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ABSTRACT

Recent interest in Mg-rich silicate formation stems from their role as valuable paleoclimatic
indicators in fluvio-lacustrine environments and their insights into metal geochemical
cycling. Traditionally, Mg-silicate genesis in lacustrine contexts is linked to alkaline or saline
conditions in closed, evaporitic basins. However, the discovery of interparticle amorphous
kerolite-like Mg-silicates in the sediments of Lake Clifton, a currently hypersaline coastal
lagoon in Western Australia with circumneutral pH and moderate alkalinity, challenges
existing models.

In this study, petrographic, hydrochemical, and microbial genomic data from different Lake
Clifton sub-environments (episodically submerged and subaerial settings) and substrates
(pustular microbial mats and non-lithifying microbial sediments) were integrated with
geochemical modelling to quantify the mechanisms underlying the formation of Mg-silicates
and aragonite peloids as lake shoreline sediments.

Geochemical modelling suggests that neither evaporation-driven alkalinity fluctuations nor
mixing of lake water with groundwater can solely explain the kerolite-like/carbonate
association observed in lakebed sediments. Kerolite-like phases nucleate in association with
twisted microbial extracellular polymeric substances (EPS) and organic-rich bacterial
remains; this, combined with the identification of diatom- and cyanobacteria-powered
photosynthesis, putative anoxygenic photosynthesis, and sulphate-reducing metabolisms,
suggests an intimate link between biologically induced processes and the co-precipitation of
aragonite peloids and interparticle kerolite-like phases in the lake. Moreover, the
contribution of dead diatom frustule dissolution towards kerolite-like authigenesis was
geochemically simulated, revealing that the precipitation of observable amounts of kerolite-
like at pH values measured in Lake Clifton waters would prevent the formation of aragonite,
questioning the feasibility of a scenario dominated by large inputs of dissolved biogenic
silica.

Discovery of kerolite-like Mg-silicates in microbial-bearing sediments of a hypersaline coastal
lagoon prompts a holistic re-evaluation of the environmental and microbiological factors
influencing Mg-silicate-carbonate co-precipitation in lacustrine-peri-marine settings.

Studying modern Mg-silicate-bearing lacustrine sediments offer the opportunity to better
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understand the early diagenetic biotic- abiotic processes that may have had limited

petrographic preservation potential in ancient saline lake deposits.

1. INTRODUCTION

The formation of Mg-rich silicates has garnered substantial interest in recent decades
because these minerals can be employed as paleoclimatic recorders in fluvio-lacustrine
environments (Millot, 1970; Jones, 1986; Calvo et al., 1999; Galan & Singer, 2011; Deocampo
& Jones, 2014), offer crucial information on the geochemical cycling of Si, Mg, K, or Ca in
sedimentary basins (Badaut & Risacher, 1983; Tosca et al., 2011; Milesi et al., 2020; Muller
etal., 2023), and play substantial roles in templating early diagenetic mineral phases (Gac et
al., 1977; Darragi & Tardy, 1987; Souza-Egipsy et al., 2005; Burne et al., 2014; Kremer et al.,
2019; Molnar et al., 2021). Mg-silicate minerals (e.g., stevensite, sepiolite, kerolite, or talc)
form volumetrically significant deposits in lacustrine settings commonly associated with
alkaline and/or saline conditions developed in hydrologically closed and evaporitic basins
(Millot, 1970; Calvo et al., 1999; Deocampo & Jones, 2014). These environments tend to
feature a range of pH, alkalinities, salinities, pCO,, Mg/Si ratios, and cation chemistries
favouring the formation of many Al-free, Mg-silicate minerals such as sepiolite
(Mg4(Sis045)(OH),-6H,0), kerolite [MgsSisO10(OH); - nH,0 (n~1)], stevensite [(Ca,Na),Mgs.
«(S14010)(0OH),], or talc [Mg3Sis019(OH),] (Jones, 1986; Jones & Galan, 1988; Deocampo, 2005;
Velde & Meunier, 2008; Bristow & Milliken, 2011; Tosca & Masterson, 2014; Tosca, 2015;
Baldermann et al., 2018). Previous laboratory work has helped elucidate the chemical and
biological constraints involved in Al-free, Mg-rich silicate neoformation (Bontognali et al.,
2014; Tosca & Masterson, 2014; Tosca, 2015; Baldermann et al., 2018; Arizaleta et al., 2020;
Buey et al., 2023); however, understanding and predicting how physico-chemical and
biological drivers work in tandem to form these minerals in natural environments remains a
challenge. Difficulties arise from determining whether nucleation and growth of these solid
precipitates takes place homogeneously from solution (generally described as
neoformation), or on the surface of a pre-existing material (commonly referred to as
heterogeneous or epitaxial growth, Meldrum & Colfen, 2008; Tosca, 2015; Pozo & Calvo,

2018), placing distinctive thermodynamic and kinetics barriers on their formation.
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In the lacustrine sedimentary record, discrimination between Mg-silicate deposits formed by
homogeneous or heterogeneous crystallisation is often not straightforward (Bristow &
Milliken, 2011, and references therein), being particularly complex because Al-free, Mg-rich
silicate minerals are prone to dissolution and early diagenetic transformations (Tosca &
Wright, 2018; Mulders & Oelkers, 2020). Therefore, the integration of field, laboratory, and
numerical approaches is critical to shed light on the multiple mechanisms contributing to the
nucleation, growth, and preservation of Mg-silicate sediments in lacustrine environments
(Tutolo & Tosca, 2018; Mercedes-Martin et al., 2019; Arizaleta et al., 2020; Milesi et al.,
2020). Central to this understanding is the recognition that the early nucleation of a more
soluble and hydrated precursor phase with short range order (often amorphous) generally
precedes the formation of a crystalline Mg-silicate mineral (Gac et al., 1977; Calvo et al.,
1999; Buey et al., 2000; Tosca, 2015; Besselink et al., 2020). Amorphous precursor phases
have been routinely identified in ancient continental clay successions (Buey et al., 2000),
however, the majority of these poorly crystalline phases have been documented in modern
alkaline, saline lakes and/or coastal lagoons in close association with bacterial cells and
microbial exopolymeric substances (EPS) (Badaut & Risacher, 1983; Arp et al., 2003; Souza-
Egipsy et al., 2005; Benzerara et al., 2010; Cuevas et al., 2011; Bontognali et al., 2014; Burne
etal., 2014; Zeyen et al., 2015; Pace et al., 2016; Buey et al., 2018; Kremer et al., 2019; Wen
etal., 2020; Lamérand et al., 2022; Suosaari et al., 2022b; Buey et al., 2023; Thomas et al.,
2024), in most cases contributing to the structural rigidity and early fossilisation of
microbialites. However, the mechanisms associated with the formation of Mg-silicates as
loose particulate sediments in present-day, low alkalinity lakes have received less attention.
Moreover, despite the progress made in understanding the mechanisms of Mg-
silicate—carbonate precipitation using experimental simulations (Garcia-Ruiz, 1998;
Lakshtanov & Stipp, 2010; Mercedes-Martin et al., 2016; Tutolo & Tosca, 2018), these
mineral associations have been insufficiently investigated under the environmental
conditions found in coastal lagoons or transitional saline lakes affected by contrasting abiotic
and biotic influences (microbial gels, diatom-sourced silica, marine-type solutes, complex

lake—seepage mixing zones, and other factors).

Modern analogue environments offer the possibility to illuminate the understanding of the

causal relationships between water chemistry and the early genesis of crystalline Mg-
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silicates at the sediment—water interface or in early diagenetic environments (Buey et al.,
2018; Milesi et al., 2020; Muller et al., 2023). Lake Clifton, a coastal lagoon in Western
Australia, is a particularly interesting case study because Mg-silicates have been identified
(Caselmann, 2005; Burne et al., 2014) in an environment comprising hypersaline lake waters
of circumneutral pH and modest alkalinity (Moore, 1987, 1993; Rosen et al., 1996; Forbes &
Vogwill, 2016), differing from the more common scenario in which these minerals are
observed in highly alkaline lakes (e.g., Atexac, Quechulac, La Preciosa lake, Great Salt Lake,
Mono Lake, Lake Van, and Salar de Llamara; see Souza-Egipsy et al., 2005; Zeyen et al., 2015;
Pace et al., 2016; Kremer et al., 2019; Suosaari et al., 2022a).

In this contribution, petrographic analysis, hydrochemical data, and microbial genomic data
are integrated with geochemical modelling to reveal the underlying mechanisms responsible
for the formation of newly discovered amorphous Mg-silicates in Lake Clifton shoreline
sediments. The recent environments of Lake Clifton provide an opportunity to quantify the
environmental and microbial metabolic processes underpinning incipient mineral formation
and its coexistence with coeval carbonates. Additionally, these settings allow for the
evaluation of the preservation potential of biotic and abiotic minerals, and their

biogeochemical signatures during early diagenesis in both recent and ancient saline lakes.

2. LAKE CLIFTON SITE DESCRIPTION

2.1. Geology and geomorphology

Lake Clifton (-32.759849, 115.653311) is in the Perth Basin, the southern section of the Swan
Coastal Plain, in southwestern Australia (Playford et al., 1976) (Fig. 1). It belongs to the
Yalgorup Lakes area (Clifton—Preston Lakeland System), which comprises several lakes and
wetlands of the Southwest Coastal Groundwater Area (Playford et al., 1976; Commander,
1988). The Yalgorup Lakes area is bounded by Precambrian basement rocks of the Yilgarn
Block to the east and Indian Ocean to the west, and its physiography is dominated by dunes
lying parallel to the present coastline (Playford et al., 1976; Moore, 1987; Commander,
1988). Lake Clifton is situated between the Spearwood and Quindalup dune systems to the
west, and Bassendean dune system to the east, which comprise low hills and ridges ranging

in height from 30 to 70 m above sea level (Commander, 1988; Deeney, 1989).
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The dunes are composed of Pleistocene Tamala Limestone and Bassendean Sand, as well as
Holocene Safety Bay Sand, which together crop out along the shores of the Clifton—Preston
Lakeland System (Playford et al., 1976; Commander, 1988; Deeney, 1989). These Quaternary
units unconformably overlie the sedimentary rocks of the buried Cretaceous Leederville
Formation, which mainly consists of sands, siltstones, and glauconitic shales (Commander,
1988; Deeney, 1989). The Tamala Limestone comprises calcareous aeolianite of marine to
lacustrine sediments made up of quartz sands, shell fragments, and shell beds, suggesting
deposition in coastal dune environments (McArthur & Bartle, 1980; Commander, 1988). The
unit exhibits calcrete and karstified horizons, calcified plant roots, and solution pipes (Lipar &
Webb, 2015). The Bassendean Sand (Playford & Low, 1971) consists of white to pale grey,
moderately sorted, fine- to medium-grained quartz sand of aeolian origin, which forms a thin
cover over much of the coastal plain east of Lake Clifton. The Safety Bay Sand unit (Playford
et al., 1976) comprises unlithified quartzose calcarenites deposited in the Quindalup Dune
System, overlying the Tamala Limestone in a strip as much as 1 km wide along the coast and

reaching a thickness of 50 m (Commander, 1988).

2.2. Hydrogeology

The surface sedimentary units surrounding the Clifton—Preston Lakeland System are
hydraulically connected to form an unconfined aquifer, which can be subdivided into
different flow systems depending on water-table configuration, salinity contrasts, and
geology (Fig. 1) (Commander, 1988; Deeney, 1989). The Myalup flow system enters Lake
Clifton to the west, the Harvey estuary and its river to the northeast, and the Collie River to
the south (Commander, 1988; Deeney, 1989), and the dynamics of discharge from this flow
system into the lake strongly influence the water composition (Fig. 1A) (Moore, 1987; Rosen
et al., 1996). Myalup water comprises a brackish mixture of meteoric, estuarine, saline, and
hypersaline groundwaters, and flows towards Lake Clifton under a very low hydraulic
gradient (Moore, 1987; Commander, 1988; Forbes & Vogwill, 2016). A combination of long-
term reduction in rainfall, high evaporation, and groundwater abstraction owing to
anthropogenic activities has increased the salinity of Lake Clifton in recent decades (Knott et
al., 2003; Smith et al., 2010; Forbes & Vogwill, 2016). Thus, Lake Clifton is now
predominantly a hypersaline evaporative lake punctuated by periods of hyposaline

conditions when rainfall exceeds evaporation (Moore, 1987; Forbes & Vogwill, 2016). The

6
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dynamic position of the water table may indicate that potential groundwater leakage exists

to the underlying sediments of the Leederville Formation (Fig. 1A-B) (Commander, 1988).

2.3. Lake-water chemistry

Lake-water composition has fluctuated in recent decades because of changes in hydrological
balance (rainfall, evaporation, and groundwater fluxes). In the 1980s and 1990s, salinity
ranged between 17 g/L and 31.5 g/L (Moore & Turner, 1988; Rosen et al., 1996; Chagas et
al., 2016), reaching values as high as 32.2 g/L over the period 2001-2005 (Smith et al., 2010),
and rising to 70 g/L in 2010 (Forbes & Vogwill, 2016). Sodium and chloride are the most
abundant ions in both the lake water and upper hyposaline groundwater lens. Cation and
anion dominance is Na > Mg > Ca > K, and Cl > SO, > HCO;, respectively, for the lake waters,
and these patterns are maintained throughout the year despite seasonal fluctuations
(Moore, 1987; Rosen et al., 1996; Chagas et al., 2016; Forbes & Vogwill, 2016). The
groundwater flowing into the lake displays a cationic order of abundance of Na > Ca > Mg >
K, and anionic order of Cl > HCO3 > SO, (Moore, 1987; Rosen et al., 1996; Forbes & Vogwill,
2016). Relative to seawater, Lake Clifton is enriched in SiO;, but depleted in Sr, Mn, and Br
(Rosen et al., 1996). The pH values in the lake are slightly alkaline (8.5) to neutral (7)
coinciding with the periods of highest and lowest lake-water levels, respectively (Forbes &

Vogwill, 2016).

2.4. Climate

The climate of the region is Mediterranean with hot summers, and dry and cool winters.
Rainfall data have a seasonal component, with higher values between March and
September, and a maximum between May and July (Moore, 1987; Rosen et al., 1996; Forbes
& Vogwill, 2016). According to the Bureau of Meteorology (e.g., boreholes #61319530 and
#61319505), rainfall intensities have been decreasing in recent decades. Annual evaporation
rates at Lake Clifton (1369 mm) have historically been close to twice the average annual

precipitation (762 mm) (Moore, 1987; Rosen et al., 1996).

2.5. Microbialites and microbial composition
Lake Clifton is characterised by the occurrence of microbialites (Burne & Moore, 1987;

Moore, 1993) living in association with lakebed sediments and extending along the eastern

7
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and northwestern margins of the lake (Moore & Burne, 1994). These are dominated by
thrombolites with coarsely laminated microstructures and mesoclotted fabrics (Kennard &
James, 1986; Moore, 1993; Moore & Burne, 1994). Thrombolites display an array of external
isolated morphologies, growing up to 1.3 m above the lakebed, or are distributed as a belt of
coalesced structures that is over 6 km long and up to 120 m wide (Moore, 1987; Moore &
Burne, 1994) (Fig. 1C). The internal microstructure consists of a mineralised framework of
aragonite (CaCOs) and stevensite mesoclots interspersed with cavities filled with detrital
sediments (Moore & Burne, 1994; Burne et al., 2014). The near-surface lakebed sediments
contain gastropod shells (Coxiella striatula and Potamopyrgus spp.), ostracods and
charophyte remains, Navicula and Tabellaria diatom frustules (Lluesma-Parellada 2015),
debris from thrombolites, and carbonate mud (Moore, 1987; Moore & Burne, 1994; Konishi
et al., 2001; Burne et al., 2014). Previous studies noted the abundance of filamentous
cyanobacterial structures (e.g., Scytonema sp.) in both living thrombolitic mats and in the
lithified bodies, supporting the view that biologically influenced processes are involved in
thrombolite mesoclot development (Moore, 1993; Moore & Burne, 1994). Recent
metagenomic analyses have shown a greater abundance of cyanobacteria in thrombolite-
associated mats in comparison with non-lithifying microbial mats found amongst sandy
sediments, suggesting that photosynthesis plays a major role in mineral formation (Warden
et al., 2019). The current prevalence of coccoid cyanobacteria in the lake (Smith et al., 2010),
particularly in thrombolite-associated mats, has been associated with an adaptative
response to progressively increasing salinity values recorded since 2004 (Warden et al.,

2016, 2019).

3. MATERIALS AND METHODS

3.1. Sediment and microbial-mat sample collection

A field survey was performed between July and August 2016 to determine the different Lake
Clifton sedimentary environments and collect samples of surface sediments (upper 2 cm),
living microbial mats (upper 3 cm), lithified thrombolites (subaerially exposed structures),
and lake waters. This sample collection was carried out when the episodically submerged
lakebed was subaerially exposed permitting access to the different sub-environments. For
clarity, it is here defined living microbial mats as macroscopically layered semi-indurated

crusts growing at the interface between water and the upper 2-3 cm-thick layer of loose

8
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sediment or forming semi-indurated crusts. Sampling concentrated on two parallel ENE
transects: Transect 1, 75.9 m in length (-32.732546, 115.650590), and Transect 2, 89.9 m in
length (-32.731309, 115.650132), which traversed the lake shoreline from subaerial to
episodically submerged sub-environments (Figs S1 and S2). Additional samples were also
collected from the northern part of the lake (in the vicinity of -32.717551, 115.639552),
north central area (-32.728676, 115.648994), adjacent to Transect 1 (-32.733365,
115.651122), and the boardwalk (-32.745285, 115.654485) (Figs S1 and S2).

A total of 63 samples were collected across these localities, including 10 samples of living
pustular microbial mats, 16 samples of lakebed sediments, 14 samples formed by non-
lithifying microbial sediments, and 25 samples corresponding to lithified thrombolites. Living
microbial mats were sampled using sterile gloves and a sterilised stainless-steel spoon that
was rinsed with lake water. Subaqueous microbial mats were sampled in glass containers
that were filled with lake water from each site. Lakebed sediments were placed in plastic zip-
lock bags. Sediment and microbial-mat samples were maintained at 4 °C during transport
back to the Geobiology and Geochemistry Laboratory at Vrije Universiteit Amsterdam, The
Netherlands. All biological samples were collected under a license from the Department of
Parks and Wildlife of Western Australia. The pH and conductivity of the water at each site
were measured using a Myron Ultrameter, which was calibrated each morning. Sediment
particles were stored in plastic containers that were freeze-dried at Vrije Universiteit
Amsterdam Laboratory, The Netherlands. A dyed epoxy resin was added, and bubbles were
removed under vacuum. While this method allows for a detailed observation of the
sediment features, it could lead to some artifacts, which were considered during the
petrographic descriptions. After hardening, the impregnated sediments were made into thin

sections for petrographic analysis.

3.2. Microscopic and spectroscopic analysis

Petrography of Lake Clifton bottom sediments was conducted on 59 diamond-polished thin
sections using a Nikon Eclipse E400 POL petrographic microscope under plane-polarised and
cross-polarised light. Photomicrographs were taken with a Nikon DS-Fi3 camera. High-
resolution Field-Emission Scanning Electron Microscopy (FESEM) was used for small-scale

microscopic observations on carbon-coated and diamond-polished thin sections using a JEOL

9



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

Sedimentology Page 52 of 111

J7100FE instrument operating at 20kV. The JEOL instrument is coupled with silicon drift
detectors (SDD) for performing energy-dispersive X-ray spectroscopy (EDS) detectors.
Images were obtained using secondary electron (SE) detectors for surface petrography, and
backscattered electron (BSE) detectors for chemical information. Maps of Ca, Mg, Si, C, O
were obtained using an Oxford Instruments X-Act detector to determine elemental and
mineral compositions. Surface and cross-section morphologies were studied using a Tescan
Mira 3 SEM operating at 20 kV. Forty-six semi-quantitative elemental analyses were
performed via EDS (Oxford Instruments X-max 150 detector) using an accelerating voltage of
20 kV. Mineralogy was studied via X-ray diffraction (XRD; Rigaku SmartLab SE) using a Cu Ka
radiation source (lambda = 0.15406 nm) operating at 2 kW and equipped with a Ni CuKp
filter-sample; height alignment was performed before each acquisition. The XRD analyses
were supported by molecular data obtained via Fourier Transform Infrared Spectroscopy
(FTIR) using an Agilent 4300 instrument in Diamond-ATR configuration. Sample
measurements were compiled from three replicates, each comprising 64 scans. Backgrounds

were measured for interferometry every 10 minutes and comprised 128 scans.

3.3. Water chemistry

Twenty-one surface water samples from different locations within the lake system were
collected for chemical analysis. These included the subaerial zone where groundwater
discharged into small pools (labelled as ‘seepage), subaerial-episodically submerged fringe
(labelled as ‘beach’), and lake waters in submerged settings (labelled as ‘lake’). Field
parameters (temperature, pH, Eh and electric conductivity) were measured at each sampling
point. Alkalinity was measured in the field by titration with 0.1N H,SO, to pH values of 4.0.
Water samples were filtered with 0.45 and 0.1 um filters (Millipore), stored in 125 mL
polyethylene bottles, acidified to pH < 2 with 1 mL of 5% HNOs. Samples were stored in a
refrigerator before concentrations of major elements were measured within a few days of
collection using a Perkin EImer Optima 5300DV Inductively Coupled Optical Emission
Spectrometer (ICP-OES) at the Centre for Microscopy, Characterisation, and Analysis,

University of Western Australia (Perth, Australia).

10
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3.4. DNA extraction and sequencing

Ten samples were extracted and analysed for their prokaryotic diversity using 16S rRNA gene
sequence library. DNA extraction, amplification, sequencing, and analysis were performed as
previously described in Spanning et al. (2022). Briefly, DNA was extracted from the DNeasy
Powersoil Kit (Qiagen, Benelux BV) following the provided guidelines. The 16S rRNA gene
was amplified using universal primers 8F (5'-AGAGTTTGATYMTGGCTCAG-3’) and 1512R (5'-
ACGGYTACCTTGTTACGACTT-3') (Weisburg et al., 1991) integrating lllumina adapters and 8-
nucleotide index barcode sequences (Kozich et al., 2013), purified and sequenced by
Macrogen Europe on an lllumina Miseq Platform (lllumina, San Diego, USA). Sequencing
reads were grouped in 97% OTUs with USEARCH (Persoon et al., 2017) using the parameters
described in Iturbe-Espinoza et al.,(2021). Taxonomic assignment was performed using SILVA

v 138.1 (Quast et al., 2013) with Mothur v 1.44.3 (Schloss et al., 2009).

3.5. Visualisation and statistical analysis

Genomic information was analysed using the phyloseq package in R software. Known
laboratory contaminants were then removed at the genus level using the reference list
provided by Sheik et al., (2018). Organisms known to raise alkalinity by their metabolic
activity (Dupraz et al., 2009) were subset as such. Oxygenic phototrophs were subset at the
Cyanobacteria phylum level. Anoxygenic phototrophs were subset following the protocol of
Hamilton et al.(2019), followed by manual curation at the order and genus level:
Chloroflexia, Alphaproteobacteria of the Rhodospirillales and Rhodobacterales orders, and
of the Rhodomicrobium genus, Bacteroidetes of the Rhodothermales order, and
Gammaproteobacteria of the Ectothiorhodospiraceae class and Halochromatium genus were
kept. Other putative anoxygenic phototrophs, such as members of the Chlorobiota or
Gemmatimonadota phyla, were not identified. Sulphate reducers were subset at the order
level (Desulfovibrionales, Desulfobacterales, and Desulfuromonadales), family level
(Desulfarculaceae), and genus level (Desulfosporosinus and Dethiosulfatibacter), and pooled
altogether. Scripts used for data analysis and visualization are available at the following

public repository: https://osf.io/zcywf/, under DOI 10.17605/0SF.I0/ZCYWF.
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3.6. Geochemical modelling

Aqueous speciation, water mixing, and mineral equilibria were computed using PHREEQC
software, version 3.6.2.15100, release 28.01.2020 (Parkhurst and Appelo, 2013). Saturation
indices of solid phases were governed by thermodynamic equilibrium between the minerals
and water. The ionic strength of the lake water reached values up to 2.8 times that of
standard seawater (Summerhayes and Thorpe, 1996); therefore, the thermodynamic activity
coefficients of the aqueous species were calculated with the ion-ion specific interaction
parameters included in the Pitzer database. For the case of silica, the interaction parameters

were those reported in Azaroual et al.,(1997).

Aragonite, amorphous silica, and several Mg-Si solid phases were included as possible
precipitates. The solubility products of sepiolite and kerolite were those reported by
Stoessell (1988), and those of aragonite, quartz, and amorphous silica were obtained from
the Wateqg4f database (Ball and Nordstrom, 1991). The stability of low crystallinity sepiolite
(here labelled as sepiolite(d)) was described by Wollast et al. (1968). Although Stoessell
(1988) attributed this phase to a lack of solid-solution equilibrium, it is here maintained the
stability data as a reference. Some other low crystallinity aluminosilicates might also form
but analyses of dissolved aluminium were not available at near neutral pH. To make results
closer to field observations (i.e, thickness of sediment layers), the volume of solids obtained
by the geochemical simulations will be expressed in mm of mineral thickness per m? of lake
surface, and m of lake water column, rather than mol/kgw. It is here considered a density of

2.28, 2.31 and 2.15 g/cm? for amorphous silica, aragonite and kerolite, respectively.

4. RESULTS

4.1. Lake sub-environments and substrates

The subaerial environment was clearly delineated by the abrupt appearance of vegetation
(dead tree roots, shrubs, grasses, and charophyte algae), calcareous aeolianite and rhizolith
substrates of the Tamala limestone, together with sub-recent vadose lake sediments and
weathered thrombolites. This zone was locally pierced by freshwater points sourcing the

episodically submerged zone (Fig. 1C; Figs S1, S2).
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The episodically submerged environment, subaerially exposed during the field study, displays
different types of substrates: flat-topped and low-lying sand flats, plus shallow water pools
and puddles (between 3 and 20 cm in depth, Figs 1C, 2).

The sublacustrine environment was recognised by permanently submerged locations, with
accommodation space progressively increasing offshore allowing the tallest lithified
thrombolite buildups to develop (from 20 to 80 cm in height) (Fig. S1). In the deeper
sublacustrine areas, thrombolites were occasionally covered by soft, green-pigmented
microbial mat layers (Moore & Burne, 1994; Warden et al., 2016), which were not observed
in the episodically submerged zone (Fig. 1C).

Two categories of lakebed substrates were identified according to the degree of lithification,
i.e., lithified thrombolites (Fig. 2A, B) and soft substrates (pustular microbial mats and non-

lithifying microbial sediments) (Fig. 2B, C), the latter of which were the focus of this work.

4.1.1. Pustular microbial mats

These mats were whitish to pale ochre coloured, weakly lithified, and display contorted and
inflated relief (Fig. 2B, C). In cross section, these microbial mats showed different coloured
mm-thick layers (orange and green or orange and red, from top to bottom). Internally, they
were composed of poorly sorted, irregular aragonite peloid grains and shell debris
intermingled with EPS and were preferentially found in exposed sand flats and surrounding
lithified thrombolites in the subaerial and episodically submerged zones. Samples RE-LC-5,

36, 49, 50, and 51 belong to this category.

4.1.2. Non-lithifying microbial sediments

These sediments were pale ochre to brownish loose particles that showed different
proportions of dark grey—brownish microbial gels either filling the interparticle porosity or
sedimented on top of them (Figs. 2B, D, E; Fig. 3). These sediments comprised irregular and
poorly sorted aragonite peloids, fragments of reworked pustular microbial mats, and minute
thrombolite intraclasts (Fig. 2D, F). These sediments were either found in exposed low-lying
sand flats or at the bottom of shallow-water lake pools and puddles (Fig. 2A, B, D; Figs S1,
$2). In shallow parts of the sublacustrine zone (‘shelf break’), non-lithifying microbial
sediments were concentrated in inter-thrombolite depressions forming straight and sinuous

ripple marks (Fig. 2E). This investigation focused on the Mg-silicate solids found in microbial
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sediments of the subaerial and, particularly, the episodically submerged sub-environments

(Figs 3-5). Samples RE-LC-2, 6, 11, 31, 41, and 44 belong to this category.

4.2, Petrography and mineralogy of lakebed sediments
Compositionally, both pustular microbial mats and non-lithifying microbial sediments from
the subaerial and episodically submerged zones comprised a mixture of inorganic and

organic constituents that will be described as follows (Figs 3-6).

4.2.1. Aragonite peloids

These sediments comprised aragonite peloids displaying a yellowish to dark-brown colour,
cloudy to dense appearance, microcrystalline carbonate fabric, and ranging in diameter
between 20 um and 3 mm (Figs 2F, 3-5). These grains showed irregular external
morphologies and poorly sorted to very poorly sorted depositional textures. Aragonite
peloids were the most abundant component in pustular microbial mats and non-lithifying
microbial sediments, regardless of the lake environment in which they were found. The only
phase identified by XRD was aragonite (Fig. 6A-B), although an acid-insoluble residue was
found after dissolution in 10% HCI. Analysis of this residue revealed a single phase with a
prominent absorption at a wavenumber of 1000 cm~?, which corresponds to the Si-O stretch
absorbance. Further absorbance peaks between 1320 cm~tand 1600 cm™ are bending
absorbances of Si—-0, and a broad absorbance from 2750cm to 3750 cm™! corresponds to
O-H absorbance in mineralogical formation water (Fig. 6C-D). The stoichiometries of the

Mg/Si ratio as established by EDS are summarised in Table S1.

4.2.2. Mg-silicates and bacterial remains

Amorphous Mg-rich silicate phases occurred as pale green to yellowish, dirty, and loose
masses with several hundreds of microns in length, sometimes extending throughout entire
thin sections, as interparticle components. They engulfed peloids, often forming floatstone-
like textures, but were also present as intraclastic aggregates (Figs 3-5). These silicates
appeared as cloudy, fine-grained gelatinous substrates localised in close association with a
diverse array of organic templates (twisted EPS, clusters of diatom shells, blobs of bacterial
filaments, or dark and globular organic-rich remains; Fig. 3). Twisted EPS represent

dehydrated-looking organic matrices ubiquitous in the thin sections, although their
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proportions fluctuated largely. Organic templates consisted of flattened particulate material
forming a vesicular network of intertwined fibres several hundreds of microns in length,
which were coated by Mg-rich silicates(Fig. 3). In the more mature cases, the growth of
silicate crystals has progressively filled the porosity of these organic structures leaving
behind clusters of well-defined elongated silicate aggregates. In other cases, Mg-silicates
occurred in association with pennate diatom shells (up to 100 um in length) that were either
found dispersed in the amorphous matrices or forming aggregate bundles of dead skeletons
(Fig. 3B). In some samples, it was possible to recognise intraclastic blobs containing a
mixture of aragonite peloids, diffuse organic remains, and moulds of delicate filamentous
cyanobacteria-like structures covered in Mg-silicates (Fig. 3D). In addition, dark and dense
organic-rich globules occurred ubiquitously, in different proportions in different thin
sections, and in association with the aforementioned templates. These Mg—Si materials had
consistent stoichiometries (average Mg/Si ratios of 0.66, Table S1) like those of the residue
from the peloidal samples, they were unrecognisable to XRD analysis, and had consistent IR
absorbance behaviour; consequently, they are amorphous kerolite-like materials

comparable to that described in Section 4.2.1. previously.

4.2.3. Skeletal grains

Lakebed sediments were also commonly characterised by the occurrence of skeletal debris
(between 500um and 2mm). The most abundant were gastropods Coxiella striatula and
Potamopyrgus spp, and the bivalve Arthritica semen that occur in different proportions in all
samples as entire or broken specimens (Fig. 4A). Also, diatom frustules were found sparsely
distributed in the lakebed sediments. Some samples contained fragments of micritised
coralline algae, calcified stems and gyrogonites of charophytes, and fragments of vascular

plants.

4.3. Microbial communities and their diversity in lakebed sediments

Microbial communities from Mg-silicate-rich sediments were investigated using 16S rRNA
gene sequencing. The samples were located in the episodically submerged (samples RE-LC
11, 36, and 41) and subaerial (samples RE-LC 2, 5, 6, 31, 49, 50, and 51; Figs 1C, 7A) zones
providing an overview of the 15 most represented classes (Fig. 7B). Overall, Bacteroidia from
the Bacteroidetes phylum dominated all samples with relative abundances ranging from 23%
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(sample RE-LC 36) to 75% (sample RE-LC 5). Gammaproteobacteria reached maximum
abundances of 23% and 17% in samples RE-LC 50 and RE-LC 51, respectively, dominated by
Pseudomonas (8% and 9%, respectively) and Thiotrichaceae (4% and 5%, respectively).
Anaerolineae of the Chloroflexi phylum were found in all but sample RE-LC 51, with a
maximum total abundance of 20% in sample RE-LC 2. Parcubacteria of the Patescibacteria
phylum were found in all samples, with relative abundances as high as 16% and 13% in

samples RE-LC 41 and RE-LC 49, respectively.

Phyletic groups known to host photosynthetic organisms (i.e. Cyanobacteria) were found in
all samples, with a maximum abundance of ca. 8% in sample RE-LC 41, and minima in
samples RE-LC 5, 50, and 51 (0.1%, 0.05%, and 0.03 %, respectively) (Fig. 7C). Groups known
to host anoxygenic phototrophs were found in all samples except sample 5. They were
dominated by members of the Alphaproteobacteria class, including Rhodospirillales (2%
relative abundance in sample RE-LC 6, 1.1% in sample RE-LC 36, 0.4% in sample RE-LC 49,
and 0.3% in sample RE-LC 31), Rhodomicrobium (0.5% in sample RE-LC 11, 0.3% in sample
RE-LC 36, 0.2% in sample RE-LC 2, and 0.1% in sample RE-LC 31), Rhodovibrionales (0.9% in
sample RE-LC 36), and Rhodobacterales (3% in sample RE-LC 36, and 0.1% in both samples
RE-LC 41 and RE-LC 6). The Gammaproteobacteria sequences were affiliated with purple
sulphur bacteria Ectothiorhodospiraceae and Halochromatiaceae (1.2% in sample RE-LC 50,
0.6% in sample RE-LC 31, and 0.1 % in sample RE-LC 41). In sample RE-LC 36, Chloroflexia
abundance was < 0.1%, and 1% for Bacteroidetes and Rhodothermaceae members. Overall,
sample RE-LC 36 had the highest abundance and diversity of anoxygenic phototrophs, with
7.4% of total obtained OTUs potentially linked to this metabolism. Only 0.1% of sequences in
sample RE-LC 51 were found to be associated with putative anoxygenic phototrophs (Fig.

7D).

Sulphate reducers from Clostridiales and Deltaproteobacteria orders Desulfarculales,
Desulfobacterales, Desulfovibrionales, and Desulfuromonadales (Fig. 7E) were found in 9 out
of 10 samples containing Mg-silicates (no putative sulphate reducers were identified in
sample RE-LC 51). Samples RE-LC 2, 11, and 36 had > 5 % of identified OTUs that putatively
belonged to sulphate reducing groups (sample RE-LC 2 had over 10%). They were largely

dominated by sequences from the Desulfobacterales order, with 2% of Desulfovibrionales-
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associated sequences for sample RE-LC 36 only. Desulfarculales represented 1% of the 2% of
putative sulphate reducers identified in sample RE-LC 50. Samples RE-LC 5, 6, 41, and 49

contained < 1% identified putative sulphate reducers.

4.4. Solution chemistry of sampling sites

The major solutes found in 21 surface waters sampled from subaerial, episodically
submerged, and sublacustrine locations (labelled as ‘seepage’, ‘beach’, and ‘lake’ in the field,
respectively) are listed in Table S2. Solute dominance was Cl > Na > SO, > Mg > Ca across the
three different settings, consistent with previous studies (Moore, 1987; Rosen et al., 1996;
Forbes and Vogwill, 2016). Higher average pH values were recorded in beach waters,
followed by seepage water, and finally the lake waters (Fig. 8, Table S2). Higher average
alkalinity and Si concentrations were recorded in seepage waters, while higher Ca, Mg, K,
S04, Na and Cl concentrations occurred in lake waters (Fig. 8). Beach waters show higher
supersaturation (positive saturation indices) with respect to authigenic aragonite (0.85-0.96)
and Mg-silicate phases such as sepiolite (1.13-1.10) and kerolite (1.77-1.80), with seepage

and lake waters having lower saturation conditions for all these minerals (Table S3).

5. DISCUSSION

5.1. Geochemical trends of Lake Clifton waters

The analyses of Cl, Na, and Mg obtained from lake waters suggest that a conservative mixing
occurred between diluted seepage, and evaporated seawater present in the lake by the time
that sampling took place (Fig. 8A, B; Fig. 9). Correlation plots for Ca, SO,4, and K (not shown)
display the same pattern. Despite the massive precipitation of aragonite as peloids, Ca
analysis also revealed a conservative mixing process because aragonite formation is
controlled by alkalinity availability, which molarity is lower than that of Ca by one order of
magnitude. However, the Si concentrations in beach waters are distinctly lower than those
expected from a conservative mixing process (Fig. 8C, 9). This behaviour suggests that Si is
depleted by the precipitation of a solid phase where Si is the limiting component; this could
be either Mg-silicate minerals or diatom shells. Finally, the low pH values measured in the
lake samples (near neutral pH in a marine setting) could be caused by the combined effect of
evaporation and aragonite precipitation (Fig. 8D, 9). Although called “seepage water”, the
samples labelled under this end member are themselves mixtures of a continental diluted
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water and marine water, as evidenced by their concentrations of typically marine-sourced
solutes. Hence, they probably belong to the continental-marine subsurface mixing zone

(Commander, 1988) (Fig. 1B).

5.2. Role of water mixing in the formation of Lake Clifton solid phases

Water samples from the subaerial, episodically submerged, and sublacustrine lake areas
showed near-equilibrium or slight supersaturation with respect to aragonite, which is
consistent with the widespread observation of aragonite peloids forming the lakebed
sediments (Table S3, Figs 2-5), and constitute the thrombolite build-ups (Moore & Burne,
1994; Caselmann, 2005; Burne et al., 2014; Chagas et al., 2016). However, all water analyses
showed undersaturation in amorphous silica and supersaturation with respect to crystalline
quartz (Table S3, Fig. 10), suggesting that the silica concentration of the sublacustrine lake
water is probably controlled by the precipitation of other solid phases such as Mg-silicate

minerals (Burne et al., 2014) or diatom frustules (Moore & Burne, 1994).

As shown in Fig. 10, both subaerial (seepage) and sublacustrine (lake) waters appear to be
undersaturated with respect to both kerolite and crystalline sepiolite. Conversely, most of
the episodically submerged mixing waters (beach) appear to be in equilibrium or
supersaturated with respect to kerolite and crystalline sepiolite, so the formation of these
minerals is only thermodynamically possible in these areas. This unique characteristic of the
episodically submerged zone arises from three factors: first, the mixing of Mg-rich lake water
(Fig. 8B and 9) with Si-rich seepage water (Fig 8C and 9), second, shallow depth CO,
degassing to the atmosphere; and third, the location of a maximum of alkalinity-producing
microorganisms in this specific setting (Fig. 7).

The lack of X-ray scatter in the Mg-Si phase found in Lake Clifton sediments indicates that
the material is amorphous (Fig. 6), and the Mg:Si stoichiometry obtained from EDS analysis is
closer to 3:4 (kerolite) than 3:2 (sepiolite). This specific Mg:Si stoichiometry could simply
reflect the relative lack of SiO, with respect to Mg as confirmed by the plots of Fig. 8C.
Consequently, this Mg-Si silicate was considered as an ‘amorphous kerolite-like phase’ for

the purpose of the present work.
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Experimental synthesis shows that the homogeneous nucleation of amorphous kerolite-like
phases is expected to occur in aqueous solutions with alkaline pH, relatively high Mg/Si
concentrations, and low to high salinities (Tosca & Masterson, 2014). This is also observed in
environments where rapid changes in water chemistry produce significant increases in
saturation state, enabling the homogeneous nucleation of kerolite and sepiolite (Tosca,
2015; Pozo & Calvo, 2018). Thus, in arid to semi-arid environments, high supersaturation
levels during periods of enhanced evaporation may effectively trigger the nucleation of Mg-
silicates from solution as has been suggested for Lake Chad, Lake Yoa, and the Bolivian salars
(Gac et al., 1977; Darragi & Tardy, 1987; Bentz & Peterson, 2020). However, while the
episodically submerged waters at Lake Clifton record high Mg/Si ratios and high salinities,
the pH values of the mixing waters are generally below 8 (Table $2). Thus, the formation of
Lake Clifton’s amorphous kerolite-like precipitates may reflect this relatively circumneutral

condition.

Given the relatively low pH and seemingly marginal conditions for homogeneous nucleation,
the presence of a pre-existing solid substrate may be needed to minimise the nucleation
energy barriers for kerolite-like phases to grow from a slightly supersaturated aqueous
phase (Tosca, 2015). Observations indicate the occurrence of poorly hydrated amorphous
Mg-silicates in close association with organic debris, including twisted EPS, clusters of diatom
shells, blobs of bacterial filaments, and/or dark organic-rich remains (Figs 3-5). As
documented in many natural systems, the presence of foreign substrates of either biological
remains, siliceous material, or detrital clays (Tosca, 2015; Pozo & Calvo, 2018) can lower the
interfacial energy required for the heterogeneous mineral nucleation of Mg-silicates and
carbonates (Sanchez-Roman et al., 2008, 2011, 2023; Cuevas et al., 2011; Krause et al., 2012;
Bontognali et al., 2014; Zeyen et al., 2015; Buey et al., 2021, 2023). Thus, it is very likely that
the cation binding capacity of the microbial EPS (including diatoms) accumulated in lake
sediments facilitates the lowering of supersaturation levels required for the nucleation of
Mg-silicates. This spatial correlation and involvement of microbial processes in Mg-Si
precipitation has previously been postulated in association with thrombolite mineralization,

although in that case it was as stevensite (Burne et al., 2014) .
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To test the feasibility of kerolite formation owing to mixing of lake with seepage waters in
the episodically submerged zone, geochemical modelling was performed assuming
heterogeneous precipitation of pure crystalline solid phases as soon as supersaturation was
reached (i.e. assumption of no kinetic barriers). Due to the lack of thermodynamic data for
the amorphous kerolite-like Mg-Si phases, crystalline kerolite has been used as an approach
in the simulations. Calculations simulated the discharge of seepage water (sample 25, the
lowest Cl-Na concentration in Table S2) into lake water (sample 7, the highest CI-Na
concentration).

Several processes can take place simultaneously when seepage water mix with lake water in
the beach: CO, degassing, microbially-mediated reactions, and precipitation of solid phases.
These processes will be described separately. Degassing causes the alkalinisation of the
water (HCO3 + H* = COz(g)T+ H,0) and the precipitation of solid phases can take place as
supersaturation is reached. As an example, Fig. 11 shows the effect of CO, degassingin a
mixture 50% of seepage and 50% of lake waters. Similar trends can be observed for other
mixing proportions (Fig. S3A, B). According to Fig. 11, if CO, degassing is higher than pCO, of
2.4, both aragonite and minor kerolite will precipitate from all the mixture proportions (see

an example in Fig. S4).

5.3. Role of EPS and microbial metabolism in the formation of Lake Clifton minerals

As described above, petrographic observations revealed an intimate intergrowth of kerolite-
like precipitates with EPS. To produce an observable amount of aragonite versus kerolite
(following a biologically-induced mineral formation pathway sensu Dupraz et al., 2009), as
empirically recorded in Lake Clifton surficial sediments, an alkalinity pump is required (Tosca
etal., 2011; Zeyen et al., 2015; Pace et al., 2016; Buey et al., 2018, 2021; Lamérand et al.,
2022). Metabolic processes commonly known to increase alkalinity include oxygenic and
anoxygenic photosynthesis (Visscher & Stolz, 2005; Dupraz et al., 2009; Popall et al., 2020;
Robles-Fernandez et al., 2022), or aerobic and anaerobic heterotrophs (Visscher & Stolz,
2005; Sanchez-Roman et al., 2007; Sanchez-Roman et al., 2011; Gallagher et al., 2012;
Robles-Fernandez et al., 2022), Fe-reducing bacteria (Sanchez-Roman et al., 2014) or nitrate
reducing bacteria (Sanchez-Roman et al., 2015). Metabolisms that consume alkalinity, such

as aerobic degradation of organic matter, fermentation, and sulphide oxidation, will reduce
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the chance to reach carbonate and Mg-Si supersaturation and precipitation (Visscher &
Stolz, 2005; Dupraz et al., 2009). The genomic analysis of the sediments permits the
identification of putative contributors to the alkalinity increase required to precipitate
minerals under the conditions observed in Lake Clifton today. While methanogenic
organisms were not observed through 16S rRNA gene sequence library, photosynthetic
organisms (from diatoms observed throughout the samples, to Oxyphotobacteria
Cyanobacteria identified in all samples except sample RE-LC 50; Fig. 7) are major
contributors to the alkalinity engine. Several putative anoxygenic photosynthesizers
identified through their sequences in samples RE-LC 6, 31, 36, and 50 may also be
contributing. Sulphate reducers were also identified in samples RE-LC 2, 11, 31, 36, and 50.
Combinations of the metabolic potentials of these organisms are the most likely cause of
increased alkalinity in the episodically submerged zone (samples RE-LC 41, 36, and 11), and
to a lesser extent in the subaerial zone. Samples RE-LC 5, 49, and 51 tend to have a relatively
low number of potential contributors to alkalinity increase based on the genomic study.
However, the use of 16S rRNA gene sequences from genomic DNA only provides a
semiquantitative view of the presence of certain clades and does not allow quantification of
these influences. Targeting functional genes (through dedicated primers or metagenomic
analysis) and RNA may provide a more accurate view of the metabolic activity of these
communities. Metagenomic approaches have been used previously in the Lake Clifton
environment to decipher communities involved in lithifying and non-lithifying sediments
(Warden et al., 2016). Lithifying mats forming on top of thrombolites partly emerged at
some points, suggesting a sublacustrine to episodically submerged environment. Non-
lithifying mats were likely sampled in the episodically submerged zone. These mats showed
differences marked by the increased presence of photoautotrophic organisms (ca. 25% on
average) and associated genes in the lithifying mats, while non-lithifying sediments had
lower Cyanobacteria abundances (ca. 5% on average), and increased abundances of
sulphate-reducing organisms (ca. 7%) (Warden et al., 2016), as observed herein in 2 out of 3
of the non-lithifying and Mg-silicate-rich samples in the episodically submerged zone
(samples RE-LC 36 and 11).

The effect of photosynthesis in biologically-induced mineral formation is modelled with a
simplified reaction (HCO5; + H* = CH,0 + Oz(g)T) and is depicted in Fig. 12A. As expected

from the reactants, the chemical effect of photosynthesis cannot be distinguished from CO,
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degassing (Fig. 11), and it only progresses for water CO, partial pressures higher than
atmospheric (103 bar). For CO, pressures lower than atmospheric, water would dissolve
CO, from the atmosphere and no net alkalinity would be generated. The bacterial sulphate
reduction effect on mineral formation has been also calculated with a simplified reaction
(SO, + 2CH,0 +2H* = 2C0,(g)T + H,S(g) T + 2H,0) and is represented in Fig. 12B. Since
atmospheric H,S pressure is very low and only 14% of the initial SO, in the mixture has been
consumed, the limit of the sulphate reduction would also be the atmospheric CO, pressure
(103 bar). The amount of kerolite formed in both reactions is equivalent (Fig. 12A and B).
However, since no HCO; is consumed, sulphate reduction results in the formation of more
aragonite. According to Fig. 12A and B, in the hypothetical case of no CO, diffusion, the total
generation of alkalinity of both biological reactions should be kept below 5 mmol/L: further

reaction would reach a pH higher that 8 and a CO,; partial pressure lower than atmospheric.

In summary, besides lake and seepage mixing and CO, degassing, the congruent occurrence
and activity of bacterial sulphate reducers, diatoms- and Cyanobacteria-powering
photosynthesis, and anoxygenic phototrophs may be able to generate alkalinity to
contribute significantly to the formation of the kerolite-like/aragonite assemblage in the

episodically submerged and subaerial zones.

5.4. Modelling versus natural processes: the limits of equilibrium

Under theoretical equilibrium conditions, rather than indicating the actual formation of
solids, the modelling results should be interpreted as their possible precipitation. If
precipitation does occur, the volume of formed solid phases would represent be maximum
possible. In the following lines, a comparison between theoretical equilibrium conditions and
actual data was made.

Unfortunately, no direct measurement of the CO, partial pressure reached by CO, degassing
and/or photosynthesis and sulphate reduction is available. However, an indirect indication is
given by the pH of the mixture. Thus, several end-member hypotheses are depicted in Fig.
13. Firstly, the precipitation of aragonite with no CO, degassing and no biological reactions
(kerolite remains undersaturated in these mixtures) leads to pH values lower than 7,
distinctly lower than observed (scenario 1). Secondly, CO, degassing and/or biological

consumption to the atmospheric limit of 103 bar together with no solid precipitation
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results in pH as high as 9 (scenario 2). Thirdly, CO, degassing and/or biological reactions to
atmospheric values coupled with solid precipitation (scenario 3). Finally, no CO, degassing
and no biological reactions together with no solid precipitation (scenario 4). As shown in Fig.
13, most of the measured pH values plot between the scenarios 3 and 4. The measured pH
values lower than scenario 3 suggest that CO, degassing and/or biological reactions were not
reaching the completion to atmospheric values. On the other hand, the analysed pH values
higher than scenario 4 suggest that precipitation of solids was not maximum.

In summary, the analysed pH values are consistent with a scenario of incomplete CO,
degassing and/or biological reactions, and solid precipitation lower than that predicted as

saturation is reached.

5.5. Are Mg-silicates triggered by the dissolution of diatom frustules?

The authigenesis of Mg-silicates on the surface of dead diatom frustules accumulated as
loose sediment (Badaut & Risacher, 1983; Bentz & Peterson, 2020; Muller et al., 2023) or as
pseudomorphic replacements in diatom-bearing microbialites (Zeyen et al., 2015) has been
documented previously in saline, alkaline (pH > 8-9) systems. In these cases, evidence of
dissolution and coating/replacement of diatom frustules with a variety of poorly crystallised
Mg-Si minerals (stevensite, saponite, and kerolite) has been observed. The factors governing
the solubility of biogenic silica after diatom death are multiple, including fluctuations of pH,
temperature, salinity, depth of water column, and sedimentation rates, among others (Chan,
1989; Conrad et al., 2007; Loucaides et al., 2012; Bentz & Peterson, 2020). Saline to
hypersaline lakes with relatively alkaline pH developed in arid regions with moderate to high
lake water temperatures and variable water depths are prone to experience higher rates of
silica dissolution. Some examples include the mudflats of the Bolivian Altiplano salars (Bentz
& Peterson, 2020), and the surficial sediments of Lake Alchichica in Mexico (Muller et al.,
2023). In some Bolivian salars, Mg-rich fluids may be responsible for the slow leaching of
thick diatomaceous muds, providing a source of Si to pore fluids, and encouraging the
formation of kerolite and Mg-smectite during periods of enhanced evaporation (Bentz &
Peterson, 2020). Moreover, the upper decimetres of the diatomaceous sediment at Lake

Alchichica have been documented as undergoing a replacement/pseudomorphic
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transformation to Al-poor Mg-silicates with a composition corresponding to stevensite

(Muller et al., 2023).

Thus, it is pertinent to evaluate the potential role of amorphous silica dissolution/
replacement in Lake Clifton Mg-silicate authigenesis given that lake sediments occur in close
association with diatom frustules (Fig. 3B) (Moore, 1993; Moore & Burne, 1994; Caselmann,
2005). Because SiO, is the limiting reagent in Lake Clifton waters (Fig. 8C), the active
presence of this component is expected to drastically modify the geochemical system
described in previous sections. Indeed, the in excess presence of SiO,, originating from the
dissolution of dead diatom frustules plus seepage water-fed silica, would favour the
formation of kerolite-like phases (Fig. 14). However, the precipitation of observable amounts
of kerolite-like phases within the pH values observed in the episodically submerged lake
region (averaging 7.7) also requires the consumption of alkalinity, thereby preventing the
formation of aragonite even under the most favourable alkalinity conditions (Fig. 14).
Consequently, the observation of ubiquitous aragonite peloids in Lake Clifton sediments
guestions whether aragonite originated in a scenario dominated by excess silica arising from

diatom frustule replacement.

5.6. Role of evaporation in aragonite and Mg-silicate formation

In addition to the effects of lake—seepage water mixing, alkalinity pumping reactions of
microbial influence, and silica supplied by seepage and diatom dissolution sources,
evaporation could potentially play a role in enhancing the supersaturation of lake waters
and triggering the precipitation of Mg-silicates in the episodically submerged pools of Lake
Clifton. However, all the analysed waters can be explained as linear mixtures of seepage and
lake end members (Fig. 8A, B), with no evidence of evaporation paths or evaporitic minerals
such as gypsum. Moreover, the evaporation of the most diluted mixtures (80% seepage- 20%
lake) would result in pH values decreasing and far below those measured in the field. As a
result of pH decrease and amorphous silica precipitation (not represented), kerolite
saturation indices decrease and remain negative (Fig. 15). As a consequence, evaporation

can be ruled out as a process leading to Mg-silicate formation in Lake Clifton.
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5.7. Chemical evolution of the Lake Clifton: implications for the formation of Mg-silicates
According to the data available, a clear increase in the lake salinity has been observed over
the last four decades (data reported in Moore, 1987; Rosen et al., 1996; Caselmann, 2005;
Smith et al., 2020; Forbes & Vogwill, 2016; present study). Salinity has risen from half to
more than double that of seawater and is associated with a shift in the major chemistry
towards marine solutes (see Table S4 and Fig. S6). According to Forbes and Vogwill (2016),
the increase in salinity could be attributed to one or several processes: a decrease in rainfall,
increasing groundwater pumping in the recharge area, and infiltration of hypersaline
groundwater due to the dewatering of the Dawesville Channel. Alongside the rise in salinity,
a systematic decrease in pH from slightly alkaline (8.5 to 8.0) to near neutral pH (7.5) has
also been observed in the limited data gathered (Table S4). This decrease is attributed to a
progressive decline in filamentous cyanobacteria and phytoplankton diversity (Rosen et al.,

1996; Smith et al., 2010) (Fig. 16).

Superimposed on this decadal trend, there is also a seasonal oscillation, with higher pH in
summer (December to February) and lower pH in winter (June to August) (Forbes & Vogwill,
2016). pH values measured in the present work align with those reported by these authors
for July-September 2010. This behaviour is linked to the hydrological cycle (Rosen et al.,
1996): with a two-month delay, winter rainfall reaches the lake via groundwater, bringing
nutrients that promote algae and phytoplankton growth through the warm summer months
(Moore & Turner, 1988). During the summer, groundwater discharge drops, and evaporation
increases prompting salinization, which is followed by declines in biomass growth during
autumn months (Moore & Turner, 1988; Rosen et al., 1996; Forbes & Vogwill, 2016).
Consistent with the decadal evolution of the lake, higher pH values are associated with high
biological productivity, while lower pH values correspond to rises in salinization and the

decline of biological activity (Rosen et al., 1996; Forbes & Vogwill, 2016) (Fig. 16).

Compared with the data collected in the present study, the older Lake Clifton waters show
lower CO, pressures (closer to atmospheric values) and distinctly higher solid
supersaturation values (Table S5), making them more prone to forming Mg-silicates and
aragonite. Assuming that gas diffusion processes in the recent were similar those of the

present day, the key factors in the alkalinisation required for Mg-silicate formation in Lake
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Clifton would biologically-induced photosynthesis and sulphate reduction (Fig. 13) rather

than CO, degassing (Fig. 11).

5.8. Implications for the environmental interpretation of lacustrine Mg-silicates

The occurrence of Mg-silicates (e.g., kerolite, sepiolite, and stevensite) in lacustrine
sedimentary successions can provide valuable insights into past environmental conditions
owing to their sensitivity to various hydrochemical parameters (Deocampo, 2004, 2005;
Tosca & Masterson, 2014; Tosca & Wright, 2018; Bentz & Peterson, 2020; Gebregiorgis et al.,
2020; Chase et al., 2021). Integrating geochemical modelling with laboratory precipitation
experiments can illuminate the physico-chemical thresholds of Mg-silicate formation.
However, caution is warranted when predicting the behaviour of Mg-silicate—carbonate co-
precipitation in both recent and ancient environments. While kerolite-like phases are
anticipated at high Mg/Si ratios, high salinities, and moderately high pH (Léveillé et al., 2000;
Galdn & Pozo, 2011; Tosca & Masterson, 2014; Bentz & Peterson, 2020), the data here
presented suggest that such Mg-Si phases can also arise in the mixing zone under extremely
high Mg/Si ratios (between 24.6 and 337), marine-like salinities (~0.616 mol/Kg), and near-
neutral pH (average of 7.68). Consequently, caution should be taken when presuming that
experimentally predicted fluid chemistry promoting Mg-silicate formation precisely mirrors

lake biogeochemical conditions in which calcium carbonate precipitation is also facilitated.

The discovery of kerolite-like precipitates in recent Lake Clifton microbial sediments
contrasts with the previous identification of massive and crystalline stevensite mineralising
cyanobacterial sheaths in adjacent lithified thrombolites (Burne et al., 2014). The fact that
different Mg-Si textures with different Mg/Si stoichiometries (Table S1) were recognised in
the lake sediments suggests that a transformation from amorphous Mg-silicates to
crystalline stevensite minerals is currently underway. Such diagenetic transformations could
be attributed to the gradual dehydration and desiccation of Mg-Si organic/inorganic gels, a
process similarly documented in cave environments and palustrine— lacustrine settings (Pozo
& Casas, 1999; Léveillé et al., 2000; Tosca & Wright, 2018) thus informing about diagenetic
processes rather than depositional conditions. Evidence for desiccation cracking of Mg-Si

phases in Lake Clifton sediments is recognised by the angularity of the intraclastic Mg-Si

26



Page 69 of 111

822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852

853

Sedimentology

grains intermingled with peloids (Fig. 4A). Dehydration processes are intensified in
environments that are episodically submerged, such as the mixing zone at Lake Clifton,
which experiences intense evaporation during periods of subaerial exposure (wetting—drying
cycles) likely contributing to the early diagenetic transformation to stevensite (Tosca &
Wright, 2018) at rates as fast as 2,650 + 30 yr, which are the age estimates for Lake Clifton
thrombolites (Lluesma-Parellada 2015). An early diagenetic origin for Lake Clifton stevensite
would raise questions about whether fossil occurrences of lacustrine Mg-silicate minerals
can be unambiguously linked to the sort of depositional parameters traditionally attributed
to its formation: namely : 1) highly alkaline lake waters (pH > 9), 2) supersaturation driven by
evaporite concentration, 3) precipitation from ‘inorganic’ gel-like precursors, or 4)
deposition in deeper, low-energy sublittoral areas with no exposure of Mg-Si gels to
desiccation (e.g., Pozo & Calvo, 2018; Tosca & Wright, 2018). Differently, present
observations highlight that stevensite can arise from amorphous Mg-Si phases: 1) nucleated
in mild alkalinity settings, 2) without particularly high evaporitic conditions, 3) associated to
abundant ‘organic’-like substrates, and 4) deposited in shallow, low-energy beach
environments undergoing episodic desiccation and subaerial exposition.

Due to the poor preservation of diatom frustules, microbial fossils, and EPS substrates in
deep-time sediments and rocks, inferring the ancient lake biogeochemistry of the Mg-
silicate—carbonate system is inherently challenging. Consequently, a case-by-case analysis is
recommended when interpreting the depositional and diagenetic conditions that gave rise
to ancient lacustrine Mg-silicates, acknowledging that petrographic data alone do not
provide direct evidence of lake hydrochemical conditions.

Finally, the process-based simulations here presented enable estimations of the potential
thickness of minerals deposited per unit of lake surface area and metre of lake water depth,
facilitating borehole or field-scale mineral volume predictions in analogous recent and

ancient lacustrine settings.

6. CONCLUSIONS
Analysis of petrographic, hydrochemical, and microbial genomic data from Lake Clifton
bottom sediments were combined with geochemical modelling to elucidate the mechanisms

driving the formation of aragonite peloids and its interparticle amorphous Mg-silicates (i.e.,

27



854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

Sedimentology Page 70 of 111

kerolite-like phases) found in its subaerial and episodically submerged environments. The

following conclusions can be drawn:

1. Two processes leading to the formation of kerolite-like solids, and aragonite minerals can
occur simultaneously when seepage mixes with lake water in the beach environment: CO,
degassing and biogenic-mediated reactions (photosynthesis and sulphate reduction). Using
geochemical modelling, both CO, degassing and photosynthesis are indistinguishable.
Geochemical simulations considering solely the pure (abiotic) mixing of lake with seepage
waters only explains the neoformation of both aragonite and kerolite-like phases if CO,

degasification progresses to partial pressures lower than 102> bar (Fig. 11).

2. Petrographic data suggest that Mg-silicates are closely associated with twisted microbial
(EPS), clusters of diatom shells, blobs of bacterial filaments, or dark and globular organic-rich
bacterial remains. Furthermore, petrographical and genomic analyses points to diatom and
cyanobacteria-powered photosynthesis, putative anoxygenic photosynthesis, and sulphate
reduction as major contributing metabolisms to the alkalinity engine required for Mg-
silicate—carbonate biologically-induced co-precipitation. Simulations also show that the
addition of alkalinity from photosynthesis and/or sulphate reduction (in excess to 3 mmol/L)
are needed to form the aragonite/kerolite-like phases assemblage observed in Lake Clifton

sediments (assuming no CO, diffusion or only very slow diffusion).

3. According to the data available, a clear increase in salinity and pH decrease, together with
a change in the biota of the Lake Clifton, can be accounted during the last four decades.
Within a year, higher pH values occur in early summer (December to February), coinciding
with more microbiological productivity. The decrease in pH leads to lower kerolite-like
supersaturation. Therefore, although kerolite-like formation is still possible in winter-2016,
the conditions were more favourable in the previous decades and during summers.
Assuming that gas diffusion does not change significantly in recent years, the decadal
evolution of the water indicates that the alkalinisation required to form Mg-silicates in Lake

Clifton would be based in biological reactions rather than CO, degassing.
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4. Geochemical simulations testing the contribution of dead diatom frustule dissolution
towards kerolite authigenesis revealed that the precipitation of observable amounts of
kerolite within the pH values measured at Lake Clifton would prevent the formation of
aragonite, thus refuting a scenario dominated by excess silica. In addition, evaporation-
driven alkalinity-rising reactions cannot explain kerolite precipitation, as this process would

lead to pH values lower than those observed and increasing kerolite subsaturation.

5. The discovery of kerolite-like Mg-silicate phases in the microbial-bearing sediments of a
hypersaline and slightly alkaline coastal lagoon urges a revision of the biogeochemical
models of Mg-silicate—carbonate co-precipitation. A holistic evaluation of the Si-
cycling—alkalinity—microbial mineralization interactions in recent saline lakes is crucial to
illuminate the understanding of the early diagenesis of lacustrine minerals, as some
processes and signatures may have encountered incomplete petrographic preservation in

ancient systems.
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FIGURE CAPTIONS

Figure 1. A. Study site, Lake Clifton, Western Australia in aerial form adapted from Google
Earth satellite data (December 2016). Map of groundwater flow systems in this setting,
including seepage divides (dotted lines), flow lines (arrowed lines), and names of the
domains (in red). Grey lines denote water table contours in m above Australian Height
Datum. The Myalup flow system includes the Lake Clifton and Preston subsurface areas. B.
Diagrammatic cross section showing seepage water flows and types of waters, and
directions of seepage water flows between continental and oceanic water masses. Dotted
red line divides the Leederville Formation below and Quaternary deposits above (modified
from Commander 1988). C. Google Earth satellite image (December 2016) with exposed
whitish thrombolite belts during low tide conditions. Note sublacustrine, episodically
submerged, and subaerial areas. Water samples from Transects 1 and 2 are numbered in
black. Soft substrate samples are labelled as RE-LC through the profile. See Fig. S1 for

location of additional water samples.

Figure 2. Types of substrates in Lake Clifton episodically submerged sub-environments. A.
Shallow pools and puddles forming between relic thrombolites during low-tide lake
conditions. Note the dark brownish microbial gels covering the bottom of the pools. B.
Subaerially exposed sand flats covered with semi-indurated and contorted pustular microbial
mats, and loose non-lithifying microbial sediments with dark grey—brownish microbial gels.
C. Detail of broken pustular microbial mats showing mm-thick and poorly continuous
coloured laminae. D. Shallow pools in the episodically submerged lake area with abundant
dark grey—brownish microbial gels occurring as gelatinous ellipsoidal boulders (yellow
arrows). E. Straight and sinuous ripple marks comprising aragonite peloids filling inter-
thrombolite depressions. Note the dark-grey microbial soft boulders (yellow arrows). F.
Scanning Electron Microscopy photomicrograph of poorly sorted, irregular aragonite peloids,

which form non-lithified microbial sediments within shallow puddles.
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Figure 3. Photomicrographs of non-lithifying microbial sediments after impregnation in dyed
blue epoxy resin. A. Poorly sorted aragonite peloids (white arrows) embedded in Mg-silicate
masses (yellow arrows) forming floatstone-like depositional textures. Fragments of shell
debris and thrombolite intraclasts are present. Sample RE-LC 11. B. Irregular peloid (white
arrow) surrounded by twisted exopolymers (blue arrows) formed by intertwined organic
fibres coated by incipient Mg-silicate minerals (yellow arrows). Note the abundance of
dispersed pennate diatom frustules forming bundles (red arrows). C. Mg-silicate masses
(yellow arrows) filling the porosity of organic templates (blue arrow) leaving behind vesicular
textures. Note the dark and dense organic-rich globules intermingled with the Mg silicates
and aragonite peloids (white arrows). Sample RE-LC 31. D. Intraclast blobs (centre)
containing a mixture of peloids (white arrow), diffuse black and rounded organic remains,
and moulds of delicate filamentous cyanobacteria-like structures covered in Mg-silicates

(yellow arrows). Mollusc shell debris is common. Sample RE-LC 44.

Figure 4. Field-Emission Scanning Electron Microscopy photomicrographs of non-lithifying
microbial sediments. Sample RE-LC 11. A. Aragonite peloids (whitish colour, white arrow)
floating in a cloudy, gelatinous to dense fine-grained Mg-silicate matrix (grey colour, yellow
arrows) with some Mg-Si angular intraclasts (in), all of them showing a dominance of Mg and
Si. Note some foraminifera shells in the top—centre of the image. B. Energy-dispersive X-ray

spectroscopy measurements from sites shown with white and red asterisks in Fig. 4A.

Figure 5. Field-Emission Scanning Electron Microscopy photomicrographs of non-lithifying
microbial sediments. Sample RE-LC-11. A. Twisted exopolymers (grey colour, yellow arrows)
forming elongated networks of intertwined fibres where incipient Mg-silicates have been
identified (see dominance of Mg and Si). Peloids and intraclastic thrombolite fragments are
shown in a light-grey colour (white arrow). B. Energy-dispersive X-ray spectroscopy

measurements from sites shown with white and red asterisks in Fig. 5A.
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Figure 6. A. Upper line is the X-ray powder diffraction pattern of a representative
homogenised sample (RE-LC 35), and peaks below are approximate intensities of a standard
sample of pure aragonite. B. X-ray powder diffraction pattern of a representative
homogenised sample (RE-LC 65) after acid digestion, showing background scatter. Small
peaks arise from small masses of aragonite not removed by digestion. C. Black line is the
ATR-FTIR spectrum for a representative homogenised sample (RE-LC 35). Grey line is RRUFF
standard aragonite (https://rruff.info/aragonite/display=default/R040078). D. Black line is
the ATR-FTIR spectrum for a representative homogenised sample (RE-LC 35) after acid
digestion. Grey line is poorly crystalline interstratified kerolite-stevensite (Urefia-Amate et

al., 2008).

Figure 7. A. Sublacustrine (left) to subaerial (right) cross section at the Lake Clifton shoreline,
on which samples that underwent metabolic analysis are marked. Samples RE-LC 5, 36, 49,
50, and 51 are pustular microbial mats. Samples RE-LC 2, 6, 11, 31, and 41 are non-lithifying
microbial sediments. B. Microbial composition of samples containing Mg-silicates (based on
16S rRNA gene sequencing). The 15 most abundant classes are displayed and the sum of
remaining OTUs are labelled under “Other”. C. Classes of Cyanobacteria, among which only
the Oxyphotobacteria are confirmed to perform oxygenic photosynthesis. D. Anoxygenic
phototrophs observed from different phyla. E. Sulphate reducers encompassing

Deltaproteobacteria and Clostridiales classes.

Figure 8. Correlation plots of the concentrations of Na (A), Mg (B), Si (C), and pH (D) with
respect to Cl in Lake Clifton waters for three different locations: seepage, beach, and lake.
The concentrations of standard seawater (Summerhayes and Thorpe, 1996) are also plotted

as solid triangles.

Figure 9. Depositional profile of Lake Clifton sub-environments displaying the location of

water samples studied and their major physico-chemical properties.
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Figure 10. Activity diagram of the MgO-SiO,—H,0 system at 25°C including our analytical
data and the solubility products of stevensite (Darragi and Tardy, 1987), low crystallinity
sepiolite(d) (Wollast et al., 1967), kerolite, sepiolite (Stoessell, 1988), quartz, and amorphous
silica (Ball and Nordstrom, 1991).

Figure 11. Thickness of solids formed (in mm of solid/m? surface/m of lake water depth) by
the mixing of 50% of seepage and 50% of lake water, and CO, progressive degassing. The
volume of solid was calculated with a density of 2.31 and 2.15 g/cm? for aragonite and
kerolite, respectively. Note that pCO, equals —log CO, pressure. Degasification progresses

from left to right until it reaches atmospheric values (3.5).

Figure 12. Thickness of solids formed (in mm of solid/m?2 surface/m of lake water depth) due
to photosynthesis (A), and sulphate reduction (B) on a mixture of 50% of seepage and 50%

of lake water.

Figure 13. Yellow circles represent beach sample pH’s plotted according to the lake water
fraction. The lines depict pH trends according to end-member theoretical scenarios: (1)
precipitation of aragonite with no CO, degassing (kerolite remains undersaturated in the
mixtures); (2) CO, degassing to pCO, of 3.5 without solid precipitation; (3) CO, degassing to

CO, of 3.5 with solid precipitation; (4) no CO, degassing and no mineral precipitation.

Figure 14. Thickness of solids formed (in mm of mineral/m? surface/m of lake water depth)
by the mixing of 50% of seepage water and 50% of lake water, and adding alkalinity from
CO, degassing, and microbial photosynthesis, and sulphate reduction. The simulation

consider that silica is available from dissolution of dead diatom shells.

Figure 15. Evolution of saturation indices of gypsum and kerolite and pH values for a mixture

of 80% of seepage and 20% of lake water that undergo concentration due to evaporation.
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Figure 16. Sketches illustrating the decadal and seasonal trends in rainfall intensities, salinity
gradients, pH fluctuations, cyanobacterial blooms, and putative Mg-silicate and aragonite
precipitation patterns in Lake Clifton, Australia. The arrows indicate higher values. Based on
data in Moore & Turner (1988); Rosen et al., (1996); Smith et al.,(2010); Forbes & Vogwill
(2016), and herein.
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Figure 1. A. Study site, Lake Clifton, Western Australia in aerial form adapted from Google Earth satellite
data (December 2016). Map of groundwater flow systems in this setting, including seepage divides (dotted
lines), flow lines (arrowed lines), and names of the domains (in red). Grey lines denote water table contours
in m above Australian Height Datum. The Myalup flow system includes the Lake Clifton and Preston
subsurface areas. B. Diagrammatic cross section showing seepage water flows and types of waters, and
directions of seepage water flows between continental and oceanic water masses. Dotted red line divides the
Leederville Formation below and Quaternary deposits above (modified from Commander 1988). C. Google
Earth satellite image (December 2016) with exposed whitish thrombolite belts during low tide conditions.
Note sublacustrine, episodically submerged, and subaerial areas. Water samples from Transects 1 and 2 are
numbered in black. Soft substrate samples are labelled as RE-LC through the profile. See Fig. S1 for location
of additional water samples.
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40cm

Figure 2. Types of substrates in Lake Clifton episodically submerged sub-environments. A. Shallow pools and
puddles forming between relic thrombolites during low-tide lake conditions. Note the dark brownish
microbial gels covering the bottom of the pools. B. Subaerially exposed sand flats covered with semi-
indurated and contorted pustular microbial mats, and loose non-lithifying microbial sediments with dark
grey—-brownish microbial gels. C. Detail of broken pustular microbial mats showing mm-thick and poorly
continuous coloured laminae. D. Shallow pools in the episodically submerged lake area with abundant dark
grey—-brownish microbial gels occurring as gelatinous ellipsoidal boulders (yellow arrows). E. Straight and
sinuous ripple marks comprising aragonite peloids filling inter-thrombolite depressions. Note the dark-grey
microbial soft boulders (yellow arrows). F. Scanning Electron Microscopy photomicrograph of poorly sorted,
irregular aragonite peloids, which form non-lithified microbial sediments within shallow puddles.
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Figure 3. Photomicrographs of non-lithifying microbial sediments after impregnation in dyed blue epoxy
resin. A. Poorly sorted aragonite peloids (white arrows) embedded in Mg-silicate masses (yellow arrows)
forming floatstone-like depositional textures. Fragments of shell debris and thrombolite intraclasts are
present. Sample RE-LC 11. B. Irregular peloid (white arrow) surrounded by twisted exopolymers (blue
arrows) formed by intertwined organic fibres coated by incipient Mg-silicate minerals (yellow arrows). Note
the abundance of dispersed pennate diatom frustules forming bundles (red arrows). C. Mg-silicate masses
(yellow arrows) filling the porosity of organic templates (blue arrow) leaving behind vesicular textures. Note
the dark and dense organic-rich globules intermingled with the Mg silicates and aragonite peloids (white
arrows). Sample RE-LC 31. D. Intraclast blobs (centre) containing a mixture of peloids (white arrow), diffuse
black and rounded organic remains, and moulds of delicate filamentous cyanobacteria-like structures
covered in Mg-silicates (yellow arrows). Mollusc shell debris is common. Sample RE-LC 44.
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Figure 4. Field-Emission Scanning Electron Microscopy photomicrographs of non-lithifying microbial
sediments. Sample RE-LC 11. A. Aragonite peloids (whitish colour, white arrow) floating in a cloudy,
gelatinous to dense fine-grained Mg-silicate matrix (grey colour, yellow arrows) with some Mg-Si angular
intraclasts (in), all of them showing a dominance of Mg and Si. Note some foraminifera shells in the
top-centre of the image. B. Energy-dispersive X-ray spectroscopy measurements from sites shown with
white and red asterisks in Fig. 4A.
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Figure 5. Field-Emission Scanning Electron Microscopy photomicrographs of non-lithifying microbial
sediments. Sample RE-LC-11. A. Twisted exopolymers (grey colour, yellow arrows) forming elongated
networks of intertwined fibres where incipient Mg-silicates have been identified (see dominance of Mg and
Si). Peloids and intraclastic thrombolite fragments are shown in a light-grey colour (white arrow). B. Energy-
dispersive X-ray spectroscopy measurements from sites shown with white and red asterisks in Fig. 5A.
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Figure 6. A. Upper line is the X-ray powder diffraction pattern of a representative homogenised sample (RE-
LC 35), and peaks below are approximate intensities of a standard sample of pure aragonite. B. X-ray
powder diffraction pattern of a representative homogenised sample (RE-LC 65) after acid digestion, showing
background scatter. Small peaks arise from small masses of aragonite not removed by digestion. C. Black
line is the ATR-FTIR spectrum for a representative homogenised sample (RE-LC 35). Grey line is RRUFF
standard aragonite (https://rruff.info/aragonite/display=default/R040078). D. Black line is the ATR-FTIR
spectrum for a representative homogenised sample (RE-LC 35) after acid digestion. Grey line is crystalline
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Figure 8. Correlation plots of the concentrations of Na (A), Mg (B), Si (C), and pH (D) with respect to Cl in
Lake Clifton waters for three different locations: seepage, beach, and lake. The concentrations of standard
seawater (Summerhayes and Thorpe, 1996) are also plotted as solid triangles.
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Figure 9. Depositional profile of Lake Clifton sub-environments displaying the location of water samples
studied and their major physico-chemical properties.
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Figure 10. Activity diagram of the MgO-SiO02-H20 system at 25°C including our analytical data and the
solubility products of stevensite (Darragi and Tardy, 1987), low crystallinity sepiolite(d) (Wollast et al.,
1967), kerolite, sepiolite (Stoessell, 1988), quartz, and amorphous silica (Ball and Nordstrom, 1991).
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Figure 11. Thickness of solids formed (in mm of solid/m2 surface/m of lake water depth) by the mixing of
50% of seepage and 50% of lake water, and CO2 progressive degassing. The volume of solid was calculated
with a density of 2.31 and 2.15 g/cm3 for aragonite and kerolite, respectively. Note that pCO2 equals -log
CO2 pressure. Degasification progresses from left to right until it reaches atmospheric values (3.5).
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Figure 12. Thickness of solids formed (in mm of solid/m2 surface/m of lake water depth) due to

photosynthesis (A), and sulphate reduction (B) on a mixture of 50% of seepage and 50% of lake water.
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Figure 13. Yellow circles represent beach sample pH’s plotted according to the lake water fraction. The lines
depict pH trends according to end-member theoretical scenarios: (1) precipitation of aragonite with no CO2
degassing (kerolite remains undersaturated in the mixtures); (2) CO2 degassing to pCO2 of 3.5 without
solid precipitation; (3) CO2 degassing to CO2 of 3.5 with solid precipitation; (4) no CO2 degassing and no
mineral precipitation.
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Figure 14. Thickness of solids formed (in mm of mineral/m2 surface/m of lake water depth) by the mixing of
50% of seepage water and 50% of lake water, and adding alkalinity from CO2 degassing, and microbial
photosynthesis, and sulphate reduction. The simulation consider that silica is available from dissolution of
dead diatom shells.
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Figure 15. Evolution of saturation indices of gypsum and kerolite and pH values for a mixture of 80% of
seepage and 20% of lake water that undergo concentration due to evaporation.
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Figure 16. Sketches illustrating the decadal and seasonal trends in rainfall intensities, salinity gradients, pH
fluctuations, cyanobacterial blooms, and putative Mg-silicate and aragonite precipitation patterns in Lake
Clifton, Australia. The arrows indicate higher values. Based on data in Moore & Turner (1988); Rosen et al.,
(1996); Smith et al.,(2010); Forbes & Vogwill (2016), and herein.
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Lake Clifton

Image © 2024 Maxar Technologies

Figure S1. Aerial image from Google Earth satellite data (December 2016) showing the location of the water
samples (black numbers) used in this work. For the detailed location of the water samples and soft substrates

collected within the red square area, refer to Figure 1C.



Page 103 of 111 Sedimentology

WSW - ENE RE-LC-31
RE-LC-2
RE-LC-41 RE-LC-36  RE-LC-11 RE-LC-6 RE LC5 ( ﬂ
i \ \

Low lake level

10m ) RE-LC-49/50I51

Sublacustrine Episodically submerged Subaerial

RE-LC-41: Non-lithifying microbial sediments ~ RE-LC-36: Pustular microbial mats

RE-LC-31

Figure S2. Depositional transect across lake Clifton sublacustrine to subaerial settings showing the location of
the soft substrates studied (non-lithifying microbial sediments and pustular microbial mats). Pictures show the

depositional features of the environments where the samples were collected.
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Figure S3. Thickness of solids formed (in mm of solid/m? surface/m of lake water depth), and CO, progressive

degassing from: (A) a mixing of 20% seepage and 80% lake water, and (B) a mixing of 80% seepage and 20%

lake water. Note that pCO, equals —log CO, pressure. Degasification progresses from left to right until it

reaches atmospheric values (3.5).
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Figure S4. Thickness of solids formed (in mm of solid/m? surface/m of lake water depth) with respect to the

mixing of seepage and lake water for a given pCO, of 3 (close to atmospheric pressure of 3.5).
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Figure S5. Correlation plots of the concentrations of Na (A) and Mg (B) with Cl in Lake Clifton waters showing
binary mixing. The saline end member increases salinity along the decades. Data from Rosen et al. (1996) and

Andreas Reimer in Caselmann (2005).
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Electron Image 11 Electron Image 13

»

>

250pm

Spectrum number Mg/Si ratio
38 0.68
39 0.60
40 0.69
43 0.69
45 0.60
46 0.61
47 0.66
50 0.66
51 0.58
53 0.76
60 0.80
62 0.69

Table S1. Mg/Si ratios on Mg-Si phases obtained from EDS measurements on diamond-polished thin section RE-LC-
11, which corresponds to a non-lithifying microbial sediment collected from the episodically submerged

environment.
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Sample Latitude Longitude Water type Temp pH Alkalinity Ca K Mg S04 Si Na Cl

9 32°43'45.46"S 115°39'4.03"E seepage 14.6 7.21 409 324 72 386 575 21 2993 6217
24 32°43'56.96"S 115°39'2.24"E seepage 15.9 8.02 351 282 71 400 671 25 3226 6666
25 32°43'52.83"S 115°39'0.54"E seepage 13.8 7.4 668 721 61 363 157 35 2509 5728
1 32°44'0.34"S 115°39'3.72"E beach 18.8 7.81 259 368 133 751 1284 11 5928 12102
2 32°43'42.78"S  115°38'55.95"E beach 17.6 7.8 382 379 104 572 964 23 4734 9619
4 32°43'3.41"S 115°38'16.23"E beach 12.7 7.7 678 745 264 1252 2042 19 10657 20957
5 32°43'57.66"S 115°39'1.13"E beach 15.9 8.02 253 404 126 646 1120 18 4915 9966
15 32°44'43.37"S 115°39'16.80"E beach 16.6 7.69 499 568 169 911 1597 11 7114 14056
16 32°43'57.84"S 115°38'59.89"E beach 16.2 7.37 197 1062 463 2516 4457 7 20011 41272
17 32°43'56.96"S 115°39'2.24"E beach 15.9 8.02 351 719 280 1620 2876 7 12568 25580
19 32°44'0.40"S 115°39'3.05"E beach 17.1 7.85 389 337 129 681 1156 1 5294 10515
20 32°43'57.78"S 115°39'0.36"E beach 16.4 7.43 235 833 350 1905 3399 9 15120 29516
26 32°44'0.51"S 115°39'2.16"E beach 15.6 7.73 240 548 223 1167 2099 12 9297 18058
6 32°43'4.85"S 115°38'1.89"E lake 15.9 7.25 129 1305 589 3136 5507 6 24963 49784
7 32°44'42.83"S 115°39'14.82"E lake 15.3 7.25 259 1340 604 3201 5713 7 25578 53330
8 32°44'58.52"S  115°39'20.58"E lake 15.3 7.02 111 1313 590 3132 5513 6 24930 49228
11 32°43'47.35"S  115°38'55.03"E lake 13.6 6.87 128 1329 591 3126 5558 7 25086 49986
13 32°43'47.35"S  115°38'55.03"E lake 13.4 7.07 151 1311 588 3134 5546 6 24981 51838
21 32°43'57.88"S 115°38'59.64"E lake 15.9 7.29 234 1248 559 2969 5305 7 23525 48300
22 32°44'0.70"S 115°39'1.10" lake 14.9 7.1 154 1240 547 2980 5271 7 23562 48147
23 32°43'4.85"S 115°38'1.89"E lake 14.5 7.2 129 1330 592 3182 5696 6 25529 52395

seawater 8.2 256 412 399 1292 2712 5 10768 19353

Table S2. Concentration (mg/L) of water samples collected from Lake Clifton between July and August 2016.

Alkalinity in mg/L CaCO;. Standard seawater according to Summerhayes and Thorpe (1996).
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sample Latitude Longitude Water type Aragonite Sepiolite(d) Sepiolite Stevensite Kerolite SiO2(am)  CO2(g)
9 32°43'45.46"S 115°39'4.03"E seepage 0.11 -4.71 -2.09 -11.63 -3.42 -0.63 -1.81
24 32°43'56.96"S 115°39'2.24"E seepage 0.78 -1.24 1.41 -6.43 1.78 -0.57 -2.70
25 32°43'52.83"S 115°39'0.54"E seepage 0.88 -3.31 -0.72 -9.67 -1.46 -0.40 -1.78
1 32°44'0.34"S 115°39'3.72"E beach 0.50 -2.64 0.10 -8.26 -0.05 -0.93 -2.64
2 32°43'42.78"S  115°38'55.95"E beach 0.70 -1.94 0.76 -7.42 0.79 -0.61 -2.45
4 32°43'3.41"S 115°38'16.23"E beach 0.97 -1.81 0.75 -7.32 0.89 -0.60 -2.18
5 32°43'57.66"S 115°39'1.13"E beach 0.71 -1.29 1.36 -6.43 1.78 -0.70 -2.88
15 32°44'43.37"S  115°39'16.80"E beach 0.80 -2.93 -0.26 -8.77 -0.56 -0.90 -2.25
16 32°43'57.84"S  115°38'59.89"E beach 0.32 -3.44 -0.78 -9.45 -1.24 -0.98 -2.41
17 32°43'56.96"S 115°39'2.24"E beach 0.99 -1.57 1.08 -6.65 1.56 -1.05 -2.82
19 32°44'0.40"S 115°39'3.05"E beach 0.67 -2.56 0.12 -8.20 0.01 -0.92 -2.51
20 32°43'57.78"S 115°39'0.36"E beach 0.33 -3.37 -0.70 -9.39 -1.18 -0.92 -2.37
26 32°44'0.51"S 115°39'2.16"E beach 0.46 -2.41 0.23 -8.04 0.18 -0.84 -2.64
6 32°43'4.85"S 115°38'1.89"E lake 0.13 -3.70 -1.05 -9.83 -1.62 -1.00 -2.48
7 32°44'42.83"S  115°39'14.82"E lake 0.46 -3.40 -0.76 -9.42 -1.21 -0.91 -2.18
8 32°44'58.52"S  115°39'20.58"E lake -0.17 -4.63 -1.99 -11.23 -3.02 -0.99 -2.31
11 32°43'47.35"S  115°38'55.03"E lake -0.27 -5.00 -2.41 -11.87 -3.66 -0.90 -2.11
13 32°43'47.35"S  115°38'55.03"E lake 0.01 -4.36 -1.78 -10.88 -2.67 -0.97 -2.24
21 32°43'57.88"S  115°38'59.64"E lake 0.41 -3.44 -0.78 -9.46 -1.25 -0.94 -2.26
22 32°44'0.70"S 115°39'1.10" lake 0.02 -4.19 -1.56 -10.61 -2.40 -0.93 -2.25
23 32°43'4.85"S 115°38'1.89"E lake 0.09 -3.82 -1.21 -10.04 -1.83 -0.97 -2.44

Table S3. Saturation indices for some authigenic solid phases and log CO, pressure of the analyses reported in

Table S2.
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Sample Latitude Longitude Temp pH Alkalinity Ca K Mg S04 Si Na Cl Ref
10.11.1987 8.96 130 274 231 760 1607 6831 12746 (A)
25.05.1991 18.0 175 432 329 1144 1851 16 9835 17897 (B)
03.10.1991 18.0 8.3 165 242 190 618 942 14 4900 9522
08.11.1991 18.0 135 207 151 540 804 15 4584 8107
06.12.1991 20.0 8.7 152 263 201 615 1026 17 5790 10570
09.01.1992 21.0 8.7 155 286 223 702 1125 11 6244 12068
07.02.1992 20.0 8.5 156 328 265 819 1335 16 7240 13805
09.03.1192 19.5 8.4 138 347 262 879 1491 15 7650 14480
07.04.1992 19.0 8.6 156 362 280 947 1557 15 8362 15704
08.05.1992 18.5 8.2 154 378 282 957 1563 11 8547 16021
09.06.1992 18.0 8.1 150 351 282 932 1629 13 8179 15447
10.07.1992 17.0 7.9 156 308 264 829 1218 14 6839 12202
12.08.1992 17.5 8.0 166 267 226 656 1089 14 6205 10941
08.11.1992 18.0 8.1 160 244 194 623 864 14 5279 9804
11.08.1998 175 441 266 1066 2240 13 8955 16173 (C)
11.08.1998 18.4 8.21 251 412 232 952 1984 13 7851 14204
11.08.1998 20.9 8.42 422 196 59 275 560 27 2139 3789
11.08.1998 16.7 8.22 204 448 271 1109 2321 13 9144 16590
09.04.2002 32°44°540 115°39°08 18.5 8.34 110 442 118 670 1166 16 5298 10094 (C)
09.04.2002 32°44°541 115°39°08 19.9 8.08 163 563 206 1054 1787 22 8426 15840
09.04.2002 32°44°542 115°39°079 20.1 7.96 160 1026 572 2555 5458 26 20925 37938
09.04.2002 32°44'794 115°39 20.6 7.96 160 1025 651 2562 5439 26 21096 38301

Table S4. Concentration (mg/L) of the water samples from Lake Clifton. Alkalinity in mg/L CaCOj3. Data from (A)

Moore et al., 1987; (B) Rosen et al., 1996; (C) A. Reimer in Caselmann, 2005 (sampled in the beach/lake/

seepage near boardwalk).
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Sample Latitude Longitude Aragonite Sepiolite(d) Sepiolite = Stevensite Kerolite SiO2(am) CO2(g)

12.07.1983

10.11.1987 1.05 -4.40 -1.66 -4.23
25.05.1991

03.10.1991 0.68 -0.57 2.14 -5.23 2.98 -0.84 -3.27
08.11.1991

06.12.1991 1.00 1.17 3.94 -2.59 5.62 -0.80 -3.79
09.01.1992 1.04 0.72 3.51 -3.15 5.06 -0.99 -3.79
07.02.1992 0.91 0.60 3.37 -3.44 4.77 -0.80 -3.56
09.03.1192 0.78 0.20 2.95 -4.05 4.16 -0.81 -3.50
07.04.1992 0.99 1.03 3.77 -2.81 5.40 -0.82 -3.70
08.05.1992 0.68 -0.88 1.84 -5.64 2.57 -0.92 -3.23
09.06.1992 0.54 -1.08 1.63 -5.99 2.22 -0.84 -3.13
10.07.1992 0.33 -1.89 0.79 -7.25 0.96 -0.81 -2.89
12.08.1992 0.41 -1.71 0.99 -6.95 1.26 -0.82 -2.95
08.11.1992 0.48 -1.35 1.37 -6.40 1.81 -0.83 -3.06
11.08.1998

11.08.1998 0.93 -0.67 2.06 -5.35 2.86 -0.85 -3.03
11.08.1998 1.28 0.11 2.90 -4.27 3.94 -0.61 -2.92
11.08.1998 0.84 -0.47 2.21 -5.10 3.11 -0.83 -3.15
09.04.2002 32°44°540 115°39°08 0.78 -0.19 2.54 -4.67 3.54 -0.78 -3.50
09.04.2002 32°44°541 115°39°08 0.78 -0.38 2.39 -4.99 3.22 -0.63 -3.07
09.04.2002 32°44°542 115°39°079 0.84 0.50 3.27 -3.71 4.50 -0.45 -3.05
09.04.2002 32°44°794 115°39 0.85 0.51 0.51 -3.69 4.52 -0.46 -3.05

Table S5. Saturation indices for some authigenic solid phases and log CO, pressure of the analyses reported in

Table S4.
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