framework clots and cavity lining, and
filling cements. Labelled features ‘A’ (grey) and ‘B’ (white) are mesoclots that comprise the clotted
framework, with the ‘B’ clotted component overgrowing the ‘A’ component. Features labelled ‘C’ (black
lines) are fibrous cements that encrust cavity margins. Components ‘D’ and ‘E’ are fine and coarse
cavity-filling cements, respectively. In Harwood & Sumner, 2011.

Figure 2.11.6 - Photomicrographs of thrombolite cavity-filling cements and sediments, plane-polarised
light. (A) and (B): Multiple generations of fibrous to bladed isopachous marine cements encrust
mesoclots and clotted lobes extending into the cavity. (C) Micrite sediment fills the base of cavities. (D)
Distinct micritic mesoclots branch in the edge of a cavity. In Harwood & Sumner, 2011.

Composite microbialites are made up of clotted and laminated textures that are intermingled on
a sub-centimetre scale. The close intermingling of clotted and laminated textures implies that
they were intergrown, suggesting concurrent growth of the two, not asynchronous growth. By
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contrast, interlayered clotted and laminated fabrics reflect an alternation of growth styles in the
same environment.
Finally, Harwood & Sumner concluded that stratigraphic and facies relationships suggest that
the Beck Spring thrombolitic member formed on a shallow marine platform in subtidal to
intertidal depositional environments, with thrombolitic and stromatolitic microbialites growing
under variable local environmental conditions, but within the same broad depositional settings.
The lateral intergradation and sub-metre scale interlayering between thrombolitic and
stromatolitic structures implies that they were formed concurrently as adjacent facies and with
one deposited directly on top of the other, as opposed to each type of structure representing
distinct growth periods in potentially different environments.

2.12

Palaeozoic Thrombolites

2.12.1 Late Cambrian stromatolites at Saratoga Springs
Despite the fact that the cabbage-head microbialites of the Hoyt Formation outcropping at
Saratoga Springs in New York state, USA (Figure 2.12.1.1), are stromatolites rather than
thrombolites, its importance lies in two facts: first, they were the earliest reference in the
geological history where microbialites were described, interpreted and named; second, Moore &
Burne published in 1994 a paper making an analogy between Lake Clifton thrombolites and the
Saratoga Spring stromatolites due to the similarity of external morphologies between them.
The earliest reference in this area was for Steele (1825), whose description included the first
reported oolitic limestone in North America among which the stromatolites occur. Hall (1847,
1883), considered these “singular structures” to be remains of sea plants, proposing the
Linnaean binomial definition of Cryptozoön proliferum, being the first named microbialite in
history (Friedman, 2000).
The microbial heads are discrete domical structures composed of hemispheroidal and bulbous
stromatolites, partially exposed by glaciated surfaces. The heads, many of them compound, are
circular in horizontal section and range in diameter from a few centimetres to a metre. Filling
the interheads spaces there are oolitic limestones, skeletal fragments of trilobites, brachiopods,
pelecypods and quartz-sand particles. In a lateral view the heads show domical laminae, known
as cabbage-head structures (Friedman, 2000) (Figure 2.12.1.2(a to d) and 2.12.1.3).
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Figure 2.12.1.1 - (1) Inset map showing location with respect to boundaries of New York state; (2)
Sketch map (lakes and rivers omitted) showing Saratoga Springs site. Stippled area in lower left corner
indicates outcrops of Silurian and Devonian strata. Saratoga-Platform rocks are of Cambro-Ordovician
age. The Adirondack Dome is composed of Precambrian metamorphic rocks. In Friedman, 2000.

Figure 2.12.1.2 (a-d) - Glaciated surfaces exposing horizontal sections of domical stromatolites at Lester
Park showing internal geometry. The composite structures of the stromatolitic hemispherical heads result
from concentric growth around centres. Neighbouring heads and centres merge and coalesce into one
another resulting in complex microbial structures. Lester Park. In Friedman, 2000.
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Figure 2.12.1.3 - (1) Sectional view of microbial stromatolite showing domed laminae known as
cabbage-head structures, Hoyt Limestone (Upper Cambrian), Saratoga, New York; (2) View of three
heads of domical microbial stromatolites, Hoyt Limestone Member of the Whitehall Formation,
Whitehall, New York (in Friedman, 1995b). Knife and handle as scale. In Friedman, 2000.

The Hoyt Limestone was deposited in a peritidal setting along a prograding shoreline (Owen &
Friedman, 1984). Oolitic shoals and stromatolitic build-ups in a restricted oceanic circulation
caused locally increased salinity, which contributed to dolomitisation (Friedman, 1987).
As previously cited early in this chapter, Burne & Moore (1993) published an interesting article
comparing the Lake Clifton thrombolites with the Saratoga Springs stromatolites. They wrote
“… the tabular microbialites of the reef platform (Lake Clifton) are analogues in terms of gross
external morphology of Cryptozoön proliferum described by Hall (1883) from Saratoga Springs,
although the internal structure is quite different.” The analogy with present living marine
microatolls is based on the geometric evolution of these features. They state: “The tabular
microbialites that characterise the reef platform at Lake Clifton are analogous in form to coral
microatolls, and it is considered that they represent microbialites whose upward growth has
been restricted by exposure, but which have been able to grow laterally”.
Concluding, Burne & Moore state that “…we are not suggesting that all the various structures
that have been referred to over the years as Cryptozoön are microatolls, nor that all the various
stromatolites and thrombolites at the Saratoga Springs localities (Landing, 1979) are
microatolls”, pointing out that the depositional environment of Hoyt Limestone is totally
different to lacustrine facies. The important issue to point out is that the limiting water level is
providing and controlling the morphology of thrombolites in both examples, independent of its
original facies.
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2.12.2 Thrombolite-Stromatolite bioherm, Middle Cambrian, Port au Port
peninsula, western Newfoundland, Canada
Kennard et al. (1989) documented an occurrence of thrombolitic to stromatolitic succession in
the Cape Ann Member of Petit Jardin Formation (Chow, 1986) (Figure 2.12.2.1). This
lithoherm was previous briefly referred to by James & Stevens (1982), James (1983), Chow
(1986) and Kennard & James (1986).
The lithoherm is exposed in a coastal cliff-face 0.5 km southwest of Cape St. George settlement
on the Port au Port Peninsula, western Newfoundland, and Canada. The sequence represents
carbonate sedimentation and platform accretion in the Middle Cambrian, overlain and underlain
by interbedded ribbon to nodular limestone, shale and pebble conglomerate; ooid grainstones
and stromatolitic/thrombolitic forms in turn overlie this sequence.
The sequence has been interpreted to have grown on a low energy siliciclastic-carbonate
subtidal shelf that was rimmed to the east (seaward) by a peritidal ooid shoal complex. The
combined effect of progressive upbuilding of the lithoherm and gradual lowering of sea-level
resulted in upward shoaling, shallow subtidal, intertidal and finally subaerial conditions. The
shoaling sequence may be split into three subsequences (Figure 2.12.2.2):

Figure 2.12.2.1 – Location map of area. In Kennard et al., 1989.
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1) Basal thrombolite facies, constructed by a network of calcified, lobate and pendent
mesoclots, which are encrusted by rinds of botryoidal marine cements and, less
frequently, by layers of fine sediment-trapping. They grew in a tranquil, subtidal
environment and show no evidence of metazoan inhabitants.
2) Stromatolitic thrombolites in the central zone constructed by two concurrent, commonly
mutually encrusting microbial communities: (a) lobate and cauliflower colonies and
hemispheroidal, convex columnar and undulose mats of sediment trapping and/or
carbonate precipitation. The stromatolitic thrombolites accreted vertically and laterally
to form “bridges”, constructing a laterally continuous builds-up. They grew in a
moderately turbulent shallow subtidal environment inhabited by burrowing soft bodied
metazoans.
3) The upper zone was constructed by extensive microbial mats composed of irregularly
interlayered, sediment trapping and carbonate precipitating units. The mats constructed
linked hemispheroidal heads of low relief, which were episodically eroded and buried
by sheets of intraclastic sand and gravel. They grew in a very shallow subtidal to
intertidal, wave swept, reef-flat environment.

Figure 2.12.2.2 – (1) Basal thrombolite zone (T) and lower part of central stromatolitic- thrombolite zone
(ST) of the lithoherm. Note the tabular thrombolite lithostromes (T1, T2) below the thrombolite pedestals;
(2) Upper stromatolite zone of the bioherm truncated by planar erosion surface (P). In Kennard et al.,
1989.

2.12.3 A Cambrian tidal sequence composed of thrombolites and siliciclastic
stromatolites in southern Israel, Elat area
The Lower Cambrian marine Timna Formation in southern Israel possesses a transgressiveregressive cycle within a peritidal depositional system (Figure 2.12.3.1). Soudry & Weissbrod
(1995) analysed this sequence, concluding that thrombolite forms are associated with the
transgressive phase, whereas the siliciclastic stromatolites developed during the seashore
progradation through trapping and binding processes of transported quartz sand by bottomdwelling filamentous microorganisms.
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Figure 2.12.3.1 – (a) Location map of the study area and exposures of Cambrian strata (black areas)
along the Dead Sea Rift. (b) Reconstructed palaeogeography of the marine Cambrian deposits of the
Timna Valley and Feinan areas after moving back the left-lateral slip along the Dead Sea Rift (from
Segev, 1984).

The thrombolites occur as a series of massive-bedded strata with laminoid fenestral layers and
with a microclotted-peloidal fabric of micritic material. The calcitic framework is composed of
pitted polygonal shaped units (honeycomb texture), together with a few groups of compressed
large hollow structures (Figure 2.12.3.2).

Figure 2.12.3.2 – (1) Overall view showing the micrite fraction of the thrombolites (peloids, microclots
and homogeneous micrite) formed by a framework of sub-circular to polygonal calcite units, in places
organised in a honeycombed pattern; (2) Arrow in (1) pointing to a cluster of pitted units partly masked
by carbonate overgrowths; (3) Mutually compressed, large hollow calcite structures (arrows) sporadically
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preserved between the tiny pitted bodies of the thrombolites. Finger points to a honeycombed
arrangement of polygonal-shaped calcite units.

The authors interpret the microtexture of the thrombolites as products of biological activities of
coccoidal bacteria. They point out that “All that is generally retained of prokaryotes in the fossil
record is the external form, and often bacterial and cyanobacterial fossils look quite similar”.
Thus, they conclude that the Timna thrombolites are built by two kinds of microbial
populations: a primary-producer cyanobacterial population represented by sporadic, thick
walled, large hollow structures and a decomposer bacterial population, the later recorded in the
form of tiny pitted units which form the major fraction of framework.
Summarising, the Cambrian thrombolites of Elat area were considered to have originated by
bacterially induced lithification of cyanobacterial material during its self-burial, with a resulting
microclotted-peloidal fabric and a distinctive pitted architecture at the ultrastructural level.
Bacterial envelopes together with sporadic unicell remnants are the constructional units of
peloids and microclots in Timna thrombolites.

2.12.4 Cryptalgal–metazoan mounds and bioherms of Early Ordovician age, St.
George Group, Newfoundland, Canada
The St. George Group is a succession of shallow-water carbonate strata of Early Ordovician age
exposed along the western coast of Newfoundland, Canada (Schuchert & Dunbar, 1934, and
others) (Figure 2.12.4.1). The St. George Group comprises a sequence of shallow-water
carbonates where bioherms and mounds are common, ranging from small heads and metre-sized
mounds to extensive and complex banks many metres thick. Pratt & James (1982) studied the
microbialites present in this stratigraphic unit and the data below was extracted from their work.
The core of these bioherms is principally composed of a variety of thrombolites and
stromatolites, associated with a diverse fauna of metazoans.
The mounds are formed by cryptalgal (microbial) structures alone or intergrown with sessile
metazoans. Thrombolites form the most complex mounds, and they are rich and surrounded by
skeletal debris. Forms intermediate between thrombolites and stromatolites are present, but
comparatively rare.
Individual thrombolites are elongate upward, but their widths, cross-sections, margins,
branching and anastomosing patterns are highly variable. The framework is composed of
micritic peloids and the interframework space is filled with burrowed mudstone and
wackstones. Blocky calcite spars represent the cement in the rest of rock (Figure 2.12.4.2).
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Figure 2.12.4.1 – Map of western Newfoundland showing distribution of Cambro-Ordovician platform
carbonates. In Pratt & James, 1982.

Figure 2.12.4.2 – Thrombolite textures. (1) Mesoclots and subtle laminated mudstone filling the
interframework space (light-coloured). Scale 1 cm each division in right rule; (2) Thin section
photomicrograph of thrombolite showing microstructure of peloids and small fenestrae lined by
isopachous, radial, fibrous calcite cement. Scale bar is 0.5 mm. In Pratt & James, 1982.

On the basis of mound composition, the structures were divided in three types: Thrombolite
mounds, thrombolite-metazoan mounds and thrombolite-coral-calcified algae bioherms.
The first represents mounds composed of numerous thrombolites with centimetric up to metric
scales, characteristically rooted in grainstone or wackstone beds. The metazoan fauna is very
abundant in debris around and within the mounds.
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The thrombolite-metazoan mounds are composed of both thrombolites and sponges or corals.
Several horizons of small thrombolite mounds contain significant proportions of in situ corals of
the genus Lichenaria. Both thrombolites and corals are usually intergrown.
The last, thrombolite-coral-calcified algae bioherms are the complex mound structures in the St.
George Group and are composed of thrombolites, Lichenaria and Renalcis (interpreted as
calcified coccoid microbial algae in work of Pratt & James, 1982).
The importance of these deposits relies in the coeval mixture of elements of cryptalgal
(microbial) biota and a more evolved metazoan fauna. The St. George reef represents the
capacity of microbial deposits, at least to some degree, to coexist with the relatively new marine
metazoans in a subtidal (thrombolites) and intertidal to supratidal environments (cryptalgal
laminites).

2.12.5 Thrombolites of the Lower Devonian, Manlius Formation, New York,
U.S.A.
An example of Lower Devonian thrombolites occurs in the Manlius Formation of the
Helderberg Group in central New York State and is described by Browne & Demicco, 1988
(Figure 2.12.5.1).

Figure 2.12.5.1 – Outline map of New York State (excluding New York City and Long Island) showing
the outline of the Helderberg Group outcrop in New York. In Browne & Demicco, 1988.

They range from centimetre-scale mushroom-shaped structures up to decimetre-scale equant to
elongate forms. In exposures there are transitions of isolated forms to continuous biostromes,
with isolated forms up to 0.7 m high and 1 m wide. Isolated thrombolites have a globular
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geometry in plan view and a convex-up shape in cross-section, rarely erosionally truncated and
planar. Laterally they are sharply interfingered with thin beds of grainstones and mudstones.
The coalescent thrombolites commonly contain detrital sediment in the interframework space
(grainstones, bioclasts and mudstone pebbles). Internally the structure comprises millimetric to
centimetric scale peloidal clots (30-50%) surrounded by wackstones (50-70%) and sparry
patches (less than 5%). The clots come in a variety of shapes ranging from upward-branching
elongate fingers to irregularly-shaped masses. In thin sections dense micrite and peloidal texture
with filaments mold traces are most common, with clusters of Renalcis-like forms (Figure
2.12.5.2).

Figure 2.12.5.2 – Thrombolites of Manlius Formation. (1) Slabbed sample showing digitate clots. Scale
bar is 5 cm; (2) Renalcis cyanophyta (arrows). Scale bar is 1 mm; (3) Filament molds (arrow) in clotted
micrite. Scale bar is 1 mm. In Browne & Demicco, 1988.

The lower diversity metazoan fauna associated with the thrombolites indicates subtidal,
probably restricted with variable salinity palaeoenvironment (Lagoonal).

2.12.6 Thrombolitic reefs in the Lower Carboniferous, Clifton Down Limestone,
Bristol, England
In the Bristol area, southwest England, Kirkham (2005) describes an occurrence of microbialites
in the Clifton Down Limestone, Upper Visean age (Carboniferous or Mississippian). They are
present in the top of the formation, called The Concretionary Beds (Figure 2.12.6.1).
Kirkham depicts the thrombolites usually displaying a digitate texture or as “flocculent
aggregates of clots”, with a matrix comprising mainly wackstones, in general neomorphically
recrystallised. Sometimes the clots are vertically arranged in digitate forms. The thrombolites
may occupy an entire bed up to about a metre in thickness or may occur as mound-like
structures or pedestals, sometimes reaching over 60 cm in height.
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Figure 2.12.6.1 - Location map of thrombolitic localities in the Bristol region, SW England. In
Kirkham, 2005.

Such features are invariably enveloped and separated by a coarse bioclastic and oolitic
carbonate sediment. Vertically stacked stromatolites may alternate with the thrombolitic
textures and oncolitic rudstones may underlie a thrombolitic bed. The cyanophyte Ortonella is
frequently associated with, or within the thrombolites and often contributes to the formation of
individual clots (Figure 2.12.6.2). Ortonella has been regarded as an analogue to the modern
cyanobacteria Scytonema (Monty, 1967, 1976), which occurs in recent microbial deposits, e.g.
Lake Clifton (Moore, 1993 and others).

Figure 2.12.6.2 – (1) Lower half of the specimen comprises flocculent thrombolite (T), passing upwards
into digitate (D) thrombolite. Ortonella comprises the bulk of the digitate forms and many of the clots.
The matrix between the clots is both bleached and iron stained. The upper half contains a smaller
development of flocculent thrombolite (t). Carbonate sediment containing coral debris (C) separates the
two thrombolite developments. Concretionary Beds, Yatton. Sample dimensions 17 x 10 cm; (2)
Complicated alternations of flocculent thrombolite (T), stacked hemispheroidal (SH) stromatolites and
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encrustations (E). Ortonella-rich (O), flocculent thrombolite dominates the core of the small reef where it
is intermingled with an abundance of serpulid tubes and patches of authigenic kaolinite (white). Specimen
from the Concretionary Beds, Yatton. Sample dimensions 21 x 16 cm; (3) Bed composed entirely of
oncoids (below ruler). Concretionary Beds, Avon Gorge, Clifton, Bristol. Ruler is 15 cm long. In
Kirkham, 2005.

The internal structure of individual clots alternates between interfering excentric spherulites and
the radiating filamentous structure of Ortonella, which indicates close and varying microbial
associations existed within the developing thrombolites. Normally, these spherulites possess
central peloidal nuclei surrounded by cortices of radiating calcite crystals (Figure 2.13.6.3).

Figure 2.12.6.3 – SEM photomicrographs of slightly etched spherulitic thrombolites. Note the pitted
appearance of the radiating spherulite crystals. (1) Interfering excentric spherulites without visible nuclei;
(2) Core of a spherulite with residue of probable organic matter; (3) Pitted radiating crystals of a
spherulite markedly contrasting with the smooth surfaces of adjacent microspar crystals. In Kirkham,
2005.

Concluding, the author depicts the formation as an alternation of Ortonella and spherulitic
aggregates thrombolites. He considers the presence of Ortonella an indicator of
fresher/brackish-water influence, probably either in supratidal or shallow lagoons environments,
where the matrices of microbialites were filled with fine-grained sediment (mud/wackstones).
Therefore, the thrombolites were accumulated subtidally in shallow, low-energy lagoons during
sea-level oscillations combined with variable salinities and energy conditions. When the sealevels fell and salinities increased due to evaporation, stromatolites became dominant in
shallow-marine and supratidal environments, but evaporites indicative of hypersaline conditions
associated with thrombolites are represented only sparsely.
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Mesozoic Thrombolites

After the end-Permian mass extinction event and during the Early Triassic microbial deposits
become more common and they are described from several places around the world. The more
accepted theory to explain this environmental change to a microbial dominance is the high
extinction of algal-metazoans and other competitor organisms (Kershaw et al., 2002; Pruss et
al., 2004; Adachi et al., 2004; Baud et al., 2007). Riding (2000) has suggested that the PermianTriassic boundary represents a CCE (Cyanobacterial Calcification Event), where mass
extinction was one contributor to microbial deposits abundance. In several major mass
extinction events during the Mesozoic, metazoan reefs suffered a decline, thus creating reef
gaps or reef eclipses, e.g. the Early Triassic (Fagerstrom, 1987; Flügel, 1994) and Early Jurassic
events (Stanley, 1988). In research conducted by several authors microbial deposits have been
described in the Lower Triassic of south China (Lehrmann, 1999; Lehrmann et al., 2003),
Armenia and southern Turkey (Baud et al., 1996, 2002), Greenland (Wignall & Twitchett,
2002), Japan (Sano & Nakashima, 1997), Iran (Heydary et al., 2001) and a possible microbial
crust from China (Ezaky et al., 2003).
The colonial metazoan reef communities did not reappear until the Middle Triassic as patch
reefs (Hallam & Wignall, 1997)

2.13.1 Late Early Triassic microbial reefs of the western United States
Pruss & Bottjer (2006) have studied microbial deposits in the Virgin Limestone Member of the
Moenkopi Formation (Figure 2.13.1.1).

Figure 2.13.1.1 – Location map of the study site in Lost Cabin Springs, west area of Las Vegas. In Pruss
& Bottjer, 2006.
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This Formation is represented by interbedded limestones and siliciclastic beds, where the
limestones are composed of micrite, dolomite and calcareous mudstones (Reif & Slatt, 1979)
and are rich in fossil material such as echinoderm debris, bivalves and gastropods (Schubert &
Bottjer, 1995). The Virgin Limestone Member (175 m average thickness), which contains
microbial reef mound deposits, was deposited in a variety of shelf palaeoenvironments
(Schubert & Botjjer, 1992).
The microbial mounds are 1-2 m in diameter and height, and occur in one bed from 2 to 2.5 m
in thickness at all places where the bed is exposed. They are composed of an agglomerate of
smaller domes that range in diameter from 0.3 to 0.5 m with stromatolitic and thrombolitic
fabrics. The mounds consist of dark grey micritic limestone and are completely devoid of
macrofossils in outcrop (Figure 2.13.1.2).

Figure 2.13.1.2 – (1) Photograph showing small domes that coalesce to form a larger, cohesive microbial
mound (~2 m high). Four large white arrows indicate the perimeter of larger mound. Two smaller white
arrows indicate examples of smaller domes within the mound; (2) Photograph showing close-up of a
small dome found within a larger mound. Arrow indicates one of the numerous coarse microbial
laminations that are visible on this and many of the other domes. In Pruss & Bottjer, 2006.

The limestone beds that lap out against the sides of the mounds consist of a very fine micrite.
The mounds do not show any evidence of desiccation and most likely formed fully submerged.
The microfabric of the microbialites displays wavy laminations and clotted textures without
metazoan fossils. However, the dominant fabric is formed by metazoan fragment wackstones.
The latter is characterised by featureless micrite with sparse metazoan fragments and detrital
quartz grains. Also preserved in thin-sections are the remnants of open framework crypts lined
with bladed cements (Figure 2.13.1.3).
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Figure 2.13.1.3 – Thin-section photographs showing internal fabrics. (1) Microbial laminations with
clotted fabrics below laminations on the lower right side of the photograph. Laminated layers show
cohesiveness, with one lamina folding back upon itself (arrow); (2) Metazoan fragment wackstone
including: a possible shell fragment-1, an unidentified foraminifer-2 and a stylolite-3; (3) Internal void
with fringing bladed cements (black arrow). In Pruss & Bottjer, 2006.

Finally, the authors conclude that the microbial deposits present in the Virgin Limestone
Member represent an Early Triassic reef mound in an inner- to middle-shelf environment on a
ramp, without evidence of in situ metazoans in their framework. The absence of metazoan
associations in the Phanerozoic reef system is unusual. The only metazoan remnants were found
as washed-in debris. Because of this, a link must exist between the environmental conditions
that simultaneously prolonged the recovery of metazoans during the Early Triassic and fostered
the widespread occurrence of microbial reefs at a global scale.

2.13.2 Fabrics and origins of peloids in the Permian-Triassic boundary, south
China
Peloids are a common constituent of shallow-marine and some lacustrine carbonates in ancient
and recent environments. Peloids can be defined as spherical, ellipsoidal, or angular grains,
composed of microcrystalline carbonate, but with no internal structure (Tucker, 2001) and can
have various origins, one being microbial mediated precipitation (e.g. Chafetz, 1986; Reitner,
1993). Microbial peloids have been reported by several authors (e.g. Monty, 1976; Chafetz,
1986; Reitner, 1993; Kazmierczak et al., 1996) and the fabrics are inferred to result from in situ
growth products generally related to microbial activity (e.g. Reid, 1987; Sun & Wright, 1989;
Neuweiler, 1993).
An example of peloidal microbial sediment was studied by Adachi et al. (2004) at Bangeng area
in Guizhou Province, south China, where thrombolites, coccoidal microbes and peloids are
preserved together (Figure 2.13.2.1). The area of occurrence was situated in the interior of an
isolated carbonate platform during the Early Triassic, close to the Permian-Triassic boundary.
The thrombolite beds range from a few tens of centimetres to several metres in thickness, in
places forming a distinct domical structure that is buried laterally by skeletal limestone. At a
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mesoscopic scale, they are composed of millimetre- and centimetre-size mesoclots with sparite
masses that have a sporadic distribution. Round to ellipsoidal small clots are present and they
have a darker rim at their periphery and are filled in with mosaics of calcite and dolomite. Small
clots are fringed in part with coccoidal microbes (Figure 2.13.2.2).
The microbialites are enclosed in skeletal grainstones and packstones with low-taxonomicdiversity bioclasts of ostracods, bivalves, gastropods, serpulid worms, echinoderms, and smaller
foraminifers. Coccoidal microbes seen in microbialites are absent here, although peloids are still
abundant. The bioclasts and peloids partially fill cavities in the skeletal deposits, ordinarily
having geopetal textures. The matrix is filled with peloids, micrite and sparitic calcite (Figure
2.13.2.3).

Figure 2.13.2.1 - Index map showing the study area at the Tianwan section in the Bangeng area of
Guizhou Province, south China (modified from Lehrmann et al., 2003). In Adachi et al., 2004.

Concluding, the authors state that after the end-Permian extinction the microbialites in the
studied area are characterised by the dominance of thrombolites whose framework was made up
of peloidal microbial-mediated sediments. The peloids were derived from the micritic filling or
calcification in coccoidal microbes and coccoidal colonies as a result of microbial metabolic
activities. A minor part of the peloids was originated by micrite filling in ostracods and
gastropod skeletons or micritised bioclasts.
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Figure 2.13.2.2 – Mesoscopic and microscopic features of thrombolites. (a) Polished surface of a
thrombolite, which exhibits clotted mesostructure. Bright grey colour corresponds to mesoclots (large
arrow), whereas dark grey corresponds to cryptic spaces and matrices (small arrows). Scale bar = 2 cm;
(b) Detail of area in (a) (black rectangle). Sparitic parts are framework of thrombolites, which are
composed of small clots (white arrows). For full details, see (c). Large black arrows show cryptic spaces,
whereas small black arrows show matrices containing some bioclasts. Scale bar = 1 cm; (c) Spherical to
ellipsoidal small clots are amalgamated with each other. Some clots are fringed with coccoidal microbes
(white arrow). Scale bar = 0.25 mm; (d) Spherical and ellipsoidal coccoidal microbes with dark micritic
envelopes are partly preserved in the framework, as shown by black arrows. Scale bar = 0.2 mm. In
Adachi et al., 2004.

Figure 2.13.2.3 – Intraskeletal cavity and matrices of skeletal limestone (1) Thin-shelled bivalves are
abundant. Matrix is mostly occupied by peloids and micrite. Scale bar = 5 mm. (2) Detail of area in (a)
(white rectangle). Intraskeletal cavities are filled in with peloidal sediments (lower part) and calcite
cement (upper part). Each peloid shows an irregular shape and consists of comparatively coarser calcite
(black arrow). Scale bar = 0.5 mm. (3) Photomicrograph showing micritised bioclasts, cortoids (arrows),
and peloids which are made up of dense micrite and have definite margins. Scale bar = 1 mm. In Adachi
et al., 2004.
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2.13.3 Upper Jurassic thrombolite reservoir play, northeastern Gulf of Mexico
Upper Jurassic microbial mounds in the northeastern Gulf of Mexico have been documented by
several authors since 1982 (in Mancini et al., 2004) (Figure 2.14.3.1).

Figure 2.14.3.1 – Location map and geological features of area. The numbers represent the petroleum
fields. In Mancini et al., 2004.

A thrombolitic facies associated with these builds-ups are hydrocarbon productive units from
the Oxfordian Smackover Formation in numerous fields in the eastern Gulf coastal plain (e.g.
Appleton field). The play is characterised by thin or absent Jurassic salt and the hydrocarbonbearing structures are related to pre-Jurassic palaeotopographic structural anticline features.
The reservoir facies are shoreface and shoal grainstones and thrombolite boundstones (Mancini
et al., 2004).
Typically, microbialites in the eastern Gulf have depositional and elongate features, with a
thickness of 3-40 m and covering an area of some 8 km². These build-ups have been described
as stromatolitic algal mounds dominated by stromatolites with pelleted thrombolite growth
forms (Crevello & Harris, 1984), with digitate and branching morphologies in association with
Tubyphytes and marine cements (Baria et al., 1982). Corals bioherms are lacking in the build50
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ups, probably because of adverse palaeoenvironmental conditions. However, their absence
could be the result of the effects if intense dolomitisation and dissolution present in the
formation (Mancini et al., 2004).
The thrombolites are generally associated with calcimicrobes, foraminifera, sponges, skeletal
algae, bivalves, gastropods, echinoids, serpulids and red algae (Baria et al., 1982; Benson et al.,
1996; Kopaska-Merkel, 1998, 2002). The internal fabrics of thrombolites include “layered”,
“chaotic” and dendroidal forms, with peloidal dense micrite matrix (Figure 2.13.3.2, example
from Appleton field).

Figure 2.13.3.2 - Three dimension view of Appleton field and core photographs of Smackover
microbialite mesostructure: (1) “Layered” thrombolite, well permit 3986, depth 3969 m; (2) chaotic
thrombolite, well permit 4633-B, depth 3683 m; (3) “dendroidal” thrombolite, well permit 3986, depth
3954 m. All examples from Appleton field. In Mancini et al., 2004.

The microbial deposits have an intensive degree of dolomitisation, possessing a porosity
composed of a mixture of primary shelter and fenestral porosity overprinted by a secondary
dolomite intercrystalline and vuggy porosity. The higher reservoir quality of the dendroidal and
chaotic fabric is attributed to the increased permeability and greater interconnectivity of this
facies because of the nature of the pore system instead of the amount of porosity (Figure
2.13.3.3).

Figure 2.13.3.3 - Photomicrographs of Smackover thrombolite facies from Appleton and Northwest
Appleton fields. (1) layered thrombolite, well permit 4633-B, depth 3969 m, Appleton field; (2)
dendroidal thrombolite, well permit 3986, depth 3953 m, Appleton field; (3) chaotic thrombolite, well
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permit 11030-B, depth 4005 m, Northwest Appleton field. Notice that in the last photomicrograph the
presence of dead oil residue is partially filling the pore space. In Mancini et al., 2004.

The conclusion of Mancini et al. is that the microbialites present in the Upper Jurassic deposits
of the studied area were not apparently restricted by wave depth, temperature, salinity, light
penetration, oxygen content or nutrient supply. The considered model is the microbialites
developing in a transgressive tract over an isolated or palaeohigh trend in a lagoonal, low energy
facies. However, the authors cite in the article that the lack of coral bioherms may be a
consequence of adverse palaeoenvironmental conditions, which might involve environmental
parameters as salinity and temperature. Moreover, it is important to consider that thrombolite
forms are normally associated with cyanobacteria and their existence is necessarily associated
with light penetration, which will be controlled by water depth and turbidity. Therefore, it is
suggested here that the environmental parameters probably played an important part in
controlling the microbial deposits in the Upper Jurassic of the Gulf of Mexico.

2.14

Cenozoic and Modern Thrombolites

2.14.1 Microbialites distributions and morphologies along a shelf-basin transect,
Late Miocene, southeast Spain
Braga et al. (1995) describe a complete transect of an occurrence of microbialite domes over a
middle-shelf to a steep palaeoslope, and basin-floor domains in the Messinian of Spain, Sorbas
Basin (Figure 2.14.1.1). The domes show laminated stromatolitic to clotted fabrics, and
structureless macrofabric (new term defined by Braga & Riding, leiolite).
The domes are made up of various mixtures of siliciclastic and carbonate components, primarily
siliciclastic and carbonate grains, the latter represented by ooids and bioclasts; micrite and
microspar; and fenestral porosity, sometimes partially filled by geopetal sediment. The
remaining space is lined with bladed cement crystals forming a thin, isopachous veneer. The
remaining voids may be partially or completely filled by sparry, blocky cement, but overall
residual porosity is quite high. Skeletal fragments of coralline algae, bivalves, gastropods and
foraminera also occur inside the microbialites. Figure 2.14.1.2 represents an example of the
macro and microfabrics of the thrombolites.
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Figure 2.14.1.1 – (A) Regional setting of the marginal Mediterranean Messinian Almeria, Sorbas and
Vera basins in Almeria Province, SE Spain. Diamonds north of Sorbas town indicate the localities (see B)
studied at the northern margin of the Sorbas Basin; (B) Detailed location of the Gochar and Cariatiz
sections near Sorbas. In Braga & Riding, 1995.

Figure 2.14.1.2 – (1) Crude carbonate-siliciclastic thrombolite from steep-sided dome, shelf-margin.
Note the large irregular clots mainly due to patches of grains, fenestrae and microbial micrite (scale bar =
1 cm); (2) Shelf-break thrombolite showing associated attached biota of vermetid gastropods with thin
encrusting coralline algae (white arrow) (scale bar = 1 mm). In Braga & Riding, 1995.

The thrombolitic domes are located at the shelf-break in the palaeoplatform (Figure 2.14.1.3).
They are up to 2 m high, are steeped-sided and form bioherms 3-4 m high and 9 m across.
Stromatolites encrust the thrombolite forms or delineate laterally linked domes up to 1-2 m high
and 5 m across below, lateral to and above the thrombolites. Both fabrics are nucleated on one
or several metamorphic cobbles and boulders on the substrate.
The authors interpret the palaeoenvironment as a high-energy platform, where fluviatile currents
furnished the siliciclastic sediment supply (conglomerates and sandstones). Oolitic shoals and
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bioherms developed between siliciclastic fan-deltas and channels, with grain elevation greater at
the shelf-break and giving the coarse-grained thrombolites.

Figure 2.14.1.3 – Composite cross-section of shelf-basin dome distribution showing variations in dome
type, shape, grain size and composition. In Braga & Riding, 1995.

The authors postulate that differences in the macrofabric are essentially due to differences in
style (i.e. regularity and evenness) rather than processes of accretion. In leiolites accretion was
relatively continuous, in stromatolites it was episodic but regular and even, and in thrombolites
it was irregular and uneven. This latter irregularity was a function of sediment texture and
supply, as well as of encrustation, bioerosion and damage. In this case, the microbial mat biota
living at different depths did not control the morphologies of different domes.
The importance of this example of thrombolite formation is the formation process. They are not
formed by carbonate precipitation mediated by bacterial processes (e.g. Lake Clifton), more
common in this type of microbial clotted fabric, but rather built up by trapping and binding
accretion of calcareous and siliciclastic sediments.

2.14.2 Modern freshwater thrombolites of Green Lake in Fayetteville, New York,
United States of America
Thompson et al. (1990) published an article about the microbialites present at Green Lake,
located in Green Lakes State Park, Fayetteville, New York, U.S.A (Figure 2.14.2.1). The Green
Lake is considered one of the best studied lakes in world with a scientific history dating back to
Vanuxem (1839). Background studies (Muller, 1967 and others) defined Green Lake as a result
of erosion by glacial meltwater flowing from the caprock in the Middle Dolomite member of the
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Syracure Formation and the underlying Vernon Shale Formation, with maximum depth about 50
m. Green Lake is classified as a meromitic, marl and hardware lake, with interfaces between
the Middle Dolomite member and the shales of the Vernon Formation controlling the seepage of
groundwater entering the lake and its stratification comprises an upper oxygenated zone and a
lower anoxic zone (~ 10-18m).

Figure 2.14.2.1 - General location map of Green and Round Lakes within Green Lakes State Park,
Fayetteville, New York. Inset indicates the location of Green Lakes State Park in New York State (Black
Square). In Thompson et al., 1990.

Microbialites of Green Lake have a porous and clotted fabric in which the clots are bound
together by an extensive greenish biofilm very rich in EPS constructed by numerous organisms.
The predominant microbe in the biofilms is the unicellular cyanobacterium Synechococcus and
epiphytic diatoms are abundant within and under the thrombolitic microbialites. The
microbialites near to the surface of the lake have developed a stromatolitic cap in response to
co-occurring unicellular and filamentous cyanobacterial mat, the latter belonging to the
Oscillatorean order (Figure 2.14.2.2). The composition of lithoherms is around 90% weight
percent of calcite and 10% of organic compound, mainly associated with the living microbial
mat.
The microbiological, sedimentological and experimental evidence (both direct and indirect)
resulting from the study of Thompson et al., (1990) indicates that Synechococcus plays a major
role in the marl deposition, microbialite growth, and trophic structure of Green Lake. Indeed,
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the occurrence of the cyanobacteria Synechococcus in Green Lake is responsible for both
“whiting” events (living as a pico-planktonic organism) and microbialite formation in the lake
(living as a benthonic organism). The occurrence of marl or micritic mud on the bottom of the
lake is closely associated with the “whiting” process.

Figure 2.14.2.2 – (1) Bottom photograph of small microbialites (scale bar: 0.5 m); (2) Microphotography
of unicellular Synechococcus cyanobacteria (scale bar: 5µm); (3) Microphotography of unicellular
Synechococcus and filamentous cyanobacteria belonging to the Oscillatoreales (scale bar: 10µm). In
Thompson et al., 1990.

2.14.3 Modern thrombolite occurrences at Bahamas, Mexico and Australia
Examples of thrombolitic forms have been described from the Bahamas (e.g. Myshrall et al,
2010; Mann & Nelson, 1989).
In Highborne Cay, an island located along the west margin of Exuma Sound, Bahamas,
intertidal thrombolitic mats have been researched by Myshrall et al. (2010), in close proximity
(1-2 m) to accreting laminated stromatolites. Although not as widespread as their subtidal
stromatolitic counterparts, the thrombolitic structures are pronounced, ranging in size from a
few centimetres to over 1 m in length and 0.5 m in height (Figure 2.14.3.1). The microbialites
were subject to periodic burial events by oolitic sand grains and are living in an open marine
environment, being an exception compared with the usual stressed or constrained environments
which they normally inhabit. The composition of the thrombolites is primarily of calcium
carbonate polymorph aragonite (98%) present as sand grains and microcrystalline precipitates.
The dominant filamentous cyanobacterium Dichothrix was identified via morphology and 16S
rRNA gene sequencing. These Dichothrix sp. filaments exhibit calcification occurring around
the exopolymeric sheath in the upper few mm of the mat and appeared to degrade as they
progressed downward into the thrombolite. In the lower levels of the mat, the surrounding
sediment grains became more cemented (Figure 2.14.3.2).
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Figure 2.14.3.1 – Thrombolites of Highborne Cay, Bahamas. (A) Map of the Bahamas with arrow
pointing to the location of Highborne Cay. Bar 150 km; (B) Image of the thrombolitic build-ups along the
intertidal zone (t). Thrombolites are in close proximity to the subtidal stromatolites (s) and coralline algal
reef platform (r). Bar 1m; (C) Cross-section of thrombolite depicting the clotted carbonate fabric. Bar 25
mm. In Myshrall et al. (2010).

Figure 2.14.3.2 – (1) Surface view of button-like thrombolitic microbial mats. Bar 1 cm; (2) Crosssection of button thrombolitic mats revealing the vertical orientation of the dominant Dichothrix sp.
filaments (D). Bar 0.5 mm; (3) Petrographic thin section of button thrombolitic mats showing sections of
the cyanobacterial Dichothrix sp. Filaments (D). Bar 100 µm. In Myshrall et al. (2010).

Concluding, the authors pointed out in this study that the biochemical and diverse
characteristics of the thrombolitic mats suggest the accretion of these communities are primarily
the result of bacterial activities and not eukaryotes. The proposed process to explain the limited
presence of eukaryotic organisms is based on two factors: first, the microbialites are continually
undergoing periodic burial events by oolitic sands, which can span from days to even months
(Riding, 1991; Reid et al., 2000); second, the metabolic diversity of thrombolitic eukaryotes is
far more limited than that found in the bacterial communities and would suggest more of a
grazing, bacterivorous role in the thrombolitic mats.
Another example of thrombolite occurrence in the Bahamas is in Storr’s Lake, located on the
San Salvador Islands (Figure 2.14.3.3). This lake is situated in a lagoonal setting, exchanging
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water with the ocean during high and low tides through conduits, but fluctuations in lake level
have been not observed. The water level in the two-metre-deep Storr´s Lake fluctuates annually
in response to rainfall, groundwater recharge and evaporation, with water salinity varying from
38,500 to 93,500 ppm along the year. Mann & Nelson (1989) described several microbialite
structures in well-defined zones apparently primarily controlled by water depth. The
thrombolitic forms are located around the lake margins and are annually exposed above water
levels for intervals of many weeks or months. Stromatolitic structures with different
morphologies preferentially occupy the lakeward area.

Figure 2.14.3.3 – (1) Location map of San Salvador Island in the eastern edge of the Bahama Platform;
(2) Detail of San Salvador Island, with Storr’s Lake in the east side of island (wind-ward side). Images
extracted from Google Earth™.

The thrombolitic features are described by the authors as “pie mounds” on extreme margins of
the lake along shores with minimum slope and annually exposed during phases of low water
level. The growth capacity is renewed when the lake water returns to cover the mats. The
thrombolitic microbial mat seems to prefer ooze substrates and is absent in isolated rock
pavements. These structures are formed dominantly by cyanobacterium Phormidium
hendersonnii and a second unidentified species (Figure 2.14.3.4).
Finally, the authors conclude that presumably chemical and physical factors govern to some
extent the taxa of organisms that generate the structures in the lake, pointing out that the
primary control is the water depth. This may, however, be an indirect controlling factor
operating through light levels and salinity rather than an inherent physical aspect of depth.
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Figure 2.14.3.4 – (1) Mixed thrombolitic and stromatolitic structures in a pinnacle mound at San
Salvador Lake; (2) Detail of top in sample shown in the picture (1). Note the columnar branching
thrombolitic fabric underlying a laminated stromatolitic fabric.

An interesting example of modern thrombolites is described by Gischler et al. (2008) in Mexico
(Laguna Bacalar). Despite the fact that the example is a freshwater lacustrine environment, as is
Green Lake, the morphologies and distribution model of microbialites is strikingly similar with
some saline-hypersaline lakes located in southwestern Australia, especially Lake Clifton.
The Laguna Bacalar is a 40 km long and 1 to 2 km wide freshwater lagoon located in
southeastern Quintana Roo, Mexico (Figure 2.14.3.5). It is surrounded by a flat-lying Cenozoic
limestone and the outline of the lake and adjacent lagoons, and river bed are probably controlled
by the tectonic influence of the Rio Hondo Fault Zone (Purdy et al., 2003).
The Laguna Bacalar is connected with a system of cenotes (water-filled sinkholes) and the Rio
Hondo, with a maximum depth of 15 m. The area of microbialite occurrence is characterised by
strong northward currents and elevated concentrations of calcium and bicarbonate ions. There is
no microbialite presence in the lagoon north of Bacalar village or places other than indicated in
Figure 2.14.3.5. The thrombolites are usually domical or pillow-formed structures of up to 2 m
height and diameter, and in some they coalesce to form large features; some look like
microatolls, in that growth is concentrated at the rim enclosing a shallow pool; centimetre to
decimetre-sized oncolites are present over the substrate in some areas (e.g. narrow channels)
(Figure 2.14.3.6).
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Figure 2.14.3.5 – Location maps of the study area. (A) Location of Laguna Bacalar in Mexico. The other
well-known freshwater stromatolite locations of Cuatro Cienegas are marked in the northeast of the
country (Winsborough et al., 1994; Garcia-Pichel et al., 2004). B: Belize, G: Guatemala, H: Honduras, N:
Nicaragua, S: San Salvador; (B) Laguna Bacalar and southwestern part of Chetumal Bay near the
Mexican–Belizean boundary. Freshwater stromatolites occur along the lagoon shore for 10 km, from the
village of Bacalar to the entrance of Xul-Ha cenote (crosses). Published brackish stromatolite location in
Chetumal Bay (Rasmussen et al., 1993) south of the city of Chetumal near mouth of Rio Hondo is also
marked by a cross. Numbers 18, 21 and 22 are sample stations (extracted from Gischler et al., 2008).
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Figure 2.14.3.6 – Outcrop photographs from the southern part of Laguna Bacalar. (1) Coalescing
microbialites. Diameter of heads is 2 to 3 m. Note microatoll-type appearance of some heads. Some heads
are covered with living mat (orange); (2) Narrow channel with giant coalescing microbialites. Diameter of
creek is 5 m; (3) Underwater photograph of oncolites at location in picture (1). Diameter of oncolites is up
to 20 cm.

The microbialites are mostly unlayered with a thrombolitic texture. Stromatolitic texture is seen
in some cases and is caused by vertical variation in degree of cementation. In terms of
composition, the microbialites consist entirely of low magnesium calcite, and detrital grains are
mostly mollusc shell fragments. The accessory fauna of microbialites, including oncolites,
consists of mytiloid bivalves of the genus Dreissena and gastropods of genus Pomacea (Figure
2.14.3.7).

Figure 2.14.3.7 – (1) Microbialite cut open. Note the laminated texture at the base and thrombolitic
texture at the top. Diameter of sample is 15 cm; (2) Surface of microbialite from location in Figure
2.14.3.6 (1) with abundant Dreissena sp. epigrowth. Note millimetre scale at top of picture.

Living microbial mats up to 1 cm thick are found on top of some microbialite heads. These mats
are tough, leathery and almost cartilaginous. The biomats are layered and exhibit colour changes
from orange to green to reddish-brown, from top to bottom. The top is mainly colonized by
cyanobacterium genus Leptolyngbya, which forms a packed intertwined net. Nano-sized to short
prismatic low magnesium calcite crystals are associated with the filament walls, beyond detrital
grains (Figure 2.14.3.8).
Concluding, the authors state that the carbonate precipitation is largely induced by CO2
withdrawal by the cyanobacteria Homeothrix and Leptolyngbya, and associated diatoms. The
elevated carbonate content in lagoon waters results from dissolution of Cenozoic limestone in a
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karst aquifer. Trapping and binding of carbonate sediment in the microbialite formation process
is less important than precipitation. The age of microbialites was established using the

14

C

radiocarbon method and indicates a Late Holocene origin for them. Like other modern
lacustrine microbialite occurrences, grazers are abundant and this fact does not prevent the
development of microbial deposits in the lake.

Figure 2.14.3.8 – (1) Lateral view of living microbial mat. Note orange, green and red layers (from top to
bottom). Scanning electron microscope photographs of microbialite mats: (2) Microbial Leptolyngbya
mat, a view from above; (3) Close-up of microbial filaments shows precipitated nanocrystals of calcite.
(4) Peloidal detrital grains and platy low magnesium calcite crystals in microbial mat.

There are many examples of Australian lakes presenting modern occurrences of microbialites,
beyond the classical marine area of Shark Bay. It would be lengthy to make a detailed
description of each one, and the majority of the examples are classified as stromatolites, not
thrombolites.
In case of lakes with occurrences of thrombolites located northern of Yalgorup National Park, at
time of this thesis writing another researcher was finishing a PhD project over them (João Pinto
Bravo Guerreiro,). This PhD includes the lakes Richmond, Walyungup and Cooloongup, and
details and upgrades the acknowledgement over these thrombolitic lacustrine systems. For the
sake to respect this project ownership, the data and finding of it will not be cited or described in
the present thesis.
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3.1

In Chapter 4

An extensive high resolution mapping program using aerial ortho-photos and ground truthing
was undertaken at the lakes, with the major focus on Lake Clifton. During this mapping
campaign, observations of the morphologies, distribution and preservation state of the
microbialites were also recorded. Parts of microbial deposits and sediments in all studied lakes
at Yalgorup National Park and four thrombolitic lithoherms in Lake Clifton were collected,
analysed and described in the Sedimentology Laboratory at Department of Applied Geology,
Curtin University. The internal microstructure and composition were studied through
description of 22 petrographic thin sections at Curtin University Microscope laboratories. SEM
and EDS analyses over 24 samples were carried out at facilities of the Department of Imaging &
Applied Physics at Curtin University and Petrobras Company in Brazil. The samples were
fragmented in such a way as to present a fresh and irregular surface, adhered to a brass made
stub and coated with a thin layer of gold-palladium utilizing a sputter model EMITECH K750X.
A SEM models Zeiss Evo 40XVP SEM (Curtin University) and JEOL JSM6490LV (Petrobras
Microscopy Laboratory) were used for the analysis. The EDS investigation was performed
using an OXFORD Inca microanalysis system coupled to the SEM (Petrobras Laboratory). The
EDS investigation was limited to approximately 5 microns of sample surface and therefore did
not represent the bulk composition of rock. The XRD analyses of 20 selected samples from
Lakes Clifton (7), Pollard (1), Martins Tank (1), Yalgorup (1), Hayward (4), Newnham (1) and
Preston (5) were completed in the same department at Curtin University utilizing a gear Bruker
D8 model Advance configured for powder diffraction analysis. Mineralogical and
compositional identification was carried out by XRD and EDS analyses, respectively.
One computer axial tomography analysis of a drill-core in a microbialite from Lake Clifton and
three micro-computed tomography scans of thrombolitic samples from Lakes Pollard, Hayward
and Preston were carried out at facilities of Petrobras Company in Brazil utilizing a gear model
Phoenix v|Tome|x L 300 to further characterise the internal structure of microbialites.

3.2

In Chapter 5

Sub-samples and parts of forty selected samples of rocks, drilling and push-cores in lakes
Clifton, Pollard, Hayward, Newnham, Preston Middle-South and Preston South were dated by
the

14

C AMS (Accelerator Mass Spectrometry) radiocarbon method in the Beta Analytic Inc.
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Laboratory, Miami, Florida, U.S.A. A table showing the radiocarbon dates obtained is shown in
Appendix 5A.
Carbonate samples were cleaned with a micro-rotary drill to remove non-carbonate material and
newer carbonate cements and silica coating on some samples, and packed in new and clean
plastic polyethylene vials. Wood and vegetal samples did not receive pre-treatment in Australia.
In the Beta Analytic Laboratory, all samples were etched with acid before analysis to remove
remnants of contamination. The results were provided with measured and conventional ages,
and 2 Sigma calibrations. Corrections of Delta-R for ocean reservoir effect were not applied in
this study because the shells used are restricted to marine-lagoonal environments with water
derived from oceanic, meteoric and groundwater sources, with groundwater draining a
Pleistocene limestone terrain, resulting in an unknown correction number (Semeniuk, 1996).
The microbialites and shells are believed to have been deposited in a lacustrine environment and
terrestrial wood materials were deposited once the area was disconnected from the ocean
(Semeniuk, 1996), hence reservoir correction is unnecessary. The microbialites were targets of
radiocarbon dating in the scope of the present project, in order to determine the ages and, in
some cases, the growth rates of thrombolites. The rates of growth calculations were
accomplished with selective sampling and linear growth rates assumed between sampling points
on microbialite lithoherms described in chapter 4 and 5.
The stable isotopes analyses of δ13C and δ18O in carbonate samples were performed at the
Australian Biochemistry Centre in the University of Western Australia (UWA), using the same
samples utilised in radiocarbon dating, and utilising the equipment Thermo Delta XL IRMS
with Gasbench II. The data acquired is shown in the Appendix 5B.
Seven ground truth traverses were surveyed with DGPS in lakes Clifton (5), Hayward (1) and
Preston (1). The focus of these traverses was the elevation of lake margins and other features in
mAHD. Each ground truth traverse was integrated with the push-core descriptions to make
geological section showing the facies distribution and subsurface data interpretations.
A total of 24 push-cores were obtained in Lakes Clifton (10), Lake Pollard (1), Lake Hayward
(2) and Lake Preston (3), utilising PVC tubes of 50 mm diametre and up to 3 m length. Drilled
cores were collected utilising a portable drilling machine with bit-barrels of 6.9 cm internal
diameter, and 65 or 75 cm in length. The drilled-cores were necessary to drill semi-friable to
compact microbialites in Lakes Clifton (4) and Preston (1). Almost all data acquired by pushcores was utilised to construct geological sections. Part of the drilled samples was used for
radiocarbon dating of microbialites and to establish the rate of accretion in microbialites at
Lakes Clifton and Preston. The identification of mollusc shells was carried out by binocular
microscope analyses.
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In Chapter 6

Microbial mats were collected in the aforementioned lakes to determine the BMCs
cyanobacterial species distribution. The data acquired was compared with previous data in an
attempt to determine shifts in the composition of cyanobacteria currently living in the lakes. The
identification included the quantitative mass measurement of each species of cyanobacteria in
the BMCs, and the total mass distribution difference between cyanobacteria and diatoms. In
case of diatom biomass measurement, trapped free forms from water in microbial EPS may be
influencing the quantification. The first batch of BMCs was collected on 11/12/2013 when the
lakes were close to their highest water level and the second batch was sampled on 23/03/2014,
close to the lowest water level. Microbial mat taxonomic analyses were carried out in Brazil
using an optical microscope model Axio (Zeiss).
The collection of nine water samples was carried out in intervals of approximately six weeks
from February/2013 to January/2014. The locations of sampling and water properties
measurements were based on the availability of access and confidence that samples approximate
represent the average lake water composition. For quality control purposes one batch of samples
was duplicated for laboratory analysis, with good correlation between results of samples and
duplicate samples.
The water samples were collected in cleaned polyethylene plastic bottles before filtering using a
vacuum chamber and a Milipore 45 µm paper filter (Cellulose nitrate & acetate material). The
vacuum chamber was washed three times with filtered lake water prior the collection of final
filtered samples for analysis. The filtered water was stored in four different unused tubes of 50
ml capacity for analysis of total alkalinity, major cations and anions, trace elements and filtered
nutrients. In the case of samples for trace element analyses, a solution with 20% concentration
of nitric acid was added to ensure metals stayed in solution. A 500 ml plastic bottle was used to
collect whole water samples from the lakes to analyse the unfiltered nutrient concentration. The
collected samples were chilled in a portable fridge/freezer during the fieldwork and kept cool or
frozen until delivery to the respective laboratories for analysis. In the case of total alkalinity, the
analyses were performed on the same day of collection using a HACH field titration kit, model
AL-DT.
Nutrient analyses were performed at School of Earth and Environment in the University of
Western Australia, using a QuikChem QC8500 Series 2 FIA Automated Ion Analyser. The trace
elements were identified and quantified by TSW Analytical Pty Ltd Company using Thermo
Scientific iCAP 6500 Duo ICP-AES equipment. The major cations and anions were determined
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at DPaW (Department of Parks and Wildlife) analytical laboratory via High Performance Ion
Chromatography using a Dionex ICS 100 system.
Water properties were acquired using a water meter set with probes for acquisition of
temperature, pH, dissolved oxygen (DO), Redox potential (Eh) and electrical conductivity (EC).
The meter model and probes utilized were: WTW Multi 3500i with probes MPP-350 (EC e
DO), SensoLyt MPP-A Pt (ORP) and SensoLyt MPP-A (pH). Before each water collection
campaign the probes for pH and electrical conductivity measurements were cleaned and
recalibrated with the appropriate buffer solutions, as well as the probe for dissolved oxygen
measurement.
Continuous monitoring of water levels, temperatures and electrical conductivity was carried out
using Diver data loggers produced by Schlumberger. Both CTD Diver (temperature, water level
and electrical conductivity acquisition, utilised in less saline lakes) and Cera Diver (temperature
and water level acquisition) were used depending on lake conditions, both. The Divers were
calibrated with appropriate standards and placed in Lakes Clifton and Preston from
February/2013 to January/2014, and a baroDiver (Schlumberger™) was installed in the
atmosphere at the eastern margin of Lake Clifton to survey atmospheric pressure and correct
water levels. All water level data was transformed to AHD for reference. The transformation of
electrical conductivity values from Divers to salinities was done using crossplots of TDS (Total
Dissolved Solids) measured in the laboratory against the values of conductivity in loggers. In
Lakes Hayward and Preston water level depth boards were set close to the margins of each lake,
and surveyed to AHD with DGPS. The water level depth board readings were compared with
the water levels measured by the Divers to assure the precision and accuracy of measurements.
In the case of Lake Hayward, which was not monitored by a logger, the measurements were
based only on the depth board. The government installed depth board already placed at the
boardwalk of Lake Clifton was monitored as well.
Analyses of δ18O stable isotope in lake’s water were carried out at Australian Biochemistry
Centre in the University of Western Australia (UWA), utilizing a spectrometer model Picarro
Cavity Ring-Down. The samples were collected in 100 ml glass bottles after three washings
before the final sample collection. No air bubbles were left in bottles to prevent modern
atmospheric contamination. Four samples of each studied lake were selected for stable isotope
analysis. In the case of borehole Y2-4A, three samples for stable isotope analyses were selected.
For the paleotemperatures calculations using data obtained from δ18O in rock and water samples
was used a formula defined by Craig (1965):
T / ºC= 16.9 – 4.2 (δaragonite – δwater) + 0.13 (δaragonite – δwater)²,
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where δ is the 18O ratio of aragonite (‰, VPDB) and water (‰, VSMOW).
The water sampling and Diver deployment points in each lake were the following (Figure
3.3.1): Lake Clifton (WCN1)= Beside the tourist boardwalk or jetty for thrombolite observation,
eastern margin. Diver at bearing post of boardwalk (Coordinates: X=373.910 m; Y=6.376.140
m); Lake Hayward (WHS1) = South margin, close to the tourist lake access (Coordinates:
X=377.663; Y=6.360.209); Lake Preston, middle-south area (WPM1)= northwestern margin.
Diver attached to the water level board deployed in this project. (Coordinates: X=378.338 m;
Y=6.341.722 m); Lake Preston, southernmost area (WPS1)= northern margin. Diver attached to
the water level rule deployed in this project (Coordinates: X=378.366 m; Y=6.337.619 m);
Seepage in eastern margin of Lake Clifton (WCSS1)= Seepage of aquifer’s water in Lake
Clifton margin (Coordinates: X=374.495 m; Y=6.374.373 m). In the latter there was no Diver
logger installed due to inappropriate site conditions.
The groundwater monitoring site (borehole Y2-4A) is located in the northeastern area of Lake
Clifton (Spearwood Dunes). This site was considered representative of the chemistry of l
groundwater inflow to Lake Clifton. Coordinates: X= 373.910 m; Y=6.376.140 m. Diver logger
was not utilised in the borehole.
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WPM1/Cera Diver

Y2-4A

WCN1/CTD Diver

WHS1
WCSS1

Preston South

WPS1/CTD Diver

Figure 3.3.1 – Location of water sampling points and Diver placement. Images from Landgate aerial
survey (2012). The types of Diver deployed are identified in each lake.
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Chapter 4

Aspects, Morphologies, Modelling and Distribution of
Thrombolites at Clifton-Preston Wetland
4.1

Lake Clifton Thrombolites

Initial calcium carbonate precipitation in lake by BMC was previously identified as controlled
by the cyanobacteria Scytonema Siculum, a filamentous bacterium present in BMCs living at
Lake Clifton until recent times (Moore & Burne, 1994). Carbon dioxide (CO2) uptake from
HCO3- ions present in alkaline water associated with photosynthesis process provides a
microenvironment for carbonate precipitation around the bacterial sheaths (Altermann et al.,
2006), producing a biologically induced organomineralisation process (sensu Dupraz et al.,
2009). The inflow by seepages of alkaline groundwater feed principally the eastern margin of
Lake Clifton and furnishes ions and substances partially consumed by the BMC in reactions of
organomineralization (Moore, 1993). The map in Figure 4.1.1 represents the area of occurrence
of thrombolitic forms around Lake Clifton and the main features that will be discussed in the
thesis. The locations of the four collected thrombolites, complete (RCS-4 and RCSI-2), and
semi-complete (RCN-4 and RCN-11) are shown in the same image.
The thrombolitic lithoherms present at the lake are mostly distributed along the southeastern,
eastern, northern and northwestern margins, with the widest area located in the northern zone.
Due to the dimension and characteristics of the coalesced thrombolitic lithoherms, it can be
classified as a reefal feature. Table 4.1.I summarises the areas of lake mapped in this project;
see also Figure 4.1.1.
Lithoherms also partially occupy the marginal flats and the younger sedimentary accretional
platforms, which are attached to eastern, northern and northwestern margins, beyond the Central
Island. The division between older and younger thrombolites is based on the separation of
different generations of microbialites developed at the lake. Accretional platforms are proposed
to have been colonised by the smaller and younger (or newer) forms of thrombolites, whereas
the older platforms are dominated by older more developed and larger microbialites. The width
of the original and accretional platforms varies greatly, ranging from some meters in the
southern area to hundreds of metres in the northern part of lake. Lakeward, the pavement is
colonised by scattered individual, grouped or coalescent microbialites, becoming more
interspaced and isolated landward (Moore, 1993). The basement of the lake consists of the
calcretised and altered surface of the Tamala Limestone, and isolated or continuous structural
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highs or ridges of this stratigraphic unit. Examples of these highs are the Central Island, the
internal banks and the shallow northern reefal platform.

Lake Clifton
Maximum length (m)
Maximum width (m)
Water covered area in wet season peak (m²)
Water covered area in dry season peak (m²)
Thrombolite reef length (northeast / east margins) (m)
Original thrombolite covered area (m²)
Older preserved thrombolite reef (m²)
Younger preserved thrombolite reef (m²)

21,471
1,400
16,527,299
11,038,227
15,051
1,678,072
800,054
352,367

Paleolake Clifton (Southern ancient part)(m²)

8,242,311

Total Lake Clifton (actual+paleolake)(m²)

24,769,610

Table 4.1.I - Main features mapped at Lake Clifton region and respective areas or lengths in m2 or m,
respectively.

Just after the establishment of the lacustrine facies, calcifying BMC found conditions to
flourish. Older lithoherms were observed and interpreted usually growing over hardened
pavements delineated by marine-lacustrine transitional (or lagoonal) hardgrounds, Tamala
Limestone outcrops or loose sediment. Younger forms were observed growing only over loose
lacustrine sediments in accretional platforms. In the middle-central area of lake is common the
presence of internal banks where the thrombolites found conditions to thrive.
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Figure 4.1.1 – Geological map of Lake Clifton with occurrences of thrombolitic lithoherms. The coloured
circles indicate locations where thrombolitic forms and samples were collected and their respective codes.
The water surface in lakes on the map represents the levels in dry season. The black arrows point out the
primarily geomorphologic features in the lake. The push-core SCCN-10 used for computed tomography
analysis is also indicated.
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External Controls over the Thrombolitic Reef Formation in Lake

Clifton
Based on analysis of the thrombolite reef distribution around the lake it is possible to assert that
winds play an important role. The prevalent winds in the area come from the west and
southwest, transferring high amounts of energy to the lake surface and pushing the water against
the eastern and northern margins. As a regional influencing factor, the wind pattern will repeat
in all lakes in the area, controlling the water currents and wave’s direction, and consequently the
erosional/depositional settings of the lakes.
These winds generate an erosional pattern in the eastern middle-north area of Lake Clifton,
carving the Island and Northeast channels (Figure 4.2.1). Transport of sediment from south to
north is reflected by water current indicators (sediment plumes), and where the currents
decrease in velocities depositional or accretional features have been formed. The more visible
depositional features are the Southern spits, the Northern spit, the Central Island accretional
platform and the Northern accretional platform (Figures 4.1.1 and 4.2.1). In the case of the
Central Island, Northern spit and Southern spits, structural highs of the Tamala Limestone act as
water current barriers, whereas in the Northern accretional platform the abrupt change in margin
direction combined with the northern lake limit are the probable reasons for the water current
deceleration. Over all accretional platforms, younger thrombolitic forms are present, represented
by small turbinate to subspheroidal shaped lithoherms. More detailed and specific studies are
required before the processes of lake’s hydrodynamics can be fully understood.
Climate plays an important role in seasonal controls over Lake Clifton and other lakes in the
area. The water levels in the lakes are a consequence of direct rainfall and groundwater aquifer
recharge from seepage around the margins. Additionally, water and air temperatures are driven
by climate, which together with wind, controls the evaporation rate.
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Figure 4.2.1 - Aerial photo mosaic with interpretation of the main erosional and constructional features at
Lake Clifton. The Northeast and Island channels primarily represent the erosional features. The major
depositional features are: (a) Northern Accretional Platform; (b) Northern spit; (c) Central Island
accretional platform and (d) Southern spits and banks over Tamala Limestone highs. The red arrows are
examples of the sediment plumes.
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Genesis, External Morphologies and Internal Macrostructure of

Thrombolitic Lithoherms at Lake Clifton
The analysis of four whole or partially preserved lithoherms sampled at Lake Clifton has
permitted a better understanding of the genesis and growth process of the thrombolitic forms.
Using the acquired data from laboratory analyses and fieldwork studies, the modelling of each
step of the evolution of individual thrombolites with distinct external morphologies found in the
lake was performed. The natural evolution of the single forms will provide the coalesced and
multi-nucleated morphologies, depending on the physical parameters defined by the water
depth, groundwater discharge paths and interspacing between initial spots of calcium carbonate
precipitation by calcifying bacteria. The amalgamation process of microbialite forms is the more
common mode of microbialite occurrence at the lake and was observed by several authors in the
past, chiefly Burne & Moore, 1987 and Moore, 1993. However, the study of individual
thrombolitic forms is the key to comprehend the genesis and development of the thrombolites
during time.
Maximum water level is a limiting factor on thrombolite growth in height, and the real shape of
whole thrombolite types in the lake (i.e. unburied forms) is related to the burial history of the
microbialites. Figure 4.3.1 shows the individual thrombolitic forms identified in Lake Clifton.

20 cm

exhumed
thrombolites

Small turbinate
Subspheroidal

Turbinate

50 cm

In situ thrombolites

Conical

Hemispheroidal

Tabular

Figure 4.3.1 – Schematic diagram of identified individual thrombolitic forms in Lake Clifton.

A natural process of sedimentation and progressive burial of thrombolites has been active at
lake margins, platforms and highs where the wind-driven currents slowed in velocity and waves
break. In response, one potential control of the cyanobacteria present in the BMCs is light
penetration and water level. The BMC and subsequent structure will grow upward to keep pace
with the light but cannot grow any higher than the lake water depth.
73

Chapter 4

Thrombolites genesis and morphologies

Some forms appear to have a radial growth morphology, nucleating and spreading from a small
initial structure. The radial spreading behaviour tends to increase the size and exposed area of
the lithoherms, resulting in a trend of accretion and progradation in the microbialites. The
exposed part of the lithoherm will have a hemispheroidal geometry, whereas the buried part will
have an inverted conical shape. Marks indicating the palaeointerfaces between the substrate and
the exposed surface of the lithoherm are commonly formed during the burial-growth process
and fine-grained carbonate sand is usually attached in the buried part and infilling the
interframework space. The sample RCS-4 exemplifies a single relatively small lithoherm or
juvenile thrombolite (Figure 4.3.2). The three dimensional classification of this form can be
defined as subspheroidal.
A

B

C

Figure 4.3.2 – (A) Examples of juvenile forms over loose sediment substrate at Lake Clifton. The
outcropping part is subtly altered by carbonate dissolution; (B) Lateral-view of sample RCS-4 with
paleointerface marks (red arrows); (C) Bottom view of same sample indicating the initial spot of BMC
calcification (black arrow). Note the upward radial pattern of growth. The light coloured areas in (B) and
(C) are indicating the buried part.

In thrombolites of Lake Clifton, the internal fabric is remarkably radial and dendroid, with
mesoclots defined by a cluster of intertwined branching columns (Figure 4.3.3, RCS-4 and
RCSI-2 samples sawn). Analysing the thrombolitic forms sawn on their vertical axial plane, it is
possible to visualise some subtle semi-horizontal to curved layers that cross the clotted
branching fabric. These features probably represent pauses in the activity of the calcifying BMC
and the establishment of the relatively short term of trapping and binding process, probably
made by a different type of BMC. Indeed, this process is ongoing now in the lake and will be
discussed later in this section. The connected interframework or fenestral porosity is highly
visible in both samples. Vugular porosity developed by carbonate dissolution is also present.
The burial process, if continued, will shape the next more evolved morphology, categorised in
this work as turbinate (Figure 4.3.4.A and B). This geometry is defined by growth as a function
of available space for accretion and progradation. The absence of a flat top indicates that the
lithoherm did not reach the boundary between water and atmosphere during its development
along the seasonal water level variations. The collected sample RCN-4 shows the preserved
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upper and middle parts of a turbinate form, where the bottom part of the sample is missing,
probably due weathering and erosion. An assembly using the samples RCS-4 and RCN-4
simulates a complete expected geometry of a turbinate shape (Figure 4.3.4.C). The plan view
remains circular, as a subspheroidal form.

A

B

Figure 4.3.3 – (A) Lateral view of sawn sample RCS-4. Note the columnar-dendroid clotted fabric and
the subtle curved surfaces crossing the fabric (red arrows); (B) Sample RCSI-2, more evolved than
sample RCS-4. The clotted texture is more altered by dissolution than in sample RCSI-2.

A

C

B

RCN-4
RCS-4

Figure 4.3.4 - Example of turbinate thrombolite form, sample RCN-4. (A) Lateral view of the uppermiddle part of microbialite. The red dotted line shows roughly the interface between the buried and
exposed parts; (B) Bottom view of sample (darker tonality); (C) Assembly using the samples RCN-4 and
RCS-4, simulating the complete turbinate form. Note the increased size of inverted conical shape in
comparison with the upper exposed part. Red arrows represent examples of water and sediment interfaces
along the growth interval.

The sample RCN-4 was sawn along the vertical axial plane revealing at least three visible stages
of growth separated by irregular curved surfaces (Figure 4.3.5). These surfaces potentially
represent pauses in the thrombolitic fabric activity, sometimes with surfaces of trapping and
binding of sediments partially preserved.
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A

B

Figure 4.3.5 - Example of turbinate thrombolitic form, sample RCN-4 sawn along its vertical axis. (A)
Lateral view of microbialite upper and middle parts. The red dotted lines represent the interfaces between
stages of growth of the thrombolitic fabric in the microbialite; (B) Tip of pincer indicates a partially
preserved curved surface (trapping and binding process).

Using the information above it is possible to model evolution from initial microbially induced
calcification spot to a turbinate form (Figure 4.3.6). The sizes of turbinate forms vary, normally
ranging from few centimetres up to 80 cm in high and 20-30 cm in diameter.

~30 cm

Time Line

Figure 4.3.6 - Schematic evolutionary model from a starting calcifying microbial spot to a subspheroidal
and subsequent turbinate individual morphology during burial. Model based on the RCS-4, RCSI-2 and
RCN-4 samples, and field observations.

After this stage, subsequent morphologies will continue to be shaped by available space for
accretion and progradation. Depending on the position of the lithoherm on the lake margin, the
coverage by water during the year will vary from permanently submerged to partially or totally
exposed in the dry season. Therefore, the tendency will be for the ratio of accretion/
progradation to increase lakeward (henceforth defined as A/P ratio).
Where the evolving lithoherm has low or no space for more accretion and high space for
progradation the final geometry will be a tabular form, caused by a low A/P ratio (Figure 4.3.7).
This type of lithoherm thrives close to the wet season or average maximum water levels, when
the marginal flats are flooded. Near to the landward limit of the margin, tabular forms tend to
develop directly from subspheroidal spots because of the very limited space for accretion since
the genesis of the initial BMC calcifying core.
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~30 cm

Time Line

Figure 4.3.7 - Schematic evolutionary model from an individual turbinate form to a tabular morphology
in the marginal flats. Blue line represents the average maximum water level. Model based on the RCS-4
and RCN-4 samples assembly and field observations.

The three dimensional shape of an individual unburied tabular form has a “mushroom”
geometry, i.e. the tabular shape is only the outcropping part of the complete form, as previously
described by other authors (e.g. Moore, 1993; Burne & Moore, 1993), with change in the
inclination direction between the parts (Figure 4.3.8). Therefore, the same behaviour of
direction change observed in the subspheroidal and turbinate forms are present in the tabular
microbialites.

A

B

Figure 4.3.8 - Example of tabular lithoherm in the northeastern margin. (A) and (B) portray the
outcropping and partially exhumed parts of an individual tabular form (white arrows).

This type will preferentially occupy the marginal flats around the lake. The plan view of
individual tabular forms is circular or sub-circular with variable diameter up to around 70 cm.
The average distance between initial spots of microbialites generally prevents the formation of
larger individual tabular forms because they usually coalesce (Figure 4.3.9).
A

B

C

Figure 4.3.9 - Examples of tabular thrombolites in Lake Clifton. (A) An isolated tabular form. The scale
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is 15 cm (black graduated line on handbook); (B) Tabular form showing several stages of growth and the
core (black arrow), which corresponds probably to a semi-eroded outcropping part of a turbinate form.
Note the coalescence with another tabular form in the lower part of picture deforming the boundary; (C)
detail of yellow box in (B): Note the irregular rim separating two stages of growth, probably an imprint of
an uneven event of growth in the calcifying BMC (black dashed line); the radial clotted fabric is clearly
exposed.

Lakeward the space for accretion increases due the natural basinward slope of the margin. The
microbialites will reflect this change, forming now as hemispheroidal and conical morphologies.
Both morphologies will have a flattened top if they grow to upwards to a point where they are
near the elevation of the lake level (including fluctuations) during microbialite growth (Figure
4.3.10).

B

A

15 cm
Figure 4.3.10 - Examples of hemispheroidal and conical thrombolites in Lake Clifton. (A) A submerged
hemispheroidal form covered with brownish BMC; (B) Conical form collected in fieldwork, named RCN11. Note the flat top and the hole on top.

Hemispheroidal and conical forms represent the evolution of the subspheroidal and turbinate
forms in deeper waters. Due to the relative position on margins, in hemispheroidal forms growth
derives probably from turbinate forms, as shown in Figure 4.3.11. In conical microbialites, it is
difficult to establish the previous sort of initial core because in all forms observed in the field
the internal and basal parts are much weathered and eroded. The probable nucleus in conical
forms would be a subspheroidal form, as modelled in Figure 4.3.12. This assumption is justified
because they tend to be found in the deepest part of the lake where microbialites are present,
delineating the limit of their occurrence. This condition will naturally force the BMC to grow
upward faster in a stronger vertical axial pattern to keep pace with the optimal light zone for
photosynthesis.
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~75 cm

Time Line

Figure 4.3.11: Schematic evolutionary model from an individual turbinate form to hemispheroidal
morphology without and with a flat top. Blue line represents the average maximum water level through
time. Model based on the RCS-4 and RCN-4 assembly samples and field observations.

50 cm

Time Line

Figure 4.3.12: Schematic evolutionary model from an individual subspheroidal form to conical
morphology without and with a flat top. Blue line represents the average maximum water level through
time. Model based on sample RCN-11 and field observations.

Analysing conical sample RCN-11 sawn along its vertical axial plane it is possible to identify
the same pattern of growth with a stronger bias in the vertical direction. Even with this vertical
bias, the radial growth pattern is visible around a missing initial core in the sample, lacking due
to the internal advanced stage of dissolution. Two stages of growth can be clearly identified and
events of trapping and binding are present between one phase of growth and another over the
present surface of the form, the latter denoting a contemporaneous process (Figure 4.3.13).
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B

A

Figure 4.3.13 - Conical sample RCN-11 sawn in the vertical axial plane. (A) Part of preserved
microbialite. Trapping and binding events are noticeable on the surface of the sample and internally,
yellow and red arrows, respectively; (B) Detail of boxed area in (A) showing the semi-columnar clotted
fabric and the internal and surficial trapping and binding events, red dashed line and yellow arrow,
respectively.

The detailed observation of the hole present in the top of sample RCN-11, a common feature in
some conical forms at the lake, indicates that this structure was formed after the thrombolite
development by weathering and erosion. The reasons to justify this interpretation are listed
below:
1) The structure of growth is the same as the other morphologies and a prior substrate of
microbialite is necessary to bear the next generation of calcifying BMC;
2) The trapping and binding event crosses unconformably the ancient trapping and binding
event (Figure 4.3.14);
3) The hole is not present in all conical forms (Figure 4.3.15).
About 25 years ago, the holes seemed to be more obvious, and appeared to channel waterplumes from the substrate to the top of the cone (Kathleen Grey (2015), personal
communication). During the fieldwork of this project the aforementioned plumes were not
observed, and the holes were mostly filled by fine-grained sediments.
In plan view all individual microbialites sampled in the lake show a circular to semi-circular
shape, as observed in Figures 4.3.16. In the lateral view it is interesting to observe the
convergent pattern of the conical form when compared with the radial divergent pattern present
in the other morphologies.
The basal view of sample RCN-11 before sawing shows a clear higher degradation at the base
of the microbialite, with a circular restricted connection with the hole in the upper part (Figure
4.3.17 (A)). The fissure or fracture crossing the microbialites is commonly observed in all larger
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weathered thrombolites at the lake (Figure 4.3.17.B), and in the final stage of destruction, the
microbialite will pull apart at the fractured planes.

Figure 4.3.14 - (A) Detail of the upper part of conical sample RCN-11. Note the unconformable trapping
and binding surface crosscutting the older trapping and binding event (blue and red arrows, respectively).
The greenish colour over the sample surface is the living BMC on the thrombolite’s surface (sample
collected on 12/06/2013); (B) Part of the same sample displaying the contact between the clotted fabric
and the semi-indurated trapping and binding surface (pincer tip).
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50cm
Figure 4.3.15 - Example of conical forms in Lake Clifton. Note the presence of forms with (red arrows)
and without (green arrows) the hole on the upper part of forms. Photograph from the jetty in Lake Clifton,
March/2013.

A

RCS-4

RCSI-2

RCN-4

RCN-11

B

Figure 4.3.16 - (A) Plan view of all collected samples in Lake Clifton: subspheroidal (RCS-4 and RCSI2), turbinate (RCN-4) and conical (RCN-11). Note the common circular shape in all samples from plan
view; (B) Lateral view of same samples.
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A

B

50cm

40cm

Figure 4.3.17 - (A) Basal view of conical microbialite RCN-11. Note the higher degree of alteration at
the base that decreases toward the top and delineates a narrow circular channel up to the upper hole, and
the fissure crossing the sample.; (B) Hemispheroidal thrombolites in the northeastern margin. Note the
several fissures or fractures over the forms.

Considering the data obtained in this project, a conceptual model for the post deposition
morphological alteration process in conical thrombolites is proposed and represented in Figure
4.3.18. The explanation for this internal to external process of alteration and dissolution of
conical forms is unclear and needs more specific studies.
The microbial mat presently living on thrombolites clearly executes the trapping and binding of
fine to coarse-grained carbonate sands, primarily sourced from microbialite eroded debris.
Shells, bioclasts and siliciclastic sand grains are also present (Figure 4.3.19). The EPS is
abundant on this BMC, mainly in the dry season, when water levels decline and the salinity
increases so the BMC secretes more EPS for protection.

Time Line

Figure 4.3.18 - Model of weathering of the conical thrombolite. The degrading of the form starts from
inside and base, and migrates laterally and upward.
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A

B

1mm
Figure 4.3.19 - (A) Broken piece of sample RCN-11 showing the mesoclots coated by an orange material
and the trapping and binding surface (at top); (B) Microphoto of yellow boxed area in (A), trapping and
binding surface. Note the brownish EPS with several sediment particles adhered in it, some forming
recently cemented clusters (central part of photo).

The composite thrombolites are the most common form of microbialite occurrence. After
understanding the individual genesis of thrombolites in Lake Clifton, it is possible to state that
all composite morphologies are the result of several degrees of laterally linking, grouping, and
coalescence of individual microbialites. It is common to observe multicored forms sharing
common stages of growth and macro-colonies of thrombolites rimmed by long rings of growth.
The coalescence of individual forms will naturally deform the boundaries of growing
microbialites, providing diverse geometries during the evolution of the colony. The Figure
4.3.20 illustrates the more clearly expressed examples of composite microbialites, which
involve all types of individual thrombolites present in the lake.
Based on data interpreted in this project and previous works a classification is proposed for the
thrombolites dwelling in Lake Clifton (Figure 4.3.21). This classification considers the whole
geometry of relatively smaller forms (subspheroidal and turbinate) and the outcropping
morphologies of larger forms. The larger forms commonly have the buried part altered and/or
eroded, and are difficult to exhume due to their dimensions and weight. Moreover, the removal
of this type of thrombolite would cause accentuated environmental damage in this protected
area.
In this project the “stromatolitic structures” cited by Moore (1993) were not observed. It was
recorded the presence of a black pustular mat that occupies the exposed areas of the pavement
that indeed remains wet because of the groundwater seepages, but without evidence of
lithification. This type of microbial mat occurs in all lakes in Yalgorup National Park, always in
the upper shore and seems to proliferate in fresher water derived from seepages around the
hypersaline lakes. When the pavement of the lake is flooded in the wet season, the black
pustular mats cease to thrive and are usually eroded. A possibility to explain the “stromatolitic
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structures” of Moore is the partial preservation of the stacked black pustular microbial mats
with marginal sediments adhered in its base. The upper part of this BMC is very poor in EPS
and has an “asphaltic” texture. Trapping and binding of sediment over this kind of mat was not
observed (Figure 4.3.22).
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Figure 4.3.20 - (A) Subspheroidal thrombolites with low degree of lateral linking; (B) Detail of
subspheroidal to turbinate thrombolites with average to high degree of coalescence. Note the bridges
linking the circular initial spots of microbialites, providing an irregular or lobate macro-geometry; (C)
Photograph (B) with black circles highlighting the original circular shape of each lithoherm; (D)
Subspheroidal forms partially covered with bioclasts and coarse-grained sediments; (E) Multi-nucleated
tabular forms enclosed by common rings of growth and the deformation in the edges; (F) Transition from
laterally linked and coalescent tabular forms to hemispheroidal microbialites lakeward; (G) Tabular
laterally linked and coalescent thrombolites; (H) Tabular form with high relief representing the
transitional geometry between tabular to hemispheroidal thrombolites; (I) Amalgamated tabular form with
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younger rings of growth enclosing the older microbialites; (J) Subspheroidal and turbinate forms with
high degree of lateral linking and coalescence (composite lobate to irregular macro-geometry); (K) A
cluster of tabular forms; (L) An isolated colony of coalescent tabular forms in foreground surrounded by
sediments filling the inter-colonies space; (M) Laterally linked hemispheroidal forms; (N) Detail of
hemispheroidal thrombolites with flat top; (O) Cluster of tabular forms with subtle lateral linking. Scales
used in photos: field book in (A): 20 cm; Measuring tape in (B) and (C): 8 cm; Graduated field scale in
(D), (G), (H) and (I): 8 cm; pocket knife in (E), (J) and (N): 10 cm; GPS set in (L): 13 cm.

Classification of individual morphologies

Classification of composite morphologies
Laterally Linked
Coalescent
Laterally Linked

*Turbinate

Depth Incresing

Coalescent

Tabular
Hemispheroidal with flat top

Laterally Linked

Hemispheroidal without flat top

Coalescent

Initial bioherms spacing decreasing

*Small turbinate / Sub-spheroidal

Conical
*Whole form

Figure 4.3.21: Classification for morphologies found in thrombolites at Lake Clifton.

B

A

Figure 4.3.22 - (A) Black pustular microbial mat in the exposed northeastern margin in Lake Clifton; (A)
Microbial mat close to water level boundary; (B) Detail of microbial mat over the wet pavement. Camera
lens cover used for scale (9 cm).
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Distribution Profile on Margins and Evolutionary Sequence of

Thrombolites in Lake Clifton
The distribution of microbialite forms in perpendicular sections from the lake perimeter denotes
the clear control of water depth in shaping the bioherms, as noted by Moore, (1993). Moore
(1993) divided the domains along the northeastern margin of the lake into two areas: the “rear
flat”, which is least affected by wave activity and the “reef platform and front”, where the wave
energy is regularly high in windy days, mainly in the reef front. Additionally, she divided the
reef platform into six different zones, based on the external outcropping morphologies of
thrombolites.
In this project the lake profile was divided into five domains, also based on the outcropping
thrombolite morphologies and including the marginal distal areas lakeward. The emphasis was
on the important control of the Tamala Limestone palaeosurface defining the surficial break or
“reef front” of Moore (1993) in the northeastern region, beyond the isolated highs inside the
lake. In areas with an absence of Tamala Limestone platformal highs and lower wave energy the
margins dip gently without an expressed break in the transition to the deeper waters in lake. The
domains and their characteristics are listed below:
Proximal platform: Limit of lake margins against the Tamala Limestone. Flat with low wave
energy profile; composed of fine to medium-grained sediments and bioclasts/microshells, and
semi or totally eroded isolated colonies of coalescent tabular forms with very low relief (up to 5
cm high) scattered along the flat (Figure 4.4.1.A). Based on the current hydroperiod it is usually
flooded only in the peak of wet season. In the dry season the area is subaerially exposed and
commonly occupied by ponds formed through accumulation of seepage water and by black
pustular microbial mat in wet areas over the loose sediments and eroded microbialites (Figure
4.4.1.B). Some higher isolated areas are covered with sedge vegetation. Outcropping pinnacles
of Tamala Limestone are common, sometimes with microbialite remnants attached around it
(Figure 4.4.1.C).
A

C

B

Figure 4.4.1 - (A) Panoramic view of the proximal platform, northeastern margin. The ancient
microbialites were totally eroded in this area. In the upper right corner of picture there is a person for
scale (red spot); (B) Semi-eroded colony of tabular forms with pustular microbial mat over it. In
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background there are ponds accumulated from groundwater seepage and sedge vegetation that borders the
eastern marginal limit of lake; (C) Tamala Limestone pinnacle in Northern spit with remnants of a
microbialite surrounding it. Scale in centre is 8 cm.

Middle platform: Marginal flat with low wave energy profile; composed of fine to mediumgrained sediments, bioclasts/microshells and individual to coalescent tabular microbialites up to
15 cm high. It is flooded during the wet season. In the dry season, the area is crosscut by
scattered shallow channels that outflow water from the aquifer to the lake. Pustular microbial
mats in wet areas are common over the exposed pavement during the dry season (Figure 4.4.2).

A

B

C

1m

Figure 4.4.2: (A) Panoramic view of the middle platform, northeastern margin. The microbialites are
semi-eroded and separated by channels filled with sediments; (B) Semi-eroded colony of amalgamated
tabular forms; (C) View to north, 1 km south from Central Island, eastern margin. In foreground is the
eroded proximal flat with remnants of tabular microbialites. In the background are the semi-preserved
strand of tabular forms (left) and sedge vegetation and trees landward (right). GPS set for scale in (B) and
(C) is 13 cm.

Distal platform: Microbialite clusters are limited to the inner flat (Proximal and Middle
platforms) and the lake deeper domain. The northeastern margin is characterised by the reef
front in the edge of marginal platform break, whilst in the northwestern, middle-eastern and
southeastern zones of the lake the slope is gentle. In these areas the Tamala Limestone is not at
the surface and the lake is relatively deeper, hence sediment burial is thick and the margin dips
gently. High wave energy profile in northwestern margin, decreasing southward; composed of
medium to coarse-grained sediments and bioclasts/microshells, and individual, laterally linked
to coalescent hemispheroidal microbialites up to 50 cm high. It is partially exposed around the
peak of dry season. As with the middle platform, the area is crosscut by spaced shallow
channels that outflow water from the seepages to the lake during the dry season (Figure 4.4.3).
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A

B

1m

1m

C

1m

Figure 4.4.3 – (A) Panoramic view of the distal platform, south side of jetty. Note the gradual transition
from tabular to hemispheroidal geometry lakeward; (B) Hemispheroidal and conical forms; (C)
Panoramic view of northeastern reef looking to north.

The degree of microbialite coalescence decreases lakeward due to the low A/P ratio giving way
to high A/P ratio in deeper waters. The division in the platform domains and the individual
thrombolite morphology shifts are transitional. Southward the division of domains tends to mix
or disappear because of the narrowing of the marginal platform and overall reduction in number
of microbialites. Figure 4.4.4 illustrates the three domains in the jetty area.

Figure 4.4.4 - Panoramic view of the microbialites from jetty. The red dotted line roughly separates the
proximal and middle platforms, and the blue dotted line, the middle and distal platforms. Wood fence
remains used for scale are about 1 m high.

Proximal basin: Located at relatively deep-water settings in the lake and under regular wave
influence. It constitutes the last zone of microbialite occurrence, characterised by the presence
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of larger hemispheroidal and conical microbialites up to 1.2 m high (Burne & Moore, 1987)
(Figure 4.4.5.A and B). Both may be present as individual forms or laterally linked clusters
(Figure 4.4.5.C). These forms are absent in the southern part of the eastern margin and
northwestern area due the shallowness of the lake. The substrate is composed of microbial mats,
macroalgae and micritic organic mud. It is permanently flooded, and in the peak of the dry
season the upper parts of some microbialites are exposed. Accretional platforms and spits
appear to form where the currents in the lake decrease in velocity, based on visual observation.
However a dedicated study would be required to confirm this. Seven conical forms close to the
jetty were surveyed by DGPS and the deepest form and the assumed limit of microbialite
existence was -1.47 m AHD. Compared with the highest water level surveyed in 2013 (around
0.35 m AHD), the maximum water depth for microbialites occurrence is around 1.82 m,
considering only the higher water level of this year.
Distal basin: Limit of microbialite occurrence, low energy profile and composed of microbial
mats, macroalgae and micritic organic mud. The deepest part of lake was reported as 3-3.5 m in
the central northern basin area (Moore, 1993) (Figure 4.4.5.D).

A

C

B

D

50 cm

30 cm

Figure 4.4.5 – Pictures A, B and C exemplifying the features of proximal basin. (A) Detail of a conical
submerged form in the northeastern margin. Note the hole in the flattened top of microbialite and the
brownish to greenish living BMC over it; (B) More preserved conical microbialite without hole or flat
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top, northeastern margin; (C) Scattered conical forms viewed from the jetty; (D) Distal basin in northern
area showing the micritic organic muddy sediments and macroalgae.

Accretional platform: They are characterised by the presence of thrombolitic juvenile forms,
and dip gently to the distal basin domain (Figure 4.4.6). The term accretional platform was
chosen instead progradation because the source of sediments is essentially autochthonous,
which are transported inside the basin from erosional areas to other places in lake.

A

B

Figure 4.4.6 - Accretional platform in northern margin. (A) Boundary between older tabular forms in
foreground and younger subspheroidal forms over the accretional platform in background. Note the
barren substrate of sediments separating the two features; (B) Detail of subspheroidal forms. Note the
lateral linking and coalescence between some forms, in some cases creating lobate and irregular
morphologies.

The schematic diagram in Figure 4.4.7 displays the northeastern platform model of domains
distribution associated with a platformal high delineated by the Tamala Limestone. The sketch
in Figure 4.4.8 exemplifies a distal margin domain without a high structural platform of Tamala
Limestone associated with a depositional accretional platform or wedge. The diagrams model
the microbialite exposure and drowning during the dry and wet seasons, respectively.
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Distribution of Individual Forms of Thrombolites
on Margins at Lake Clifton - Northeast Margin

*Hemispheroidal forms with or without flat top

Figure 4.4.7: Schematic model of northeastern margin domain distribution and associated thrombolitic
morphologies.
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Distribution of Thrombolites on a distal and
accretional platforms at Lake Clifton - North Margin

Distal Platform

Proximal Basin

Accretional Platform

Previous Platform

Dry Season (Low Water Level)

S

N

Water
column
Sediments

Wet Season (High Water Level)
Water
column

Conical

Sediments

No forms (buried?) Subspheroidal

Tabular

Figure 4.4.8: Schematic model of northern margin distal marginal domain showing the distribution of the
associated thrombolite morphologies.

Concluding, Figure 4.4.9 shows a chart summarising the evolutionary sequence from a single

a

small thrombolite to larger microbialites found in Lake Clifton, together with the domain where
they are usually located.
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Turbinate spot

Evolutionary Sequence of Individual
Thrombolitic forms at Lake Clifton

Any position on platform, accretional platforms or proximal basin
Subspheroidal

Turbinate

Subspheroidal

Base eroded

Tabular
Large Hemispheroidal(with or without flat
top)

Conical

Proximal basin

- Distal platform (northeastern area)
- isolated highs

- Proximal and Middle plarforms
(northeastern area)
- Distal platform and isolated highs
in the rest of lake

Figure 4.4.9 - Schematic model for the evolution of individual forms in Lake Clifton.
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The Microfeatures and Computed Tomography of Thrombolites at

Lake Clifton
Several authors (e.g. Moore, 1993, Burne et al., 2014) have described the microstructure and
fabric of thrombolites at Lake Clifton. The main characteristic in the microtexture is the
preserved radial arrangement of aragonite crystals around holes of the filamentous
cyanobacteria Scytonema. The framework is primarily composed of dense micrite and micropeloids, with variable amounts of amorphous silica replacing the carbonate. Bioclasts,
microshells and siliclastic grains are the common material bound and a thin coating of orange
material identified as silica persistently lines the external parts and framework of microbialites
(Moore, 1993). The framework is totally or partially filled with fine-grained carbonate and
siliciclastic sands, bioclasts, microshells and peloids, generally not cemented. The majority of
grains that comprise the loose sediments in the lake margins are clasts derived from eroded
thrombolites, bioclasts, peloids, and siliciclastic sands, beyond a profuse mass of shells. The
Figure 4.5.1 portrays a set of microphotographs with the main thrombolites microfeatures, e.g.
silica pore coating and infilling microfractures, aragonite substitution by silica, microbial
textures, beyond examples of peloidal/siliciclastic sediments over lake’s margin.
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30 µm

60 µm

C

D

30 µm

30 µm
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F
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15 µm

G

H
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15 µm

Figure 4.5.1- Thin sections of thrombolites and sediments of Lake Clifton. (A) Pore space coated with
amorphous silica, non-polarised light; (B) Cemented sediments, bioclasts and fossils inside a pore space.
The red arrow indicates an ostracod carapace and the yellow arrow a microgastropod shell, planepolarised light; (C) Microclot with radial arrangement of calcified bacteria filaments and micritic matrix
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(diffuse dark brown colour), non-polarised light; (D) Same feature of (C) under plane-polarised light
showing microfracture filled with amorphous silica (red arrow); (E) Spheroidal texture generated by
bacterially induced carbonate precipitation (transversal cut). Note the dark dot in the centre of some
spherulites depicting the calcified bacteria body or mold, plane-polarised light; (F) Micritic matrix
microfractured with silica infill (yellow arrow) and partially substituting the aragonitic framework (darker
areas), plane-polarised light; (G) Loose sediment of the eastern margin composed of thrombolite clasts
(yellow arrow), siliclastic grains (red arrow), peloids and shell bioclasts, plane-polarised light; (H) Detail
of (G) showing peloids and quartz grains coated with micrite (red arrow), plane-polarised light. Both are
lined with microsparitic cement.

Analysis with SEM displays strong indicators of the biologically induced organomineralisation
in microbialites. Features such as filamentous bacteria holes, calcified EPS, acicular crystals of
aragonite and magnesian calcite are common. The acicular carbonate crystals are usually
grouped in clusters, sometimes as rosettes and represent cements over the original framework.
The replacement of carbonate and calcium by silica is very common (e.g. description of process
in Bustillo, 2010) (Figure 4.5.2).
The push-core SCCN-10 was a combination of a drill-core taken from the indurated upper part
of a large tabular form, with a push-core operation in the lower weathered part of the
thrombolite to obtain the whole microbialite. The more preserved upper part of the form was
used in a computed tomography analysis to study the internal framework of thrombolites
present in Lake Clifton.
The lateral and sliced images reveal an open and connected interframework space, which
denotes a very high porosity (30-40%, qualitative evaluation). The interframework space is
interconnected, and the fenestral and vugular porosities are very high. The infilling of finegrained sediments in these void spaces is pervasive and these interframework characteristics are
common in the thrombolites present in the other lakes at Yalgorup National Park. The upper
part of core up to around 100 mm depth is darker due to weathering and the more pervasive
infilling by fine-grained sediments. The middle and lower parts are less filled with sediments.
The fenestral space tends to follow the natural growth of the microbialite and show an arcuate
geometry. The core between 100-210 mm depth clearly illustrates the radial clotted fabric and
arcuate fenestral porosity. At 300-330 mm depth, a probable vugular porosity is present. At least
one boundary between phases of growth is visible (Figure 4.5.3).
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A

B

C

D

E

F

Figure 4.5.2- SEM images of thrombolites of Lake Clifton. (A) Overview of framework and aragonitic to
magnesian calcite cements; (B) Rosettes of carbonate cement among original aragonitic framework; (C)
Detail of microbial sheath holes; (D) Calcified EPS or mucilage probably derived from bacterial EPS.
This material is interpreted as derived from the living BMC on thrombolites in the lake because it is
enclosing the carbonate cement needles; (E) Filamentous bacteria molds and holes in a silicified
framework of a thrombolite, sample RCN-9; (F) Carbonate framework of a microbialite replaced or
coated by silica. The EDS analysis revealed percentages of magnesium and silica about 30% and 60% in
the surface of sample, respectively, with less than 5% of calcium on surface of crystals in sample RCSI-2.
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Core SCCN-10

390 mm

Core length= 390 mm
Slicing interval= 30 mm

Figure 4.5.3 - Computed tomography images photo mosaic of thrombolite core from Lake Clifton. In the
left side of Figure is the transverse image of core SCCN-10. The black arrows mark the places of sixteen
longitudinal slices in intervals of 30 mm shown in the central and right parts of Figure. The red arrows
indicate the arcuate fenestral porosity, sometimes enlarged by dissolution (e.g. lower red arrow). The
upper red arrow marks the boundary between the weathered and more preserved parts of thrombolite. The
yellow arrows exemplify vugular porosities, and the blue arrow a probable limit between phases of
growth.

4.6

Lake Pollard Thrombolites

Lake Pollard is part of the Central Yalgorup Chain and a reefal thrombolitic community was
previously described by some authors (e.g. Moore 1987, 1993). However, these microbialites
have not been the focus of a more detailed study until now. In contrast with Lake Clifton, in
Lake Pollard and the rest of the studied lakes in Yalgorup National Park no evidence of living
calcifying BMC activity has been shown up to recent times, until confirmed by the radiocarbon
14

C dating carried out in several samples during this study (the ages will be discussed in Chapter

5). Thrombolites in Lake Pollard exhibit from average to high degrees of weathering and
erosion, remaining submerged in shallow water during the wet season and exposed in the dry
season. Table 4.6.I summarises the main mapped features, areas and lengths.
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Lake Pollard
Average diameter (m)
Water covered area in wet season peak (m²)
Water covered area in dry season peak (m²)
Thrombolite reef length (m)
Thrombolite reef area (m²)
Paleolake area (m²)

900
741,026
590,454
1,327
50,991
1,301,007

Table 4.6.I - Main features mapped in Lake Pollard and respective areas or lengths.

The Lake Pollard thrombolites are located on the eastern, northeastern and northern margins of
the lake (Figure 4.6.1), defining a small microbialite reef feature as at Lake Clifton (Figure
4.6.2.A), whose platformal flat domains can be separated using the same classification defined
in Lake Clifton (Figure 4.6.2. B). They also have individual external morphologies analogous
with Lake Clifton microbialites, ranging from subspheroidal to tabular geometries. The distal
platform is dominated by irregular to lobate composite macro-morphologies, created by
coalescence of subspheroidal forms, and relief can reach up to 15 cm high (Figure 4.6.3 (A)).
Isolated individual subspheroidal and tabular forms are more common in the middle platform
(Figure 4.6.3.B and C), whereas eroded microbialites characterise the proximal margin (Figure
4.6.3. D).
The thrombolites grew over an indurated pavement or hardground, composed primarily of
thrombolitic fine-grained bioclasts, together with molluscs bioclasts, peloids, and siliciclastic
sands (Figure 4.6.3.E). Thin veneers of muddy and fine grained carbonate sediments cover the
margins, and sometimes hardground remnants are present over the top of preserved thrombolites
(Figure 4.6.3.F). Upon these relict hardgrounds there is no evidence of thrombolite growth,
which might indicate a previous change in environmental conditions and the termination of
calcifying BMC life, or the limit of water level for microbial accretion in the wet season. The
loose sediment on the lake margins is composed of fine-grained carbonate (peloids), thrombolite
clasts, micritic mud, siliciclastic sands and shell bioclasts, and has similar composition with
hardgrounds (Figure 4.6.3.G). Under the hardground, the loose sediments are commonly
removed by wave and/or current action (Figure 4.6.3.F).
In the northern margin some outcropping pinnacles of Tamala Limestone have remains of
thrombolites attached in their upper part (Figure 4.6.3.H). The muddy sediments might be the
product of a “whiting” process ongoing at the lake, but more studies are needed to confirm this.
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RPL-1

Lake Pollard
Holocene
Water surface
Marginal sediments
Thrombolite Reef
Paleolake area (?)

Pleistocene
Tamala Ls <5m altitude
Tamala Ls (Spearwood Dunes)
Author:Alonso L. Parellada

Figure 4.6.1 – Geological map of Lake Pollard. The paleolake area represents the possible previous
maximum area occupied by the lake shortly after its isolation from ocean. The red dot represents the
sample named RPL-1, part of a microbialite form.

101

Chapter 4

A

Thrombolites genesis and morphologies

B

Figure 4.6.2 –Lake Pollard microbialites exposed during the dry season (January, 2014). (A) View to
southern area from eastern margin. The flat domains are analogs with the distal (right) and middle (left)
platform domains of Lake Clifton. Pocket knife for scale in foreground (red object); (B) View to north
area from eastern margin, yellow arrow indicates a person for scale. The red dashed line delimits the
proximal and middle platform, and the yellow dashed line the middle and proximal platforms boundary.

Despite the external morphological similarity with Lake Clifton microbialites (compare with
forms shown in Figure 4.3.20.A and 4.3.20.O), the internal textures of thrombolites in Lake
Pollard are quite different, having a combination of thrombolitic and stromatolitic fabrics
(Figure 4.6.4, sample RPL-1). The interplay of the above cited fabrics is interpreted as a high
frequency interspersing of calcium carbonate precipitation and a process of trapping and binding
of grains during microbialite development, providing the mixed clotted and laminated fabrics.
The mixed fabric of microbialites found in Lake Pollard is a common feature in the geological
record, as noted by Kennard & James (1986), and might denote frequent events of
environmental changes experienced by Lake Pollard or the ability of the BMC to generate both
products at the same time. Possessing a water body with an area much smaller that Lake Clifton,
the lake chemistry is more sensitive to environmental changes, chiefly those linked to climate
variations through time.
Figure 4.6.5 portrays images from a computed tomography carried out on the cut slab of RPL-1.
The laminations have an up-convex geometry that dips to edges of the lithoherm. Fenestral or
interframework porosity is partially filled with fine-grained sediments, micromolluscs and
bioclasts, but effective porosity is still high, about 30-40% (qualitative estimation). Pore
geometry varies in shape and scale from a sub-millimetric to a centimetric scale, and is
sometimes enlarged by dissolution (vugular porosity).
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Figure 4.6.3 – Lake Pollard microbialites (January, 2014). (A) Irregular or lobate coalescent thrombolites
in the distal margin; (B) Subspheroidal and coalescent tabular forms at middle platform (black arrows);
(C) Detail of a tabular and subspheroidal microbialite at left and right parts of picture, respectively; (D)
Scars of eroded thrombolite and halophyte grass rounding it; (E) Cracked hardground and pieces of semieroded thrombolitic forms; (F) Cluster of lobate microbialites topped by a hardground remnant.; (G)
Microphoto of fine-grained sediments of lake pavement, thrombolite clasts (red arrow), siliciclastic sands
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(blue arrow) and shell bioclasts (yellow arrow). The micritic mud was washed out during the sample
cleaning; (H) Tamala Limestone pinnacles in northern margin with remnants of microbialites on top.

A

B

C

D

2.0 mm

1.0 mm

Figure 4.6.4 – (A) Part of a microbialite from Lake Pollard, sample RPL-1. The red dotted line indicates
the area where a cut in the lateral side was made; (B) Lateral view of slab cut in (A) showing the
interplaying of clotted and irregular laminated fabric. The laminated fabric is dominant in the basal part;
(C) Microphoto of yellow boxed area in (B). Note the clotted fabric and the infilling of fine-grained
sediments; (D) Microphoto of red boxed area in (B), depicting the internal fabric and infilling sediment in
a higher magnification. The orange area in the bottom right corner is an attached microgastropod genus
Coxiella.
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A

B

V

F

2 cm
Figure 4.6.5 – Computed tomography in the cut slab from sample RPL-1. (A) Longitudinal section
showing the framework (whitish tonality) and the fine grained sediment infill in porosity (grayish
tonality). Note the mixed thrombolitic and stromatolitic fabrics and the up-convex geometry of
microbialite. The dark areas are unfilled fenestral (F) and vugular (V) porosities; (B) Transverse image
slice of (A) denoting the convex dipping in all directions of the semi-laminar fabric. The scale is the same
used in (A).

4.7

Microfeatures in Thrombolites at Lake Pollard

The internal components of Lake Pollard microbialites are similar to the lithoherms of Lake
Clifton. The thin section analyses portray a framework composed mainly of micrite, peloids and
fragments of thrombolites, and secondarily by mollusc microshells and carapaces of ostracodes.
The original thrombolitic fabric is radial and silicification is pervasive over the original
carbonate framework, with silica infilling void spaces. Trapping and binding of grains is
significant, resulting in the irregular laminar stratification of lithoherms. Cements vary from
fibrous aragonite to microsparitic carbonates. Sometimes it is possible to observe calcified
bacteria cells. The main identified features in thin section are shown in Figure 4.7.1.
SEM analysis provided the morphological characteristics of different carbonates present in
microbialites, and details of fossils and bioclasts. Magnesian calcite, calcite and fibrous
aragonite commonly occupy pockets and voids of interframework space and cementing the
peloidal laminae, while massive peloidal aragonite constitutes the bulk of the framework.
Calcified filaments and mucilage of bacteria EPS are usually covering the carbonate cements
(Figure 4.7.2).
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Figure 4.7.1 – Thin sections of sample RPL-1. (A) Thrombolitic peloidal framework (TH) rimmed by
silica (SI). Non-polarised light; (B) The same field as (A) under plane-polarised light enhancing the
visualisation of amorphous silica and microsparitic carbonate cement; (C) Detail of trapping and binding
bed with thrombolite clasts (TC), peloids (PL) and organic matter (OM), and fibrous aragonite cement
(FA); (D) Detail of (C) illustrating the aragonitic fibrous cement and an enclosed peloid. Non-polarised
light; (E) Thrombolitic framework and attached thrombolite clasts (TC) and peloids. Rims and part of
void spaces filled with microsparitic cement (MSC). Plane-polarised light; (F) Thrombolitic framework
(TH) showing bacteria cells (dark dots) associated with green organic matter (OM). Plane-polarised light.
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Figure 4.7.2 – SEM analyses of sample RPL-1. (A) Thrombolite framework and carapaces of ostracods
(dashed circles); (B) Frustule of an unidentified diatom; (C) Acicular aragonitic cement and pore space
partially filled with Ca-dolomite; (D) Detail of (C) in the yellow boxed area with rhombohedral Cadolomite crystals and possible bacteria molds (yellow arrows); (E) Magnesian calcite crystals with
calcified filaments of EPS; (F) Acicular aragonite crystals with a calcified EPS attached.
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Thrombolites of Lakes Martins Tank, Yalgorup, Hayward and

Newnham
Morphological changes in the external geometry of thrombolitic structures present in the
southern region of the Yalgorup Chain were observed in field work and previously cited by
some authors (e.g. Moore, 1987, 1993; Rosen et al., 1996). Contrasting with Lakes Clifton and
Pollard, in Lakes Martins Tank, Yalgorup, Hayward and Newnham the microbialites consist of
sub-domical lithostromes with numerous tepee structures associated with fractures and
seepages. The microbialites are very weathered and cemented, consisting of remnants of “fossil”
microbial forms, and presently exhibit no contemporaneous obvious microbial carbonate
incorporation or deposition (cf. Moore, 1993; Rosen at al., 1996). Hardgrounds are present at all
lake margins and are composed mainly of peloids, siliclastic sands, shell bioclasts, and ostracod
carapaces. Lakes Martins Tank and Yalgorup possess a semi-continuous belt of a semi-eroded
lithostrome, whereas patchy lithostromes and a few relicts of lithoherms dominate Lakes
Hayward and Newnham. Pinnacles of Tamala Limestone are common at the eastern margin of
lakes, sometimes with remnants of thrombolites attached around it (cf. Moore & Burne, 1994;
Coshell & Rosen, 1994).
The Yalgorup Chain is fringed by two narrow terraces: the upper terrace to the west, about 2 m
above mean lake level, is composed of lightly cemented lacustrine sediments, while the lower
terrace to the east, about 1 m above mean lake level, is made up of unconsolidated shell material
and a calcareous mud. In many cases, the latter sediments are cemented to form an indurated
marginal platform that lies between the lower terrace and the water's edge (cf. McArthur &
Bartle, 1980).
The geological map and locations of rock sampling are illustrated in Figure 4.8.1. Table 4.8.I
summarises the areas and lengths of mapped main features.
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Lakes
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Water surface
Marginal sediments
Hardgrounds and sediments
Semi-eroded Crustose Thrombolite Reef
Paleo Lakes
Safety Bay Sand
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Pleistocene
Tamala Ls and Safety Bay Sand <5m altitude
Tamala Ls <5m altitude
Tamala Ls (Spearwood Dunes)
Author: Alonso Lluesma Parellada
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Figure 4.8.1 – Geologic map of the Yalgorup Chain, south area. The samples collected are represented by
the yellow dots with its respective codes.
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Lake Martins Tank
Maximum length (m)
Maximum width (m)
Water covered area in wet season peak (m²)

2,800
788
1,658,698

Water covered area in dry season peak (m²)

1,431,600

Total thrombolite reef length (m)

13,549

Thrombolite reef area (m²)

1,512,243

Lake Hayward
Maximum length (m)
Maximum width (m)
Water covered area in wet season peak (m²)
Water covered area in dry season peak (m²)
Total thrombolite reef length (m)

1,250
500
582,808
424,12
Relicts

Paleo lake area (m²)

814,662

Lake Yalgorup
Maximum length (m)
Maximum width (m)
Water covered area in wet season peak (m²)
Water covered area in dry season peak (m²)
Total thrombolite reef length (m)
Thrombolite reef area (m²)

2,400
720
1,321,731
1,019,885
12,386
162,178

Lake Newnham
Maximum length (m)
Maximum width (m)
Water covered area in wet season peak (m²)
Water covered area in dry season peak (m²)
Total thrombolite reef length (m)
Paleo lake area (m²)

1,430
480
553,841
331,861
Relicts
793,54

Table 4.8.I - Main mapped features of the southern Yalgorup Chain and respective areas or lengths.

The microbialites present in the southern area of Yalgorup Chain are usually crustose laterally
linked thrombolitic lithostromes with a low relative domical relief, heavily cemented and in part
recrystallised by meteoric processes. The degree of erosion and cementation over the
lithostromes is variable, usually high to very high. Tepee structures are very common, providing
higher relief features by microbialite overgrowth, sometimes in a polygonal geometry on
margins. These structures are associated with aquifer seepages around the lakes where inflowing
groundwater, the source of ions of calcium and bicarbonate, increased the formation of
microbial deposits in close proximity to the fractures in the past. The halotolerant vegetation
preferentially occupies the fracture’s areas on hardgrounds, where the fresher groundwater is
probably more accessible (Figure 4.8.2).
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Examples of lithoherm relicts around pinnacles of Tamala Limestone were noted at the eastern
margins of Lakes Hayward and Newnham. In Lake Hayward, remnants of lithostromes were
observed just in the northern margin and the rest of lake is dominated by semi-indurated
hardgrounds with tepee structures (as observed by Coshell & Rosen, 1994) (Figure 4.8.3).

A

B

C

D

Figure 4.8.2 – Examples of microbialites in the Yalgorup Chain, strongly weathered and semi-eroded.
(A) Lithostrome and semi-eroded low relief microbialite associated with seepage/fracture in foreground,
Lake Martins Tank, western margin; (B) Semi-linear fracture with tepee structure evidenced by microbial
growth around it at Lake Yalgorup, western margin. Note the laterally linked sub-domical and semieroded forms at left; (C) Relicts of crustose lithoherms at Lake Hayward, eastern margin (patchy whitish
blocks). Note the linear growth of the grassy vegetation along a fracture; (D) Laterally linked sub-domical
microbialites in Lake Martins Tank, western margin.
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A

B

Figure 4.8.3 – Remnants of thrombolites around Tamala Limestone pinnacles in Lake Hayward (A) and
Lake Newnham (B), both on the eastern margins. The lighter coloured central cores are pinnacles in both
pictures. Observe the shelly pavement of reworked Katelysia shells in B.

All lakes in this area have marginal flats rich in microbialite and hardground debris, sometimes
with beds of reworked or in situ shells of Katelysia, micromolluscs, and bioclasts (Figure
4.8.3.B and 4.8.4). The composition of hardgrounds is principally carbonate, with dominance of
peloids, bioclasts, ostracod carapaces and siliciclastic grains. The preservation of such
hardgrounds will depend on water levels and wave energy action, primarily during the wet
season.
A

C

B

D

Figure 4.8.4 – Examples of hardgrounds present on margins of the Yalgorup Chain lakes. (A)
Cracked hardground at eastern margin, Lake Hayward; (B) Contact between preserved
hardground (left), and the eroded distal part (right); (C) Tepee structure on hardground at Lake
Hayward, western margin; (D) Cracked and semi-eroded hardground, Lake Newnham.
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Internal clotted fabrics of microbialites in the Yalgorup Chain are similar, sometimes preserving
part of the original texture, as in sample RNH-2 (Lake Newnham). Ostracod carapaces,
metazoan calcified tubes (serpulids?), shell bioclasts and vegetal remnants are common material
bound in the thrombolitic framework, and the interframework space is partially filled with
amorphous silica. Botryoidal texture in external and internal parts of microbialites is common,
generated by dissolution and gravitational cements formed during the exposure time of forms,
commonly located at the bottom of microbialites. Examples of microbialites are shown in the
Figure 4.8.5.
B

A

2.0 mm

D

C

1.0 mm

1.0 mm

1.0
mm

E

F

2.0 mm

Figure 4.8.5 – Examples of microbialites present in the Yalgorup Chain. (A) Crustose thrombolitic
lithostrome, very weathered and cemented, sample RHW-4, Lake Hayward; (B) Part of a lithostrome
associated with a tepee structure (sample RYG-1, Lake Yalgorup). Basal part showing a centimetric
botryoidal texture; (C) Detail of sample RYG-1 framework portraying the weathered and cemented
framework and numerous calcified tubes of metazoans; (D) Detail of (B) showing the fine laminated
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basal botryoidal structure; (E) Part of thrombolite attached to a pinnacle of Tamala Limestone (sample
RNH-2, Lake Newnham); (F) Detail of (E) showing the semi-preserved mesoclots coated by carbonate
cements and amorphous silica.

A computed tomography analysis was carried out on the sample RHW-6, which represents a
palaeopavement of the ancient marine phase of Lake Hayward rich in Katelysia shells. A
thrombolitic lithoherm belonging to the lacustrine phase is attached above this pavement. The
computed tomography analysis indicates the close association of Katelysia shells with the
marine phase sediments. Differences in density between clastic and precipitated carbonate
sediments show sharply the distinct composition and the boundary between the siliciclastic
fossiliferous marine sands and the thrombolitic framework of the microbialite (Figure 4.8.6).
A

B

2 cm

Figure 4.8.6 – Computed tomography images of sample RHW-6, collected at Lake Hayward. The
position of sample is oriented in the original stratigraphic position. (A) Surface image of sample showing
Katelysia shells in basal part; (B) Slice image of sample core showing the association of shells with
marine sediments in lower part. The red arrow indicates the boundary between marine sediments and
microbialite.

4.9

Microfeatures in Thrombolites at Lakes Hayward, Martins Tank,

Yalgorup and Newnham
The original composition of microbialites in all lakes is predominantly peloidal, with trapping
of bioclasts, siliclastic grains and organic matter in framework. Thin sections portray sometimes
laminated scattered textures, probably associated with trapping and binding events, and
bioclast/shells enclosed in pores are common (Figure 4.9.1.A, sample RNH-2, and C, sample
RYG-1). The loose sediments over the margin surface or shallowly buried are composed
primarily of peloids and clasts derived from lithoherms, siliclastic sands, shell bioclasts, and
ostracod carapaces, commonly fringed by microsparitic cements (Figure 4.9.1.B, Lake
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Hayward). In some cases, the cementation fills up the vugular and fenestral porosities and
encloses several types of organic matter (Figure 4.9.1.D, sample RHW-4, Lake Hayward).
A

B
QT

30 µm

60 µm

C

D

OS

60 µm

15 µm

Figure 4.9.1 – Thin sections of samples collected in the Yalgorup Chain lakes, plane-polarised light. (A)
Peloidal framework with microsparite cements and scattered siliciclastic grains; (B) Marginal loose
sediment with borders coated with microsparitic cement, and siliciclastic grains (QT); (C) Peloidal
framework with a bioclast of an ostracod (OS), and siliciclastic grains; (D) Vegetal remains enclosed in
carbonate cements.

The level of dissolution and cementation of microbialite framework is very high due the
relatively long-term exposure under meteoric conditions. Darker dots inside some clots
probably represent remnants of bacteria cells (Figure 4.9.2.A, sample RMT-3, Lake Martins
Tank). The alteration of lithoherms provided several levels of peloidal framework
recrystallisation or neomorphism and cementation, sometimes with total transformation of
original peloids of framework to acicular crystals of aragonite. Commonly, the intercrystalline
space is almost or completely cemented (Figure 4.9.2.B, sample RHW-4, Lake Hayward; C and
D, sample RNH-2, Lake Newnham). The strong cementation is represented by rims and beds of
microsparitic and acicular carbonate crystals around the rock body and pores.
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A

B
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15 µm
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D

15 µm

15 µm

Figure 4.9.2 – Thin sections of samples collected in the Yalgorup Chain lakes, plane-polarised light. (A)
Clots composed of peloids rimmed with microsparitic and acicular carbonate cements; (B) Peloidal
framework heavily cemented by microsparitic carbonate; (C) Very weathered peloids in the framework of
a thrombolite with partial recrystallization / neomorphism of peloids and acicular aragonitic cement; (D)
Peloidal framework with partial recrystallisation/neomorphism of peloids and acicular aragonitic cement.

The microfeatures shown by SEM analyses highlight the peloidal framework and possible
presence of coccoidal and filamentous bacteria molds (Figure 4.9.3, samples RMT-3, Lake
Martins Tank (A & B) and RYG-2, Lake Yalgorup, (C & D). EDS and XRD analysis revealed
Ca-dolomite and magnesian calcite minerals are present as cements filling up and coating the
porous space (Figure 4.9.3, samples RHW-5, Lake Hayward (E &F) RNH-2, Lake Newnham,
(G & H). Calcified EPS filaments are common and crystals of barite were identified in sample
RNH-2, associated with placoid and rhombohedric Ca-dolomite (Figure 4.9.3.H).
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A

B
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D
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F

G

H

Figure 4.9.3 – SEM images from microbialite samples from the Yalgorup Chain lakes, southern area. (A)
Peloidal framework with peloid molds and massive aragonitic cement; (B) Detail of yellow boxed area in
(A) showing the peloid molds and holes/molds of coccoidal (yellow arrow) and filamentous bacteria (red
arrow); (C) Acicular aragonitic cement and pore at left filled with m cements; (D) Detail of a filled pore.
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Note the spheroidal molds of coccoidal bacteria and calcified EPS composed of microsparitic magnesian
calcite (yellow arrows); (E) Peloidal micritic framework with pore space occupied by Ca-dolomite; (F)
Detail of yellow boxed area in (E) showing Ca-dolomite crystals (yellow arrow), and micrite
neomorphism of peloids to acicular crystals of aragonite in a radial array; (G) Pore filled with cements in
a very weathered thrombolitic framework; (H) Detail of yellow boxed area in (G) showing placoid Cadolomite and acicular barite crystals identified by EDS.

4.10

Thrombolites of Lake Preston

Lake Preston contains the greatest area of exposed microbialtes in Yalgorup National Park.
Though not living and strongly weathered and cemented, they represent a significant example of
a continuous crustose sub-domical lithostrome with striking examples of tepee structures
associated with seepages and microbialite overgrowth. The lake can be subdivided into four
bodies of water:
-

Preston North (Moore, 1987), that is divided by a man-made causeway from the
southern main body of water. Culverts link the northern and southern bodies at high
water levels during the wet season;

-

The biggest body of water or Preston South as defined by Moore,( 1987); Preston South
is subdivided into three water bodies, each one separated by spits developed in the
marine inlet phase.

In this project the definition of these subdivisions of Lake Preston were partially redefined to
facilitate the comprehension and study of the system. Therefore, the proposed redefinition is:
-

Preston North remains as originally defined by Moore, (1987);

-

Preston South defined by Moore, (1987) is redefined to Preston Middle;

-

The body of water southern of Preston Middle is defined as Preston Middle-South; The
spit that divides Preston Middle and Preston Middle-South is defined as northern spit;

-

The southernmost sub-lake is defined as Preston South; the spit that divides Preston
South from Preston Middle-South is defined as southern spit.

The geological map of the area and the proposed subdivisions of Lake Preston and main
features associated with the subdivisions are shown in Figure 4.10.1. Table 4.10.I condenses
the main mapped feature’s areas and lengths.
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Lake Preston
Maximum length (m)

26,889

Maximum width (m)

1,500

Water covered area in wet season peak (m²)
Water covered area in dry season peak (m²)

30,024,763
19,968,290

Thrombolite reef area (m²)

7,819,344

Table 4.10.I - Main features mapped in Lake Preston and respective areas or lengths.

The Lake Preston North basin was dried out at the end of the dry season in 2014 and microbial
deposits were not observed on the exposed basin flat or margins. Some outcrops of Tamala
Limestone were noted in margins, with deposits of marine shells or coquinas cemented to it.
The pavement is composed of peloids, shell bioclasts and siliciclastic sands, and the surface is
covered with gypsum needles, likely a product of the evaporation of water in the dry season
(Figure 4.10.2).
Southward of the causeway is the main water body of Lake Preston (Preston Middle). Due to its
large dimension and difficulties in access because of the private properties around this area, the
mapping here was carried out by aerial photo analysis. Validation was done by analogy with
Preston Middle-South microbialite features in aerial photos, where access was easier.
The Lake Preston Middle-South comprises an area of more than 1,300,000 m² of thrombolitic
microbialites over its margins, with a water surface area around 4,600,000 m² in the dry season.
The north and south limits are bounded by spits, and around the peak of the wet season the lake
is linked to Lake Preston Middle on the east edge of the northern spit. Preston South is the
smallest lake, with 880,000 m² of water surface area in the dry season and without any kind of
microbialites observed on its margins. The pavement in the lake is covered by a light-gray
micritic mud produced by the frequently observed whiting events. During the wet season, the
Lake Preston South discharges its waters into Preston Middle-South through a system of
channels in the east edge of the southern spit. The geologic map and main features of the area is
shown in Figure 4.10.3, and the mapped elements in Table 4.10.II.
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Lake Preston
Lake PrestonHolocene
Water surface
Marginal sediments
Hardgrounds and sediments
Semi-eroded Crustose Thrombolite Reef
Paleo Lakes
Safety Bay Sand

Pleistocene
Tamala Ls and Safety Bay Sand <5m altitude
Tamala Ls <5m altitude
Tamala Ls (Spearwood Dunes)
Bassendean Dunes
Author: Alonso Lluesma Parellada

Barrier ( northern spit)

Preston Middle-South

Barrier (southern spit)
Preston South
0

3,5

7
km

Figure 4.10.1 – Geologic Map of Lake Preston area and main features.
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A

B
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D

Figure 4.10.2 - Aspects of Lake Preston North. (A) Tamala Limestone outcropping at eastern lake
boundary; (B) Close up of Tamala Limestone in (A) showing the coquina overlying it, formed by marine
shells; (C) Pavement of lake composed of peloids, shell bioclasts and siliciclastic sands. A thin veneer of
acicular crystals of gypsum (whitish tonality) covers the surface; (D) Panoramic view of the dried lake
basin in March/2014.

Lake Preston Middle-South
Maximum length (m)

4,628

Maximum width (m)

1,838

Water covered area in wet season peak (m²)

6,173,086

Water covered area in dry season peak (m²)
4,603,420
Thrombolite reef area (m²)
1,283,666
Marine reef area (m²)
16,325
Table 4.10.II - Main features mapped in Lake Preston Middle-South and respective areas or
lengths.

Semi-eroded remnants of a marine reef are deposited over calcretised outcrops of Tamala
Limestone in the eastern and southern margins of Lake Preston Middle-South represent an open
high energy marine environment before the lake formation. Scleractinian corals, cemented
coquinas, bioclasts of shells and corals, correlative to deposits observed in Lake Preston North
(Figure 4.10.4), represent the reefal environment. The stratigraphic position of this marine reef
will be discussed in Chapter 5.

121

Chapter 4

Thrombolites genesis and morphologies

RPM-4

Connection between lakes in
wet season

RPM-1

BCPM-1
RPM-8

RPM-14

Lake Preston Middle-South
Holocene
Water Surface
Micritic Sands
Marginal sediments
Semi-erode crustose trombolite Reef
Safety Bay Sand
Marine Sand Deposits

Pleistocene
Marine Reef Phase
Tamala Lm
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Safety Bay
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Author: Alonso L. Parellada
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0
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0,75
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Figure 4.10.3 – Geologic map of Lakes Preston Middle-South, Preston South and Pamelup Pond area.
Main features are indicated. The yellow dots represent the rock samples, the red a shallow drilling-core
and the green dot a push-core in Lake Preston South.
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B

A

Figure 4.10.4 – Remnants of a scleractinian marine reef in Lake Preston Middle-South. (A) Tamala
Limestone outcrop topped with cemented coquina and preserved coral forms in living position; (B)
Calcretised boulder of Tamala Limestone covered with a cemented coquina composed of marine shells
and bioclasts of corals.

Microbialites are present in almost all margins of Preston Middle and Preston Middle-South.
Morphologically, the eastern margin has a gentle dip lakeward, on which a large platform of a
semi-continuous crustose and laterally linked sub-domical lithostrome has formed. The
microbial reef in the western margin is a narrow and steep lithostrome belt with a crustose,
semi-eroded surface. In the northern shore of the lake, the lithostrome is similar to that in the
western margin, but located over a gently sloping platform (Figure 4.10.5).

A

B

1m

C

D

1m

Figure 4.10.5 – Aspects of microbialites at Preston Middle-South. (A) Eastern margin showing a semieroded lithostrome with polygonal pattern. Kayak in background for scale; (B) Weathered crustose subdomical lithostrome in western margin. Note the different width and slope to (A); (C) Sub-domical and
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weathered lithostrome in northern margin; (D) Detail of crustose sub-domical microbialites, partially
eroded and weathered.

Deposits of Katelysia shells and clusters of cemented imbricated pieces of eroded hardgrounds
due to concentration by wave energy in this shore are common. In the northwestern area
microbialites are absent and a continuous hardground is present (Figure 4.10.6).

Figure 4.10.6 – Aspects of microbialites at Preston Middle-South. (A) Imbricated cluster of cemented
broken pieces of hardgrounds transported to northern margin in foreground. In background is the crustose
microbialite lithostrome; (B) Pavement composed of compact to semi-compact hardgrounds without
thrombolitic forms over it, northwestern margin, view to north.

Large tepee structures are visible in the lake, mainly on the eastern margin (Figure 4.10.7.A, B
and C). The morphology of the lithostrome is very similar and analogous to that noted in the
southern area of the Yalgorup Chain microbialites, however, it is better preserved and larger.
The well-developed tepee structures are probably related to fractures in the Tamala Limestone
substrate, which served as paths for alkaline water incoming from the feeder aquifer running
from the eastern terrains. Kendall & Warren (1987) defined tepee structures as features linked to
carbonate hardgrounds, and modelled a hypothetical origin (Figure 4.10.8). As a way to
complement this definition, a microbial lithostrome may play a similar role as a hardground,
showing analogous behaviour under the same processes of tepee formation. Due to the
particular characteristic of increments in microbialite growth close to seepages, it is common to
observe an increased thickness in this type of tepee when compared with the lateral, flat lying
lithostrome. However, in some cases, the tepee could be formed by pavement expansion as
described by Kendall & Warren (1987), without concomitant microbially related process
participation and thickness enlargement. The Figure 4.10.7.C portrays an example, as there is no
evidence of thickening in the lithostrome plate. In this case, formation of the structure probably
was after the BMC calcification.
Megapolygonal features are present in large areas of lake margins and serve as a guide for highresolution aerial photo mapping of lithostromes. The actual living BMC in the lake does not
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show evidence of calcification. The preferential seepage of fresh water between the polygons
helps the grassy vegetation flourish and highlights the feature (Figure 4.10.7.D).

A

B

C

D

Figure 4.10.7 – Aspects of tepee structures in microbialites at Preston Middle-South. (A) Large fractures
associated with seepages resulting in tepee structures by microbial overgrowth; (B) Submerged
lithostrome exhibiting tepee generated by microbialite overgrowth and polygonal morphology. The
brownish cover is the living BMC; (C) High relief tepee structure in eastern margin, middle part; (D)
Polygonal plates of lithostrome in Lake Preston Middle-South, with grassy vegetation growing in
fractures.

In the northeastern margin of Lake Preston Middle-South, a more domical pattern is observed in
the microbialites, with the presence of laterally linked semi-eroded domical forms, sometimes
associated with Tamala Limestone pinnacles. The presence of several cycles of hardgrounds and
microbialites are very common in the lake (Figure 4.10.9 A to D).
The morphology reflects the paleorelief of Tamala Limestone exerting a strong control over
microbialites geometries, primarily close to the paleohighs of this formation.

As

aforementioned, Lakes Preston Middle and Preston Middle-South are linked during part of wet
season through a flat located at the east edge of Northern spit. The flat is covered with micritic
mud and decaying organic matter derived from transported BMCs living in lake (Figure
4.10.10).

125

Chapter 4

Thrombolites genesis and morphologies

Figure 4.10.8 – Schematic diagram of tepee structure formation (Kendall & Warren, 1987).

Figure 4.10.9 – Aspects of thrombolites in Lake Preston Middle-South in the northeastern margin. (A)
Domical to sub-domical coalescent microbialite in foreground; in background, a high terrace of Tamala
Limestone with crustose lithoherms ; (B) Microbialite attached to a pinnacle of Tamala Limestone; (C)
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Lithostrome encrusted over and around a Tamala Limestone calcretised surface; (D) From bottom to top:
hardground (indicated by finger ), breccia of thrombolites and a microbialite lithoherm.

Figure 4.10.10 – Panoramic view from eastern edge at the northern spit. Darker area on the ground is
mostly decaying organic matter derived from BMC. The water body in background is Lake PrestonMiddle.

Sample RPM-1 represents a cluster of multiphasic stacked hardgrounds composed of subarkose
peloidal / bioclastic sandstones with grains fringed by isopachous acicular aragonitic cements.
The siliciclastic sands have been sourced from the adjacent Safety Bay Sand that bounds the
western margins of lake, and meteoric processes provided the dissolution of carbonate minerals
and cementation of sandy substrates. Microbial activity could be related to the cementation
process, but clear microbial fabrics inside the hardgrounds were not observed, just between or
on top of them. The hardgrounds are usually very compact to semi-friable and occupy the
seasonally exposed areas over the margin (Figure 4.10.11).
The lithostromes present in the studied area at Lake Preston were observed to always be
attached to an indurated surface (hardgrounds, Tamala Limestone outcrops or shelly
pavements). It is not possible to be certain that a hardened substrate was strictly necessary for
the ancient calcifying BMC to live at Lake Preston and probably the Yalgorup Chain, but it
seems that at least different environmental conditions and/or BMCs occurred at these lakes in
comparison with the Lakes Clifton and Pollard microbialites due the different external
morphologies and distributions.
Samples representing parts of microbialites at Lake Preston Middle-South were collected and
named RPM-4, RPM-8 and RPM-14. The samples RPM-4 and RPM-14 are discoidal
lithoherms of crustose laterally linked microbialite reef observed in western and northern
margins of Lake Preston-Middle. The basal part of sample RPM-4 is a hardground, interspersed
with breccias of thrombolite clasts and carbonate sands, and other hardgrounds were observed to
be similar in the field. The macrofabric in all samples is pseudo-columnar to arborescent, with
millimetric mesoclots and interstitial space partially filled with fine-grained sediments, bioclasts
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and microshells. The sample RPM-14 seems to have two phases of growth, where the older
phase has the interframework filled with cemented fine-grained sediments and bioclasts (Figure
4.10.12).

B

A

D

C

QT

PL

GA
15 µ

30 µ

Figure 4.10.11 – Hardground sample RPM-1 from western margin at Lake Preston Middle-South. (A)
Plan view of RPM-1 showing the orange to green living BMC covering the cracked surface; (B) Lateral
view of the sample with several stacked generations of hardgrounds preserved. The red arrow indicates
the basal interface of the younger hardground; (C) Thin section under plane-polarised light showing the
mixed composition of siliclastic and carbonate components; (D) Zoomed field of (C) illustrating peloids
(PL), quartz grains (QT) and an algal bioclast (GA= green algae bioclast). The grains are rimmed with
isopachous aragonitic acicular cement and pore space is usually filled with microsparitic carbonate.
Plane-polarised light.
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Figure 4.10.12 – Samples from parts of crustose lithostrome in Lake Preston Middle-South, northern
margin (RPM-4) and western margin (RPM-14). (A) and (B): Lateral view of discoidal lithoherms RPM4 and RPM-14, respectively. The sample RPM-4 has a set of hardgrounds attached at its base (red arrow);
(C) and (D): Lateral view of same samples sawn along the vertical axial plane. The hardgrounds of the
substrate of RPM-4 are clearly visible, having a light-gray colour beneath the lithostrome; the sample
RPM-14 probably has two phases of growth, with the older phase having cemented fine-grained
sediments and bioclasts in the interframework (red arrow at the boundary).

The sample RPM-8 represents a semi-eroded sub-domical lithostrome that grew at the border of
seepages associated with tepee structures at the eastern margin (Figure 4.10.7.A). Two distinct
phases of growth are separated by a palaeosurface evidenced by Katelysia shells and finegrained cemented sediments. Internal cavities commonly exhibit a botryoidal texture generated
by carbonate recrystallisation, and are coated by thin veneers of amorphous silica interspersed
with carbonate cements. Infilling of fine grained sediments is also persistent in void spaces
(Figure 4.10.13). As hypothesised previously, wave energy and long shore drift to transport and
concentrate the coarser sediments at the northern and eastern margins, and shelly substrates are
common in these areas.
The computed tomographic images of the sawn part of sample RPM-4 and drill-core BCPM-1
revealed in more detail the internal thrombolitic macrostructure fabric in the microbialites. In
sample RPM-4, a thin layer of carbonate sometimes separates staked distinct hardgrounds in the
basal part. The grain sorting is poor, varying from bioclasts of shells and granules of
thrombolites to fine-grained siliciclastic sands and peloids. The interface between the
microbialite and the hardground is sharp, beginning as a semi-continuous bed with irregular
crustose surface that evolved to a pseudo-columnar clotted fabric with a millimetric to
centimetric interframework porosity. The interframework space is partially filled with fine129
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grained sediments and shows clear geopetal structures. The effective interframework and
vugular porosities are very high, reaching up to 50% in some cases (qualitative evaluation)
(4.10.14).

A

B

Figure 4.10.13 – Microbialite sample RPM-8, collected from the edge of a tepee structure with
microbialite overgrowth. (A) Lateral view of RPM-8 sawn sample showing two generations of pseudocolumnar thrombolites separated by a palaeosurface marked by Katelysia shells and fine-grained
cemented sediments (red arrows). The interframework space is weathered and rimmed with carbonate
cements and amorphous silica, the latter affording the dark brownish and black colours in sample (e.g.
yellow arrow). The white arrow indicates an example of a pore space filled by fine-grained sediments,
carbonate cements and amorphous silica; (B) Plan view of the sample showing the columnar structure of
microbialite. The pseudo-columns are usually coalescent (red arrow), and sometimes individual (blue
arrow).
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A

B

Figure 4.10.14 – Sample RPM-4 from Lake Preston Middle-South, northern margin.

(A) Three

dimensional image of sample showing the hardgrounds (dark grey) and a microbialite growing over it
(light grey); (B) Internal slice image: the red arrows mark the interface between hardgrounds and the
thrombolite; the green arrow indicates a millimetric carbonate crust between two generations of
hardgrounds; the yellow arrow indicates a geopetal structure represented by fine-grained sediment
partially filling the fenestral porosity (darker grey).

Sample BCPM-1 was obtained by drill-coring and represents an example of the semi-eroded
sub-domical lithostrome between the large tepee structures located at the eastern margin of the
lake (Figure 4.10.7.A). The length of the lithostrome core is around 20 cm and is underlain by
sediments of a marine phase. A dense layer of entire and broken Katelysia shells and some
microgastropods make up the basal part of the core, which clearly separates the lacustrine and
marine facies. The internal fabric is similar to sample RPM-14, with similar sediment infilling,
and high fenestral/vugular porosities. Horizontal beds at some levels might represent
palaeosurfaces between generations of thrombolites associated with trapping and binding of
sediments and cementation processes (Figure 4.10.15).
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Figure 4.10.15 – Computed tomographic images of core BCPM-1 from Lake Preston Middle-South,
eastern margin. (A) Three-dimensional image of sample sliced in the middle-part. Note the pseudocolumnar individual to coalescent clotted fabric; (B) Plan view of basal slice in (A) showing the
framework (red arrow) fringed by laminae of carbonate cements and amorphous silica (yellow arrow).
The darker tonality in the pore space is the partially cemented, fine grained sediment infill; (C) Threedimensional image of whole core with a large dissolution feature close to the top of sample, almost
separating it into two parts. The basal part exposes the Katelysia shelly pavement that bounds the limit of
the lacustrine-marine facies; (D) Vertical axial slice image in the middle of core showing the shelly basal
part and the columnar clotted fabric. Horizontal crust indicted by yellow arrows. An example of vugular
dissolution is indicated by a red arrow.
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Microfeatures in Thrombolites in Lake Preston Middle-South

The thrombolite framework composition is predominantly aragonitic, with voids rimmed by
laminated carbonate cements and amorphous silica. Peloids, siliciclastic grains, bioclasts of
molluscs, organic matter and carapaces of ostracods are common as captured material in both
framework and pores. The interframework space is partially filled with fine-grained bioclasts,
peloids and siliciclastic sands, in part cemented. In thin sections, the microbialites exhibit an
altered peloidal framework, usually with bacteria molds and/or preserved bodies. The
morphologies of bacteria vary from coccoid to filamentous, generally positioned inside the
peloids (Figure 4.11.1).
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Figure 4.11.1 – Thin sections of samples RPM-4 (A to E) and RPM-14 (F). (A) Peloidal thrombolitic
framework (PL) with siliclastic grains (QT) filled by an isopachous acicular aragonitic cement. The
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yellow arrows indicate the interspersed laminae of carbonate cement and amorphous silica rimming the
framework; (B) Peloidal framework with neomorphic recrystallisation of micrite to isopachous acicular
aragonite rinds around the peloids (yellow arrow); (C) Laminae of carbonate cement and amorphous
silica (yellow arrow) enclosing arborescent strands of organic matter (OM); (D) Carbonate cement
(yellow arrow) enclosing peloids with coccoidal and/or filamentous bacteria molds preserved inside (red
arrow); (E) Calcified filamentous bacteria preserved in the border of framework; (F) Thin filamentous
bacteria preserved in the micritic framework.

The SEM analyses of microbialites of Lake Preston Middle-South reflect the high degree of
weathering, and the most prominent features are the aragonitic and magnesian calcite cements
dominating the framework and pores (Figure 4.11.2).

A

B

C

D

Figure 4.11.2 – SEM images of sample RPM-8. (A) Massive peloidal weathered framework of
thrombolite; (B) Zoomed in green boxed area of (A) showing the spheroidal arrangement of aragonite
needles; (C) Zoomed in red boxed area of (B) highlighting the neomorphic aragonite acicular crystals
derived from the micritic matrix of a peloid; (D) Detail of yellow boxed area in (A) showing a sparitic
magnesian calcite cement filling a void space.

Nanoglobules of are present in the porous cavities, forming clusters sometimes with calcified
EPS attached. The composition of these nanoglobules is predominantly silica and magnesium,
probably product of calcium substitution by silica (Figure 4.11.3).
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B
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Figure 4.11.3 – SEM images of sample BCPM-1. (A) Aggregates of nanoglobules of carbonate in porous
space; (B) Detail of (A) showing the nanoglobules and calcified filaments of EPS.

4.12

The “Whiting” Process in Progress at Lake Preston South

Lake Preston South contains of an interesting example of potentially biologically induced
formation of aragonitic microcrystals through a “whiting” process. This isolated body of water
has an altitude subtly higher than its neighbour northern Lake Preston Middle-South. As cited in
this Chapter, this unique feature permits the Lake Preston South waters to flow during the wet
season to Lake Preston Middle-South along an ephemeral channel located at the east edge of
southern spit (Figure 4.10.3(map) and Figure 4.12.1). This causes Lake Preston South to have a
salinity much lower than the rest of Lake Preston because salt discharge occurs along with the
outflow and fresh or brackish groundwater inflow occurs from east.
A
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Figure 4.12.1 – Main features in Lake Preston South. (A) Panoramic view from northern margin in wet
season. Note the light blue colour of the water due the high level of turbidity produced by the “whiting”
process; (B) Water flowing through a shallow channel into Lake Preston Middle-South; (C) Lake Preston
South in dry season (March/2014), almost totally dried out. Observe the exposed micritic mud over the
flat and dissection cracks among the water ponds; (D) Water level board in Lake Preston South with
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cloudiness caused by micritic mud suspension in water. The greenish colour in the bottom are living
macroalgae.

The substrate of Lake Preston South is composed of carbonate mud, rods and aggregates of
carbonate and siliciclastic sands, the latter incoming from the proximal coastal dunes system
(Safety Bay Sand) (Figure 4.12.2 (A)). The thickness of this sequence sampled in the northern
margin of the lake was around 90 cm (push-core SCPS-1), which has variable contents of
siliciclastic sands, microshells and bioclasts. SEM and XRD analysis showed that the sediment
composing the aggregates and carbonate mud are formed by acicular and microsparitic crystals
of aragonite (Figure 4.12.2 (B)). There is no evidence of microbialites on the lake’s margins.
B

A

1.0 mm

Figure 4.12.2 –Carbonate muddy substrate in Lake Preston South. (A) Mixture of quartz grains (hyaline)
and carbonatic aggregates shaped in nodules and rods (whitish). The muddy fraction was washed during
the sampling cleaning for analysis; (B) SEM photograph of aragonitic aggregates composed of
microsparitic and acicular crystals of aragonite.
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Chapter 5

Holocene Evolution of Microbial Deposits at Yalgorup
National Park, Western Australia

5.1

Lake Clifton History

Each phase of sedimentation in Lake Clifton is characterised by a specific biota and sediments,
commonly with reworked biota and bioclasts from previous facies. The ostracod genus
Cyprideis is the only macro-organism present during all facies in the Holocene history of the
system (ostracod identified in the work of Coshell and Rosen, 1994). The following text will
describe the evolution of Lake Clifton's sedimentation, working from oldest to youngest.
The presence of a palaeocoralline reef in the eastern margin of Lake Preston Middle-South
described in Chapter 4 was dated in the present project utilizing a gastropod shell in a coquina
associated with reef facies (Sample RPM-5, in Appendix 5A). This dating determined an age
>42,500 yr BP, indicating an exposed high-energy coast in the eastern shore, defined by the
Mandurah Eaton Ridge, during the Middle Pleistocene. There is no evidence of deposition of
Tamala Limestone over this coralline reef suggesting this area has remained exposed from the
Middle Pleistocene or earlier. It would have been exposed and submerged by cyclic sea-level
variations during the Pleistocene glacial and interglacial periods.
The geological maps in Figures 5.1.1 and 5.1.2 show the surveyed ground truth traverses I, II,
III, IV and V at Lake Clifton. The locations of all push and drill-cores acquired during the
fieldwork are identified in the maps with the respective denomination.
The western margin of Lake Clifton has a low-energy profile, and a preserved sequence of
facies deposited since the beginning of the Flandrian transgression, in contrast with the
northeastern margin where the paralic record was eroded. Remnants of a paralic facies are found
from the central to south areas of the lake in the eastern margin.
The basement for Holocene sedimentary sequence is the Tamala Limestone, which is
represented by an interbedding of altered calcretised surfaces and fine-grained siliciclastic sands
with variable amounts of weathered bioclasts. The altered calcretes can be classified as sandy
packstones, with framework composed of fine-grained carbonate, siliciclastic sands and
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bioclasts, all very cemented and compact. This sequence was sampled in push-cores SCCN-1
and SCCN-2 (Figure 5.1.3).
The paralic facies is well represented in push-cores SCCN-6 and SCCN-9 in the western margin
and partially preserved in push-cores SCCN-7 and SCCS-1 in the central-south eastern margin.
The

14

C dating of a piece of wood collected in bottom of push-core SCCN-9 permits an

interpretation of an active paralic phase in lake from at least 7,730±30 yr BP. An age of
8,530±40 yr BP was obtained in push-core SCCN-6, at the contact of paralic facies with marine
inlet sediments (Appendix 5A). Because the piece of wood dated in SCCN-9 occurs at a lower
level in the paralic facies than SCCN-6, the wood dated in SCCN-6 probably consists of
reworked material.
Sediments from the paralic facies are composed of very fine to fine-grained siliciclastic hyaline
and brownish sands, well sorted, well rounded, poorly bioclastic and very rich in amorphous
organic matter, and wood/unidentified vegetal remnants. Sampled thicknesses in push-cores
ranges from 6 (SCCN-7) to 48 cm (SCCN-9), after taking compaction into consideration
(Figure 5.1.4). The lower contact of paralic facies in the western margin was not reached by any
push-core because of its relative large thickness. Sediments deposited in the paralic facies
appear to be reworked from the Tamala Limestone, including a component of surrounding dune
sands and bioclasts with both in-situ and transported organic matter.
The next distinguishable depositional environment is marked by sandy packstone hardgrounds,
however now with a rich fossiliferous content of microgastropods and Katelysia genus shells of
lagoonal and restricted marine facies affinities (Barry Wilson, personal communication). This
sequence denotes the transitional stage between the paralic setting and the marine inlet facies,
essentially an interplay of restricted marine and lagoonal environments due to the high
frequency variations of sea-level during progressive flooding in the interdunal depressions by
the Indian Ocean. The presence of hardgrounds represents additional surfaces of exposure due
to short term sea-level fluctuations. The time span of this phase is from around 7,730±30 yr BP
to 6,800±50 yr BP, dated by samples of wood in the basal and upper contacts of this sequence,
respectively (Figure5.1.5, Appendix 5A).
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Ground Truth I

SCCN-8

SCCN-1
SCCN-2
BCCN-2
SCCN-11

SCCN-10
BCCN-1
BCCN-3

BCCN-4

SCCN-3

Lake Clifton
Ground Truth Traverses
Ground Truth Traverses
Holocene
Water surface
Marginal sediments
Eroded thrombolites
Younger thrombolites (accretional platforms)
Older thrombolites
Safety Bay Sand
Tamala Ls and Safety
Bay Sand <5m altitude
Pleistocene

Tamala Ls and Safety Bay Sand <5m altitude
Tamala Ls <5m altitude
Tamala Ls (Spearwood Dunes)

SCCN-4

SCCN-5

Author: Alonso L. Parellada

Figure 5.1.1 – Geological map of Lake Clifton northern area illustrating ground truth traverses I and II
(red lines), and push- and drill-core sites (yellow squares and black dots, respectively).
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SCCN-7

SCCN-6
SCCN-9

SCCS-3
SCCS-4
SCCS-5

SCCS-1

SCCS-2
BCCS-1A
BCCS-1B

Lake Clifton
Ground Truth Traverses

Holocene
Water surface
Marginal sediments
Eroded thrombolites
Younger thrombolites (accretional platforms)
Older thrombolites
Safety Bay Sand

Pleistocene

SCCSI-1

Tamala Lm and Safety Bay Sand <5m altitude
Tamala Lm <5m altitude
Tamala Lm (Spearwood Dunes)

SCCSI-2

Author: Alonso L. Parellada

Figure 5.1.2 – Geological map of middle-north and middle areas of Lake Clifton showing the ground
truth traverses III, IV and V (red lines), and push- and drill-core sites (yellow squares and black dots,
respectively).
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A

B

1.0 mm

Figure 5.1.3 – Palaeosurfaces of Tamala Limestone in Lake Clifton, eastern margin. (A) Altered calcrete
blocks in push-core SCCN-1 (dark grey) and fine-grained siliciclastic sand with carbonate cement
(brownish).Top of core to left; (B) Microphoto of hardground. The lighter colour comprises the carbonate
sand and cement, whereas the greenish grains are siliclastic sands.

A

B

1.0 mm

Figure 5.1.4 – Paralic phase in Lake Clifton. (A) Push-core SCCN-9 exhibiting fine to very fine-grained
siliciclastic sands stained with organic matter, and fragments of wood (black). Top of core to left; (B)
Microphoto of sand showing well sorted sediments. The orange grains are bioclasts of shells.
A

B

1.0 mm

Figure 5.1.5 – Lagoonal/Restricted marine inlet phase in Lake Clifton. (A) Push-core SCCN-1 showing
the contact between the non-fossiliferous altered calcrete of Tamala Limestone at right and the overlying
lagoonal hardground (yellow arrow). Top of core is to left side; (B) Detail of lagoonal hardground with
marine affinity microgastropods enclosed (red arrow), coarse grained bioclasts, and siliciclastic sands.
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Close to the peak in the eustatic curve the marine inlet phase reasserts itself. Terming this an
“estuarine phase” would not be correct because there is no evidence of perennial or even
ephemeral fluvial discharge into the lakes at present or during the Holocene. At the eastern
margin this sequence is poorly preserved owing to more erosional conditions on this shore, and
it is preserved only in some mini-basins over the lagoonal hardgrounds. Marine-inlet sediment
characteristics vary along the lake margin, being coarser or even coquina deposits in the middleeastern, northeastern and northwestern zones due to elevated wave energy. Marine deposits are
fine to medium-grained along the western margins. Marine sediments are composed of
siliclastic sands with variable amounts of bioclasts, mainly Katelysia shells. This bivalve thrived
in this phase, and is commonly found in the lake as reworked material. Light coloured
microgastropods and microbivalves are typically associated with this phase as well (Figure
5.1.6).
A

B

1.0 mm

C

D

1.0 mm

Figure 5.1.6 - Marine inlet phase in Lake Clifton. (A) Push-core SCCN-5 at northwestern margin
showing the contact between the lagoonal sequence and the bioclastic and fossiliferous marine sands
(yellow arrow). The lagoonal sequence left of the arrow is richer in organic (dark brownish and grey
colours). Katelysia shells are visible to the right mixed with sediments. Top of core is to the right; (B)
Detail of (A): Note the whitish microgastropods and microbivalves mixed with coarse-grained sand and
bioclasts; (C) Push-core SCCSI-2 showing fine-grained bioclastic and siliciclastic sands in a low-energy
profile shore along the middle-western margin; (D) Microphoto of (C) portraying the fine sands with
numerous carapaces of ostracods (yellow arrows) and bioclasts.
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Interdunal swales became progressively isolated from the Indian Ocean during the regressive
tract above the maximum sea-level, giving way to an ephemeral lagoonal phase, and finally to a
lacustrine phase that persisted until the present. In Lake Clifton, the lacustrine phase is marked
by the initiation of the development of the microbial lithoherms (thrombolites) and the prolific
appearance of the halotolerant microgastropod genus Coxiella. The microgastropod Coxiella is
restricted to coastal lagoons or saline lakes and is never found in marine habitats (Williams &
Mellor, 1991), therefore attesting to a restricted saline environment.
Coxiella shells at the basal contact of the lacustrine facies along the northeastern margin
produced the oldest

14

C date of 3700±30 yr BP (push-core SCCN-2, Appendix 5A), and

indicates a probable age for Lake Clifton’s isolation from the ocean. These shells are associated
with fine-grained sand and microbialite clasts were identified. Therefore, this association
indicates that microbial deposits were forming at least from this age, i.e., just after the
establishment of lacustrine facies. The oldest age derived directly from a thrombolite form was
2650±30 yr BP and belongs to a basal and very weathered part of a large tabular microbialite
sampled in the northeastern margin (push-core SCCN-10, Appendix 5A).
The lacustrine phase sedimentation is strikingly represented by the microbial deposits forming
the so called thrombolitic structures, being closely associated with the prolific shelly production
of Coxiella and fine-grained to granules carbonate debris originated from thrombolite
destruction. In the high-energy northeastern littoral environment, Coxiella shells usually form
millimetric to centimetric coquina layers interbedded with fine bioclastic and peloidal sands
deposits over the Tamala Limestone platform, indicating energy variation during deposition
(Figure 5.1.7). Siliciclastic sands are a secondary component along the eastern margin, in
contrast to the western margin where they are common. Along the northwestern margin, a dune
of Safety Bay Sand coastal formation was present in the basal part of push-core SCCN-3. The
abundance of siliciclastic sand along the western margin is interpreted as tongues of aeolian
sands at the northern part of lake and subsequent reworking. Figure 5.1.8 summarizes the
evolution of facies in Lake Clifton in a time-space diagram based on the radiocarbon dating
results obtained here (Appendix 5A).
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A

B

C

D

a

2.0 mm

2.0 mm

Figure 5.1.7 – Lacustrine phase in Lake Clifton. (A) Interbedded layers of Coxiella coquinas and fine
grained bioclastic sand, the latter possessing a whitish colour. The orange to brownish colours are typical
of Coxiella shells. Push-core SCCN-11, northeastern margin; (B) Same feature as in (A) from
northeastern margin, dark orange colour identifies the coarse-grained beds (push-core SCCS-2); (C)
Microphoto of microshells and thrombolite debris: Coxiella (white arrow), reworked whitish marine
microgastropods (yellow arrow), microbivalves (green arrow) and thrombolite clasts (black arrow) are the
most common constituents; (D) Microphoto of Coxiella coquina and fine-grained carbonate sand matrix.

Growth rate measurements on thrombolites at Lake Clifton are summarised in Figure 5.1.9. By
analysing the growth rate chart it is possible to distinguish samples with or without a time gap
between them, which would represent pauses in thrombolitic fabric growth. The smaller and
younger samples RCS-4 and RCSI-2 seemingly did not experience significant interruption(s)
during their growth, and therefore better represent the real growth rates of thrombolites in the
lake. Calculations for larger and more developed thrombolite samples (RCN-4 and BCCN-1)
demonstrate a potentially anomalously low growth rate when compared with the younger forms,
with the exception of one interval in BCCN-1. This could reflect more significant interruptions
in the microbialite growth process which could occur as distinct phases of growth. Attempted
dating on sample RCN-11 provided a very low anomalous growth rate, suggesting that the
sample extracted for dating from in its middle was probably contaminated by older trapped
grain(s) in the framework.
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The average rate of microbial accretion on thrombolites was determined to be from 0.095 to
0.155 cm per year, with an arithmetic average of 0.125 cm per annum and standard deviation of
0.0011 cm. Moore (1993) stated a growth rate around 10 cm per 100 yr, compatible with the
data obtained in the present project.

In the same work, Moore reported that the oldest

radiocarbon dated thrombolite form was 1,950 yr BP, inconsistent with the findings here, which
have determined an earlier onset for the start of thrombolitic lithoherms at Lake Clifton at 3,700
yr BP.

8,530 ± 40

7,730 ± 30

6,800 ± 50

3,700 ± 30 Thrombolite

2,650 ± 30

1,300 ± 30

900 ± 30

890 ± 30

860 ± 30

620 ± 30

610 ± 30

560 ± 30

430 ± 30

430 ± 30

390 ± 30

350 ± 30

330 ± 30

250 ± 30

Conventional Age

30 ± 30

Samples analysed

Figure 5.1.8 – Environmental history and respective facies of Lake Clifton during the Holocene. The
distance reference or relative position of sampling is named in each sample. The reference for distance in

Growth rates (cm/yr)

centimetres is from the top of cores (see Appendix 5A for details).

BCCN-1(B)
RCS-4

No gap in the growth process

BCCN-1(A)

BCCN-1 (C)

RCS-4

RCSI-2

interrruption in the growth process (?)

Anomalous value (contamination with an older bioclast ( ? ))

RCN-11

Figure 5.1.9 – Growth rates of thrombolites in Lake Clifton. The growth rates BCCN-1 (A), (B) and (C)
correspond to three intervals of dated points in this drill-core. The sampled points at interval BCCN-1 (B)
probably did not cross a growth interruption.
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The identification of several genera and species of molluscs helped to separate distinct facies in
lakes (Figure 5.1.10). In the following Figures, five surveyed ground truth traverses of Lake
Clifton are illustrated. The relative distances shown in geological schematic sections are
referenced from the west, excepting ground truth traverse I, where the initial reference is at the
north. Where more than one geological section is portrayed in a chart they are leveled to and
correlated by reference to AHD (black dotted line).
The northern margin represents the largest margin of the lake due to its depositional pattern
(water current deceleration) (Transect I, Figure 5.1.11). The marginal flat is heavily weathered,
and better preserved tabular thrombolites crop out in parallel strands close to the shoreline in
dry season. The interface with Tamala Limestone was not reached in push-core SCCN-8.
However, this formation outcrops in the form of pinnacles in some areas at the extreme north
part of margin.
The northwestern margin displays a low-energy profile and gently sloped shore (Figure 5.1.12).
A narrow accretional platform was verified, colonized with relative newer turbinate forms
compared with the strand of tabular forms sampled by push-core SCCN-5 in a more proximal
position in this margin.
The Northern spit is resting on a high of Tamala Limestone (Figure 5.1.13). Tabular and
subspheroidal microbialites are located on the northern margin of the spit and relative thick
sedimentation is observed along the southern margin, generated by the deceleration of water
currents. The buried basal part along the Northern spit margin is an aeolian dune, probably
emplaced by coastal dune progradation over this part of lake before the marine transgression
phase.
The northeastern margin is a high-energy shore-like area where the most prominent part of
thrombolitic reef in the lake is emplaced on top of a Tamala Limestone platform (Figure
5.1.14). A slope break at the platform edge represents the reef front.
Southwards, Transect III shows a moderate to high-energy profile at its eastern margin with a
gently sloping shore lakeward (Figure 5.1.15). The push-core SCCN-7 shows the interplay of
marine inlet and lagoonal facies with a small bed of paralic facies preserved at its base. This
push-core did not penetrate the highly resistant underlying Tamala Limestone at the basal
interface with paralic sediments. The interval 6-37 cm in this push-core exemplifies a
thrombolite form completely buried and weathered, composed of disaggregated mesoclots of an
ancient thrombolite. The western margin has a thicker sampled interval of paralic and marine
facies, with a thin layer of lacustrine sediments on top.
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Further south, Transect IV represents an average-energy profile eastwards with a gently sloping
shore lakeward until it reaches the channel separating the margin and the Central Island (Figure
5.1.16). The paralic facies is present in push-core SCCS-1 and is thicker than SCCN-7 due to
the wave-energy profile decreasing southwards. Altered calcrete-hardgrounds were sampled in
the basal part.
In Transect IV, the Central Island comprises a structural high of Tamala Limestone with older
thrombolites directly settled over it. Sometimes thrombolites grew around Tamala Limestone
pinnacles close to the core of the island. Younger subspheroidal forms are very common on
accretional platforms placed along the western and southern margins. The sedimentary flat is
entirely composed of coarse to fine-grained sediments of the lacustrine phase, represented in
push-core SCCN-5. The western shore shows a similar depositional profile to the analogous
margin in Transect III.
Transect V, the southernmost at Lake Clifton, comprises an eastern high-energy profile sloping
gently lakeward (Figure 5.1.17). The eastern margin is composed of large isolated colonies of
degraded tabular thrombolites on the distal-middle platforms and average sized, laterally linked
tabular thrombolites on the middle-proximal platforms. Accretional platforms rim the older
platforms and are rich in individual to laterally linked subspheroidal forms.
The presence of structural highs of Tamala Limestone delineate a cluster of banks populated by
large tabular to hemispheroidal thrombolitic lithoherms. The western margin has a very lowenergy shore profile, made up of fine-grained fossiliferous siliciclastic sand, and overlaid by a
thin layer of fine lacustrine sediments.
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Figure 5.1.10 – Legend for geological sections, push-cores and biota found.
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Figure 5.1.11 – Transect I – Northern margin.
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Figure 5.1.12 – Transect II – Western margin.
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Figure 5.1.13 – Transect II – Northern Spit.
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Figure 5.1.14 – Transect II – Western margin.
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Figure 5.1.15 – Transect III – Eastern and western margins.

Chapter 5

154
Holocene Evolution of Microbialites

Figure 5.1.16 – Transect IV – Eastern margin, Central Island and western margin.
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Figure 5.1.17 – Transect V – Eastern and western margins.
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Lakes Pollard, Hayward and Newnham History (Yalgorup Chain)

The radiocarbon dating in vegetal remains, molluscs and thrombolites of the Yalgorup Chain
reveals a similar distribution of facies and depositional environmental evolution to Lake Clifton.
The geological map in Figure 5.2.1 shows the sites of push-core and rock-shell sampling for 14C
dating in this area.

RPL-1
SCPE-1

Yalgorup Chain (Central-South área)
RHW-4
RHW-6
SCHW-1
SCHE-1

RNH-2

Figure 5.2.1 – Geological map of the central and southern lakes of Yalgorup Chain with location of pushcores and samples utilised for radiocarbon dating and descriptions. The yellow squares represent the
push-cores, and the red dots the thrombolitic rock samples. The red line in Lake Hayward is ground truth
traverse VI.
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At Lake Pollard the push-core SCPE-1 sampled the shallow sediments up to the upper part of
the paralic facies without reaching the Tamala Limestone basement. Marine and lacustrine
environments are well represented, having the same biota as in Lake Clifton in each
depositional environment phase. A lagoonal facies was identified between the marine inlet and
lacustrine phases, denoting the transitional facies during the marine regression tract and
isolation of the water body from the ocean. Hardgrounds are not present (5.2.2).

Lacustrine
Lagoonal

Marine
Paralic
Figure 5.2.2 – Push-core SCPE-1 description and interpreted facies.

A piece of wood and microgastropods in the upper part of the paralic facies, and
microgastropods at the base of the lacustrine facies in SCPE-1 were used to establish the ages of
the end of paralic and marine environments in samples SCPE-1 118 cm and SCPE-149 cm,
respectively (Appendix 5A). The determined ages were 7,100±30 yr BP for the paralic-marine
inlet transition, and 5,180±30 yr BP for the marine inlet-lacustrine transition. Part of a
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thrombolite lithoherm was collected in Lake Pollard and samples from top and bottom parts
were dated (sample pictured in Figure 4.6.4, Chapter 4). The determined ages were 1,230±30 yr
BP for the top sample point and 1,430±30 yr BP for the bottom sample point (Appendix 5A).
Coshell and Rosen (1994) performed a study at Lake Hayward where they focused on the
Holocene evolution in this lake based on push-cores and radiocarbon dating studies. In Lakes
Hayward (sample RHW-4, Figure 5.2.3) and Newnham (sample RNH-2, pictured in Figure
4.8.5 (E) and (F), Chapter 4), parts of not-living relicts of thrombolites were used for dating.
Even though samples displayed a high stage of weathering, the results were considered
consistent and used for interpretations. A palaeosubstrate of the marine inlet phase colonised
with numerous Katelysia shells in contact with a microbialite in Lake Hayward was sampled,
assuming that this Katelysia assembly was not reworked, as the majority of valves remained
closed in the sample (sample RHW-6, Figure 5.2.4).

A

B

2.0 mm

Figure 5.2.3 – Sample RHW-4 used in radiocarbon dating, part of a microbialite remnant attached to a
Tamala Limestone pinnacle in Lake Hayward. (A) Weathered microbialite (light colour) and
fenestral/vugular porosities lined or filled with amorphous silica (dark colour); (B) Detail of (A) showing
a tightly cemented framework with relicts of thrombolitic fabric and silica filling and coating. The yellow
arrow indicates an example of carbonate cements precipitated at the border of the sample.

The earliest dated record of separation from the Indian Ocean was in a microbialite relict from
Lake Newnham, around 5620±30 yr BP (RNH-2). Lakes Hayward and Pollard are believed to
have separated from the ocean around 4880±60 yr BP (RHW-6) and 5180±30 yr BP,
respectively. The Figure 5.2.5 summarizes the facies evolution of the Yalgorup Chain based in
radiocarbon dating.
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B

A

2.0 mm

Figure 5.2.4 – Sample RHW-6, where a shell of Katelysia was utilised in radiocarbon dating. (A) The
upper part of sample is represented by microbialites, whereas the bottom part represents the marine inlet
phase, composed of very fossiliferous bioclastic and siliclastic sands; (B) Detail of (A) showing closed
Katelysia shells and a microgastropod in center of picture.

Figure 5.2.5 – Environmental Holocene history and facies of three studied lakes of the Yalgorup Chain.
The vertical axis represents the time in yr BP and the horizontal axis the samples utilised in radiocarbon
dating (Appendix 5A). The distance reference or relative position of sampling is named in each sample.
The reference for distance in centimetres is from the top of cores.

The microbialite growth rate verified in Lake Pollard was 0.045 cm per year, less than half of
that determined in Lake Clifton thrombolites. The rate was determined assuming a linear growth
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rate using two sampling points, and, if reliable, could be explained by a high frequency of
trapping and binding processes alternating with calcium carbonate microbially induced
precipitation, which might indicate high frequency interruptions of thrombolitic fabric growth.
Additionally, a different biological composition of BMC or contamination of the analysed
samples by bioclasts of different ages might explain the low growth rate found in Lake Pollard.
Ground truth traverse VI carried out across Lake Hayward verified the same facies and
sedimentology described by Coshell and Rosen (1994) in the shallow sediments of the lake. In
the present projects two push-cores, SCHW-1 and SCHE-1 were acquired at the western and
eastern margins, respectively. The cores penetrated only the lacustrine facies and the upper part
of the marine sequence.
The Lake Hayward lacustrine facies is composed of fine-grained peloidal and fossiliferous
sands, separated by phases of subaerial exposure with formation of indurated pavements or
hardground by meteoric process. Pisoliths are common in this sequence, with a high content of
associated micrite. Figure 5.2.6 shows the geological section and the push-core descriptions.
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Figure 5.2.6 – Transect V – Eastern and western margins.
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Lake Preston History

Lake Preston is the largest and youngest lake of the Yalgorup National Park lakes. The lake was
created by the isolation of a structural low by a sand barrier build-up during the peak of the Late
Holocene sea-level along the coast, which evolved to an aeolian coastal dune system after 7,000
yr BP (Semeniuk, 1995). Because of the better availability of access, field study and sampling
was carried out at Lakes Preston Middle-South and Preston South (Figure 5.3.1).

A

B
Lake Preston Middle

Lake Preston
Middle-South

SCPM-2
SCPM-1
BCPM-2

Discharge
channels
RPM-8

SCPS-1

Lake Preston Middle-South
Lake Preston South

Lake
Lake Preston
PrestonMiddle-South
South

Lake Preston Middle-South
Ground Truth Traverse

Holocene

Holocene

RPM-14

Ground Truth Traverse

Calcareous mud

Water Surface

Marginal sediments

Marginal sediments

Semi-eroded crustose trombolite reef

Semi-eroded crustose trombolite reef
Safety Bay Sand

Safety Bay Sand

Marine Sand Deposits

Marine Sand Deposits

Pleistocene

Pleistocene
Marine Reef Phase

Marine Reef Phase

Tamala Ls and Safety Bay Sand <5m altitude

Tamala Ls and Safety Bay Sand <5m altitude

Tamala Ls <5m altitude

Tamala Ls <5m altitude

Author: Alonso L. Parellada

Author: Alonso L. Parellada

Figure 5.3.1 – Geological map of Lakes Preston Middle-South (A) and Preston South (B) with location
of push-cores, drill-coring and samples utilised for radiocarbon dating. The yellow squares represent the
push-cores/drill-coring, and the red dots the thrombolitic rock samples. The red line in (A) portrays the
ground truth traverse VII.

Despite the more recent origin compared with other lakes in the area, there is no evidence of
living calcifying BMCs in the lake. Indeed, the thrombolitic forms are very weathered and
cemented by the seasonal exposure of the lithostrome. The radiocarbon dating indicates an inlet
marine phase established at least around 7,020±30 yr BP, dated by a piece of wood at the
bottom of push-core SCPM-1 close to the marine inlet-Tamala Limestone boundary. Above the
dated wood fragment there is the occurrence of marine biota, represented by microgastropods,
copious shells of Katelysia and Brachidonts bioclasts enclosed in coarse to medium-grained
siliciclastic sands. This sedimentary facies is indicative of an average to high-energy
depositional setting, partially sheltered by a barrier from the ocean. At around 4,500 yr BP the
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long interdunal depression was totally isolated from the ocean and the lacustrine phase was
initiated. The push-core SCPM-1 does not show any indication of a paralic facies as in the rest
of the studied lakes. As a function of its position and later development, Lake Preston does not
appear to have experienced flooding by freshwater that occurred in the inner isolated interdunal
lakes, and therefore lacks a paralic phase.
Section VII carried out in the northern part of Lake Preston Middle-South represents the main
facies recognised in Lake Preston (Figure 5.3.2). The fine-grained sediments of the lacustrine
facies are better preserved along the western margin, whereas the marine sequence and coarsegrained sediments are represented along the northwestern margin due to the prevalent wind
direction and wave energy concentration, as in Lake Clifton. The Safety Bay Sand possesses a
great influence over the sediment composition along the western margin because of the natural
dune progression landward and sand grains transported landward by wind.
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Figure 5.3.2 – Transect VI – Eastern and western margins.
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To determine the age of microbialite development and consequently the onset of the lacustrine
phase, two pieces of the lithostrome and one drill-core were collected. Radiocarbon dating was
performed at the lower and upper parts of samples RPM-8, RPM-14 and drill-core BCPM-2,
part already discussed in Chapter 4 (Appendix 5A). The isolation time of southernmost Lake
Preston South was the target of the one push-core named SCPS-1, where a piece of wood in the
lacustrine-marine facies contact helped to calibrate the environmental boundary (Figure 5.3.3).

Lacustrine
Marine
Figure 5.3.3 – Push-core SCPS-1 description and interpreted facies.
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The results indicate the oldest microbialite was dated at 2,440±30 yr BP in core BCPM-2, close
to the contact between marine inlet and lacustrine facies. The sample RPM-8 (top part) revealed
the younger age of 1,450±30 yr BP, and this age was interpreted as close to the calcifying BMC
perishing. Figure 5.3.4 shows the radiocarbon dating results and associated facies in time.

Figure 5.3.4 – Holocene environmental history of Lake Preston after 7,000 yr BP. The vertical
axis represents the time in yr BP and the horizontal axis the samples utilised in radiocarbon
dating (Appendix 5A). The distance reference or relative position of sampling is named in each
sample. The reference for distance in centimetres is from the top of cores.

5.4

Synthesis of Lake History

Integration of radiocarbon dating and field work data for all lakes studied in this project permit
the partial reconstruction of the Holocene evolution of the system during the Early Holocene
and a more complete reconstruction of the Middle and Late Holocene (Figure 5.4.1). The
conclusions are listed below:
1) A paralic or swampy facies was present until around 7,700±30 yr BP and 7,100±30 yr
BP in Lakes Clifton and Pollard, respectively. Coshell and Rosen (1994) considered the
beginning of the paralic setting at Lake Hayward “…at least at 7,000 yr BP (although
probably as early as 8,000 yr BP)…”. Therefore, the data correlates with the Coshell
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and Rosen conclusions, placing the start of paralic facies and beginning of marine
transgressive tract around 8,000 yr BP, with freshwater flooding occurring first in lower
altitude interdunal depressions.
2) The transition from paralic to marine inlet facies is represented by an ephemeral
lagoonal facies, which has only been observed in Lake Clifton in this project. This
facies is characterised by lagoonal or marine restricted biota, with occurrence of
hardgrounds. In Lake Clifton the end of this phase is placed around 6,800±50 yr BP,
whereas in Lake Pollard the facies change from paralic to marine inlet was around
7,100±30 yr. These data confirm the peak of the transgressive tract about 7,000 yr BP as
postulated by Peel Inlet and Rockingham sea-level curves (after Semeniuk and
Semeniuk, 1991). In Lake Preston there is evidence of a marine inlet phase close to this
age, denoting sand barrier build-up and partial isolation from the Indian Ocean.
3) Lakes Pollard, Hayward and Newnham show evidence of the ending of the marine inlet
phase and establishment of the lacustrine facies between 5,620±30 yr BP and 4,880±60
yr BP. Considering the age of microbialites dated in Lake Newnham, the order of
isolation from the ocean of studied water bodies was: Lake Newnham, Lake Pollard and
Lake Hayward. In the case of Lake Hayward, the chronology shows a discrepancy with
the conclusion of Coshell and Rosen, which positioned the end of marine inlet phase
around 7,000 yr BP or less. In the case of Lake Pollard, evidence of microbialites
thriving is recorded from 5,180±30 yr BP, with thrombolitic forms deposited until at
least 1,230±30 yr BP.
4) Evidence from microbialite presence in Lake Clifton indicates the start of the lacustrine
phase at around 3,700±30 yr BP, with direct dating on thrombolites from 2,650±30 yr
BP. These data delineate an older history for Lake Clifton compared to the conclusions
of Moore (1993), who stated an oldest age of 1,950 yr BP for the oldest thrombolite
sampled in lake.
5) Lake Clifton reveals evidence of microbialite activity until the recent salinisation of the
lake. The sample RCN-11, a conical form, yielded an age of 30±30 yr BP on its upper
part, and corroborates data of previous authors regarding the presence of living
calcifying BMC some years ago (e.g. Moore, 1993 and Moore & Burne, 1994). Lake
Preston is the recent lake to form, with an older sampled microbialite dating from
2,440±30 yr BP and a younger thrombolite from 1,450±30 yr BP.
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Figure 5.4.1 – Radiocarbon dating and the facies interpreted through geological time. A comparison with data interpreted by Coshell & Rosen in Lake Hayward
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δ13C and δ18O Stable Isotope Analyses in Microbialites in Lakes at

Yalgorup National Park
Moore (1993) verified values ranging from +4.57 to +10.56 [‰, VPDB] of δ13C in Lake
Clifton. In the present project the values acquired varied from +9.65 to +12.63 [‰, VPDB] in
this lake, remaining positive in microbial deposits at all studied lakes.
The analysis of δ13C data from the Yalgorup Lakeland System reveals an interesting trend of
values in microbialites, which decreases roughly southward and can be grouped in three
clusters: Lake Clifton, Lake Pollard, and southern Yalgorup Chain and Lake Preston (Figure
5.5.1).

Stable Isotope 13C microbialites at Yalgorup Lakeland

Lake Clifton
microbialite

Lake Newnham
microbialite

Lake Hayward
microbialite

δ13C [‰, VPDB]

Lake Pollard
microbialite

Lake Preston
microbialite

Marine Inlet Bivalve (Katelysia)

Age (yr BP)
13

Figure 5.5.1 – δ C data from lakes of the Yalgorup Lakeland System. Note the decreasing trend in
values from Lake Clifton to Lake Pollard and then to Lakes Hayward, Newnham and Preston. One shell
of Katelysia was analysed to compare with microbial carbonates.

A possible explanation for this isotopic distribution of δ13C might be attributed to the higher
weathering and carbonate cement formation in the older microbialites present in the central area
of Yalgorup Chain and Lake Preston. The process of dissolution of original carbonates
produced by BMCs may have given way to heterotrophic microbial mediated reprecipitation of
carbonates, e.g., via sulfate-reducing bacteria. This type of bacteria carries out reactions that
promote carbonate precipitation by an alkalinity engine and using organic carbon to precipitate
calcium carbonate (Dupraz et al., 2009; Baumgartner et al, 2006). Wright & Macey (2005) state
that the degree of δ13C depletion through sulphate reduction is controlled by the carbon source,
the extent of organic diagenesis and the contribution from the ambient water reservoir.
Considering that organic carbon is enriched in

12
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from microbialites, the new carbonate would be consequently depleted in

13

C, providing the

lower values of this isotope in more weathered microbialites. Therefore, the contribution of
carbon derived from organic matter would tend to decrease the δ13C in the reprecipitated
carbonates.
The fractioning of δ18O in rock samples is a function of temperature and concentration of this
isotope in water where the microbialite originated (Kendall & Caldwell, 1998). Warden et al.
(2012) concluded that the δ18O in thrombolites at Lake Clifton is controlled by lake water and
equilibrium between water and microbialitic carbonate occurs twice a year (February-March
and July). Using data from other lakes and comparing the δ18O ratios, it was not possible to
establish a consistent trend in the concentration (Figure 5.5.2). In Chapter 5, δ18O data will be
integrated with δ18O data from lake water to provide information about palaeoclimate.

Stable Isotope 18C microbialites at Yalgorup Lakeland

δ18C [‰, VPDB]

Age (yr BP)

Figure 5.5.2 – Stable isotope δ18C data from lakes of the Yalgorup Lakeland System.
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Chapter 6
Water Chemistry, Nutrients and Actual Microbial
Communities Living at Lakes Clifton, Hayward, Preston
Middle-South and Preston South, Yalgorup National Park,
Western Australia

6.1

Chemical Composition and Physical Properties of Lake Water and

Groundwater
The findings of this study agree with previous studies in that the dissolved ionic abundances
found in the lakes were inherited from formerly oceanic water (e.g. Williams & Buckney, 1976;
McArthur & Bartle, 1980; Moore, 1983; Moore, 1987; Moore, 1993; Rosen et al., 1996). All
lake waters are dominated by Na⁺ and C1¯ and the general pattern of ionic dominance for
cations and anions is Na⁺ >Mg⁺² > Ca⁺² >K⁺ and Cl-> SO4-2> HCO3- , respectively. The regional
aquifer has a different ionic dominance of Na⁺ >Ca⁺² >Mg⁺² >K⁺ and Cl-> HCO3- > SO4-2 due
the influence of carbonate dissolution in the Tamala Limestone (Moore, 1983). In the peak of
the wet season the ionic proportions tend to be the same as seawater; however, during the dry
season, at some lakes, these ionic proportions undergo significant changes.
Reported past variations of salinities between lakes of the area are dramatically different, with
values ranging from 7 to 369 g.l-1 (Moore, 1987). In the following subchapters the chemical and
physical properties of the water in the monitored lakes will be described and analysed, and
compared with previous data acquired from the same lakes.

6.2

Borehole Y2-4A

This site represents regional groundwater levels and chemistry towards the base of the
superficial aquifer in the northern area of Lake Clifton. The potentiometric level in the bore is
generally near 0 m AHD, sometimes below in drier years and reaching up to 0.5m AHD in
wetter years (Figure 6.2.1).
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Figure 6.2.1 – Bore Y2-4A water levels from 1995 to 2013 (Data from Department of Water website,
Western Australia). The red line represents 0 m AHD reference.

The groundwater chemistry was consistent during the monitoring period (Figure 6.2.2). The
salinity ranged from 9,000 ppm (09/08/2013) to 7,300 ppm (29/01/2014). The calcium
concentration is higher in groundwater than all lakes monitored, as previously observed by other
authors (e.g. Moore, 1987).

A

B

C

D

Figure 6.2.2 – Concentration of major ions, elements and major trace elements in groundwater in the
period June/2013 – January/2014.

Measurements of main elements in groundwater performed by DoW in 1995 and 1996 in
borehole Y2-4A demonstrate the increase in ionic concentration at present (Figure 6.2.3). For
instance, the current concentrations of sodium and chlorine are around four times higher than
detected in April/1996.
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Y2-4A
16/4/1996
16/4/1996
16/4/1996
16/4/1996
16/4/1996

Cl mg/L
Na mg/L
Ca mg/L
Mg mg/L
K mg/L

1100
572
169
60
14

_________________________________________________________
Figure 6.2.3 – Groundwater major ionic concentrations at borehole Y2-4A. Data from Department of
Water website, Western Australia.

Values of pH, total alkalinity, reduction potential and dissolved oxygen remained static with
relatively subtle variations during the monitored period. The pH is just below neutral, while the
total alkalinity remained stable at approximately 300 mg/l of CaCO3, and the dissolved oxygen
varied between 20 and 10%, with lower values during summer. The reduction potential (Eh)
ranged from 37.5 to 73.2 mV.
The nutrient concentration in groundwater has increased, but not to the same degree as the total
dissolved solids (Figure 6.2.4). The total phosphorous and total nitrogen essentially corresponds
to the orthophosphorous and nitrate values, respectively. This is probably related to inorganic
sources (fertilisers used by agricultural and recreational properties around the lake). The values
of orthophosphorous and nitrate had an average concentration of 20 µg/L and 1863 µg/L in the
monitored period, respectively. Compared with past data from the same borehole in 1995/1996,
the concentration of aforementioned nutrients is augmented by around 10% (orthophosphorous)
and 19% (nitrate) (Figure 6.2.5).

A

B

Figure 6.2.4 – Nutrients concentrations in groundwater in period June/2013 – January/2014. (A) Total
phosphorous and fractions; (B) Total nitrogen and fractions, and ammonium.
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Y2-4A
22/11/1995
N (tot) µg/L
1064
22/11/1995
NH3-N/NH4-N µg/L
73
22/11/1995
P (tot) µg/L
28
22/11/1995
PO4-P µg/L
20
16/4/1996
N (tot) µg/L
1945
16/4/1996
NH3-N/NH4-N µg/ L
8
16/4/1996
P (tot) µg/L
30
16/4/1996
PO4-P µg/L
16
Figure 6.2.5 – Groundwater nutrients concentrations in borehole Y2-4A. Data from Department of Water

website, Western Australia.

6.3

Lake Clifton

The salinity of Lake Clifton over the period from February/2013 to February/2014 based on
analytical laboratory analysis of nine samples is showed in the graph below (Figure 6.3.1). The
higher salinity was measured in March/2013 (around 118.000 ppm), and the lower, in
September/2013 (around 52.000 ppm).

Total Salinity (ppm) - Lake Clifton
120,000
110,000
100,000
90,000
80,000
70,000
60,000
50,000
6/02/2013 23/03/2013 7/05/2013 21/06/2013 5/08/2013 19/09/2013 3/11/2013 18/12/2013

Figure 6.3.1 – Salinity in Lake Clifton in the period February/2013 – January/2014 from water sample
derived data.

The higher resolution salinity curve, calculated from water conductivity measured by a Diver
logger shows variations of salinity due to rainfall and evaporation during the monitored period
(Figure 6.3.2). The data between the vertical brownish dashed lines is not reliable due to a
malfunction in the conductivity sensor. The flat line at the top of the graph is the higher limit for
the conductivity Diver resolution (120 mS/cm).
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Figure 6.3.2 – Salinity in Lake Clifton in the period February/2013 – January/2014 by Diver logger
monitoring. The red arrow indicates a storm event.

The water level remained below 0 m AHD between the early winter and spring-summer
transition (Figure 6.3.3.A). The highest water level in lake around 0.35 m AHD, and the range
comparing with the lowest water level was around 80 cm. The highest water level coincides
with the limits of the most eroded thrombolite forms in the proximal platform, covering this
geographical domain. The temperatures in lake’s water varied from 12 to 28 °C (Figure
6.3.3.B).

Figure 6.3.3 – Water level (A) and temperature (B) in Lake Clifton in the period February/2013 –
January/2014 by Diver logger monitoring.

The ionic abundance of major cations and anions remained the same and follows the seasonal
dilution and concentration during the year (Figure 6.3.4.A to C). The overwhelming
concentration of bicarbonate over carbonate ions is usually common. Altermann et al. (2006)
cite that bicarbonate is the dominant carbonate species in normal seawater, comprising around
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90% of total dissolved CO2. In the case of Lake Clifton, the ratio of bicarbonate over carbonate
varies from around 300 in the wet season to 43 in the dry season because of rainfall and natural
recharge of the aquifer during the early autumn-winter.
The more common trace elements are strontium, silicon and boron (Figure 6.3.4.D). Strontium
has a close relationship with calcium carbonate precipitation, being absorbed in the crystalline
lattice of carbonate during its formation and released to the environment when the carbonates
are dissolved during diagenesis (Schlanger, 1988). The silicon concentration is subtly below
that of groundwater and amorphous silica is abundant as a precipitate coating the lithoherm
walls and porosities, as cited in Chapter 4. The origin of boron is difficult to establish. A
hypothesis for its presence in water might be related to salinisation of aquifer waters and/or
leaching from soil and plants around the lake, as boron is an essential plant nutrient required to
maintain the integrity of cells walls (Blevins & Lukaszewsky, 1998). Other trace elements were
not detected in values surpassing 1 ppm, excepting titanium, which reached up to 1.85 ppm in
March/2013. The presence of titanium might be explained by presence of ilmenite in the Tamala
Limestone.

A

B

C

D

Figure 6.3.4 – Concentration of major ions, elements and major trace elements during the period
February/2013 – January/2014 at Lake Clifton.

The major cation concentrations in the lake are conservative, that is, remain proportional with
chlorine concentration, with subtle concentration in calcium and depletion in sodium when
compared with the average composition of seawater, the seawater concentration-dilution line
(SCDL) (Figure 6.3.5). The higher concentration in calcium is likely due to the incoming
alkaline groundwater from the aquifer, as observed by Moore (1987).
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The minor anion concentrations in the lake are also conservative, with increased concentration
in sulphate when compared with the SCDL (Figure 6.3.6.A). The cycle of sulphate is probably
related to the balance between sulphur oxidising bacteria production, and sulphate reducing
bacteria consumption. The bicarbonate concentration is variable during the year, reaching
higher values during the wet season because the increase in the alkaline groundwater discharge
into the lake. The SCDL line divides the bicarbonate concentrations between the wet and dry
seasons, indicating the aquifer control over the original marine-derived water (Figure 6.3.6.B).
The strontium cycle is conservative and depleted with respect to seawater, showing an elevation
of around 3-4 in the dry season (Figure 6.3.6.C). This fact indicates dissolution of calcium
carbonate in this season and precipitation in the wet season. Carbonate precipitation linked with
biological activity associated with low salinity levels might explain this cycle of strontium,
which substitutes for calcium by up to 10,000 ppm into crystal lattices (Bathurst, 1972). Silicon
exhibits a conservative concentration, probably related to a cycle of diatom mass formation and
dissolution (Moore, 1993) (Figure 6.3.6.D).
The behaviour of bromide is generally considered conservative below halite saturation. In Lake
Clifton, the average Cl/Br ratio indicates a conservative behaviour (excepting the measurements
in December/2013 and January/2014). Rosen et al. (1996) determined a Cl/Br ratio of 524±34
for Lake Clifton in the period 1991/1992, whereas the present data showed values between 170
and 200 (Figure 6.3.7.A).

Lake Clifton
B

Cl-

R² = 0,939

R² = 0,947

Cl-

A

Ca++

Mg++

C

D

Cl-

Cl-

R² = 0,9527
R² = 0,9889

K+

Na+

Figure 6.3.5 – Crossplots with linear regression of major cations and chlorine. The blue points represent
the lake data and the brown points the SCDL, values in ppm. (A) Calcium carbonate enrichment in lake
water; (B) and (C) conservative concentration of magnesium and potassium compared with seawater
composition; (D) Sodium depletion compared with seawater.
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The aforementioned authors described several mechanisms to explain the high value of the
Cl/Br ratio, asserting that the likely reason might be the uptake of bromide by Cladophora and
Lamprothamnium macroalgae. Considering that the Cl/Br ratio of groundwater has a value
around 285 (Figure 6.3.7.B), the uptake of Br by living biota or other inorganic reactions would
have to decrease profusely from 1991/1992 to present. One hypothesis would be that the sharply
increasing salinity is now jeopardising the presence of some species of macroalgae,
consequently diminishing the bromide uptake by non-microbial organisms.
Water pH and total alkalinity are not directly related properties, as shown in Figure 6.3.8.A and
B, respectively. The increase in pH during the dry season could be attributed to warming of
water in the lake, which will decrease the solubility of the liquid-gas phase and promote the
degassing of CO2 and O2, the latter noticeable in Figure 6.3.8.C. The total alkalinity remained
between 100 and 175 mg CaCO3 per litre during the year. As the groundwater has a total
alkalinity of around 300 mg CaCO3 per litre, biologically related carbonate precipitation is
possibly ongoing in the lake. Sulphate reducing bacteria are the probable drivers for carbonate
precipitation (Visscher et al., 1998) both in the lake and in the subsurface as micrite is abundant
in shallow sediments (see push-core descriptions in Chapter 4).

Lake Clifton
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Figure 6.3.6 – Crossplots of major anions/trace elements and chlorine. The blue points represent the lake
data and the brown points the SCDL, values in ppm. (A) Conservative sulphate concentration; (B) Nonconservative bicarbonate concentration; (C) Non-conservative strontium concentration. Note the variation
between dry and wet seasons; (D) Semi-conservative silicon concentration.
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Figure 6.3.7 – Crossplots of bromine and chlorine. The blue points represent the lake data and the brown
points the SCDL, values in ppm. (A) Non-conservative bromide concentration; (B) Conservative bromide
concentration in borehole Y2-4A.

Four measurements of total alkalinity in a seepage channel beside ground truth traverse IV in
the eastern margin (Chapter 5) revealed values close to this interval, excepting the sample
collected on 22/3/2013, which resulted in 774 mg of CaCO3 per litre. The low range of variation
in total alkalinity in the lake suggests a relatively steady system in terms of bicarbonate and
carbonate saturation. The reduction potential correlates roughly with the dissolved oxygen
percentage (Figure 6.3.8.C), reflecting a lower availability of oxidizing agents in the water
probably because the consumption of oxygen by organic matter decaying during the dry season
(Figure 6.3.8.D).
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Ph

C

Total Alkalinity (mg/L Caco3)

B

A

Reduction Potential (mV)

Dissolved Oxygen (%)

D

Figure 6.3.8 – Water properties in period February/2013 – January/2014 at Lake Clifton.

Total nitrogen fundamentally corresponds to organic nitrogen (as observed by Rosen et al.,
1996), and total phosphorous is dominated by organic phosphorous concentrations. A peak of
total phosphorous and inverse behaviour of total nitrogen was noted around November/2014. It
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is possible to observe the same behaviour for phosphate by analysing the nutrients in borehole
Y2-4A.
In the late-winter and early-spring, when the lake water is more diluted, the nitrogen chemical
species follows the seasonal variation in concentration. The nutrients actual data is shown in
Figure 6.3.9.

A

B

Figure 6.3.9 – Nutrients concentrations in the period February/2013 – January/2014 in Lake Clifton. (A)
Total phosphorous and fractions; (B) Total nitrogen and fractions.

The comparison between present and past data shows that the orthophosphate concentration has
increased, with an average value of 10.36 µg/L, whereas Rosen et al. (1996) cited an average
concentration of 6 µg/L, and Davies & Lane (1996), less than 10 µg/L (detection limit). Data
listed in Moore (1993) shows an anomalous range of variation and sometimes discrepantly high
values of total phosphorous (e.g. 225 µg/L), which warrants caution in its acceptance.
Nitrogen values, with an average of 4,154 µg/L, are almost the double of the average value
determined by Rosen et al. (1996), and 2.8 times than the average value of 1,490 µg/L found by
Moore & Turner, 1988. In the case of ammonia, the average value was 134 µg/L. The
previously analysed data determined average concentrations of 45 µg/L (Moore & Turner,
1988), 95 µg/L (Rosen et al., 1996), and 67 µg/L (Davies & Lane, 1996), which indicates also
an increase in this nutrient concentration.
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Cyanobacteria Communities Presently Living at Lake Clifton

The locations of four microbial mats collected at Lake Clifton in this project are shown in
Figure 6.4.1. The taxonomic analyses of two microbial mats collected on 11/12/2013 (late
autumn, sample MCN-1) and 23/03/2014 (late summer, sample MCN-4) capping drowned
thrombolite forms did not show the presence of Scytonema. The species identified were:
Aphanothece salina; Chroococcus ercegovicili; Chroococcus giganteus; Chroococcus
membraninus; Chroococcus minimus; Chroococcus prescottii; Chroococcus minutus;
Chroococcus turgidus; Johannesbaptistia pellucida (filamentous); Phormidium hamelii
(filamentous); Phormidium terebriforme (filamentous) and Pseudocapsa dubia (Figure 6.4.2).
Filamentous bacteria preferentially occupy the upper part of mats because they are more
adapted to high luminosity and warmer temperatures, whereas the coccoidal forms are more
common in deeper layers (Iespa & Silva and Silva, 2005). The lower parts of microbial mats are
usually occupied from the top to bottom by aerobic sulphide-oxidisers, anoxygenic
photosynthetic bacteria (green non-sulphur and green/purple sulphur) and anaerobic
heterotrophs (sulphate-reducing), portraying the typical distribution of a microbial mat
(modified from Visscher et al., 2012).
Moore & Burne (1994) identified in the microbial mat over thrombolites at the lake the genera
Scytonema (predominant), Oscillatoria, Dichothrix, Choococcus, Gleocapsa, Johannesbaptista,
Gomphosphaeria and Spirulina, and a eukaryote suite composed of diatoms and macroalgae.
Compared with this study’s data, only some coccoidal bacteria and the filamentous bacteria
Johannesbaptista are still present in the lake, the latter just in relative lower salinity levels
during the wet season. These data suggests the microbial mat composition shifted at the lake by
natural processes in order to adapt to the new levels of increased salinity.
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MCN-3

MCN-1
MCN-4

MCN-5

Figure 6.4.1 – Geological map of north and middle areas of Lake Clifton with location of
microbial mats samples.
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Microbial Mat collected at 23/3/2014 (low water level)

Mat lower level

Mat middle level

Mat upper level

Microbial Mat collected at 11/12/2013 (high water level)

Figure 6.4.2 – Cyanobacterial composition of microbial mats living over thrombolitic forms at Lake
Clifton and their respective percentages. The composition was subdivided into three distinguishable
layers.

One sample of the pustular microbial mat described in Chapter 4 was collected for analysis
(MCN-3). Additionally, a sample of microbial mat living in seepages and ponds formed during
the dry season in supralitoral areas was sampled to study its composition (MCN-5). Despite the
dissimilar macroscopic appearance between samples MCN-3 and 5, the microbial composition
is similar, made up of coccoidal bacteria and one filamentous bacterium, Phormidium
terebriforme (Figure 6.4.3). The Phormidium grows profusely on the upper part of microbial
mats in seepage channels, giving to the mat a surficial orange colour and a “hairy” surface
(Figure 6.4.4.A and B). These distinct mats are probably interplaying under conditions of
seepage water coverage, i.e., when a thin layer of groundwater is covering the exposed margins
during the dry season its low salinity induces the blooming of Phormidium terebriforme over
the coccoidal bacteria biomass in mat surface. The lowest value measured of salinity from a
seepage channel was 12,200 ppm on 8/5/2013. Under atmospheric conditions, the mats remain
partially desiccated, producing a smoother surface and black colour, even with presence of
Phormidium. The seasonal flooding of seepages and margins will increase the salinity and halt
the BMC thriving, which tends be removed by wave erosion (Figure 6.4.4.C). In the western
margin was observed a microbial mat macroscopically similar with sample MCN-5 (Figure
6.4.4.D). However, the absence of sediments covered by seepages in western margin is probably
impairing the BMC development as such on eastern margin.
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Microbial Mat collected at 23/3/2014 – Seepage channel

Mat lower level

Mat middle level

Mat upper level

Microbial Mat collected at 11/12/2013 - Supralitoral

Figure 6.4.3 – Cyanobacterial composition of microbial mat living over supralittoral areas at Lake
Clifton and respective percentages. The composition was subdivided into three distinguishable layers.

The vegetal eukaryote suite, not analysed in detail in the present project, is composed of
diatoms and macroalgae. The diatoms can live together with the BMC or as phytoplankton and
the macroalgae have epiphytic or periphytic habits (Burne & Moore, 1994). Diatom genera
Navicula and Tabellaria were identified in mats and their importance resides in the relative
large biomass present in microbial mats. The percentage of diatoms tends to decrease in the
lower layer of microbial mats, due to the decreasing luminosity (Figure 6.4.5). Some of this
biomass can represent trapping of diatoms living free in the lake’s water and therefore the data
has to be interpreted carefully.
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Figure 6.4.4 – Microbial mats living at Lake Clifton margins. (A) Plan view of orange filamentous
microbial mat covered by a thin layer of water from seepages; (B) Sample of microbial mat shown in
(A); (C) Pustular microbial mat over loose sediments; (D) Microbial mat in wet sediments at eastern
margin.

High water level

Pustular mat in
supralitoral

Low water level

Filamentous mat in
seepage

Figure 6.4.5 – Percentages of diatom mass contributing to microbial mats at Lake Clifton.
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Erosional Imprints on Thrombolites in Lake Clifton: a Presently

Degrading System.
The outer belt of the lake margins is characterised by a notable process of dissolution and
erosion over the reef and isolated microbialites. The seepages are expressed in form of channels
and ponds, which geographically coincide with eroded parts of microbialites. This association
permits the interpretation of a close relationship between seepages and dissolution processes on
the thrombolitic forms (Figure 6.5.1).
A

B

1m

1m

Figure 6.5.1 - Dissolution of thrombolites in seepage ponds and channels. (A) Dissolution of thrombolite
tabular forms in the proximal flat landward in background, eastern margin around 1 km south from
Central Island; (B) Active seepages in northeastern margin.

One possible explanation for the dissolution of carbonates is the phenomenon of water mixing.
Zones of water mixing are recognised to have high potential to promote carbonate dissolution
(Back et al., 1986). A higher content of CO₂ just after the release of groundwater would be
another explanation for this dissolution. In fact, more studies are needed to clarify this issue and
the possibilities aforementioned are speculative.
During events of strong winds and/or storms, the erosion would be physically driven by
physical damage by wave action, with capability to impact especially the reef front in the
northeastern area and other parts of flooded margins. However, both chemical dissolution and
physical erosion were active during the history of the lake and this fact has not precluded
microbialite development. The problem now is that the thrombolitic fabric development has
apparently been halted and may not recover in a short term.
During some drilling operations, many of the larger hemispheroidal and tabular forms showed
average to high conditions of weathering in basal and middle levels (Figure 6.5.2). The
weathering and erosion are visible in all forms and many areas exemplify the high state of
advanced alteration in thrombolites (Figure 6.5.3 and 6.5.4).
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Figure 6.5.2 – (A) Drilling-core representing a conical form approximately 45cm high at northeastern
margin, recovering around 40 cm of a weathered thrombolite. Top of core to left; (B) Large
hemispheroidal form cored in the Central Island, Lake Clifton. The core has 6.9 cm diameter; (C) Core
obtained in (B). Note the advanced stage of alteration.

B

A

Figure 6.5.3 - Examples of active processes of destruction seen in relative smaller thrombolitic forms
present in Lake Clifton; (A) Very degraded juvenile subspheroidal forms; (B) Individual juvenile
subspheroidal form with vugular porosity on surface.
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50cm

Figure 6.5.4 - Examples of active processes of destruction seen in relative larger thrombolitic forms
present in Lake Clifton. (A) Large transitional tabular to hemispheroidal thrombolite eroded in the central
core and between phases of concentric growth. Note also the fissures cross-cutting the form; (B) Large
hemispheroidal form with the external walls collapsed outwards and core totally eroded; (C) Cluster of
coalescent tabular to hemispheroidal forms with part of cores eroded in the centre of image (black arrow);
(D) Detail of previous image showing several cores missing in the central part of the coalescent
thrombolite (black arrow).

6.6

Lake Hayward

Lake Hayward is the most saline lake in the Yalgorup Lakeland system. This high salinity
precludes the presence of macroalgae living in the lake, whilst BMCs and some species of
diatoms can live in the water body. The brine shrimp Artemia sp. described by Rosen et al.
(1994) was not observed.
Salinity data was collected by Moore (1979, 1984) and Commander (1988), ranging from
81,000 to 184,000 ppm. Rosen et al. (1996) relate salinities varying from 55,887 ppm to
206,911 ppm in the mixolimnion during 1991/1992, with an average of 133,269 ppm. The
present project found an accentuated salinisation in this lake, with values ranging from 100,976
ppm (wet season) to 320,264 ppm (dry season), and an average of 192,724 ppm during the
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monitored term (Figure 6.6.1.A). The water level in the lake remained all year below 0 m AHD
(Figure 6.6.1.B).

B

Water level (m)

A

Figure 6.6.1 – Salinity and water levels in Lake Hayward during the period February/2013 –
January/2014.
The ionic abundance is similar to Lake Clifton, however it is more depleted in calcium (Figure
6.6.2 .A, B and C). Lake Clifton acts as a barrier for the eastern aquifer for Lake Hayward and
other lakes in Yalgorup Chain, blocking groundwater from east (Commander, 1988). The
presence of “fossil” thrombolites in several lakes of the Yalgorup Chain denotes the availability
of calcium and bicarbonate ions for carbonate precipitation in the past. Despite not being
directly observed, biologically related activities in Lake Hayward are probably precipitating
calcium carbonate as its recent sediments are predominantly composed of peloidal sands.
Peloidal sands are also currently present in the marginal sediments of Martins Tank Lake and
Lake Yalgorup.
In the case of trace elements, strontium, boron and silicon are dominant as in Lake Clifton
(Figure 6.6.2.D). Titanium and lithium were detected in amounts more than 1 ppm in some
samples during the monitored period. Other detected trace elements had concentrations lower
than 1 ppm.

189

Chapter 6

Water Chemistry and Microbial Communities

A

B

C
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Figure 6.6.2 – Concentration of ions, elements and major trace elements in period February/2013 –
January/2014 at Lake Hayward.

The concentrations of sulphate, magnesium and potassium are not conservative, whereas the
sodium in the lake is conservative (Figure 6.6.3). The sulphate concentration is subtly higher
than SCDL, with the difference increasing in the dry season. Rosen et al. (1996) reported the
sulphate depletion relative to the SCDL, which indicates a change in water chemistry in the
lake. This change could be linked to the salinisation process ongoing in the lake and the balance
of consumption by sulphate-reducing bacteria and gypsum formation in some periods.
Magnesium shows an analogous pattern to sulphate. Rosen & Coshell (1992) related diagenetic
dolomite formation in shallowly buried sediments at Lake Hayward to bacterial activity, which
is a pathway for magnesium absorption from porewater. Formation of Mg-calcite as cement is a
common process in the remnants of microbialites around the lake, but its mass is relatively
small. Potassium is depleted relative to the SCDL, and the balance mechanism of potassium is
still unclear. Sodium concentration is coincident with the SCDL along all year. The magnesium,
sulphate and potassium concentrations tend to approximate to the SDCL in more diluted waters.
Concentrations of calcium, bicarbonate and strontium are probably linked to carbonate and
gypsum precipitation. Strontium concentration will rise during phases of carbonate dissolution
and decrease during carbonate precipitation. Gypsum precipitation occurs around the peak of
the dry season, and Burke & Knott (1997) documented the precipitation of gypsum in the
unusually dry year of 1987, when salinity surpassed 260,000 ppm. The present salinity in the
lake during the dry season almost reaches the concentration required for halite formation.
The tendency is for a cycle of calcium and sulphate removal by gypsum formation and later
dissolution after the dry season. However, the conservative sulphate trend does not reflect this
behaviour, suggesting a seasonal concentration-dilution process during the year. Another
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uncertainty is the effect of sulphate reducing bacteria affecting the sulphur balance. The calcium
concentration seems to follow the seasonal concentration-dilution process during the year and it
is difficult to attribute the controls over its balance at Lake Hayward. Bromide has a
conservative pattern, subtly depleted compared to the SCDL (Figure 6.6.4.C).

Lake Hayward

Cl-

B

Cl-

A

R² = 0,9989

R² = 0,9762

Mg++

SO4-2

D

C

Cl-

Cl-

R² = 0,9797

K+

R² = 0,995

Na+

Figure 6.6.3 – Concentration of sulphate (A), magnesium (B), potassium (C) and sodium (D) compared
with SCDL in the period February/2013 – January/2014 at Lake Hayward. The blue points represent the
lake data and the brown points the SCDL.
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Figure 6.6.4 – Concentration of calcium (A), bicarbonate (B), bromide (C) and strontium (D) relative to
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the SCDL in the period February/2013 – January/2014 at Lake Hayward. The blue points represent the
lake data and the brown points the SCDL.

The pH and dissolved oxygen and Eh correlate very well, and both increase during the wet
season (Figure 6.6.5.A, C and D). In the case of total alkalinity, a decrease between July and
November/2013 was verified (Figure 6.6.5.B). This may represent calcium carbonate
precipitation during the middle-late winter until late-autumn. The reduction potential also
showed elevation during the wet season (Figure 6.6.5.D), as observed in Lake Clifton.

Lake Hayward

D
Reduction Potential (mV)

Dissolved Oxygen (%)

C

Total Alkalinity (mg/L Caco3)

B

Ph

A

Figure 6.6.5 – Water properties in period February/2013 – January/2014 at Lake Hayward.

Nutrients concentration in Lake Hayward suggests a cycle of enrichment in the dry season and
dilution in the wet season. Organic phosphorous and nitrogen are close to total phosphorous and
nitrogen levels, with average levels of 53 µg/L and 6,521 µg/L, respectively (Figure 6.6.6).

A

B

Figure 6.6.6 – Nutrients concentration in period February/2013 – January/2014 in Lake Hayward. (A)
Total phosphorous and fractions; (B) Total nitrogen and fractions.
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Cyanobacteria Communities Presently Living at Lake Hayward

Two samples for microbial analysis were collected on 11/12/2013 and 23/03/2014 (Figure
6.7.1).

MHS-1

Lake Hayward

MHS-2

Holocene
Water surface
Marginal Sediments
Hardgrounds and sediments
Semi-eroded thrombolites
Semi-eroded crustose thrombolite reef
Paleo Lake

Pleistocene
Tamala Ls <5m altitude
Tamala Ls (Spearwood Dunes)
Author: Alonso L. Parellada

Figure 6.7.1 – Geological map of Lake Hayward with location of microbial mat sampling.

Cyanobacteria identified were: Aphanothece salina, Chroococcus minimus; Chroococcus
minutus; Chroococcus turgidus; Phormidium terebriforme. Results are summarised in Figure
6.7.2. The only filamentous cyanobacterium identified in both samples, Phormidium
terebriforme, is also present at Lake Clifton and Lake Preston Middle-South, which denotes its
high halotolerance. During the dry season and at very high salinity levels, its mass is lower in
sample MHS-2C than in sample MHS-1C, but it is still present. Increasing salinity benefits the
coccoidal bacteria, primary Chroococcus minutus. In the lower part of the microbial mat,
sulphate reducing bacteria dominate the sediment.
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Microbial Mat collected at 23/3/2014 (low water level)

Mat lower level

Mat middle level

Mat upper level

Microbial Mat collected at 11/12/2013 (high water level)

Figure 6.7.2 – Cyanobacterial composition of microbial mat living over thrombolitic forms at Lake
Hayward in the infralitoral area and respective percentages. The composition is subdivided into three
distinguishable layers.

The diatoms present in the lake are strongly controlled by salinity during the year and favoured
by lower salinity levels. In the wet season, the contribution of this group can reach up to 43% of
the mass in the surficial part of the BMC, decreasing to 10% in the same position at the peak of
the dry season (Figure 6.7.3).

High water level

Low water level

Figure 6.7.3 – Percentages of diatom mass contributing to microbial mats at Lake Hayward. The
subdivision is the same used in Figure 6.7.2.
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Lake Preston Middle-South

Although Lake Preston is the largest lake in the system, it is poorly studied, and accounts for
over half of the open water area in the Clifton-Preston system (Rosen et al., 1996). High salinity
levels were also measured in Lake Preston Middle-South, and in the wet season the lake is
linked to the Lake Preston main body of water (Preston Middle). Historical data surveyed from
1984 to 1992 relate values ranging from 42,000-78,000 ppm (Moore, 1987) to 43,000-67,900
ppm (Rosen et al., 1996) in Lake Preston.
In Lake Preston Middle-South the salinity values varied from around 85,000 ppm in
September/2013 to 185,000 ppm in March/2013 (Figure 6.8.1). This lake was not monitored
with a Diver logger with a conductivity sensor because its upper limit is surpassed by the
average salinity present at the lake practically all year.

Total Salinity (ppm) - Lake Preston Middle-South
190,000
170,000
150,000
130,000
110,000
90,000
70,000
50,000
06/02/2013 28/03/2013 17/05/2013 06/07/2013 25/08/2013 14/10/2013 03/12/2013 22/01/2014

Figure 6.8.1 – Salinity in Lake Preston Middle-South in the period February/2013 – January/2014.

The water level remained below 0 m AHD throughout the year and Lakes Preston Middle and
Preston Middle-South became linked when the water level was as low as -0.8 m AHD in
August/2013. After the wet season and water-level peak at the end of October/2013, the
evaporation and groundwater input balance was very regular, providing a near linear decrease in
water level. Sometimes the equilibrium between the groundwater input and evaporation rates
are reached in periods without rainfall, leaving the water level steady for several days (Figure
6.8.2.A). The lake water temperature varied from around 10 to 32°C (Figure 6.8.2.B).
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Figure 6.8.2 – Water levels (A) and temperatures (B) during the period February/2013 – January/2014 at
Lake Preston Middle-South. The dotted line in (A) represents the linkage between Lakes Preston Middle
and Preston Middle-South. The red arrow in (A) indicates an example of steady water level period.

The ionic dominance is similar to Lake Hayward, however potassium concentration is subtly
higher than calcium concentration throughout the year (Figure 6.8.3. A, B and C). The eastern
margin of Lake Preston Middle-South is exposed to regional groundwater inflow as for Lake
Clifton, which is suggested by the presence of tepee structures with overgrowth of “fossil”
microbialites (see Chapter 4). Without barriers, the alkaline groundwater could provide calcium
and bicarbonate. Trace elements with concentrations higher than 1 ppm are similar to those
found at Lake Hayward (Figure 6.8.3.D).
Concentrations of calcium, magnesium, potassium and sodium appear mostly to follow a trend
of enrichment and dilution. The calcium and potassium are depleted relative to the SCDL, while
the magnesium and sodium concentration follow closely the SCDL along the year, with subtle
differences at very low dilution in the dry season (Figure 6.8.4).
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Figure 6.8.3 – Concentration of ions, elements and major trace elements in the period February/2013 –
January/2014 at Lake Preston Middle-South.
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Figure 6.8.4 – Concentration of calcium, magnesium, potassium and sodium in comparison with SCDL
in the period February/2013 – January/2014 at Lake Preston Middle-South. The blue points represent the
lake data and the brown points the SCDL.

Sulphate, bicarbonate, bromide and strontium mostly follow a trend of seasonal enrichment and
dilution. It is possible to make a linear regression for sulphate and bromine concentrations
throughout the year, whereas the bicarbonate and strontium have an irregular behaviour (Figure
6.8.5). As previously discussed, the strontium cycle is linked to carbonate formation and
dissolution events, and the contemporaneous marginal sediments produced in the lake are
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primarily composed of peloids, as in Lake Hayward. The concentration of strontium is similar
to that observed in Lake Clifton, which suggests a similar cycle for carbonates in both lakes.

Lake Middle-South
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Cl-

Cl-

R² = 0,9938

SO4-2
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HCO3-

D
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Cl-

R² = 0,9918

Sr++
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Figure 6.8.5 – Concentration of sulphate (A), bicarbonate (B), bromide (C) and strontium (D) relative to
the SCDL in the period February/2013 – January/2014 at Lake Preston Middle-South. The blue points
represent the lake data and the brown points the SCDL.

The pH and dissolved oxygen follow the same pattern as for Lake Clifton, with an increase in
the wet season due to groundwater discharge along the eastern margin (Figure 6.8.6.A and C).
The average total alkalinity is lower than Lakes Clifton and Hayward, tending to decrease in dry
season, probably due to carbonate precipitation by biologically mediated processes (Figure
6.8.6.B). The reduction potential tends to increase in the wet season as in lakes Clifton and
Hayward (Figure 6.8.6.D).
Total phosphorous and nitrogen concentration patterns throughout the year are very similar to
those in Lake Clifton. The total nitrogen peak occurs between the late-summer and the earlywinter, whereas the total phosphorous peak is reached in late-autumn (Figure 6.8.7). The
average orthophosphorous concentration was 10 µg/L, almost the same value determined by
Rosen et al. (1996) in 1991/1992. Indeed, excepting the period between September and
December, the values of orthophosphate were below the limit of measurement or practically
zero. Total and organic nitrogen average values are 5,435 µg/L and 5,278 µg/L, respectively.
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Figure 6.8.6 – Water properties in the period February/2013 – January/2014 at Lake Preston MiddleSouth.

When compared to the data of Rosen et al., this represents more than double that recorded in
1991/1992 (Average TN= 2,200 µg/L and ON= 1740 µg/L). The average nitrate and ammonium
were 56 µg/L and 210 µg/L, respectively, which portray an increase in nitrogen of more than
four times.

A

B

Figure 6.8.7 – Nutrients concentration in the period July/2013 – January/2014 in Lake Preston MiddleSouth. (A) Total phosphorous and fractions; (B) Total nitrogen and fractions.
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Cyanobacteria Communities Presently Living at Lake Preston

Middle-South
Lake Preston Middle-South receives the discharge of much less saline lake water from Lake
Preston South. This promotes a local salinity decrease in the southeastern margin of Lake
Preston Middle-South, which is progressively mixed with more saline waters northward. This
relatively small area presents a subtle differentiation in cyanobacterial mat composition when
compared with samples collected at the extreme northwestern edge of lake due to the local
reduction of average salinity in this specific area. One microbial sample (MPM-2) was collected
on 11/12/2013 from the southeastern area where it overlay a flat located on a Tamala Limestone
high that delineates a small peninsula in the southern margin of Lake Preston Middle-South.
Two more microbial samples were collected in the northwestern area of Lake Preston MiddleSouth, one on 11/12/2013 and the other on 23/03/2014, samples MPM-1 and MPM-3,
respectively (Figure 6.9.1).
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Author: Alonso L. Parellada
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Figure 6.9.1 – Geological maps of Preston Middle-South middle-northern (A) and southern areas (B)
with location of microbial mat samples. The microbial mats collected at Lake Preston South, which will
be discussed in the next subchapter, are indicated as well.

Bacteria identified in samples from the northwestern area for wet and dry seasons were:
Aphanothece salina; Chroococcus giganteus; Chroococcus membraninus; Chroococcus
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minimus; Chroococcus minutus; Microcolleus chthonoplastes; Chroococcus turgidus;
Phormidium terebriforme and Pseudocapsa dubia. The results of samples collected in the
northwestern area of the lake are summarised in Figure 6.9.2.

Microbial Mat collected at 23/3/2014 (low water level)

Mat lower level

Mat middle level

Mat upper level

Microbial Mat collected at 11/12/2013 (high water level)

Figure 6.9.2 – Cyanobacterial composition of microbial mats living over loose sediments at Lake
Preston-Middle in the shallow infralittoral northwestern area and their respective percentages. The
composition was subdivided into three submillimetric layers.

Sample MPM-2 showed the same cluster of bacteria that was identified in the northwestern
area, with the addition of the filamentous bacterium Microcolleus chthonoplastes (Figure 6.9.3).
Diatoms are present in quantities ranging from 8 to 36%, and, as usual, were more common in
surficial layers of BMC. The sample MPM-2 contained the largest mass of diatom, probably
related to the less saline water close to the Lake Preston South discharge (Figure 6.9.4).
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Mat lower level

Mat middle level

Mat upper level

Microbial Mat collected at 11/12/2013 (high water level)

Figure 6.9.3 – Cyanobacterial composition of microbial mat living above loose sediments at Lake
Preston-Middle in the shallow infralittoral southeastern area and their respective percentages. The
composition was subdivided into three submillimeter layers.
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High water level

Low water level

Figure 6.9.4 – Percentages of diatom mass contributing to microbial mats at Lake Preston Middle-South.
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Lake Preston South

Lake Preston South has a particular water cycle and chemistry that differentiates it from any
other lake of the Yalgorup Lakeland system. The higher altitude of Lake Preston South
compared with northern Lake Preston Middle-South and their connectivity means there is
surface water outflow from Lake Preston South. This moderates the salinity of Lake Preston
South.
A water level plateau during the wet season occurs at the point of water connectivity at 0.35 m
AHD and for most of the year the water level remains above sea-level (Figure 6.10.1.A). The
maximum water level in Lake Preston South is reached before that in Lake Preston MiddleSouth, which peaks after rainfall in winter. The absolute water level difference between the
lakes varied from 85 to 100 cm during the monitoring period from 25/7/2013 to 7/2/2014, with
the difference increasing during the dry season (Figure 6.10.1.B). On 7/4/2014, Lake Preston
South practically dried out, preventing more measurements.

Figure 6.10.1 – Water levels in Lake Preston South (A) and a comparison of water levels between Lakes
Preston South (red curve) and Preston Middle-South (black curve) during the monitored period in Lake
Preston South (B). The dotted blue lines represent the spill point in Lake Preston South.

The water temperature in Lake Preston South is more sensitive to atmospheric variation due to
the average small water depth (Figure 6.10.2). When Lake Preston South is dominated by
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rainfall and/or groundwater discharge, TDS is around 600 ppm, close to the groundwater
concentration observed in borehole Y2-4A. However, TDS increases dramatically during the
dry season; in 2013 the TDS was greater than 50,000 ppm (Figure 6.10.3).

Figure 6.10.2 – Water temperatures in lakes Preston South (A) and salinity profile during the Diver
logger monitored term.

Figure 6.10.3 – Salinity determined by laboratory analyses in Lake Preston South. The red line represents
the salinity curve of borehole Y2-4A.

The relative ionic dominance of major cations and anions is similar to that in Lake Clifton,
although concentrations are lower. Overall behaviour follows the seasonal concentration and
dilution observed in all studied lakes in the area. Trace elements above 1 ppm are the same as
found in Lake Preston Middle-South, with the exception of silicon, whose concentration is
much greater than found in the other studied lakes in this project. The most probable
explanation is the diatom life cycle in this lake, with the dissolution of frustules in the dry
season and proliferation of diatom numbers during the wet season (Figure 6.10.4).
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Figure 6.10.4 – Concentration of ions, elements and major trace elements in the period February/2013 –
January/2014 at Lake Preston South.

Calcium and magnesium closely follow the SCDL line, while potassium and sodium
concentrations follow a pattern nearly oblique to it. Calcium consumption is to be expected
because of the ongoing “whiting” process when the lake is flooded, and dolomite precipitation
was not observed. Apparently, as yet unknown chemical reactions are controlling the balance of
sodium and potassium (Figure 6.10.5).
Sulphate has a non-conservative pattern, tending to increase the concentration in dry season.
Ionic abundance of bicarbonate is higher than SCDL along all year due the groundwater alkaline
water feeding from the aquifer (Figure 6.10.6.A and B). Bromide concentration is almost
conservative and subtle depleted comparing to SCDL. Strontium does not own a linear
concentration behaviour, and tends to follow the SCDL in more diluted water in the wet season
(Figure 6.10.6.C and D).
Water properties in Lake Preston South further support the “whiting” process. The pH reaches
the highest value in the wet season (9.28), being so far the largest value among the monitored
lakes (Figure 6.10.7.A). This high pH activates the alkalinity engine (sensu Dupraz et al., 2009)
to precipitate aragonitic needles in the water column, producing the calcareous mud that covers
the lake substrate. Total alkalinity was uneven throughout the monitored term (Figure 6.10.7.B).
The lake water becomes very well oxygenated probably by cyanobacterial/algal activity and
wind agitation at about the highest water-level peak (Figure 6.10.7.C). The reduction potential
follows the trend observed in the rest of studied lakes (Figure 6.10.7.D).
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Figure 6.10.5 – Concentration of calcium, magnesium, potassium and sodium in comparison with SCDL
in the period February/2013 – January/2014 at Lake Preston South. The blue points represent the lake
data and the brown points the SCDL.
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Figure 6.10.6 – Concentration of sulphate (A), bicarbonate (B), bromide (C) and strontium (D) relative to
the SCDL in the period February/2013 – January/2014 at Lake Preston South. The blue points represent
the lake data and the brown points the SCDL.

Nutrient cycling is strongly related to seasonal conditions. In the dry season, organic
phosphorous and nitrogen are released into the water probably through the decay of organic
matter. An orthophosphate peak recorded in March/2013 may be related to fertiliser use during
the dry season on agricultural commercial properties situated on a flat between the Spearwood
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dune and eastern margin of the lake, but it does not correlate with orthophosphate peaks
recorded in Lakes Clifton and Preston Middle-South. The excessive irrigation of agricultural
land close to the lake probably leaches nutrients from soil, transferring them to the lake, in a
similar manner to the role of rainfall.
An influence to be considered over the organic phosphorous is the large presence of waterfowl
in this lake during the year, generally around the wet season, which will provide this nutrient by
faecal droppings in the water (“guano”). Total nitrogen essentially corresponds to organic
nitrogen, except during the dry season, when organic matter decay produces ammonium (Figure
6.10.7).

Lake Preston South
A

Ph

Total Alkalinity (mg/L Caco3)

B

Reduction Potential (mV)

D
Dissolved Oxygen (%)

C

Figure 6.10.7 – Water properties in the period February/2013 – February/2014 at Lake Preston South.
Observe the correlation of pH, DO and reduction potential.

A

B

Figure 6.10.8 – Nutrient concentrations in the period July/2013 – February/2014 in Lake Preston South.
(A) Total phosphorous and fractions; (B) Total nitrogen and fractions.
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Cyanobacteria communities currently living at Lake Preston South

Two samples of microbial mats were collected from the northern margin of the lake on the same
dates as for the other studied lakes. The cyanobacteria cluster living in lake sediments is
composed exclusively of coccoidal forms and showed a lower diversity in the dry season
(Figure 6.11.1).

Microbial Mat collected at 23/3/2014 (low water level)

Mat lower level

Mat middle level

Mat upper level

Microbial Mat collected at 11/12/2013 (high water level)

Figure 6.11.1 – Cyanobacterial composition of microbial mat living over loose sediments at Lake Preston
South in the shallow infralittoral northern margin and their respective percentages. The composition was
subdivided into three submillimetric layers.

Because samples were collected together with lake water, it suggests that one or more species of
coccoid bacteria are responsible for the “whiting” process in the water column. The identified
bacteria are common in other studied lakes, however “whitings” were not observed, excepting
the cited possibility in Lake Pollard (Chapter 4). The average diatom biomass is lower than in
other lakes, reaching a maximum of 23% in the upper layer in the wet season (Figure 6.11.2).
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High water level

Low water level

Figure 6.11.2 – Percentages of diatom mass contributing to microbial mats at Lake Preston South.

6.12

Palaeotemperatures analyses via 18O isotopic ratios

Craig’s (1965) formula (see Material and Methods) was applied to calculate palaeotemperatures
comparing the δ18O data obtained from twelve microbialite samples from Lake Clifton and six
samples from Lake Preston Middle-South. Four batches of water samples collected during 2013,
representing approximately the four seasons during the year, were also submitted for δ18O
measurement (see Appendix 5B). Water data for δ18O were compared with the ancient δ18O of
microbial carbonates. Table 6.12.I shows the palaeotemperatures calculated.

Sample

Palaeotemperature Palaeotemperature Palaeotemperature Palaeotemperature
(21/03/2013)
(26/06/2013)
(25/09/2013)
(17/12/2013)

BCCN-1 top 4cm
BCCN-1 14cm
BCCN-1 27cm
BCCN-1 bottom
RCN-4 top
RCN-4 bottom
RCS-4 top
RCS-4 bottom
RCSI-2 top
RCSI-2 bottom
RCN-11 top
RCN-11 middle
Average
Table 6.12.I – Water

27.513
11.080
5.740
16.232
26.127
9.981
4.752
15.036
25.132
9.195
4.047
14.179
24.738
8.885
3.769
13.841
25.840
9.755
4.549
14.789
22.867
7.416
2.455
12.235
21.797
6.580
1.709
11.319
24.788
8.924
3.804
13.883
27.488
11.061
5.723
16.211
28.394
11.781
6.371
16.994
32.793
15.305
9.557
20.815
31.170
14.000
8.375
19.403
26.554
10.330
5.071
15.411
palaeotemperatures in degrees Celsius calculated for Lake Clifton. The dates

represent the water sample collection day at the lake.

The average temperature during the summer is compatible with the water temperature logged in
2013, but other temperatures are discrepant, with each respective season being much colder than
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actual monitored temperatures. The average of all temperatures is 14.34 ºC. It is interesting to
note that the more recent microbialite RCN-11 has a higher palaeotemperature when compared
to older microbialites. The analysis of data from Lake Preston Middle-South, suggests warmer
temperatures in the past (Table 6.12.II), portraying an average palaeotemperature of 17.97 ºC.

Palaeotemperature Palaeotemperature Palaeotemperature Palaeotemperature
(21/03/2013)
(26/06/2013)
(25/09/2013)
(17/12/2013)
RPM-8 top
32.042
13.389
5.923
16.850
RPM-8 bottom
29.606
11.477
8.185
19.587
BCPM-2 top
29.477
11.377
5.923
16.850
BCPM-2 bottom
32.674
13.887
8.185
19.587
RPM-14 top
29.634
11.499
6.033
25.498
RPM-14 bottom
35.418
16.058
10.149
21.946
Average
31.475
12.948
7.400
20.053
Table 6.12.II – Palaeotemperatures in Celsius degrees calculated at Lake Preston.
Sample

The average palaeotemperature across both Lakes Clifton and Preston is 16.15 ºC, which fits
very well with the average temperature with the relatively recent period of 1935-2014 (January),
which is 15.8 ºC (Calculated from data obtained from Bureau of Meteorology website,
Government of Australia). Considering the summer palaeotemperatures for both lakes Clifton
and Preston, the trend shows decreasing of temperatures from 2,000 to 1,000 yr ago and

Temperature (ºC)

increasing temperatures from 1,000 yr BP until present time (Figure 6.12.1).

Age(yr
(yrBP)
BP)
Age

Figure 6.12.1 – Palaeotemperatures and respective ages of microbialites from Lakes Clifton and Preston
referenced to summer season. Black arrows represent the trend of palaeotemperature.

210

Chapter 7

Discussion

Chapter 7
Discussion

7.1

Chapter 5

As observed from geological maps, the original lake areas (just after their genesis) were larger
than currently, a result of the dominance of evaporation over precipitation (rainfall) in the
region and sediment infill. In the case of Lake Clifton, it is important to note that in the wet
season the northern area seems to flood to similar limits to those of the original lake because of
the surrounding areas have higher relief and more exposed rock. Indeed, there is no indication
of microbial lacustrine sediments landward beyond the actual limits visible in the aerial photos
in this northern area, especially along the eastern margin because of the presence of significant
relief demarcated by the Spearwood Dune system and Ridge of Tamala Limestone. Therefore,
the geographical distribution of microbialites on the northern margin probably represents
closely the areal limits of thrombolitic reef formation since the beginning of the lacustrine
phase. The southern area delimited by the Clifton paleolake was not investigated because of
access problems and the time limits of this project.

In other Yalgorup National Park lakes, short-term calcifying BMCs allowed a greater influence
of meteoric processes and the weathering of microbialites, with more intense erosion and
alteration of original fabrics in lithoherms, and the formation of magnesian calcite and Cadolomite cements, probably related to diagenesis as well as biologically induced and influenced
mechanisms.
Similar to the examples of ancient thrombolites, described in the Literature Review chapter, the
thrombolites investigated in the present study contain a peloidal framework fabric. This
suggests a link between thrombolitic clotted fabric and the microbially induced/influenced
precipitation of carbonates in the form of peloids around the bacterial bodies. In the early
diagenesis of microbialites present in the studied area, the micritic peloids are quickly
neomorphically recrystallized to acicular aragonite or replaced by silica. Mg-calcite and Cadolomite is considered linked to early diagenesis. In the case of Lake Clifton, the dense micritic
framework of microbialites is quickly turned into a peloidal fabric after light weathering.
Perri & Spadafora (2011) postulate that the nanoglobules origin would be related with
nanobacteria body calcification of bacterially induced of influenced carbonate precipitation. In
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case of nanoglobules less than 200µm in diameter, it could represent the initial spots of
carbonate precipitation, and the natural grouping of them would originate the micrite and
peloids in the microbial framework.
The presence of a thin silica coating is common in microbialites of the lake chain system. The
association of silica with diatom frustules as a source for the silica is possible post the Jurassic,
the recognised timing diatom origin (Kooistra & Medlin, 1996). Nevertheless, silica is common
in microbialites from Archean to Proterozoic. In these cases, silica was probably largely nonbiogenic or hydrothermal in origin. After the Proterozoic, considering the appearing of
radiolarians in the early Phanerozoic (ref), both processes could occur or interplay, making the
interpretation of the origin of silica more complex.
After burial, and depending on the diagenetic history of the studied microbialites, potentially
high quality hydrocarbon reservoirs could be wholly or partially preserved. Superimposed
events of cementation, dissolution and silicification of framework and sediment infill associated
with compaction and collapse of framework will define the final potential reservoir. An example
is the Aptian section in the Espírito Santo, Campos and Santos basins in the east off-shore
region of Brazil (ref).
Comparison between ancient hydrocarbon reservoirs with microbial origins with modern
microbialite occurrences is complicated. In the case of the absence of geochemical and fossil
evidence, microbially related deposits in saline lakes are difficult to distinguish from marine
microbial-related deposits, such as in the Bahamas. Thus, the vertical and horizontal facies
association is an important way of elucidating microbialite genesis in different settings when
considering past records.

7.2

Chapter 6

The less than 10 meters of accumulated sediments in the lakes of Yalgorup National Park
represent an excellent example of facies response to sea-level variation in coastal interdunal
swales isolated from perennial drainages. The Holocene sedimentary record preserved in the
lakes allows for the reconstruction of the paralic facies caused by the Flandrian transgression to
the present lacustrine environment. The association of typical biota of each phase and respective
boundaries between them is crucial to understanding the Holocene evolution of the area.
The timing obtained from radiocarbon dating is consistent with previous investigations, but the
current study provides and improved understanding of facies evolution. The order of flooding of
interdunal depressions during the marine transgressive tract of Lake Clifton and the Yalgorup
Chain indicates a probable point of entrance located at the extreme northern area of Lake
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Clifton, possibly where it is linked to Swan Pond. The relative lower relief and proximity to the
Indian Ocean at this point, combined with the lack of restriction by the Safety Bay Sand likely
permitted an ocean incursion at this point; flowing through internally to other depressions in the
Yalgorup chain. At the same time, the future Lake Preston was beginning to be isolated from
the ocean by the build-up of the Safety Bay Sand. The order of abandonment of depressions
followed the reverse order of flooding and Lake Preston was isolated last by formation of the
coastal dune system.
The Peel Inlet and Rockingham sea-level curves fit the calibrated radiocarbon dating presented
in this project and the limits between lake evolutionary stages, from paralic-lagoonal-Inlet
marine-lagoonal

to present lacustrine facies

were also

established

by examining

sedimentological and palaeontological characteristics. Lake Preston was isolated from the
Indian Ocean around 2,500 yr BP and widespread microbialites persisted there for only a short
time when compared with thrombolites found in the Yalgorup Chain and Lake Clifton. This
study suggests that the onset of lacustrine conditions in Lake Clifton occurred earlier than
previously stated by Moore (1993) and that the onset of lacustrine conditions in Lake Hayward
occurred later than asserted by Coshell & Rosen, (1994).

7.3

Chapter 7

As already described by previous authors, the water chemistry of the Yalgorup National Park
lakes was inherited from the marine phase, but was influenced of groundwater and rainfall.
After isolation from the Indian Ocean, the lakes became groundwater sinks, with the particular
hydrochemistry of each lake controlled by the climate, geographic position and altitude.
Climate controls rainfall and evaporation indices, whereas geographic position determines the
inflow and influence of groundwater. The bodies of water in the lakes are floating above
hypersaline-unconfined aquifers, which represent an interplay between isostatic vertical and
horizontal equilibriums (see Commander, 1988). Therefore, the lower the altitude of the average
water level during the year, the higher the salinity of the lake. The ionic cycle in lakes is
balanced by the input of elements and substances via groundwater and the interaction between
inorganic and organic chemical reactions, e.g., diatoms and carbonate formation/precipitation
and dissolution. The conservative or non-conservative pattern of elements and chemical species
is a complex issue and should be investigated in greater depth in future studies.
Land and water use modifications around Yalgorup Lakeland are visible, and can be attributed
to human interference in the environment, which has altered the hydrology of the lakes. Lake
Clifton is considered the most ecologically important lake in the National Park. Since the early
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water chemistry studies in the seventies (e.g. Williams & Buckney, 1976; McArthur & Bartle,
1980), lake levels and chemistry have changed. Knott et al. (2003) and Smith et al. (2010)
indicated a change in salinity fluctuations in the lake to hypersaline conditions around 20042005. Since then, salinity has increased dramatically, reaching up to almost 120,000 ppm at
present at the dry season peak and making the lake permanently hypersaline.
Historical nutrient data for Lake Clifton are sparse, with older data reported by Moore et al.
(1984) and Moore & Turner (1988). As noted by previous authors and governmental
departments, the deforestation of native vegetation, use of septic systems and overuse of
fertilisers for agricultural purposes in private properties around the lake system is driving an
eutrophication process in the lake, with nutrient inflow occurring via groundwater inflow. The
increasing presence of the macroalgae species Cladophora vagabunda and Lamprothamnium
papulosum is a result of increased nutrients and has been noted since the seventies. Nutrient
balance in a lake is a function of inputs, capture/release of nutrients in sediments and uptake by
lake’s biota; hence the increase in nutrients may be related to all or some of these factors. The
dramatically increasing salinity of the lake in recent years may possibly reduce the lake’s ability
to use the nutrients, because there are fewer species present in the lake and probably less
biomass.
The living microbial community at Lake Clifton has changed in the last 30 years. Regan, (2009)
stated “…The thrombolite samples, when examined, were found to have large amounts of
Scytonema…Only one small sample of microbial mats was analysed and very little biological
material was identified”. It was thought that the amount examined in the samples was closer to
the amounts observed by Neil (1984) at approximately 20% of the material rather than Smith
(2006) who found very little. If correct, the statement of Regan (2009) reveals the presence of
Scytonema bacterium at least a few years ago. However, Jennifer Alexander (personal
communication) reported the absence of Scytonema in the BMC on thrombolites during her
research for a PhD thesis in 2012 (unpublished).
Scytonema is not currently present in the sites examined. The bacteria species Phormidium
hamelii and terebriforme are present at high and low lake levels, respectively, and coccoidal
forms are overwhelmingly predominant in the biomass of the microbial mats, noting the
limitations of the techniques used in this study (optically based taxonomy) may have prohibited
important microorganisms (such as archaea) from being detected due to their small size.
Apparently, the new environment favours coccoidal bacteria which do not show evidence of
calcification. As discussed in Chapter 4, the ongoing process of microbialite formation at the
lake might be considered to be the trapping and binding of sediments, primarily during the dry
season when EPS production is profuse to protect the BMC against the high salinity.
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At present, macroalgae were not observed in lakes Hayward and Preston Middle-South. The
average higher hypersalinity would preclude the presence of this type of biota, allowing only
BMCs and halotolerant microorganism, such as diatoms, and perhaps, ostracodes to live in the
water column. The presence of gastropod microshells around lake margins could either
represent transported exoskeletons or a previous biota that lived in the lakes when salinity was
lower.
Despite the ongoing “whiting” process present in Lake Preston South there is no evidence for
historical or present-day microbialites in that lake. The particular chemistry and water cycle in
the lake is probably the reason for this, and the absence of any filamentous genera of
cyanobacteria may be linked to this fact. However, the precise reason for this lack of
microbialites is difficult to establish, because microbialites are capable of development in low
salinity water in an area, as attested by Lake Clifton before its salinisation. Macroalgae attached
to the carbonate muddy sediments are commonly observed in Lake Preston South when it is
flooded. It is likely that past average salinities were lower, even perhaps representing a fresh
water body. It’s also possible that some relict microbialites are present but have been buried or
not located, but widespread microbialite formation is not occurring. The hypotheses likely for
the absence of microbialites in the lake are listed below:
1) Mapping of accretional sets of a marine inlet phase at the southern spit and margin,
beyond the position of microbialites in Lake Preston Middle-South, suggests that the
isolation between Lakes Preston Middle-South and Preston South occurred during the
final part of the marine inlet facies. Therefore, isolation of Lake Preston-South
promoted the exchange of the original seawater through aquifer input, and transformed
the water to fresh or brackish. This would have attracted waterfowl, still observed in the
lake, and increased the nutrient levels in the water, favouring macroalgae and metazoan
competition to the detriment of the establishment of calcifying BMC.
2) The “whiting” process would have been

present since the lake’s origin and the

biological interactions and/or turbidity caused by it precluded optimal light penetration
for calcifying BMCs to thrive;
3) A combination of both of these processes.
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8.1

Chapter 5

The thrombolites or lithoherms of Lake Clifton originated through calcification of BMC that
evolved into individual small turbinate and subspheroidal geometries and then into to more
complex and larger forms represented by turbinate, tabular, hemispheroidal and conical
morphologies. All these forms tend to link or coalesce to produce composite clustered colonies,
the most common form of microbialite in the Lakeland. Position on the lake margin, i.e., the
relative water depth as a function of seasonal variation of water level, controls the available
space for growth accretion and progradation. Interspacing between initial positions controls
lateral-linkage, grouping and degree of coalescence between microbialites.
The distribution of morphological types in profile across lake margins is controlled by the
relative depth of lake, which is dependent on the balance of inflows and outflow and the
bathymetry of the lake’s substrate. Current in the lake are believed to be a result of the
prevailing winds from the west and southwest, giving rise to erosional and depositional features
along the lake. Accretionary platforms, an example of depositional setting, are relatively recent
features at Lake Clifton and display the youngest forms of thrombolites recorded in the lake.
Lake Clifton is best situated to receive the highest volume of alkaline and fresher water in the
Lakeland System, as postulated by Commander (1988). The southernmost part of Lake Preston
(Lake Preston South and Middle-South) is also in locations where the regional aquifer probably
provides direct discharge into surface water bodies, which explains the distinct chemistry of
Lake Preston South and the large tepee structures on the east margin of Lake Preston MiddleSouth. Lakes situated in areas where Lake Clifton acts as a groundwater barrier have a very
local scale groundwater catchment and naturally tend to have higher salinities, an exception
being Linda’s Lagoon, which showed the lowest salinity in the hydrochemistry study of Moore
(1987). This probably relates to the presence of localized mounds of groundwater occurring
between the lakes
The presence of microbialites in Lake Clifton persists around the northwestern margin and south
from the northern spit, decreasing in quantity and size gradually until the approximate northing
of 6,376,000m.
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All thrombolites in Lake Clifton have a macro-texture pattern with a radially divergent
branching, clotted to dendrolitic internal fabric. Environmental fluctuations during the Holocene
appear to have caused pauses in growth of the thrombolitic fabric, during these phases trapping
and binding by EPS entrapment of sediments appears to be the dominant process of accretion.
Similar entrapment processes are occurring at the lake today and formation of structures with
thrombolytic fabric appears have vastly reduced from previous periods, practically ceasing.
Lake Pollard shows a similar pattern of microbialite occurrence to Lake Clifton but with a much
reduced lithostrome density and size. The rest of the lakes are dominated by a semi-continuous
lithostrome, often multilayered, with occasional interspaced low relief, domical morphologies.
Relicts of microbialites are found at Lakes Clifton, Preston, Hayward and Newnham often
associated with outcropping pinnacles of Tamala Limestone. The fabric is dominantly
thrombolitic, sometimes mixed with stromatolitic fabrics, as at Lake Pollard, potentially
denoting an interplay of calcium carbonate precipitation and trapping and binding processes.
The microtexture of all thrombolites found in the area is essentially peloidal or in the form of a
dense micritic framework, indicating calcium carbonate precipitation by organo-mineralisation
of bacteria sheaths or EPS. The presence of filamentous and coccoidal bacteria molds and
bodies in thin sections and SEM analysis reinforces this. In the case of Lake Clifton, the
filamentous bacterial imprint is clear, producing the radially dense micritic microtexture.
However, the contribution of coccoidal forms should not be disregarded, especially in “fossil”
thrombolites, where the bacterial suite responsible for its formation could not be identified and
remnants of both sorts of bacteria were found.
Several stages of neomorphism and/or recrystallization of peloids and of micritic matrix and
cement formation were observed. Meteoric processes can dissolve and/or precipitate
gravitational cements, as well as cause the dissolution and cementation of microbialites.
The genesis of Mg-calcite and Ca-dolomite probably occurs through a biologically influenced
process in the presence of EPS produced by SRB (cf. Bontognali et al., 2013). The silicification
of microbialites is visible and common, imprinting submillimetric linings on all exposed parts
and replacing carbonates in the framework. The images acquired by computed tomography
demonstrate the highly interconnected interframework and vugular porosities, partially or totally
filled by fine-sized sediments or amorphous silica.
At least part of the peloidal composition of fine-grained carbonate sands at the lake margins is
derived from microbialite erosion, with variable contribution of siliciclastic grains. Clay
minerals are practically absent because of the mineral composition of the Tamala Limestone and
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Safety Bay Sand, and the absence of drainage input. If peloids were and/or are forming in lakes
at present it is not possible to determine and more studies are needed to investigate this.
The contribution from terrigenous material is variable and depend mainly on the influence of the
Safety Bay Sand. Reworked material from the marine inlet phase is common, mainly in form of
Katelysia shells overlying the substrate. The copious amount of Coxiella shells in the lacustrine
sediments of Lake Clifton shows the favourable environment for this biota, at least up to recent
times. Rapid salinity changes in the lakes is probably affecting the equilibrium of the eukaryotic
organisms.
A “whiting” process is ongoing in the less saline lakes of the wetland, i.e., Lake Preston South
and Lake Pollard. Because the coccoid bacterial suite found in Lake Preston South is also found
in other studied lakes where there is no indication of “whitings”, these types of bacteria may
only be capable of calcium carbonate precipitation in the water column in less saline conditions.

8.2

Chapter 6

This project has refined our understanding of the timing and evolution of the depositional
environmental during the Holocene in Yalgorup National Park, based in the distinguish
faciological units/associated biota and radiocarbon dating. Conclusions are summarized below:
-

A paralic or swampy facies was present until around 7,700±30 yr BP and 7,100±30 yr
BP in Lakes Clifton and Pollard, respectively;

-

The transition from paralic to marine inlet facies is represented by an ephemeral
lagoonal facies, which has only been observed in Lake Clifton in this project. This
facies is characterised by lagoonal or marine-restricted biota, with the occurrence of
hardgrounds. In Lake Clifton, the end of this phase is placed around 6800±50 yr BP,
while in Lake Pollard the facies change from paralic to marine inlet was around
7,100±30 yr. In Lake Preston, there is evidence of a marine inlet phase close to this age,
denoting the sand barrier buildup and partial isolation from the Indian Ocean;

-

Lakes Pollard, Hayward and Newnham show evidence of a marine-inlet phase ending
and the establishment of a lacustrine facies between 5,620±30 yr BP and 4,880±60 yr
BP. Giving the age of the microbialites dated in Lake Newnham, the order of isolation
from the ocean of studied water bodies was: Lake Newnham, Lake Pollard and Lake
Hayward. In the case of Lake Pollard, evidence exists that microbialites were forming
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from 5,180±30 yr BP, and thrombolitic forms were deposited until at least 1,230±30 yr
BP.
-

Evidence of a microbialite presence in Lake Clifton indicates the start of the lacustrine
phase around 3,700±30 yr BP, with direct dating on thrombolites from 2,650±30 yr BP.
Lake Clifton possesses evidence of microbialite activity until the recent salinisation of
the lake. Lake Preston was the most recent lake to form, with an older sampled
microbialite dating from 2,440±30 yr BP and a younger thrombolite from 1,450±30 yr
BP.

The eastern lake margins of lakes, especially that of Lake Clifton, preserve an almost complete
stratigraphic record of a paralic phase in interdunal spaces in this area, whereas the lagoonal
facies are poorly preserved. The marine phase is better preserved along the eastern margin of
Lake Preston, where it is represented by coarse-grained, siliciclastic sands with an abundance of
predominantly marine shells, mainly the bivalve Katelysia. The lacustrine phase in all lakes is
characterized by the development of microbialites, except for Lake Preston South.
Analysis of δ¹³C in microbialites revealed depletion in this isotopic ratio decreases with time.
This suggests that the carbonate present in older microbial structures has a higher concentration
of carbon derived from organic matter, which is richer in the lighter ¹²C isotope. Biologically
induced and/or influenced carbonate precipitation via heterotrophic bacteria (SRB) would
promote these chemical reactions with carbon sourced mainly by organic matter, forming
carbonate cements.
The marine reef found overlying the Tamala Limestone correlates with Marine Isotope Stage
five (MIS-5) or MIS-3, which correspond to events in the interglacial periods during the
Pleistocene. The most consistent correlation is to the MIS-5 interglacial event (130,000-82,000
yr BP, Lisiecki & Raymo, 2005) based on δ18O analysis of a shell from the open marine reef
facies (RPM-5, Appendix 5B).
This conclusion partially matches dating carried out during the present project. All microbial
deposits found in the studied area grew exclusively in a lacustrine environment based on
stratigraphic relationships and, the associated biota identified from each facies.

8.3

Chapter 7

The hydrochemistry of the lakes studied at Yalgorup National Park clearly portrays their marine
primordial origin, as observed historically by several authors. Groundwater and rainfall
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influence over each water body developed along different pathways in terms of physical and
chemical properties after disconnection from the ocean. Limits that allow calcifying BMCs to
thrive vary depending on the halotolerance of specific bacteria. For example, the bacterium
Scytonema is commonly found in hyposaline water, however, it can survive in hypersaline water
at Shark Bay up to 65,000 ppm (in Moore, 1987). Indeed, at different times during its lacustrine
history, the Yalgorup Lakeland system provided conditions for microbialites to flourish in all
the lakes studied for this project.
Until a few decades ago, low-nutrient levels in the lakes were the most significant issue
involving the health of microbialites, because eukaryotic organisms could thrive in hyposaline
water and compete for resources with calcifying BMCs. However, some researchers, e.g. Knott
et al. (2003), Smith et al. (2010) and Noble (2010), have recently perceived a progressive
danger of salinisation in the lakes. For example, Noble determined salinities of 91,838 ppm in
Lake Clifton on May/2010, and 6,790 ppm in borehole Y2-4A at September/2010. Data
acquired in the present project indicate that salinities increased to 118,266 ppm on March/2014
and 8,971 ppm on August/2013, respectively. In others words, the salinity increased about 2324% both in the aquifer and lake within four years. The salinity peak for groundwater is reached
in the wet season (late winter). During this time higher lake-water levels cause movement of
the salt water-freshwater interface on the east side of Lake Clifton.
Increased salinity precludes the presence of Scytonema in Lake Clifton at present. Salinity
threatens the survival of other microbialite formation facilitating organisms in the lakes. If
levels of salinity continue to rise the already reduced capacity of this system to form
microbialites could be extinguished. For example higher salinity water bodies in lakes Hayward
and Preston currently do not show any indication of living macroalgae throughout the year, they
favour halotolerant diatoms and some species of coccoidal bacteria in both the water column
and BMCs with no microbialite formation.
If salinity rise in Lake Clifton continues, microbialites may stop forming altogether, and based
on the advanced stage of physico-chemical degradation already visible in structures where
formation has ceased, they may disintegrate completely. This would impact their geoheritage
and conservation value, perhaps eventually eliminating this amazing example of microbially
related deposits. Anthropogenic influences have perturbed this system and urgent measures are
necessary to save both Lake Clifton and the other lakes in the system.
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Sample
BCCN-1 top 4cm
BCCN-1 14cm
BCCN-1 27cm
BCCN-1 bottom
RCN-4 top
RCN-4 bottom
RCS-4 top
RCS-4 bottom
RCSI-2 top
RCSI-2 bottom
SCCN-5 33cm
RHW-6
SCCN-6 bottom

Radiocarbon Dating

Conventional
Error margin
14
C Age
(± years)
(years BP)
390
30
560
30
620
30
900
30
610
30
860
30
330
30
430
30
250
30
430
30
2990
60
4880
60
8530
40

Paleo or actual
environment/Location

Material

Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Marine Inlet facies - Lake
Paralic facies - Lake Clifton

Thrombolite clot (drilling-core)
Thrombolite clot (drilling-core)
Thrombolite clot (drilling-core)
Thrombolite clot (drilling-core)
Thrombolite clot
Thrombolite clot
Thrombolite clot
Thrombolite clot
Thrombolite clot
Thrombolite clot
Microgastropods shells bed (push-core)
Closed Katelysia shell
Wood (push-core)

RPM-5

> 43500

*

Reef Marine facies- Lake Preston

Gastropod shell in a reef coquina

SCCN-1 62cm

6800

50

Marine Inlet facies - Lake Clifton

Wood (push-core)

RPM-8 top
RPM-8 bottom
RPL-1 top
RPL-1 bottom
RCN-11 top
RCN-11 middle
BCPM-2 top
BCPM-2 bottom
SCPM-1 bottom
SCCN-6 16cm

1450
1500
1230
1430
30
350
1510
2440
7020
890

30
30
30
30
30
30
30
30
40
30

Lacustrine facies - Lake Preston
Lacustrine facies - Lake Preston
Lacustrine facies - Lake Pollard
Lacustrine facies - Lake Pollard
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine setting in Lake
Lacustrine setting in Lake
Marine Inlet facies - Lake
Lacustrine facies - Lake Clifton

Thrombolite clot
Thrombolite clot
Thrombolite clot
Thrombolite clot
Thrombolite clot
Thrombolite clot
Thrombolite clot (drilling-core)
Thrombolite clot (drilling-core)
Wood (push-core)
Plants and degraded wood (push-core)

SCCN-3 45cm

7110

40

Marine Inlet facies - Lake Clifton

Wood (push-core)

SCCN-9 213cm
SCPE-1 46cm
SCPS-1 76cm
BCCN-3 bottom
RCN-4 6.3cm
SCCN-10 bottom

7000
3020
2070
1300
510
2650

30
30
30
30
30
30

Paralic facies - Lake Clifton
Lacustrine facies - Lake Pollard
Lacustrine facies - LakePreston
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton
Lacustrine facies - Lake Clifton

Wood (push-core)
Wood (push-core)
Wood (push-core)
Thrombolite clot (drilling-core)
Thrombolite clot (push-core)
Thrombolite clot (push-core)

RHW-4

3430

30

Lacustrine facies - Lake Hayward

Thrombolite clot

RNH-2
RPM-14 bottom
RPM-14 top
SCCN-2 76cm
SCCN-9 108cm
SCPE-1 49cm
SCPE-1 118cm

5620
2050
1590
3700
7730
5180
7100

30
30
30
30
30
30
30

Lacustrine facies - Lake
Lacustrine facies - Lake Preston
Lacustrine facies - Lake Preston
Lacustrine facies - Lake Clifton
Paralic facies - Lake Clifton
Lacustrine facies - Lake Pollard
Paralic facies - Lake Pollard

Thrombolite clot
Thrombolite clot
Thrombolite clot
Microgastropod shells (push-core)
Wood (push-core)
Microgastropod shells (push-core)
Wood (push-core)

List of samples dated by AMS radiocarbon method. The samples written in red represent
discrepant ages probably associated with reworked material (wood) and contamination with
older clasts (thrombolite), and were not utilised in the modelling.
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13

18

Sample

δ C [‰, VPDB]

δ O [‰, VPDB]

BCCN-1 top 4cm
BCCN-1 14cm
BCCN-1 27cm
BCCN-1 bottom
RCN-4 top
RCN-4 bottom
RCS-4 top
RCS-4 bottom
RCSI-2 top
RCSI-2 bottom
SCCN-5 33cm
RHW-6
RPM-5
RPM-8 top
RPM-8 bottom
RPL-1 top
RPL-1 bottom
RCN-11 top
RCN-11 middle
BCPM-2 top

11.65
12.14
12.63
9.65
11.51
11.96
11.54
10.83
10.82
12.37
6.18
-0.67
1.91
3.80
1.88
5.46
5.72
10.48
11.45
1.66

3.30
3.59
3.80
3.89
3.65
4.29
4.53
3.87
3.30
3.12
2.62
3.72
2.43
2.46
2.95
3.86
3.92
2.23
2.55
2.97

BCPM-2 bottom

2.14

2.33

BCCN-3 bottom
RCN-4 6.3cm
SCCN-10 bottom
RHW-4
RNH-2
RPM-14 bottom
RPM-14 top

11.04
11.94
9.91
3.70
2.95
2.25
2.70

4.01
3.38
3.84
3.71
3.95
1.80
2.94

Stable isotope δ13C and δ18O data from rock samples of the Yalgorup Lakeland System.

Sample
WCN1-2
WCN1-4
WCN1-6
WCN1-8
WPM1-2
WPM1-4
WPM1-6
WPM1-8

Collection Date
21/03/2013
26/06/2013
25/09/2013
17/12/2013
21/03/2013
26/06/2013
25/09/2013
17/12/2013

δ18O VSMOW
5.65
1.85
0.38
3.14
5.73
1.60
0.10
2.96

Stable isotope δ18O data from water samples of the Yalgorup Lakeland System.
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Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

WPM1-1
WPS1-1
WHS1-1
WCN1-1

06/02/2013
06/02/2013
06/02/2013
06/02/2013

11:11
12:00
15:30
16:35

22.0
25.5
31.2
26.3

238.00
62.00
305.00
157.60

7.81
8.05
7.47
8.06

Location

Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

WPM1-2
WPS1-2
WHS1-2
WCN1-2
WCSS1-1

21/03/2013
21/03/2013
21/03/2013
21/03/2013
22/03/2013

11:25
13:08
15:10
16:34
09:47

21.0
27.1
11.4
29.0
22.4

217.00
59.20
255.00
143.80
39.00

7.40
7.78
6.94
7.43
8.01

Coordinates

Dissolved Total Alkalinity TDS (Lab) TDS (EC)
(ppm)
(ppm)
Oxygen (%) (mg/l CaCO₃)
85.0
89.0
59.4
100.0

132
236
264
104

163,772
29,764
262,306
91,888

152,000
39,700
195,000
101,000

Water Parameters
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Measured after cooling

*
*
*
*
*

Water Level

X (m)

Y (m)

Waterboard rule
(AHD, m)

378,338
378,866
377,663
373,910

6,341,722
6,337,619
6,360,209
6,376,140

-1.33
*
-1.39
-0.28

Coordinates

Dissolved Total Alkalinity TDS (Lab) TDS (EC)
Oxygen (%) (mg/l CaCO₃)
(ppm)
(ppm)
152
220
260
142
774

182,653
55,072
330,264
118,266
28,012

139,000
37,900
163,000
92,000
25,000

Appendix 6A

Water Parameters
Location

Water Level

X (m)

Y (m)

Waterboard rule
(AHD, m)

378,338
378,366
377,663
373,910
374,495

6,341,722
6,337,619
6,360,209
6,376,140
6,374,373

-1.47
*
-1.52
-0.37
*

Measurement in day 25/03/2013 at 11:30h

Water Parameters
Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

Dissolved Oxygen
(%)

WPM1-3
WPS1-3
WHS1-3
WCN1-3
WCSS1-2

10/05/2013
10/05/2013
06/05/2013
08/05/2013
08/05/2013

14:40
16:28
16:30
12:00
16:00

17.1
16.0
29.5
19.3
16.1

176.00
41.40
221.00
119.40
19.09

7.60
7.94
7.05
7.64
8.68

77.1
85.1
7.0
81.0
73.0

Coordinates

Redox Potential Total Alkalinity
(mV)
(mg/l CaCO₃)
166.2
-31.7
-97.0
95.8
133.8

168
160
280
144
162

Water Level

TDS (Lab)
(ppm)

TDS (EC) (ppm)

X (m)

Y (m)

Waterboard
rule (AHD, m)

172,878
26,980
307,270
99,412
12,192

113,000
26,500
141,000
76,400
12,200

378,338
378,366
377,663
373,910
374,495

6,341,722
6,337,619
6,360,209
6,376,140
6,374,373

-1.38
*
-1.50
-0.39
*

Ph of Lakes at Yalgorup National Park measured in Lab in 21-May-2013

Water Parameters
Location

Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

Dissolved Oxygen
(%)

WPM1-4
WPS1-4
WHS1-4
WCN1-4
WCSS1-3
Y2-4A-1

26/06/2013
26/06/2013
26/06/2013
26/06/2013
26/06/2013
05/07/2013

11:28
13:25
15:10
16:37
17:30
15:02

16.0
15.1
17.9
16.3
17.1
20.4

158.90
28.10
172.30
104.10
96.50
13.94

7.81
8.42
7.78
7.82
7.95
6.81

90.0
100.0
93.6
96.7
100.0
20.4

Measured in 04/07/2013

Coordinates

Redox Potential Total Alkalinity
(mV)
(mg/l CaCO₃)
34.1
155.8
137.2
61.7
153.7
38.7

168
202
266
174
132
300

Water Level

TDS (Lab)
(ppm)

TDS (EC) (ppm)

X (m)

Y (m)

Waterboard
rule (AHD, m)

145,643
18,386
158,967
80,253
71,500
8,506

102,000
18,000
110,000
66,600
61,700
8,920

378,338
378,366
377,663
373,910
374,495
373,910

6,341,722
6,337,619
6,360,209
6,376,140
6,374,373
6,376,140

-1.26
0.30
-1.23
-0.10
*
*

Water parameters and properties

Location

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

WPM1-5
WPS1-5
WHS1-5
WCN1-5
Y2-4A-2

09/08/2013
09/08/2013
09/08/2013
09/08/2013
09/08/2013

10:29
11:07
14:10
15:42
15:01

16.2
15.9
19.2
17.4
20.4

130.30
17.20
141.40
87.20
15.08

8.10
9.02
8.09
8.04
6.96

90.0
100.0
96.3
88.1
18.1

Location

Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

Dissolved Oxygen
(%)

WPM1-6
WPS1-6
WHS1-6
WCN1-6
Y2-4A-3

25/09/2013
25/09/2013
25/09/2013
25/09/2013
25/09/2013

10:56
12:10
14:48
15:43
16:45

16.4
17.8
19.7
18.6
20.4

115.60
11.32
131.70
76.90
14.88

8.11
9.28
8.04
8.06
6.90

98.0
100.0
93.4
100.0
19.0

Location

Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

Dissolved Oxygen
(%)

WPM1-7
WPS1-7
WHS1-7
WCN1-7
Y2-4A-4

05/11/2013
05/11/2013
05/11/2013
05/11/2013
05/11/2013

11:07
11:42
13:19
14:12
15:03

22.0
22.0
25.9
23.7
20.6

121.10
14.29
138.00
80.00
14.57

8.11
9.28
8.04
8.06
6.90

94.9
100.0
93.5
100.0
19.5

Location

Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

WPM1-8
WPS1-8
WHS1-8
WCN1-8
Y2-4A-5

17/12/2013
17/12/2013
17/12/2013
17/12/2013
17/12/2013

09:43
11:20
13:14
14:50
14:26

28.0
28.5
31.4
29.5
20.8

138.70
23.20
171.40
91.70
13.55

7.99
7.97
7.86
8.67
6.90

Coordinates

Dissolved Oxygen Redox Potential Total Alkalinity
(%)
(mV)
(mg/l CaCO₃)
165.9
171.4
172.4
153.6
57.9

154
148
200
146
306

TDS (EC) (ppm)

X (m)

Y (m)

Waterboard
rule (AHD, m)

99,869
6,309
111,105
57,818
8,971

83,400
11,000
90,500
55,800
9,650

378,338
378,366
377,663
373,910
373,910

6,341,722
6,337,619
6,360,209
6,376,140
6,376,140

-0.95
0.37
-0.91
*
*

Water Parameters

Coordinates

Redox Potential Total Alkalinity
(mV)
(mg/l CaCO₃)
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159.3
147.3
166.8
174.5
73.2

156
116
218
148
299

110.2
113.7
126.6
121.7
50.6

TDS (EC) (ppm)

X (m)

Y (m)

Waterboard
rule (AHD, m)

85,213
6,554
100,976
51,847
8,740

74,000
7,240
84,300
49,200
9,520

378,338
378,366
377,663
373,910
373,910

6,341,722
6,337,619
6,360,209
6,376,140
6,376,140

*
0.33
-0.66
*
*

Coordinates

194
86
172
140
310

52.2
49.0
73.3
62.9
9.0

5.7
-99.3
84.8
50.6
56.1

TDS (EC) (ppm)

X (m)

Y (m)

Waterboard
rule (AHD, m)

93,815
8,404
110,438
59,403
8,561

77,500
9,140
88,300
51,200
9,320

378,338
378,366
377,663
373,910
373,910

6,341,722
6,337,619
6,360,209
6,376,140
6,376,140

*
0.29
-0.68
*
*

Coordinates

206
148
320
96
310

Water Level

TDS (Lab)
(ppm)

Water Parameters
Dissolved Oxygen Redox Potential Total Alkalinity
(%)
(mV)
(mg/l CaCO₃)

Water Level

TDS (Lab)
(ppm)

Water Parameters
Redox Potential Total Alkalinity
(mV)
(mg/l CaCO₃)

Water Level

TDS (Lab)
(ppm)

Water Level

TDS (Lab)
(ppm)

TDS (EC) (ppm)

X (m)

Y (m)

Waterboard
rule (AHD, m)

111,736
14,098
152,486
67,882
8,116

88,700
14,800
110,000
58,700
8,670

378,338
378,366
377,663
373,910
373,910

6,341,722
6,337,619
6,360,209
6,376,140
6,376,140

-0.97
0.20
-0.87
*
*

Water parameters and properties

Date
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Water Parameters
Location

Date

Time

Temperature
(°C)

Electric Conductivity
(mS/cm)

pH

Dissolved Oxygen
(%)

WPM1-9
WPS1-9
WHS1-9
WCN1-9
WCSS1-4
Y2-4A-6

29/01/2014
29/01/2014
29/01/2014
29/01/2014
29/01/2014
29/01/2014

11:01
11:43
13:55
14:39
15:22
16:15

24.3
29.8
28.8
25.8
29.7
20.9

159.20
42.00
204.00
109.40
51.30
12.20

7.67
7.77
7.49
8.11
8.46
6.81

42.1
39.7
39.0
66.5
77.4
11.0

Coordinates

Redox Potential Total Alkalinity
(mV)
(mg/l CaCO₃)
97.6
-81.1
75.2
22.0
-130.8
37.5

112
334
358
108
94
292

Water Level

TDS (Lab)
(ppm)

TDS (EC) (ppm)

X (m)

Y (m)

Waterboard
rule (AHD, m)

189,312
29,121
201,341
89,725
36,426
7,313

102,000
26,900
131,000
70,000
32,800
7,810

378,338
378,366
377,663
373,910
374,495
373,910

6,341,722
6,337,619
6,360,209
6,376,140
6,374,373
6,376,140

-1.24
0.01
-1.15
-0.26
*
*

Appendix 6A

Water Parameters
Location

Obs: WCSS1 point not sampled from July/2013 to December/2013 (margins flooded); *Water level above the waterboard upper limit; *No waterboard installed
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Fluoride
4.4
1.1
4.3
1.9

Chloride
87,373
15,832
149,803
48,750

Nitrite
0
0
0
0

Bromide
282.0
52.5
461.0
137.0

Nitrate
0
0
0.4
0

Phosphate
0
0
0
0

Sulphate
11,393
2,331
15,600
6,025

Li
0.7
0.1
0.3
0.2

Na
55,723
9,436
79,370
31,139

NH4
0
1.7
0
0.3

K
1,497
299
2,926
725

Mg
5,995
1,120
13,299
3,447

Ca
1,343
404
520
1,536

bicarbonate carbonate
160.00
0.51
284.72
1.57
321.13
0.47
125.44
0.71

Location
WPM1-2
WPS1-2
WHS1-2
WCN1-2
WCS1-1
WCSS1-1

Date
21/03/2013
21/03/2013
21/03/2013
21/03/2013
22/03/2013
22/03/2013

Fluoride
3.9
1.2
6.6
0.9
0.3
0.4

Chloride
100,729
30,169
190,408
63,810
56,219
14,973

Nitrite
0
0
0
0
0
0

Bromide
348.0
96.9
543.0
163.0
162.0
50.6

Nitrate
0
0
1
0
0
0

Phosphate
0
0
0
0
0
0

Sulphate
13,986
4,433
19,592
7,414
7,073
1,879

Li
0.9
0.3
0.4
0.2
0
0

Na
56,577
16,890
100,394
40,037
33,746
8,362

NH4
0.6
0.7
0
0
0
0.1

K
1,817
516
3,400
837
840
201

Mg
7,311
2,082
15,193
4,063
4,041
1,056

Ca
1,694
615
409
1,768
1,797
550

bicarbonate carbonate
184.97
0.23
266.79
0.79
316.92
0.14
172.77
0.23
192.34
0.21
934.69
4.72

Location
WCN1-3
WPS1-3
WHS1-3
WPM1-3
WCSS1-2

Date
8/05/2013
10/05/2013
6/05/2013
10/05/2013
8/05/2013

Fluoride
0.3
0.6
1.4
1.9
0.3

Chloride
53,606
14,262
174,840
93,937
6,548

Nitrite
0
0
0
0
0

Bromide
152.0
48.5
514.0
307
22.0

Nitrate
0
0
0
1
0

Phosphate
0
0
0
0
0

Sulphate
6,685
2,199
17,690
12,451
867

Li
0.2
0.1
0.4
0.7
0

Na
32,494
8,651
96,024
56,110
3,674

NH4
1
0.1
0
0
0.2

K
783
259
3,249
1,715
83

Mg
3,835
1,035
14,242
6,659
468

Ca
1,680
330
368
1,491
336

bicarbonate carbonate
174.91
0.38
193.51
0.83
341.22
0.19
204.15
0.40
188.59
4.45

Location
WPM1-4
WPS1-4
WHS1-4
WCN1-4
WCS1-3
WCSS1-3
Y24B-1

Date
26/06/2013
26/06/2013
26/06/2013
26/06/2013
26/06/2013
26/06/2013
5/07/2013

Fluoride
1
0.4
1
0
1.5
0
0.3

Chloride
80,858
9,753
91,415
44,070
43,920
39,667
4,551

Nitrite
0
0
0
0
0
0
0

Bromide
266.0
34.3
271.0
126
123.0
124
15.1

Nitrate
1.7
0
2.4
1.7
0
0
8

Phosphate
0
0
0
0
0
0
0

Sulphate
11,215
1,418
8,697
5,423
5,337
4,894
444

Li
0
0
0
0
0
0
0

Na
44,887
5,798
48,961
25,144
24,783
21,971
2,413

NH4
0
0
0
0
0
0
0

K
1,406
172
1,683
658
647
575
55

Mg
5,511
713
7,259
3,239
3,122
2,874
315

Ca
1,293
254
354
1,380
1,350
1,235
338

bicarbonate carbonate
203.64
0.65
240.11
3.11
322.57
0.96
210.88
0.69
181.62
0.68
159.61
0.70
365.76
0.12

Location
WPM1-5
WPS1-5
WHS1-5
WCN1-5
WCN-5 R
Y2-4A-2

Date
9/08/2013
9/08/2013
9/08/2013
9/08/2013
9/08/2013
9/08/2013

Fluoride
0.8
0.3
0.8
0.3
0.8
0.2

Chloride
56,345
3,378
64,625
32,131
32,153
4,909

Nitrite
0
0
0
0
0
0

Bromide
181.0
11
186.0
90.3
91.0
17.2

Nitrate
0
10.8
0.5
0
0
8.7

Phosphate
0
0
0
0
0
0

Sulphate
7,113
482
5,948
4,047
3,962
481

Li
0.4
0.1
0.4
0.1
0.2
0

Na
30,211
1,870
33,482
17,654
17,713
2,450

NH4
0
0.4
0
0
0
0.3

K
975
61.5
1,185
479
477
57.6

Mg
3,947
235
5,186
2,200
2,205
332

Ca
909
88
249
1,039
1,039
342

bicarbonate carbonate
185.52
1.16
163.37
8.45
241.04
1.46
176.18
0.95
172.18
1.12
372.98
0.17

*Values in ppm

Cations and Anions

Date
6/02/2013
6/02/2013
6/02/2013
6/02/2013
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Location
WPM1-1
WPS1-1
WHS1-1
WCN1-1

Date
25/09/2013
25/09/2013
25/09/2013
25/09/2013
25/09/2013

Fluoride
0.7
0.3
0.7
0.2
0.2

Chloride
47,502
3,345
58,147
28,981
4,720

Nitrite
0
0
0
0
0

Bromide
156.0
11.1
168.0
82.4
15.3

Nitrate
0
0
0.5
0
6.5

Phosphate
0
0
0
0
0

Sulphate
6,030
500
5,411
3,630
467

Li
0.4
0
0.3
0.1
0

Na
26,491
2,158
31,061
15,494
2,459

NH4
0.3
0
0.3
0.7
0.1

K
831
62
1070
430
56.5

Mg
3,350
240
4,552
2,090
319

Ca
663
108
301
959
332

bicarbonate carbonate
187.89
1.19
118.82
11.16
263.07
1.42
178.51
1.01
364.49
0.14

Location
WPM1-7
WPS1-7
WHS1-7
WCN1-7
Y2-4A-4

Date
5/11/2013
5/11/2013
5/11/2013
5/11/2013
5/11/2013

Fluoride
1
0.3
0.8
0.2
0.1

Chloride
52,372
4,386
63,166
34,200
4,569

Nitrite
0
0
0
0
0

Bromide
168.0
14.6
183.0
87.8
15.1

Nitrate
0
0
0.7
0
8.3

Phosphate
0
0
0
0
0

Sulphate
6,589
660
5,816
3,842
446

Li
0.5
0
0.3
0.1
0

Na
29,218
2,734
34,631
17,570
2,464

NH4
0.4
0
0.4
0.3
0

K
896
81.5
1,176
455
55.6

Mg
3647
298
4902
2148
305

Ca
688
133
353
931
320

bicarbonate carbonate
233.66
1.48
89.36
7.65
208.10
0.85
166.41
2.16
377.96
0.12

Location
WPM1-8
WPS1-8
WHS1-8
WCN1-8
Y2-4A-5

Date
17/12/2013
17/12/2013
17/12/2013
17/12/2013
17/12/2013

Fluoride
1.9
0.6
4.3
0.3
0.2

Chloride
61,798
7,600
86,768
37,230
4,292

Nitrite
0
0
0
0
0

Bromide
208.0
24.8
256.0
107
14.4

Nitrate
1.6
0
0
0
8.6

Phosphate
0
0
0
0
0

Sulphate
8,168
1,135
8,181
4,734
414

Li
0.5
0.1
0.5
0.1
0

Na
34,876
4,275
47,932
21,375
2,345

NH4
0.2
0.1
0
0.1
0

K
1,108
141
1,636
551
53.2

Mg
4,480
516
6,853
2,681
294

Ca
844
226
466
1,089
317

bicarbonate carbonate
248.89
1.20
178.88
0.82
387.61
1.37
111.85
2.59
377.90
0.15

Location
WPM1-9
WPS1-9
WHS1-9
WCN1-9
WCSS1-4
Y2-4A-6

Date
29/01/2014
29/01/2014
29/01/2014
29/01/2014
29/01/2014
29/01/2014

Fluoride
2.4
0.7
1
0.4
0.5
0.1

Chloride
106,040
15,180
110,226
48,523
19,417
3,887

Nitrite
0
0
0
0
0
0

Bromide
268.0
50.6
384.0
141
61.4
9

Nitrate
0
0
0
0
0
6.1

Phosphate
0
0
0
0
0
0

Sulphate
14,742
2,306
13,200
6,200
2,449
372

Li
0.7
0.1
0.4
0.2
0.1
0

Na
59,837
9,353
63,433
29,041
12,021
2,084

NH4
0.7
1.1
0
0.3
0.2
0

K
1,422
290
2,383
725
290
36.1

Mg
5,764
1,105
10,501
3,485
1,418
262

Ca
1,099
428
777
1,478
656
301

bicarbonate carbonate
136.00
0.31
405.09
1.18
435.42
0.66
130.10
0.82
111.43
1.60
356.01
0.11

Cations and Anions

*Values in ppm
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Location
WPM1-6
WPS1-6
WHS1-6
WCN1-6
Y2-4A-3
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WPS1-1
WHS1-1
WCN1-1
Location
WPM1-2
WPS1-2
WHS1-2
WCN1-2
WCSS1-1
Location
WPM1-3
WPS1-3
WHS1-3
WCN1-3
WCSS1-2
Location
WPM1-4
WPS1-4
WHS1-4
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WCN1-4
WCSS1-3
Y24A-1
Location
WPM1-5

Date

6/02/2013
6/02/2013
6/02/2013
6/02/2013
Date

21/03/2013
21/03/2013
21/03/2013
21/03/2013
22/03/2013
Date

10/05/2013
10/05/2013
6/05/2013
8/05/2013
8/05/2013
Date

26/06/2013
26/06/2013
26/06/2013
26/06/2013
26/06/2013
05/07/2013
Date

9/08/2013
WPS1-5
9/08/2013
WHS1-5
9/08/2013
WCN1-5
9/08/2013
Replica WCN1-5 9/08/2013
Y2-4A-2
09/08/2013
Location
WPM1-6
WPS1-6
WCN1-6
WHS1-6
Y2-4A-3

Date

25/09/2013
25/09/2013
25/09/2013
25/09/2013
25/09/2013

Lithium
0.919

Boron
2.30

Aluminium Silicon Phosphorous
< 0.010
2.38
< 0.010

0.367

0.879

< 0.010

26.8

< 0.010

537

0.019

0.76

0.036

0.02

0.013

< 0.010 < 0.010

1.11

3.41

< 0.010

2.73

< 0.010

2540

< 0.010

2.62

0.088

0.075

0.027

0.375

0.912

< 0.010

6.04

< 0.010

1250

< 0.010

1.68

0.075

0.042

0.041

< 0.010 < 0.010

0.043

< 0.010

Lithium
1.02

Boron
2.73

Manganese
Iron
Cobalt
0.019
< 0.010 < 0.010

Nickel
0.036

Copper
Zinc
< 0.010 < 0.010

0.43

1.3

< 0.010

17.9

< 0.010

911

0.013

1.25

0.051

0.029

< 0.010

1.09

3.86

< 0.010

2.60

< 0.010

2790

< 0.010

3.06

0.107

0.093

0.051

0.404

1.09

< 0.010

5.87

< 0.010

1410

< 0.010

1.85

0.055

0.046

0.202

0.343

< 0.010

3.03

< 0.010

419

< 0.010

0.62

0.025

0.018

Lithium
0.294

Boron
5.94

0.097

2.92

0.5

6.67

< 0.100

489

< 0.010

0.10

< 0.010

< 0.010

< 0.010

< 0.100 < 0.010 < 0.010 < 0.010

0.245

7.4

0.118

2.19

< 0.100

2380

< 0.010

0.23

< 0.010

< 0.010

0.03

< 0.100 < 0.010 < 0.010 < 0.010
< 0.100 < 0.010

Aluminium Silicon Phosphorous
< 0.010
2.24
< 0.010

Aluminium Silicon Phosphorous
0.498
2.01
< 0.100

Sulfur Scandium Titanium Vanadium
2090
< 0.010
2.39
0.084

Sulfur Scandium Titanium Vanadium
2410
< 0.010
2.92
0.096

Sulfur Scandium Titanium Vanadium
2050
< 0.010
0.25
0.012

Chromium
0.058

Chromium
0.071

Chromium
< 0.010

Manganese
Iron
Cobalt
0.012
< 0.010 < 0.010

Nickel
0.030

Copper
Zinc
< 0.010 < 0.010

Arsenic
0.184

Selenium
0.556

Rubidium
0.408

0.013

< 0.010

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

0.096

0.187

0.139

3.2

< 0.010

0.047

< 0.010

0.075

0.011

< 0.010

0.143

0.640

0.756

6.42

< 0.010

0.014

< 0.010

0.083

< 0.010

< 0.010

0.118

0.357

0.341

7.3

< 0.010

< 0.010

< 0.010

0.238

< 0.010

Arsenic
0.232

Selenium
0.670

Rubidium
0.504

< 0.010

< 0.010

0.134

0.288

0.222

4.52

< 0.010

0.076

< 0.010

0.094

< 0.010

< 0.010

0.014

< 0.010

0.057

0.183

0.713

0.868

7.15

< 0.010

0.015

< 0.010

0.087

< 0.010

0.07

< 0.010 < 0.010

0.048

< 0.010

< 0.010

0.132

0.389

0.38

8.12

< 0.010

< 0.010

< 0.010

0.256

< 0.010

< 0.010

< 0.010 < 0.010

0.017

< 0.010

< 0.010

0.054

0.178

0.113

2.67

< 0.010

< 0.010

< 0.010

0.153

< 0.010

Zinc
0.022

Arsenic
0.083

Selenium
0.243

Rubidium
0.262

0.063

0.032

0.075

0.075

1.81

< 0.010

0.018

< 0.010

0.033

< 0.010

0.021

0.097

0.292

0.429

3.78

< 0.010

< 0.010

< 0.010

0.043

< 0.010

0.025

Manganese
Iron
Cobalt Nickel Copper
< 0.010
< 0.100 < 0.010 < 0.010 < 0.010

0.1

2.96

0.677

5.5

< 0.100

1290

< 0.010

0.20

0.01

< 0.010

0.035

0.618

0.848

5.1

< 0.100

207

< 0.010

0.05

< 0.010

< 0.010

< 0.010

Lithium
0.309

Boron
4.27

0.055

1.04

< 0.010

5.77

< 0.010

326

< 0.010

0.107

< 0.010

< 0.010

< 0.010

< 0.010 < 0.010 < 0.010 < 0.010

0.187

4.68

< 0.010

2.69

< 0.010

1440

< 0.010

0.618

< 0.010

< 0.010

0.032

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

0.109

0.83

0.098

1.88

< 0.010

4.06

< 0.010

1100

< 0.010

0.462

< 0.010

< 0.010

0.047

< 0.010 < 0.010

0.027

< 0.010

< 0.010

0.068

0.444

0.094

1.9

< 0.010

4.09

< 0.010

986

< 0.010

0.444

< 0.010

< 0.010

0.036

< 0.010 < 0.010

0.025

< 0.010

< 0.010

0.059

0.443

0.021

0.209

< 0.010

6.95

< 0.010

109

< 0.010

0.044

< 0.010

< 0.010

< 0.010

0.098

< 0.010

Lithium
0.371

Boron
6.77

0.067

1.99

< 0.010

6.74

< 0.010

192

< 0.010

< 0.010

0.244

7.13

< 0.010

2.36

< 0.010

1340

< 0.010

0.241

< 0.010

< 0.010

< 0.010

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

0.044

0.087

2.37

< 0.010

3.36

< 0.010

890

< 0.010

0.149

< 0.010

< 0.010

0.021

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

0.025

0.085

2.22

< 0.010

3.27

< 0.010

877

< 0.010

0.15

< 0.010

< 0.010

0.021

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

0.024

0.017

0.729

< 0.010

6.59

< 0.010

125

< 0.010

0.029

< 0.010

< 0.010

< 0.010

0.104

Lithium
0.327

Boron
3.2

0.032

0.462

0.367

9.5

< 0.010

128

< 0.010

0.03

< 0.010

< 0.010

0.106

1.39

0.215

3.46

< 0.010

825

< 0.010

0.201

< 0.010

< 0.010

0.018

0.227

3.55

0.428

3.12

< 0.010

1260

< 0.010

0.258

< 0.010

< 0.010

< 0.010

< 0.010 < 0.010 < 0.010

0.015

0.249

0.28

6.94

< 0.010

119

< 0.010

0.034

< 0.010

< 0.010

< 0.010

< 0.010 < 0.010 < 0.010 < 0.010

Aluminium Silicon Phosphorous
< 0.010
2.54
< 0.010

Aluminium Silicon Phosphorous
0.595
3.13
< 0.010

Sulfur Scandium Titanium Vanadium
1660
< 0.010
0.726
< 0.010

Sulfur Scandium Titanium Vanadium
1630
< 0.010
0.283
< 0.010
< 0.010

0.046

< 0.010

Sulfur Scandium Titanium Vanadium
1410
< 0.010
0.292
< 0.010

Chromium
< 0.010

Chromium
< 0.010

Chromium
0.021

Tin
Barium Lead
< 0.010 0.052 < 0.010

< 0.010

< 0.010

0.05

0.165

0.223

5.16

< 0.010

< 0.010

< 0.010

0.172

< 0.010

< 0.010

< 0.010

0.033

0.032

1.24

< 0.010

< 0.010

< 0.010

0.096

< 0.010

Copper
Zinc
< 0.010 < 0.010

Arsenic
0.124

Selenium
0.843

Rubidium
0.546

0.129

0.063

1.61

< 0.010

< 0.010

< 0.010

0.031

< 0.010

0.78

7.49

< 0.010

< 0.010

< 0.010

0.09

< 0.010

0.344

7.96

< 0.010

< 0.010

< 0.010

0.239

< 0.010

0.292

6.94

< 0.010

< 0.010

< 0.010

0.239

< 0.010

0.052

0.027

1.43

< 0.010

< 0.010

< 0.010

0.143

< 0.010

Arsenic
0.048

Selenium
0.417

Rubidium
0.273

< 0.010

0.075

0.038

1

< 0.010

< 0.010

< 0.010

0.02

< 0.010

0.42

0.374

3.53

< 0.010

< 0.010

< 0.010

0.048

< 0.010

0.215

0.176

4.01

< 0.010

< 0.010

< 0.010

0.137

< 0.010

0.202

0.172

3.95

< 0.010

< 0.010

< 0.010

0.139

< 0.010

< 0.010

0.067

0.03

1.51

< 0.010

< 0.010

< 0.010

0.138

< 0.010

Zinc
0.048

Arsenic
0.066

Selenium
0.384

Rubidium
0.289

Nickel
0.018

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

Manganese
Iron
Cobalt Nickel Copper
Zinc
< 0.010
< 0.010 < 0.010 < 0.010 < 0.010 < 0.010
< 0.010 < 0.010 < 0.010 < 0.010

0.017

< 0.010 < 0.010 < 0.010

Manganese
Iron
Cobalt
< 0.010
< 0.010
0.03
< 0.010

Strontium Niobium Molybdenum
4.62
< 0.010
< 0.010

Tin
Barium Lead
< 0.010 0.096 < 0.010

< 0.100 < 0.010 < 0.010 < 0.010

Manganese
Iron
Cobalt
< 0.010
< 0.010 < 0.010

0.013

Strontium Niobium Molybdenum
8.14
< 0.010
0.016

Tin
Barium Lead
< 0.010 0.081 < 0.010

0.02

< 0.010 < 0.010

0.012

Aluminium Silicon Phosphorous
< 0.010
2.27
< 0.010

Strontium Niobium Molybdenum
6.61
< 0.010
0.014

Nickel
0.02

Copper
0.054

< 0.010 < 0.010 < 0.010 < 0.010
0.012

0.015

0.019

< 0.010

0.022

Strontium Niobium Molybdenum
9.68
< 0.010
< 0.010

Strontium Niobium Molybdenum
4.77
< 0.010
< 0.010

Strontium Niobium Molybdenum
4.99
0.208
0.014

Appendix 6C

Location
WPM1-1

Tin
Barium Lead
< 0.010 0.108 < 0.010

Tin
Barium Lead
< 0.010 0.06 < 0.010

Tin
Barium
< 0.010 0.062

Lead
0.012

< 0.010

< 0.010

0.035

0.024

0.704

< 0.010

< 0.010

< 0.010

0.015

0.013

0.03

0.024

0.044

0.233

0.219

5.05

0.092

< 0.010

< 0.010

0.17

< 0.010

0.029

0.012

0.059

0.424

0.436

4.52

0.06

< 0.010

< 0.010

0.067

0.012

0.095

< 0.010

0.051

0.028

1.45

< 0.010

< 0.010

< 0.010

0.146

0.014

*Values in ppm; Values lower than detectable value highlighted in red

Trace elements

WPS1-7
WHS1-7
WCN1-7
Y2-4A-4
Location
WPM1-8
WPS1-8
WHS1-8
WCN1-8
Y2-4A-5
Location
WPM1-9
WPS1-9
WHS1-9
WCN1-9
WCSS1-4
Y2-4A-6

Date

5/11/13
5/11/13
5/11/13
5/11/13
5/11/13
Date

17/12/13
17/12/13
17/12/13
17/12/13
17/12/13
Date

29/01/2014
29/01/2014
29/01/2014
29/01/2014
29/01/2014
29/01/2014

Lithium
0.343

Boron
1.25

Aluminium Silicon Phosphorous
1.42
2.84
< 0.010

0.052

0.286

2.07

8.45

< 0.010

161

< 0.010

0.044

< 0.010

< 0.010

< 0.010

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

< 0.010

0.046

0.028

0.91

< 0.010

< 0.010

< 0.010

0.021

< 0.010

0.244

1.38

0.815

3.38

< 0.010

1320

< 0.010

0.301

< 0.010

< 0.010

< 0.010

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

0.048

0.359

0.345

3.62

< 0.010

< 0.010

< 0.010

0.064

< 0.010

0.093

0.457

0.655

3.18

< 0.010

865

< 0.010

0.207

< 0.010

< 0.010

< 0.010

< 0.010 < 0.010 < 0.010 < 0.010

< 0.010

0.026

0.186

0.159

3.62

< 0.010

< 0.010

< 0.010

0.128

< 0.010

0.018

0.118

1.62

6.58

< 0.010

111

< 0.010

0.035

< 0.010

< 0.010

< 0.010

0.063

< 0.010

0.048

0.026

1.31

< 0.010

< 0.010

< 0.010

0.134

0.021

Lithium
0.678

Boron
7.66

Copper
0.054

Zinc
0.369

Arsenic
0.093

Selenium
0.583

Rubidium
0.379

0.095

1.67

0.018

15.3

< 0.010

279

0.014

0.07

0.024

< 0.010

0.013

< 0.010 < 0.010 < 0.010 < 0.010

0.022

0.031

0.098

0.074

2.24

< 0.010

< 0.010

< 0.010

0.061

< 0.010

0.675

9.85

< 0.010

3.85

0.037

1600

0.012

0.642

0.045

0.02

0.025

< 0.010 < 0.010

0.101

0.063

0.118

0.662

0.631

5.64

< 0.010

0.016

0.012

0.126

< 0.010

Aluminium Silicon Phosphorous
< 0.010
3.25
0.058

Sulfur Scandium Titanium Vanadium
1470
< 0.010
0.375
< 0.010

Sulfur Scandium Titanium Vanadium
1690
< 0.010
0.495
0.048

Chromium
< 0.010

Chromium
0.019

Manganese
Iron
Cobalt Nickel Copper
Zinc
< 0.010
< 0.010 < 0.010 < 0.010 < 0.010 < 0.010

0.027

< 0.010 < 0.010 < 0.010

Manganese
Iron
Cobalt
0.031
< 0.010 < 0.010

Nickel
0.027
0.023

Arsenic
0.051

Selenium
0.355

Rubidium
0.24

Strontium Niobium Molybdenum
4.2
< 0.010
< 0.010

Strontium Niobium Molybdenum
5.91
< 0.010
0.017

Tin
Barium Lead
< 0.010 0.053 < 0.010

Tin
0.012

Barium Lead
0.084 < 0.010

0.413

3.02

< 0.010

4.99

< 0.010

1000

0.019

0.543

0.079

0.021

0.036

< 0.010 < 0.010

0.06

0.076

0.053

0.122

0.685

0.582

12.2

< 0.010

0.025

0.015

0.459

< 0.010

0.02

0.31

< 0.010

6.18

0.027

100

< 0.010

0.033

0.018

< 0.010

< 0.010

< 0.010 < 0.010

0.012

< 0.010

0.095

0.012

0.051

0.034

1.54

< 0.010

< 0.010

< 0.010

0.158

< 0.010

Lithium
0.964

Boron
9.81

Manganese
Iron
Cobalt
0.052
< 0.010 < 0.010

Nickel
0.034

Copper
0.092

Zinc
0.057

Arsenic
0.112

Selenium
0.703

Rubidium
0.49

0.205

3.28

< 0.010

33.1

0.025

529

0.029

0.139

0.03

< 0.010

0.018

< 0.010 < 0.010

0.015

< 0.010

0.018

0.055

0.181

0.122

3.61

< 0.010

0.036

< 0.010

0.094

< 0.010

1.79

15.1

< 0.010

3.82

0.032

2310

0.025

1.71

0.058

0.028

0.039

< 0.010 < 0.010

0.041

0.298

0.054

0.229

1.16

1.17

9.12

< 0.010

0.023

0.018

0.193

< 0.010

0.217

3.58

< 0.010

3.91

< 0.010

1360

< 0.010

0.329

0.033

0.016

0.022

< 0.010 < 0.010

0.036

0.04

0.049

0.066

0.381

0.317

6.63

< 0.010

< 0.010

< 0.010

0.26

< 0.010

0.095

1.73

< 0.010

3.72

0.013

547

< 0.010

0.148

0.027

< 0.010

0.012

< 0.010 < 0.010

0.02

0.012

0.017

0.034

0.207

0.141

3.46

< 0.010

< 0.010

< 0.010

0.223

< 0.010

0.02

0.265

0.017

6.19

0.024

90.4

< 0.010

0.031

0.019

< 0.010

< 0.010

< 0.010 < 0.010

0.012

< 0.010

0.098

< 0.010

0.05

0.034

1.56

< 0.010

< 0.010

< 0.010

0.168

< 0.010

Aluminium Silicon Phosphorous
< 0.010
3.8
< 0.010

Sulfur Scandium Titanium Vanadium
2110
0.012
0.711
0.052

Chromium
0.021

Strontium Niobium Molybdenum
7.39
< 0.010
0.024

Appendix 6C

Location
WPM1-7

Tin
Barium Lead
< 0.010 0.094 < 0.010

*Values in ppm; Values lower than detectable value highlighted in red
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Appendix 6D

Nutrients

Location
WPM1-1
WPS1-1
WHS1-1
WCN1-1

(N-NH₄⁺) ug/L
Date
06/02/2013
62.6500
06/02/2013 1,572.9500
06/02/2013
507.7000
06/02/2013
<DL

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

388.1000
76.2000
495.3000
417.6500

<DL
31.0570
<DL
6.4040

5,422.6960
3,282.9760
14,907.0160
3,895.2320

32.4288
77.6288
21.6688
33.7168

4,971.9460
1,633.8260
13,904.0160
3,477.5820

32.4288
46.5718
21.6688
27.3128

Location
WPM1-2
WPS1-2
WHS1-2
WCN1-2
WCSS1-1

(N-NH₄⁺) ug/L
Date
21/03/2013
80.2700
21/03/2013
518.9600
21/03/2013
851.8000
21/03/2013
44.3200
22/03/2013
63.1080

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

2.3470
9.2180
88.4000
6.4680
17.5850

<DL
62.2460
<DL
19.7340
11.0550

7,100.5330
4,868.2510
8,684.5330
5,367.7570
1,800.7270

1.0944
71.6512
25.1840
21.1696
8.8640

7,017.9160
4,340.0730
7,744.3330
5,316.9690
1,720.0340

1.0944
9.4052
25.1840
1.4356
11.0550

Location
WPM1-3
WPS1-3
WHS1-3
WCN1-3
WCSS1-2

(N-NH₄⁺) ug/L
Date
10/05/2013
67.7300
10/05/2013
<DL
06/05/2013 1,070.8500
08/05/2013
47.1500
08/05/2013
2.5930

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

14.0860
7.8720
41.6140
5.5170
8.8890

<DL
12.0350
39.2740
11.5790
9.3140

6,979.0480
3,704.9680
8,992.7680
5,675.4580
3,806.1880

6.2320
46.0180
126.7020
11.2240
44.4580

6,897.2320
3,697.0960
7,880.3040
5,622.7910
3,794.7060

6.2320
33.9830
87.4280
11.5790
35.1440

Location
WPM1-4
WPS1-4
WHS1-4
WCN1-4
WCSS1-3
Y2-4A-1

(N-NH₄⁺) ug/L
Date
26/06/2013
91.1900
26/06/2013
5.4730
26/06/2013
469.6300
26/06/2013
25.1200
26/06/2013
<DL
05/06/2013
7.0830

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

2.2690
7.4960
342.5480
3.0550
9.2350
2,151.9400

<DL
<DL
<DL
3.7710
6.5780
24.3470

7,722.0195
1,951.9155
8,814.4995
6,029.8995
5,913.8595
2,159.0200

19.2990
6.8340
228.8070
3.0720
19.0980
24.3500

7,628.5605
1,938.9465
8,002.3215
6,001.7245
5,904.6245
-0.0030

19.2990
<DL
228.8070
3.7710
12.5200
0.0000

Location
WPM1-5
WPS1-5
WHS1-5
WCN1-5
WCS1-5 R
Y2-4A-2

(N-NH₄⁺) ug/L
Date
09/08/2013
309.9900
09/08/2013
26.2410
09/08/2013
587.6500
09/08/2013
161.0600
09/08/2013
185.9900
09/08/2013
31.4710

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

5.5990
16.3640
276.7200
105.9300
96.9300
2,183.1200

<DL
10.1555
<DL
5.0240
4.6810
27.4265

4,633.5645
1,036.3215
3,341.7945
3,576.6345
3,495.0645
2,214.5900

14.4845
10.6760
7.0505
18.2525
14.1395
31.2700

4,317.9755
993.7165
2,477.4245
3,309.6445
3,212.1445
-0.0010

14.4845
0.5205
7.0505
13.2285
9.4585
3.8435

Location
WPM1-6
WPS1-6
WHS1-6
WCN1-6
Y2-4A-3

(N-NH₄⁺) ug/L
Date
25/09/2013
280.5000
25/09/2013
18.9150
25/09/2013
465.4200
25/09/2013
191.2900
25/09/2013
34.5820

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

9.8700
27.6720
277.5980
11.4060
1,101.6200

4.3980
11.1990
<DL
6.6200
16.8820

4,531.3930
1,129.7920
3,946.5730
3,382.0330
1,997.6230

39.4855
12.0325
24.5965
17.3125
27.0355

4,241.0230
1,083.2050
3,203.5550
3,179.3370
861.4210

35.0875
0.8335
24.5965
10.6925
10.1535

Location
WPM1-7
WPS1-7
WHS1-7
WCN1-7
Y2-4A-4

(N-NH₄⁺) ug/L
Date
05/11/2013
21.8600
05/11/2013
5.4210
05/11/2013
59.9900
05/11/2013
580.4780
05/11/2013
3.3610

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

2.1810
11.4480
163.5790
6.2250
2,426.0300

23.3010
12.2405
19.7890
28.3260
23.6645

3,120.2505
822.3075
2,547.7905
2,507.5005
2,429.3895

70.8485
23.8020
59.1785
67.3085
56.0770

3,096.2095
805.4385
2,324.2215
1,920.7975
-0.0015

47.5475
11.5615
39.3895
38.9825
32.4125

Location
WPM1-8
WPS1-8
WHS1-8
WCN1-8
Y2-4A-5

(N-NH₄⁺) ug/L
Date
17/12/2013
267.2800
17/12/2013
13.0540
17/12/2013
204.2400
17/12/2013
76.5300
17/12/2013
67.3000

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

65.9090
10.2140
97.7930
6.8240
1,606.9600

4.6140
19.7410
<DL
7.2200
4.6520

3,862.4015
1,716.4955
3,016.6415
3,026.1515
2,177.7935

19.2050
40.6580
3.7190
14.1200
18.0880

3,796.4925
1,706.2815
2,918.8485
3,019.3275
570.8335

14.5910
20.9170
3.7190
6.9000
13.4360

Location
WPM1-9
WPS1-9
WHS1-9
WCN1-9
WCSS1-4
Y2-4A-6

(N-NH₄⁺) ug/L
Date
29/01/2014
709.0600
29/01/2014
566.2350
29/01/2014
337.6600
29/01/2014
81.1000
29/01/2013
90.7500
29/01/2014
76.8800

(N-NOx) ug/L

(P-PO₄ ˉ³) ug/L

(TN) ug/L

(TP) ug/L

(ON) ug/L

(OP) ug/L

13.8700
4.5660
11.7800
1.5240
18.1100
1,711.5000

<DL
45.6710
5.0370
4.6000
4.5830
23.1260

5,549.1215
3,591.8915
4,451.4515
3,932.7515
2,070.9635
2,376.5885

19.0220
68.7290
7.0700
15.1220
15.9590
27.6030

5,535.2515
3,587.3255
4,439.6715
3,931.2275
2,052.8535
665.0885

19.0220
23.0580
2.0330
10.5220
11.3760
4.4770
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