
 

 

 

 

 

 

 

 

 

Copyright 

by 

John Gerald Warden 

2016 

 

 

  



The Dissertation Committee for John Gerald Warden Certifies that this is the 

approved version of the following dissertation: 

 

 

Microbialites of Lake Clifton, Western Australia: groundwater 

dependent ecosystems in a threatened environment 

 

 

 

 

 

Committee: 

 

Daniel O. Breecker, Co-Supervisor 

Philip C. Bennett, Co-Supervisor 

Meinhard Bayani R. Cardenas  

Christopher R. Omelon 

Michael R. Rosen 



Microbialites of Lake Clifton, Western Australia: groundwater 

dependent ecosystems in a threatened environment 

 

 

by 

John Gerald Warden, B.S.GEO.; B.S.; M.S. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

May 2016 

 

 



 iv 

Acknowledgements 

 

I owe my gratitude to everyone who contributed to and helped make this 

dissertation possible. I am especially thankful to my advisors Dan Breecker and Phil 

Bennett for their mentorship and unwavering support. My committee members, each of 

whom I have worked with closely at different stages of my dissertation, are thanked for 

their valuable insight and careful consideration of my ideas. This work would not have 

been possible without the contributions of Jamie Foster, who provided guidance on 

molecular biology and has been both a mentor and collaborator. I am also grateful to 

Katinka Ruthrof, who introduced me to Yalgorup National Park and Lake Clifton before 

my PhD career began, and has been a collaborator ever since.  

Field data and sample collection would not have been possible without the help of 

Katinka Ruthrof, Lee Coshell, and private landowners. I am indebted to Michael Rosen, 

Lee Coshell, and Jeffrey Turner for providing unpublished chemical data from water 

samples collected in the early 1990’s, and again to Lee Coshell for providing x-ray 

computed tomography data. I would like to acknowledge Giorgio Casaburi for 

contributing bioinformatics expertise and training. 

I thank my colleagues K. Befus, P. Carlson, M. Cisneros, M. Franks Plenge, K. 

Gilbert, A. Jones, M. Kaufman, K. Meyer, N. Meyer, K. Myers, B. Okafor, J. Santillan, 

L. Sydow, L. Wang, and P. Zamora for constructive feedback and engaging discussions. I 

also thank S. Dowd, R. Gordon, C. Khodadad, T. Larson, A. Louyakis, N. Miller, J. 

Mobberley, D. Nobles, D. Romanovicz, and W. Wolfe for technical support and training. 

Finally, I thank Jennifer Loeffler, my family, and friends for their unconditional support, 

encouragement, and patience. 



 v 

The Western Australia Department of Parks and Wildlife made this work possible 

by permitting access to Lake Clifton. I also acknowledge the Park Rangers of Yalgorup 

National Park for helping coordinate field work. This research was supported by the 

NASA Planetary Biology Internship Program and by student grants from the AAPG 

Foundation, Geological Society of America, Mineralogical Society of America, National 

Academies, and the University of Texas at Austin Geology Foundation. This work was 

also supported in part by a NASA Exobiology and Evolutionary Biology program 

element (NNX09AO57G) awarded to Jamie Foster. 



 vi 

Microbialites of Lake Clifton, Western Australia: groundwater 

dependent ecosystems in a threatened environment 

 

John Gerald Warden, Ph.D. 

The University of Texas at Austin, 2016 

 

Co-Supervisor:  Daniel O. Breecker 

Co-Supervisor: Philip C. Bennett 

 

Microbialites are organosedimentary deposits formed by interactions between 

microbial communities, sediments, and water. Modern microbialites, though rare, provide 

a window into the functioning of Earth’s first ecosystems. This dissertation focuses on 

understanding how lake water salinity and groundwater discharge influence modern 

thrombolitic microbialite development in Lake Clifton, Western Australia.  

Using porewater chemistry data complemented with thermal infrared and 

temperature profile measurements, I show that groundwater preferentially discharges 

through Lake Clifton thrombolites, which are highly permeable, and document springs 

emerging from the thrombolites. Groundwater discharge is the key environmental factor 

controlling nutrient availability in microbial mats growing on the thrombolites, which 

form in a phosphorous limiting and oligotrophic environment. I propose that thrombolites 

are self-organizing systems driven by feedbacks between groundwater discharge, 

microbial mat growth, and lithification of a permeable internal fabric.  

Using shotgun metagenomic sequencing and analysis, I show that microbial mats 

growing on thrombolites harbor distinct microbiomes that are enriched in 

photoautotrophic microorganisms and functional genes associated with photosynthesis 
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compared to other microbial communities in the lake. Although thrombolites in Lake 

Clifton are threatened by a large increase in lake water salinity since the 1990’s, 

microbial mats growing on thrombolites still harbor the key metabolisms required for 

biologically inducing mineral precipitation and lithification may still be occurring. 

Finally, with a goal towards understanding the processes driving the drastic 

environmental changes occurring in Lake Clifton and managing its unique ecosystem, I 

use hydrochemical data and geochemical modeling to delineate the major factors 

contributing to the lake water salinity increase. Evaporation is an important process 

controlling the chemical evolution of lake water from the 1990’s to present but other 

contributing factors include changes in source groundwater composition, mixing, and 

reductions in photosynthesis and carbonate precipitation. Lake Clifton is one of the few 

known thrombolite-forming ecosystems and continued monitoring of this threatened site 

is critical not only for preservation but also for understanding how microbialite 

development is influenced by changing environmental conditions. 
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Chapter 1: Introduction 

1.1 MOTIVATION AND RESEARCH QUESTIONS 

Microbial mats are Earth’s first ecosystems and evidence of their existence is 

preserved in rocks over 3 billion years old (e.g., Tice and Lowe, 2004; Allwood et al., 

2006; Noffke et al., 2006; Wacey, 2010). Lithified microbial mats, or microbialites, are 

the best-preserved examples of life in the ancient rock record and the discovery of these 

ancient fossils have led to advances in understanding microbial influences on global 

biogeochemical cycles, planetary evolution, and the origin of life (e.g., Des Marais, 1990; 

2000; Hoehler et al., 2001). Microbialites owe their preservation in the rock record to 

their capability of inducing mineral precipitation as a byproduct of microbial metabolism. 

With good reason, much attention has been paid to understanding how microbial 

communities induce mineral precipitation in microbialite-forming ecosystems (e.g., 

Dupraz and Visscher, 2005; Visscher and Stolz, 2005; Dupraz et al., 2009 and references 

therein). Understanding these processes provides insight into the types of microorganisms 

and metabolisms present in Earth’s earliest ecosystems. However, integration of the 

different biological, physical, and chemical processes occurring in microbialite-forming 

ecosystems into a general model of microbialite development and morphogenesis has 

been challenging (Grotzinger and Knoll, 1999; Tice et al., 2011; Bosak et al., 2013). 

Much of this challenge results from a lack of knowledge of how environmental and 

biological factors may be controlling microbial community dynamics and growth. For 

example, it was only recently discovered that the spatial organization of conical 

stromatolites can be explained by diffusion-limited nutrient competition between 

neighboring structures (Petroff et al., 2010). Similarly, research from spatial ecology and 

biofilm dynamics suggests that interactions between surface water hydrodynamics and 
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microbial mat properties (e.g., mat roughness, cohesion) are critical factors controlling 

where stromatolites are likely to develop and remain stable (Tice et al., 2011). Taken 

together, these results suggest that the processes governing nutrient availability and mat 

growth, in addition to the mechanisms of biologically-induced mineral precipitation, 

should be incorporated into microbialite growth models. 

Occurrences of modern microbialites are rare compared to their abundance from 

the Archean to the Ordovician, when they were the dominant ecosystems on Earth 

(Kennard and James, 1986; Grotzinger and Knoll, 1999). Although rare compared to 

ancient Earth, modern microbialites have been found in a broad range of settings 

including shallow marine (e.g., Logan, 1961; Dravis, 1983), hypersaline lakes (e.g., Arp 

et al., 1998), freshwater lakes (e.g., Laval et al., 2000), wetlands (e.g., Gilvear et al., 

1993), and hot springs (e.g., Canet et al., 2005). Modern microbialites occurring in these 

and other locations can be used as analogues to understand the potential processes 

governing formation of ancient microbialites. One such analogue occurs in Lake Clifton, 

Western Australia, which since the early 1980’s has served as a model for development 

of thrombolitic microbialites and led to many significant advances in understanding how 

thrombolites form (Moore et al., 1983; Burne and Moore, 1987; Moore, 1987; Moore, 

1991; Burne and Moore, 1993; Moore and Burne, 1994; Burne et al., 2014). Among these 

advances was the discovery that thrombolite internal fabrics form in-situ and are not 

stromatolitic fabrics that have been altered by grazing or boring of metazoan fauna, 

leading to a reconsideration of hypotheses suggesting that the decline of stromatolites at 

the end of the Proterozoic was related to metazoan evolution (Moore et al., 1983; Moore 

and Burne, 1994).  

The early studies conducted in Lake Clifton also identified groundwater discharge 

as a critical environmental factor controlling thrombolite development in the lake (Moore 
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et al., 1983; Moore, 1987). Lake Clifton thus presents an ideal natural laboratory in which 

to study the influence of groundwater discharge on microbialite development. Although 

an association with groundwater discharge was recognized in early studies, it is unknown 

if groundwater flows within the internal thrombolite structure, which due to the nature of 

thrombolite fabrics is highly porous and permeable. Moreover, porewater chemistry 

within the thrombolites has never been characterized. If groundwater is flowing through 

the thrombolites, it is a potential source of nutrients for microbial communities growing 

on the thrombolites. It is possible and perhaps likely that nutrient delivery mechanisms 

are key environmental factors which differentiate thrombolites from stromatolites. 

Whereas nutrient availability in stromatolites is limited by diffusion of substrates from 

the overlying water column (Petroff et al., 2010; Tice et al., 2011), nutrient availability in 

thrombolites may be governed by advection of groundwater through the permeable 

thrombolite structure.  

In addition to being associated with groundwater discharge, Lake Clifton 

thrombolites are known for forming at salinities less than seawater and the initial studies 

documenting their occurrence in a hyposaline environment advanced understanding of 

the wide range of salinities in which microbialites can form (Moore et al., 1983; Moore, 

1987; Moore, 1991; Moore and Burne, 1994). However, the salinity of Lake Clifton has 

evolved from hyposaline to hypersaline since the mid-1990’s (Knott et al., 2003; Smith et 

al., 2010). The processes controlling the salinity increase are largely unknown and it also 

largely unknown how the salinity increase has influenced thrombolite development in the 

lake.  

Few, if any, modern microbialies form in an environment that has experienced 

such a drastic multi-decadal change in salinity. The extensive change in lake water 

salinity makes Lake Clifton an ideal site to understand how microbialite-forming 
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ecosystems respond to environmental changes. In studies conducted prior to the salinity 

increase, filamentous cyanobacteria dominated thrombolite mat communities and were 

considered the primary driver of biologically-induced carbonate precipitation (Moore, 

1987; Moore, 1991; Moore and Burne, 1994). Recent studies have suggested a reduction 

in cyanobacteria abundance and shifts in taxonomic composition compared to microbial 

communities prior to the salinity increase (Smith et al., 2010; Gleeson et al., 2016). 

However, these studies have not addressed the functional gene capability of microbial 

communities in the lake and it is unknown if the microbial mats contain the metabolic 

genes typically associated with biologically-induced carbonate precipitation. 

Furthermore, comparisons of the microbiomes of worldwide microbialite occurrences 

suggest that the metabolic pathways shared by microbialite-forming communities are 

more critical for inducing mineral precipitation than the specific types of microorganisms 

in the community (Casaburi et al., 2016). Therefore it is possible that thrombolite-

associated mats in Lake Clifton still have potential for lithification even if the microbial 

community composition has changed since the salinity increase. 

The above observations lead to the following questions that together form the 

basis of my dissertation: 

1. What processes are contributing to the progressive increase of salinity in Lake 

Clifton and how has the salinity increase influenced lake water and mixing 

zone geochemistry?  

2. What is the functional gene capability of thrombolite-associated microbial 

mats and how do the microbiomes of thrombolite-associated microbial mats 

compare to non-thrombolitic microbial mats in the lake? 
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3. How does groundwater discharge contribute to thrombolite formation and 

should groundwater discharge be considered a critical environmental factor 

for thrombolite development? 

1.2 DISSERTATION ORGANIZATION 

Chapters 2, 3, and 4 of this dissertation are dedicated to addressing each of the 

above research questions. These three main chapters have been prepared or submitted for 

journal publication and therefore each contains its own summary, introduction, methods, 

results, discussion, and conclusions. Chapter 5 is a synthesis of the main chapters and 

includes recommendations for future research. References are collated at the end of the 

dissertation. In this section I introduce each main chapter and highlight the most 

important findings. 

Chapter 2 investigates the processes potentially contributing to the salinity 

increase in Lake Clifton and examines the geochemistry of modern lake water and the 

mixing zone. This chapter presents chemical and isotopic data from lake water, regional 

groundwater, and mixing zone waters. These data show that the salinity increase in Lake 

Clifton is continuing and has perhaps accelerated compared to historical measurements. 

Using geochemical modeling, I show that evaporation is an important contributing factor 

to the salinity increase. However, evaporation by itself cannot fully explain the chemical 

composition of modern lake water and major ion chemistry indicates there are new 

sources or reduced sinks of certain ions in the lake. Porewaters from the mixing zone are 

in general well-defined mixtures of lake water and regional groundwater. The increase in 

lake water salinity is reflected in the mixing zone by dissolved salt concentrations that are 

even higher than lake water concentrations prior to the salinity increase, although 

variations in porewater dissolved salt concentrations occur spatially and with depth. 
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Chapter 3 profiles the microbiomes of microbial mats collected from thrombolites 

and sandy lakebed sediments in Lake Clifton. Using shotgun metagenomic sequencing 

and analysis, I show that thrombolite-associated mats harbor distinct microbiomes that 

are differentiated from mats found on sandy lakebed sediments by greater proportions of 

photoautotrophic taxa and genes associated with photosynthesis. My results confirm 

studies indicating that the taxonomic composition of microbial communities has been 

altered compared to the 1980’s and early 1990’s when the lake was hyposaline. I also 

show that thrombolite-associated mats contain key metabolisms that are known for 

biologically inducing mineral precipitation in lithifying microbialites in other locations, 

which indicates that the thrombolites may still have potential for lithification despite the 

changes in taxonomic and lake water composition. I conducted a survey in conjunction 

with this work to identify locations in the lake where microbial mats grow on 

thrombolites and found that thrombolite-associated mats occur only over a ~ 2 km span 

of the northeastern lake shoreline. The active area is much smaller than the overall 

distribution of thrombolites in the lake.  

Chapter 4 investigates the hydrology of the active area, where mats are found 

growing on thrombolites, to understand how groundwater discharge influences 

thrombolite development. Using heat tracing methods and porewater chemistry data, I 

show that groundwater flowpaths converge beneath and through individual thrombolites, 

and that springs emerge from thrombolites. Large groundwater flow rates in the 

thrombolites drive nutrient fluxes that are several orders of magnitude higher in the 

thrombolites than in sandy lakebed sediments adjacent to the thrombolites. Porewater 

dissolved salt concentrations in the thrombolites are much lower than in sandy lakebed 

sediments, when compared at similar elevations, suggesting that groundwater discharge 

reduces osmotic stress for microbial mats growing on the thrombolites. Finally, I show 
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that feedbacks between groundwater discharge, mat growth, and lithification of a 

permeable fabric promote self-organization of thrombolites. 
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Chapter 2: The effects of increasing salinity on the chemical evolution of 

Lake Clifton, Western Australia: implications for microbialite survival 

2.1 SUMMARY 

The salinity in Lake Clifton, Western Australia, has increased since the mid 

1990’s. This lake contains one of the few colonies of thrombolites, microbialites similar 

to stromatolites but with clotted rather than laminated internal structure.  The salinity 

increase is therefore a concern. A hydrochemical investigation of surface water, regional 

groundwater, and the mixing zone provides news insights into the processes controlling 

the progressive salinity increase. Geochemical modeling shows that modern lake water 

has been concentrated approximately six-fold compared to data collected in 1991 and 

1992. Forward modeling, using lake water data from 1991, indicates that evaporation is 

an important factor controlling the multi-decadal change in lake water composition. 

However, enrichments of Ca, Mg, Sr, and SO4 in modern lake water compared to the 

forward model suggest there have been new/augmented sources or reduced sinks of these 

ions. Lake water in the northern basin is near gypsum saturation during the summer, 

which is predicted to occur by forward modeling at 101 g/L TDS (northern basin lake 

water TDS = 92.4 – 95.9 g/L). Molar ratios of Mg/Ca, Sr/Ca, and SO4/Ca indicate that 

gypsum precipitation has already occurred in the southern lake basin. The 

hydrochemistry of shallow (< 1 m depth) porewaters along the lake margin is dominated 

by mixing between lake water and regional groundwater, with most ions behaving 

conservatively with respect to mass balance models. Porewaters enriched in HCO3 and Si 

with respect to mixing are exceptions to this trend and are likely derived from organic 

matter oxidation and diatom dissolution with in the lakebed, respectively. Chemical and 

isotopic data of porewater collected from the western shoreline of Lake Clifton support 

intrusion of water with salinity slightly higher and of different chemical composition than 
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lake water. The results presented in this study show that the factors controlling the 

hydrochemical evolution of Lake Clifton include evaporation, mixing, mineral 

precipitation, and potentially a reduction of microbial activity in the water column or in 

microbial mats on the lakebed compared to data collected before the salinity increase 

began. TDS concentrations measured in the northern lake basin during sampling 

campaigns conducted in June 2011, August 2012, and February 2014 (range 58.6 – 95.9 

g/L) are higher than previous reported measurements and indicate the salinity increase is 

ongoing. Continued monitoring of lake water, porewater and groundwater 

hydrochemistry will be critical to assessing how chemical changes influence development 

and/or diagenesis of microbialites found in Lake Clifton. 

2.2 INTRODUCTION 

One of the few known sites of actively growing thrombolitic microbialites occurs 

in Lake Clifton, Western Australia. Modern thrombolites forming in Lake Clifton have 

been subjected to a salinity increase since the mid 1990’s as the lake has evolved from 

hyposaline to hypersaline conditions (Knott et al., 2003; Smith et al., 2010). Although 

modern microbialites have been found in environments with widely ranging salinities 

(e.g. Logan, 1961; Dravis, 1983; Arp et al., 1998; Laval et al., 2000), few if any occur in 

an environment that has undergone such a rapid increase in salinity over the course of 

several decades. Lake Clifton has served as a model for the development of thrombolitic 

microbialites and many significant advances have been made at the site including 

recognition that microbialites can form in hyposaline environments and that metazoan 

fauna can coexist in microbialites without significantly influencing fabric development 

(Moore et al., 1983; Moore and Burne, 1994). However, relatively little is known about 

how microbialites in the lake have responded to the progressive salinity increase. 
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Lake Clifton and nearby lakes are also internationally recognized as a habitat for 

waterbirds and often support tens of thousands of birds, including migratory species from 

the northern hemisphere (Hale and Butcher, 2007). Lake Clifton’s significance as an 

ecological habitat makes it critical for management decisions to understand the processes 

controlling the lake water salinity increase. There is also a significant scientific 

opportunity to understand how microbialites known for growing in a previously 

hyposaline environment adapt to increasing salinity. Microbialites in Lake Clifton rely on 

groundwater as a source of ions and nutrients (Moore, 1987; Warden et al., 2016) and 

mixing of modern saline lake water with water in the subsurface may alter shallow 

groundwater geochemistry and influence microbialite development. 

Understanding the underlying processes controlling the progressive increase of 

salinity in Lake Clifton is critical for management of the system and assessing the status 

of microbialites during the transition from hyposaline to hypersaline hydrology. The 

primary objectives of this paper are to (1) provide insight into the predominant factors 

contributing to the salinity increase in Lake Clifton and (2) determine how the lake water 

salinity increase may be influencing pore water geochemistry at shallow depths in the 

mixing zone. This study reports chemical data for lake water, regional groundwater, and 

porewater samples collected from Lake Clifton and nearby locations. Geochemical 

models are used to identify the potential sources and sinks controlling the hydrochemical 

evolution of lake water from the 1990’s to present, and to predict lake water chemical 

composition if evaporation increases indefinitely. Groundwater-lake water mixing 

models are used to assess porewater geochemistry in microbialites and sandy sediments 

in the Lake Clifton mixing zone. Results show that the decadal salinity increase observed 

in Lake Clifton has coincided with major changes to the source and sinks of dissolved 

ions in the lake, with potential implications for microbialite growth. 
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2.3 SITE DESCRIPTION 

Lake Clifton (32.745°S, 115.654°E) is located in the Swan Coastal Plain of 

southwest Western Australia and is part of the Clifton-Preston Lakeland system, a chain 

of interdunal lakes oriented roughly parallel to and within 6 km of the Indian Ocean. The 

dunes in this area are composed of Pleistocene Tamala Limestone overlain with quartz 

sands of varying thickness (McArthur and Bartle, 1980; Coshell and Rosen, 1994). The 

Tamala Limestone is known for containing solution pipes and limestone pinnacles and 

has been classified as an eogenetic karst in early to middle stages of development 

(McNamara, 1995; Smith et al., 2012).  

The regional climate is classified as Mediterranean with up to 80 % of yearly 

rainfall occurring between May and October, when temperatures are cooler. Annual 

evapotranspiration regularly exceeds annual rainfall: for the period 1975 – 2007, mean 

annual rainfall in the study area was 700 – 800 mm/yr whereas mean annual potential 

evapotranspiration was 1400 – 1450 mm/y. Since the mid 1970’s, southwestern Australia 

has experienced decreased annual rainfall and increasing temperature; climate models 

project this trend to continue until at least 2030 (CSIRO, 2009).  

Water levels in Lake Clifton are controlled by the balance between inflows from 

groundwater and rainfall, and outflows from evaporation (Moore, 1987; Commander, 

1988). Lake level variations of up to 1 m yearly are consistent with seasonal changes in 

climate and lake water balance, with water levels falling during hot and dry summers and 

rising during cooler and wetter winters (Moore, 1987). Groundwater discharges to the 

lake from an unconfined aquifer comprised of the Tamala limestone and its associated 

quartz sands. In studies conducted in the late 1970’s and early 1980’s, the water table in 

the aquifer was near sea level except in southeastern areas where water table elevations 

up to 7 m higher were observed. Lake Clifton was underlain by hypersaline groundwater 
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at this time with a dissolved salt concentration of 42 g/L whereas the lake itself was 

hyposaline with dissolved salts concentrations ranging from 15-26 g/L (Commander, 

1988).  

Lake Clifton was hyposaline prior to the late 1990’s, with total dissolved salts 

ranging from 15 – 32 g/L depending on seasonal variability (Williams and Buckney, 

1976; Moore et al., 1983; Moore, 1987; Commander, 1988; Rosen et al., 1996). 

Beginning in the late 1990’s, dissolved salt concentrations ranged from 25 – 49 g/L and 

the lake was considered seasonally hypersaline (Knott et al., 2003). Dissolved salt 

concentrations ranged between 42.9 – 47.9 g/L in September and October 2006, the 

months of the year when the lake is typically most dilute, and since that time the lake has 

been considered hypersaline year-round (Smith et al., 2010). The most recent hyposaline 

dissolved salt concentrations observed in the lake were from samples collected in 

September and November 2004 (Smith et al., 2010). Most of these previous studies report 

measurements from the northern lake basin, where the thrombolites are most abundant, in 

samples collected near the Lake Clifton boardwalk (Figure 2.1).  

The possible mechanisms of the salinity increase include decreased precipitation, 

increased evaporation, and changes in groundwater hydrology potentially caused by 

increased groundwater utilization (Knott et al., 2003; Smith et al., 2010). It is also 

possible that groundwater hydrology in the area has been altered by the Dawesville 

Channel, an artificial channel which connects Harvey Estuary to the Indian Ocean. The 

Dawesville Channel was constructed to increase tidal exchange, thereby reducing 

eutrophication of Harvey Estuary, and was opened in 1994. A study investigating tree 

health on the lower Harvey River delta, the inlet to Harvey Estuary, found that declines in 

tree canopy condition are likely related to saltwater intrusion in the lower Harvey River 

delta, which is caused by the increased marine connection in the estuary (Gibson, 2001). 
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The increased marine connection in the estuary may also be influencing groundwater 

hydrology in the karstic Tamala Limestone aquifer. 

2.4 METHODS 

2.4.1 Sampling 

Water samples (a total of 63) were collected from Lake Clifton and surrounding 

areas during 3 field campaigns conducted in June 2011, August 2012, and February 2014 

(Figure 2.1). Sample timing was chosen to approximately correlate with low (February, 

2014), high (August, 2012), and intermediate (June, 2011) lake levels. Surface water 

samples were collected from Lake Clifton during all 3 sampling campaigns. Surface 

water samples were collected from Boundary Lake, Harvey Estuary, and the Indian 

Ocean in February 2014. Porewater samples were collected in the northernmost lake 

basin (north of the small island located at the same latitude as Boundary Lake) in 

February 2014 from piezometers installed at shallow depths (<1 m) along the lake 

margin. Deep groundwater samples were collected from private bores located within 2 

km of the eastern lake shoreline. Satellite imagery shown in Figure 2.1 is from February 

2014 and was obtained using Google Earth Pro (i.e. satellite imagery corresponds to the 

Feb 2014 sampling campaign). 

2.4.2 Analytical methods 

Temperature, pH, and electrical conductivity (EC) were measured during sample 

collection using a Myron L Ultrameter II calibrated to 4, 7, and 10 pH solutions and high 

conductivity NaCl solutions (58670 and 111900 μS/cm). Surface water samples were 
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Figure 2.1. Map of study area and locations of sampling sites. Surface water sampling 

sites are shown by filled circles with color corresponding to sampling 

campaigns conducted in June 2011, August 2012, and February 2014. Total 

dissolved solids (g/L) concentrations are reported for surface water samples. 

Porewater sampling sites are shown by open circles and sites are identified 

by gray lettering. The aerial imagery is from Google Earth Pro Timelapse 

and shows satellite data from February 12, 2014. 
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collected at a depth of ~0.2 m. Bore samples were collected directly from private wells 

after purging water until pH and electrical conductivity measurements stabilized. 

Porewater samples were collected at varying depths (< 1 m) from PVC piezometers and 

stainless steel pushpoint minipiezometers after purging 3 well volumes with a peristaltic 

pump or syringe. All samples were filtered through 0.22 μm polyethersulfone filters into 

sample-rinsed (3X) HDPE bottles in the field. Cation samples were collected in acid-

washed HDPE bottles and preserved in the field by acidification to 2 % HNO3. All 

samples were stored at 4 °C prior to analysis. 

Concentrations of Cl, SO4, and Br were analyzed using high-performance liquid 

chromatography (HPLC). Concentrations of Na, Mg, Ca, K, Si, Sr, Li, and Ba were 

quantified using an Agilent 7500ce quadrupole inductively coupled plasma mass 

spectrometer (ICP-MS). Samples analyzed by HPLC and ICP-MS were diluted by weight 

as required. Sample alkalinity was measured by titration of filtered samples using 0.1 N 

H2SO4 within 24 h of collection. Charge balance errors for samples with all major ion 

analytes were within ± 5 % for 83 % of samples and within ± 7.5 % for all samples. 

Samples are classified as fresh, brackish, saline, and brine following the classification of 

Freeze and Cherry (1979) based on total dissolved solids of < 1 g/L, 1 – 10 g/L, 10 – 100 

g/L, > 100 g/L, respectively. 

The stable carbon isotope composition of DIC in water samples was measured 

using a Thermo Scientific GasBench II coupled to a Thermo Scientific MAT 253 Stable 

Isotope Ratio Mass Spectrometer following the method reported by Assayag et al. (2006). 

Water samples were filtered to 0.22 μm, filled to overflowing in serum bottles, and 

crimp-sealed. Sample aliquots were transferred to He-flushed exetainers and acidified 

with 103 % phosphoric acid for 12 h at 40 °C prior to stable carbon isotope 

measurements. The δ13C value of an internal sodium bicarbonate (dissolved in deionized 
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water) standard measured alongside unknowns and calibrated against NBS-18 and NBS-

19 was -19.44 ‰. Data are reported using standard δ notation relative to the PDB 

(PeeDee Belemnite) scale by assigning NBS-19 a δ13C value of 1.95 ‰ (Coplen, 1996). 

The stable oxygen and hydrogen isotope composition of water was measured 

using a Thermo Scientific MAT 253 Stable Isotope Ratio Mass Spectrometer (IRMS) and 

sample values are reported using standard δ notation relative to the SMOW (Standard 

Mean Ocean Water) scale. The δ18O and δD values were normalized to the SMOW scale 

using internal laboratory standards that were calibrated against SMOW and SLAP by 

assigning SLAP δ18O and δD values of -55.5 and -428 ‰ versus SMOW (Coplen, 1996). 

Sample and standard δ18O values were measured by CO2–He equilibration (40 °C for 12 

h) with a Thermo Scientific GasBench II coupled to the IRMS. Sample and standard δD 

values were measured by thermal conversion to H2 (1450 °C) with a Thermo Scientific 

TC/EA high temperature conversion elemental analyzer coupled to the IRMS. Analytical 

uncertainty from repeated measurements of an internal water standard was 0.06 ‰ (1 σ) 

for δ18O and 1.7 ‰ (1 σ) for δD.  

The formation of hydration spheres around cations in high salt solutions can 

complicate the measurement of stable oxygen and hydrogen isotope ratios due to 

fractionation between water molecules associated with hydration spheres and “free” 

water molecules in the sample (Sofer and Gat, 1975; Horita, 1989). Analytical methods 

using all water molecules in the sample are reported on a concentration scale whereas 

equilibration methods are reported on an activity scale representing only the “free” water 

in the sample. In this study, δD values are reported on a concentration scale because a 

thermal conversion method was used whereas as δ18O values were measured by 

equilibration and are therefore reported on an activity scale. In order to test for these so 

called isotope “salt effects” a subset of samples covering a range of salinities (12.5 – 
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121.4 g/L) was vacuum distilled and the measured isotope composition of distilled 

samples was compared to aliquots that had not undergone distillation. The δD values of 

distilled samples were within ± 1.5 ‰ of samples that were not distilled, less than 

analytical uncertainty and with no systematic trend according to sample salinity. The 

δ18O values of distilled samples were on average (n = 9, σ = 0.1 ‰) 0.5 ‰ lower than 

samples than samples that were not distilled. Although a difference was observed, sample 

δ18O values were not corrected to a concentration scale (i.e. the same scale as δD values) 

because oxygen isotope data in this study are not interpreted at differences of less than 

0.5 ‰.  

Excluding sample alkalinity and measurement of unstable field parameters, all 

analyses were conducted at The University of Texas at Austin in the Department of 

Geological Sciences. This paper compares modern Lake Clifton hydrochemical data to 

both published and unpublished data from samples collected in the early 1990’s. Sample 

collection and method details for early 1990’s data are available in Rosen et al. (1995) 

and Rosen et al. (1996). Both the modern and pre-modern datasets were processed 

identically in geochemical models. 

2.4.3 Geochemical modeling 

Saturation indices were calculated using the program SPECE8 and the 

thermodynamic database ‘thermo_phrqpitz.tdat’ in The Geochemist’s Workbench 

(GWB), version 10.0.4 (Rockware Inc., Golden, CO; Bethke, 2008). The 

‘thermo_phrqpitz.tdat’ database uses a virial method for calculating ion activities as 

employed by the PHRQPITZ program (Plummer et al., 1988) and is appropriate for high 

ionic strength solutions. Saturation indices are reported as log(IAP/Ksp) where 

equilibrium = 0. Forward models were calculated using the program REACT in GWB to 
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determine the effect of evaporation on the chemical composition of lake water. The 

models assume a temperature of 25 °C and equilibrium with both atmospheric CO2 and 

any minerals that precipitate as lake water evaporates, generally following the approach 

for the evaporation of seawater in Bethke (2008). 

2.5 RESULTS 

Groundwater, porewater, and lake water salinity (TDS) in samples collected from 

Lake Clifton and nearby areas ranged from brackish (1.0 g/L) to brine (179.9 g/L; Table 

A1.1). Groundwater in the unconfined aquifer east of Lake Clifton was brackish with 

TDS ranging from 1.0 – 3.1 g/L. Porewater samples collected at shallow depths (mixing 

zone) in lakebed sediments were all saline, with TDS ranging from 12.5 – 96.0 g/L, and 

showed variability with depth below the sediment-water interface and sampling location. 

Lake Clifton salinity ranged from a minimum of 44.8 g/L in August 2012 to a maximum 

of 179.9 g/L in February 2014, with large variation according to the timing and location 

of sampling (Figure 2.1). Spatial gradients in lake water salinity occurred between the 

northern and southern lake basins, and these gradients reversed seasonally. Salinity was 

higher in the northern basin (58.6 – 62.2 g/L) compared to the southern basin (44.8 g/L) 

during the winter. Conversely, salinity was lower in the northern lake basin (92.4 – 95.9 

g/L) compared to the southern basin (179.9 g/L) during the summer. 

The most dominant ions in all waters sampled in this study were sodium and 

chloride (Table A1.1). The order of ionic abundance in surface water and porewater, with 

two exceptions, was Na > Mg > Ca > K and Cl > SO4 > HCO3. The same order of ionic 

abundance in Lake Clifton water was observed by Moore (1987) and Rosen et al. (1996) 

in 1984 and 1991-1992, respectively. The two exceptions to this trend were Boundary 

Lake and the southern basin of Lake Clifton which had order of ionic abundance Na > 
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Mg > K > Ca in samples collected in February 2014. These two waters were also the only 

brines observed in the study. The unconfined aquifer east of Lake Clifton mostly had an 

order of ionic abundances of Na > Ca > Mg > K and Cl > HCO3 > SO4. HCO3 and Si 

concentrations were higher in groundwater than in lake water and the Indian Ocean, with 

the exception of the two brines. Molar ratios of Ca/Cl and Sr/Cl were also higher in 

groundwater than in lake water and the Indian Ocean (Table A1.2) Na/Cl ratios were 

similar to seawater in almost all samples. 

The stable isotope compositions of groundwater in the unconfined aquifer east of 

Lake Clifton fall on the global meteoric water line and had δ18O values ranging from -

4.24 to -3.90 ‰ and δD values ranging from -20.3 to -23.9 ‰ (Table A1.3). The δ18O 

and δD values in all other samples plotted to the right of the global meteoric water line. 

The δ13CDIC values of groundwater ranged from -13.35 ‰ to -10.69 ‰ whereas the 

δ13CDIC values of lake water ranged from -5.90 to 1.55 ‰. Porewater δ13CDIC values fell 

within the range of groundwater and lake water δ13CDIC values. Results of all chemical 

and isotopic measurements made during this study, along with molar ratios and 

calculated saturation indices, are presented in Tables A1.1 – A1.4. 

2.6 DISCUSSION 

2.6.1 Current status of lake water salinity increase 

The lake water TDS concentrations reported in this study are higher than 

previously reported measurements and indicate the salinity increase in Lake Clifton is 

continuing. TDS concentrations in the northern lake basin in August 2012 (58.6 – 62.2 

g/L) were approximately 10 g/L higher than measurements in 2006 reported by Smith et 

al. (2010) in samples collected at a similar location and time of year (42.9 – 47.9 g/L). 

Seasonal variations in TDS reported by this study are consistent with previous studies 
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reporting higher dissolved salts during the summer, when evaporative concentration 

occurs, and lower dissolved salts during winter when lake waters are diluted by rainfall 

and groundwater discharge (Moore, 1987; Rosen et al., 1996). However, the current 

range of seasonal variability (~ 31 g/L; range 58.6 – 95.9 g/L) in the northern lake basin 

is almost double the range of seasonal variability (~ 17 g/L; range 15 – 32 g/L) reported 

by other studies (Williams and Buckney, 1976; Moore et al., 1983; Moore, 1987; 

Commander, 1988; Rosen et al., 1996) when the lake was hyposaline year-round. Moore 

(1987) and Knott et al. (2003) also observed a north-south spatial gradient in salt content 

that reversed seasonally, with lower dissolved salts at southern sampling locations during 

the winter and higher dissolved salts at southern sampling locations during the summer. 

The north-south salinity gradient is thought to be related to lake bathymetry and higher 

evaporative concentration of lake water in southern locations, where the lake is shallower 

(Knott et al., 2003). 

The TDS concentrations reported by this study also show that lake water salinity 

is increasing in the southern basin of Lake Clifton and in nearby Boundary Lake. The 

lake water TDS concentration of 179.9 g/L measured in the southern lake basin in 

February 2014 is higher than all previously reported lake water TDS concentrations. The 

TDS concentration of 162.7 g/L measured in Boundary Lake in February 2014 is higher 

than measurements ranging from 41 – 98 g/L in 1984, which are reported by Moore 

(1987) and encompassed the full range of Boundary Lake seasonal variability at that 

time. As lake water at these sites becomes increasingly saline, mineral precipitation 

and/or dissolution reactions can be expected to alter the ionic composition of the lake as 

salts are removed or added to lake water. 
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2.6.2 Major ion composition of groundwater and surface water 

2.6.2.1 Groundwater 

Marine aerosols are a primary source of salts in many inland groundwater and 

surface water systems in Australia (McArthur et al., 1989; Chivas et al., 1991; Clarke, 

1994; Herczeg et al., 2001). The unconfined aquifer east of Lake Clifton is recharged by 

rainfall and its proximity to the Indian Ocean indicates that rainfall is derived from 

condensation of marine aerosols with chemical composition similar to dilute seawater. 

Groundwater Na/Cl ratios similar to seawater Na/Cl ratios confirm a marine origin. 

Concentrations of HCO3 higher in groundwater than seawater, when considered together 

with higher ratios of Ca/Cl and Sr/Cl in groundwater, suggest dissolution of calcium 

carbonate minerals in the Tamala Limestone as rainwater percolates downward through 

the subsurface and recharges the aquifer. The Tamala Limestone is well known as a karst 

aquifer (Smith et al., 2012), which is consistent with dissolution of calcium carbonate. 

The Sr concentration in the Tamala Limestone is ~1540 ppm (Forbes et al., 2010), which 

is consistent with higher Sr/Cl ratios derived from calcium carbonate dissolution in deep 

groundwater. Si concentrations are higher in groundwater than seawater, which suggests 

addition of Si to groundwater by dissolution of diatoms or other soluble Si products in the 

Tamala Limestone. 

2.6.2.2 Lake Clifton and Boundary Lake (Surface water) 

Direct rainfall and groundwater discharge are the only inputs of water to lakes in 

the Clifton-Preston Lakeland System (Moore, 1987; Commander, 1988). Thus it is not 

surprising that the ratios of Na/Cl in modern lake water are similar to seawater because 

all lake water inputs are also of marine origin. Na/Cl ratios in Lake Clifton prior to the 

salinity increase also indicated a marine origin (Rosen et al., 1996).  
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The seawater dilution-evaporation line (SDEL) is used in this study to compare 

the ion composition of water samples to the ion composition of diluted or evaporated 

seawater (Figure 2.2). The SDEL shows the concentration of seawater diluted without 

loss or gain of ions and the concentration of seawater evaporated without loss or gain of 

ions to gypsum precipitation. Once gypsum precipitation begins, the SDEL follows the 

evaporation trend predicted as gypsum is removed from solution. Observed 

concentrations plotting above or below the SDEL indicate enrichment or depletion of 

solutes independent of seawater dilution, evaporation, and gypsum precipitation. 

Potential sources of ions include groundwater, mineral dissolution, and biological 

reactions whereas potential sinks include mineral precipitation and biological reactions. 

The SDEL was constructed by modeling dilution and evaporation using the seawater 

composition reported in DOE (1994). 

Sample concentrations of Na and Cl are conservative with respect to the SDEL 

and higher than the Indian Ocean seawater Cl concentration, indicating that evaporation 

and mixing control the concentration of Na and Cl (Figure 2.2). Lake Clifton is diluted by 

winter rain and groundwater discharge and concentrated during summer evaporation 

(Moore, 1987; Rosen et al., 1996). The broad range of Cl concentrations (672 – 2815 

mmol/L) in Lake Clifton reflects these seasonal influences, along with spatial variations 

in evaporative concentration in different lake basins. The concentration of conservative 

ions can therefore be expected to move up and down the SDEL according to evaporation 

and freshwater dilution.  

Mg and Ca concentrations in Lake Clifton and Boundary Lake are enriched 

compared to the SDEL, which contrasts with Lake Clifton results from 1991-1992 when 

only Ca was enriched compared to seawater composition (Rosen et al., 1996). The 

enrichment of Ca in lake water is interpreted as discharge of Ca-rich groundwater to the 
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Figure 2.2. Cross plots of selected ions versus Cl in all waters. The dashed line on each 

plot shows the seawater-dilution evaporation line (SDEL) whereas the solid 

line on each plot shows the pre-modern Lake Clifton dilution-evaporation 

line (PLEL). The PLEL was constructed using a lake water sample that was 

collected prior to the lake water salinity increase. Measured concentrations 

of selected ions in modern lake water (closed circles) and lake water from 

1991-1992 (open circles) reported by Rosen et al. (1996) are plotted with the 

evaporative model.  
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lake (Moore, 1987; Rosen et al., 1996). K, Sr, and SO4 are depleted relative to the SDEL 

in most surface waters, which is consistent with results from 1991-1992 reported by 

Rosen et al. (1996). The depletion of SO4 compared to seawater composition has been 

observed in Lake Clifton and other lakes in the Clifton-Preston Lakeland system and is 

likely due to microbial sulfate reduction (Moore, 1987; Rosen et al., 1996). Sr substitutes 

for Ca in aragonite and the depletion of Sr compared to seawater composition is therefore 

most likely due to aragonite precipitation in the lake. 

The two brine samples, collected from the southernmost Lake Clifton sampling 

site in 2014 and from Boundary Lake, have likely undergone gypsum precipitation 

(Figure 2.2). The Cl concentrations (2572 – 2815 mmol/L) in these brines are higher than 

the Cl concentration (~ 1860 mmol/L) at which gypsum precipitation is predicted to 

occur by the SDEL and the brines are depleted in Ca and SO4 relative to expected 

concentrations based on trajectories defined by more dilute lake water samples. 

Compared to the SDEL, Ca is enriched and SO4 is depleted in the brines. Ca 

concentrations in the brines thus reflect both Ca added to lake water by groundwater 

discharge and Ca removed from lake water by gypsum precipitation. SO4 concentrations 

in the brines reflect removal of SO4 by both microbial sulfate reduction and gypsum 

precipitation.  

Molar ratios of Sr/Ca, SO4/Ca, and Mg/Ca also support the interpretation that 

gypsum precipitation has occurred in the brines (Figure 2.3). The increase in Sr/Ca and 

Mg/Ca ratios can be explained by removal of Ca during gypsum precipitation. The 

increase in SO4/Ca ratios is caused by a geochemical divide that occurs when SO4/Ca 

ratios in solution are higher than the stoichiometric ratios in the precipitated gypsum. 

Geochemical divides are common in the evolutionary sequence of evaporated brines and 

result in distinct evolutionary pathways that occur because of differences in ion ratios in 
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the starting water composition (Hardie and Eugster, 1970). In this case, the concentration 

of SO4 in solution is higher than Ca and therefore when gypsum precipitates the relative 

change of SO4 in solution is smaller than the relative change of Ca, resulting in a higher 

SO4/Ca ratio. 

 

 

Figure 2.3. Cross plots of selected molar ratios versus Cl in surface waters. Modern data 

are plotted with data collected in 1991-1992 prior to the lake water salinity 

increase by Rosen et al. (1996). 
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All lake water samples collected from Lake Clifton and Boundary Lake are 

supersaturated with respect to aragonite, calcite, dolomite, and magnesite (Table A1.4). 

Precipitation of these minerals is possible both when lake water is more concentrated in 

summer and more dilute in winter. Aragonite, calcite, and dolomite have been found in 

sediments from Lake Hayward (Rosen and Coshell, 1992; Coshell and Rosen, 1994; 

Rosen et al., 1995), a permanently hypersaline lake located less than 1 km west of Lake 

Clifton (Figure 2.1). Only aragonite and calcite have been identified in Lake Clifton 

sediments, with aragonite the predominant carbonate mineral composing microbialites 

(Moore and Burne, 1994; Rosen et al., 1996). The progressive increase in gypsum 

saturation state with increasing total dissolved solids is shown in Figure 2.4. More dilute 

waters are subsaturated with respect to gypsum and the saturation index increases linearly 

with increasing TDS, approaching equilibrium near 100 g/L TDS. Brines that have 

undergone gypsum precipitation are supersaturated with respect to gypsum. As Lake 

Clifton becomes increasingly concentrated, this plot suggests that seasonal cycling 

between gypsum precipitation and dissolution is likely as water is evaporated during the 

summer and diluted during the winter. 

2.6.3 Geochemical changes in lake water from 1990’s to 2014 

Understanding the progressive evolution of Lake Clifton water chemistry with 

increasing salinity is critical to determining how changes in water chemistry influence 

lake ecology, including waterfowl habitat, and the microbial communities associated with  

microbialite formation. The processes controlling the salinity increase are poorly 

understood but may be related to evaporation, decreases in precipitation, and/or increases 

in the relative proportion of brackish to fresh groundwater discharge (Knott et al., 2003; 

Smith et al., 2010). Separating these interrelated factors is difficult but insight into the 
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geochemical evolution of lake water may be gained by comparing the expected 

evaporation trend of lake water from 1991-1992, prior to the salinity increase, to the 

composition of modern lake water.  

The pre-modern Lake Clifton dilution-evaporation line (PLEL) is used in this 

study to compare the ion composition of modern water samples to the ion composition of 

diluted or evaporated lake water from the early 1990’s, when the lake was hyposaline 

year-round. The PLEL was constructed following the same approach as the SDEL. The 

starting composition of the PLEL is the most dilute Lake Clifton water sample (8 Nov. 

91) reported by Rosen et al. (1996).  

 

 

Figure 2.4. Aragonite and gypsum saturation indices versus TDS in modern surface 

waters. Saturation indices reported as log(IAP/Ksp) where equilibrium = 0. 
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Comparison of modern lake water data to the PLEL shows that although 

evaporation is an important factor, additional processes are required to explain all of the 

changes in lake water chemistry from 1990’s to present (Figure 2.2). Modern lake water 

samples are enriched in Mg, SO4, Ca, and Sr compared to the PLEL which suggests that 

there are new/augmented sources or reduced sinks of these ions in modern lake water. 

These results suggest that in addition to evaporation modern Lake Clifton water has 

experienced either/or a combination of (1) mixing with another water source(s), (2) 

ceasing of chemical reactions that were once occurring in lake water, (3) occurrence of 

new chemical reactions, or (4) changes in the chemical composition of groundwater 

discharge.  

One potential explanation that is consistent with all of the observed enrichments 

in modern lake water is that the salinity increase has corresponded with a reduction of 

biological activity in the water column or in microbial mats on the lakebed. There is 

reason to suspect that higher salinities in modern lake water would reduce biological 

activity. The abundance of cyanobacteria, the most likely primary producers in this 

environment, is known to decrease with increasing salinity and it is also known that 

increasing salinity causes a reduction in rates of photosynthesis (Garcia-Pichel et al., 

1999; Abed et al., 2007). Furthermore, cyanobacteria are known to biologically induce 

calcium carbonate precipitation, both in the water column and in microbial mats 

(Thompson and Ferris, 1990; Dupraz et al., 2009). Thus reductions in cyanobacteria 

abundance and photosynthesis would be expected to reduce biologically induced calcium 

carbonate precipitation in modern lake water (or in microbial mats in the lake), which 

would result in Ca and Sr concentrations enriched compared to the PLEL. It is possible 

and perhaps likely that microbialites are a reduced aragonite sink in the lake (Chapter 3). 

However, mass balance calculations indicate that microbialites are a minor Ca sink in the 
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lake, even if conservatively high growth rates of 10 mm per year are assumed. Therefore 

if the reduced biological activity hypothesis is correct it is more likely related to 

reductions in microbial activity in the water column or non-microbialitic mats in the lake. 

The enrichment of SO4 compared to the PLEL could be due to reduced microbial 

sulfate reduction in modern lake water compared to the early 1990’s. Molar ratios of 

SO4/Cl in modern lake water (0.044 – 0.051) are more similar to the Indian Ocean 

(0.054) than ratios observed in the lake in 1991-1992 (0.033 – 0.039) by Rosen et al. 

(1996). Reduced microbial sulfate reduction could explain why SO4/Cl ratios in modern 

lake water are more similar to seawater ratios, remembering that all ions in this system 

originally have a marine origin. Although microbial sulfate reduction has been shown to 

increase with salinity in hypersaline environments and even reach maximum rates at ~ 

100 g/L TDS (Sørensen et al., 2004; Porter et al., 2007), sulfate reducing bacteria 

comprise less than 5 % of the total microbial community and sulfate reduction functional 

genes less than 1 % of all genes observed in modern microbial mats in Lake Clifton 

(Chapter 3). 

Mg enrichments compared to the PLEL are the most difficult to explain according 

to the hypothesis of reduced biological activity.  Molar ratios of Mg/Cl in modern lake 

water (0.103 – 0.112) are higher than in the Indian Ocean (0.840) and lake water from 

1991-1992 (0.085 – 0.099) reported by Rosen et al. (1996). Mg/Cl ratios in modern lake 

water are similar to Mg/Cl ratios in the unconfined aquifer (0.082 – 0.101) east of Lake 

Clifton. Thus, if the composition of groundwater Mg/Cl ratios is assumed constant 

through time, and it is also assumed that the major source of Mg in the lake is 

groundwater (groundwater is also the major source of Ca), modern Mg/Cl ratios that are 

similar to groundwater but enriched compared to the early 1990’s could be explained by a 

Mg sink in the lake that no longer exists. In a study conducted in the late 1970s and early 
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1980s, TDS in groundwater samples collected from bores installed in the unconfined 

aquifer east of the lake measured ~ 1200 mg/L (Commander, 1988). The deep 

groundwater samples collected in this study had TDS ranging from 1020 – 3050 mg/L 

and are consistent with results reported prior to the lake water salinity increase. Therefore 

it is reasonable to assume that the composition of groundwater is constant through time, 

as long as mixing with groundwater of different source composition has not occurred.  

Ratios of Sr/Ca, SO4/Ca, and Mg/Ca in saline Lake Clifton water samples are 

consistent with lake water samples from 1991-1992 reported by Rosen et al. (1996) 

(Figure 2.3). In both datasets, SO4/Ca ratios increase during the summer, as lake water 

evaporates. Precipitation of calcium carbonate is more favorable during the summer 

(Rosen et al., 1996) and the increase in SO4/Ca ratios can be explained by removal of Ca 

during calcium carbonate precipitation. Mg/Ca ratios follow a similar trend but there is 

no trend apparent in the Sr/Ca ratios, which would be expected be higher in more 

concentrated waters if calcium carbonate was precipitating in the summer. Cl/Br ratios in 

modern samples (645 – 737) are similar to seawater ratios (~650) and suggest that Cl and 

Br are of marine origin in modern lake water. Modern Cl/Br ratios are contrasted by 

higher ratios (1036 – 1342, excluding one sample outlier) observed prior to the salinity 

increase, which were interpreted by Rosen et al. (1996) to result from uptake of Br by 

algae in the lake. Modern ratios indicate this process is no longer occurring and are 

consistent with the hypothesis of reduced biological activity in the lake compared to the 

early 1990’s. 

2.6.4 Future predictions 

If the salinity increase in Lake Clifton continues, predictions of future 

geochemical changes to lake water are critical to understanding how increasing salinity 
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may influence the important ecosystems in the lake. It is unknown whether the salinity of 

Lake Clifton will continue increasing or if the lake will reach some new equilibrium 

state. Answering this question requires a complete understanding of the hydrologic and 

geochemical factors contributing to the salinity increase, as well as future predictions of 

climate in the Australian southwest. According to climate models south-west Western 

Australia is projected to have a hotter and drier climate by 2030 and these changes are 

expected to influence the water balance in the region (CSIRO, 2009; Barron et al., 2012; 

McFarlane et al., 2012; Silberstein et al., 2012). Thus it is reasonable to suspect that 

evaporative concentration of Lake Clifton water will continue.  

In order to predict future changes in the geochemical evolution of Lake Clifton, 

an evaporative model was constructed assuming that the salinity increase continues 

indefinitely and lake water is concentrated past halite saturation. The modern Lake 

Clifton evaporation line (MLEL) shows the expected composition of lake water 

following an evaporative reaction path that allows for mineral precipitation and 

dissolution (Figure 2.5). The starting water composition is the most dilute water sample 

(LCT14-228) collected from the northern lake basin in 2014. Samples collected from the 

northern lake basin in 2014 fall on the MLEL just below the point of gypsum 

precipitation, which is predicted to occur when total dissolved solids in the lake reach 

101 g/L. The sample collected from the southern lake basin in 2014, which has 

undergone gypsum precipitation, plots on the MLEL and supports model validity. If 

evaporation continues indefinitely, the progressive sequence of mineral precipitation up 

to halite precipitation is gypsum, magnesite, anhydrite and halite.  

Lake bathymetry and the north-south salinity gradient observed in this and other 

studies (Knott et al., 2003) suggest that the magnitude of evaporative concentration is 

likely to be higher in the southern lake basin, where the water depth is shallower, if the 
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Figure 2.5 Forward model of modern lake water following an evaporative reaction path. 

Lines show the expected concentrations of lake water if the most dilute lake 

water sample collected from the northern basin in February 2014 was 

evaporated just past the point of halite precipitation. This model is described 

in the text as the modern Lake Clifton evaporation line (MLEL). Measured 

concentrations from February 2014 Lake Clifton samples are plotted as 

closed circles. Total dissolved solid concentrations (g/L) at which mineral 

precipitation reactions are expected to occur are shown. Ca datapoint where 

Cl concentration is ~2800 mmol/L is located beneath the K datapoint. 

salinity increase continues. The northern lake basin is larger and deeper (Figure 2.1) and 

the magnitude of evaporative concentration is therefore likely to be smaller in this area in 

the case of increasing salinity. Evaporative outputs would have to exceed groundwater 

and precipitative inputs for Lake Clifton to become completely evaporated. Such an 

occurrence is unlikely, especially during the winter months, without decreases in 
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groundwater levels surrounding the lake. It is therefore critical to lake ecosystems that the 

hydrogeology of these areas is well understood. 

2.6.5 Porewater chemistry in Lake Clifton sediments (mixing zone) 

Higher salinity lake water in the modern Lake Clifton system may be influencing 

the hydrochemistry of shallow lakebed sediments in the mixing zone. In this section, the 

chemical composition of porewater samples collected from shallow sediments (< 1 m) in 

Lake Clifton is compared to deep regional groundwater and lake water to understand the 

hydrochemical processes associated with groundwater-lake water mixing and/or 

geochemical reactions occurring in the shallow subsurface. 

The expected chemical composition of porewater samples based on conservative 

mixing of groundwater and lake water was calculated by mass balance. The groundwater 

end member is the most dilute groundwater sample (LCT11-021) collected from a private 

well east of Lake Clifton and the lake water end member is the most concentrated sample 

(LCT14-263) collected from the northern lake basin. Percentage lake water was 

calculated based on Cl concentrations relative to the lake water end member in the 

mixing model. Porewater samples were collected from locations surrounding the northern 

lake basin in February 2014 and these locations are identified as ‘Is’ (island), ‘W’ 

(western shoreline), ‘SP’ (Lake Clifton shoreline near outlet to Swan Pond), ‘N’ 

(northern shoreline), ‘NE’ (northeastern shoreline), ‘Active’, and ‘Inactive’ in figures. 

The ‘Active’ and ‘Inactive’ designations correspond to the presence or absence of 

microbial mats on microbialites, respectively, at two sampling sites on the eastern lake 

shoreline.  

The concentrations of Na, Mg, Ca, K, Sr, and SO4 in porewater are mostly 

conservative with respect to mixing between deep groundwater and lake water (Figure 
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2.6). Thus the concentration of these ions in porewater can be explained by groundwater-

lake water mixing. Percentage lake water in microbialite porewater from the active site, 

where mats were found growing on the microbialites, ranged from 27 – 41 % whereas at 

the inactive site percentage lake water ranged from 38 – 81 %. Cl concentrations plotted 

against depth below the sediment-water interface (Figure 2.7A) show that percentage lake 

water in microbialites from the active site is relatively constant with depth, suggesting 

upward groundwater flow (Chapter 4). In comparison, the percentage lake water in 

microbialites from the inactive site decreases with depth; high values (77 – 81 % lake 

water) from 12 to 20 cm depth indicate a much greater proportion of mixing with lake 

water in the upper portion of inactive microbialites. The difference in mat growth 

between the active and inactive sites may therefore be related to the proportion of lake 

water mixing in the microbialites and by extension differences in the hydrology between 

these sites. The Cl concentration in porewater samples collected from sandy sediments 

adjacent to microbialites at these two sites also shows a similar trend except reversed, 

with higher concentrations decreasing with depth at the active site and lower 

concentrations that are more constant with depth at the inactive site. This discrepancy 

further suggests differences in the hydrology between these two sites that are most likely 

related to differences in groundwater heads. 

Two exceptions to the conservative mixing trend occurred in samples collected 

from the western shoreline and the island located in the middle of the lake. These samples 

are depleted in Ca, Sr, and SO4 with respect to groundwater-lake water mixing, which 

suggests that mineral precipitation reactions have occurred or that the porewater is 

derived from a source water depleted in these ions. The porewater chemistry of the island 

sample compared to other sampling locations is likely reflective of the island’s 

hydrologic isolation. Possible explanations for the observed depletions in the island 
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Figure 2.6. Cross plots of selected ions versus Cl shown with conservative groundwater-

lake water mixing models. The line on each plot shows conservative mixing 

between deep groundwater and lake water from the northern basin (February 

2014). Porewater samples collected from different sampling locations (inset 

map in E) are shown by squares. Only lake water samples collected from the 

northern basin in February 2014 are shown. 
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sample, with Na, Mg, and K following conservative mixing, include removal of Ca and 

Sr during aragonite precipitation and removal of SO4 from microbial sulfate reduction. Sr 

substitutes for Ca at concentrations up to ~10,000 ppm during aragonite precipitation 

(Kinsman, 1969). In addition to depletions in Ca, Sr, and SO4, the sample collected from 

the western shoreline is also enriched in Mg compared to groundwater-lake water mixing 

and has a slightly higher concentration of Cl compared to the lake water end member, 

which was the most concentrated sample collected from the northern basin. Elevated 

molar ratios of Mg/Ca (5.47) and SO4/Ca (2.13) in this sample compared to other 

porewaters suggest gypsum precipitation. However, elevated Sr/Ca ratios would also be 

expected if gypsum precipitation occurred and the Sr/Ca ratio (2.89×10-3) in this sample 

is similar to other porewaters. Taken together, the observed discrepancies in Mg/Ca, 

SO4/Ca, and Sr/Ca ratios, combined with Cl concentrations higher than the lake water 

end member, suggest that the porewater from the western shoreline is derived from a 

different source water than other shallow porewater samples collected in this study.  

Porewater depth profiles show that in general Cl concentrations decrease with 

depth until approximately 50 cm below the sediment-water interface, where Cl 

concentrations ranged from 190 – 570 mmol/L (12 – 38 % lake water; Figure 2.7A). The 

general decrease with depth suggests intrusion of fresher groundwater in these locations. 

The one exception to this trend occurred in the sample collected from the western 

shoreline sampling location. In this sample, collected from 67 cm depth below the 

sediment-water interface, the Cl concentration is higher than the lake water end member 

of the mixing model. Electrical conductivity (EC) plotted against depth below the 

sediment-water interface shows an increase in EC with depth at the western shoreline 

sampling location, a trend not observed in any other Cl or EC depth profiles (Figure 

2.7B). The depths at which these samples were collected occur at an elevation at least 1 
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m higher than the elevation of the lakebed in the northern lake basin. This suggests 

intrusion of hypersaline water, with a salinity slightly higher than lake water, at this 

location and is consistent with the interpretation of ion ratios suggesting a different 

source water. No other published data are available regarding the chemistry of 

groundwater discharge along the western lakeshore and therefore it cannot be determined 

whether this hypersaline intrusion is a recent event or has occurred through time.  

 

 

Figure 2.7. Porewater Cl and electrical conductivity versus depth below the sediment-

water interface. A. Scatter plot showing all porewater samples in which Cl 

was measured. B. Porewater electrical conductivity profiles collected from 

various locations in Lake Clifton. The increase in electrical conductivity 

with depth observed at the western shoreline (W) sampling site is consistent 

with porewater Cl concentrations and was not observed in any other 

location. 

The groundwater basin west of Lake Clifton, although small, may be a source of 

this intruding water. It is also possible that hypersaline water is lost from the Duck Pond 

to Lake Newnham chain of lakes to Lake Clifton, or vice versa depending on the time of 
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year. Although lakes within the Clifton-Preston Lakeland system are generally 

considered closed basin (Commander, 1988), the close proximity of the lakes to one 

another combined with karst features in the Tamala Limestone suggest groundwater 

connections between the lakes are possible. Future studies investigating the Lake Clifton 

salinity increase should examine groundwater hydrology west of the lake to determine 

whether connections between the lakes exist. These studies should also account for 

spatial variability in the chemical composition of groundwater discharge to the lake.  

Porewater concentrations of HCO3 were mostly enriched with respect to 

conservative mixing of deep groundwater and lake water, suggesting a source of these 

ions in lakebed sediments (Figure 2.8A). The HCO3 enrichment in these porewaters 

cannot be explained by production of HCO3 from aragonite dissolution or sulfate 

reduction because Ca and SO4 are both conservative with respect to mixing. One possible 

explanation for the HCO3 enrichment is decomposition of organic matter in the 

sediments. Organic matter oxidation in sediments proceeds following a sequence of 

reactions based on the highest energy yielding oxidants until either the oxidant or organic 

matter is consumed. The order of oxidant consumption studied in marine sediments 

beneath an oxygenated water column is: oxygen, manganese oxides, nitrate, iron oxides, 

and sulfate (Froelich et al., 1979). If decomposition of organic matter is occurring, it must 

be related to consumption of an oxidant higher than sulfate in the redox ladder because 

SO4 is conservative with respect to groundwater-lake water mixing. Oxidation of organic 

matter is supported by porewater δ13CDIC values lower than δ13CDIC values predicted by 

conservative mixing of groundwater and lake water (Figure 2.9). 

Porewater concentrations of Si are also mostly enriched with respect to 

conservative mixing of deep groundwater and lake water, suggesting a source of these 

ions in lakebed sediments (Figure 2.8B). In addition to aragonite, the mineralogy of  
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Figure 2.8. Cross plots of HCO3 and Si versus Cl shown with conservative groundwater-

lake water mixing models. The line on each plot shows conservative mixing 

between deep groundwater and lake water from the northern basin (February 

2014). Porewater samples collected from different sampling locations are 

shown by squares. Most porewater samples are enriched in HCO3 and Si 

with respect to groundwater-lake water mixing. Only lake water samples 

collected from the northern basin in February 2014 are shown. 

microbialites in Lake Clifton is dominated by a Mg-silicate smectite mineral that is 

hypothesized to result from biofilm mineralization (Burne et al., 2014). Si enrichment in 

the microbialite porewaters cannot be explained by dissolution of Mg-silicate minerals 

because Mg is conservative with respect to groundwater-lake water mixing. The 

conservative behavior of Mg with respect to mixing also indicates that the Mg-silicate is 

not precipitating in the porewaters. However, the hypothesis of Mg-silicate precipitation 

during biofilm mineralization presented by Burne et al. (2014) cannot be directly tested 

because porewater samples were not obtained directly from microbialite-associated mats 

(which were only observed at the ‘Active’ site). Sandy sediment porewaters are also 

enriched in Si and the Mg-silicate mineral is not known to occur in these sediments. 
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Taken together, this suggests that the most likely source of Si in porewater is dissolution 

of diatoms. Diatoms were abundant in Lake Clifton in the 1990’s and previous work has 

suggested that Si in the lake is derived from dissolved diatoms in lake sediments (Moore 

and Burne, 1994; Rosen et al., 1996). Microscopic observations of modern microbial mat 

samples indicate that diatoms are abundant in modern lake sediments (data not shown). 

Diatoms are known to dissolve in the sediments of high pH, alkaline-rich saline lakes 

(Barker, 1992; Ryves et al., 2006).  

 

 

Figure 2.9. Cross plot of δ13CDIC versus Cl shown with conservative groundwater-lake 

water mixing model. The line on each plot shows conservative mixing 

between deep groundwater and lake water from the northern basin (February 

2014). Porewater samples collected from different sampling locations are 

shown by squares. Porewater δ13CDIC values lower than predicted by 

conservative mixing indicate oxidation of organic matter in the lakebed 

sediments. 
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Saturation indices were calculated to understand how mixing of deep groundwater 

and lake water influences mineral precipitation/dissolution reactions in porewaters 

(Figure 2.10). Carbonate dissolution or precipitation can occur during mixing if the end 

members are saturated with respect to calcium carbonate at different CO2 pressures and at 

different temperatures and ionic strengths (Wigley and Plummer, 1976). The predicted 

mineral saturation of porewaters following conservative mixing of deep groundwater and 

lake water was calculated in a mixing model to examine this effect. The aragonite 

saturation index predicted in the mixing model decreases with increasing percentage lake 

water to about 10 % lake water and then increases with increasing percentage lake water. 

Calculated porewater aragonite saturation indices range from -0.5 to 0.37 and mostly 

deviate from the mixing model, reflecting the influence of HCO3 derived from the 

degradation of organic matter. The one exception to this trend occurs in microbialite 

porewaters from the ‘Inactive’ site, which generally follow conservative mixing. 

Calculated porewater magnesite saturation indices range from approximately -0.25 to 0.5 

and follow a similar trend, with only porewaters from the ‘Inactive’ site following 

conservative mixing. Gypsum and halite saturation indices increase with increasing 

percentage lake water and measured values mostly follow conservative mixing. 

Porewaters approach equilibrium with gypsum near 100% lake water and are 

subsaturated with respect to halite. 

2.6.6 Comparison of groundwater to lake water 

Concentrations of HCO3 and Si, along with ratios of Ca/Cl and Sr/Cl, are lower in 

lake water than in deep groundwater, suggesting sinks of Ca, Sr, HCO3, and Si in lake 

water. Depletion in Ca and Sr is consistent with aragonite precipitation; based on 

conservative behavior of Ca and Sr in porewaters, aragonite precipitation must be  



 42 

 

Figure 2.10. Selected mineral saturation states versus percent lake water shown with 

conservative groundwater-lake water mixing models. The line on each plot 

shows the mineral saturation state predicted by conservative mixing between 

deep groundwater and lake water from the northern basin (February 2014). 

Porewater samples collected from different sampling locations are shown by 

squares. Only lake water samples collected from the northern basin in 

February 2014 are shown. 

occurring in either lake water or at sediment depths less than the minimum porewater 

sample collection depth (< 7 cm). The lower concentration of HCO3 in lake water 

compared to groundwater is likely controlled by several factors: (1) equilibrium with 

atmospheric CO2, (2) aragonite precipitation, and (3) uptake of bicarbonate by 
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photosynthetic microorganisms in the lake. The lower Si concentrations in lake water 

compared to groundwater are likely related to growth of diatoms in the lake and 

dissolution of diatoms in sediments. 

2.6.7 Stable isotope composition of water 

The stable isotope composition of waters in the Lake Clifton vicinity generally 

follow an evaporative trend (Figure 2.11). Lake water δ18O values ranged from -0.3 to 6.7 

‰ and showed seasonal and spatial variation, with highest values measured in February  

2014. Unpublished lake water δ18O values from a monthly dataset collected in 1991-1992 

showed the range (0.8 to 5.7 ‰) of seasonal variation in hyposaline lake water prior to 

the salinity increase. A linear regression line fitted through the 1991-1992 dataset 

intersects the global meteoric water line at δ18O values ~ 2.5 ‰ higher and δD values ~ 

20 ‰ higher than respective modern groundwater values, which suggests a change in the 

stable isotope composition of source groundwater. Porewater δ18O (3.0 ‰) and δD (12.6 

‰) values from the western shoreline site support the interpretation of intrusion of water 

with different chemical composition than lake water. This porewater sample had lower 

δ18O and δD values than lake water (δ18O = 6.1 ‰, δD = 31.6 ‰) collected from the 

same sampling location on the same day, despite having a higher Cl concentration than 

lake water. Thus changes in the composition of groundwater discharging to the lake may 

also be an important factor controlling modern lake water composition. 

2.6.8 Implications for microbialites 

Salinity is the major environmental factor controlling the composition of 

microbial communities (Lozupone and Knight, 2007). A recent microbiological survey 

conducted in Lake Clifton indicates that the salinity increase has likely coincided with 

changes in the composition of microbial communities that inhabit microbialites, 
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including a reduction in abundance of the cyanobacteria species Scytonema, which was 

considered a critical driver of biologically-induced aragonite precipitation in early Lake 

Clifton studies (Moore, 1987; Smith et al., 2010).  

Lake Hayward, a nearby lake also located within the Clifton-Preston Lakeland 

System, may provide an analogue for the processes currently occurring in Lake Clifton. 

In 1987, salinity in Lake Hayward increased to 260 g/L and gypsum precipitated in the 

lake following an unusually hot and dry year. Gypsum precipitation increased lake water 

turbidity and prevented sunlight from reaching photosynthetic microbial communities on 

the lakebed, which altered the microbial community composition and decreased 

photosynthesis in the lake (Burke and Knott, 1997). Although Lake Clifton salinity is 

much less than 260 g/L, the lake is just below the point of gypsum precipitation during 

the summer and additional concentration of lake water is likely to result in gypsum 

precipitation.  

The results presented in this study and the scenario presented by Lake Hayward 

suggest that microbialite development in Lake Clifton is critically threatened. At present, 

microbial mats are found growing on microbialites in only a limited area of the lake and 

it is unknown if these mats are lithifying (Chapter 3). Recent studies of the microbiomes 

of worldwide microbialite communities indicate that microbial community composition 

is not as strong a predictor of lithification as the combined community metabolism 

(Casaburi et al., 2016). Thus, although the composition of microbialite-associated 

communities has changed, it is still possible that lithification is occurring if the 

metabolisms required to induce carbonate precipitation are present. Continued monitoring 

of water chemistry in lake water, groundwater, and the mixing zone will be critical to 

assessing the processes controlling further chemical evolution of these waters and to 

determining how future changes influence microbialite development and/or diagenesis. 
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Figure 2.11. Meteoric water line. The stable isotope compositions of all waters in the 

modern dataset are presented with unpublished data from 1991-1992. The 

gray line shows the Perth Local Meteoric Water Line (Hughes and 

Crawford, 2012) and the dashed line is a linear regression fit through the 

1991-1992 dataset.  

2.7 CONCLUSIONS 

This paper has examined the chemistry of lake water, porewater, and deep 

groundwater in Lake Clifton, Western Australia to determine the processes controlling 

modern lake water composition and delineate potential causes for changes in lake water 

chemistry associated with approximately 20 years of progressive increase in lake water 

salinity. The main findings are: 
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1. Total dissolved solid measurements indicate that the salinity increase in Lake 

Clifton has continued and has perhaps accelerated. The salinity increase also 

extends to Boundary Lake, which demonstrates that the processes controlling 

the salinity increase are not isolated to Lake Clifton and may also extend to 

other lakes within the Clifton-Preston Lakeland system. Evaporative 

concentration is especially pronounced during the hot and dry summer 

months. The seasonal variability in lake water chemistry observed prior to the 

salinity increase still occurs in modern lake water but the variations in lake 

water chemistry have been magnified as shown by seasonal TDS 

concentrations ranging from 58.6 – 95.9 g/L in the northern lake basin and by 

the large north-south salinity gradient (92.4 – 179.9 g/L in February 2014) 

between the northern and southern lake basins. 

2. Modern lake water has been concentrated approximately six-fold since the 

early 1990’s. The progressive increase in salinity has resulted in gypsum 

precipitation during the summer months in the southern lake basin and 

evaporative modeling shows that summer lake water in the northern lake basin 

(92.4 – 95.9 g/L in February 2014) is just below the point of gypsum 

precipitation, which is predicted to occur at 101 g/L TDS. 

3. Forward modeling of evaporation using hyposaline lake water from the early 

1990s as the starting water composition show that evaporation is an important 

factor controlling modern lake water composition. However, evaporation does 

not explain all of changes in lake water chemistry from the early 1990’s to 

2014 and there are additional sources or reduced sinks or Ca, Mg, Sr, and SO4 

in modern lake water. 
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4. Porewaters in shallow (< 1 m) sediments around the lake margin are well 

defined mixtures of lake water and deep groundwater, with most ions 

behaving conservatively with respect to mixing. HCO3 and Si concentrations 

are exceptions to this trend and are mostly enriched in porewaters with respect 

to mixing. These enrichments are likely related to oxidation of organic matter 

and diatom dissolution in the shallow sediments. Major ion chemistry shows 

no evidence of dissolution or precipitation of aragonite or Mg-silicate in 

porewaters sampled from microbialites. 

5. The basic processes controlling the composition of modern lake water are 

groundwater input and seasonal evaporation. Groundwater is recharged by 

rainfall infiltration through the porous surficial sands and has similar Na/Cl 

proportions to seawater, suggesting rainfall is derived from marine sources, as 

has been suggested previously. Groundwater has equilibrated with minerals in 

the aquifer and is rich in Ca, HCO3, and Si. Lake water ratios of Ca/Cl and 

Sr/Cl are lower than in groundwater and suggest aragonite has precipitated 

from lake water. 

6. The changes in lake water chemistry not attributed to evaporation may be 

caused by reduced microbial activity in the water column or in microbial mats 

on the lakebed, compared to the early 1990’s. The stable isotope composition 

of modern groundwater compared to the early 1990’s suggests a change in the 

composition of source groundwater. Porewater data from the western 

lakeshore also support mixing with water of higher salinity than lake water.  

 

The geochemistry of Lake Clifton has changed significantly since studies 

conducted in the 1980’s and early 1990’s. Evaporation has been an important driver of 
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these changes but the chemical data presented here indicates additional contributing 

factors include: changes in source groundwater composition, mixing, mineral 

precipitation, and potentially a reduction in biological activity in the lake compared to the 

early 1990’s. At present, there is no evidence for dissolution or diagenesis in porewaters 

sampled from microbialites in the lake. However, the increase in salinity, which is 

ongoing, will likely continue to modify the composition of microbial communities in the 

lake. 
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Chapter 3: Characterization of microbial mat microbiomes in the 

modern thrombolite ecosystem of Lake Clifton, Western Australia using 

whole shotgun metagenomics 

3.1 SUMMARY 

Microbialite-forming communities interact with the environment and influence 

the precipitation of calcium carbonate through their metabolic activity. The functional 

genes associated with metabolic processes and environmental interactions in these 

systems are therefore critical to microbialite formation. The microbiomes associated with 

microbialite-forming ecosystems are just now being elucidated and the extent of shared 

pathways and taxa across different environments is not fully known. This study profiled 

the microbiome of microbial communities associated with lacustrine thrombolites located 

in Lake Clifton, Western Australia using metagenomic sequencing. The microbiomes of 

thrombolite-associated mats and non-lithifying mats growing on neighboring sediments 

were compared to determine how differences in taxonomy and function between the two 

mats types may contribute to thrombolite formation. Thrombolite build-ups were 

examined for isotope biosignatures recording the dominant microbial metabolisms 

driving calcium carbonate precipitation. Results indicated that the microbial community 

associated with the Lake Clifton thrombolites was predominantly bacterial (98.4 %) with 

Proteobacteria, Cyanobacteria, Bacteroidetes and Actinobacteria comprising the majority 

of annotated reads. Thrombolite-associated mats were enriched in photoautotrophic taxa 

and functional genes associated with photosynthesis. Observed δ13C values of 

thrombolite CaCO3 were higher by at least 3.5 ‰ compared to theoretical values in 

equilibrium lake water DIC, which is consistent with the occurrence of photoautotrophic 

activity in thrombolite-associated microbial mats.  In contrast, the microbiomes of 

microbial communities found on the sandy lakebed sediments of Lake Clifton 
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represented distinct microbial communities that varied in taxa and functional capability 

and were enriched in heterotrophic taxa compared to the thrombolite-associated mats. 

This study provides new insight into the taxa and functional capabilities that differentiate 

potentially lithifying mats from other non-lithifying types and suggest that thrombolites 

are actively accreting and growing in limited areas of Lake Clifton. 

3.2 INTRODUCTION 

Microbialites are carbonate buildups that form through the interactions between 

microbial communities and their local environment (Burne and Moore, 1987). First 

appearing in the Archean (Grotzinger and Knoll, 1999), microbialites were one of the 

dominant ecosystems on Earth for more than 3 billion years until they declined in the 

Ordovician (Kennard and James, 1986). Modern analogues of these ancient ecosystems 

are rare compared to their abundance in the fossil record but have been found in a wide 

range of habitats including hypersaline (e.g., Arp et al., 1998) and freshwater lakes (e.g., 

Laval et al., 2000) as well as marine environments (e.g., Logan, 1961; Dravis, 1983). 

Microbialites can be classified based on their internal microfabrics and include the well-

studied laminated stromatolites (e.g., Reid et al., 2000) and less well known thrombolites, 

which are composed of unlaminated calcium carbonate mesoclots and cavities filled with 

detrital sediments (Kennard and James, 1986). Currently, there are relatively few known 

sites of actively growing thrombolites. The most well known are the marine thrombolites 

of Highborne Cay, The Bahamas (Myshrall et al., 2010; Mobberley et al., 2012; 

Mobberley et al., 2013; Mobberley et al., 2015) and the lacustrine thrombolites of Lake 

Clifton, Western Australia (Moore, 1987; Moore and Burne, 1994; Smith et al., 2010). 

Lake Clifton, in particular, serves as an important model system for the formation and 

growth of thrombolites because changes to lake water chemistry over the past 20 years, 
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including increases in salinity and nitrogen concentrations, have potentially altered the 

dominant microbial communities in the system and restricted thrombolite formation 

(Chapter 2; Gleeson et al., 2016). 

The recent changes in lake water chemistry observed in Lake Clifton present a 

unique opportunity to understand how microbialite-forming ecosystems respond and 

adapt to environmental changes and to understand how those changes in community 

composition potentially influence mat lithification. There are several key microbial 

metabolisms that influence the net carbonate precipitation and dissolution in microbialites 

including photosynthesis, heterotrophy, sulfate reduction, sulfide oxidation, and 

exopolymeric substance production (Dupraz and Visscher, 2005; Visscher and Stolz, 

2005; Dupraz et al., 2009). Recently through metagenomic and metatranscriptomic 

analyses the genes and taxa associated with these key pathways have started to be 

delineated in modern microbialites (Breitbart et al., 2009; Khodadad and Foster, 2012; 

Mobberley et al., 2013; Mobberley et al., 2015; Ruvindy et al., 2015; Saghaï et al., 2015; 

Casaburi et al., 2016; White III et al., 2016). These advances have increased 

understanding of the functional capability of microbialite-forming ecosystems and 

suggest that microbialites share key pathways associated with carbonate precipitation 

regardless of environmental habitat and that the pathways are more critical for 

microbialite development than a particular taxonomic composition (Casaburi et al., 

2016). 

Although these prior molecular studies have begun to characterize microbialite-

forming communities in marine and hypersaline environments, there is very little 

information regarding the microbiomes (i.e., taxa and functional genes) of thrombolite-

associated communities in Lake Clifton. One recent study on Lake Clifton targeted the 

16S rRNA gene and revealed that the dominant bacterial phyla associated with 
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thrombolite samples were Proteobacteria, Bacteroidetes, and Firmicutes (Gleeson et al., 

2016). These results differ from studies conducted more than 20 years ago in which the 

phylum Cyanobacteria, in particular Scytonema, were the dominant taxa in the 

communities and considered critical drivers of calcification in Lake Clifton thrombolites 

(Moore, 1987). Recent microscopy-based studies have suggested that the composition of 

microbial communities in Lake Clifton has been fundamentally altered over the timespan 

of the observed lake water salinity increase (Smith et al., 2010). These studies have been 

critical to determining whether microbial communities are changing in response to the 

multi-decadal increase in salinity and potential eutrophication of the lake. However, 

microbial communities in Lake Clifton may also be altered by seasonal changes in lake 

water salinity and chemistry.  

Lake Clifton is highly seasonal, with large variations in lake water salinity 

correlating to lake level changes of up to 1 m annually, as the balance between water 

inputs and evaporative outputs shifts throughout the year (Moore, 1987; Rosen et al., 

1996). The thrombolites forming in this dynamic environment span well over 6 km of 

shoreline along which thrombolite size and morphology varies (Moore and Burne, 1994). 

It is unclear how microbial communities have adapted to increasing salinity across these 

large spatial gradients. Characterization of microbial communities from multiple 

locations and sampling times is thus essential to assess spatial and seasonal variability 

and fully evaluate the current potential, if any, for mat lithification. Additionally, these 

past studies on Lake Clifton have only focused on microbial diversity and not assessed 

the functional gene capability of the microbial mats that are associated with the 

thrombolites in the lake, which may help elucidate lithification potential. 

In this study, we characterized the taxonomic composition and functional gene 

complexity of microbial mats across a 13 km transect along the eastern foreshore of Lake 
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Clifton. Building upon previous work, the primary objectives of this study were to (1) 

compare the functional gene capability of thrombolite-associated microbial mats in the 

lake to adjacent non-lithifying microbial mats to help elucidate controls on carbonate 

lithification potential and (2) extend knowledge of microbial community composition and 

function in Lake Clifton to summer months, when lake water level is lowest and salinity 

is highest, and to a larger spatial area of the lake. Results provide new information 

regarding the current composition of microbial mat communities in Lake Clifton and 

serve as a baseline for future work examining the effect of the continued salinity increase 

in the lake. Additionally, by targeting a lacustrine site that has experienced distinctive 

environmental shifts over the past few decades these results expand the current 

understanding of the modern microbialite microbiome to help identify those core 

pathways and metabolisms essential for microbialite formation. 

3.3 MATERIALS AND METHODS 

3.3.1 Sample collection 

Microbial mat samples were collected in February 2014 under license number 

SF009605 from the Western Australia Department of Parks and Wildlife. Samples were 

collected in triplicate using a Harris 8.0 mm Uni-Core sampler (Ted Pella, Inc., Redding, 

CA, USA) and immediately immersed and stored in RNAlater until processing (Life 

Technologies, Inc., Grand Island, NY, USA).  

3.3.2 DNA extraction and sequencing 

Genomic DNA was extracted from microbial mat samples using a modified 

xanthogenate bead beating method as described previously (Foster et al., 2009; Khodadad 

and Foster, 2012). Each sampling replicate was homogenized and underwent multiple 

extractions (between 2 – 5 extractions per replicate) to accumulate enough high quality 
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DNA for sequencing. The recovered DNA was then pooled into a single sample 

representing each mat type. DNA was sequenced on an Illumina HiSeq2000 (100-bp 

paired-end reads) platform at MR DNA (Shallowater, TX). 

3.3.3 Taxonomic and functional annotation of metagenomes 

Metagenomic sequences were quality filtered and trimmed using sickle version 

1.33 (Joshi and Fass, 2011) following default usage for paired-end reads. Trimmed 

sequences were annotated using MetaCV version 0.230 (Liu et al., 2013) with a reference 

database of 2,059 genomes and 6,553,878 genes provided by MetaCV. MetaCV classifies 

reads into taxonomic and functional groups using a composition-based approach. 

Correlation scores are determined for each read according to the confidence of the 

classification by MetaCV. Reads having a correlation score of less than 20 were 

discarded following the recommendation of MetaCV developers (Liu et al., 2013) for 100 

bp read lengths and following cutoff values used in similar studies (Deusch et al., 2014). 

MetaCV generates summaries of taxonomic classifications to the deepest reachable rank 

and multiple functional classifications, including KEGG, COG, and eggNOG databases 

(Kanehisa and Goto, 2000; Tatusov et al., 2003; Muller et al., 2010). This analysis 

focused on KEGG orthology classifications. Taxonomic data were plotted using Krona 

(Ondov et al., 2011) and for visualization purposes only the most abundant taxa (>0.5%) 

are shown. 

3.3.4 Visualization and statistical analyses 

Exploratory and differential abundance analyses were performed in R 3.2.2 and 

MEGAN 5.10.5 (Huson et al., 2011). Briefly, raw counts were normalized to the 

minimum library size and Bray-Curtis distances were plotted as Principal Coordinate 

Analysis (PCoA) in MEGAN. Agglomerative clustering analyses were performed with 
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Bray-Curtis distances as input and the UPGMA clustering method specified (Bray and 

Curtis, 1957). The statistical significance of diversity analyses was assessed by 

PERMANOVA using the adonis function in the vegan R package (Oksanen et al., 2015). 

Statistically significant differences in non-normalized taxonomic and functional 

classifications among thrombolite- and sediment-associated microbial mats were 

identified using negative binomial Wald tests as implemented in DESeq2 (Love et al., 

2014). Raw p-values were corrected for multiple testing using the Benjamini-Hochberg 

adjustment and adjusted p-values < 0.05 were considered to indicate differentially 

abundant classifications between thrombolite- and sediment-associated microbial mats. 

3.3.5 Stable isotope measurements 

Vertical core samples were collected from two thrombolites using a serrated 4 cm 

diameter stainless steel corer and used to measure δ13C values of calcium carbonate in the 

thrombolites. Thrombolite material was subsampled from each core in 5 cm intervals 

from 0 to 40 cm depth. Each sample was ground into a powder using a mortar and pestle 

and reacted with hydrogen peroxide (30 %) to remove organic material. Approximately 

400 μg of each subsample was transferred into septum-capped Labco® exetainer vials, 

which were then capped and flushed with ultra-high purity helium. Phosphoric acid (103 

%) was then injected to liberate CO2, which was analyzed using a Thermo Scientific 

GasBench II coupled to a Thermo Scientific MAT 253 Stable Isotope Ratio Mass 

Spectrometer operating in continuous flow mode (Spötl and Vennemann, 2003). NBS-18 

and NBS-19 calcite standards were analyzed alongside unknowns. The external 

reproducibility of an internal laboratory calcite standard measuring 4.44 ‰ was ± 0.01 ‰ 

(1σ).  



 56 

Water samples were collected from Lake Clifton and from private wells located 

inland of the lake for measurement of dissolved inorganic carbonate (DIC) δ13C values. 

The temperature of water samples was measured during sample collection. Water 

samples were filtered to 0.22 μm into serum bottles without headspace and crimp-sealed 

with butyl rubber septum stoppers. In the laboratory, one-milliliter aliquots were 

transferred from sample bottles to septum-capped exetainers previously flushed with He. 

Phosphoric acid (103 %) was added to drive DIC into the headspace as CO2.  This 

acidification was allowed to proceed for 12 h at 40 °C after which 13C values of 

headspace CO2 were measured using a Thermo Scientific GasBench II coupled to a 

Thermo Scientific MAT 253 Stable Isotope Ratio Mass Spectrometer operating in 

continuous flow mode (Assayag et al., 2006). A sodium bicarbonate internal laboratory 

standard that was dissolved in deionized water was analyzed alongside unknowns. The 

13C value of the internal laboratory standard was calibrated against NBS-18 and NBS-19 

calcite standards and measured -19.44 ‰. The external reproducibility of replicate 

analyses of the laboratory standard was ± 0.03 ‰ (1σ). Stable carbon isotope data 

reported in permil (‰) were normalized to the PDB scale by assigning NBS-19 a 13C 

value of 1.95 ‰ (Coplen, 1996).  

3.4 RESULTS AND DISCUSSION 

3.4.1 Lake Clifton site description and overview 

Thrombolites have been shown to be located primarily on the eastern foreshore of 

Lake Clifton and occur both as isolated structures (<1.3 m height) and as part of a reef 

complex that spans more than 6 km of the shoreline (Figure 3.1; Moore and Burne, 

1994). To assess the current extent of actively forming thrombolites, if any, in the lake, a 

survey was conducted in February 2014 to identify locations where microbial mats were 
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found growing in association with thrombolite build-ups. Along the eastern and western 

shorelines, the survey extended ~13 km and ~2 km respectively, southward from the 

northern most portion of the lake. Four research sites were chosen that represented the 

end members of the different mat types and growth characteristics observed during the 

survey (Figure 3.1; Table 3.1). For clarity, we define thrombolite-associated mats as 

microbial mats growing on lithified thrombolite structures and sediment-associated mats 

 

 

Figure 3.1. Map of study area and photographs of sampling sites. Thrombolite-associated 

mats were observed and sampled from Sites 1 and 2. Sediment-associated 

mats were observed throughout the lake and sampled from Sites 2, 3, and 4. 

Aerial image from Google Earth using satellite data collected on February 

12, 2014. 
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Sample 

ID 

Type Site SC (mS/cm) 

a 

pH b Description 

LCT14M-

09 

Thrombolite 1 130.2 7.63 • Dark green microbial mat 

growing on small thrombolites (< 

20 cm diameter) 

LCT14M-

12  

Thrombolite 2 121.4 7.54 • Green EPS-rich mat growing on 

thrombolites 

LCT14M-

14  

Thrombolite 2 121.4 7.54 • Desiccated green EPS-rich mat 

growing on thrombolites 

LCT14M-

11  

Sediment 2 121.4 7.54 • Loosely cohesive microbial mat 

growing on sediment 

LCT14M-

22  

Sediment 3 124.8 7.54 • Loosely cohesive microbial mat 

growing on sediment 

LCT14M-

21  

Sediment 4 188.2 7.18 • Cohesive microbial mat 

growing on sediment, gray in 

color 

a. Specific conductance (SC) of lake water at sampling site. For comparison, Indian Ocean SC 

measured 55.82 mS/cm. 

b. pH of lake water at sampling site. 

Table 3.1. Microbial sample collection metadata. 

as microbial mats growing on sandy non-microbialite forming lakebed sediments. 

Thrombolite-associated mats were found only on a ~ 2 km span of the northeastern 

foreshore, which was located between and included Sites 1 and 2 (Figure 3.1). At Site 1,  

dark green-pigmented microbial mats were observed on the surfaces of small (< 15 cm 

diameter) isolated thrombolites (Figure 3.2A). At Site 2, located near the maximum 

extent of the thrombolite reef complex in Lake Clifton, thick green-pigmented microbial 

mats formed on submerged thrombolites (Figure 3.2B). During fieldwork, falling lake 

levels exposed some of these microbial mats to the atmosphere and the mats quickly 

became desiccated (Figure 3.2B). Thrombolite-associated microbial mats at Sites 1 and 2 

were rich in exopolymeric substances (EPS) and bubbles observed emanating from the 

mats (Figure 3.2A inset) were determined to be oxygen using a portable dissolved oxygen 

meter. Thrombolites at Site 3 showed no visual evidence of microbial mat formation but  
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Figure 3.2. Photographs of microbial mats in Lake Clifton, Western Australia. (A) 

Thrombolite-associated microbial mat with oxygen bubbles (inset box 

shows higher magnification) observed emanating from the mat surface. (B) 

Thrombolite-associated microbial mat (white arrow) grades upward into a 

desiccated mat (black arrow). (C) Sediment-associated microbial mat 

forming on sandy lakebed sediments. (D) Sediment-associated microbial 

mat with a strong sulfide smell observed during sampling. Length of blue 

ruler = 16 cm. Arrows are also representative of sampling locations.  

loosely cohesive mats were observed on sandy lakebed sediments (Figure 3.2C). Between 

Sites 3 and 4 the thrombolite reef complex gradually disappears, leaving areas of isolated 

thrombolites (generally < 30 cm diameter) that were also absent of microbial mats. 

Sediment-associated mats at Site 4 were cohesive, gray in color (Figure 3.2D), and a 

strong sulfide smell emanated from the mat during sampling. Thrombolite-associated mat 

samples (3 samples total) were collected from Sites 1 and 2 whereas sediment-associated 

mat samples (3 samples total) were collected from Sites 2, 3, and 4. The restriction of 
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thrombolite-associated mats to Sites 1 and 2 suggests that thrombolites outside this area 

were inactive at the time of sampling. 

3.4.2 Taxonomic composition of thrombolite- and sediment-associated mats 

Metagenomic libraries were generated in triplicate using whole genome shotgun 

sequencing of both Lake Clifton thrombolite- (Sites 1, 2) and sediment-associated (Sites 

2, 3, 4) microbial mats. The complete dataset of six libraries consisted of 71,376,595 

paired-end raw reads of which 2.77 % were discarded during quality filtering. A 

summary of the reads annotated to each taxonomic level and KEGG ortholog group is 

provided in Table A2.1 and estimated species richness is depicted as rarefaction curves in 

Figure A2.1.  

A total of 33 phyla, 54 classes, and 117 orders were recovered from the Lake 

Clifton microbial mat metagenomes and results indicated they were predominantly 

bacterial (> 97.5 %) with a relatively minor proportion of Archaea (< 2.5 %). This result 

is consistent with other studies in which lower diversity and relative abundance of 

Archaea (1.4 %) was observed in Lake Clifton (Gleeson et al., 2016) and Bahamian 

thrombolite-forming mats (Mobberley et al., 2013; Mobberley et al., 2015). This result, 

however, contrasts with weakly lithifying microbial mats from Shark Bay, Western 

Australia, which contain a relatively large proportion of predominantly halophilic 

Archaea (Ruvindy et al., 2015).  

The metagenomes of the thrombolite- and sediment-associated mats in Lake 

Clifton are diverse and exhibit several shared taxa, as depicted in Figure 3.3. Of the 33 

phyla recovered from the Lake Clifton mats there were five that dominated, including: 

Proteobacteria (49.2 – 62.2 %), Cyanobacteria (4.2 – 23.1 %), Bacteroidetes (9.2 – 15.8 

%) and Actinobacteria (4.3 – 9.8 %). The prevalence and relative abundances of these  
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Figure 3.3. Caption on next page. 
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Figure 3.3. Taxonomic composition of thrombolite- and sediment-associated mat 

samples. Krona plot visualizing taxonomic hierarchies of the average 

community composition of (A) thrombolite- and (B) sediment-associated 

microbial mats. Only taxa with relative abundances greater than 0.5 % are 

reported. Taxa are plotted on the same color scale in (A) and (B). 
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phyla in the Lake Clifton microbial mats is consistent with many lithifying and non-

lithifying mat systems including: hypersaline environments of Shark Bay (Ruvindy et al., 

2015; Suosaari et al., 2016); marine waters of Exuma Sound, The Bahamas (Myshrall et 

al., 2010; Khodadad and Foster, 2012; Mobberley et al., 2013; Casaburi et al., 2016) and 

freshwater systems in Mexico (Breitbart et al., 2009; Couradeau et al., 2011; Nitti et al., 

2012; Saghaï et al., 2015). Within the Proteobacteria, the Alphaproteobacteria (34.7 – 

43.5 %) were the most dominant class, whereas Gammaproteobacteria (11.0 – 14.5 %), 

Deltaproteobacteria (5.2 – 10.5 %) and Betaproteobacteria (4.0 – 7.2 %) were also 

represented in the mats. The most abundant Alphaproteobacteria were Rhodobacterales 

(8.8 – 23.7 %), Rhizobiales (5.6 – 12.0 %) and Rhodospirillales (2.6 – 6.2 %) and were 

found in both the thrombolite- and sediment associated microbialites (Figure 3.3). These 

alphaproteobacterial orders are common to most lithifying and non-lithifying microbial 

mats (Kunin et al., 2008; Foster and Green, 2011; Khodadad and Foster, 2012; White III 

et al., 2015; Casaburi et al., 2016; White III et al., 2016). 

Of the five dominant phyla Cyanobacteria were most enriched in thrombolite-

associated mats (9.5 – 23.1 %) compared to the sediment-associated mats (4.6 – 4.7 %). 

The difference in cyanobacterial abundance was attributed to an increase in recovered 

reads associated with the orders Chroococcales (7.6 – 17.3 % thrombolitic mats; 2.9 – 3.5 

% sedimentary mats) and Nostocales (1.2 – 3.9 % thrombolitic mats; 0.69 – 0.74 % 

sedimentary mats). These differences in cyanobacterial abundance were also observed at 

the species-level, as determined by the DESeq2 statistical package in R (Love et al., 

2014). Although the DESeq2 package was originally developed for testing differential 

gene expression across sample groups its statistical framework it is now being applied to 

metagenomic data (McMurdie and Holmes, 2014; Rodriguez-R et al., 2015). Analysis of 

the Lake Clifton metagenomes revealed a total of 1219 taxa annotated to the species-
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level. Of these species, 229 were statistically different between the thrombolite- and 

sediment-associated mats (Wald test, p-value ≤ 0.05). Due to the high number of 

statistically significant results a more stringent set of criteria were used to identify the 

most prominent differences between thrombolite- and sediment-associated microbial mat 

communities: (1) the absolute log2-fold change was greater than 1 (2-fold difference in 

abundance) and (2) the average abundance (baseMean) was > 2000. Filtering by these 

criteria resulted in 39 statistically significant species that were distinct between the two 

mat types (Figure 3.4). Of the species enriched in the thrombolite-associated mats most 

(n = 16) were cyanobacterial, belonging to the orders Chroococcales, Nostocales, 

Gloeobacteriales, and Oscillatoriales (Wald test, p-value < 0.05). These results are 

consistent with the microbiomes of several other lithifying mat systems, as both 

Chroococcales and Nostocales orders are enriched in a wide range of habitats including 

Shark Bay (Suosaari et al., 2016), Exuma Sound, The Bahamas (Khodadad and Foster, 

2012; Mobberley et al., 2013; Casaburi et al., 2016) and the fresh water microbialites of 

Cuatros Ciénegas, Mexico (Breitbart et al., 2009). Although numerous Nostocales were 

recovered from the thrombolite-associated mats, no Scytonema-like species were 

recovered as previously reported in the 1980’s (Moore, 1987). These results could be the 

result of increased salinity, as several hypersaline lithifying mat systems are rich in 

coccoid cyanobacteria (e.g., Suosaari et al., 2016); it could also be due to under-

representation of cyanobacterial genomes in the MetaCV reference database and reflect 

the need to expand current sequencing efforts of cyanobacterial species.  

In contrast, the non-lithifying sediment-associated mats were highly enriched in 

Bacteroidetes (13.0 – 15.8 %) and Deltaproteobacteria (6.6 – 10.5 %) when compared to 

the thrombolite-associated mats (9.2 – 9.8 %; 5.2 – 6.6 %, respectively). Of the 

Bacteroidetes, there was a higher representation of Flavobacteriales (4.1 – 9.0 %) 
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compared to thrombolite-associated mats (2.3 – 2.7 %), specifically an enrichment of two 

species from the genus Cellulophaga and Muricauda ruestringensis, known to be 

associated with marine sediments (Bruns et al., 2001; Pati et al., 2011). Additionally, 

Sphingobacteriales (2.8 – 3.4 %) were enriched in the sediment-forming mats compared 

to those associated with thrombolites (1.2 – 2.7%). High levels of Bacteroidetes have 

been observed in a wide range of habitats, such as hypersaline, marine and freshwater 

microbial mats (e.g., Ley et al., 2006; Wong et al., 2015; Casaburi et al., 2016; White III 

et al., 2016) soils (e.g., Lauber et al., 2009), and the gastrointestinal tract of animals (e.g., 

Thomas et al., 2011). Members of this phylum are known for their ability to uptake and 

degrade a wide range of high molecular weight biopolymers (Kirchman, 2002; Church, 

2008). Within the microbial mats these taxa may be playing a key role in the 

mineralization of high molecular weight organic matter into forms then accessible by 

other members of the microbial mat community. 

Sediment-associated microbial mats were also differentially enriched in 

Deltaproteobacteria, specifically the order Desulfobacterales (1.2 – 4.8 %) compared to 

thrombolite-associated mats (0.4 – 0.9 %). DESeq2 analyses revealed several enriched 

sulfate-reducing bacteria including taxa with high sequence similarity to Desulfobulbus 

propionicus, Desulfotalea psychrophila, Desulfatibacillum alkenivorans, Desulfococcus 

oleovorans, and Desulfobacterium autotrophicum. Sulfate reducing bacteria are major 

contributors to carbon oxidation in both microbial mats and sediments (Canfield and Des 

Marais, 1993) and they are also known for biologically inducing carbonate precipitation 

through the production of alkalinity (Dupraz et al., 2009).  
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Figure 3.4. Selected enriched taxa in thrombolite- and sediment-associated microbial 

mats. A positive log2-fold change indicates taxa significantly enriched 

(Wald test, p < 0.05) in thrombolite-associated mats and a negative log2-

fold change indicates taxa significantly enriched in sediment-associated 

mats. Colors indicate the phylum or class of each data point and lines 

represent standard error. 

3.4.3 Functional capability of thrombolite- and sediment-associated microbial mat 

communities 

The metagenomes recovered from the Lake Clifton microbial mats contained a 

combined 6792 KEGG functions (KEGG level 4), which mapped to 306 KEGG level 3 
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pathways. Metabolisms, such as carbohydrate synthesis, photosynthesis, methane and 

nitrogen metabolism, accounted for 46.5 – 47.9 % of assigned reads, whereas genetic 

information processing (19.9 – 20.9 %) and environmental information processing (10.1 

– 11.1 %) were the next most abundant groupings. Approximately 16 % of the recovered 

reads were unable to be classified using the MetaCV pipeline. Of the 306 level 3 KEGG 

pathways identified in the mats, 63 dominant pathways were identified that occurred at a 

relative abundance greater than 0.5 % and these pathways never varied more than 0.5 % 

between sample metagenomes (Figure A2.2).  

The taxa associated with highly represented genes within the microbial mat 

metagenomes were identified by matching taxonomic information to KEGG level 4 

functions in MetaCV. A heat map correlating the relative abundance of each taxon to the 

specific genes is shown in Figure 3.5. Within the recovered metagenomes the largest 

difference between the thrombolite- and sediment-associated mats were genes attributed 

to photosynthesis, specifically in photosystems I and II (Figure 3.5; Figure A2.3). Most 

of these recovered photosynthesis genes were assigned to the order Chroococcales, and to 

a lesser extent the Nostocales and Oscillatoriales. Additionally, there was a significant 

enrichment of genes associated with photosynthesis antenna production, phycobilisome 

and cyanobacterial tetrapyrrole biosynthesis (chlorophyll, heme, and bilins) in the 

thrombolite-associated mats compared to the sediment-associated mats (Figure 3.5). 

Photosynthesis has been shown to be a major driver of biological-induced carbonate 

precipitation in lithifying microbial mat systems (Dupraz and Visscher, 2005; Dupraz et 

al., 2009) and can directly influence the precipitation potential of calcium carbonate by 

increasing pH and shifting DIC speciation toward carbonate ions (Visscher and Stolz, 

2005; Riding, 2011). Recent sequencing of the metagenomes of several microbialite 
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Figure 3.5. Bacterial taxa associated with selected metabolic pathways. Heatmaps show the relative contribution of each taxon 

to the total number of selected genes for thrombolite- and sediment-associated mats. The most abundant genes 

belonging to photosynthesis, carbohydrate, methane, and sulfur metabolisms are shown for the top 20 taxa in 

either mat types containing the selected genes.
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systems have shown that genes associated with photosynthesis are enriched in microbial 

mats from a diverse range of habitats including freshwater (Breitbart et al., 2009; White 

III et al., 2016), marine (Khodadad and Foster, 2012; Mobberley et al., 2013; Saghaï et 

al., 2015), and hypersaline (Ruvindy et al., 2015) systems. Together, these many studies 

indicate that photosynthesis is a critical metabolism in the microbiome of modern 

microbialite-forming mats.  

Photosynthetic uptake of inorganic carbon can directly influence carbonate 

precipitation by raising the pH of the local environment within the mat. Carbonate 

precipitation is also favored by the export of hydroxyl (OH-) ions outside the cell during 

carbon fixation (i.e., HCO3
- transport into the cell) which increases pH and generates 

alkalinity (Riding, 2011). In the thrombolite-associated mats there was a significant 

increase in the number of represented genes encoding carbon-concentration mechanism 

(CCM) proteins (e.g. ccmK, ccmL, ccmM, ccmO), bicarbonate transporters (e.g. cmpA, 

cmpD) and cyanophycin biosynthesis (e.g. cphA, cphB) compared to the sediment-

forming mats (p < 0.001; Figure 3.5; Figure A2.3, Figure A2.5). Cyanophycin has long 

been known to be an important mechanism for nitrogen storage in cyanobacteria (Obst 

and Steinbüchel, 2006), but recent studies of non-heterocystous cyanobacteria derived 

from stromatolite forming microbial mats of Yellowstone National Park, have shown that 

that cyanophyin plays an important role in carbon storage under low or variable 

carbon:oxygen ratios (Liang et al., 2014). Together, the increased number of genes 

encoding for CCM mechanisms and bicarbonate transporters suggest that the 

thrombolite-associated mats have the necessary machinery to increase the localized pH in 

the mats; thereby promoting the conditions for carbonate precipitation. 

The thrombolite-associated mats also showed an increase in the relative number 

of genes associated with ABC transporters that control Mn2+ uptake into cells (Figure 
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A2.5). Mn is an essential component of photosynthetic machinery and when Mn is 

limiting, the genes manS and manR play an important role in Mn2+ homeostasis (Ogawa 

et al., 2002; Yamaguchi et al., 2002).  Genes associated with Mn2+ homeostasis and 

uptake (mntB, mntC) were enriched in thrombolite-associated mats and were mostly 

assigned to the order Chroococcales. 

Urea transporters (urtABCDE) were also significantly enriched in the thrombolite-

associated mats, primarily in the cyanobacteria Chroococcales (Figure A2.5). In 

microbialite-forming environments, genes associated with urea uptake and metabolism 

have thus far only been identified in freshwater microbialites from Pavilion Lake, Canada 

(White III et al., 2016). Degradation of urea produces carbonate ions, thus increasing 

calcium carbonate precipitation potential, and may therefore be an important metabolism 

contributing to microbialite lithification (Castanier et al., 1999). 

Another highly represented metabolic subsystem in both mat types was 

carbohydrate synthesis, however, the most abundant genes associated with this KO 

grouping were associated with house keeping metabolisms, such as the citric acid cycle, 

Calvin cycle and electron transport mechanisms (Figure 3.5). There were no extensive 

differences observed in the relative abundance of genes associated with the synthesis and 

degradation of sugars, suggesting that these metabolisms are important in both the 

thrombolite- and sediment associated microbial mat communities. However, differences 

did occur in the relative abundances of the taxa associated with these metabolisms 

(Figure 3.5). In the thrombolite-associated mats the cyanobacterial order Chroococcales 

and alphaproteobacterial orders Rhizobiales, and Rhodobacterales had the highest 

representation of genes associated with carbohydrate synthesis and degradation, whereas 

there was an enrichment of Rhodobacterales in the sediment-associated mats (Figure 3.5).  

Future studies of the Lake Clifton system would require analysis of the expression or 
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activity of these genes (e.g. RNA- and Ribo-seq) to elucidate differences between the two 

mat types. A previous study comparing lithifying and non-lithifying mats showed a 

propensity of lithifying mats to utilize hexose sugars (e.g. mannose, galactose) and 

dicarboxylic acids compared to non-lithifying mats (Khodadad and Foster, 2012), which 

may facilitate the heterotrophic degradation of exopolymeric substances (EPS) in 

lithifying microbial mats and induce carbonate precipitation by releasing Ca2+ from the 

EPS.  

Although sulfur metabolism was not highly represented in any of the Lake Clifton 

mat metagenomes and composed only ~0.4 % of annotated reads, both mats harbored 

genes associated with both sulfur assimilation and dissimilation. However, there was a 

significant increase in the representation of dissimilatory sulfate reduction genes 

including genes for, adenylyl-sulfate reductase (aprB) and dissimilatory sulfite reductase 

(dsrA) in the sediment-associated mats (p ≤ 0.001; Figure 3.5), which is consistent with 

the observation of a sulfide smell during sampling of these mats. These dissimilatory 

sulfate reduction genes were attributed to the Deltaproteobacteria. The disproportional 

increase in sulfate reducing bacteria and dissimilatory sulfate reduction in the sediment-

associated mats could be related to slower diffusion of oxygen into the sediment-

associated mats compared to the thrombolite-associated mats. Alternatively, the 

difference may reflect the particle size of the sediments, as nutrient uptake has been 

shown to be higher in those environments with smaller particle size (Fukui and Takii, 

1996). 

Another major category of genes represented within both Lake Clifton mat types 

was environmental response and processing genes, primarily associated with ABC 

transporters and two-component signaling systems (Figure A2.4 – A2.5). Genes 

associated with osmotic stress (envZ, ompR) and nutrient limitation (phosphate, phoR, 



 72 

phoB, phoP; nitrogen, glnL, glnG, ntrY, ntrX) were highly represented within both mat 

types, although there were distinct differences in the taxa associated with these genes 

(Figure A2.4). For example, in the phosphate transport genes there was an enrichment of 

genes associated with the cyanobacteria, primarily the Chroococcales, in the thrombolite-

associated mats, whereas in the sediment-associated mats the phosphate transport genes 

were primarily associated with the alphaproteobacterial orders Rhodobacteriales and 

Rhizobiales (Figure A2.5).  

Within two-component systems, genes from the OmpR family associated with 

high-intensity light and nutrient stress were significantly enriched in the thrombolite-

associated mats (Figure A2.5). For example, the enriched genes nblS and nblR have been 

shown to regulate photosynthetic machinery in response to high-intensity light and 

nutrient stress conditions and are critical for cyanobacterial survival during light and 

nutrient stress (Schwarz and Grossman, 1998; van Waasbergen et al., 2002).  

In addition to profiling the specific functional pathways, a beta diversity analysis 

of the six metagenomes was conducted using hierarchical clustering and Principal 

Coordinate Analysis (PCoA) of Bray-Curtis distance matrices (Figure 3.6). The 

comparisons revealed that the thrombolite- and sediment-associated mats are distinctive 

communities at both the taxonomic (p = 0.001; R2 = 0.50, adonis) and functional level (p 

= 0.001; R2 = 0.67, adonis; Figure 3.6). The type of microbial mat accounted for 50% of 

the taxonomic variation and 67% of functional gene differences between these two 

distinct communities (KO groups; Figure 3.6). Together, these results suggest that the 

microbial mats associated with the thrombolites are significantly different from those 

mats growing on the surrounding lake bed sediments. 

The variations observed in taxonomic composition and functional capability may 

reflect differences in micro-distribution and substrate availability between the two mat 
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Figure 3.6. Beta diversity analyses of species level taxonomic data and level 4 KEGG 

functional data. Both hierarchical clustering (A, C) and Principle 

Coordinates Analysis (PCoA; B, D) of Bray-Curtis distance matrices 

suggest that samples group according to mat type based on taxonomic and 

functional content. PERMANOVA (adonis) indicates that grouping of 

samples according to mat type accounts for 50 % (B, p = 0.001) of the 

variation in Bray-Curtis distances based on species level taxonomic data and 

67 % (C, p = 0.001) of variation based on level 4 KEGG functions. 

types. The nutrient flux to microbial mats growing in Lake Clifton is controlled partly by 

heterogeneities in groundwater flow patterns beneath thrombolites and sand-sized 

sediments adjacent to the thrombolites. Hydrologic observations made at Site 2, 

conducted concurrently with microbial sampling reported in this study, showed that 

groundwater springs emerge directly through thrombolites (Chapter 4). Spring water 
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upwelling through the thrombolites was of much lower salinity compared to adjacent 

sediments at similar elevations and the large groundwater flow rate through the springs 

resulted in phosphorus fluxes several orders of magnitude higher in the thrombolites than 

sediments next to the thrombolites (Chapter 4). The differences in the salinity of the local 

microbial mat environments could be driving differences in the taxonomic distribution, as 

similar trends have been seen in stromatolite ecosystems (Casaburi et al., 2016; Suosaari 

et al., 2016). 

3.4.4 Correlating metabolic activity to biologically induced CaCO3 precipitation 

The stable isotope composition of calcium carbonate can record biosignatures of 

the metabolic processes that induce carbonate precipitation (Burne and Moore, 1987; 

Léveillé et al., 2007; Breitbart et al., 2009; Brady et al., 2010). To assess potential 

metabolic influences on carbonate precipitation in Lake Clifton, the carbon isotope 

composition of thrombolite calcium carbonate (aragonite) samples was measured and 

compared to theoretical values in equilibrium with the HCO3
- in the lake water. 

Theoretical δ13CCaCO3 values for aragonite precipitating in equilibrium with HCO3
- 

were calculated using the aragonite–HCO3
- fractionation factor reported by Romanek et 

al. (1992). Values of 13CHCO3- were calculated from measured δ13CDIC values by 

speciating DIC according to temperature and pH and then applying mass balance 

constraints assuming carbon isotope equilibrium among DIC species (Deines et al., 1974; 

Mook et al., 1974). In the carbon isotope system, equilibrium fractionation (over the 

temperature range 10 – 40 °C) results in aragonite δ13C values that are on average 2.7 ‰ 

higher than bicarbonate δ13C values (Romanek et al., 1992). Therefore, the maximum 

calculated δ13CHCO3- value was used to estimate the maximum possible equilibrium 

δ13CCaCO3 value. The δ13CDIC values of lake water and groundwater samples ranged from -
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4.30 to 1.55 ‰ and -13.35 to -7.97 ‰, respectively. The highest 13CHCO3- value was 

calculated from the maximum measured δ13CDIC value of 1.55 ‰ and resulted in a 

maximum theoretical equilibrium δ13CCaCO3 value of 5.49 ‰. The lowest δ13CCaCO3 value 

measured in thrombolite core samples was 9.02‰ (range 9.02 to 12.31 ‰, 1σ = 0.99 ‰, 

n = 18). Observed carbonate δ13C values are therefore 3.5 to 6.8 ‰ higher than the 

maximum theoretical equilibrium δ13CCaCO3 value (Figure 3.7). Groundwater and 

carbonate δ13C values reported in this study are consistent with previously reported Lake 

Clifton values ranging from -11.7 to -11.8 ‰ (groundwater) and 4.57 to 10.56 ‰ 

(CaCO3), whereas the lake water δ13C values observed in this study are elevated 

compared to previous measurements of -7.0 and -7.3 ‰ (Moore and Burne, 1994).   

 

 

Figure 3.7. Photosynthetic biosignatures in thrombolitic mats and thrombolite cores. A. 

Observed carbonate δ13CCaCO3 values (blue box) are higher than the 

maximum theoretical equilibrium δ13CCaCO3 value (red box). The maximum 

theoretical equilibrium δ13CCaCO3 value was calculated from the highest 

observed δ13CDIC value (yellow box) measured among groundwater and lake 

water samples. 
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Measured δ13CCaCO3 values from Lake Clifton thrombolite cores are markedly 

higher than theoretical equilibrium δ13CCaCO3 values, which suggest a photosynthetic 

influence on calcium carbonate precipitation. Preferential uptake of 12C by photosynthetic 

microorganisms may leave the local DIC reservoir enriched in 13C if the rate of DIC 

supply to the local reservoir is exceeded by the rate of photosynthetic uptake. Carbonate 

precipitated within this microenvironment (i.e., the microbial mats) would therefore be 

enriched compared to bulk δ13CDIC measurements from the lake or groundwater. These 

results are consistent with previous isotope-based interpretations of photosynthetic 

biosignatures in Lake Clifton thrombolites (Moore and Burne, 1994) but expand on 

previous work by comparing measured results to theoretical equilibrium values and 

accounting for DIC speciation during data analysis.  

Photosynthetic activity has also been inferred as the explanation for δ13CCaCO3 

values elevated by 4 to 5 ‰ in freshwater microbialites from Kelly Lake (Ferris et al., 

1997) and by 1 to 4 ‰ in freshwater microbialites from Pavilion Lake (Brady et al., 

2010), compared to bulk δ13CDIC  values. Alternative explanations for δ13CCaCO3 values 

higher than expected for equilibrium with ambient water include preferential uptake of 

12C by methanogens, which would also result in a 13C-enriched local DIC reservoir. 

However, the current observations of oxygen bubbles emanating from the mats, along 

with high relative abundances of cyanobacteria and photosynthetic machinery, are 

consistent with photosynthetic activity as a primary driver in the carbonate precipitation 

in Lake Clifton thrombolites. 

3.5 CURRENT STATUS OF LAKE CLIFTON THROMBOLITES 

Total dissolved solids (TDS) in Lake Clifton measured 15 – 32 g/L before a 

progressive increase in salinity began in the mid to late 1990’s (Moore, 1987; Rosen et 
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al., 1996; Knott et al., 2003; Smith et al., 2010). The first studies describing the 

thrombolites were conducted prior to the salinity increase and the documentation of 

microbialites forming in a hyposaline environment was a significant advance in 

understanding the broad range of environments in which microbialites can form (Moore 

et al., 1983; Moore, 1987; Moore, 1991; Moore and Burne, 1994). However, recent TDS 

concentrations in the lake range from 59 g/L during the winter (2012), when the lake is 

more dilute, up to 92 g/L during the summer (2014), when evaporative concentration 

occurs (Chapter 2; Warden et al., 2013). The rapid change to the Lake Clifton 

environment suggests that this threatened ecosystem may represent a critical site to 

monitor how lithifying microbial ecosystems respond to both natural and anthropogenic 

perturbations in the environment. 

Despite these dramatic ecological changes to the Lake Clifton system over the 

past few decades, the metagenomic evidence of this study suggests that currently, 

thrombolite-associated mats harbor genes associated with several key metabolisms 

known to facilitate biological-induced carbonate mineralization, such as oxygenic and 

anoxygenic photosynthesis, dissimilatory sulfate reduction and exopolymeric substance 

production (Dupraz et al., 2009). Additionally, the enrichments of genes associated with 

photosynthesis, CCM, and bicarbonate transport in mats associated with the thrombolites 

coupled with stable isotopic data suggest that Lake Clifton thrombolites have the 

potential to alter their alkaline microenvironment in certain areas within the lake, despite 

the changes in environmental conditions. The metagenomic results support previous 

studies that have shown cyanobacteria to be key drivers of calcification in Lake Clifton 

microbialites (Moore, 1987; Moore, 1991), although these studies identified, through 

microscopic analyses, that primarily filamentous cyanobacteria (e.g. Scytonema sp.) 

dominated these systems (Moore and Burne, 1994). Results also suggest there has been a 
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dramatic shift in the cyanobacterial populations towards coccoid, non-heterocystous 

forming taxa primarily from the order Chroococcales, compared to earlier studies in the 

lake. Similar distributions have been seen in microbialites of hypersaline environments, 

such as Hamelin Pool in Shark Bay, Western Australia (Suosaari et al., 2016) and in 

marine systems such as Little Darby Island, The Bahamas (Casaburi et al., 2016). 

However, it should be acknowledged that the current data base of reference genomes are 

skewed towards model organisms, such as coccoid Cyanothece spp., Synechococcus spp., 

and Prochlorococcus spp. as well as heterocystous-forming Nostoc spp. and Anabaena 

spp., and this shift in taxa may partially reflect the lack of diversity in sequenced 

cyanobacterial genomes. 

Although the results presented here suggest extensive taxonomic shifts in the 

thrombolite-associated mats compared to prior studies, recent microbiome studies of 

microbialite ecosystems targeting other environmental systems have shown that 

taxonomic composition is not as critical to inducing carbonate precipitation as the overall 

metabolic capabilities of the system (Zhang et al., 2015; Casaburi et al., 2016). 

Additionally, the presence of genes associated with osmotic stress in both thrombolite- 

and sediment-associated mats suggest that Lake Clifton microbial community is adapting 

to the higher salinity observed in the lake. These differences could also reflect the 

seasonal variations in water levels as lithifying mat systems have been shown to rapidly 

shift in microbial composition due to changes in salinity and nutrient levels (Dupraz et 

al., 2013).  

As Lake Clifton represents one of few known thrombolite-forming ecosystems, it 

is imperative to continue monitoring this at-risk environment. Observations in February 

and March 2014 suggest that thrombolite-associated microbial mats are primarily limited 
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to the northeastern foreshore of Lake Clifton and that thrombolites outside of this area are 

mostly inactive.  
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Chapter 4: Self-organization in modern thrombolitic microbialites via 

groundwater flow feedbacks 

4.1 ABSTRACT 

Modern microbialites occur in a variety of shallow aquatic environments and are 

often spatially located with zones of groundwater discharge. Groundwater discharge in 

such environments is commonly heterogeneous, with spatial variations in discharge rates 

and chemical composition. This study shows that groundwater flowpaths converge 

beneath and through individual thrombolites in hypersaline Lake Clifton, Western 

Australia. Springs emerge directly from thrombolites, flowing upward through an 

interconnected network of conduits within the thrombolite structure. Upward advection 

of deeper and fresher groundwater through the springs reduces salinity and high vertical 

groundwater flow rates increase nutrient fluxes for microbial mats growing on the 

thrombolites, which currently form in an osmotically stressful and oligotrophic 

environment. Feedbacks between groundwater flow, microbial growth, and lithification 

of a permeable fabric cause self-organization of these thrombolites. As thrombolites 

grow, accretion of a permeable internal fabric maintains preferential spring flow. 

Favorable growth conditions are thus sustained for microbial communities by convection 

of groundwater and nutrients through the thrombolites. Microbialites are some of the 

oldest organosedimentary structures indicating life on Earth. If this model of thrombolite 

formation applies broadly, then fossil thrombolites are perhaps the oldest evidence of 

microbial communities that enhance their own survival through the creation of 

microbially-induced structures. 



 81 

4.2 INTRODUCTION 

Microbialites are formed by a combination of clastic sedimentation, mineral 

precipitation, and upward growth of microbial mats (Burne and Moore, 1987) 

(Grotzinger and Knoll, 1999). Ubiquitous in the rock record, modern examples are less 

common but occur in shallow seawater (e.g. Reid et al., 2000), freshwater (e.g. Laval et 

al., 2000) and saltwater lakes (e.g. Kempe et al., 1991), as well as streams (e.g Bissett et 

al., 2008). There are at least 38 reported occurrences where groundwater is associated 

with microbialite formation, typically through a spatial or geochemical relationship 

(Table A3.1). These locales encompass a range of environments including lacustrine, 

shallow marine, hot spring, wetland, and seafloor settings. Whereas the occurrence of 

microbialites in groundwater discharge zones is well documented, ’local’ groundwater 

flow within and surrounding microbialites is poorly understood. For clarity and when 

used in a hydrological context, the term ‘local’ is used in this paper to describe length 

scales of a meter or less. 

Lake Clifton, Western Australia is an ideal location to study the association 

between groundwater input and microbialite development. The occurrence of 

thrombolites in Lake Clifton in zones of groundwater discharge is well-documented and 

high groundwater seepage rates have been measured in locations where thrombolites 

have been excavated (Moore, 1987). This paper expands on this previous work by 

quantitatively documenting for the first time the groundwater and nutrient fluxes that can 

contribute to thrombolite growth, using measurements made directly within individual 

thrombolites. Knowledge of how nutrients and other ions are delivered to microbial mats 

in thrombolite-forming ecosystems is critical to understanding thrombolite development 

and for interpreting environmental conditions necessary for thrombolite growth in the 

rock record.  
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4.3 LAKE CLIFTON 

The salt content of Lake Clifton varies seasonally and has evolved from 

hyposaline to hypersaline since the 1990’s. From 1972 to 1992, total dissolved solids 

(TDS) in the lake measured 14 – 32 ‰ (Williams and Buckney, 1976; Moore, 1987; 

Rosen et al., 1996). An increase in TDS was observed beginning in the late 1990’s when 

values of 25 – 49 ‰ were reported (Knott et al., 2003) and more recent measurements of 

43 – 48 ‰ (2006) (Smith et al., 2010) and 56 – 74 ‰ (2011-2012) (Warden et al., 2013) 

indicate the lake is becoming increasingly concentrated. Previous work suggests this 

increase coincides with a reduction in the abundance of microorganisms considered 

important for thrombolite development in Lake Clifton (Smith et al., 2010). However, 

observations of microbial mats growing on submerged thrombolites consistent in 

morphology with recently lithified microbial mats (Figure A3.1) suggest that some 

thrombolites in the lake are actively lithifying. These mats were restricted to an area from 

approximately 200 m south to 500 m north of my research site (32°44.07’S, 

115°39.05’E) on the eastern foreshore. Thrombolites occur as isolated structures rising up 

to 1.3 m above the lakebed and a reef extending over 6 km along the eastern shoreline of 

the lake (Moore and Burne, 1994). The internal structure is highly porous and consists of 

stevensite and aragonite mesoclots interspersed among cavities filled with detrital 

sediment (Burne et al., 2014).  

4.4 METHODS 

The physical and chemical characteristics of fluid exchange through thrombolites 

and intervening sandy sediments were determined using thermal infrared imagery, 

subsurface temperature monitoring, and porewater chemical measurements. A 7 m long 

transect (Figure A3.2) was studied using piezometers installed in sandy sediments 

between thrombolite structures and piezometers installed directly into thrombolites; this 
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transect represents a ~700 m stretch along the northeastern foreshore where microbial 

mats are growing on thrombolites. Temperature-depth profiles were measured in 

piezometers and logged at 5 minute intervals. The resulting diurnal temperature patterns 

(Figures A3.3 – A3.4) were processed using the VFLUX computer program (Gordon et 

al., 2012) to determine the rate and direction of vertical water flow. TDS and phosphate 

concentrations were measured in porewaters sampled from thrombolites and intervening 

sandy sediments. Thrombolite porosity and permeability was examined using x-ray 

computed tomography (CT) of a thrombolite sample ~ 22 cm in height and ~ 29 cm wide. 

Expanded methods are available in appendix A3. 

4.5 RESULTS AND DISCUSSION 

Thermal infrared imaging shows groundwater springs discharging into Lake 

Clifton directly through thrombolites, with water temperature differences of up to 5 °C in 

areas of spring discharge compared to lake water (Figure 4.1). The springs emerge 

though small conduit openings (< 1 cm) on the upper face of thrombolites. Vertical water 

fluxes calculated from diurnal temperature patterns also indicate upward groundwater 

flow through thrombolites (Figure 4.2A), with median fluxes in thrombolites of 0.58 m/d 

(T2, 1σ = 0.04 m/d) and 0.43 m/d (T5, 1σ = 0.05 m/d). In contrast, vertical water fluxes 

in sediments adjacent to thrombolites indicate either downward flow of lake water or flux 

near zero, with median fluxes of -0.34 m/d (T1, 1σ = 0.07), -0.0049 m/d (T3, 1σ = 0.02 

m/d), and -0.073 m/d (T4, 1σ = 0.02 m/d). 

Measured porewater TDS in different thrombolites was much lower (27.5 – 44.8 

‰) than lake water TDS (87.7 ‰). TDS variation in porewater depth profiles in the 

thrombolites was generally small, but a slight increase was observed near or below the 

base of thrombolites (Figure 4.2B). The relative constancy of TDS with depth in the 
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thrombolites and substantial contrast with lake water demonstrates advective flow of 

groundwater upward through these thrombolites. The slight increase in TDS near the base 

of the thrombolites suggests mixing with higher TDS waters in this location. Porewater 

TDS in sandy sediments adjacent to thrombolites ranged from 17.3 to 87.2 ‰; highest 

values were measured near the sediment-water interface and in general TDS decreases 

linearly with increasing depth, suggesting solute transport by diffusion. High TDS 

between 7 and 14 cm below the sediment-water interface in piezometer C3 indicates 

downward advection of lake water to a depth of 14 cm, and is consistent with the 

downward flux measured in piezometer T4. 

 

 

Figure 4.1. Thermal infrared imagery indicating upward groundwater flow through a 

thrombolite. Digital photographs are presented in A and B for frame of 

reference. The dashed box in A outlines the area shown in B and C. A: 

Thrombolite submerged in < 10 cm water. B: The top of the thrombolite has 

emerged above the lake surface due to a decrease in lake level. C: Thermal 

infrared data delineate the location of a spring discharging warm 

groundwater into a small pool on the thrombolite surface. Water temperature 

near the conduit opening is 23.8°C compared to lake water temperature of 

18.8°C. Thermistors measured contemporaneous temperatures of 22.1°C at 

7 cm depth within the thrombolite and 18.9°C for lake water. The water 

flows from the pool down the side of the thrombolite and into colder lake 

water, losing heat in the process. 

A conceptual model of the local hydrological setting inferred from temperature 

and TDS distributions is shown in Figure 4.2C. TDS data indicate upward advection of  
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Figure 4.2. Vertical water fluxes, porewater total dissolved solids (TDS), and conceptual 

groundwater flow model. A: Calculated vertical fluxes of water through 

thrombolites (piezometer T2, n = 57; T5, n = 135) and intervening 

sediments (T1, n = 206; T3, n = 295; T4, n = 74) are shown in Tukey-style 

boxplots. The values of n refer to the number of 2 h intervals from which 

flux was calculated in each piezometer over the study duration. B: 

Porewater TDS measured in thrombolites (circles) and sediments (squares) 

is plotted against an arbitrary local datum such that a local elevation of 0 

represents the water surface. Percent lake water was calculated by 

normalizing to lake water TDS. Lake Clifton TDS measured 87.7 ‰. C: 

Conceptual model of groundwater flowpaths inferred from temperature and 

TDS distributions. The blue-red color gradient is a schematic representation 

of porewater TDS; blue denotes brackish porewater whereas red denotes 

briny porewater. 

fresher spring water through thrombolites and diffusion of salts into sediments, consistent 

with (1) upward vertical fluxes observed in thrombolites and (2) very small (piezometer 

C3) or zero downward vertical fluxes recorded in intervening sediments. The 

thrombolites are highly porous and extend above sandy sediments into briny lake water. 

If discharge of fresher groundwater through the thrombolites was not occurring, one 

would expect lake water to permeate the thrombolites and measured porewater TDS 

should be consistent with lake TDS as has been shown in nearby Lake Hayward (Rosen 

et al., 1992). However, the data presented in this study show brackish water within 

thrombolites due to mixing and upward advection of deeper and fresher groundwater. 
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Preferential flow through the thrombolites is consistent with hydraulic conductivity 

estimates from thrombolites that are conservatively an order of magnitude greater than in 

sandy sediments (1.5 x 10-4 m/s and 1.4 x 10-5 m/s respectively, appendix A3). 

CT images show the spatial heterogeneity of porosity and permeability within a 

thrombolite (Figure 4.3), with cavities forming interconnected conduits that likely 

function as preferential pathways for upwelling groundwater. Porosity is higher in the 

center of the thrombolite and vertical permeability is higher than horizontal permeability 

(compare Figure 4.3A and 4.3B). Porewater velocities are therefore likely to be higher in 

the center regions than laterally, which is consistent with thermal infrared data showing 

springs emerging from thrombolite centers (Figure 4.1). Groundwater flow, however, is 

not restricted to the center region and rather permeates the entire thrombolite structure. 

Piezometers that were installed away from thrombolite centers still measured upward 

fluxes and conduits are distributed throughout the thrombolite framework. 

Upwelling of lower TDS (27.5 – 44.8 ‰) groundwater through the permeable 

thrombolite fabric reduces osmotic stress for microbial mats growing on the thrombolites 

in contrast to other, saltier locations in the lake. In sandy sediments surrounding 

thrombolites, porewater flowing downward/diffusing through the sediment surface had 

substantially higher TDS of 80.2 – 87.2 ‰ (at 7 cm sediment depths). A similar TDS 

change (from 90 to 45 ‰), when experimentally-induced in hypersaline lake microbial 

mats, enhanced primary production, demonstrating that osmotic stress is a limiting factor 

in these environments (Pinckney et al., 1995). These observations suggest a mechanism 

by which groundwater flow mediates microbial growth, that is, groundwater flow 

enhances mat productivity by reducing osmotic stress. 
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Figure 4.3. X-ray computed tomography (CT) images of a Lake Clifton thrombolite 

sample. A: Vertical 1 mm thick slice through the thrombolite. The lighter 

areas show mesoclots whereas darker areas show cavities. B: Horizontal 8 

mm thick slice. 

In addition, upwelling groundwater may promote microbial growth by providing 

nutrients such as phosphorus (P) to the microbial mats; microbialites in Cuatro Ciénegas, 

Mexico showed increased rates of both photosynthesis and calcification when grown in  

P-enriched experimental microcosms (Elser et al., 2005). In Lake Clifton, P is limited, 

supplied by groundwater and rapidly consumed by algae in the lake (Rosen et al., 1996). 

P fluxes through shallow sediments (where the water flux is generally downward) are 

thus very small. Using measured porewater phosphate concentrations (Table A3.2), the 

conservatively estimated minimum P flux through the thrombolites is 1.5950 mg PO4-P 
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m-2d-1, which is several orders of magnitude higher than the maximum estimate through 

sandy sediments (0.0008 mg PO4-P m-2d-1). The high P flux through the thrombolites 

occurs because the water flux is large, not because phosphate concentrations are high: the 

maximum porewater phosphate concentration (Table A3.2) observed during this study is 

similar to the lowest concentrations observed in lake water, as reported in 1979 (Moore, 

1993) and 1991-1992 (Rosen et al., 1996). It is therefore unlikely that the P fluxes 

estimated herein are influenced by anthropogenic P contamination of groundwater, which 

has possibly occurred in Lake Clifton over the last decade (Smith et al., 2010). Even if 

measured concentrations reported in this study are higher than pre-development 

concentrations, it is likely that pre-development P fluxes through thrombolites were much 

larger than sediment P fluxes. The thrombolite porewater phosphate concentration 

required for the thrombolite flux to equal the sediment flux is 1.9 x 10-6 mg/L, ~ 2000X 

smaller than observed concentrations. In other words, even if phosphate concentrations 

were very low, the higher groundwater flow rates through the thrombolites would result 

in larger P fluxes compared to sediments. 

Taken together, these observations suggest that groundwater flow facilitates 

thrombolite growth by providing more favorable growth conditions for microbial 

communities. Lithified microbial mats, formed from detrital sediment trapping and 

microbially-induced mineral precipitation, are highly permeable. Groundwater flow is 

maintained by the continued accretion of this permeable fabric and can support the 

growth of new microbial mats. Thus groundwater flow supports growth and growth 

combined with abiotic factors maintains groundwater flow. These feedbacks between 

groundwater flow and microbialite growth meet the definition of a self-organizing 

system. Self-organization occurs in biological systems when higher level patterns emerge 

from lower level feedbacks (Camazine, 2003). The potential for microbialites to behave 
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as self-organizing systems was first suggested by Burne and Moore (1993), who 

hypothesized that feedbacks between microbial communities and depositional 

environments result in self-organized microbialite structures that possess functional 

morphologies optimized for continued growth. The results presented in this study confirm 

this hypothesis and identify groundwater flow feedbacks as critical drivers of self-

organization in thrombolites. 

In Lake Clifton, well-developed karst in the underlying limestone bedrock may 

play a role in developing point sources of focused groundwater discharge, and 

thrombolites have been found growing around such features (Coshell and Rosen, 1994). 

The convergence of groundwater flowpaths beneath microbialites may also be influenced 

by flow-bedform topography interactions that induce local porewater exchange. Flow-

topography interactions occur when surface water currents interact with sediment 

bedforms and create pressure gradients that cause fluid exchange (Thibodeaux and Boyle, 

1987). Microbialites are pronounced bedforms and it is possible and perhaps likely that 

flow-topography interactions induce local porewater exchange. Advective porewater 

upwelling through shrimp (Callianassa truncata) mounds, which, like microbialites, are 

symmetrical sediment bedforms (but with an average height of 4 cm are much smaller 

than the thrombolites studied here), is caused by a low pressure zone near the shrimp 

mound crest (Ziebis et al., 1996). Pressure differences caused by the interaction of 

thrombolite bedforms with surface water currents may factor in to the preferential 

occurrence of microbialites on the northeastern shoreline of Lake Clifton. Predominant 

southwesterly winds in the region (Coshell and Rosen, 1994), would be expected to 

create the largest pressure differentials on the northeastern foreshore, where wind-driven 

waves and currents are highest. 
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The feedbacks between groundwater flow and thrombolite growth described by 

this study exist regardless of whether groundwater flow is derived from point sources or 

topography-driven porewater exchange, and the hydrologically driven self-organization 

model presented herein applies in both cases. Central to the model is the continued 

accumulation of a high permeability framework that maintains groundwater flow to 

microbial communities growing on thrombolites. Whether the permeable fabric is 

produced actively by the microbial community or is the result of passive sedimentation or 

some combination of both processes is an area of active research. 

4.6 CONCLUSIONS AND IMPLICATIONS 

The high observed groundwater flow rates and nutrient fluxes, for groundwater 

upwelling directly through thrombolites, observed in Lake Clifton suggest self-

organization of these structures via groundwater flow feedbacks. There are numerous 

examples of self-organization in modern ecosystems that enable organisms to alleviate 

stress or concentrate resources (Rietkerk and van de Koppel, 2008). For instance, self-

organized systems emerge in soil microenvironments when microbial communities 

increase the porosity and permeability of soil pore structures to allow for increased 

delivery of resources and enhanced microbial activity (Young and Crawford, 2004; 

Crawford et al., 2012). Microbial communities participate in mineral precipitation 

(Dupraz et al., 2009) and dissolution reactions (Ehrlich, 1996) that can also alter 

microenvironment size and connectivity. The origin and early history of such phenomena 

is perhaps best recorded by fossil thrombolites. 
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Chapter 5: Synthesis and recommendations 

Microbialites are formed by interactions between microbial communities, 

sediments, and water. The modern thrombolites of Lake Clifton, Australia are critically 

threatened by changes in lake water chemistry that began in the mid 1990’s. In this 

dissertation, I explored processes contributing to geochemical changes in Lake Clifton, 

the microbiomes of microbial mats in the lake, and the contribution of groundwater 

discharge to thrombolite development in locations where microbial mats are still found 

forming on thrombolites. 

In 2014, thrombolite-associated microbial mats were restricted to a ~ 2 km span 

of the northeastern lake shore. The active area is much smaller than the overall 

distribution of thrombolites in the lake. The restriction of thrombolite-associated mats to 

this area, compared to distributions in the 1980’s and early 1990’s, suggest that multi-

decadal changes in lake water salinity and geochemistry have reduced the overall area in 

the lakes where thrombolites can potentially form. In addition to the influence of multi-

decadal changes in lake water geochemistry on microbial mats in the lake, seasonal 

changes in lake water chemistry are much more pronounced in the modern system, as 

indicated by almost a doubling in the range of seasonal variability of lake water TDS 

concentrations. It is unknown how seasonal variability influences microbial communities 

in the modern system, which suggests a potential avenue of further research. 

The factors controlling the multi-decadal changes in lake water chemistry include 

evaporation and likely a reduction of biological activity in either the water column or in 

microbial mats in the lake. Mixing with waters of different source composition, caused 

by changes in local groundwater hydrology, may also be a contributing factor. Gypsum 

precipitation is a major factor in certain locations, but not in the northern lake basin 
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where thrombolite-associated mats were found. Although gypsum precipitation has not 

yet occurred in the northern lake basin, the lake water in this area is just below gypsum 

saturation in the summer months and gypsum precipitation is expected with further 

evaporative concentration. Gypsum precipitation would cause major changes to Ca and 

SO4 proportions in the lake water with potential negative consequences for microbial 

communities in the lake as was observed in nearby Lake Hayward by Burke and Knott 

(1997). It is critical for management of the ecosystem that groundwater, mixing zone 

water, and lake water chemistry is continually monitored. 

Porewaters in the thrombolites are well-defined mixtures of lake water and 

groundwater, with the exception of HCO3 and Si. Enrichments in HCO3 and Si compared 

to groundwater-lake water mixing are caused by oxidation of organic matter and diatom 

dissolution in the porewater. Conservative behavior of other major ions in thrombolite 

porewaters with respect to groundwater-lake water mixing indicates that diagenesis is not 

occurring and preservation potential is high. However, porewater geochemistry is likely 

to be altered once all organic matter is consumed and future work should explore this 

influence. 

The taxonomic composition of thrombolite-associated mats has been altered over 

the timespan of the observed changes in lake water chemistry. Thrombolite-associated 

mats still harbor the key genes required for biologically-inducing calcium carbonate 

precipitation, which indicates potential for lithification despite the decadal changes in 

lake water geochemistry. Further work is required to determine if lithification is 

occurring in the modern system. The presence of genes associated with osmotic stress in 

microbial mats indicates that microbial communities are adapting to the increasing lake 

water salinity. The microbiomes of thrombolite-associated mats are distinct from other 

microbial mats in the lake, which suggests environmental factors may be controlling 
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differences between the thrombolite-associated mats and other microbial communities in 

the lake.  

Both this work and previous studies in the lake show that groundwater discharge 

is a critical factor to thrombolite development. The results of my dissertation, when 

considered together, highlight the importance of groundwater discharge to thrombolite 

development. It is only where groundwater is found discharging through the thrombolites 

that thrombolite-associated mats occur in the modern system. Groundwater discharging 

through the thrombolites both reduces osmotic stress and increases the flux of nutrients, 

compared to sandy sediments less than 1 m adjacent to the thrombolites, in an 

oligotrophic and osmotically stressful environment. The reductions in osmotic stress and 

increases in nutrient fluxes are likely critical factors controlling the differentiation of 

thrombolite-associated mats from other microbial communities in the lake. 

My results suggest that differences in nutrient delivery are key environmental 

factors differentiating thrombolites and stromatolites. Whereas nutrient availability in 

stromatolites is controlled by diffusion from the water column (Petroff et al., 2010), my 

results show that nutrient availability in thrombolites is controlled by advection of 

groundwater through the permeable thrombolite fabric. Feedbacks between groundwater 

discharge, microbial mat growth, and lithification of a permeable fabric drive self-

organization of thrombolites. Thrombolites are groundwater dependent ecosystems. 

Future work should investigate whether the influence of groundwater discharge on 

thrombolite development is ubiquitous across environments.  
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Appendices 

A1 SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

 
Water 

type Sample type Location ID 

Sample 

date 

Depth 

(cm) 

T 

(°C) pH 

EC 

(mS/cm) 

TDS 

(g/L) 

ρ 

(kg/m3) Cl SO4 HCO3 Br Na Mg Ca K Si Sr 

Brackish Groundwater  06/27/11 bore 20.8 7.03 1.54 1.0 1016 8.7 0.37 5.95 

 

7.4 0.88 3.4 0.1 0.235 0.00696 

Brackish Groundwater  06/27/11 bore 20.8 7.03 1.54 1.0 1016 8.7 0.38 5.88 

 

7.5 0.88 3.4 0.1 0.234 0.00696 

Brackish Groundwater  06/27/11 bore 20.8 7.40 5.26 3.1 1017 40.3 1.26 6.05 
 

38.1 4.02 3.6 0.5 0.204 0.01045 

Brackish Groundwater  02/25/14 bore 21.0 7.12 1.80 1.1 1016 10.1 0.34 6.36 0.013 8.9 0.92 3.1 0.2 0.309 0.00348 

Brackish Groundwater  02/27/14 bore 21.7 7.47 1.82 1.1 1016 11.2 0.38 5.73 0.013 8.9 0.92 3.3 0.1 0.214 0.00696 

Saline Porewater Inactive 02/09/14 50 25.4 6.88 51.4 33.8 1028 541 25.8 5.51 0.836 418 49 15.4 6.7 0.197 0.03754 

Saline Porewater Inactive 02/09/14 71 24.9 7.45 55.2 36.2 1029 568 27.3 5.69 0.876 468 55 16.6 7.6 0.358 0.04229 

Saline Porewater Inactive 02/09/14 51 26.0 7.33 45.2 29.8 1026 460 21.8 5.58 0.706 394 46 14.4 6.2 0.158 0.03512 

Saline Porewater Inactive 02/09/14 49 27.1 7.13 44.9 29.2 1025 455 21.1 6.01 0.705 380 45 14.2 6.1 0.268 0.03509 

Saline Porewater Inactive 02/09/14 35 23.4 6.85 48.3 32.4 1029 503 24.6 5.78 0.772 424 50 15.2 6.6 0.234 0.03874 

Saline Porewater Inactive 02/09/14 21 24.5 6.92 49.0 31.8 1028 490 22.7 5.76 0.682 426 50 15.3 6.9 0.237 0.04105 

Saline Porewater Inactive 02/10/14 43 23.4 7.54 20.4 12.5 1020 187 8.8 6.12 0.268 162 21 8.2 2.3 0.696 0.01862 

Saline Porewater Inactive 02/10/14 14 24.3 7.22 62.2 42.2 1032 667 30.8 6.40 0.930 545 65 19.3 8.5 0.452 0.04949 

Saline Porewater Inactive 02/10/14 7 24.0 7.14 58.0 38.3 1031 588 28.6 6.61 0.852 511 61 17.6 8.3 0.379 0.04942 

Saline Porewater Inactive 02/10/14 12 24.5 7.30 102.4 76.9 1048 1206 59.2 3.74 1.810 1005 123 32.8 16.2 0.348 0.09329 

Saline Porewater Inactive 02/10/14 20 23.8 7.31 104.9 76.6 1048 1157 55.8 3.56 1.758 1071 132 33.7 16.8 0.390 0.09810 

Saline Porewater Inactive 02/11/14 28 25.0 7.03 85.4 59.5 1040 922 44.2 4.76 1.327 797 95 26.1 13.2 0.437 0.07120 

Saline Porewater Inactive 02/11/14 42 25.1 6.90 67.6 46.6 1034 691 32.5 5.15 0.983 670 81 20.8 9.7 0.342 0.06136 

Saline Porewater Inactive 02/12/14 35 28.6 6.72 54.5 31.1 1025 492 23.8 
 

0.731 404 48 14.6 6.4 0.323 0.03859 

Saline Porewater Inactive 02/12/14 21 27.6 6.80 68.2 45.1 1032 708 33.2 

 

1.072 602 72 19.1 9.4 0.489 0.05652 

Saline Porewater Inactive 02/12/14 14 27.3 6.88 64.2 42.5 1031 672 30.7 

 

0.980 562 67 18.6 8.2 0.585 0.05293 

Saline Porewater Inactive 02/12/14 7 28.0 6.86 80.5 53.7 1035 845 41.8 

 

1.192 704 86 22.7 11.2 0.840 0.06735 

Saline Porewater Island (Is) 02/16/14 20 23.1 6.80 106.7 81.7 1051 1295 52.6 4.70 1.631 1104 132 27.1 17.6 0.358 0.08517 

Saline Porewater Active 02/17/14 58 25.1 6.96 27.3 16.8 1020 256 11.8 6.74 0.370 219 27 8.7 4.1 0.305 0.02562 

Saline Porewater Active 02/17/14 62 25.6 6.99 33.0 20.6 1022 318 15.0 6.72 0.435 268 33 10.1 4.1 0.323 0.02916 

Saline Porewater Active 02/17/14 61 25.3 6.91 30.5 18.2 1021 277 12.8 6.66 0.383 239 30 9.5 3.6 0.331 0.02680 

Table A1.1. Sample collection metadata and major ion composition. Concentrations in mmol/L unless noted otherwise. 
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Water 

type Sample type Location ID 

Sample 

date 

Depth 

(cm) 

T 

(°C) pH 

EC 

(mS/cm) 

TDS 

(g/L) 

ρ 

(kg/m3) Cl SO4 HCO3 Br Na Mg Ca K Si Sr 

Saline Porewater Active 02/18/14 35 22.7 6.89 28.7 17.9 1023 277 12.1 6.72 0.384 232 28 9.0 3.6 0.327 0.02451 

Saline Porewater Active 02/18/14 35 23.0 6.93 28.1 17.7 1022 275 12.0 6.82 0.435 227 28 8.7 3.6 0.309 0.02450 

Saline Porewater Active 02/18/14 21 24.6 6.88 94.6 67.4 1044 1055 50.9 4.60 1.384 888 107 28.3 14.6 1.017 0.08457 

Saline Porewater Active 02/18/14 21 25.4 6.78 75.5 51.6 1036 808 36.0 5.50 1.076 686 81 21.9 11.1 1.121 0.06503 

Saline Porewater Active 02/18/14 14 27.1 7.04 119.2 91.3 1053 1422 66.2 2.43 2.003 1232 148 37.7 19.6 0.334 0.11060 

Saline Porewater Active 02/18/14 14 27.0 6.73 93.9 66.8 1042 1027 50.6 5.00 1.330 899 110 30.2 14.4 1.132 0.08918 

Saline Porewater Active 02/18/14 7 30.8 7.19 119.5 91.6 1051 1416 69.4 2.48 2.039 1240 149 38.3 19.8 0.250 0.11270 

Saline Porewater Active 02/18/14 7 29.9 6.76 112.6 84.0 1048 1301 59.3 3.73 1.836 1143 138 36.8 18.3 0.770 0.10640 

Saline Porewater Active 02/18/14 40 25.5 7.18 47.2 31.0 1027 481 21.1 6.14 0.642 413 49 13.5 6.6 0.462 0.03984 

Saline Porewater Active 02/18/14 53 25.5 7.08 43.4 27.0 1025 409 18.6 6.79 0.590 366 44 12.4 5.7 0.484 0.03626 

Saline Porewater Active 02/19/14 7 27.6 6.91 45.6 29.6 1025 459 19.6 6.62 0.641 393 47 13.5 6.3 0.527 0.03859 

Saline Porewater Active 02/19/14 14 27.5 6.72 53.4 34.9 1027 536 25.1 6.09 0.733 471 56 15.7 7.6 0.636 0.04454 

Saline Porewater Active 02/19/14 21 28.1 6.69 64.8 40.7 1029 605 27.7 6.01 0.902 581 70 18.6 9.1 0.749 0.05404 

Saline Porewater Active 02/19/14 35 29.4 6.74 52.2 32.9 1025 497 22.6 6.48 0.731 455 55 15.3 7.3 0.626 0.04328 

Saline Porewater Active 02/19/14 15 29.8 7.08 44.8 28.1 1022 429 19.1 6.20 0.601 382 45 12.8 6.1 0.496 0.03617 

Saline Porewater Active 02/19/14 23 28.3 7.11 46.0 29.5 1024 457 20.3 6.23 0.641 393 46 13.1 6.3 0.508 0.03623 

Saline Porewater Active 02/19/14 31 29.5 7.09 69.0 45.6 1031 708 32.5 5.12 1.045 614 70 18.1 9.9 0.518 0.05293 

Saline Porewater Active 02/19/14 40 28.2 7.05 68.6 46.2 1032 717 33.5 5.38 0.968 619 73 19.1 9.9 0.555 0.05652 

Saline Porewater 

Western 

shoreline 
(W) 02/20/14 67 30.8 6.36 125.4 96.0 1053 1510 64.5 6.80 2.148 1291 166 30.3 19.6 0.637 0.08772 

Saline Porewater 

Shoreline 
near Swan 

Pond outlet 

(SP) 02/20/14 35 25.9 6.81 56.6 36.5 1029 569 24.9 4.65 0.888 493 55 14.0 8.8 0.498 0.04932 

Saline Porewater 

Northern 

shoreline 

(N) 02/23/14 7 28.3 6.74 90.4 62.0 1039 1017 47.4 4.09 1.456 748 91 28.3 11.7 0.477 0.08537 

Saline Porewater 

Northeastern 

shoreline 

(NE) 02/23/14 7 26.9 7.00 99.5 73.3 1045 1169 53.5 4.49 1.674 949 114 29.3 15.6 0.708 0.08705 

Brine 

Surface 

water 

Boundary 

Lake 02/16/14 20 22.5 7.35 175.1 162.7 1090 2572 108.9 3.82 3.491 2217 272 35.9 36.7 

 

0.26490 

Table A1.1, cont. 
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Water 

type Sample type Location ID 

Sample 

date 

Depth 

(cm) 

T 

(°C) pH 

EC 

(mS/cm) 

TDS 

(g/L) 

ρ 

(kg/m3) Cl SO4 HCO3 Br Na Mg Ca K Si Sr 

Brine 
Surface 
water 

Lake 

Clifton, 

southern 
basin 02/25/14 20 24.7 7.18 188.2 179.9 1097 2815 108.7 5.58 3.886 2532 315 39.9 40.3 0.620 0.19040 

Saline 
Surface 
water 

Lake 

Clifton, near 
boardwalk 06/26/11 20 16.2 7.71 97.3 77.5 1053 1200 56.3 3.28 

 

1063 128 29.4 17.1 0.325 0.08776 

Saline 
Surface 
water 

Lake 

Clifton, near 
boardwalk 08/14/12 20 17.9 7.95 78.0 58.6 1044 890 41.0 3.30 

 

825 99 24.6 13.1 0.270 0.06791 

Saline 

Surface 

water 

Lake 

Clifton, near 

boardwalk 08/15/12 20 17.9 7.64 

 

62.2 1045 948 43.9 3.03 

 

873 104 25.5 15.9 0.232 0.06920 

Saline 
Surface 
water 

Lake 

Clifton, near 
boardwalk 08/19/12 20 13.5 7.94 79.7 61.5 1048 956 42.7 3.01 

 

840 100 24.7 13.6 0.216 0.06816 

Saline 
Surface 
water 

Lake 

Clifton, near 
boardwalk 08/19/12 20 17.9 7.99 78.3 60.1 1045 911 39.9 3.05 

 

859 102 25.1 13.8 0.209 0.06795 

Saline 
Surface 
water 

Lake 

Clifton, near 
boardwalk 08/20/12 20 16.0 7.89 77.9 61.9 1047 952 42.5 3.08 

 

864 102 24.5 13.4 0.185 0.06808 

Saline 

Surface 

water 

Lake 

Clifton, 
southern 

basin 08/21/12 20 

 

7.77 55.5 44.8 1033 672 34.1 2.27 

 

630 74 21.6 10.0 0.063 0.05424 

Saline 
Surface 
water 

Harvey 
Estuary 02/15/14 20 27.4 8.26 71.6 51.5 1035 800 44.5 2.15 1.282 677 76 15.2 14.5 

 

0.12400 

Saline 

Surface 

water 

Harvey 

Estuary 02/15/14 20 29.1 7.91 62.3 42.8 1030 668 35.8 2.58 1.211 560 63 12.6 12.0 
 

0.10110 

Saline 

Surface 

water 

Indian 

Ocean 02/15/14 20 25.8 8.11 55.8 37.4 1029 583 31.3 2.55 0.979 490 55 11.0 10.5 
 

0.08928 

Saline 

Surface 

water 

Lake 

Clifton, 

active 02/17/14 20 28.5 7.54 121.4 92.4 1053 1426 69.9 2.62 2.134 1251 150 38.2 20.1 0.107 0.11290 

Saline 
Surface 
water 

Lake 

Clifton, 

western 
shoreline 02/20/14 20 33.3 7.27 124.9 95.7 1051 1485 71.7 2.71 2.302 1289 156 40.6 20.8 0.114 0.11760 

Saline 

Surface 

water 

Lake 

Clifton, 

inactive 02/26/14 20 18.3 7.54 124.8 95.9 1060 1494 72.8 3.06 2.150 1281 154 40.1 20.6 0.130 0.11620 

Table A1.1, cont. 
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Water 

type Sample type Location ID Sample date SO4/Cl HCO3/Cl Na/Cl Mg/Cl Ca/Cl K/Cl Si/Cl Sr/Cl Cl/Br Mg/Ca Sr/Ca SO4/Ca 

Brackish Groundwater  06/27/11 0.043 0.687 0.858 0.101 0.398 0.012 2.71E-02 8.04E-04 

 

0.25 2.02E-03 0.11 

Brackish Groundwater  06/27/11 0.044 0.680 0.868 0.101 0.398 0.012 2.70E-02 8.04E-04 

 

0.25 2.02E-03 0.11 

Brackish Groundwater  06/27/11 0.031 0.150 0.945 0.100 0.088 0.013 5.05E-03 2.59E-04 
 

1.13 2.94E-03 0.35 

Brackish Groundwater  02/25/14 0.034 0.630 0.885 0.091 0.309 0.018 3.06E-02 3.45E-04 793 0.29 1.12E-03 0.11 

Brackish Groundwater  02/27/14 0.034 0.511 0.797 0.082 0.292 0.012 1.91E-02 6.21E-04 881 0.28 2.13E-03 0.12 

Saline Porewater Inactive 02/09/14 0.048 0.010 0.773 0.091 0.028 0.012 3.65E-04 6.94E-05 647 3.21 2.44E-03 1.68 

Saline Porewater Inactive 02/09/14 0.048 0.010 0.824 0.097 0.029 0.013 6.31E-04 7.45E-05 648 3.33 2.54E-03 1.64 

Saline Porewater Inactive 02/09/14 0.047 0.012 0.857 0.101 0.031 0.013 3.43E-04 7.63E-05 652 3.23 2.45E-03 1.52 

Saline Porewater Inactive 02/09/14 0.046 0.013 0.835 0.098 0.031 0.013 5.90E-04 7.72E-05 645 3.16 2.47E-03 1.49 

Saline Porewater Inactive 02/09/14 0.049 0.012 0.844 0.099 0.030 0.013 4.66E-04 7.71E-05 651 3.27 2.54E-03 1.62 

Saline Porewater Inactive 02/09/14 0.046 0.012 0.870 0.102 0.031 0.014 4.83E-04 8.38E-05 719 3.27 2.68E-03 1.48 

Saline Porewater Inactive 02/10/14 0.047 0.033 0.869 0.110 0.044 0.012 3.73E-03 9.97E-05 697 2.51 2.27E-03 1.08 

Saline Porewater Inactive 02/10/14 0.046 0.010 0.818 0.098 0.029 0.013 6.78E-04 7.43E-05 716 3.37 2.57E-03 1.60 

Saline Porewater Inactive 02/10/14 0.049 0.011 0.869 0.104 0.030 0.014 6.44E-04 8.40E-05 691 3.46 2.80E-03 1.62 

Saline Porewater Inactive 02/10/14 0.049 0.003 0.833 0.102 0.027 0.013 2.89E-04 7.74E-05 666 3.74 2.85E-03 1.81 

Saline Porewater Inactive 02/10/14 0.048 0.003 0.926 0.114 0.029 0.015 3.37E-04 8.48E-05 658 3.90 2.91E-03 1.66 

Saline Porewater Inactive 02/11/14 0.048 0.005 0.864 0.103 0.028 0.014 4.75E-04 7.72E-05 695 3.64 2.73E-03 1.69 

Saline Porewater Inactive 02/11/14 0.047 0.007 0.970 0.117 0.030 0.014 4.96E-04 8.88E-05 703 3.90 2.95E-03 1.56 

Saline Porewater Inactive 02/12/14 0.048 

 

0.821 0.098 0.030 0.013 6.57E-04 7.85E-05 673 3.29 2.64E-03 1.63 

Saline Porewater Inactive 02/12/14 0.047 

 

0.850 0.102 0.027 0.013 6.91E-04 7.98E-05 661 3.78 2.97E-03 1.74 

Saline Porewater Inactive 02/12/14 0.046 

 

0.837 0.099 0.028 0.012 8.72E-04 7.88E-05 685 3.59 2.85E-03 1.65 

Saline Porewater Inactive 02/12/14 0.049 

 

0.834 0.102 0.027 0.013 9.94E-04 7.97E-05 709 3.79 2.97E-03 1.84 

Saline Porewater Island (Is) 02/16/14 0.041 0.004 0.853 0.102 0.021 0.014 2.77E-04 6.58E-05 794 4.88 3.14E-03 1.94 

Saline Porewater Active 02/17/14 0.046 0.026 0.857 0.106 0.034 0.016 1.19E-03 1.00E-04 691 3.11 2.93E-03 1.35 

Saline Porewater Active 02/17/14 0.047 0.021 0.843 0.104 0.032 0.013 1.02E-03 9.18E-05 730 3.29 2.90E-03 1.49 

Saline Porewater Active 02/17/14 0.046 0.024 0.864 0.107 0.034 0.013 1.20E-03 9.69E-05 722 3.12 2.83E-03 1.36 

Saline Porewater Active 02/18/14 0.044 0.024 0.838 0.101 0.032 0.013 1.18E-03 8.86E-05 721 3.12 2.73E-03 1.35 

Saline Porewater Active 02/18/14 0.044 0.025 0.826 0.101 0.032 0.013 1.13E-03 8.92E-05 632 3.16 2.80E-03 1.37 

Saline Porewater Active 02/18/14 0.048 0.004 0.842 0.101 0.027 0.014 9.64E-04 8.02E-05 762 3.78 2.99E-03 1.80 

Saline Porewater Active 02/18/14 0.045 0.007 0.849 0.100 0.027 0.014 1.39E-03 8.05E-05 751 3.69 2.97E-03 1.64 

Saline Porewater Active 02/18/14 0.047 0.002 0.866 0.104 0.027 0.014 2.35E-04 7.78E-05 710 3.91 2.93E-03 1.76 

Table A1.2. Molar ratios. 
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Water 

type Sample type Location ID Sample date SO4/Cl HCO3/Cl Na/Cl Mg/Cl Ca/Cl K/Cl Si/Cl Sr/Cl Cl/Br Mg/Ca Sr/Ca SO4/Ca 

Saline Porewater Active 02/18/14 0.049 0.005 0.875 0.107 0.029 0.014 1.10E-03 8.68E-05 772 3.65 2.95E-03 1.68 

Saline Porewater Active 02/18/14 0.049 0.002 0.876 0.105 0.027 0.014 1.77E-04 7.96E-05 694 3.90 2.94E-03 1.81 

Saline Porewater Active 02/18/14 0.046 0.003 0.879 0.106 0.028 0.014 5.92E-04 8.18E-05 709 3.73 2.89E-03 1.61 

Saline Porewater Active 02/18/14 0.044 0.013 0.859 0.102 0.028 0.014 9.61E-04 8.29E-05 748 3.65 2.96E-03 1.57 

Saline Porewater Active 02/18/14 0.045 0.017 0.895 0.107 0.030 0.014 1.18E-03 8.86E-05 694 3.52 2.92E-03 1.49 

Saline Porewater Active 02/19/14 0.043 0.014 0.857 0.103 0.029 0.014 1.15E-03 8.41E-05 716 3.50 2.85E-03 1.45 

Saline Porewater Active 02/19/14 0.047 0.011 0.878 0.105 0.029 0.014 1.19E-03 8.31E-05 731 3.60 2.84E-03 1.61 

Saline Porewater Active 02/19/14 0.046 0.010 0.960 0.115 0.031 0.015 1.24E-03 8.93E-05 671 3.73 2.90E-03 1.48 

Saline Porewater Active 02/19/14 0.046 0.013 0.915 0.110 0.031 0.015 1.26E-03 8.70E-05 680 3.57 2.83E-03 1.48 

Saline Porewater Active 02/19/14 0.045 0.014 0.891 0.106 0.030 0.014 1.16E-03 8.44E-05 713 3.54 2.83E-03 1.49 

Saline Porewater Active 02/19/14 0.044 0.014 0.858 0.101 0.029 0.014 1.11E-03 7.92E-05 714 3.52 2.77E-03 1.56 

Saline Porewater Active 02/19/14 0.046 0.007 0.868 0.099 0.026 0.014 7.32E-04 7.48E-05 677 3.88 2.93E-03 1.80 

Saline Porewater Active 02/19/14 0.047 0.008 0.864 0.101 0.027 0.014 7.74E-04 7.88E-05 740 3.79 2.95E-03 1.75 

Saline Porewater 

Western 

shoreline (W) 02/20/14 0.043 0.005 0.855 0.110 0.020 0.013 4.22E-04 5.81E-05 703 5.47 2.89E-03 2.13 

Saline Porewater 

Shoreline near 

Swan Pond outlet 

(SP) 02/20/14 0.044 0.008 0.867 0.096 0.025 0.015 8.75E-04 8.67E-05 640 3.92 3.53E-03 1.78 

Saline Porewater 

Northern 

shoreline (N) 02/23/14 0.047 0.004 0.735 0.089 0.028 0.012 4.69E-04 8.39E-05 698 3.21 3.02E-03 1.68 

Saline Porewater 
Northeastern 
shoreline (NE) 02/23/14 0.046 0.004 0.812 0.097 0.025 0.013 6.06E-04 7.45E-05 698 3.88 2.98E-03 1.83 

Brine Surface water Boundary Lake 02/16/14 0.042 0.001 0.862 0.106 0.014 0.014 

 

1.03E-04 737 7.58 7.38E-03 3.03 

Brine Surface water 

Lake Clifton, 

southern basin 02/25/14 0.039 0.002 0.899 0.112 0.014 0.014 2.20E-04 6.76E-05 724 7.89 4.77E-03 2.72 

Saline Surface water 

Lake Clifton, 

near boardwalk 06/26/11 0.047 0.003 0.886 0.107 0.024 0.014 2.71E-04 7.31E-05 

 

4.36 2.99E-03 1.91 

Saline Surface water 
Lake Clifton, 
near boardwalk 08/14/12 0.046 0.004 0.927 0.111 0.028 0.015 3.03E-04 7.63E-05 

 

4.03 2.76E-03 1.67 

Saline Surface water 

Lake Clifton, 

near boardwalk 08/15/12 0.046 0.003 0.922 0.110 0.027 0.017 2.44E-04 7.30E-05 
 

4.10 2.72E-03 1.72 

Saline Surface water 

Lake Clifton, 

near boardwalk 08/19/12 0.045 0.003 0.879 0.105 0.026 0.014 2.26E-04 7.13E-05 

 

4.07 2.76E-03 1.73 

Saline Surface water 
Lake Clifton, 
near boardwalk 08/19/12 0.044 0.003 0.943 0.112 0.028 0.015 2.30E-04 7.46E-05 

 

4.06 2.71E-03 1.59 

Table A1.2, cont. 
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Water 

type Sample type Location ID Sample date SO4/Cl HCO3/Cl Na/Cl Mg/Cl Ca/Cl K/Cl Si/Cl Sr/Cl Cl/Br Mg/Ca Sr/Ca SO4/Ca 

Saline Surface water 
Lake Clifton, 
near boardwalk 08/20/12 0.045 0.003 0.907 0.107 0.026 0.014 1.95E-04 7.15E-05 

 

4.15 2.78E-03 1.73 

Saline Surface water 

Lake Clifton, 

southern basin 08/21/12 0.051 0.003 0.937 0.111 0.032 0.015 9.43E-05 8.07E-05 
 

3.45 2.52E-03 1.58 

Saline Surface water Harvey Estuary 02/15/14 0.056 0.003 0.846 0.095 0.019 0.018 

 

1.55E-04 624 5.04 8.18E-03 2.94 

Saline Surface water Harvey Estuary 02/15/14 0.054 0.004 0.838 0.094 0.019 0.018 

 

1.51E-04 552 5.00 8.02E-03 2.84 

Saline Surface water Indian Ocean 02/15/14 0.054 0.004 0.840 0.095 0.019 0.018 

 

1.53E-04 596 5.02 8.12E-03 2.84 

Saline Surface water 

Lake Clifton, 

active 02/17/14 0.049 0.002 0.877 0.105 0.027 0.014 7.53E-05 7.92E-05 668 3.93 2.95E-03 1.83 

Saline Surface water 

Lake Clifton, 

western shoreline 02/20/14 0.048 0.002 0.868 0.105 0.027 0.014 7.66E-05 7.92E-05 645 3.83 2.90E-03 1.77 

Saline Surface water 
Lake Clifton, 
inactive 02/26/14 0.049 0.002 0.857 0.103 0.027 0.014 8.73E-05 7.78E-05 695 3.85 2.90E-03 1.82 

Table A1.2, cont. 
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Water type Sample ID Sample type Location ID Sample date δ18O (‰) δD (‰) δ13C (‰) 

Brackish LCT11-020 Groundwater  06/27/11 -4.16 -23.87 -11.27 

Brackish LCT11-021 Groundwater  06/27/11 -4.24 -23.15 -11.13 

Brackish LCT11-022 Groundwater  06/27/11 -3.90 -23.20 -10.69 

Brackish LCT14-262 Groundwater  02/25/14 -4.03 -21.54 -13.35 

Brackish LCT14-264 Groundwater  02/27/14 -3.87 -20.37 -12.79 

Saline LCT14-202 Porewater Inactive 02/09/14 -0.55 -1.92 -10.14 

Saline LCT14-203 Porewater Inactive 02/09/14 -0.51 -5.17 -9.40 

Saline LCT14-204 Porewater Inactive 02/09/14 -0.90 -8.12 -10.49 

Saline LCT14-205 Porewater Inactive 02/09/14 -1.18 -9.54 -10.30 

Saline LCT14-206 Porewater Inactive 02/09/14 -0.38 -7.09 -10.81 

Saline LCT14-207 Porewater Inactive 02/09/14 -0.62 -6.87 -10.47 

Saline LCT14-208 Porewater Inactive 02/10/14 -2.15 -11.31 -10.85 

Saline LCT14-209 Porewater Inactive 02/10/14 0.25 -2.11 -10.89 

Saline LCT14-210 Porewater Inactive 02/10/14 -0.09 0.29 -10.56 

Saline LCT14-211 Porewater Inactive 02/10/14 3.54 14.68 -8.08 

Saline LCT14-212 Porewater Inactive 02/10/14 3.89 16.81 -7.92 

Saline LCT14-215 Porewater Inactive 02/11/14 2.52 12.55 -9.66 

Saline LCT14-216 Porewater Inactive 02/11/14 1.01 2.89 -10.26 

Saline LCT14-217 Porewater Inactive 02/12/14 -0.88 
 

-10.93 

Saline LCT14-218 Porewater Inactive 02/12/14 -0.03 

 

-9.92 

Saline LCT14-219 Porewater Inactive 02/12/14 -0.04 

 

-10.35 

Saline LCT14-220 Porewater Inactive 02/12/14 0.90 

 

-9.75 

Saline LCT14-227 Porewater Island (Is) 02/16/14 2.34 6.99 -7.57 

Saline LCT14-229 Porewater Active 02/17/14 -1.35 -8.27 -10.95 

Saline LCT14-230 Porewater Active 02/17/14 -0.76 -4.27 -10.66 

Saline LCT14-231 Porewater Active 02/17/14 -0.80 -7.45 -10.77 

Saline LCT14-232 Porewater Active 02/18/14 -1.26 -3.97 -10.63 

Table A1.3. Stable isotope data 
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Water type Sample ID Sample type Location ID Sample date δ18O (‰) δD (‰) δ13C (‰) 

Saline LCT14-233 Porewater Active 02/18/14 -1.08 -5.27 -10.79 

Saline LCT14-234 Porewater Active 02/18/14 3.58 17.77 -7.66 

Saline LCT14-235 Porewater Active 02/18/14 1.78 9.78 -8.59 

Saline LCT14-236 Porewater Active 02/18/14 5.47 26.92 -6.68 

Saline LCT14-237 Porewater Active 02/18/14 3.40 15.90 -7.31 

Saline LCT14-238 Porewater Active 02/18/14 5.70 26.53 -6.17 

Saline LCT14-239 Porewater Active 02/18/14 5.54 27.85 -7.25 

Saline LCT14-240 Porewater Active 02/18/14 0.16 1.97 -10.41 

Saline LCT14-241 Porewater Active 02/18/14 -0.22 -0.97 -10.46 

Saline LCT14-242 Porewater Active 02/19/14 -0.14 -0.39 -10.31 

Saline LCT14-243 Porewater Active 02/19/14 0.55 2.98 -10.22 

Saline LCT14-244 Porewater Active 02/19/14 1.11 5.98 -9.78 

Saline LCT14-245 Porewater Active 02/19/14 0.11 2.08 -10.26 

Saline LCT14-246 Porewater Active 02/19/14 -0.13 1.32 -9.97 

Saline LCT14-247 Porewater Active 02/19/14 0.07 0.99 -10.37 

Saline LCT14-248 Porewater Active 02/19/14 1.53 11.68 -9.03 

Saline LCT14-249 Porewater Active 02/19/14 1.29 8.70 -9.48 

Saline LCT14-254 Porewater Western shoreline (W) 02/20/14 2.96 12.55 -1.57 

Saline LCT14-255 Porewater Shoreline near Swan Pond outlet (SP) 02/20/14 0.32 3.43 -9.89 

Saline LCT14-256 Porewater Northern shoreline (N) 02/23/14 2.66 13.43 -9.00 

Saline LCT14-257 Porewater Northeastern shoreline (NE) 02/23/14 3.53 18.71 -3.57 

Brine LCT14-225 Surface water Boundary Lake 02/16/14 7.37 31.09 0.70 

Brine LCT14-259 Surface water Lake Clifton, southern basin 02/25/14 6.66 26.84 1.55 

Saline LCT11-001 Surface water Lake Clifton, near boardwalk 06/26/11 1.58 2.01 1.45 

Saline LCT12-106 Surface water Lake Clifton, near boardwalk 08/14/12 0.64 3.90 -2.07 

Saline LCT12-115 Surface water Lake Clifton, near boardwalk 08/15/12 0.78 -2.65 -0.41 

Saline LCT12-117 Surface water Lake Clifton, near boardwalk 08/19/12 0.70 4.14 -1.36 

Saline LCT12-123 Surface water Lake Clifton, near boardwalk 08/19/12 -0.29 1.10 -2.07 

Saline LCT12-130 Surface water Lake Clifton, near boardwalk 08/20/12 0.70 4.19 -1.55 

Table A1.3, cont. 
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Water type Sample ID Sample type Location ID Sample date δ18O (‰) δD (‰) δ13C (‰) 

Saline LCT12-137 Surface water Lake Clifton, southern basin 08/21/12 -0.30 0.09 -5.90 

Saline LCT14-221 Surface water Harvey Estuary 02/15/14 4.23 21.58 -7.28 

Saline LCT14-222 Surface water Harvey Estuary 02/15/14 2.16 8.57 -2.95 

Saline LCT14-223 Surface water Indian Ocean 02/15/14 0.73 1.10 -0.95 

Saline LCT14-228 Surface water Lake Clifton, active 02/17/14 6.12 29.35 -3.02 

Saline LCT14-253 Surface water Lake Clifton, western shoreline 02/20/14 6.07 31.58 -3.03 

Saline LCT14-263 Surface water Lake Clifton, inactive 02/26/14 6.24 29.83 -4.30 

Table A1.3, cont. 
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Water type Sample ID Sample type Location ID Sample date Anhydrite Aragonite Calcite Dolomite Gypsum Halite Magnesite 

Brackish LCT11-020 Groundwater  06/27/11 -2.11 -0.24 -0.05 -0.48 -1.87 -5.88 -1.26 

Brackish LCT11-021 Groundwater  06/27/11 -2.10 -0.24 -0.05 -0.49 -1.86 -5.88 -1.27 

Brackish LCT11-022 Groundwater  06/27/11 -1.83 0.03 0.22 0.70 -1.60 -4.56 -0.35 

Brackish LCT14-262 Groundwater  02/25/14 -2.19 -0.15 0.04 -0.24 -1.96 -5.74 -1.11 

Brackish LCT14-264 Groundwater  02/27/14 -2.13 0.21 0.40 0.47 -1.90 -5.70 -0.76 

Saline LCT14-202 Porewater Inactive 02/09/14 -0.68 -0.28 -0.10 0.62 -0.49 -2.56 -0.12 

Saline LCT14-203 Porewater Inactive 02/09/14 -0.66 0.35 0.53 1.89 -0.47 -2.49 0.52 

Saline LCT14-204 Porewater Inactive 02/09/14 -0.75 0.18 0.37 1.56 -0.56 -2.65 0.34 

Saline LCT14-205 Porewater Inactive 02/09/14 -0.74 0.02 0.21 1.24 -0.57 -2.67 0.18 

Saline LCT14-206 Porewater Inactive 02/09/14 -0.71 -0.35 -0.16 0.48 -0.51 -2.58 -0.20 

Saline LCT14-207 Porewater Inactive 02/09/14 -0.74 -0.25 -0.07 0.68 -0.54 -2.59 -0.10 

Saline LCT14-208 Porewater Inactive 02/10/14 -1.09 0.31 0.50 1.65 -0.88 -3.37 0.32 

Saline LCT14-209 Porewater Inactive 02/10/14 -0.60 0.20 0.39 1.60 -0.41 -2.36 0.37 

Saline LCT14-210 Porewater Inactive 02/10/14 -0.65 0.08 0.27 1.36 -0.45 -2.44 0.26 

Saline LCT14-211 Porewater Inactive 02/10/14 -0.28 0.24 0.43 1.77 -0.11 -1.82 0.49 

Saline LCT14-212 Porewater Inactive 02/10/14 -0.32 0.20 0.38 1.68 -0.14 -1.81 0.45 

Saline LCT14-215 Porewater Inactive 02/11/14 -0.45 -0.03 0.16 1.20 -0.26 -2.06 0.20 

Saline LCT14-216 Porewater Inactive 02/11/14 -0.60 -0.26 -0.07 0.76 -0.42 -2.25 -0.01 

Saline LCT14-217 Porewater Inactive 02/12/14 -0.70 
   

-0.54 -2.61 
 Saline LCT14-218 Porewater Inactive 02/12/14 -0.58 

   
-0.41 -2.29 

 Saline LCT14-219 Porewater Inactive 02/12/14 -0.60 

   
-0.44 -2.34 

 Saline LCT14-220 Porewater Inactive 02/12/14 -0.46 

   
-0.30 -2.15 

 Saline LCT14-227 Porewater Island (Is) 02/16/14 -0.43 -0.29 -0.11 0.79 -0.25 -1.74 0.06 

Saline LCT14-229 Porewater Active 02/17/14 -1.03 -0.27 -0.08 0.61 -0.83 -3.13 -0.15 

Saline LCT14-230 Porewater Active 02/17/14 -0.93 -0.20 -0.02 0.78 -0.74 -2.96 -0.05 

Saline LCT14-231 Porewater Active 02/17/14 -0.98 -0.31 -0.12 0.54 -0.79 -3.06 -0.18 

Saline LCT14-232 Porewater Active 02/18/14 -1.03 -0.38 -0.19 0.37 -0.82 -3.07 -0.28 

Saline LCT14-233 Porewater Active 02/18/14 -1.04 -0.33 -0.14 0.47 -0.83 -3.08 -0.22 

Saline LCT14-234 Porewater Active 02/18/14 -0.37 -0.18 0.01 0.92 -0.19 -1.94 0.07 

Table A1.4. Calculated saturation indices. 
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Water type Sample ID Sample type Location ID Sample date Anhydrite Aragonite Calcite Dolomite Gypsum Halite Magnesite 

Saline LCT14-235 Porewater Active 02/18/14 -0.54 -0.31 -0.12 0.65 -0.36 -2.18 -0.07 

Saline LCT14-236 Porewater Active 02/18/14 -0.19 -0.12 0.07 1.10 -0.05 -1.65 0.18 

Saline LCT14-237 Porewater Active 02/18/14 -0.33 -0.26 -0.08 0.75 -0.18 -1.95 -0.01 

Saline LCT14-238 Porewater Active 02/18/14 -0.13 0.10 0.28 1.56 -0.03 -1.65 0.43 

Saline LCT14-239 Porewater Active 02/18/14 -0.21 -0.22 -0.04 0.89 -0.09 -1.73 0.07 

Saline LCT14-240 Porewater Active 02/18/14 -0.80 0.03 0.21 1.29 -0.61 -2.61 0.24 

Saline LCT14-241 Porewater Active 02/18/14 -0.85 -0.06 0.13 1.10 -0.66 -2.73 0.13 

Saline LCT14-242 Porewater Active 02/19/14 -0.80 -0.20 -0.01 0.85 -0.63 -2.65 0.01 

Saline LCT14-243 Porewater Active 02/19/14 -0.69 -0.42 -0.23 0.42 -0.53 -2.51 -0.20 

Saline LCT14-244 Porewater Active 02/19/14 -0.64 -0.42 -0.23 0.45 -0.48 -2.37 -0.17 

Saline LCT14-245 Porewater Active 02/19/14 -0.72 -0.35 -0.17 0.56 -0.57 -2.56 -0.12 

Saline LCT14-246 Porewater Active 02/19/14 -0.80 -0.03 0.15 1.20 -0.65 -2.69 0.20 

Saline LCT14-247 Porewater Active 02/19/14 -0.79 -0.01 0.18 1.24 -0.63 -2.65 0.21 

Saline LCT14-248 Porewater Active 02/19/14 -0.59 -0.01 0.17 1.29 -0.45 -2.28 0.27 

Saline LCT14-249 Porewater Active 02/19/14 -0.57 -0.03 0.16 1.24 -0.41 -2.27 0.23 

Saline LCT14-254 Porewater Western shoreline (W) 02/20/14 -0.27 -0.48 -0.30 0.54 -0.16 -1.60 -0.01 

Saline LCT14-255 Porewater 
Shoreline near Swan Pond outlet 
(SP) 02/20/14 -0.77 -0.50 -0.31 0.28 -0.58 -2.47 -0.25 

Saline LCT14-256 Porewater Northern shoreline (N) 02/23/14 -0.32 -0.29 -0.11 0.66 -0.17 -2.04 -0.09 

Saline LCT14-257 Porewater Northeastern shoreline (NE) 02/23/14 -0.33 0.01 0.19 1.33 -0.17 -1.87 0.29 

Brine LCT14-225 Surface water Boundary Lake 02/16/14 -0.05 0.44 0.63 2.52 0.07 -1.02 1.05 

Brine LCT14-259 Surface water Lake Clifton, southern basin 02/25/14 0.02 0.54 0.73 2.76 0.11 -0.87 1.19 

Saline LCT11-001 Surface water Lake Clifton, near boardwalk 06/26/11 -0.40 0.40 0.60 2.06 -0.18 -1.79 0.64 

Saline LCT12-106 Surface water Lake Clifton, near boardwalk 08/14/12 -0.53 0.58 0.77 2.38 -0.31 -2.04 0.79 

Saline LCT12-115 Surface water Lake Clifton, near boardwalk 08/15/12 -0.51 0.26 0.45 1.75 -0.29 -1.99 0.47 

Saline LCT12-117 Surface water Lake Clifton, near boardwalk 08/19/12 -0.53 0.48 0.68 2.14 -0.29 -2.00 0.65 

Saline LCT12-123 Surface water Lake Clifton, near boardwalk 08/19/12 -0.54 0.59 0.78 2.40 -0.33 -2.01 0.80 

Saline LCT12-130 Surface water Lake Clifton, near boardwalk 08/20/12 -0.53 0.47 0.66 2.15 -0.31 -1.99 0.67 

Saline LCT12-137 Surface water Lake Clifton, southern basin 08/21/12 -0.57 0.32 0.51 1.87 -0.37 -2.30 0.52 

Saline LCT14-221 Surface water Harvey Estuary 02/15/14 -0.59 0.64 0.83 2.71 -0.42 -2.19 1.03 

Saline LCT14-222 Surface water Harvey Estuary 02/15/14 -0.68 0.37 0.56 2.17 -0.53 -2.35 0.76 

Table A1.4, cont. 
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Water type Sample ID Sample type Location ID Sample date Anhydrite Aragonite Calcite Dolomite Gypsum Halite Magnesite 

Saline LCT14-223 Surface water Indian Ocean 02/15/14 -0.78 0.47 0.65 2.33 -0.60 -2.46 0.83 

Saline LCT14-228 Surface water Lake Clifton, active 02/17/14 -0.16 0.44 0.63 2.23 -0.03 -1.64 0.75 

Saline LCT14-253 Surface water Lake Clifton, western shoreline 02/20/14 -0.07 0.29 0.47 1.95 0.00 -1.61 0.62 

Saline LCT14-263 Surface water Lake Clifton, inactive 02/26/14 -0.19 0.40 0.59 2.03 0.01 -1.60 0.62 

Table A1.4, cont. 
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A2 SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

 

Figure A2.1. Rarefaction curves according to mat type and sampling location. 

Rarefaction curves for each individual sample were generated as computed 

by observed species at a depth of 221,168 sequences/sample. Bacterial 

community richness did not differ between sediments and thrombolites (p-

value > 0.05). Every sample in the study showed a similar trend in the 

number of observed species in relation to multiple sequencing depths. 
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Figure A2.2. Relative abundance of level 3 KEGG pathways in sample metagenomic 

libraries. Heatmaps show level 3 KEGG pathways present in sample 

metagenomes at a relative abundance of greater than 0.5%. 
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Figure A2.3. Selected level 4 KEGG metabolic functions that are significantly enriched 

in thrombolite- and sediment-associated mats. A positive log2-fold change 

indicates genes significantly enriched (Wald test, p<0.05) in thrombolite-

associated mats and a negative log2-fold change indicates genes 

significantly enriched in sediment-associated mats. Colors indicate the level 

3 KEGG grouping for each data point and lines represent standard error. 

Results are reported for photosynthesis, carbohydrate, methane, and sulfur 

metabolisms. 
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Figure A2.4. Selected level 4 KEGG functions that are significantly enriched (Wald test, 

p < 0.05) in thrombolite-associated mats. Colors indicate the level 3 KEGG 

grouping for each data point and lines represent standard error. Results are 

reported for selected functions within ABC transporters, porphyrin and 

chlorophyll metabolism, and two-component system. 
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Figure A2.5. Bacterial taxa associated with selected KEGG level 4 functions from the pathways two-component systems and 

ABC transporters. Heatmaps show the relative contribution of each taxon to the total number of selected genes for 

thrombolite- and sediment-associated mats. 
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sample id site type raw sequences 

quality-filtered 

reads 

assigned reads 

QS>19 kegg level 1 kegg level 2 kegg level 3 kegg level 4 eggNOG 

LCT14M-9 1 
thrombolite-
associated mat     24,928,660  

          
24,086,702  

            
5,011,546          3,515,574      4,429,508      5,904,602      3,074,184      3,404,278  

LCT14M-12 2 

thrombolite-

associated mat       1,848,734  

            

1,772,472  

               

363,118             236,916         299,344         398,800         207,366         221,240  

LCT14M-14 2 

thrombolite-

associated mat       2,597,432  

            

2,523,872  

               

475,760             335,050         423,992         566,836         293,292         313,160  

LCT14M-11 2 
sediment-
associated mat     20,652,370  

          
19,830,988  

            
3,169,618          2,243,584      2,882,088      3,862,520      1,942,102      1,962,732  

LCT14M-21 4 

sediment-

associated mat     55,472,466  

          

54,252,234  

            

8,999,106          6,374,636      8,123,288    10,854,844      5,542,246      5,455,258  

LCT14M-22 3 

sediment-

associated mat     37,253,528  

          

36,326,986  

            

6,161,532          4,412,742      5,634,522      7,542,988      3,831,494      3,809,838  

Total 

  

  142,753,190  
        
138,793,254  

          
24,180,680        17,118,502    21,792,742    29,130,590    14,890,684    15,166,506  

           

sample id site type 

cellular 

organisms superkingdom phylum class order  family genus species 

LCT14M-9 1 
thrombolite-
associated mat            37,922  

            
4,973,624  

            
4,604,310          3,171,110      3,876,228      2,985,616      3,368,210      2,945,514  

LCT14M-12 2 

thrombolite-

associated mat              4,062  

               

359,056  

               

324,746             274,066         277,310         240,532         248,812         221,168  

LCT14M-14 2 

thrombolite-

associated mat              3,720  

               

472,040  

               

435,750             331,802         367,368         308,788         317,666         283,298  

LCT14M-11 2 
sediment-
associated mat            34,712  

            
3,134,906  

            
2,845,168          2,522,412      2,390,104      2,191,050      2,078,368      1,879,138  

LCT14M-21 4 
sediment-
associated mat            79,252  

            
8,919,854  

            
8,191,958          7,137,004      6,979,500      6,406,384      6,066,312      5,494,518  

LCT14M-22 3 

sediment-

associated mat            46,194  

            

6,115,338  

            

5,673,556          5,108,146      4,931,490      4,581,158      4,138,158      3,748,228  

Total 

  

         205,862  

          

23,974,818  

          

22,075,488        18,544,540    18,822,000    16,713,528    16,217,526    14,571,864  

Table A2.1. Annotation summary 
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A3 SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

A3.1 Groundwater-associated microbialites 

A literature review and meta-analysis styled search was conducted to document 

the worldwide occurrence of groundwater-associated microbialites from Pleistocene to 

present (Table A3.1). The table is not meant to be exhaustive, but rather document the 

breadth of environments, morphologies and salinities in which recent microbialites occur 

associated with groundwater input. In order to be included, journal articles had to relate 

groundwater input to microbialite formation (i.e. a groundwater-fed environment does not 

meet the requirement to be included because it does not relate groundwater to formation). 

The most commonly documented occurrences related the spatial distribution of 

microbialites to groundwater discharge or related groundwater geochemistry (e.g. 

groundwater as a source of calcium and/or alkalinity) to carbonate precipitation in 

microbialites. The literature review was completed using background knowledge of 

microbialite occurrences. The meta-analysis styled search was conducted to reduce the 

bias inherent in the literature review. In the meta-analysis styled search, the following 

sequence of terms were input to google scholar: microbialite OR tufa OR thrombolite OR 

stromatolite AND groundwater AND lake. The search was conducted on July 10, 2015 

and the first 50 returned results were reviewed for an association between groundwater 

input and microbialite formation. Of those 50 results, 23 relevant articles were found. 

In total, 38 different locations were found in which journal articles suggested an 

association between groundwater and microbialite formation. These locales encompassed 

a broad range of environments including lacustrine, shallow marine, hot spring, wetlands, 

tidal pools, seafloor seeps and a spring emerging from an abandoned oil well. Surface 

water salinities varied from fresh to briny, with the highest reported salinity recorded at 
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309 ‰. Articles used the terms tufa, crust, chimney, teepee, bioherm, stromatolite and 

microbialite to classify occurrences. This may reflect morphological differences between 

structures but also highlights terminological inconsistencies (Shapiro, 2000) within the 

microbialite research community, given that publication years spanned from 1977 to 

2015. Recent work has a documented a microbial component to tufa formation (Pedley et 

al., 2009) and tufas were therefore included within the data compilation. 

No association between groundwater and microbialite formation was found for 

sites in the Bahamas and Shark Bay, Western Australia. However, several lines of 

circumstantial evidence suggest groundwater input may be a factor in both locations. 

Submarine groundwater discharge (SGD) is ubiquitous in coastal environments (Burnett 

et al., 2006) and is a globally significant carrier of nutrients and solutes to the ocean 

(Moore, 2010). SGD shows high spatial variability and may be patchy or diffuse 

depending on the hydrological characteristics of the aquifer (Burnett et al., 2006). The 

near-surface geology in both the Bahamas (Mylroie and Carew, 1990; Shapiro et al., 

1995) and Shark Bay (Playford et al., 2013; Lipar and Webb, 2014) consists of well-

developed karst limestone containing many dissolution features. The spatial occurrence 

of microbialite deposits in both the Bahamas (Dill et al., 1986) and Shark Bay (Logan, 

1961) is patchy and random, and in some cases resembles groundwater seepage fronts 

(Andres and Reid, 2006).  Further, there have been accounts of groundwater discharge or 

seepage in nearby or upgradient locations at both sites (Black, 1933; Logan and Cebulski, 

1970). 
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Location Environment Type of 

microbialite a 

Surface 

water TDS 

or salinity 

b 

Reference(s) 

Africa     

Cape Morgan, South 

Africa 

supratidal 

pools 

tufa stromatolites 0.17-25 

PSU 

Smith et al. (2011) 

Lake Bogoria, 

Kenya 

lacustrine Holocene 

stromatolites 

70-100 g/L 

TDS 

Renaut et al. 

(1986); McCall 

(2010) 

Lake Tanganyika, 

Zaire 

lacustrine chimneys and 

crusts 

N.D. c Stoffers and Botz 

(1994) 

Turkana Basin, 

Kenya 

hot springs stromatolites 1-5 g/L 

TDS 

Renaut et al. 

(2002) 

     

Asia     

Inner Mongolia lacustrine tufa N.D. Yang et al. (2010) 

Lakes Nuoertu and 

Huhejaran, China 

lacustrine microbialites 97.8-107.1 

g/L TDS 

Arp et al. (1998) 

     

Australia     

Basin Lakes lacustrine microbialites 76-88 ‰ 

TDS 

Last and De 

Deckker (1990) 

Coorong region, 

South Australia 

lacustrine stromatolites and 

teepee structures 

hypersaline Muir et al. (1980) 

Lake Clifton lacustrine stromatolites <35 g/L Moore (1987) 

Lake Thetis lacustrine stromatolites 39-53 g/L Grey et al. (1990) 

Lake Walyungup, 

Western Australia 

lacustrine Holocene 

stromatolites 

7.5-10.3 

g/L TDS 

Coshell et al. 

(1998) 

Marion Lake lacustrine stromatolites N.D. Von Der Borch et 

al. (1977) 

South Australian 

coastal lakes 

lacustrine teepees, 

stromatolites, and 

spring mounds 

brackish to 

hypersaline 

Warren (1982); 

Warren (1983) 

     

Europe     

Ciocaia, Romania thermal 

springs in 

abandoned oil 

wells 

microbialites N.D. Coman et al. 

(2015) 

Table A3.1. Occurrence of groundwater-associated microbialites. 
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Location Environment Type of 

microbialite a 

Surface 

water 

TDS or 

salinity b 

Reference(s) 

East Anglia, UK wetlands tufa mounds freshwater Gilvear et al. 

(1993) 

Giant’s Causeway, 

Ireland 

intertidal 

pools 

stromatolites 1.1-13.9 

mS/cm 

Cooper et al. 

(2013) 

Gulf of Corinth, 

Greece 

shallow 

marine 

Pleistocene 

bioherms 

brackish Portman et al. 

(2005) 

Isona, Spain karst springs tufa mounds freshwater Linares et al. 

(2010) 

Lake Sinijärv, 

Estonia 

lacustrine tufa freshwater Sohar and Kalm 

(2008) 

Lake Van, Turkey lacustrine microbialites 21.7 ‰ Kempe et al. 

(1991); López-

García et al. 

(2005) 

Salda Lake, Turkey lacustrine microbialites N.D. Russell et al. 

(1999) 

Taravilla Lake, 

Spain 

lacustrine tufa 0.5-0.6 

mS/cm 

Valero Garcés et 

al. (2008) 

     

North America     

Bahía Concepción, 

Mexico 

intertidal hot 

springs 

stromatolites seawater Canet et al. (2005) 

Big Soda Lake, USA lacustrine tufa mounds 25 g/L Rosen et al. (2004) 

Brush Lake, USA lacustrine stromatolitic tufa 

crusts, tufa mounds 

4.9-6.2 

g/L 

Donovan (1994) 

Cuatro Ciénegas, 

Mexico 

streams, 

ponds, pools, 

rivers, lakes 

microbialites N.D. Souza et al. (2012) 

Green Lake, USA lacustrine microbialites N.D. Thompson et al. 

(1990) 

Laguna Bacalar, 

Mexico 

lagoon Holocene 

microbialites 

freshwater Gischler et al. 

(2008) 

Lake Alchichica, 

Mexico 

lacustrine microbialites 8.7 g/L Kaźmierczak et al. 

(2011) 

Manito Lake, 

Canada 

lacustrine microbialites 50 ‰ Last et al. (2010) 

Table A3.1, cont. 
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Location Environment Type of 

microbialite a 

Surface 

water 

TDS or 

salinity b 

Reference(s) 

Mono Lake, USA lacustrine tufa brine Council and 

Bennett (1993) 

Pavilion Lake, 

Canada 

lacustrine microbialites 0.388 

mS/cm 

Laval et al. (2000); 

Lim et al. (2009) 

Pyramid Lake, USA lacustrine tufa N.D. Benson (1994) 

     

South America     

Laguna Negra, 

Argentina 

lacustrine microbialites 309 ‰ Gomez et al. 

(2014) 

Lake Socompa, 

Argentina 

lacustrine stromatolites 130 

mS/cm 

Farías et al. (2013) 

     

Other     

Kiritimati Atoll, 

Kiribati 

lacustrine microbialites 170 ‰ Schneider et al. 

(2013) 

Tahiti, French 

Polynesia 

shallow 

marine 

Holocene coralgal 

microbialites 

N.D. Camoin et al. 

(1999) 

North Sea marine seeps bioherms N.D. Hovland (2002) 

   a. Classification of dominant microbialite observed at field site as stated by authors. In cases    

where more than one reference is cited, microbialite classifications are reported from the 

most recent reference. 

   b. Reported as stated by article authors when conductivity, salinity, or total dissolved solids 

(TDS) measurements were made or when the authors characterized salinity by terminology 

(e.g. hypersaline, freshwater, etc.). In some cases, cation and anion measurements were 

made but TDS was not calculated. Those results are not reported. In cases where more than 

one reference is cited, salinity data are reported from the most recent reference, if 

available. No attempt was made to convert data to equivalent units due to lack of 

information required to make the conversions and/or lack of information on measurement 

protocols. 

   c. N.D. = no data in the journal article reviewed. 

Table A3.1, cont. 
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A3.2 Expanded methods 

A3.2.1 Thermal infrared and visible imagery 

Thermal infrared imagery was collected of the lake surface above shallowly 

submerged (< 5 cm lake depth) thrombolites and across the top face of shallowly 

emerged (< 5 cm above lake surface) thrombolites using a handheld Fluke Ti32 thermal 

imager with a 320 X 240 focal plane and 7.5 – 14 μm spectral range. Thermal data were 

collected under calm conditions and before sunrise in order to minimize solar reflection 

artifacts and to maximize the temperature difference between lake water and 

groundwater. Digital images were captured using a Nikon COOLPIX AW100 waterproof 

camera. All imagery was collected in February 2014. 

A3.2.2 Study transect 

Piezometers were installed to measure depth profiles of temperature (piezometers 

T1-T5) and collect porewater samples (piezometers C1 – C4) in thrombolites and 

intervening sandy sediments (Figure A3.2). The study transect was 7 m long and installed 

perpendicular to the shoreline. The piezometers used for monitoring temperature in 

thrombolites were installed inside coreholes in the thrombolites. Cores were collected 

using a serrated stainless steel corer and used for a purpose unrelated to this paper. 

A3.2.3 Porewater total dissolved solids (TDS) and PO4 measurements 

Porewater samples were collected using 0.635 cm (1/4 in) and 0.3175 cm (1/8 in) 

O.D. stainless steel pushpoint mini-piezometers. The pushpoint mini-piezometers were 

constructed with a 3 cm slotted screen. The elevations shown in the Figures 3.2 and A3.2 

correspond to the elevation of the screen midpoint in each pushpoint mini-piezometer. 

Samples were collected by syringe after slowly flushing several well volumes. Water 

samples were filtered in the field using 0.22 μm filters. Total dissolved solids in the  
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Figure A3.1. Photograph of a microbial mat observed growing on a recently (< 1 week) 

exposed thrombolite. The thrombolite was exposed due to a decrease in lake 

level. Active and abundant mat growth is shown in the subaqueous portion 

of the thrombolite whereas the aerial portion of the thrombolite shows 

recently lithified mat material. 

samples was calculated from measurements of Cl, SO4, HCO3, Br, Na, Mg, K, Ca, and 

Sr. Cation concentrations were measured using inductively coupled plasma mass 

spectrometry (ICP-MS). Concentrations of Cl, SO4, and Br were measured using high 

performance liquid chromatography (HPLC). The concentration of bicarbonate was 

determined from field alkalinity titrations. Soluble reactive phosphorous (SRP) 

concentrations were determined by spectrophotometry according to standard methods 

(Table A3.2; APHA, 2005).  
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Figure A3.2. Study transect. Vertical profiles of temperature were measured in 

thrombolites (T2, T5) and sediments (T1, T3, T4) along a 7 m transect 

installed perpendicular to the eastern shoreline of the lake. The temperature 

at the sediment-water interface was measured using a thermistor attached to 

T3. Porewater samples were collected from thrombolites (C1, C4) and 

sediments (C2, C3). The coordinates are plotted against an arbitrary local 

datum such that the lake surface equals an elevation of zero. 

Historic phosphate data for Lake Clifton are sparse and the maximum porewater 

concentration of 0.0055 mg/L PO4-P observed during this study is consistent with the 

lowest previously reported lake water values of 0.005 mg/L PO4-P (Moore, 1993; Rosen 

et al., 1996; Smith et al., 2010). The maximum SRP flux through sediments was 

conservatively calucluated using Fick’s first law and the maximum measured PO4-P 

gradient in the sediment profiles. A diffusivity of 7.34 × 10-6 cm2/s for phosphate in 

dilute water (Li and Gregory, 1974) was assumed and the effects of porosity, tortuosity 

and the downward water flux were ignored in the conservative calculation. The 

maximum possible SRP flux through the sediments was 0.0008 mg PO4-P m-2 d-1. The 

minimum SRP flux through thrombolites was conservatively calculated using the lowest 
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recorded PO4-P concentration and vertical water flux from the thrombolite profiles. The 

minimum SRP flux through the thrombolites was 1.5950 mg PO4-P m-2 d-1 and is ~ 2000 

times larger than the SRP flux through the sediments. 

 

Profile Type Depth 

(cm) 

PO4-P 

(mg/L) 

Profile Type Depth 

(cm) 

PO4-P 

(mg/L) 

C1 Thrombolite 15 <0.0037 C4 Thrombolite 7 0.0039 

  23 <0.0037   14 <0.0037 

  31 <0.0037   21 <0.0037 

  40 <0.0037   35 <0.0037 

  38.8 a 0.0047   53 a 0.0037 

C2 Sediment 7 <0.0037 C3 Sediment 7 <0.0037 

  14 <0.0037   14 <0.0037 

  21 <0.0037   21 <0.0037 

  35 <0.0037   35 0.0043 

  60.6 a 0.0053   60.4 a 0.0055 

Lake   <0.0037     

   a. Sample collected from PVC piezometer used for temperature profiling 

Table A3.2 Porewater soluble reactive phosphorus measurements. 

A3.2.4 Subsurface temperature monitoring and VFLUX implementation 

Diurnal temperature patterns were monitored using Onset HOBO TMC20-HD 

thermistors connected to Onset HOBO U12-008 data loggers (Figures A3.3 and A3.4). 

Each logger was attached to 4 thermistors installed in a vertical array in PVC 

piezometers. Lake water temperature was measured at the sediment-water interface using 

an Onset HOBO Water Temp Pro v2 logger. HOBO TMC20-HD thermistors connected 

to HOBO U12-008 data loggers measure temperature with an accuracy of ± 0.25 °C and 

resolution of 0.03 °C. HOBO Water Temp Pro v2 loggers measure temperature with an 

accuracy of ± 0.21 °C and resolution of 0.02 °C. Temperature measurements were logged 

at 5 minute intervals for at minimum 4.75 days and the resulting diurnal temperature 

patterns were used to calculate vertical water fluxes through sediments and thrombolites. 
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Fluxes were calculated every 2 h for the duration of temperature monitoring using the 

VFLUX computer program (Gordon et al., 2012). Thermal parameters used in VFLUX 

were either measured in the field or estimated (Table A3.3). 

The VFLUX computer program implements analytical solutions to the one-

dimensional heat transport equation of Stallman (1965) in order to calculate vertical 

water fluxes. VFLUX allows the user to choose from the amplitude ratio and phase 

difference analytical solutions derived in Hatch et al. (2006) and Keery et al. (2007) 

Amplitude ratio methods are solved for vertical water flux by measuring differences in 

amplitude of the diurnal temperature signal between two temperature sensors. Phase 

difference methods are solved for vertical water flux by measuring differences in travel 

time of the diurnal temperature signal between two temperature sensors. An amplitude 

ratio analytical solution was chosen because amplitude methods have been found to be 

more robust with field data than phase shift methods (Lautz et al., 2010; Briggs et al., 

2012). The results of the Hatch amplitude ratio method are reported because it accounts 

for thermal dispersion, whereas the Keery method does not, but note that the Keery 

amplitude ratio method gave similar results that would not affect overall interpretation. 

Fluxes were calculated across the sediment-water interface to a depth of 7 cm in 

each piezometer, except for piezometer T2. Because T2 was installed in an emerged 

thrombolite, fluxes were calculated approximately from the surface of the water table to a 

depth of 8 cm. Although temperature data was collected at the sediment water interface 

and 4 depths within each profile, only data from the shallowest two sensors was used for 

calculating vertical flux. The shallowest two sensors are used because most of the 

temperature signal in the thrombolite profiles was lost in deeper sensors. Future heat 

tracing work in similar heterogenous environments would benefit from a higher density 
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of more closely spaced sensors, such as deployed in fiber optic methods (Briggs et al., 

2012). 

 

Property Units Sediments Thrombolites 

Saturated thermal 

conductivity a J s-1 m-1 °C-1 0.781 0.781 

Porosity b Dimensionless 0.53 0.66 

Thermal dispersivity c m 0.001 0.001 

Volumetric heat 

capacity of sediment a J m-3 °C-1 3.20 × 106 3.20 × 106 

Volumetric heat 

capacity of water b J m-3 °C-1 4.05 × 106 4.09 × 106 

   a. Measured using a KD2 Pro Thermal Properties Analyzer. 

   b. Measured or estimated from field measurements 

   c. Estimated 

Table A3.3 Thermal properties used in VFLUX modeling. 

Digital filtering steps implemented during VFLUX modeling may result in edge 

effects that affect the reliability of data from the beginning and end of each time series 

(Hatch et al., 2006; Keery et al., 2007). To control for possible edge effects, both 24 and 

48 h of flux data were discarded from the beginning and end of each temperature profile, 

and a statistical evaluation of the data from each profile was performed. Median fluxes 

through time calculated from sediment temperature profiles showed no significant 

difference between modeling the full time series or only the data remaining after 

removing 24 and 48 h “edges”. Median fluxes through time calculated from thrombolite 

temperature profiles showed a very small difference between the full dataset and datasets 

with the edges removed. Because the difference was very small and did not affect data 

interpretation, the full dataset was included. 

The thermal parameters used in VFLUX modeling were determined as follows. 

Thermal conductivity and sediment volumetric heat capacity were measured in the field 
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using a KD2 Pro Thermal Properties Analyzer (Decagon Devices, Inc., Pullman, WA). 

No significant differences in thermal conductivity and sediment volumetric heat capacity 

measurements between thrombolites and sediments were observed, and therefore the 

average of all measurements were used as model inputs. Volumetric heat capacity of 

water was calculated from salinity and temperature using the regression functions for 

thermophysical properties of seawater presented in Sharqawy et al. (2010). Salinity was 

determined using an empirical equation for estimating salinity from specific conductance 

in Australian salt lakes (Williams, 1986). Specific conductance and temperature were 

measured in the field. 

A3.2.5 Hydraulic conductivity of thrombolites and sandy sediments 

The hydraulic conductivity (K) of thrombolite and sediment core samples was 

estimated using the constant head test. The sediment is composed of sand bound together 

by microbial biofilms, and K may have been overestimated due to disturbance of the 

biofilms during core collection. Thrombolite K, in contrast, may have been 

underestimated due to compaction during core collection. Even with conservative 

measurements, thrombolite K is significantly higher than that of sediments. 

A3.2.6 X-ray computed tomography 

A domal microbialite measuring approximately 22 cm in height and 29 cm in 

width was collected in 1991 for x-ray computed tomography (CT). The sample was an 

isolated structure located in the fore-reef zone within 1 km of the current field site. The 

sample was scanned using a SOMATOM DR/H in July 1991 following the methods in 

Coshell et al. (1994). Acquisition parameters used in Figure 4.3A were as follows: 125 

kV voltage, 1 mm slice thickness, 550 mAs current, 1446 window and 727 centre. 
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Acquisition parameters in Figure 4.3B were: 125 kV voltage, 8 mm slice thickness, 620 

mAs current, 1732 window and 500 centre. 
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Figure A3.3. Diurnal temperature patterns recorded by HOBO thermistors. 
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Figure A3.4. Temperature envelopes displaying the maximum and minimum 

temperatures recorded by each HOBO thermistor. Data between sensor 

depths are linearly interpolated (dashed and solid lines). Data plotted in gray 

color were measured in sediment profiles whereas data plotted in black color 

were measured from thrombolite profiles. 
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