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EXECUTIVE SUMMARY

This report summarises hydrochemical investigations undertaken on the microbialite
community pools of the Western Australian South-west Capes region during the 2022-23
summer. This work was undertaken by the Extant Peritidal Stromatolite Network
(EPStromNet), a National Environmental Research Council (NERC UK — NE/V00834X/1)
funded research group, as part of a global investigation into coastal microbialite systems.
The EPStromNet team completed this work under DBCA research permits CE006749 and
FT61001164, with the field visit to the Augusta microbialite communities (AMC) occurring in
December 2022. As part of the field visit, microbialite materials and associated community
waters were sampled and analysed as part of the greater global research program.

The three key microbialite systems targeted were Quarry Bay (site code W7), Contos Springs
(site code W8) and Canal Rocks (site code W9). The research aims were to firstly understand
the environmental (including hydrological) functioning of the AMC, and secondly to compare
to these functioning parameters of similar systems identified in South Africa and Ireland. The
environmental functioning evaluation is an on-going process being completed via the
analysis of a combination of geology and geomorphology, water quality, invertebrate
communities, diatom assemblages, photosynthetic properties, oxygen and carbon cycles,
and microbial DNA-RNA composition.

This report focusses on the hydrochemical (water quality) aspect of the greater research
project, providing an updated assessment for three sites. Parameters evaluated in the
hydrochemical assessment included the field measurements of pH, electrical conductivity
(EC), temperature, dissolved oxygen, total alkalinity, redox potential and dissolved CO,.
These measurements were completed for four individual microbialite pools (A-D) at each of
the three sites (W7, W8 and W9), thus providing 12 sample locations, with in flow and out
flow points bringing the total sample locations to 24. Laboratory hydrochemistry included
major cations and anions, nutrients and stable water isotopes (6180 and &2H).

The 2022 field results identified mild pool water temperatures (20 - 30°C), pH in the circum-
neutral to slightly alkaline (7-9) range and moderate salinity (5,000 - 10,000 uS/cm). Positive
oxidation-reduction potentials indicate general oxidating conditions, with moderate
alkalinity (200 — 400 mg/L) and dissolved carbon dioxide (30 - 80 mg/L) also measured for
the pool waters.

The pool waters are a sodium-chloride-carbonate (Na-Cl-HCOs3) dominated system, with
minimal sulphate. Nutrients in the form of nitrogen and phosphate are low, with total
nitrogen, primarily in the form of nitrate, at 1 mg/L or lower, and total phosphate, below
limits of detection. This suggests that anthropogenic inputs into the microbial pool systems
are negligible. Stable water isotope (5180 and &%H) results for the pools are consistent and
similar to other values determined for cave waters in the proximal karst system. This implies
a short seepage pathway to the microbialite pools, that the pool water is not significantly
modified, and as such there is a strong connection between pool waters and the regional
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karst groundwater system. This suggests that these coastal outflows might be useful as
monitoring locations for inland aquifers.

Saturation Index (SI) calculations and comparisons with regional water quality suggest that
microbial driven precipitation of carbonate (calcite) occurring within the pools modifies the
pool hydrochemistry by decreasing concentrations of alkalinity and calcium between inflows
and outflow points.

Comparisons of the 2022-23 hydrochemistry data presented here with previous
hydrochemical investigations completed between 2008-10 by the Western Australian
Department of Biodiversity, Conservation and Attractions (DBCA) indicates very little
temporal changes in water quality across that time period. This includes consistent alkaline
conditions, a similar salinity range, Na-ClI-HCO3 dominance and continued low sulphate and
nutrients levels.

Less quantifiable are the changes in water quantity over time. Current flow rates of 1 -4
L/min were measured at several locations; however, at many points flow into the pools was
not able to be quantified due to the nature of the flow or the visual absence of it. Some
anecdotal evidence around the Contos Springs site suggests that the current flow rates of 1
— 4 L/min may be lower than that for previous decades. Furthermore, recent investigations
of the regional groundwater system indicates that the region has experienced centuries of
reducing recharge. This is thus likely affecting water availability to the microbialite pool
systems, which have potentially been in place for several thousand years. It is possible the
overall microbialite communities currently exist in an overall drying environment, which is a
significant threat.

Recommendations for further investigations include the establishment of a routine
monitoring program of the spring’s health in terms of both water quality and quantity. This
includes ongoing measurements of spring flow rates, periodic seasonal (winter and summer)
water chemistry monitoring, sampling and analysis. The installation of shallow piezometers
above gradient of the microbial pools sites is also recommended. These piezometers would
prove to be invaluable for obtaining information regarding water quality and spring water
availability, via routine sampling and the installation of water level loggers that measure
seepage levels as a proxy for seepage flow.
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INTRODUCTION AND BACKGROUND
Introduction

Microbially mediated tufa deposits (or microbialite pool systems) are defined as organic
deposits that have accreted because of the associated benthic microbial community
trapping and binding detrital sediment, and or forming the locus of mineral precipitation
(e.g. Burne and Moore 1987, Reid et. al., 2000, Suarez-Gonzalez et al., 2019). Microbialite
formations have been documented on a variety of rocky coasts under many geomorphic and
climatic settings (e.g. Smith and Uken, 2003; Forbes et al., 2010; Perissinotto et. al., 2014;
Rishworth et. al., 2020; Cooper et al. 2022; Garner et al. 2024, 2025). These formations
occur in the high intertidal and supratidal zones with the discharge of mineralised
freshwater a key ingredient to their development. Depending on the nature of this discharge
and coastal geomorphology, microbialite development can occur on cliff faces, shore
platforms, or within boulder zones.

One such microbial pool community exists at several locations in the South-west Capes
region of Western Australia (Figure 1). The microbial communities are referred to as the
Augusta Microbial Threatened Ecological Community (TEC), with the TEC ranked as
endangered in 2001 (Onton et al. 2009). The Augusta Microbial Communities (AMC) have
been periodically evaluated and described in terms of their biological, geomorphological and
hydrological characteristics and functioning (e.g. Onton and Forbes 2009; Forbes et. al.

2010; Cooper et al. 2022, Garner et al. 2025). These works have identified that carbonate
rich groundwaters that seep out onto the coastal bedrocks are vital for the bio-mediated
processes and subsequently the formation of the carbonate deposits.

Water quality data was first characterised between 2008-09 for many of the main AMC
locations between Cape Naturaliste and Leeuwin. As part of the current international
EPStromNet research program several of the sites that were first investigated in 2008-09
(Forbes et al. 2010) were re-visited, with water quality field and laboratory analysis
repeated. This report details those results, provides a comparative evaluation to the
historical 2008-09 data and assesses water quality in relation to other regional water quality
data sets.

Geology, Hydrogeology and Climate

The AMC sites are located in the south-west cape region, on the western coastal fringe
of the distinctive anvil-shaped promontory, known as the Leeuwin—Naturaliste geographic
region, Western Australia (Figure 1). Much of the area is incorporated into the Leeuwin-
Naturalise National Park. Key townships of the south-west capes region are, from north to
south, Busselton-Dunsborough, Margaret River and Augusta.

The south-west cape region is Mediterranean climate, with dry summers and mild,
wet winters. Annual precipitation (Cape Leeuwin meteorological station) is approximately
1100 mm, with most rainfall occurring between April and October. Evaporation rates are in
the order of 1000 mm/yr~! (BoM, 2024).
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The coastal Leeuwin—Naturaliste Ridge is a strip of Pleistocene aged, karstified,
variably cemented, sandy coastal dune limestone/calcarenite named the Tamala Limestone
(Playford et. al., 1976, Lipar and Webb 2014). The Tamala limestone extends from Cape
Naturaliste to Cape Leeuwin, and outcrops in many locations. Underlying much of the Tamala
Limestone unit is the Proterozoic Leeuwin Complex (540-780 Ma), impermeable, strongly
metamorphosed, primarily impermeable granitic gneiss (Myers, 1994). The Leeuwin Complex
and the basement beneath the Perth Basin to the east form part of the Pinjarra Orogen. The
Dunsborough Fault forms a structural boundary between the eastern margin of the Leeuwin
Complex and the Perth Basin (Lasky 1993).

Groundwater flow paths in the coastal zone are controlled by the topography of the
bedrock of the Leeuwin Complex and the presence of solution chambers and voids (karstic
features) that form conduits which channel groundwater in preferred directions. The
transmissivity of the Tamala Limestone is large due to the presence of karstic features, high
porosity and low specific retention, which restricts the development of an extensive water
table for this catchment. Groundwater moves towards to the coast in a west to south-west
direction discharging at the limestone -bedrock contact across an area occupied by the
spring and a shallow swampy seepage basin of reeds and rushes.

Spring expressions are evident in many locations along the South-west Capes coastal
zone. These spring expressions occur primarily at the contact between the Leeuwin Complex
and the overlying Tamala Limestone. In the Augusta area, this spring expression is known as
the Leeuwin Spring (e.g. DoW 2007). The presence of the Leeuwin Spring is likely related to
karstic features, such as solution voids and doline structures within the Tamala Limestone
ridge east of the spring (Appleyard, 1989). This has resulted in a concentration of
groundwater discharge to a very small area of catchment.

Groundwater is recharged by the infiltration of rainfall within the catchment situated
up slope to the ridge crest of the Tamala Limestone; however, most rainfall in this area is lost
to evaporation, with only a small fraction reaching groundwater. Furthermore, previous
studies have identified that significant decreases in rainfall decline (Smith et al. 2000) and in
turn groundwater recharge (Preistley et al. 2020) have been occurring on both decadal and
century time scales. There has also been a major expansion in the viticulture industry in the
Marget River region in the last few decades that has significantly increased the demand for
water resources (e.g. Johnson 2000; DoW 2011) and likely affected the groundwater balance
in many locations proximal to the coastal fringe.
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Figure 1 South-west Capes Region with location key microbialite investigation sites
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FIELD INVESTIGATIONS
Site Visit and Descriptions

During November-December 2022, the EPStromNet research team undertook a five-
day field visit to the AMC locations. Three key locations were chosen for the research
program, the structure of which replicate similar programs undertaken in both the Eastern
Cape of South Africa and the north coast of Ireland at sites of similar appearance. The
locations chosen were Quarry Bay (W7), Contos Springs (W8) and Canal Rocks (W9). At each
of these three locations, four sub-sites pools (A-D) were chosen for the suite of

investigations to be undertaken. Each pool location is detailed in Table 1.

Table 1 Site Locations
Northing Easting

(m CRD94) (m CRD94)
Quarry Bay A W7A 6196177 328398.8
Quarry Bay B W7B 6196085 328420.9
Quarry Bay C W7C 6195912 328577.5
Quarry Bay D W7D 6195926 328656.4
Contos Springs A WS8A 6226310 315508.6
Contos Springs B ws8B 6226616 315597.5
Contos Springs C W8C 6226589 315595.5
Contos Springs D W8D 6226626 315605.0
Canal Rocks A WOA 6272742 314713.1
Canal Rocks B W9oB 6272905 314831.1
Canal Rocks C W9C 6272933 314858.9
Canal Rocks D W9D 6272793 314755.9

This section provides a description of the geomorphological and hydrogeological
composition of the AMC sites. The terminology used here to describe facets of the study
sites in the following site descriptions follows work published by Forbes et al. (2010), Cooper
et al. (2022); and Garner et al. (2024, 2025).
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Quarry Bay (W7 Ato D)

The Quarry Bay site (Figure 2) is the largest and most diverse of the AMC site located
in the South-west Capes region. Quarry Bay encompasses an area of more than 2 km of coast-
line length and comprising a variety of different microbialite communities including waterfall
and spring seepage deposits. Photos of the four pool sites investigated are provided in Figure
3.

Approximately 300 metres (m) north of the Quarry Bay car park is a distinct limestone
cliff area, where an extensive microbialite community has developed on and below it (W7D).
Two main types are identified, firstly a speleothem-tufa like form, existing on the upper and
middle overhang areas of the limestone cliff. Below the limestone cliff itself a thin sheet and
some bubble-shaped microbial laminates have developed in the waterfall splash zone.

An extensive area representing a network of spring seepages, discharge aprons and
barrage pools commence north of the main waterfall area at Quarry Bay and continues
intermittently for another 700 m to the north (W7A, B and C). These pools and discharge
aprons are located on granite bedrock in the supratidal zone and cover an area of
approximately 100 m2. The barrage-pool walls consist of lithified rimstone tufa (10 cm in
height). Bubble microbial laminates of variable thickness (2—8 cm) dominate within the pools
themselves. Lithified tufa facies are evident on flat bedrock areas representing inactive
discharge apron fans, whereas thin (4 cm) sheet-like laminate tufa represent the active spring
discharge aprons and are closely related to the location of current spring seeps.

To the south of W7D and the Quarry Bay carpark is the Augusta Water Wheel, a unique
site in that the microbial community here has colonized a structure built in 1895 (Cresswell
2003). This AMC is generally comprised of thin (5 cm) laminates of bubble form that have
developed within the flow duct to the wheel, and in the pools on the ground below the wheel.
Thin (5 cm) sheet varieties have developed on vertical walls below the wheel. Some pools exist
as shallow (10 cm) depressions in the exposed granitic bedrock and have no barrage wall
features. While this site is described here, it was not incorporated into the greater project as
there were no similar sites in South Africa or Ireland to which it could be compared to.
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Figure 2 Sample Location Sites for Quarry Bay
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Figure 3 Photos of Quarry Bay Sampling Sites

Contos Springs (W8 A to D)

The Contos Springs AMC is located in two distinct coastal areas (Figure 4). The system consists
of a number of large (1-5 cm) diameter barrage-type pool deposits, spanning an area of over
100 mZ2. The pools have developed within large granite bedrock depressions in the supratidal
zone (Figure 5), where spring-water slowly flows into the pools from seeps located at the base
of the adjacent steep limestone escarpment. Due to proximity of this site to the ocean, mixing
of spring and ocean waters occurs in the pools, especially during periods of high swell and
large tides. Various tufa facies are identified at the Contos site; the lithified rimstone tufa
associated with the barrage pool walls (up to 20 cm high) and lithified sheet tufa on bedrock
as part of extinct discharge aprons. Bubble form microbial laminates are evident within the
pools, whereas thin sheet laminates are associated with flat bedrock areas. This latter variety
is in close association with the active groundwater seeps.
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Figure 4 Sample location Sites for Contos Springs
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Figure 5 Photos of Contos Springs Sites

Canal Rocks (W9 A to D)

The Canal Rocks AMC (Figure 6 and 7) were first described by Forbes et al. (2010) as consisting
of less than half a dozen small (1 m diameter) barrage pools over granite and limestone, which
are fed through thin (10 cm) flow channels by very low flow freshwater seepages (W9A).
Barrage pools are restricted to preferential flow paths of the spring seeps, determined by
bedrock geomorphology. Autochthonous microbialite features occur in the form of
phytotherm bubble.

Further inspection of the area in 2022 identified a number of larger more complex systems to
the north of W9A, at locations W9B, W9C and W9D. Pools here are up to 10 m diameter (at
W9B) and fed by more prevalent (measurable) flow of 1 — 4 L/min. The flow is noticeably
discharging from the calcarenite ridge at which the pools sit at the base of. These pools also
contain thicker (10 cm) microbialite sheets on the floor and sides of the pool systems.
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Figure 6 Sample Location Sites for Canal Rocks
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Figure 7 Photos of Canal Rocks Sites
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METHODOLOGY

Field Parameters

Electrical conductivity (EC), salinity, pH, dissolved oxygen (DO), oxidation-reduction potential
(ORP) and temperature were measured in the field using a calibrated YSI water quality field
probe.

Both total alkalinity and dissolved carbon dioxide (CO;) were measured, where possible, using
HACH field titration kits, with results presented in mg/L.

Spring Flow Rates

At the entry and exit point of each pool locations, where visible seepage flow was identified,
a flow rate was measured. To determine the flow rate a container of known volume was
placed below the active flow and the time it took to fill that container was measured to
provide the flow rate. Measurements were provided in litres per minute (L/min).

Major lons and Nutrients

Samples for major ionic and nutrient analysis were collected from designated inflow and out
flow points at each of the 12 locations, thus providing an overall batch of 24 water quality
samples.

Laboratory analysis consisted of EC and pH, major cations (Na, Ca, Mg, K) and anions (Cl, SOa,
HCOs, F). Nutrient analysis was also completed, this included reactive phosphorous (TRP),
ammonia (NHs), nitrate (NOs), nitrite (NO2), and total nitrogen (TN), which is NHs, NOs3 and
NO; combined. This analysis was undertaken at the ALS laboratories Perth Western Australia.
All results and methods for ALS, including analyte detection limits are detailed in Appendix .

Stable Water Isotopes

Stable water isotope analysis was completed on a sub-set of pool water samples from the
three sites. The analysis was completed at the Biogeochemistry Research Infrastructure
Platform (BIOGRIP) Node for Water and Soil Biogeochemistry at the Stellenbosch University,
South Africa. Samples were analysed using a Los Gatos Triple Liquid Water Isotope Analyser
(LGR T-LWIA-45_EP, Canada). Sample aliquots (1.9 ml) were filtered through 0.22 pm cellulose
acetate syringe filters into 2 ml glass vials with PTFE septum caps. Each sample array was
started with two calibration standards and a control standard, followed by 10 unknowns, and
concluded with another sets of standards. The standard errors for three calibration standards
for 5180 and 8%H were + 0.2 — 0.7 %o and + 0.2 — 0.9 %o respectively. Each sample run was
composed of a maximum of four arrays. Each standard/sample was measured with nine
injections, of which the first four were discarded and the results of the last five were averaged
for absolute isotope ratios. The absolute isotope ratios are converted to d-values through
linear regression by using the known d8-values (with respect to Vienna Standard Mean Oceanic
Water - VSMOW) of calibration standards before each array of 10 unknowns. Two sample runs
per sample were performed and the mean §-values were reported.
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RESULTS

Spring Flow Rates

Only a sub-set of locations were identified to have measurable seepage flows into and/or
out of the pools. These included three inflows at two Quarry Bay sites (W7C and W7D) and
an additional measurement at Canal Rocks W9D. The four inflow rates determined were
relatively consistent at 1 - 2 L/min. Out flows at these locations were measured as being an
order of magnitude lower than the inflows at 0.1 L/min or less. All other inflows are deemed
to be 0.1 L/min or lower.

Field Water Chemistry

Field water chemistry is presented in Figure 8. EC was generally below 10,000 uS/cm and in
many cases below 5,000 uS/cm, meaning pools waters are classified as medium to highly
saline. Several sites including W7B, W7C, W8C and W9A, displayed high variability in salinity.
At these sites EC could be up to 25,000 puS/cm, with these high readings attributed to a
strong influx of seawater directly into the pool mixing with the seepage groundwaters.

Pool water temperatures varied between 20 and 30°C with these differences reflecting
sampling day and time. For example, the sampling at Contos Springs (occurred on 30t
November 2022 when temperatures at Cape Leeuwin (BoM # 9518) were 3°C higher (24°C)
that the day prior and the day after. Thus, microbial pool waters can be thought to be in
intrinsically linked to the daily ambient temperatures with minimal buffering by the
temperature of the inflowing spring water. The range of pH of the microbial AMC pool
waters were consistently slightly alkaline (8 — 9). Oxidation Reduction Potential (ORP) were
generally positive (50 -100 mV) indicating primarily oxidising environments for all sites.

Field total alkalinity ranged between 200 and 400 mg/L. For Quarry Bay, values were
between 240 and 390 mg/L and an average of 313 mg/L. Alkalinity values are slightly lower
at both Contos Springs and Canal Rocks averaging 275 mg/L. Dissolved CO; values ranged
from 20 to 80 mg/L. Both Quarry Bay and Contos Springs had average CO, concentrations at
50 mg/L, while Canal Rocks were a little lower at 38 mg/L.

Laboratory General Chemistry

EC, pH, and total alkalinity were also determined at the Perth ALS laboratory. Laboratory EC
was in the same range as field EC, between 2,000 to 9,000 uS/cm with the majority below
5,000 puS/cm. Laboratory pH also replicate those in the field being alkaline (~8 to 9) for all
sites. Total Dissolved Solids (TDS) calculated from lab EC are between 700 and 6,000 mg/L.
Total alkalinity values ranged between 150 and 350 mg/L, with bicarbonate (HCO3) being the
dominating form.

Comparisons of pH and total alkalinity values between inlet and outlets for all 12 pools
identified distinct and consistent trends with pH increasing from inlet to outlet and total
alkalinity decreasing from inlet to outlet. At several pool outflow points (W7B, W7C, W8A,
W8C, WIB) carbonate (COs) alkalinity represents up to 10% of the total alkalinity. This
reflects slight increases in pool water pHs to above 8.3 generating alkalinity in the carbonate
form, while pHs of below 8.3 see bicarbonate ions tend to be the more dominant species of
total alkalinity.
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Figure 8 Average field measurements of temperature, pH, EC and ORP for the 12

field sample locations across the three field tufa sites.
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Major lonic Chemistry

Major ionic chemistry for the pool waters is presented as site specific piper plots (Figures
9,10, 11), with a Durov Plot in (Figure 12) used to present a combined comparative view of
water chemistry for all sites. Microbialite pool water chemistry can be described as Na-Cl-
HCOs3 dominated, with cations are Na>Ca>Mg>K and while anions area CI>HCO3>SO,.

Minimal variation in ionic chemistry composition between sites is observed; however,
Quarry Bay is slightly more Ca-COs rich, compared to the strong Na-Cl signature seen for
most microbialite pool waters. Despite a similar ionic composition at Contos Springs, higher
overall concentrations reflect the site’s higher TDS and EC profile.

Hydrochemical comparisons of the pool water ionic composition compared with that of
rainfall, seawater and regional karst waters (Eberhard 2004) show that the karst waters are
clearly more Ca-COs rich, while rainfall and seawater ionic compositions are clearly more Na-
Cl dominant (Figures 9,10, 11). This supports the concept of karst seeps and rainfall-
seawater being two distinct hydrochemical end-members of the microbialite pools waters.

Similar to the slight difference in pH and alkalinity between pool inflow and outflow
locations, there are also subtle differences in ionic chemistry. Generally, the outward flow
locations have lower Ca concentrations than the corresponding inward flow locations. This is
due to CaCOs3 precipitation occurring within the microbial pool systems as the water flows
through the pool system. This precipitation process results in the general increase in pH and
decrease in alkalinity in the outflow pool waters compared to the inflow locations.

Nutrients

Overall total reactive phosphorous (TRP) concentrations were below the lab detection limit
of 0.01 mg/L, with one exception, an outflow location at Canal Rocks (W9DO), where TRP
was 0.01 mg/L.

Total nitrogen (TN) at Quarry Bay ranged from 0 mg/L to 0.52 mg/L. Site D had the highest
concentrations in the range of 0.52 mg/L for the inward flows and 0.33 mg /L for the
outward flows. For this site all TN was in the form of NOs. All three other sites had TN
concentrations less than 0.15 mg/L with the outflow point generally being lower that in the
inflow point. Especially at Site C where TN concentrations for inflow were 0.1 mg/L and
below detection limits at the outflow point.

For Contos Springs, TN levels were generally higher, ranging from between 0.1 to 1.25 mg/L.
Again, NO3 was the dominant form, with minimal representation of the NHs3 form. In three
out of the four pool locations the TN value of the inward flow point was higher than the
outward flow point.

TN concentrations at Canal Rocks were intermediate, between Quarry Bay and Contos
Springs values, ranging between 0.02 to 0.35 mg/L. Again, NO3 was more dominant than NHs
and, again the inward flow points to the pool had higher concentrations than most of the
outward flow points.
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Figure 9 Quarry Bay 2022 Piper Plot
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Figure 10 Contos Springs 2022 Piper Plot

Page | 23 South-west Capes Microbialite Communities 2022 Hydrochemistry Report Feb 2025



Figure 11 Canal Rocks Piper Plot
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Figure 12 Combined 2022 Durov Plot for All Sites
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Stable Water Isotopes

Stable water isotopes were analysed for a total of 13 samples from across the three
locations, with a majority of samples collected from Quarry Bay. Consistent stable isotope
values were determined for all samples with 530 values between -3 %o and -5.5 %o and 6?H
range between -13 %o and -23 %eo.

Deuterium excess (d-excess) is a second order stable isotope parameter measured in a
meteoric water to understand both the source and the evolution of moisture during
transport (Dansgaard 1964). Deuterium excess correlates with conditions at the oceanic
source of precipitation and is expressed as a function of both oxygen and hydrogen isotopes
in water. D-excess = 8?H — 8 x 6'80. Consistent d-excess values are identified for all samples
at between 11 %o and 23 %eo.

Calibrated 880 and 8°H, along with d-excess results are presented in Table 2.

Table 2 Stable Water Isotope Results
Sample &2H (%o) 5180 (%) D-excess EC (uS/cm)
VSMOW VSMOW (%o)

Quarry Bay W7AI -22.9 -5.32 19.66 2121
Quarry Bay W7AI -21.2 -5.06 19.28 2176
Quarry Bay W7BI -18.7 -4.59 18.02 2633
Quarry Bay W7BI -15.2 -3.89 15.92 2682
Quarry Bay W7Cl -17.1 -4.45 18.5 1676
Quarry Bay W7Cl -21.5 -5.37 21.46 2114
Quarry Bay W7CO -18.4 -4.85 20.4 1792
Quarry Bay W7Dl -22.0 -5.52 22.16 816
Contos Springs wa8Bl -13.2 -3.23 12.64 4600
Contos Springs W8A2 -19.3 -4.60 17.5 4753
Contos Springs W8C2 -13.1 -3.11 11.78 8096
Canal Rocks W9Cl -21.6 -5.07 18.96 7553
Canal Rocks WODI -21.1 -5.05 19.3 4538
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DISCUSSION

Hydro-geochemical Overview

Field and laboratory water quality data presented in this report allows for a comprehensive
understanding on the hydro-chemical functioning of the AMC pools located at Quarry Bay,
Contos Springs and Canal Rocks, south-west Western Australia. The water chemistry across
the pools in all three sites identify Na-CI-COs dominated systems. The cation signature is
Na>Ca>Mg>K and an anion signature of CI>HCO3>S04. All sites are slightly to moderately
alkaline (pH 7.5 —9.5); however, salinity (EC) is quite variable. This is attributed to inputs of
variable mixes of fresh seep water and saline sea waters into the microbialite pool systems.
Nutrients inputs, and concentrations, are very low, with phosphorous generally below limits
of detection, and total nitrogen, dominated by the most stable form nitrate relative
ammonia and nitrite, is below 1 mg/L.

Some minor changes in chemistry are identified between the inflow and outflow locations of
the microbialite pool systems. These changes include an increase in pH and salinity, and
conversely a decrease in alkalinity. These shifts are coupled with changes in ionic
composition, particularly a decrease in calcium in the outflows, which is likely reflecting the
bio-mediated precipitation of carbonate within the microbial pool systems. These processes
will be evaluated further in the discussion.

2022 Water Quality Limits

The Western Australian Water Corporation has monitored the untreated water quality from
the Leeuwin Spring Weir in accordance with the Australia Drinking Guidelines (DoW 2007).
Water quality for the spring water is pH of 7.25 chloride of 225 mg/L and sodium of 120
mg/L. Salinity is 843 mg/L and NO3+NO; is at 1 mg/L. Initial comparisons of microbialite
pools water quality at Quarry Bay identifies similar characteristics, albeit with greater salinity
in the microbialite pools, which is attributed to sea water inputs.

Comparisons with 2008-09 Water Quality Data.

During the 2008-09 assessment period water quality for all three sites were measured for
both the summer and winter seasons, with this data being summarised by Forbes et al.
(2010). In those investigations water temperatures ranged from 20°C - 24°C in the 2008-09
summer, like 2022. However, winter 2008 temperatures were much lower at below 16°C.
The EC in pool waters were more variable in 2008-09 than the range measured in 2022, with
a range of fresh (1000 uS.cm™) to saline (70,000 ps.cm™) conductivities observed historically.
Extreme EC (>30,000 ps.cm™) concentrations identified in the 2008 summer months were
due to evaporation and also following winter storm surges of seawater into the pool during
winter months. As with 2022, slightly alkaline conditions were observed (pH 7 to 9) in 2008-
09 and oxidation-reduction potential (ORP) of between 600 to 1000mV indicate oxidising
conditions. Total nitrogen and phosphorous for all sites were the same as 2022 being
generally below 1 mg/L.

Major hydrochemistry for the barrage pool sites in 2008-09 were considered as Na-Cl-HCOs
dominated systems; during winter months barrage pools can exhibit Na-Cl concentrations
equivalent to seawater. Cation order of dominance was Na Ca>Mg>K. Greater HCO3
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concentrations were observed during summer in comparison to winter. This summer peak is
likely the result of reduced CO; degassing and in turn a decrease in carbonate precipitation
resulting from reduced summer spring flows. Examination of HCO3/Cl ratios in conjunction
with Cl concentrations were used by Forbes et al. (2010) to examine the contributions of CO;
degassing and seawater mixing to water composition. Increasing HCO3/Cl ratios from winter
to summer, combined with stable Cl concentrations suggests a reduction in CO, degassing
during summer. In comparison, increase Cl relates to the effects of evaporation and or
seawater mixing.

Comparisons of ionic water chemistry in piper plot format for the three sites between the
2008-09 and 2022 data sets is presented in Figure 13. This is to assess any significant
changes in water composition. Evident is a slight shift in ionic water chemistry between the
two time periods, primarily higher HCO3 concentration relative to chloride, than compared
to the samples recently measured in the 2022 summer. Whether this is due to permanent
temporal changes is difficult to determine within the current dataset.
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Figure 13 Piper Plot comparisons for pool water between 2008 (winter), 2009
(summer) and 2022 (this study, summer).
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Hydrochemistry Ratios

Elemental ratios for microbial pool waters, when compared to similar ratios of potential end-
members can provide insight into the generation of the water composition. Ratios chosen to
analyse the tufa pool water composition include Na/Cl, Ca/Mg and HCO3/Cl. End members
include seawater, karst spring waters and rainfall, with data derived from Eberhard (2004)
and Crosbie et al. (2012).

lonic ratios are presented in Figure 14, evident are low Ca/Mg ratios for rainfall (0.3) and
high Ca/Mg ratios for karst spring waters (2.2 — 3), with all pool waters falling between these
values. Rainfall Ca/Mg ratios are generally like the pool waters. Comparisons of pool water
inflows and outflows for each pool identify lower Ca/Mg ratios for the outflows compared to
the inflows. While Na/Cl ratios are generally consistent between 0.6 and 0.9 Na/Cl, the ratios
for the karst waters are overall slightly lower compared to pool waters and seawater.

Comparisons of Ca/Mg ratios with HCOs/Cl ratios (Figure 14) identifies an even clearer end
member mixing relationship for the pool waters. Again Ca/Mg ratios are greatest for karst
waters, where seawater is the lowest, with rainfall like pool water. However, unlike Na/Cl,
HCOs/Cl vary in a similar fashion to Ca/Mg with karst waters having the highest values >0.3
and seawaters having the lowest <0.1, rainfall is also quite low (0.2). These ratios allow for
some inferences about source waters and their contribution to the pools.

Essentially the carbonate rich karst rich waters contribute HCOs and Mg, while seawater
contributes both Cl and Na. This end-member designation allows for a mixing model to be
developed for the pool waters. A key observation is that the pool inflow chemistry is more
akin in ionic ratios to that of the karst waters compared to pool outflow ionic chemistry,
which has relatively lower HCO3/Cl and Ca/Mg ratios. It is also observed that the Quarry Bay
pools are more chemically linked to karst water composition than the Canal Rocks and the
Contos Springs, with the latter being most similar to the ionic chemistry of seawater and
rainwater.

Page | 30 South-west Capes Microbialite Communities 2022 Hydrochemistry Report Feb 2025



Figure 14 Hydrochemistry ratios for pool waters
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Mineral Precipitation

To further understand the processes that drive changes in the microbialite pool water
chemistry, Saturation Index (SI) calculations for calcite were evaluated. The calcite Sl (Slcal) is
a useful means of describing, quantitatively the deviation of carbonate waters from
equilibrium with respect to solid calcite-calcium carbonate (White 1988).

It is defined as:
Slcal = |Og (Kiap/Keq)

Where Kip is the ion activity product of Cax+ and CO3% and Keq is a coefficient termed the
thermodynamic equilibrium (or solubility product) constant (Ford and Williams 1989). The
value of Slc, indicates whether the solution is undersaturated (negative Slcal), supersaturated
(positive Slcal), or at equilibrium (Slcai = 0) with respect to calcite. Supersaturated waters will
be capable of depositing calcium carbonate as materials such as tufa, whilst undersaturated
waters will be chemically aggressive and capable of further dissolution of carbonates. Similar
relationships can be derived for dolomite with the calculation of the saturation index for
dolomite referred to as Slgol.

The atomic ratio of calcium to magnesium (Ca/Mg) provides information on the type of rock-
material that a water sample has been in contact with (White 1988). The parameter is
derived from the measured concentrations

Ca/Mg = [Ca2+]/[Mg2+]

Mg dominated waters are derived through contact with ultrabasic rocks containing
ferromagnesium minerals, whilst Ca dominated rocks are derived from limestones (White
1988). Ca/Mg = 1 for waters in contact with dolomite CaMg(CO3)..

The determined Slc values are compared to Ca/Mg ratios to understand the processes that
drive calcite precipitation. Comparisons Sl and Slgo With Ca/Mg ratios for the microbial
pool water sites are presented in Figure 15. The Ca/Mg ratio depends almost entirely on the
limestone/dolomite ratio in the aquifer. Springs issuing from dolomite have a Ca/Mg ratio of
1, whereas limestone springs have Ca/Mg ratios of 3 to 10. Evident is the identification of
three different water types; the first being Mg dominated, the second Ca dominated calcite
saturated, and the third Ca-dominated calcite undersaturated. Contos Springs and Canal
Rocks microbial pool waters are mostly Mg-dominated non-karst saturated, while Quarry
Bay pool waters are Ca dominated saturated karst waters. Outflow pool water locations
generally have lower Ca/Mg ratios than the relevant pool inflow locations water chemistry.
This can be interpreted as the biomediation of the Ca and COs in the pools by microbial
processes.
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Figure 15 Saturation Indexes for calcite and dolomite
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Water Isotope Signature
Stable water isotope data (Figure 16) for the three sites are combined to generate a local

evaporation water line (LEWL), which is determined to be §°H = 4.16*5'80+0.4. This line can
be compared to the local meteoric water line (LMWL) which is for Perth (Crosbie et al. 2012)
Comparisons of stable water isotope data for the sites with other data collected for the
region can shed insight to the hydrological functioning of the pool systems. Close correlation
is observed between the microbialite pool waters stable isotope signature and those
determined for cave drip waters in local cave in the Tamala Limestone (Griffiths et al. 2021;
Priestley et al. 2020; 2023). This suggests little difference in the composition of these two
waters and that their source is similar, which is hypothesised to be rainfall recharge through
the Tamala Limestone.
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SUMMARY

Microbialite pool water chemical composition

This report has used a combination of field chemistry parameters, major cation and anion
analysis, nutrients and stable isotope results to characterise the hydrochemical functioning
of the microbialite pools located at Quarry Bay, Contos Springs and Canal Rocks.

Pool water chemistry shows a consistent Na-Cl-CO3; dominated systems across all three sites.
The cation signature is Na>Ca>Mg>K and anion signature of CI>HCO3>S04. The slightly to
moderately alkaline (pH 7.5 —9.5) pH is also uniform; however, salinity (EC) is quite variable,
which is attributed to the variable inputs into the system from fresh seep waters and saline
sea waters. As a result, salinity varies with the microbialite pool proximal to the ocean, and
also with weather cycles. In other words, salinities increase in pools adjacent to the ocean
immediately after large swell events and storm surges. Despite this, salinity is still higher in
the functioning microbialite pools compared to the fresh nature of the alkaline seepage
inflows, with this contribution likely originating from sea spray inputs. lonic chemistry and
stable water isotope data supports the hypothesis that the pool waters originate from the
regional karst aquifers and are modified by variable inputs of seawater both as storm surges
and sea spray. In South Africa the coastal spring-fed microbialite pools are being investigated
as potential monitoring locations for inland aquifer resources (Rishworth et al. 2024) and the
link between karstic waters suggest that the AMCs might be useful in this regard too.

Beyond the overall consistent hydrochemical nature of the microbial pools, there are subtle
differences in the inlet and outlet waters of the pools, which reflects the microbial fixation of
carbonate that occurs within the pool systems, as well as some indications of nutrient
uptake since outflow concentrations were mostly lower than inflow. Both HCO3/Cl and
Ca/Mg ratios increase when waters migrate through the pool systems, reflecting the
precipitation of carbonates (primarily calcite) within the microbial pools. Nutrient inputs for
the whole are very low, with phosphorous generally below detection and total nitrogen, in
the form of nitrate and lesser ammonium below 1 mg/L.

These data have been formulated into an ecohydrological and hydrochemical conceptual
model presented in Figure 17.

Ecological Water Requirements

Microbialite pool functioning and development is reliant on the presence and distribution of
biotic elements, such as plants, algae, fungi and prokaryotes, throughout a spring system
(Ford and Pedley 1996; Pentecost 2005, Jones and Renault 2010; Rishworth et al. 2017,
2020). Environmental parameters which can affect these biotic elements, and hence limit
tufa development include temperature, pH, CO, degassing, nutrients, metals and other
toxins and water composition.

Ecological water requirements for carbonate precipitation include suitable concentrations of
HCO3/C0Os, in 2008-09 concentrations were generally between 200 and 600 mg/L and can
get as high as 1000 mg/L. In 2022 nutrient levels and carbonate concentrations are
consistent with those determined during 2008-09 time period, which would suggest that no
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major change has occurred to water quality has not changed in any major way over this time
period.

The nutrient levels are seen to be below 1 mg/L, however, higher total nitrogen values (3 —5
mg/l) observed at some inland water fall sites (Forbes et al. 2010) coincided with poor tufa
development. Thus, such TN concentrations may be of a level that inhibits microbial growth
via algae competition. Similar sites in South Africa have been identified with much higher TN
concentrations (>10 mg/L) combined with strong microbialite functioning in the pools (Dodd
2024).

The spring water flow regime is another component than can affect the development of the
microbialite pool systems and their persistence. Measured flow rates for 2022, where
possible to quantify, identified flows into pools in the order of 1 to 4 L/min. Observations of
former pools now dry, are likely result of seep flow diversions and would indicate that
constant seep flow is an important driver of microbial pool growth and overall existence.
These relict microbialite pool systems may also reflect a reduction in seep flows rather than
a diversion.

Anecdotal evidence suggests that the creek-seep at Contos Spring (Contos Spring) is drier in
2022 than it historically was. Thus, long term quantification of seep flows and the water
balance for the microbialite pools maybe more critical than the water quality, which appears
to be relatively consistent. Recent research published by Preistley et al. (2023) investigated
recharge rates in the karst systems via speleothem hydrochemistry indicated that
groundwater recharge in the South-west Capes region has seen a significant decrease in the
last 800 years compared to prior. Given that the microbial pool systems could be in the order
of thousands of years in age, based on current sea level being stable for approximately 6000
years (Lambeck and Nakada 1990), then it is not unreasonable to argue that the current
AMCs are experiencing an extended natural period of reduced flows across recent centuries.
This pressure is being exasperated by groundwater extraction related to modern industries
that the Margaret River region is famous for.

Recommendations

This report has provided a contemporary update of the hydrochemistry Augusta Microbial
Communities first evaluated in 2008-09 by Forbes et al. (2010). The following
recommendations are proposed based on the findings of this report. They are:

e Periodical monitoring of pool water quality (field and Lab), including ionic chemistry,
nutrients and salinity;

e Pool water level measurements;
¢ Inflow and outflow measurements rates; and
e Groundwater level and quality monitoring.

This program should be instigated as bi-annual program. The author of this report can
provide further information and guidance on the development of this program in
consultation with DBCA staff members.
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Figure 17 Ecohydrological and hydrochemical conceptual model for the Augusta Microbial Community (ACM) systems.
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ADDITIONAL RESEARCH

In addition to the hydrochemistry work reported on here, a group of other components were
sampled/measured during the November/December 2022 site visit. The focus of this
additional work being the biological attributes and processes linked to the EPStromNet Project.
These works are on-going requiring extensive lab and data analysis programs and will be
reported at a later date once completed by the relevant international researchers.

Below is a summary of the list of the research component along with a brief summary of the
program.

e Microbial DNA-RNA: a characterisation of the biofilm community using
environmental metabarcoding;

e Photosynthesis properties of microbialite pools: quantification of photosynthetic
efficiency linked to ambient temperatures (dark and light adaption);

e Carbon Cycling: a measure of primary productivity linked to respiration rates;

e Geological and Geomorphological investigations: multiple scale investigations of
macrostructural processes and petrographic composition of microbialite facies; and

¢ Invertebrate composition: classification of the metazoan bioturbators that might
disrupt microbialite growth and accretion.

In microbialite habitats the synergy between geological and biological processes is sometimes
difficult to align. EPStromNet takes a unique “genes-to-geosphere” approach, bringing together
expert researchers from diverse fields including cutting edge population and metagenomic
approaches of biofilm communities and those who understand the formative geological and
sedimentary drivers of coastal environments. This link is crucial in terms of understanding
modern processes of supratidal spring-fed living microbialite ecosystem (SSLiME) formation
and how this might inform the interpretation of past microbialite communities, as well as
current connectivity hypotheses between local and global systems.

EPStromNet focusses on three elements: (1) global biodiversity assessment using
metagenetics, (2) quantification of variability in biofilm processes, rates and gradients, and (3)
global commonalities in geological and geochemical features. This comprises an integrated
sampling campaign in all three global locations and will provide insights to SSLIME in a
coordinated manner that thus far has not been possible without this multi-dimensional, global
sampling strategy. It will also contribute to long-term sustainability of the global SSLIME
network by facilitating collaboration between established and early-career academics across
these disciplines and will coordinate knowledge-sharing workshops aligned with the project’s
outcomes.
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Work Order - EP2216518
Client : EPStromnet Research Group; University of Essex
Project - Epstrom Research Group

General Comments

The analytical procedures used by ALS have been developed from established internationally recognised procedures such as those published by the USEPA, APHA, AS and NEPM. In house developed procedures
are fully validated and are often at the client request.

Where moisture determination has been performed, results are reported on a dry weight basis.
Where a reported less than (<) result is higher than the LOR, this may be due to primary sample extract/digestate dilution and/or insufficient sample for analysis.

Where the LOR of a reported result differs from standard LOR, this may be due to high moisture content, insufficient sample (reduced weight employed) or matrix interference.

When sampling time information is not provided by the client, sampling dates are shown without a time component. In these instances, the time component has been assumed by the laboratory for processing
purposes.

Where a result is required to meet compliance limits the associated uncertainty must be considered. Refer to the ALS Contract for details.

Key : CAS Number = CAS registry number from database maintained by Chemical Abstracts Services. The Chemical Abstracts Service is a division of the American Chemical Society.
LOR = Limit of reporting
A = This result is computed from individual analyte detections at or above the level of reporting
@ = ALS is not NATA accredited for these tests.
~ = Indicates an estimated value.

® As per QWI — EN55-3 Data Interpreting Procedures, lonic balances are typically calculated using Major Anions - Chloride, Alkalinity and Sulfate; and Major Cations - Calcium, Magnesium, Potassium and Sodium.
Where applicable and dependent upon sample matrix, the lonic Balance may also include the additional contribution of Ammonia, Dissolved Metals by ICPMS and H+ to the Cations and Nitrate, SiO2 and Fluoride to
the Anions.
EAO016: Calculated TDS is determined from Electrical conductivity using a conversion factor of 0.65.

®  Sodium Adsorption Ratio (where reported): Where results for Na, Ca or Mg are <LOR, a concentration at half the reported LOR is incorporated into the SAR calculation. This represents a conservative approach
for Na relative to the assumption that <LOR = zero concentration and a conservative approach for Ca & Mg relative to the assumption that <LOR is equivalent to the LOR concentration.
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Work Order - EP2216518

Client : EPStromnet Research Group; University of Essex

Project - Epstrom Research Group

Analytical Results

Sub-Matrix: WATER Sample ID WT7AI W7A0 W7BI W7BO W7CI

(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00
Compound CAS Number LOR Unit EP2216518-001 EP2216518-002 EP2216518-003 EP2216518-004 EP2216518-005
Result Result Result Result Result

pH Value J— 0.01 pH Unit 8.11 8.27 8.29 8.89 8.25
Electrical Conductivity @ 25°C J— 1 uS/cm 2180 2230 2550 5710 1610
Total Dissolved Solids (Calc.) — 1 mg/L 1420 1450 1660 3710 1050
Total Hardness as CaCO3 — 1 mg/L 462 452 464 468 367
Hydroxide Alkalinity as CaCO3 DMO-210-001 1 mg/L <1 <1 <1 <1 <1
Carbonate Alkalinity as CaCO3 3812-32-6 1 mg/L <1 <1 <1 37 <1
Bicarbonate Alkalinity as CaCO3 71-52-3 1 mg/L 318 304 290 144 325
Total Alkalinity as CaCO3 — 1 mg/L 318 304 290 181 325
Sulfate as SO4 - Turbidimetric 14808-79-8 1 mg/L 72 63 79 205 56
Chloride 16887-00-6 1 mg/L 526 546 645 1640 339
Calcium 7440-70-2 1 mg/L 129 120 120 49 99
Magnesium 7439-95-4 1 mg/L 34 37 40 84 29
Sodium 7440-23-5 1 mg/L 256 272 325 821 179
Potassium 7440-09-7 1 mg/L 6 7 9 39 6
Fluoride 16984-48-8 0.1 mg/L 0.2 0.2 0.3 0.4 0.3
Ammonia as N 7664-41-7 | 0.01 mg/L <0.01 0.02 0.03 0.02 0.02
Nitrite as N 14797-65-0 | 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01
Nitrate as N 14797-55-8 |  0.01 mg/L 0.10 0.10 0.03 <0.01 0.08
Nitrite + Nitrate as N — 0.01 mg/L 0.10 0.10 0.03 <0.01 0.08
Reactive Phosphorus as P 14265-44-2 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01
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Work Order - EP2216518
Client : EPStromnet Research Group; University of Essex
Project - Epstrom Research Group
Analytical Results
Sub-Matrix: WATER

Sample ID W7Al W7AO W7BI W7BO wrcl
(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00

Compound CAS Number LOR Unit EP2216518-001 EP2216518-002 EP2216518-003 EP2216518-004 EP2216518-005

Result Result Result Result Result
@ Total Anions J— 0.01 meq/L 22.7 22.8 25.6 54.1 17.2
o Total Cations J— 0.01 meq/L 20.5 21.0 23.6 46.1 15.3
@ lonic Balance —-| 0.01 % 5.01 3.98 4.03 8.06 6.02
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Work Order - EP2216518

Client : EPStromnet Research Group; University of Essex

Project - Epstrom Research Group

Analytical Results

Sub-Matrix: WATER Sample ID W7CO W7DI W7DO W8AI WSAO

(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00
Compound CAS Number LOR Unit EP2216518-006 EP2216518-007 EP2216518-008 EP2216518-009 EP2216518-010
Result Result Result Result Result

pH Value J— 0.01 pH Unit 8.46 8.27 8.32 7.90 8.38
Electrical Conductivity @ 25°C j— 1 uS/icm 1520 1280 1210 4620 5690
Total Dissolved Solids (Calc.) — 1 mg/L 988 832 786 3000 3700
Total Hardness as CaCO3 — 1 mg/L 276 307 264 814 832
Hydroxide Alkalinity as CaCO3 DMO-210-001 1 mg/L <1 <1 <1 <1 <1
Carbonate Alkalinity as CaCO3 3812-32-6 1 mg/L 11 <1 2 <1 9
Bicarbonate Alkalinity as CaCO3 71-52-3 1 mg/L 190 250 194 326 222
Total Alkalinity as CaCO3 —- 1 mg/L 201 250 196 326 231
Sulfate as SO4 - Turbidimetric 14808-79-8 1 mg/L 51 33 33 144 191
Chloride 16887-00-6 1 mg/L 362 268 271 1180 1660
Calcium 7440-70-2 1 mg/L 66 85 66 181 150
Magnesium 7439-95-4 1 mg/L 27 23 24 88 111
Sodium 7440-23-5 1 mg/L 191 141 146 631 848
Potassium 7440-09-7 1 mg/L 4 3 3 29 40
Fluoride 16984-48-8 0.1 mg/L 0.3 0.2 0.2 0.3 0.3
Ammonia as N 7664-41-7| 0.01 mg/L <0.01 <0.01 0.03 0.03 0.05
Nitrite as N 14797-65-0 | 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01
Nitrate as N 14797-55-8 |  0.01 mg/L <0.01 0.52 0.30 0.68 0.04
Nitrite + Nitrate as N J— 0.01 mg/L <0.01 0.52 0.30 0.68 0.04
Reactive Phosphorus as P 14265-44-2 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01
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Work Order - EP2216518
Client : EPStromnet Research Group; University of Essex
Project - Epstrom Research Group
Analytical Results
Sub-Matrix: WATER

Sample ID W7CO W7DI W7DO WBSAI W8AO
(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00
Compound CAS Number LOR Unit EP2216518-006 EP2216518-007 EP2216518-008 EP2216518-009 EP2216518-010
Result Result Result Result Result

o Total Anions — 0.01 meq/L 15.3 13.2 12.2 42.8 55.4

o Total Cations — 0.01 meq/L 13.9 12.3 11.7 44.5 54.5

@ lonic Balance —-| 0.01 % 4.67 3.51 2.30 1.91 0.81




Page t 7of12

Work Order - EP2216518

Client : EPStromnet Research Group; University of Essex

Project - Epstrom Research Group

Analytical Results

Sub-Matrix: WATER Sample ID Ws8BI W8BO WsCl wsco wsDI

(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00
Compound CAS Number LOR Unit EP2216518-011 EP2216518-012 EP2216518-013 EP2216518-014 EP2216518-015
Result Result Result Result Result

pH Value J— 0.01 pH Unit 8.08 8.28 8.30 8.66 8.06
Electrical Conductivity @ 25°C j— 1 uS/icm 4880 4680 7260 8860 4380
Total Dissolved Solids (Calc.) — 1 mg/L 3170 3040 4720 5760 2850
Total Hardness as CaCO3 — 1 mg/L 834 708 758 783 751
Hydroxide Alkalinity as CaCO3 DMO-210-001 1 mg/L <1 <1 <1 <1 <1
Carbonate Alkalinity as CaCO3 3812-32-6 1 mg/L <1 <1 <1 30 <1
Bicarbonate Alkalinity as CaCO3 71-52-3 1 mg/L 287 240 257 182 271
Total Alkalinity as CaCO3 j— 1 mg/L 287 240 257 212 271
Sulfate as SO4 - Turbidimetric 14808-79-8 1 mg/L 141 140 262 302 136
Chloride 16887-00-6 1 mg/L 1270 1160 2030 2370 1140
Calcium 7440-70-2 1 mg/L 174 137 104 86 164
Magnesium 7439-95-4 1 mg/L 97 89 121 138 83
Sodium 7440-23-5 1 mg/L 666 649 1110 1280 619
Potassium 7440-09-7 1 mg/L 32 30 54 64 29
Fluoride 16984-48-8 0.1 mg/L 0.2 0.3 0.4 0.4 0.3
Ammonia as N 7664-41-7 0.01 mg/L 0.04 0.11 0.13 0.05 0.48
Nitrite as N 14797-65-0 | 0.01 mg/L <0.01 <0.01 0.01 <0.01 <0.01
Nitrate as N 14797-55-8 |  0.01 mg/L 0.23 0.14 0.20 0.05 0.76
Nitrite + Nitrate as N J— 0.01 mg/L 0.23 0.14 0.21 0.05 0.76
Reactive Phosphorus as P 14265-44-2 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01
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Work Order - EP2216518
Client : EPStromnet Research Group; University of Essex
Project - Epstrom Research Group
Analytical Results
Sub-Matrix: WATER

Sample ID wsBl W8BO wscl wsco W8DI
(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00

Compound CAS Number LOR Unit EP2216518-011 EP2216518-012 EP2216518-013 EP2216518-014 EP2216518-015

Result Result Result Result Result
@ Total Anions —-| 0.01 meq/L 44.5 40.4 67.8 77.4 40.4
@ Total Cations —-| 0.01 meq/L 46.4 43.2 64.8 73.0 42.7
@ lonic Balance —-| 0.01 % 215 3.26 2.29 2.94 2.74
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Work Order - EP2216518

Client : EPStromnet Research Group; University of Essex

Project - Epstrom Research Group

Analytical Results

Sub-Matrix: WATER Sample ID wWsDO WO9AI W9AO W9BI W9BO
(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00
Compound CAS Number LOR Unit EP2216518-016 EP2216518-017 EP2216518-018 EP2216518-019 EP2216518-020
Result Result Result Result Result

pH Value J— 0.01 pH Unit 8.16 7.99 8.30 8.10 8.56
Electrical Conductivity @ 25°C j— 1 uS/icm 4530 4420 5650 3030 3580
Total Dissolved Solids (Calc.) — 1 mg/L 2940 2870 3670 1970 2330
Total Hardness as CaCO3 — 1 mg/L 715 801 854 546 430
Hydroxide Alkalinity as CaCO3 DMO-210-001 1 mg/L <1 <1 <1 <1 <1
Carbonate Alkalinity as CaCO3 3812-32-6 1 mg/L <1 <1 3 <1 16
Bicarbonate Alkalinity as CaCO3 71-52-3 1 mg/L 243 319 301 327 132
Total Alkalinity as CaCO3 —- 1 mg/L 243 319 304 327 147
Sulfate as SO4 - Turbidimetric 14808-79-8 1 mg/L 146 157 213 104 140
Chloride 16887-00-6 1 mg/L 1180 1100 1540 752 970
Calcium 7440-70-2 1 mg/L 143 197 174 138 80
Magnesium 7439-95-4 1 mg/L 87 75 102 49 56
Sodium 7440-23-5 1 mg/L 658 580 827 386 533
Potassium 7440-09-7 1 mg/L 31 22 42 14 20
Fluoride 16984-48-8 0.1 mg/L 0.3 0.2 0.2 0.2 0.2
Ammonia as N 7664-41-7 0.01 mg/L 0.01 0.02 0.02 0.02 0.02
Nitrite as N 14797-65-0 | 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01
Nitrate as N 14797-55-8 |  0.01 mg/L 0.44 0.13 0.07 0.02 <0.01
Nitrite + Nitrate as N J— 0.01 mg/L 0.44 0.13 0.07 0.02 <0.01
Reactive Phosphorus as P 14265-44-2 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01
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Work Order - EP2216518
Client : EPStromnet Research Group; University of Essex
Project - Epstrom Research Group
Analytical Results

Sub-Matrix: WATER

Sample ID wsDO WOAI W9AO WoBI W9BO
(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00
Compound CAS Number LOR Unit EP2216518-016 EP2216518-017 EP2216518-018 EP2216518-019 EP2216518-020
Result Result Result Result Result

o Total Anions — 0.01 meq/L 41.2 40.7 54.0 29.9 33.2

o Total Cations — 0.01 meq/L 43.7 41.8 54.1 281 323

@ lonic Balance —-| 0.01 % 2.98 1.36 0.16 3.18 1.40
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Work Order - EP2216518
Client : EPStromnet Research Group; University of Essex
Project - Epstrom Research Group
Analytical Results
Sub-Matrix: WATER Sample ID WoCl W9CO W9DI W9DO
(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 -
Compound CAS Number LOR Unit EP2216518-021 EP2216518-022 EP2216518-023 EP2216518-024 mmmmmnan
Result Result Result Result -
pH Value J— 0.01 pH Unit 8.13 8.36 8.17 8.29 -
Electrical Conductivity @ 25°C — 1 uS/icm 1980 2060 3470 6100 —nme
Total Dissolved Solids (Calc.) — 1 mg/L 1290 1340 2260 3960 —
Total Hardness as CaCO3 — 1 mg/L 366 371 570 588 -
Hydroxide Alkalinity as CaCO3 DMO-210-001 1 mg/L <1 <1 <1 <1 ———
Carbonate Alkalinity as CaCO3 3812-32-6 1 mg/L <1 6 <1 <1 —
Bicarbonate Alkalinity as CaCO3 71-52-3 1 mg/L 283 265 318 322 ——
Total Alkalinity as CaCO3 j— 1 mg/L 283 271 318 322 ————
Sulfate as SO4 - Turbidimetric 14808-79-8 1 mg/L 56 54 112 298 -
Chloride 16887-00-6 1 mg/L 472 509 900 1660 -
Calcium 7440-70-2 1 mg/L 97 91 116 69
Magnesium 7439-95-4 1 mg/L 30 35 68 101 ----
Sodium 7440-23-5 1 mg/L 235 259 480 1030 -em-
Potassium 7440-09-7 1 mg/L 10 12 24 62
Fluoride 16984-48-8 0.1 mg/L 0.2 0.2 0.2 0.5 -
Ammonia as N 7664-41-7 0.01 mg/L 0.04 0.02 0.04 0.07 ———-
Nitrite as N 14797-65-0 | 0.01 mg/L <0.01 <0.01 <0.01 <0.01 nme
Nitrate as N 14797-55-8 |  0.01 mg/L 0.28 0.29 0.05 0.16 -=--
Nitrite + Nitrate as N J— 0.01 mg/L 0.28 0.29 0.05 0.16 ————
Reactive Phosphorus as P 14265-44-2 0.01 mg/L <0.01 <0.01 <0.01 0.01 -
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Work Order - EP2216518
Client : EPStromnet Research Group; University of Essex
Project - Epstrom Research Group
Analytical Results
Sub-Matrix: WATER Sample ID wocl weco wobI W9DO
(Matrix: WATER)
Sampling date / time 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 05-Dec-2022 00:00 -
Compound CAS Number LOR Unit EP2216518-021 EP2216518-022 EP2216518-023 EP2216518-024 mmmmmnan
Result Result Result Result -
@ Total Anions J— 0.01 meq/L 20.1 20.9 34.1 59.5 -
o Total Cations j— 0.01 meq/L 17.8 19.0 32.9 58.1 -
@ lonic Balance —-| 0.01 % 6.19 4.77 1.79 1.12 e
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Department of Biodiversity,
Conservation and Attractions

GOVERNMENT OF
WESTERN AUSTRALIA

FLORA TAKING (OTHER PURPOSES) LICENCE

Regulation 61, Biodiversity Conservation Regulations 2018

Licence Number: FT61001164

Licence Holder: Matthew Forbes

627-16 Beesley Street
West End QLD 4101

Date of Issue: 18/11/2022
Date Valid From: 18/11/2022
Date of Expiry: 17/11/2025

LICENSED ACTIVITIES

Subiject to the terms and conditions on this licence, the licence holder may —

1.

Take flora, other than for a commercial purpose, for research purposes while with Klohn Crippin Berger

LOCATIONS

1.

Locations for which written authorisation to undertake the licensed activities has been obtained from
the land owner or occupier.

CONDITIONS

1.

Flora must not be taken on CALM land, (as defined in the Conservation and Land Management
Regulations 2002), unless authorised by a written notice of a lawful authority issued under regulations
4 and 8 of the Conservation and Land Management Regulations 2002.

Unless authorised by this licence, flora taken under this licence must not be taken in such a manner
that constitutes clearing under the Environmental Protection Act 1986, and for live flora, in a manner
that destroys or is likely to destroy the plant and/or surrounding vegetation, or in the case of annual
species or flora taken as scientific samples for the purpose of plant identification, in a manner that
affects the viability of the local occurrence of the species.

Flora taken under this licence must not be used for a commercial purpose, including bioprospecting
activity.

For any flora taken by the licence holder where the species is listed as ‘priority flora’ on the Department
of Biodiversity, Conservation and Attractions’ Threatened and Priority Flora List
https://www.dpaw.wa.gov.au/plants-and-animals/threatened-species-and-communities/threatened-
plants, the licence holder must complete and submit a ‘Threatened and Priority Flora Report Form’
(TPRF).

Any specimen taken that is significant to the WA Herbarium, or where the species is on the Department
of Biodiversity, Conservation and Attractions’ Priority Flora List and the occurrence is not vouchered in
the WA Herbarium, must be lodged with the WA Herbarium.

The written authorisation of the person in possession or occupation of the land accessed and upon
which flora is taken, as required under regulation 101(2) and referred to in “Additional information”
below, must:



https://www.dpaw.wa.gov.au/plants-and-animals/threatened-species-and-communities/threatened-plants
https://www.dpaw.wa.gov.au/plants-and-animals/threatened-species-and-communities/threatened-plants

7.

8.

' {E’% Department of Biodiversity,
| Conservation and Attractions

GOVERNMENT OF
WESTERN AUSTRALIA

a) state location details (including lot or location number, street/road, suburb and local government
authority);

b) state land owner or occupier name, and contact phone number;
c) specify the time period that the authorisation is valid for;

d) be signed and dated; and

e) be attached to this licence at all times.

This licence, and any written authorisation or lawful authority which authorises the take of flora on
specified locations must be carried at all times while conducting licensed activities and be produced on
demand to a wildlife officer.

Any records and information compiled under this licence must be retained for at least two years after
the date of expiry of this licence.

Bridgitte Reynolds
LICENSING OFFICER
WILDLIFE PROTECTION BRANCH

Delegate of CEO

ADDITIONAL INFORMATION

1.

Regulation 82 empowers the CEO to add, substitute or delete a term or condition of a licence or to
correct errors. Such power may be exercised on application of a licence holder or by the CEO’s own
initiative. If an amendment to a licence term or condition is required, please contact the CEO or the
Licensing Section on wildlifelicensing@dbca.wa.gov.au in the first instance. The licence holder, if
adversely affected by a condition imposed in this licence, may apply to the State Administrative
Tribunal for review of the decision of the CEO to impose that condition on a licence: regulation 89(2)
Biodiversity Conservation Regulations 2018.

A person must not contravene a condition of a licence. The penalty for an offence involving the
contravention of a condition of a licence is a fine of $10 000: regulation 84 of the Biodiversity
Conservation Regulations 2018.

It is an offence for persons authorised by this licence to enter land that is not in their possession or
under their control without first having the prior written authorisation of the current owner or occupier of
the land to:

a) enter the land; and
b) carry out the activity authorised by this licence.

The penalty for this offence is a fine of $5 000: regulation 101(2) of the Biodiversity Conservation
Regulations 2018.

CALM Act land are those lands or waters defined under Part Il of the Conservation and Land
Management Act 1984 (CALM Act), and include State forest, timber reserves, national parks,
conservation parks, nature reserves, marine nature reserves, marine parks, and other lands. Please
contact the relevant DBCA district/regional office for clarification on whether a parcel of land is “CALM
Act” land or waters.
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10.

11.

Department of Biodiversity,
Conservation and Attractions

GOVERNMENT OF
WESTERN AUSTRALIA

Information on Threatened and Priority Flora Lists as defined in this licence can be found at
https://www.dpaw.wa.gov.au/plants-and-animals/threatened-species-and-communities/threatened-

plants.
Where flora is being taken for identification purposes, please refer to the Environmental Protection

Authority (EPA)’'s “Technical Guidance- Flora and Vegetation Surveys for Environmental Impact
Assessment” document http://www.epa.wa.gov.au/policies-guidance/technical-quidance-flora-and-

vegetation-surveys-environmental-impact-assessment.

For more information about whether specimens would be considered significant to the WA Herbarium
refer to “The Western Australian Herbarium’s accessioning and specimen acquisition policy” document
https://www.dpaw.wa.gov.au/plants-and-animals/wa-herbarium. Flora should only be taken under this
licence where identification in the field is not possible, or where a specimen would be significant to the
WA Herbarium, including range extensions or similar significant geographic or ecological value, or
where the specimen is thought to be a new taxon or variant.

If lodging specimens to the WA Herbarium, please follow the ‘Western Australian Herbarium Specimen
Lodgement Guidelines’ document https://www.dpaw.wa.gov.au/images/documents/plants-
animals/herbarium/western_australian_herbarium_specimen_lodgement guidelines.pdf

Unless taken for identification purposes, the licence holder should only take species which have been
positively identified and can be taken under this licence. The licence holder should contact the WA
Herbarium regarding specimen identification.

It is advised that any species taken for human consumption is checked against the listed substances in
the Medicines and Poisons Regulations 2016.

If it is not a condition of this licence to create, compile and maintain records and information as
required in a DBCA approved “Return- Flora Licences” of all flora taking activities as they occur, it is
advised that the licence holder maintain a record of flora taken under this licence, with details including
the species, the quantity, the part, the date that the flora was taken, and the land from which the flora
was taken. This information may be requested for DBCA to consider a renewal application.


https://www.dpaw.wa.gov.au/plants-and-animals/threatened-species-and-communities/threatened-plants
https://www.dpaw.wa.gov.au/plants-and-animals/threatened-species-and-communities/threatened-plants
http://www.epa.wa.gov.au/policies-guidance/technical-guidance-flora-and-vegetation-surveys-environmental-impact-assessment
http://www.epa.wa.gov.au/policies-guidance/technical-guidance-flora-and-vegetation-surveys-environmental-impact-assessment
https://www.dpaw.wa.gov.au/plants-and-animals/wa-herbarium
https://www.dpaw.wa.gov.au/images/documents/plants-animals/herbarium/western_australian_herbarium_specimen_lodgement_guidelines.pdf
https://www.dpaw.wa.gov.au/images/documents/plants-animals/herbarium/western_australian_herbarium_specimen_lodgement_guidelines.pdf

Appendix |l Associated Research Publications

Page | 44 South-west Capes Microbialite Communities 2022 Hydrochemistry Feb 2025



Sedimentary Geology 232 (2010) 52-65

Contents lists available at ScienceDirect

Sedimentary Geology

journal homepage: www.elsevier.com/locate/sedgeo

A characterisation of the coastal tufa deposits of south-west Western Australia

Matt Forbes *, Ryan Vogwill, Kimberly Onton

Department of Environment and Conservation, Locked bag 104 Bentley Delivery Centre, Western Australia 6983, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 15 May 2010

Received in revised form 23 September 2010
Accepted 24 September 2010

Available online 29 September 2010

Located in the south-west coastal zone of Western Australia are numerous tufa deposits, which are registered
as Threatened Ecological Communities (TEC). The tufas occur in near-shore shallow bedrock settings and are
associated with local groundwater discharge. Depositional facies, mineralogy, elemental chemistry and water
quality were investigated for five key deposits. Two conceptual environmental models are identified. The first,
the cascade to barrage pool model is associated with coastal waterfall zones, the second, a perched spring-line
and barrage pool model is located predominantly in the supratidal zone. Tufa morphology, texture, mineral
composition and elemental chemistry vary within and between sites. Both phytoclast and lithoclast
(allochthonous), and phytoherm forms of tufa are identified depending on location within the facies. Calcite,
and to a lesser extent, aragonite and Mg-calcite dominate tufa mineralogy, with diagenetic modifications
apparent. Tufa water chemistry is generally Na-CI-HCO3; dominated; however, Na-Cl concentrations increase
at sites situated within the supratidal zone. Currently the most likely potential threat posed to these deposits
is increasing nutrient levels in spring waters from agricultural land use within the catchments. This could in
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the future impact on tufa development.
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1. Introduction
1.1. Tufa deposits

Tufa are calcium carbonate-rich deposits, that precipitate in a
variety of freshwater settings (e.g. Ford, 1989; Pedley, 1990; Ford and
Pedley, 1996; Pedley et al., 1996: Freytet and Verrecchia, 1999; Riding,
2000; Andrews and Brasier, 2005; Carthew et al., 2006; Jones and
Renaut, 2010). The complex interplay between physical, chemical and
biological factors, which govern tufa formation are reflected in the
predominant carbonate mineralogy (Jones and Renaut, 2010). Tufa
can develop in waters of different temperatures with high dissolved
calcium content and a microbial presence, like bacteria and fungi,
resulting in variable morphologies.

Ford and Pedley (1996) developed a tufa classification system for
these various morphologies, modeled on ambient temperature spring
systems in cool temperate climates. This work has recently been
summarised and updated by Jones and Renaut (2010). Many tufa
deposits around the world have been described using this system (e.g.
Viles and Goudie, 1990a; Pedley, 1990; Ford and Pedley, 1992, 1996;
Pentecost and Viles, 1994; Carthew et al., 2003; Arenas et al., 2007;
Viles et al., 2007). In many of these studies, the tufa depositional
models identified and discussed were a combination of several end-
member facies.

* Corresponding author. Tel.: +61 893340138; fax: +61 893340367.
E-mail address: matt.forbes@dec.wa.gov.au (M. Forbes).

Certain environmental conditions, including persistently high
water tables, extensive ground cover by macrophytes, spring water
with moderate levels of CaCOs; and low nutrient levels, appear most
suited to tufa development (Ford, 1989; Pedley, 1990; Pentecost,
1995; Ford and Pedley, 1996; Carthew et al., 2003, 2006; Viles et al.,
2007; Jones and Renaut, 2010).

1.2. Tufa composition and characteristics

CaCOs5 precipitation in tufa produces a vast array of crystal forms,
which can be related to the agency of cyanobacteria, algae, mosses,
other plants and/or detritus (Pedley, 1990; Ford and Pedley, 1996;
Janssen et al, 1999; Jones and Renaut, 2010). Tufa mineral
composition has been widely investigated (e.g. Pedley, 1990; Ford
and Pedley, 1996; Freytet and Verrecchia, 1999; Janssen et al., 1999;
Pentecost, 2005), calcite predominates in most instances, followed by
aragonite, and to a lesser extent Mg-carbonate. Diagenetic processes
can alter the tufa's initial mineralogical and textural composition,
with micrite and some primary sparite recrystallising into giant radial
palisadic secondary sparite (Janssen et al.,, 1999), similar to
speleothems or marine recrystallisations (Freytet and Verrecchia,
1999). Decomposition and subsequent removal of organic matter
from the matrix can also occur, resulting in voids, moulds and prints
forming within the tufas. The elements Ca, Mg and Sr are common in
tufa geochemistry, and have been applied successfully in palaeocli-
matic and geomorphologic reconstructions (Chafetz et al., 1991;
Janssen et al., 1999; Ihlenfeld et al., 2003; Kano et al., 2003; Garnett

0037-0738/$ - see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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et al., 2004; Andrews and Brasier, 2005; Lojen et al., 2009) in order to
understand processes that occurred during tufa formation.

1.3. Tufa communities in Australia

Tufa deposits are scattered across the globe, many of which have
been studied and characterised (e.g. Ford and Pedley, 1996). This
includes several in Australia, located in central and northern Queens-
land (Dunkerley, 1981, 1987; Drysdale and Head, 1994; Drysdale,
2001; Carthew et al., 2003; Ihlenfeld et al., 2003), northern New South
Wales (Carthew and Drysdale, 2003) and north-west Western
Australia (Viles and Goudie, 1990b; Wright, 2000; Carthew et al.,
2006). Located in the south-western region of Western Australia are
numerous coastal tufa deposits that are yet to be described and
characterised in any detail. These deposits are associated with
carbonate-rich freshwater streams and seeps and are proximal to
several waterfalls, as well as coastal limestone scarps. In 2001 these
deposits were classified as a Threatened Ecological Community (TEC),
with their status being endangered. Main threats to the community at
the time were perceived to be physical damage and changes in
hydrological regimes. As a result of this classification a robust

monitoring program was established in order to firstly understand
the functioning of the deposits, and to assess the actual threats to the
deposits.

This study discusses and summarises many facets of the
monitoring program including detailed examinations of tufa miner-
alogy, geochemistry and water chemistry. It also provides descrip-
tions of tufa facies and proposes depositional models with the aim of
documenting a first detailed account of these deposits. Comparisons
of tufa characteristics are also made with other Australian tufa
deposits to place the deposits in a regional context.

2. Study area

The tufa deposits characterised in this study are located on the
western coastal fringe of the distinctive anvil-shaped promontory,
known as the Leeuwin-Naturaliste geographic region, Western
Australia (Fig. 1). The tufas are associated with the Leeuwin-
Naturaliste Ridge, a strip of karstified coastal dune limestone/
calcarenite (Pleistocene Tamala Limestone) that extends from Cape
Naturaliste in the north, south to Cape Leeuwin (Playford et al., 1976).
The Proterozoic Leeuwin Complex (540-780 Ma), strongly

Fig. 1. The location in the south-west of Western Australia of the coastal tufa deposits discussed in this study. Geological features are adapted from Playford et al. (1976) and Hassan

(1998).
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metamorphosed igneous rocks (granite and anorthositic gneisses),
underlies much of the limestone, and outcrops in many areas along
the coastal zone (Myers, 1994). The regional climate is Mediterra-
nean, with dry summers and mild, wet winters. Annual precipitation
(Cape Leeuwin meteorological station) is approximately 1100 mm,
with most rainfall occurring between April and October. Evaporation
rates are in the order of 1000 mm yr~' (BOM, 2001).

Five separate tufa deposits are the focus of this study. They are
situated north to south along the coast as follows (Fig. 1), Canal Rocks
(CR), Quinninup Falls (QF), Meekadarribee Falls (MK), Contos Springs
(C) and Quarry Bay (QB). The sites can be separated into two general
depositional environments, waterfall settings and spring seeps onto
coastal bedrock. Both Meekadarribee and Quinninup are waterfalls,
whereas Contos Springs and Canal Rocks are spring seeps onto coastal
bedrock. The fifth site at Quarry Bay consists of both types, with
waterfalls located at the main Quarry Bay South site and spring seeps
onto coastal bedrock at Quarry Bay North. One km farther south of the
Quarry Bay South site is the Augusta Water Wheel (AW), where tufa
has developed on a flume that was built in the late 1800s to divert
spring water. This site will also be discussed in this study.

3. Methods
3.1. Field measurements and water quality

Commencing August 2008, field-water measurements were taken
every two months for one year. Water parameters measured included,
Temperature, pH, Electrical Conductivity (EC), Oxidation-reduction
Potential (ORP), and Dissolved Oxygen (DO), and were measured using
a WTW 340i hand-held instrument. Probes used were Blue-line 24 pH
electrode (pH), Tetracon 325 (EC), Sentix-Pt (ORP) and CellOx 325 (DO).
Note ORP measurements were corrected for the Standard Hydrogen
Electron (SHE) relative to water temperature at the time of sampling. Total
Alkalinity (TA) was also determined using HACH drop titrator kit. HCO3~
and CO3~ (mglL~!) were calculated based on field TA and pH
measurements. Samples for laboratory analysis of major ions (Mg?™,
Ca®™, Na™, K+, 17, Br—, F~, SOZ ") and nutrients (N and P) were also
collected at several monitoring locations at each tufa deposit, every two
months. Sites chosen for water sampling were predominantly pools
associated with barrage deposits or flows from waterfalls and pools
directly below the falls area. HDPE sample bottles including one unfiltered
250 ml and two 125 ml (one filtered through 45 pum) were filled to
overflowing and stored at ~4 °C until analysis by Perth Water Chemistry
Centre, Bentley, Western Australia. Methods of analysis for major ions and
nutrients follow the procedures and guidelines outlined in APHA (1995).
Electrical neutrality was determined to check the accuracy of analysis,
with a <5% deviation between total anions and cations considered to be
acceptable (Appelo and Postma, 2005).

3.2. Petrography

In May 2008 physical tufa samples were collected from all five
sites. At all sites samples were collected from the current tufa surface
and are thus considered to be recent deposits. After air drying,
macroscopic and binocular description, seven samples, representing
the different tufa facies identified for the two types of depositional
environments were prepared as impregnated thin sections. Thin-
section preparation was completed by Pontifex and Associates,
Kensington, South Australia.

3.3. Mineralogy

Overall 18 tufa samples were subjected to quantitative mineral-
ogical analysis via X-ray diffraction (XRD). One gram of each sample
was ground to <10 pum for 10 min in a McCrone micronizing mill
under ethanol. The resulting slurries were oven dried at 60 °C, then

mixed thoroughly with an agate mortar and pestle before being
lightly pressed into stainless steel sample holders for XRD analysis.
XRD patterns were recorded with a PANalytical X'Pert Pro Multi-
purpose Diffractometer using Co Ko radiation, variable divergence
slit, post diffraction graphite monochromator and fast X'Celerator Si
strip detector. The diffraction patterns were recorded in steps of 0.05°
2 theta with a 0.5 s counting time per step, and logged to data files for
analysis. Quantitative analysis was performed on the XRD data using
the Rietveld method (Rietveld, 1969) with the commercial package
TOPAS from Bruker AXS. The results are normalized to 100%, and
hence do not include estimates of unidentified or amorphous
materials, and depending on the mineral, detection limits of 0.2% or
less are achievable.

3.4. Elemental analysis

Major elements in their oxidised state (SiO,, Al,Os, Fe;03, MnO,
MgO, CaO, Na,O, K;0, TiO, and P,0s) were determined as a
percentage composition (Norrish and Chappell, 1977) on all tufa
samples subjected to (XRD) mineralogical analysis. Samples for major
elemental analysis were crushed, dried at 110 °C, then combusted at
960 °C overnight, in order to determine Loss of Ignition (LOI), which is
indicative of the organic matter and hydrated mineral phases present
in the sediment (Craft et al., 1991). The next day, between 1.0 and
1.1 g of the combusted material was weighed and combined with flux
(35.3% lithium tetraborate and 64.7% lithium metaborate). Then,
using Pt-Au crucibles the mixture was fused at 1150 °C. Samples were
analysed at Genalysis Laboratory Services Pty Ltd in Maddington,
Western Australia using a Pan Analytical-AXIOS Kw Rhodium tube
XRF Spectrometer, with standard/reference materials Sarm1, Sarm2,
Sarm 32 and SY-4. Minor or trace element (Cr, Ba, S, As, Cd, Co, Cu, Ni,
Pb, Sn, V, Zn, Sr, and U) analysis was undertaken to obtain data in
concentrations of one to several thousand parts per million (ppm).

4. Results
4.1. Field observations: tufa facies and site descriptions

4.1.1. Meekadarribee Falls (MK)

Meekadarribee Falls (MK) is located 1.5 km inland from the coast.
The tufa deposit itself is situated 10 m north of the junction point
between a small tributary that flows over the waterfalls and the main
stream channel, which flows west down to the old Ellensbrook
homestead site. The extent of the tufa deposit here covers an area of
approximately 10 m? around the falls site (Fig. 2a). Tufa occurs in and
around the waterfall and also within a 5 m radius down gradient of
the falls zone. A variety of tufa facies are apparent including microbial
laminites as both bubble forms evident within the 8 (1-2 m diameter)
barrage pools below the falls, and as flat sheet varieties on the vertical
sides of the limestone falls. Phytoherm rimstone-dam tufas dominate
the barrage-pool walls, and can reach up to 0.5 m in height. They have
a porous and permeable fabric, the likely result of the rapid decay of
the carbonaceous framework. Located within the limestone bedrock
behind the waterfall is a substantial cave with numerous stalactites
and some stalagmites. Microbial laminites and mats are also evident
on the cave floor, as well as cave pearls. Moss growing down across
the cave entrance is being actively calcified forming a 0.5-1 m long
curtain. Mosses and green algae on the vertical faces of the falls are
also being actively calcified.

4.1.2. Quinninup Falls (QF)

The Quinninup waterfall tufa deposit is located approximately
500 m inland from the coast. The tufa here is restricted to the 10 m
vertical face of the granitic bedrock immediately behind and adjacent
to the waterfall (Fig. 2b). Below the falls is a 5 m diameter pool, where
tufa development appears to be absent. The tufa on the vertical faces
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Fig. 2. Site photographs for cascade/waterfall related tufa deposits at Meekadarribee (a), Quinninup (b), Quarry Bay (c) and Augusta Water Wheel (d). White dotted lines indicated
general flow patterns of spring water through the area of tufa deposit. 1) Entry point of spring water from stream above where green moss is being actively calcified. 2)
Meekadarribee Cave where stalactites and stalagmites have developed and algal curtains have formed across the cave entrance. 3) Narrow barrage pool developed on slope diverting
water into cave, moss also actively calcified here and microbial laminites forming within the pool itself. 4) Green moss on spring flow paths above barrage pools being actively
calcified. 5) More significant barrage pools containing bubble and sheet form microbial laminites have developed behind rimstone dams, further down from main falls area. 6)
Surfaces to either side and behind the immediate falls area covered with growing green moss that is being actively calcified. 7) Stalactite tufa growth on limestone wall merging to
form curtain. 8) Overhanging tufa curtain developed on original cliff face, where stalactite type growth is evident. 9) Small discharge apron situated on bedrock below falls where
microbial laminites have developed. 10) Surface areas below water wheel discharge covered with growing moss (green) that is being actively calcified. 11) Surface areas below
water wheel where discharge and calcification have ceased. 12). Discharge apron below water wheel where growing moss is being actively calcified and microbial laminites are also

developing.

of the water fall is both thin (5-10cm) bubble and sheet form
microbial laminites; there is also a green algal component being
actively calcified. Tufa abundance appears to vary seasonally at this
site with a reduction being observed during the summer periods
when lower flows and increased algal growth occur.

4.1.3. Quarry Bay Falls (QB) and Augusta Water Wheel (AW)

The Quarry Bay site is the largest and most diverse of the tufa sites
discussed in this study, spanning 2 km of coast-line length and
comprising of both waterfall and spring seepage deposits. Approxi-
mately 300 m north of the Quarry Bay car park is a distinct limestone
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cliff area, where an extensive array of tufa has developed on and
below it (Fig. 2c). This tufa is in two main types, firstly a speleothem-
like form, existing on the upper and middle overhang areas of the
limestone cliff. Below the limestone cliff itself thin sheet and some
bubble-shaped microbial laminites have developed in the waterfall
splash zone.

The Augusta Water Wheel site is unique to the south-west
Australian tufa deposits in that the tufa here has colonized a structure
built in the late 1800s. This tufa are generally thin (<5 cm) microbial
laminites of bubble form that have developed within the flow duct to
the wheel, and in the pools on the ground below the wheel (Fig. 2d).
Thin (<5 cm) sheet varieties have developed on vertical walls below

the wheel. The pools themselves have no barrage wall features; rather
they are just shallow (<10 cm) depressions in the exposed granitic
bedrock.

4.1.4. Canal Rocks Barrage Pools (CR)

The Canal Rocks tufa deposit is one of the more minor of those
investigated. The deposit consists of less than half a dozen small
(<1 min diameter) barrage pools over granite and limestone (Fig. 3a),
which are fed through thin (<10 cm) flow channels by freshwater
seepages (Fig. 3b). The location of the barrage pools are restricted to
preferential flow paths of the spring seeps, determined by bedrock
geomorphology. Autochthonous tufa in the form of phytoherm bubble

Fig. 3. Site photographs for coastal perched spring line to barrage deposits for Canal Rocks (a) Quarry Bay (b) and Contos Springs (c). White dotted lines indicated general flow
patterns of spring water through the area of tufa deposit. 1) Narrow tufa pools in granite bedrock where fine microbial laminites have developed. 2) More significant barrage pools
that have developed in larger bedrock depressions. Microbial laminites have developed within these pools and some green algae are being actively calcified. 3) Rimstone dams
developing on underlying granite and limestone bedrock 4) Microbial mats associated with current discharge apron covered with shallow terrace pools. 5) Previous discharge apron

now inactive due to changes in spring water surface flows.
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microbial laminites is identified within the barrage pools, flow
channels and bedrock surfaces (as part of small discharge aprons).
The barrage-pool walls are lithified rimstone tufa up to 15 cm in
height. More thin (<10 cm) lithified tufa, sheets on top of the granite
and limestone bedrocks, represent extinct discharge aprons. Minimal
amounts of allochthonous intraclast tufa, with calcified sediment
grains, are evident within the barrage pools themselves.

4.1.5. Quarry Bay Barrage Pools (QB)

Approximately 300 m north of the main waterfall area at Quarry
Bay an extensive network of spring seepages, discharge aprons and
barrage pools commences and continues intermittently for another
700 m to the north. These pools and discharge aprons are located on
granite bedrock in the supratidal zone and cover an area of
approximately 100 m?. The barrage-pool walls consist of lithified
rimstone tufa (<10 cm in height). Bubble microbial laminites of
variable thickness (2-8 cm) dominate within the pools themselves.
Lithified tufa facies are evident on flat bedrock areas representing
inactive discharge apron fans, whereas thin (<4 cm) sheet-like
laminite tufa represent the active spring discharge aprons and are
closely related to the location of current spring seeps.

4.1.6. Contos Springs Barrage Pools (C)

The Contos Springs tufa deposit consists of a dozen large (1-5 m in
diameter) barrage-type pool deposits (Fig. 3d). Spanning an area of
over 100 m? these pools have developed in large depressions within
granite bedrock in the supratidal zone. Spring-water slowly flows into
these pools from seeps located at the base of the adjacent steep
limestone escarpment. Due to proximity of this site to the ocean
mixing of spring and ocean waters occurs in the pools during periods
of high swell and large tides. Various tufa facies are identified at the
Contos site; the lithified rimstone tufa associated with the barrage
pool walls (up to 20 cm high) and lithified sheet tufa on bedrock as
part of extinct discharge aprons. Bubble form microbial laminites are
evident within the pools, whereas thin sheet laminites are associated
with flat bedrock areas. This later variety is in close association with
the active groundwater seeps.

4.2. Petrography

Definitions of tufa facies described here are based on the
classification system proposed by Ford and Pedley (1996) and revised
by Jones and Renaut (2010).

4.2.1. Meekadarribee Falls

A speleothem from the limestone cave ceiling (MKa) and a
microbial laminite tufa from the floor directly below the main
collection of speleothems (MKb) were examined in thin section
(Fig. 4). Sample MKa (Fig. 4a) appears to be completely composed
(95%) of large coarse (3-4 mm) calcite crystals, with crystalline
intergrowth; the remaining 5% consists of void space. The lack of a
biogenic component, either current or previous, suggests this tufa is a
lithoclast facies, indicative of flowstone/speleothem type.

Sample MKb (Fig. 4b) also has a dominant carbonate presence
(>85%), with minor amounts of quartz, biotite, hornblende and Fe-
oxide minerals that constitute the rock fragments (5%). Pisoid-type
structures in the form of cave pearls are present; cave pearl nuclei
ranges from quartz to calcite crystal intraclasts. The pearls also display
isopachous laminae, with some of the earlier laminae poorly
crystalline, suggesting that they have been moving quite frequently.
There are also calcified microbial/algal tufts present as well. Some of
the cave pearls appear to have undergone some level of diagenesis
resulting in a conversion to a more massive crystalline structure with
only minor remnants of the original texture remaining. This form of
tufa is categorised as a phytoherm boundstone facies.

Fig. 4. Petrographic thin sections for the Meekadarribee Falls site. A). A speleothem
from the limestone cave ceiling, which is almost entirely large coarse calcite crystals.
B). Tufa from the floor directly below the main collection of speleothems. Evident are
cave pearls (a) with calcite crystal intraclast as nuclei and (b) others with quartz grains
as the nucleus. Scale of thin section is noted on diagram.

4.2.2. Contos Springs

Two Contos Springs samples were examined in thin section
(Fig. 5). The first C2 (Fig. 5a) is a non-active discharge fan located 2 m
above the barrage pool zone. It contains laminated structures with
possible seasonal growth, there are also micritic clots or peloids
present in adjacent areas—presumably calcified microbes or microbial
clusters. Marine bioclastic material including foraminifera, shell
fragments and possibly echinoderm spine fragments are also evident,
presumably added during storm events. In some cases calcified domal
structures have nucleated on these shell fragments. This tufa can be
classified as a phytoherm framestone facies.

C3 (Fig. 5b) is tufa located on the wall of one of the barrage pools;
its composition consists of predominantly of carbonate (85%), with
rock fragments (10%) and void space. The carbonates are predomi-
nantly abiotic calcite (in the form of sparite and micrite). However,
there is also a micro-biotic component in the form of thick calcified
filaments—perhaps green algae (like Vaucheria). This tufa is classified
as autochthonous phytoherm framestone.

4.2.3. Quarry Bay
Two tufa samples from the Quarry Bay waterfall site were
examined in thin section (Fig. 6). QBa (Fig. 6a) is a thin sheet
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Fig. 5. Petrographic thin sections for the Contos Springs site. A). Tufa from bedrock
above the barrage pool area, consists of laminated structure with possible seasonal
growth, bioclastic shell material and micritic clots or peloids (see inset). B). Tufa taken
from the rimstone dam wall of one of the barrage pools. It consists of predominantly
micrite and sparite and an active algal component possibly green algae. Scale of thin
section is noted on diagram.

microbial laminite located on the ground immediately below the
speleothems, whereas QBDb (Fig. 6b) is a speleothem-type tufa that has
developed down the overhanging limestone cliff. Sample QBa has thin
laminae probably formed from microbial sheets which have then been
calcified, with much thicker peloidal micro-sparitic calcite laminae in
between. There are also some poorly calcified microbial tufts growing
on the laminae surfaces. This microbial laminite tufa can be classified
as micritic peloidal facies.

Sample QBb is a combination of both micro-biotic and abiotic
carbonate components (calcite), with both sparite and micrite
identified. The micrite occurs in association with long filamentous
cyanobacteria or green algal strands; there are rare quartz grains
within the filaments. Peloidal areas, possibly calcified microbial clots,
are also evident. Approximately half of the matrix is porous/void
space representing areas of possible diagenesis. This tufa can be
classified as a phytoherm framestone facies.

4.3. Water chemistry

Field (Table 1) and laboratory (Table 2) analysis identified
variations in water chemistry between seasons and across sites.

Fig. 6. Petrographic thin sections for Quarry Bay. A). is a tufa stalactite type from the
limestone cliff overhang falls area. It is predominantly calcite (micrite/sparite), with an
active algal filament component that has been calcified. B). Phytoherm sheet form
microbial laminite tufa directly below the stalactite is also predominantly calcite/
micrite. It has an algal component that has been calcified but lacks any ooids/pisoids.
Scale of thin section is noted on diagram.

Water quality was monitored on a bi-monthly basis; however, water
chemistry end members were evident at the winter (August) and
summer (February) peaks, as such these two months are discussed
here only. Water temperature ranged between 24° and 20 °C in
summer to 16° to 13 °C in winter. The highest water temperatures
(>22 °C) were observed in the coastal pools in summer and the lowest
(<15 °C) temperatures were observed in spring discharges in winter.
Electrical conductivity (EC) ranged from fresh (0.5 mS.cm™ ') to saline
(70 mS cm~ ). The saline EC values were identified at barrage pool
sites within the supratidal zone, whereas the waterfall sites over 1 km
inland from the coast were fresh (<1 mScm™!). EC concentrations
also varied between seasons with higher concentrations observed at
the end of summer compared to winter, this trend was most
significant for sites within the supratidal zone. In some instances
greater EC variations were observed in winter than in summer, most
particularly in the Contos Springs barrage pools. This variation is more
than likely reflecting seawater influx and mixing in the tufa pools
during winter storm surge periods of high swell and large tides.
Slightly alkaline conditions (pH 7 to 9) were observed consistently,
oxidation-reduction potentials (ORP) of 600 to 100 mV indicate likely
oxidising conditions and Total Nitrogen (TN) and Total Phosphorous
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Table 1
Site description and field water chemistry.
Location Site Type Site? Latitude Longitude Temp® pH® EC’
code # °C ms/m
Canal Rocks CR Coastal spring and barrage 3 —33.669 115.001 16-23 7-9 48-1
Meekadarribee MK Cascade falls and barrage 4 —33.911 114.997 13-20 7-9 1-0.5
Quinninup QF Casacade falls 2 —33.746 114.995 14-25 7-9 2-0.5
Contos co Coastal spring and barrage 5 —34.088 115.000 14-25 7-9 70-2
Quarry Bay Pools QBP Coastal spring and barrage 3 —34.362 115.134 13-28 7-9 35-2
Quarry Bay Falls QBF Casacade falls 2 —34.364 115.137 16-27 7-9 6-1
Augusta waterwheel AW Construted spring fed flume 2 —34.369 115.135 14-24 7-9 2-0.5

¢ Site # refers to the number of sub-sites at each tufa deposit where a water sample was collected.

b Ranges shown relate to the data collated from a number of sub-sites.

(TP) concentrations were generally low (<1 mgL™"'). An exception
was at Meekadarribee Falls, where higher TN concentrations (2 to
5mgL~") were observed; however, TP levels were not seen to be
elevated.

Hydrologically all tufa sites are Na-CI-HCO3; dominated systems
(Fig. 7). Na-Cl-Ca-HCO5 for spring waters at Meekadarribee and
Quinninup Falls, and Na-CI-HCOs at the coastal barrage pool sites. At
various times of the year, predominantly during the winter months
(June to September) some coastal barrage pools exhibit Na-Cl levels
equal to that of seawater. Other cation concentrations are in the order
of Ca>Mg>K and are an order of magnitude less than Na. SO is at
similar concentrations to Mg and K. Water chemistry changes
seasonally, in particular a shift at all sites to greater HCO3
concentrations during summer are evident.

4.4. Mineralogy

Tufa mineralogical composition (Table 3) is clearly dominated by
calcite and to a lesser extent aragonite and Mg-calcite (>90%). This
large presence of calcite in favour of aragonite is expected in most
temperate water tufa deposits (Jones and Renaut, 2010). Minor
amounts of quartz (<2%) are also observed, as with the evaporative
minerals halite and gypsum (<2%). Halite is only identified at the
three supratidal zone sites (Quarry Bay, Contos Springs and Canal
Rocks), gypsum is evident only at Quarry Bay. It's possible that the
formation of these minerals is the result of evaporation after sample
collection; however, the fact that they are found only at the coastal
sites suggests that they are more likely ocean derived.

Table 2
Average ions and nutrient concentrations at the six tufa sites for Winter (Aug) 2008 and
Summer (Feb) 2009.

# sites Ca Cl K Mg Na SO4 HCO; TN TP

Winter 2008

CR 3 43,6 549.7 125 348 3043 605 3403 0.64 0.02
QF 2 266 2800 42 212 1405 586 1019 0.62 0.03
MK 3 45.5 76.7 19 9.8 498 13.1 3185 340 0.02
co 5 1457 23133 29.1 103.6 9083 243.7 4013 0.81 0.02
QBF 2 524 3170 3.1 206 123.0 265 3685 1.10 0.02
QBP 3 988 7810 80 442 360.7 83.0 4228 0.25 0.06
WW 2 622 2860 32 233 1350 247 3413 0.24 0.03
Summer 2009

CR 3 820 3237 65 263 1900 37.5 687.5 0.83 0.03
QF 2 760 3585 7.0 317 1925 8.6 8640 0.24 0.02
MK 3 819 810 6.8 9.7 492 169 7233 727 033
co 5 149.0 11743 193 80.5 6053 126.1 7464 1.09 0.74
QBF 2 946 3240 34 255 151.0 31.1 7981 046 0.02
QBP 3 112.7 4527 41 346 2357 484 8935 0.18 001
wWwW 2 922 2570 23 237 131.0 26.0 5721 0.18 0.03

# sites refers to number of sub-sites at each tufa location.
All values are in mg/L.

4.5. Elemental analysis

Elemental analysis reveals an expected dominance by CaO (45-
60%) due to the high carbonate contents. Loss on Ignition (LOI; 42 to
52%) is also significant and reflects the combined presence of organic
matter, carbonates and hydrated mineral phases in the sample (Craft
et al., 1991). SiO, and MgO are the next most abundant elements, but
do not exceed 5%. NaO and Cl concentrations are minimal, although
slight increases (>1%) are observed in supratidal barrage pool sites
(i.e. Contos and Canal Rocks). Minor levels of Al,03 and Fe,03 (~1%)
are identified at Quinninup Falls. The concentration of strontium is
significant (800-1500 ppm), whereas arsenic is the only other trace
element to be detected at any appreciable level (20 ppm).

5. Discussions and conclusions

Mineralogical, elemental and physical investigations of tufa
composition, as well as associated spring water chemistry have shed
insight into the key environmental parameters, which have driven
their deposition and continued existence in the south-west coastal
region of Western Australia. Furthermore these data has allowed for
the development of depositional models and insights into their
Ecological Water Requirements (EWRs).

5.1. Tufa depositional models

Geomorphological and hydrological characteristics investigated in
this study identify two distinct depositional models for the south-
west Australian tufa deposits, based on the Ford and Pedley (1996)
classification scheme. The first model is a combination of perched
springline and fluvial barrage deposits identified at the supratidal
sites of Contos Springs, Canal Rocks and Quarry Bay North. A
combination of perched springline and cascade models are identified
at the Quinninup, Meekadarribee and Quarry Bay South waterfall
sites. Meekadarribee Falls is atypical in that it exhibits a mixture of
both at the same locality.

The perched spring and cascade (waterfall) depositional model
contains several tufa facies (Fig. 8). Geomorphological variations in
terms of surface gradients and thus stream flow velocities are a key
factor in which facies predominates at each of the waterfall sites.
Tufa facies identified at Meekadarribee include curtains of moss that
build down and out from the limestone overhang (a), becoming
entombed in steeply inclined sheets of slow-flowing carbonate-rich
water. This facies of tufa is not evident at either Quinninup or Quarry
Bay falls sites, more than likely due to the greater flow velocities
experienced at these sites. Speleothem-like tufa (b), are evident in
the cave at Meekadarribee and also the cliff overhang at the Quarry
Bay waterfall. Speleothem composition varies between the two sites
from the inorganic-dominated facies at Meekadarribee to the
organic derived boundstone and framestone facies at the Quarry
Bay waterfall. The dominance by inorganic tufa within the
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Fig. 7. Water chemistry averaged for all six sites for the peak winter (a) and summer (b) periods for the year 2008/09. All waters for tufa sites are characterised as varying forms of
Na-Cl-HCOs5 systems. Data presented here are averages of a number of monitoring sites at each tufa deposit. The number of sites is detailed in Table 1.

Meekadarribee Falls cave is due likely to a combination of constant
and moderate flow of spring water (hence ample CO, degassing)
down through the cave and a lack of direct sunlight (inhibiting algal
growth). In comparison greater light exposure at the Quarry Bay
waterfall sites has allowed for the establishment of the biotic
boundstone and framestone speleothem-like tufa evident there. At
Quinninup Falls the significant flow regime and non-porous nature
of the granitic bedrock are the likely reasons for the absence of
either abiotic or biotic speleothem tufa there. At waterfall sites with
higher velocity flows tufa development is predominantly driven by
enhanced inorganic CO, outgassing rather than biotic processes,

restricting tufa colonisation to the falls zone (Chen et al., 2004),
which is apparent at Quinninup.

Various forms of bulbous, vertically stacked, phytoherm bound-
stone tufa facies are identified directly around all the falls areas (c). At
Quinninup Falls this tufa facies is thin (<5cm) and minor in
abundance, restricted to just the side walls of the waterfall. At Quarry
Bay this tufa facies is located directly on the beach in the tidal zone.
This has resulted in some mixing with seaweed and sand, and
secondary weathering, creating interclast and Phytoclast tufa. Over
time, the flat tops of the older deposits that have not been altered by
secondary weathering become dominated by impervious, thick coarse

Table 3
Elemental and mineralogical analysis of tufa.
Code Location Type Ca0 LOI Sio2 MgO NaO a Sr Cal. Arag. Mg-cal. Qtz. Halite
% % % % % % ppm % % % % %
QB1 Quarry Bay North Sheet tufa 50.7 46.4 1.5 1.2 0.3 03 832 93.4 0.8 54 0.4 -
QB2 Quarry Bay North Rimstone dam tufa 52.0 46.2 15 12 0.6 1.0 1133 95.5 0.2 2.8 04 0.9
QB3 Quarry Bay South Speleothem tufa 52.8 449 14 1.0 0.8 1.2 1106 92.2 0.2 4.4 03 0.6°
QB4 Quarry Bay South Sheet tufa 45.8 51.6 2.0 1.1 0.1 0.1 1488 97.4 - 2.0 0.6 -
AW1 Augusta Sheet tufa 46.7 50.9 1.8 1.1 0.2 0.1 1140 99.0 - - 1.0 -
Cco1 Contos Springs Bubble-sheet tufa 46.0 51.5 1.6 1.9 0.4 0.2 952 994 - - 0.6 -
02 Contos Springs Rimstone dam tufa 53.3 449 1.6 1.9 0.1 0.1 966 74.9 55 18.5 1.1 -
o3 Contos Springs Sheet tufa 53.7 45.5 13 12 0.3 0.3 651 95.6 0.2 34 0.5 0.2
Co4 Contos Springs Tamala Limestone 50.5 440 33 2.2 14 1.6 1540 58.7 185 19.1 2.5 1.1
Co5 Contos Springs Sheet tufa 52.7 45.1 1.5 14 0.6 0.7 815 94.5 0.6 39 0.8 0.2
MKO01 Meekadarribee Falls Speleothem tufa 57.3 44.5 14 0.3 0.0 0.0 153 96.0 0.5 3.1 0.4 -
MKO02 Meekadarribee Falls Sheet tufa 55.5 449 14 0.4 0.0 0.0 270 95.2 0.2 4.1 0.6 -
MKO03 Meekadarribee Falls Bubble-sheet tufa 55.4 444 1.8 0.2 0.0 0.0 127 96.0 0.1 2.8 1.1 -
QF01 Quininnup Falls Sheet tufa 50.1 43.5 4.2 1.9 0.2 0.2 868 85.1 1.7 10.8 23 -
Ca01 Canal Rocks Sheet tufa 50.9 458 2.0 2.0 09 1.0 810 91.0 1.6 6.0 0.9 0.5
Ca02 Canal Rocks Sheet tufa 49.8 46.8 19 14 1.1 1.2 817 86.2 55 6.9 0.7 0.6
Ca03 Canal Rocks Rimstone dam tufa 46.2 50.8 1.8 1.5 1.2 1.0 890 83.1 8.2 7.7 0.6 04

2 QB3 also has 2.3% gypsum identified.
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Fig. 8. The various models of cascade and barrage tufa deposits evident at (i) Quinninup Falls, (ii) Quarry Bay Falls, (iii) Meekadarribee Falls. At Meekadarribee Falls algal curtains
have developed above the cave entrance (a) and speleothem tufa have developed within the cave. In comparison the North Quarry Bay falls site does not possess a cave system and
the tufa there are less like abiotic speleothem, rather having a substantial algal component (b) Active sheet form microbial laminites (c) exist as discharge aprons at all sites on flat
bedrock areas below and adjacent to the water fall areas. At Quarry Bay much of this sheet tufa is mixed with seaweed and other ocean biota as a result of its location within the tidal
zone. Numerous tufa barrage pools (d) exist at Meekadarribee Falls where the flow regimes are not as vigorous and more constant compared to the two other falls sites. Within these

pools are bubble and sheet form microbial laminites and large amounts of algae.

spar layers. Only Meekadarribee Falls has tufa facies associated with
the fluvial barrage depositional model. The small (20 to 50 cm high)
barrage tufa are phytoherm framestone (d), whereas within their
associated pools fine peloidal intraclast tufa and microdetrital tufa
exist. The presence of the barrage facies at Meekadarribee Falls and
their absence at the other waterfalls is due to the constant medium
flow velocity observed there; Such constant flows are not seen at
either Quinninup or Quarry Bay waterfalls, where high velocities are
evident in winter, reducing dramatically in summer.

The perched springline and fluvial barrage depositional model
evident at Contos Springs, Canal Rocks and North Quarry Bay contains
various tufa facies (Fig. 9). Phytoherm framestone to boundstone tufa
represent barrage pool walls, where spring water discharge is
concentrated into depressional areas within the underlying bedrock
(a). Bubble type microbial laminite in the form of both peloidal and
micro-detrital tufa facies exist within the pools themselves. These
tufas have developed either solely from biomediation (macrophytic
framestone) or the biomediation of carbonate encrusted sediment
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Fig. 9. Frontal (i) and side (ii) views representing the perched spring line and barrage tufa deposits situated at Contos Springs, Canal Rocks and Quarry Bay. These systems typically
include an area of transitional or extinct barrage pools (a), where spring flow has ceased, and active tufa rimstone barrage and pool areas, where flows currently congregate and pass
through (b). The extinct flow paths result from reduction and or diversion of the flow. Flow from these active barrage pools is across large relatively flat areas of bedrock creating
discharge aprons (c), where active sheet form microbial laminites develop. In many instances these systems have coastal granites acting as barriers between pools and the ocean or
as surface water conduits to the bigger pools. These are located closer to water's edge and can be partially filled with seawater.

grains (peloidal and microdetrital) that have been transported into
the pools. The bubble microbial laminite tufas result from the
microbial production of gas bubbles on the floor of the pools, which
are in turn encased with precipitated calcite and/or aragonite (e.g.
Jones and Renaut, 2010). These coated bubbles are easily broken and
hence the vast majority is not preserved.

Barrage pool size and life span is highly dependent on bedrock
geomorphology, position in the intertidal/supratidal zone and the
volume of water input into the pool. Over time clastic materials can be
transported into the pool via spring waters and rain runoff, causing fill
behind the rimstone barrier. The result is an alteration in surface flow,
thus inhibiting tufa growth within that particular pool. In turn, spring
flow is diverted to a new bedrock depression allowing for the creation
of a new barrage system (c) further down the flow gradient. This
altered flow regime also impacts on the bubble and sheet forms of
microbial laminites, which are micritic peloidal framestone facies.
They primarily develop as spring discharge aprons on flat areas of
bedrock (b). Altered flow results in some becoming non-active and
the creation of new discharge aprons along a new flow path.
Alterations or reductions to these spring flow paths could also occur
from changes in local hydrology, the result of factors like reduced
annual rainfall or increased groundwater extraction.

5.2. Water chemistry

The Na-ClI-HCO;3 characteristics for tufa spring waters are
representative of variable mixtures of seawater and spring water
across the five sites. HCO3 concentrations fluctuate seasonally and are
generally greatest, towards the end of summer. This summer peak is
likely the result of reduced CO, degassing and in turn a decrease in
carbonate precipitation, relating to generally lower flow velocities,
causing the higher HCO; concentrations. Examination of HCO5/Cl
ratios combined with Cl concentrations provides further insight into
HCO; fluctuations (Fig. 10). From winter to summer the coastal
barrage pool sites (including the Augusta Water Wheel) exhibit
increases in HCO3/Cl ratios combined with decreasing Cl concentra-
tions (Fig. 10a). This observed increase in HCO5 into summer is the
result of decreased degassing of CO, due to reduced spring flows,
whereas the reduced barrage pool Cl concentrations represents a
decrease in the mixing of Cl rich seawater from winter storm events.

All three waterfall sites (Fig. 10b) display an increase in HCO3/Cl
ratios from winter to summer; however, Meekadarribee and Quarry
Bay have no significant increase in Cl concentrations, while Quinninup
does. Hence it is likely that the HCO3 increases at both Meekadarribee
and Quarry Bay reflects reduced flows and as such a reduction in CO,
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Fig. 10. Seasonal variations in HCO3/Cl v Cl for barrage pool (a) and waterfall (b) tufa sites. Decreasing Cl concentrations combined with increasing HCO5/Cl ratios from winter to
summer in the barrage pools indicates a reduction in CO, degassing and less seawater mixing during storm events. Increasing HCO3/Cl from winter to summer with no change in Cl
concentrations suggests reduced CO, degassing. At Quinninup increased Cl due to evaporation during summer.

degassing, while at Quinninup a combination of reduced flows (and
CO, degassing) and increased evaporation is evident.

5.3. Mineral and elemental composition

X-ray diffraction (XRD) results and petrographic thin sections
identify subtle variations in the dominant carbonate minerals in the
south-west Australian tufa deposits. Tufa have experienced various
stages of growth and decline, evident by banding and layering,
cementation, dissolution, and recrystallisation. Diagenesis has affect-
ed much of the tufa, algal degradation via natural decay and its
subsequent removal from the matrix is evident; a key indicator of tufa
diagenesis (e.g. Janssen et al., 1999). Furthermore, sparry cement (or
sparite), particularly in the columnar type tufa has substituted the
original micrite, also suggesting the occurrence of diagenesis (Freytet
and Verrecchia, 1999; Janssen et al., 1999). The conversion to more
massive crystalline structures around peloidal structures (including
cave pearls) and the creation of radial CaCO; grains, some with
original quartz grain cores is also apparent indicating diagenesis.

Spring water flow through the initially porous deposits is a likely
driver of this form of diagenesis (Jones and Renaut, 2010).

The Meekadarribee Cave tufa resemble the common calcite
speleothem, which are frequently encountered as a fill to pre-existing
tufa deposits (Ford and Pedley, 1996). These speleothems form in
poorly lit cavities and inter-particle sites via ambient temperature
waters dripping from cavity walls and seepage through the tufa. They
rarely contain any biological material, forming by physico-chemical
precipitation of calcium carbonate. These speleothems are considered
to be the inorganic facies end-member, opposite to the bio-mediated
tufa, which represents the other facies end member (Ford and Pedley,
1996). Unlike the cave ceiling speleothems, the Meekadarribee Cave
floor tufa contain algal filaments, high microbial content, distinct
laminae, as well as cave pearls, with both quartz and crystal intraclasts
as nuclei. These characteristics are due likely to location on the cave
floor providing greater exposure to more light from the cave entrance,
as well as spring water runoff containing sedimentary and biological
debris.

The evaporite mineral halite (and to a lesser extent gypsum) is
only identified within tufa located at supratidal zone sites (Quarry
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Bay, Contos Springs and Canal Rocks). Their presence is the likely
result of these pools being affected by seawater inundation via sea
sprays and wave action during storm surge events. Subsequent
evaporation of this mixed pool water would allow for the incorpo-
ration of halite into the tufa. Greater concentrations of Na™ and CI—
and saline EC values within the coastal barrage pool waters is further
evidence of seawater mixing with spring water.

The parent spring water temperatures of 10-20 °C at the south-
west Western Australia tufa sites are known to promote calcite
precipitation over aragonite (e.g. Jones and Renaut, 2010), which is
evident in many of the tufa samples investigated. However, greater
amounts of aragonite are seen in the coastal barrage pool sites at
Contos Springs and Canal Rocks, which still display similar water
temperatures. Marine influences may be the reason for this, with
skeletal material such as bivalves and gastropod shells present at
these sites being dominated by aragonite. These materials are brought
into the tufa environment by storm events, allowing them to
incorporate into developing tufa. Mg-calcite in tufa is regarded as a
key identifier of diagenesis (Ford and Pedley, 1996; Jones and Renaut,
2010), thus as expected greater Mg-calcite concentrations appear in
the lithified tufa rather the microbial laminites, which are seen to have
experienced diagenesis via thin section petrography. Mg-calcites have
been linked to high Mg/Ca ratios (e.g. Jones and Renaut, 2010);
however, this relationship cannot be confirmed in this study due to
the either small number samples analysed and/or the heterogeneous
nature of the tufas sampled.

Elemental concentrations within the tufa are as expected consid-
ering the mineralogy. CaO represents over 50% in all cases reflecting
the dominance by carbonate minerals. LOI which is a representation of
both hydrated mineral phases and organic matter content (Craft et al.,
1991) ,is in the case of the south-west Australian tufa indicative of the
large amounts of carbonate present, probably more so than organic
matter content. SiO, content, while minimal (<5%) is seen to increase
in tufa at barrage pool sites where mixing with sedimentary products,
transported by spring waters has occurred.

Despite dominating the spring water chemistry both NaO and Cl
(<2%) are minimally represented within the tufa itself. This suggests
that tufa does not readily incorporate these elements. However,
investigations into the tufa biological composition (Onton and Forbes,
2009), identified a combination of cyanobacteria, diatoms and green
algae, whose relative abundances fluctuated between unique combi-
nations of fresh and saline water species. Hence NaO and Cl levels in
tufa waters would appear to be more of an influence on the biological
composition of the tufa rather than its chemical composition.
Strontium (Sr) concentrations identified in tufa (800-1500 ppm)
are significant. This is to be expected as Sr*>* can easily substitute with
Ca®" in calcite and aragonite (Capo et al, 1998); yet, no direct
correlation is identified in this study between carbonate minerals and
Sr abundance.

5.4. The south-west Australian coastal tufa in broader context

Comparisons of the south-west Australian tufa deposits with other
Australian sites where active/modern tufa sites have been studied
identify obvious differences. This can be attributed to different
environmental settings. These other Australian sites are predomi-
nantly located in the northern part of the continent in tropical,
seasonally arid monsoonal karst environments (e.g. Dunkerley, 1987;
Viles and Goudie, 1990b; Drysdale and Head, 1994; Wright, 2000;
Carthew et al., 2003; Drysdale et al., 2003), and thus can experience
potential evaporation up to 5 times annual precipitation (Wright,
2000). This means the dry season evaporation processes play a major
role in the concentration or re-precipitation as tufa, of carbonates
dissolved from limestone bedrock during the monsoon. In compar-
ison, the coastal south-west Australia tufa are not subjected to such
extreme climatic variations with annual evaporation and precipita-

tion approximately equal. Hence evaporation is unlikely to be as
significant an influence on the type of tufa that develops, compared to
the northern Australian sites. Tufa facies relating to evaporative
processes, such as upstream-dipping ramps, detailed at northern
Australian sites (e.g. Dunkerley, 1987; Wright, 2000), are not
observed at the south-west Australian sites.

The size of the tufa deposits in south-west Australia are generally
of a smaller scale than those observed in the northern part of the
continent. Greater volumes of tufa and larger facies size can be related
to different hydrological regimes, the larger volumes of water evident
in the northern Australian sites obviously allows for larger stream
systems and consequently more extensive tufa deposits. For example
the tufa in the Gregory River system have barrage pool dam walls that
can be up to 5 min height and associated pools up to 20 m in diameter
(Carthew et al., 2003). Some sites like the stream systems in the
Napier Range region in north-west Australia (Wright, 2000) contain
tufa sheets (5 mm thick) and dams (50 cm high) that are of a similar
scale to those studied in south-west Australia. However, these
streams are over 8 m wide and several kilometres in length meaning
the overall amount of tufa in these systems is far greater than that
examined in this study.

One other study within Australia that investigated spring water
chemistry provides similar results to those observed at the south-
west Australian sites. The Queensland spring waters analysed display
similar pH (6.5 to 8.5), slightly higher temperatures (30 °C) and
similar HCO3; (400-500 ppm), Caj (50-70 ppm) and Mg™* (40-
80 ppm) concentrations. However, the substantial differences in
environmental setting between such sites and the south-west tufa
makes it difficult to make any real inferences between data sets, other
than generally similar conditions appear necessary for tufa develop-
ment to occur. Generally other cases geochemical analysis of tufa in
Australia has been restricted to fossil varieties (e.g. [hlenfeld et al.,
2003) as part of palaeoclimatic studies, also making significant
comparisons problematic.

5.5. Ecological water requirements (EWR) for tufa

Tufa development is reliant on the presence and distribution of
biotic elements, such as plants, algae, fungi and prokaryotes,
throughout a spring system (e.g. Ford and Pedley, 1996; Pentecost,
2005; Jones and Renaut, 2010). Environmental parameters, which can
affect these biotic elements, and hence limit tufa development include
water composition, temperature, pH, CO, degassing, and water
toxicity. Ecological Water Requirements (EWRs) relating to such
parameters can be derived for the south-west tufa from hydrological
and geochemical data discussed here. The most obvious EWRs centre
on the precipitation of carbonate and nutrient levels. For carbonate
precipitation, suitable concentrations of CO3/HCO3 and/or sufficient
CO, degassing processes are required. HCOs concentrations are
currently observed at between 200 and 600 mg L™ '; and can get as
high as 1000 mg L™ !. Of interest is HCO5 levels of below 100 mg L ™!
observed at Quinninup Falls, the site where tufa is the least developed.
This lack of tufa development maybe a reflection of the lower HCO3
concentrations there and that 100 mg L~ ! could thus be below the
threshold required for sustained tufa development. It would be
anticipated that relatively low nitrogen and phosphorous levels are
required to limit the growth of undesirable algal forms, which would
impede tufa development. The fact that the highest TN levels (3-
5 mg/L) observed were at the Meekadarribee Falls site, where tufa
development appears unaffected indicates that current nutrient levels
are likely not an issue at any of the sites. However, the region has a
well established and expanding agricultural and viticulture industries,
meaning future increases in the immediate catchments, thus
potentially impeding tufa development are possible. Furthermore
increasing groundwater extraction by the same industries may reduce
spring flows impacting on tufa development via reduced CO,
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degassing. A photogrammetry exercise assessing accretion rates of
tufa at several sites (Onton and Forbes, 2009) observed very slow to
almost unnoticeable growth over the course of 2008 to 2009. Hence
the south-west Australian tufa deposits maybe very vulnerable to the
previously mentioned potential alterations in hydrology.
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ABSTRACT

Modern and Holocene tufa microbialites have been documented globally on groundwater spring-fed supratidal
rock coasts. Here, we document the first emergent facies assemblage and demonstrate its utility as a palaeo-
shoreline (and sea-level) indicator. At Cape Freycinet, Western Australia, discrete palaeo-spring-associated de-
posits comprise five distinct facies that collectively define a Quaternary shoreline on a granitic rock coast similar
to the contemporary coast. A palaeosol facies, passes laterally seaward into tufa microbialite on sub-horizontal
bedrock, associated with oncoids. The most seaward facies is a microbially-cemented sand representing depo-
sition in the upper-intertidal to supratidal zone of a sandy embayed beach, flanked by prominent headlands. A
tufa-lithoclast breccia indicates occasional high-energy events. Facies distributions are controlled by bedrock
topography in relation to palaeo-sea-level and the distinct suite of marginal marine, springline-associated facies
define a Quaternary palaeo-shoreline at ca. +13 m above sea-level. The approach demonstrates the utility of
marginal marine microbialite and related carbonate deposits as indicators of Quaternary sea-level on rock coasts.

1. Introduction

Modern tufa microbialites and associated carbonate deposits have
been documented in the peritidal zone of rock coasts in southern Africa
(Perissinotto et al., 2014; Smith and Uken, 2003; Smith et al., 2011),
Southern and Western Australia (Forbes et al., 2010; Lipar and Webb,
2015) and Great Britain and Ireland (Cooper et al., 2022; Cooper et al.,
2013; Faulkner and Crae, 2018; Smith et al., 2018). They are associated
with spring discharges of carbonate-saturated groundwater and develop
on high intertidal to supratidal locations in rock coast environments
affected by sea spray and occasional marine storms (Cooper et al., 2022).
Previous work on supratidal rock coast tufa facies has investigated
groundwater spring hydrology (Dodd et al., 2018; Rishworth et al.,
2017b), their microbial genesis (Rishworth et al., 2016b), wider ecology
(Rishworth et al., 2019; Rishworth et al., 2017a; Rishworth et al., 2016a;
Weston et al., 2018) and landform geomorphology (Edwards et al.,
2017; Forbes et al., 2010; Rishworth et al., 2020a; Cooper et al., 2022).

Rock coast microbialites share many similarities with continental
carbonate deposits but form in a distinct transitional, marginal marine,
depositional setting (Garner et al., 2024). Supratidal rock coast tufa
microbialites are regarded as potential archives of palaeo-climate,
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palaeo-shorelines and palaeo-sea-level (Rishworth et al, 2020a,
2020b), but investigations to date have been limited to active and
remnant (Holocene) localities and potential submerged deposits
(Rishworth et al., 2020a). Palaeo-rocky shorelines are only occasionally
preserved in the geological record (Johnson, 1992; Johnson, 1988;
Manikam et al., 2022) and their inherently erosional nature is often
reflected in stratigraphic signatures as a single unconformity surface.
Palaeo-rocky shores are usually only definitively identified via fossil
associations (Johnson, 1992; Johnson, 1988; Sheppard, 2006), as the
coastal morphology of erosion-resistant lithologies (e.g., granitic) in
particular is negligibly affected by erosion at sea level (Kennedy et al.,
2014). Consequently, preservation of these marginal marine tufa facies
holds much potential for the delineation of former rocky shorelines.
Based on observations at Cape Freycinet, Western Australia this
paper describes an emergent, Quaternary marine shoreline delineated
by inactive microbialite and associated facies on a granitic rock coast.
The aims are: (i) to describe and interpret microbialite-associated lith-
ofacies and associations at the macro- to micro-scale; (ii) propose a
depositional model; and (iii) assess post-depositional influences on
preservation potential. A palaeo-shoreline is then delineated, and its age
is inferred by comparison with dated proximal shorelines and
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observations from other far-field sites. headland, of highly deformed Mesoproterozoic garnet-biotite granite
gneiss (Collins, 2003; Janssen et al., 2003). Bedrock forms large joint-

2. Geographical and geological context controlled elongate domal outcrops (Fig. 1D, E, F).
The surrounding area hosts outcrops of bioclastic calcarenite of
Cape Freycinet is located in the Leeuwin-Naturaliste region, in the Middle to Late Pleistocene-age ‘Tamala Limestone’ (Geoscience
southwest of Western Australia (Fig. 1A). The site comprises a bedrock Australia and Australian Stratigraphy Commission, 2017; Logan et al.,

Fig. 1. A: Location of study area within Western Australia and Leeuwin-Naturaliste Region; B/C: Map of inactive (study) carbonate deposits and active tufa
microbialite deposits within wider area north to Contos Beach (aerial imagery: Google Earth Pro (2017)); D/E: map of inactive (study) carbonate deposits showing
individual study sites (aerial imagery: Google Earth Pro (2017)); F: photograph of the study site (from site B) due north; showing dominant regional geomorpho-
logical features.
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1974; Logan et al.,, 1970) that forms the Leeuwin-Naturaliste ridge
(Playford et al., 1976) that exhibits a number of karst features
(Eberhard, 2004). Mineralised groundwater springs are present close to
sea level and support actively accreting groundwater-fed supratidal tufa
and tufa microbialite deposits occur along the modern coast (Forbes
et al., 2010; Rishworth et al., 2020b)(Fig. 1B, C). No active spring dis-
charges were noted at higher elevations in the jointed granitic terrain.

The regional climate is warm-summer Mediterranean, and the study
area mean annual precipitation is 1013 mm (Bureau of Meteorology,
2024). The annual evaporation is 1069 mm (Luke et al., 1987).
Regionally, mean daily wind speed varies from 2.58 ms ™! (May), to 3.32
ms ! (January) (Bureau of Meteorology, 2024); with sea breeze domi-
nating, up to 15 ms ! (Fahner and Pattiaratchi, 1994; Pattiaratchi et al.,
1997).

The coast is microtidal (diurnal tidal range 0.6 m (Pattiaratchi and
Eliot, 2009)). Fluctuations in the Leeuwin Current cause mean sea level
to vary on an annual cycle averaging 0.22 m. Continental shelf waves,
coastal-trapped waves and meteorological effects cause additional water
level variability (Cresswell and Golding, 1980; Fahner and Pattiaratchi,
1994; Feng et al., 2009; Feng et al., 2004; Pattiaratchi and Eliot, 2009).
Data from the Cape Naturaliste Buoy (1998-2006) (Hemer et al., 2008)
indicate significant winter wave height ca. 2.7 m and mean peak period
of 13.76 s. Waves are unidirectional centred on ca. 225 °N (Hemer et al.,
2008). Extreme wave events are largely attributed to extra-tropical cy-
clones (Hemer et al., 2008). Tsunamis have been recorded regionally in
tide gauge data (Pattiaratchi and Eliot, 2009) and movement of coastal
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boulders >10 m asl and 100 m inland have also been attributed to
tsunamis (Scheffers et al., 2008).

3. Methods and materials

Following the serendipitous discovery of this locality while pro-
specting for modern spring-fed supratidal microbialites, the deposits
were mapped and sampled. Representative hand samples of carbonate
deposits were cut, polished and thin sections prepared. The description
of carbonate and microbialite facies follows Fliigel (2010) and Grey and
Awramik (2020); mixed siliciclastic-carbonates follows Fliigel (2010)
and palaeosol facies follows Bullock et al. (1985) and Kemp (1985).
Facies classifications were defined following Pedley (1990), Ford and
Pedley (1996), Riding (1991) and rock-coast-tufa-specific nomenclature
(Garner et al., 2024).

Elevation data was derived from the Copernicus DEM (Global and
European Digital Elevation Model (COP-DEM, 2024)) with a Height
Error Mask (HEM) quality layer representing the corresponding height
error standard deviation.

4. Results

4.1. Outcrop: Occurrence and distribution

Inactive deposits of tufa and related carbonate facies occur in a linear
series of discrete sites (A-G) arranged parallel to the modern shoreline at

Table 1

Summary of facies characteristics.

Code  Facies name Macro-geometry/  Lithology/ Textural Sedimentary structures Common associated Depositional Post-depositional
-structure characteristics of and biological content facies environment (diagenetic

components features)

F1 Oncoid Unattached to Microbial boundstone External: pustular Merge into F2 Shallow bedrock Chemical
oncolite sheet; vertically and depressions; on weathering
one-clast thick Internal: concentric horizontally. discharge aprons and (etching)
sheets up to 3 m? undulatory layered with Associated with F4, unconsolidated sands

discontinuities; F5 on erosional
transitioning to domal- surfaces.
columnar
Laminae-perpendicular
microbial filaments
F2 Tufa F2.1 Crusts and Microbial boundstone External: F2.1: pustular- Merge with F1 and Discharge apron (sub- Cements: spar
microbialite sheets; ca. 330 colloform; F2.3: F3. Merge with F4 horizontal bedrock) infilling of
m? in area; < 20 microterraces and dependent on lithic fracture pore
cm thickness microridges content.
F2.2 Small Barrages (sub- Karren features
barrages Internal: variable horizontal bedrock)
F2.3 Cascades structure (stratiform/ Cascade (sub-vertical
undulatory layered/ bedrock)
F2.4 Basin rims bulbous domical/ linked Basins (bedrock and
columnar/thrombolitic) karst)
Microbial multifurcate
shrubs; microbial
filaments; marine mollusc
shell
F3 Tufa- Irregular karren/ Micrite matrix-supported Shell fragments, echinoid Associated with F2. Storm/high swell Cements: coatings,
lithoclast micro-karstified; breccia with clast type 1: spine; clast type 1: burrow deposit within barrage  gravitational,
breccia ca. 1 m?in area granule-cobbles of micrite; porosity; clast type 2: pool or depression pendent, and
and clast type 2: laminated microbial rip up clasts bridging
platy granules of spar
F4 Microbially- Irregular karren/ Micritic sandstone; coated Variable structure: Merge with F2 (inter-  Inter- to supratidal Cements:
cemented micro-karstified; grains interlaminated with undulatory layered/ digitates F2.1, sand beach gravitational,
sand ca. 20m? in area; laminated boundstone linked columnar sharply F2.2). dripstone and
< 30 cm Erosional contact meniscus cements
thickness with F2.4.
F5 Palaeosol Irregular karren/ Peloidal wackestone Ubiquitous rhizoliths, Merge with F4. Vegetated soil Cements: spar

micro-Kkarstified;
ca. 30 m? in area;
<23 cm
thickness

charcoal, gastropods
(terrestrial), clast type 2:
microbial rip up clasts

(groundwater
calcrete)

coating of pores
and rhizoliths

Karren features
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a consistent elevation and separated from each other by topographic
highs of granite bedrock (Fig. 1D, E). Deposits are primarily situated at
between 18.92 + 0.48 m (top of site A) to 11.5 + 0.44 m (bottom of sites
C and D) ASL; although site G extends to 4.98 + 1.58 m ASL.

Carbonate build-ups range in thickness from thin veneers (< 1 mm)
on bedrock to ca. 25 cm in topographic lows. Each site contains a
complex suite of five adjoining facies (F1-5) which are summarised
below (Table 1).

4.1.1. FI1: Oncoids

Oncoids (F1) occur on the landward side of all sites forming in loose
‘patches’, and thin surficial beds, up to 3 m? (Fig. 2A) on flat-lying
bedrock and lithoclastic sand. While most oncoids are unattached
(Fig. 2B, C) some are attached to the substrate (Fig. 2D). Oncoids typi-
cally form patches one oncoid thick, however, where they merge with
F2, some imbrication and vertical development is present. Individual
oncoids vary in size from 1.5 to 15 c¢m in diameter and are platy with a
distinct discoidal shape. Intra-site accumulations are uniform in size.

4.1.2. F2: Tufa microbialite

Tufa microbialite (F2) is present at all sites as expansive (up to 330
m?) sheet-like deposits up to 20 cm thick resting directly on bedrock
(Fig. 3A) and typically grading into F4 seaward. Four distinct macro-
morphologies/—structures occur:

- F2.1: Extensive sheet-like crusts on a gently dipping sub-horizontal
surface (Fig. 3B). These vary from thin veneers (< 1 mm) to 20 cm
thick deposits.

- F2.2: Small barrage structures forming on moderate gradients
(Fig. 3C).

- F2.3: Cascades and shelves on complex bedrock topographies with
steeply dipping surfaces, forming a thick waterfall-like deposit
(Fig. 3D).

- F2.4: Thin (<2 cm) discontinuous rims around bedrock depressions
(Fig. 3E).
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The surface of F2 frequently displays karren or microkarstic solution
features including trittkarren (Fig. 4B, C) and microkarren features
including microrills and micro-grikes.

4.1.3. F3: Tufa-lithoclast breccia

Tufa-lithoclast breccia (F3), covers ca. 1.5 m? within an outcrop of F2
with an obscure contact (Fig. 5A). It has an irregular, weathered and
microkarstic surface texture.

4.1.4. F4: Microbially-cemented sand

F4 forms up to 30 cm thick, expansive (up to 20 m?) deposits of
carbonate-cemented sand (Fig. 5B) at the most seaward extent of sites on
the margins of elongate depressions flanked by bedrock outcrops
(Fig. 6A, B). At sites B and E, this facies is present at similar elevations of
15.45+0.48 mt0 12.86 + 0.39 m and 15.54 + 0.43m to 13.1 + 0.39 m
respectively.

Mid-orange to brown in colour, it rests directly upon bedrock, and
within more extensive areas of unconsolidated sand (Fig. 6). Weathered
outcrops preserve cm-scale parallel bedding that dips gently seaward at
5-10° with occasional granitic boulder intraclasts (Fig. 5B). At site B, it
inter-digitates with F2, and has occasional erosional contacts such as
weathered outcrops with tufa microbialite rims (Fig. 4A).

4.1.5. F5: Palaeosol

Palaeosol (F5), occurs as a thick deposit, up to 23 cm and up to 30 m?
in area. It is dark-mid grey in colour, has an irregular, weathered
texture, and rests directly on bedrock (Fig. 5C, D). It occurs landward of
F1 and F4 with which it has a gradational contact. The surface
morphology of F5 includes three notable karren features: cavernous
(alveoles) weathering (Fig. 4E), pans and pit-like structures (Fig. 4D, F),
and wells and shafts (Fig. 4F, G).

4.1.6. Carbonate facies distribution
The distribution of facies varies between sites (Fig. 6), with sites (A,
C, E, F and G) with sub-horizontal bedrock comprised of F2 (tufa

Fig. 2. Oncoid macrostructure. A: discrete patches (white dashed lines) on the landward side of site D; B-D: variety of oncoid attachment in plan view: B: ‘unat-
tached’ oncoids lying on unconsolidated siliceous sand (site D); C: oncoid ‘pavement’ (site F); D: in situ oncoids merging with F2 (site C). Scale: 30 cm metal ruler.
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Fig. 3. Tufa microbialite macrostructure. A: expansive sheet-like deposit accreting directly on bedrock (site C) (white dashed lines), B: F2.1 crusts and sheets (site D);
C: F2.2 small barrages (site G); D: F2.3 cascades on sub-vertical bedrock, with microridges and microterraces (site F); E: F2.4 thin rims surrounding bedrock de-

pressions (site F). Scale: 30 cm metal ruler.

Fig. 4. (A-C) karren features of F2 tufa microbialite facies in plan view: (A) erosional margin of F4 with later deposition of F2 facies; (B) shallow depressions; (C)
shallow semi-circular depressions or trittkarren; (D) karren wells with erosional margin of the deposit; (E-G) karren features of F5 palaeosol facies (white dashed
lines): (E) cavernous weathering with alveoles; (F) karren wells in plan view; (G) funnel-shaped karren well in plan view. Scale: 30 cm metal ruler.

microbialite) which forms a large sheet-like deposit (Fig. 6D). The car-
bonate deposits occur a series of in elongate depressions along strike
from each other and separated by large bedrock domes, resulting in
horseshoe-shaped deposits (Fig. 6B, C). Where present, F5 occurs at the
highest elevation (landward), and grades seaward into F2 and then F4
with decreasing elevation. Where F5 is absent F1 and F2 grade seaward
into F4 (Fig. 6C).

4.2. Sedimentology: Macro- and meso-structure

4.2.1. FI1: Oncoids

Oncoids have a cortex surrounded by concentric lamination of mi-
crobial boundstone, with markedly different upper and lower surfaces
(Fig. 7). The paler coloured upper surface is typically rounded and
pustular (Fig. 7A-C). The darker, lower surfaces are commonly etched
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Fig. 5. Outcrops of F3-5: A: Tufa-lithoclast breccia outcrop showing macrostructure with weathered matrix and clasts (clast type 1) (white dashed lines); B: outcrop
showing irregular, karstified surface and distribution of F4 (white dashed lines), and boulder clast; plus associations with F1 within elongate embayment surrounding
domal bedrock outcrop (site B); C, D: distribution and highly karstified surface topography of F5 (white dashed lines) (site B), scale: 30 cm metal ruler.

with a large central cavity and small coalescing pits (Fig. 7A.). The in-
ternal mesostructure comprises an undulatory to columnar cortex,
developed around a nucleus, of carbonate-cemented detrital grains
(Fig. 7E). Siliciclastic detrital grains are also present in inter-column
spaces (Fig. 7D, G).

Undulatory layered laminae envelop a nucleus primarily in mode I,
inverted hemisphere, growth patterns (Logan et al., 1964) (Fig. 7E). The
oncoids show concentric undulatory laminae with variable continuity
and thickness and are smooth-wavy with a moderate degree of inheri-
tance. They transition outwards to more complex linked, closely-spaced
slender columns to bulbous domes (Fig. 7D, G), manifesting as pustules.
This columnar growth develops directly on older laminae and detrital
bedrock grains. Intercolumnar shelter pores are frequently infilled by
lithic grains that are enclosed by laminae forming coalesced and anas-
tomosing structures (Fig. 7D, G). These columns and domes demonstrate
some degree of growth variability (constringed) and have variable de-
grees of branching, from single columns to multifurcate and anasto-
mosed (Fig. 7D, G). Laminae are of variable thickness (ca. 10-150 pm)
and are harmonized between adjacent columns and domes with a high
degree of inheritance (Fig. 7G). Laminae are highly variable in shape
with wrinkled and smooth laminae, often in succession (Fig. 7D-G).

Undulatory layered laminae are disrupted by erosive discontinuities,
evident in section where discontinuities cross-cut oncoid lamination
(Fig. 7D, E). Minor discontinuity surfaces are also present on the oncoid
upper surfaces between pustules (Fig. 7E).

4.2.2. F2: Tufa microbialite

F2 is a microbial boundstone with a variable surface texture. Crusts
and sheets (F2.1), have a smooth surface with some domal to flat-topped
pustules and colloform topography, while the surfaces of cascades (F2.3)
frequently have microterraces and microridges (Fig. 3D).

F2 is predominantly composed of precipitated carbonate with rare

detrital grains. The mesostructure is predominantly stratiform-
undulatory layered, with some bulbous domical and linked-columnar
structures with contacts between growth structures are delineated by
intra-head fractures and pores (Fig. 8G, H). Lamination is defined by
colour variation, shrubs capped by fenestral pores and inter-laminae
porosity. Small shrub-like structures are visible at the mesoscale as
thick laminae and branching features, commonly multifurcate (Fig. 8E,
H). A thrombolitic (clotted) mesostructure was noted, in the upwall of a
small barrage feature (F2.2). The clots are irregular with interparticle
and burrow-like porosity (Fig. 8C, D). Inclusions are common, with lithic
bedrock-derived and exotic clasts varying from boulders (that protrude
above the enclosing microbialite) to sand, and occasional marine
gastropod shells.

4.2.3. F3: Tufa-lithoclast breccia

F3 is a poorly-sorted matrix-supported breccia with carbonate clasts
(large cobbles to very fine sand), within a pale grey matrix (Fig. 5A).
Two types of coarse carbonate clasts, both with a thin spar coating are
common within the matrix: type 1 comprises angular granules to large
cobbles of micrite (Fig. 9B, D-E) while type 2 is characterised by sub-
angular, platy granules of laminated spar with alternating dark and light
laminae parallel to the clast long axis (Fig. 9A, C-E).

The matrix comprises granules to fine sand in a micrite matrix and
includes fine detrital lithic grains, carbonate grains, and compound
grains. Compound grains are well- rounded to rounded grains of micrite
(Fig. 9D). The meso-porosity is complex, dominated by interparticle
pores between compound grains, and shelter pores beneath clasts. The
latter are infilled or partially cemented with spar cement that forms
partial coatings and gravitational (pendant and bridging) cements on
the underside of grains or matrix (Fig. 9C). Marine gastropod and
echinoid spine fragments are also present.
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Fig. 6. Maps of carbonate deposit distribution: A: All inactive (study) deposits; with insets A, B and C: Site facies maps for sites B, F, and E.

4.2.4. F4: Microbially-cemented sand

F4 is a clast-supported micritic sandstone, with two distinct microf-
acies distinguished by differing lithic-carbonate ratios: a coated lithic
grain-dominated and a laminated carbonate microfacies (Fig. 10C).

The coated grain-dominated microfacies contains well-rounded to
sub-angular, and moderately sorted, medium to very coarse detrital sand
grains (dominated by quartz but rich in orthoclase feldspar). These
grains are micrite-coated (Fig. 10) and some grains have a ‘double’
coating (Fig. 10B). This microfacies is highly porous with dripstone and
meniscus cements (gravitational fabric) often occurring at the sharp
contact between microfacies (Fig. 10B).

The laminated carbonate microfacies is composed of encrusting
micrite (Fig. 10). The laminated micrite is undulatory layered to linked
columnar (Fig. 10B) with irregular (non-couplet) laminar patterns and a
high degree of inheritance. This microfacies has low porosity, containing
interparticle or breccia pores where laminae are not continuous but
brecciated. Intercolumn spaces are typically infilled with carbonate and
coated lithic debris and interparticle or shelter pores containing gravi-
tational or dripstone cements, forming microstalactites.

4.2.5. F5: Palaeosol

F5 is a peloidal wackestone with the fabric supported by carbonate
mud, comprising a detrital component and a dark micrite matrix. There
is little meso-porosity or large-scale structure (Fig. 5C, D). Rhizoliths
(channel infills of plant roots) of microsparite are ubiquitous on
weathered surfaces (Fig. 11A). F5 contains numerous bioclasts and in-
clusions including charcoal particles; involute and lenticular gastropod
shells (Fig. 11C, D.) and clasts of type 2 (platy, laminated spar) breccia
clasts (F3).

4.3. Sedimentology: micro-scale and petrography

4.3.1. FI1: Oncoid

Thin sections (Fig. 12) confirm the undulatory layered and columnar
structures seen in hand specimen but also reveal numerous microbial
filaments perpendicular to lamination (Fig. 12B, C).

4.3.2. F2: Tufa microbialite

Thin sections display similar mesostructure features to polished
sections. Two microstructures are evident: a) subtle undulatory laminae,
with convex laminae over pores and voids; and (b) stubby bulbous
structures with smooth-wavy laminae (Fig. 13). Dome initiation is from
the undulatory layering and lithic grains. The contact between the
various growth forms is typically gradational, but some sharp erosional
contacts were observed. Whole spar infilling of pores was observed at
the microscale (Fig. 13F). Bundles of small (4-6 pm wide; 115 pm long)
dark rods within darker lamina in the basal undulatory layering are
orientated near perpendicular to lamination are interpreted as algal or
cyanobacterial filaments (Fig. 13D, E).

4.3.3. F3: Tufa-lithoclast breccia

In thin section, clast type 1 within F3 is mid-dark brown and is
dominated by micrite (Fig. 14). It is composed of massive, irregular
blocky grains (280-1200 pm diameter) and small irregular grains
(50-80 pm diameter). Rounded to sub-rounded grains are interpreted as
micrite peloids. The complex porosity is dominated by zones of burrow
pores, merging with indistinct channel pores, interparticle pores and a
single fracture pore. Pores are coated or fully infilled with spar cement
(Fig. 14C).
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Fig. 7. Oncoid macro—/ meso-structure; unattached oncoids from site D. A: upper and lower surface of a representative oncoid, showing pustular upper surface and
coalescing pits on the lower surface (plan view); B: variable degree of rounding of oncoids (plan view); C: cross section through oncoids; D: showing columnar/
columnar-linked and undulatory layered mesostructure (cross section); E; showing oncoid nucleus, and frequent discontinuities (cross-section); F: frequent dis-
continuities in laminae (white dashed lines; in cross section); G: detail of columnar structure (cross section).

4.3.4. F4: Microbially-cemented sand

In thin section, F4 exhibits with the same two distinct facies seen in
hand specimen (Fig. 15). Coated grains are composed of sub-rounded
and sub-angular siliciclastic detrital grains (predominantly orthoclase
feldspar and quartz). In the laminated carbonate microfacies, erect
turbinate stubby columns (microstromatolites) are evident with inter-
column infill of lithic grains and disaggregated micrite (Fig. 15C).
Laminae are typically continuous and non-couplet. Thin cement rims of
spar are observed in voids, and dripstone or gravitational cements are
also present.

4.3.5. F5: Palaeosol

In thin section, F5 has an intergrain microaggregate structure
composed of coarse lithic grains and a fine microaggregate of particles
around 15-60 pm which form a crumb-like structure (Fig. 16). The
groundmass comprises coarse (< 2 mm; > 100 pm) and fine (<100 pm)
fractions distributed heterogeneously. The coarse fraction is dominated
by well-rounded to sub-angular, bedrock-derived grains and compound
of medium to fine sand grains with a partial or complete coating of
micromass or forming aggregated compound grains. The fine fraction
has a mottled appearance due to the occurrence of small, 20-40 pm
diameter, ellipsoid pellets and smaller undifferentiated particles inter-
preted as peloidal micrite. Channels, vugs, complex packing voids and
planar voids (cracks) are present (Fig. 16). Nearly all voids are partially
or wholly infilled by spar forming a void coating. The largest macro- and

meso-channels (Fig. 16) equate to the rhizoliths visible on weathered
surfaces (Fig. 11A).

5. Interpretation and discussion
5.1. Facies interpretation and depositional environment

5.1.1. FI1: Oncoids

Oncoids commonly form through the activity of cyanobacteria
involving both biomineralization (Dupraz et al., 2009; Freytet and
Verrecchia, 1998; Jones and Renaut, 2010; Riding, 1983), and inorganic
mineralization (Beeler et al., 2020; Gomez et al., 2014; Kano et al.,
2003). This facies is interpreted as having formed in shallow basins of
sub-horizontal bedrock or unconsolidated sands within or adjacent to a
groundwater spring. The basins were impounded by tufa microbialite
barrages (F2.2) or occupied low bedrock topography, impounding
groundwater. The discoidal shape of oncoids suggests vertical growth
was limited by water depth, and uniformity in size within each site in-
dicates that morphology is controlled by local factors.

Nucleation of oncoids occurred as a microbial community developed
around a nucleus of detrital bedrock grains and undulatory layered
laminae indicate successive microbial activity. Mode I lamination
(inverted hemisphere with discontinuities) suggests occasional over-
turning. Concentric lamination within oncoids is classically attributed to
sub-aqueous rolling of spheroidal and rounded morphologies
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Fig. 8. Tufa microbialite internal mesostructure in section. A: stromatolite (F2.1; site F) showing stratiform layered, undulatory layered and bulbous domes in section
with inset B: fenestral (FE) porosity; C: small barrage (F2.2; site G) with undulatory layered (stromatolitic) and clotted (thrombolitic) mesostructure with inset D:
interparticle/burrow (BP/BU) porosity and inset E: porosity and shrub structure; F: stromatolite (F2.1; site G) showing layered and bulbous domical/columnar
mesostructure with inset G: stromatolitic columnar growth and inset H: shrub structures.

(Dahanayake, 1978; Fliigel, 2010; Logan et al., 1964). However, in situ
growth without particle overturning has been recognised (Hagele et al.,
2006; Jones, 2011; Leinfelder and Hartkopf-Froder, 1990; Lencina et al.,
2023; Zaton et al., 2012; Zhang et al., 2015), with this facies comparable
to reported oncoids with pustular surface and characteristic underside
cavity (Leinfelder and Hartkopf-Froder, 1990).

Discontinuities suggest of periods of dissolution, weathering, or
erosion alternated with microbial growth. Present in the undulatory
layered microstructure, it suggests this was frequent when oncoids were
smaller and required less energy to be overturned, and their absence in
the domal/columnar microstructure suggests stabilisation when larger.

The occurrence of coalescing pits in the centre of the lower side and
minor etching between pustules on the upper side points to chemical
weathering (etching). This suggests that large oncoids were not over-
turned, and the absence of later accretion in these pits suggests that
some weathering occurred post-deposition or the basal hollow is a pri-
mary feature (Leinfelder and Hartkopf-Froder, 1990). Microbial growth
on the underside of in situ oncoids is suggested to result from reflected
light penetration through inter-pustular gaps accessing the lower surface
(Hagele et al., 2006; Leinfelder and Hartkopf-Froder, 1990; Rodrigues
et al., 2022). The central coalescing pits in Cape Freycinet oncoids are
interpreted as being formed through a primary hollow formed due to
light constraints and subsequently exploited by chemical weathering.

5.1.2. F2: Tufa microbialite

F2 is a phytoherm boundstone facies (Ford and Pedley, 1996; Pedley,
1990) or tufa microbialite (Garner et al., 2024; Riding, 1991), that forms
as a discharge apron on bedrock. The variable macro-morphologies
reflect local bedrock topography and discharge flow conditions. Crusts
on gently-dipping, sub-horizontal surfaces (F2.1) are attributed to
deposition by sheet flow of water. The variable thickness of laminae and
erosional contacts (e.g., between basal undulatory lamina and the upper
bulbous domes) suggest episodic flow that creates growth hiatuses.
Small barrage structures (F2.2) develop on moderately dipping bedrock
where flow was channelised and barrages impounded water in bedrock
depressions. On sub-vertical bedrock the thick accumulations with sur-
face microterraces and microridges (F2.3) are regarded as hydrody-
namic features, related to the formation of barrages (Edwards et al.,
2017; Hammer et al., 2007; Pentecost, 2005). Thin rims surrounding
depressions (F2.4) are interpreted as developing in in bedrock de-
pressions or basins. Tufa rims form at the water-air interface and
represent the palaeo-water-level in these pools. Their precipitation may
be linked to degassing of carbonate saturated groundwater enhanced by
microbial activity.

A microbial genesis for F2 is supported by the fenestral and inter-
laminae porosity, associated with supratidal-intertidal algal and
microbial-related sediments (Fliigel, 2010), and the presence of multi-
furcate shrubs and pustular-colloform surface topography. The clotted
mesostructure is interpreted as a thrombolite (Fig. 17). While
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Fig. 9. Tufa-lithoclast breccia macro—/meso-scale (site G): A, B: tufa-lithoclast breccia showing clast type 1 and 2, and insets C: detail of clast type 2 with couplet
lamination, and pendant spar cement within vugs (VUG); D: detail of clast type 2, compound grains (Gc), interparticle pores (BP) and spar coating of clast type 1; E:
detail of both clast types with spar coating.

Fig. 10. Microbially-cemented sand macro—/meso-scale: mesostructure showing laminated carbonate and coated grain dominant microfacies with interparticle
(BP) pores.

Fig. 11. Palaeosol macro—/meso-scale: A: spar channel infills of plant root cast pores on the surface of a hand specimen; B: Palaeosol in section showing channel
infills and lithic content; C: gastropod shell and shell fragment inclusions; D: blocky charcoal and gastropod shell inclusions on broken face of sample.
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Fig. 12. Oncoid microstructure in thin section under XPL (site F): A: large scale scan of thin section showing concentric lamination; B, C: microbial filaments;
carbonate coating visible around microbial filament within vug; D, E: intercolumn infills with detrital grains; F: detail of some column lamination (white

dashed lines).

thrombolites may form through distinct microbial communities or the
bioturbation of an original stromatolitic fabric (Burne and Moore, 1987;
Harwood Theisen and Sumner, 2016; Shapiro, 2000; Walter and Heys,
1985) the latter genesis is suggested by the adjacent undisturbed stro-
matolitic texture. The restriction of thrombolitic structure to the upwall
of a small barrage feature (Fig. 17) suggests bioturbators were present
within the barrage pool, while the dropwall was subaerially exposed.

5.1.3. F3: Tufa-lithoclast breccia

F3 is an intraclast or macrodetrital tufa (Ford and Pedley, 1996;
Pedley, 1990). The presence of large clasts suggests deposition under
periodic high-energy conditions and the poorly-sorted mixture of con-
stituent grains points to event-based sedimentation (i.e., storms and high
swell events). The source of clasts is variable: clast type 1 (generally
structureless large cobbles of micrite, with burrow porosity) is likely to
be locally sourced lithified pool infill, with benthic metazoans forming
burrow porosity in a marl-like calcareous mud. Clast type 2, (laminated
platy clasts) are interpreted as indurated microbial mats detached
through wave action (wave-rip-up clasts) or subaerial desiccation that
were then deposited in the intertidal and supratidal zones during storms
(Eriksson et al., 2007; Fliigel, 2010; Smith et al., 2020). The fine matrix
of micrite and compound grains may have accumulated as a calcareous
mud. F3 is thus attributed to deposition in a micrite-accumulating bar-
rage pool in the supratidal zone, into which locally sourced angular
clasts were periodically deposited by marine wave influences. Marine
gastropod shell fragments and echinoid spines confirm an occasional
marine influence.

5.1.4. F4: Microbially-cemented sand

The variability in coating thickness and mineralogy in the coated
grain microfacies of F4 indicates that coated grains were initially
developed on mobile nuclei. This was followed by further cementation
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forming meniscus, pendulous and microstalactic gravitational cements.
These suggest that F4 was cemented by carbonate-rich spring water
flowing through unconsolidated sands that were periodically colonised
by a biofilm or microbial mat. The coated grains and meniscus cements
indicate a vadose zone setting, and the alternating microbe- carbonate
cements suggest regular changes in energy conditions. Contemporary
supratidal sand beaches in the study area (Fig. 20B, C), plus others
documented by Edwards et al. (2017) contain microbially-cemented
beach sands comparable to this facies. The seaward dipping bedding,
moderately well-sorted, and well-rounded to subangular nature of the
sands are also consistent with deposition in a beach environment. This
contention is supported by their distribution in small joint parallel em-
bayments in the granitic topography and their consistently seaward-
most location in each locality. (Fig. 6).

Cementation in F4 is attributed to (i) the mixing of marine and
meteoric waters and (ii) microbial activity. The former promotes
cementation as CaCO3 water solubility decreases with salinity, and the
mixing of these waters results in carbonate saturation and precipitation
(Vousdoukas et al., 2007). Microbial action in F4 is indicated by the
irregular, non-gravitationally controlled microbialite microcolumns.

5.1.5. F5: Palaeosol

F5 is interpreted as a calcisol palaeosol (Mack et al., 1993), formed as
shallow groundwater flows through a soil profile with vegetation. While
the occurrence of vugs and complex packing voids have no single sig-
nificant genetic interpretation, the occurrence of channels can be
ascribed to plant root growth and faunal bioturbation (Kemp, 1985).
Circumgranular cracks and rhizolith root casts suggest a pedogenic
origin, with the latter demonstrating a vegetated exposure surface. The
larger ellipsoid grains within the micromass resemble excrement pedo-
features, potentially of oribatid mites, however, they are not readily
distinguishable from the micrite peloids that form the majority of the
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Fig. 13. Tufa microbialite microstructure in thin section under XPL (F2.1; site F): A: large scale scan of thin section showing inter-columnar shelter porosity; inset B:
detail of contact between undulatory lamina and bulbous domical structures; inset C: detail of fenestral (FE) porosity between macrolaminae; D: carbonate coatings of
poorly preserved microbial filaments with parallel orientation, perpendicular to laminae; E; microbial filaments within organic material-rich lamina; F: spar cement

within fracture (FR) void.

Fig. 14. Clast type 1 microstructure in thin section under XPL (F3; site G): A: large scale scan of thin section showing pore types (BP: interparticle; BU: burrow; CH:
channel; FR: fracture) within the micrite matrix; B: detail of pore structure, with large fracture pore with inset C: detail of microsparite coatings and infill of

burrow pores.

micromass. The blocky charcoal with a foliated surface texture suggests
a wood origin (Courtney Mustaphi and Pisaric, 2014), demonstrating
burning of woody plants on the landscape. While pedogenic carbonates
form via several mechanisms, the depositional setting suggests a per
ascendum model with pedogenic carbonate forming through capillary
action or through variations in shallow groundwater (Alonso-Zarza and
Tanner, 2010; Zamanian et al., 2016).

5.2. Comparison with contemporary rock coast microbialite systems

Active Holocene tufa microbialite deposits including actively
accreting groundwater-fed supratidal tufa and tufa microbialite deposits
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occur close to the study site (Fig. 18A) (Forbes et al., 2010; Rishworth
et al., 2020b). These contemporary rock coast tufa microbialite systems
offer a partial modern analogue.

The tufa microbialite facies have clear analogues in modern spring-
fed supratidal rock coast microbialites (Cooper et al., 2022; Edwards
et al., 2017; Forbes et al., 2010; Perissinotto et al., 2014) (Fig. 18). F2.1,
expansive sheet like deposits; F2.2, small barrage structures; F2.3,
waterfall and cliff face deposits and F2.4 rock pool facies all have direct
modern analogues on rock coasts. While the tufa-lithoclast breccia facies
is poorly documented in modern systems, microbial mat rip up clasts
have been recognised in modern systems (Cooper et al., 2022; Forbes
et al., 2010; Smith et al., 2020) and are equivalent to clast type 2 in the
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Fig. 15. Microbially-cemented sand microstructure in thin section under XPL (F4; site C): A: large scale scan of thin section showing coated grain dominant
microfacies with gravitational cement and laminated carbonate microfacies with undulatory layered and turbinate columnar microstructure; B: detail of dripstone/
gravitational cements at microfacies interface; inset C: detail of columnar structure with shelter (SH) pore; inset D: detail of vegetative material and interparticle (BP)
pores and cement rims); E: detail of laminated carbonate microfacies.

Fig. 16. F5 thin section under XPL: A: three dominant components (channel voids (CH), lithic grains (G) and micromass (M); B: channel voids with complete infilling
vugs (VUG); C: detail of B showing spar coating of channel voids and distribution of lithic grains and micromass; D: detail of B showing complete infilling of channel
voids with spar; and circum-granular cracks.

Fig. 17. A: small barrage (F2.2) with undulatory layered (stromatolitic) and clotted (thrombolitic) mesostructure (divided by white dashed line); B: interpretative
sketch showing direction of bioturbation from a barrage pool.
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Fig. 18. Comparison with modern analogues: A: active tufa microbialite system, with inactive (Holocene) deposits, proximal to Cape Freycinet deposits (see active
deposits in Fig. 1); B: Facies summary with outcrop (in-field photograph), macro/mesostructure and lithological summary; and modern analogue examples.

tufa-lithoclast breccia and palaeosol facies. The microbially-cemented
sand facies is comparable to modern microbialite-associated “beach-
rock” (Cooper et al., 2022; Edwards et al., 2017; Perissinotto et al.,
2014) (Fig. 18), incipient back-beach deposits (Howie, 2009; Howie and
Ealey, 2010; Kneale and Viles, 2000) and microbialite/microbially-
cemented beachrock (Webb et al., 1999). These form in a range of
zones from upper intertidal (Webb et al., 1999) to low supratidal
(Cooper et al., 2022). Edwards et al. (2017) describe initial biominer-
alization of microbialite horizons in unconsolidated beach sands that is
followed by further cementation by percolating groundwater. Although
the palaeosol facies is scarcely described in the rock coast microbialite
literature, unconsolidated calcareous soils have been observed at
contemporary spring-fed rock coast microbialite sites in the immediate
area (e.g. Canal Rocks, Western Australia) (Fig, 18).

Oncoids described from modern rock-coast microbialite systems,
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involve simple microbialite encrustation around scattered nuclei (rock
or microbialite fragments) in bedrock basin or barrage pools (Cooper
et al., 2022; Smith et al., 2020), which are not perfect analogues.
Nonetheless, during the mid-19th century European exploration of
South Australia several authors (Angas, 1847; Burr and Grey, 1845;
Jukes, 1850) made reference to apparently similar deposits. For example
(Angas, 1847, p. 155) described “spongy plains, covered in shells and tufa
biscuits, and subject to occasional inundations”. The first formal descrip-
tion of the ‘biscuit flat’ of the Coorong, near Robe, South Australia
(Mawson, 1929), characterises thin discs ranging in size from small
‘particles’ to 20 cm in diameter (Fig. 18) composed of calcium carbonate
with a smooth to warty upper surface, etched underside and internal
concentric lamination. These occurred in low-lying shallow inter-dune
slacks, inundated during the wet season forming pools around 3 in.
(7.6 cm) in depth. Pigmentation of the upper surface was attributed to
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the presence of Gloeocapsa and like-Schizothrix fasciculata (currently a
synonym of S. semiglobosa) alga, indicating a microbial genesis. The
original ‘biscuit flat’ site has since been destroyed through land devel-
opment and drainage (Pentecost, 2005; Walter et al., 1973) but the
biscuit tufa from coastal dune slacks offer a good coastal (supratidal with
occasional inundation) analogue for F1 from Cape Freycinet.

5.3. Depositional model

The carbonate deposits at Cape Freycinet represent deposition from a
palaeo-groundwater-spring in the supratidal zone as low as mean high-
water level on a former rock coast. The facies distribution is dependent
on a complex suite of formative drivers but is predominantly controlled
by bedrock topography and elevation above palaeo-sea-level. Modern
springs emerge only in the supratidal zone in the study area, and it seems
probable that they similarly emerged along the palaeoshoreline when
the microbialite deposits described here were being formed. Bedrock
topography can be used to reconstruct the palaeo-shoreline, notably
through the distribution of F4, (microbialite-cemented sand) and the
bounding headlands within which these units accumulated.

Domal bedrock outcrops are reconstructed as small headlands, and
the gullies between them as small beach-filled embayments on a former
rock coast (Fig. 19A). Landward of the beaches, a variety of carbonate
facies developed in topographic lows. The distribution and nature of tufa
microbialite depends on the elevation and topography of the bedrock
substrate. A hard substrate is important for the growth and preservation
of tufa microbialites, as noted in modern freshwater tufa microbialites
(Roche et al., 2019) and a variety of other settings (Benson, 1994;
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Casanova, 1994; Della Porta, 2015; Ginsburg and Planavsky, 2008;
Winsborough et al., 1994) including high energy-supratidal environ-
ments (Rishworth et al., 2020b).

A clear and distinctive spatial facies sequence is present that reflects
elevation in relation to palaeo-sea-level. The F5 palaeosol occurs at the
highest elevations (landward), closest to the palaeo-spring emergence,
and is interpreted as a cemented vegetated soil. Seaward, this transitions
into F2, tufa microbialite, and F4, microbialite-cemented sand at the
lowest elevation representing upper intertidal-supratidal (marginal
marine) deposition (Fig. 19B). This spatial succession demonstrates the
progression from the groundwater spring flowing seaward from the
supratidal zone into the upper-intertidal zone where cementation occurs
at the meteoric-marine water interface. On sub-horizontal bedrock, this
sequence is replaced by F2 discharge aprons. The facies sequence in
embayments (Fig. 19B) is comparable to the perched springline model of
Pedley (1990), and involves thick proximal deposits, of paludal and tufa
barrages; and distal fine intraclast/microdetrital tufa and thin, discon-
tinuous tufa sheets (Pedley, 1990). Application of this model to supra-
tidal sites (Forbes et al., 2010), allows the identification of this model
and fluvial barrage models. A modified supratidal springline model is
presented here (Fig. 19A).

5.4. Shoreline deposits: Evidence, dating and correlation

5.4.1. Evidence for a proposed shoreline

Like other contemporary supratidal groundwater springs in Western
Australia (Forbes et al., 2010), the palaeo-springs that formed the Cape
Freycinet site occur as a line or cluster, and show some evidence of

Fig. 19. A: Depositional model of terrestrial carbonate formation from supratidal groundwater springs; B: idealised facies associations within small embayments; C:

post-depositional RSL for site.
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Fig. 20. A: Map of estimated palaeo-shoreline with groundwater springs, major flowpaths and carbonate deposits; estimated palaeo-shoreline, sandy embayments
and headlands are inferred from facies distributions and 13 m DEM contour; B/C: modern aerial imagery of sandy embayments of comparable scale proximal to study
area (south Cape Freycinet; aerial imagery: Google Earth Pro (2017)).

Fig. 21. Comparison of A: elevation of carbonate deposits, notably F4, microbially-cemented sand (see legend) at Cape Freycinet with B: palaeo-sea-level and
shoreline data from MIS 5e, 9 and 11 from regional and global sites. Elevation range is derived from Copernicus DEM with Height Error Mask (HEM) quality
corresponding to height error standard deviation.
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coalescence, suggesting that they were coevally active. Discontinuous
activity is suggested by inter-site variability in the degree of erosion and
karstification. In particular, F2.4 rims deposited in a basin of F4 indicate
alternating deposition and erosion (Fig. 4A). In modern tufa micro-
bialites this is attributed to short-term discharge alternations or avulsion
of flow paths (Forbes et al., 2010).

The absence of clear marine-deposited carbonates suggests that these
deposits are marine-limited, with the lowest elevation deposits (micro-
bially-cemented sand) representing an upper-intertidal limit to carbon-
ate deposition. This allows a shoreline to be inferred on the basis of:

(i) Evidence of upper-intertidal to supratidal deposition, including:
microbially-cemented sand facies, with seaward distributions,
with coastal boulder intraclasts; marine gastropod shells and
echinoid spines within tufa microbialite and tufa-lithoclast
breccia facies.

(ii) Comparison with modern analogue supratidal groundwater
spring carbonate facies and their respective relationships to sea-
level.

5.4.2. Dating and correlation with palaeo-shorelines

Based on the elevation of deposits between 18.92 + 0.48 m to 11.5
+ 0.44 m ASL; and a minimum elevation of the seaward microbially-
cemented sand facies 12.86 + 0.39 m ASL; a palaeo-shoreline can be
reconstructed at ca. 13 m ASL (Fig. 21). The large elevation range (13.73
+ 0.46 m- 4.98 + 1.58 m) at Site G is is attributed to continuing local
tufa deposition during regression from the emergent shoreline.

The elevation of the shoreline units suggests deposition during a
period of elevated sea level in a tectonically stable cratonic setting.
Marine Isotope Stage (MIS) 5e, 9 and 11 are potential highstand sea-
level correlatives. While Last Interglacial shorelines in Australia do
exhibit some variability in elevation due to neotectonic deformation
(Murray-Wallace and Belperio, 1991), the presence of a well-dated MIS
5e shoreline at ca. +3 m asl at Foul Bay, 17 km from the study area,
supports the contention that the study area is tectonically stable.
Without absolute dating, correlation with Quaternary sea-level states is
tentative, however, the reconstructed palaeo-shoreline at Cape Freyci-
net suggests a highstand at ca. + 13 m, which correlates most closely
with MIS 11 sea level (Fig. 21). Well-dated MIS 11 shorelines are scarce
(Roberts et al., 2012), with many sites reliant on relative and semi-
quantitative dating methods.

MIS 5e (~123-109 ka) sea level is recorded locally from Foul Bay
suggest a local Last Interglacial shoreline at ca. +3 m (Chutcharavan and
Dutton, 2021; McCulloch and Mortimer, 2008). This is consistent with
other studies of shorelines during the first part of the Last Interglacial in
Western Australia. Sea levels increased to ca. +3-4 m in the later part of
the Last Interglacial (125-119 ka) (McCulloch and Mortimer, 2008). Sea
level during MIS 9 (~337-300 ka) also exceeded present sea-level,
however, it is poorly resolved (Barlow et al., 2017). Spratt and
Lisiecki (2016) proposed a mean highstand of +9 + 23 m; and region-
ally, Blakemore et al. (2015) suggested a + 4 + 1 m sea-level for MIS 9
for the Mount Gambier region, South Australia.

Sea level during MIS 11 (~424-374 ka) is contentious (Candy et al.,
2014; Olson and Hearty, 2009; Raymo and Mitrovica, 2012).
Radiometrically-dated raised shorelines attributed to MIS 11 from
Bermuda (Olson and Hearty, 2009) suggest high sea-levels at +21 m O.
D. Comparable sea-levels have been reported elsewhere (Kaufman and
Brigham-Grette, 1993; Lundberg and McFarlane, 2002; Bowen, 2003;
Roberts, 2007; Van Hengstum et al., 2009; Bowen, 2010; Roberts et al.,
2012), although some of these attributions have been strongly refuted
(Bowen, 2010; McMurtry et al., 2007). Correcting for post-glacial crustal
subsidence in the Bermuda and Bahamas Region Raymo and Mitrovica
(2012) revised sea level in late MIS 11 as 6-13 m, aligned with MIS sea-
level reconstructions from South Africa of +13 m 4 2 m (Roberts et al.,
2012) and + 8-11.5 m (Chen et al., 2014).

The presence of a shoreline at ca. 13 m ASL, is thus tentatively
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assigned to MIS 11. If so, it represents one of a few MIS 11 shorelines
recorded in Australia (Huntley et al., 1993; Murray-Wallace, 2018) and
could, if dated, serve as a reliable global record of glacio-eustatic sea
level at a far field site.

5.5. Preservation potential and application of rock coast microbiadlites as
palaeo-shoreline indicators

5.5.1. Karren and karst features

Identification of palaeo-shorelines relies on the preservation of
marginal marine facies. Following the cessation of palaeo-spring activity
and active carbonate precipitation of tufa microbialites and associated
marginal marine facies, their long-term preservation depends on post-
depositional processes. The degree of calcification and early cementa-
tion at the study site was evidently sufficient to resist physical and
chemical weathering (primarily solution) over long periods (~424-374
ka if their implied age is correct). The regional climate, especially pre-
cipitation, also provides a constraint on weathering rates of emergent
carbonates (Cooper and Green, 2016).

Karren features in F2 and F5 are indicative of post-depositional
weathering. Trittkarren features on F2 indicate corrosion by water
sheets (Veress, 2009) that may focus on pre-existing steps or microscarps
(Bogli, 1960; Ford and Williams, 1989), created by pre-existing micro-
ripples and microterraces. Capillary action associated with surface water
flow (Ford and Williams, 1989) over the surface of F2, led to the
development of microrills. Between microbialite pustules to the distri-
bution of trittkarren and microrills are thus influenced by the original
tufa surface features.

Karren features on the surface of F5 are the result of the cemented
soil/active soil interface and/or post-cementation weathering and
erosion of the exposed deposits. Cavernous tafoni-like pitting is associ-
ated with salt weathering and/or wind and may be associated with case-
hardening (Ford and Williams, 1989; Goudie, 2009) but tafoni may
originate in the sub-soil environment and be enlarged subaerially
following exhumation (Hunt, 1996) and seepage erosion (Smith, 1978).
Pans and pit-like structures are interpreted as solution pits: round-
bottomed to tapering pits varying in size from 1 cm to 1 m in diam-
eter that formed in the subsoil environment by percolating water (Ford
and Williams, 1989; Zseni, 2009).

These karren features are primarily the result of post-depositional
solution following the cessation of palaeo-spring-related deposition.
The post-depositional effects of karstification in terrestrial carbonates is
an important control on their preservation potential (Jones and Renaut,
2010; Pentecost, 2005).

5.5.2. Marginal marine carbonates on rocky shorelines as palaeo-shoreline
and sea-level indicators

Tufa and tufa microbialite deposits have been used to delineate, and
establish the ages of, shorelines in lacustrine settings in the Tibetan
Plateau (Hudson et al., 2015; Hudson and Quade, 2013; Lin et al., 2024),
South America (Blard et al., 2011; Placzek et al., 2006) and eastern
Africa (Casanova, 1994; Garcin et al., 2012; Gasse and Street, 1978;
Hillaire-Marcel et al., 1986; Mologni et al., 2021). Lake Bonneville and
Great Salt Lake palaeo-shoreline environments are recorded through the
deposition of transitional carbonates including onshore groundwater
spring carbonate deposits, beachrock (Felton et al., 2006), and lacus-
trine microbialite reefs (Felton et al., 2006; Godsey et al., 2011;
Homewood et al., 2022; Vennin et al., 2019). Lake level variations and
the evolution of the Lake Bonneville and Great Salt Lake system are
recorded in the vertical distribution of microbialite deposits in a narrow
shoreline ‘belt’ (Vennin et al., 2019). Geomorphological evidence
including constructional flat benches, shoreline notches, stratigraphic
sequences (Blard et al., 2011; Placzek et al., 2006) support the use of tufa
and tufa microbialites as datable palaeo-shoreline indicators.

In contrast, terrestrial and marginal marine carbonates have scarcely
been used to delineate former marine shorelines. Beachrock sensu stricto
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has been advocated as a reliable sea-level indicator (Mauz et al., 2015)
and other carbonate deposits such as aeolianites, tufa and speleothems
in coastal environments (Faulkner and Crae, 2022; Faulkner and Crae,
2018; Howie and Ealey, 2010), all act as potential shoreline indicators.
Microbialites occur in a range of coastal environments including hy-
persaline lagoons (Jahnert and Collins, 2012; Logan, 1961; Suosaari
et al., 2022), open marine (Dill et al., 1986; Reid et al., 1995) and mixed
environments within coastal ponds (Saint Martin and Saint Martin,
2015). Contemporary tufa microbialites at the intersection between
groundwater springs and the upper-intertidal to supratidal zones, have
been observed globally (Cooper et al., 2013; Forbes et al., 2010; Peri-
ssinotto et al., 2014; Rishworth et al., 2020b; Smith et al., 2018).
Rishworth et al. (2020a) identified potential tufa microbialite barrage
pools on submerged palaeo-shorelines attributed to discrete periods
during MIS 6, 5d and 3 but emergent rock coast microbialites have not
previously been reported.

In a regressive situation marginal marine microbialites, would
experience declining marine influence, and the onset of chemical and
physical weathering (evidenced by karren features). The effectiveness of
these processes determines the long-term preservation potential. During
transgression, preservation would be limited by wave-induced erosion
and bioturbation and aided by rapid marine transgression and/or high
sedimentation rates.

Rock coast shorelines are scarcely preserved and/or rarely noted in
the geological record (Manikam et al., 2022) but they can provide
reliable indications of former sea level (e.g., Dawson, 1984). As shore-
line erosional features are uncommon in resistant and isotropic lithol-
ogies (Kennedy et al., 2014), marginal marine carbonate deposits like
those reported here provide a potentially valuable tool for the identifi-
cation of former rock coast shorelines and rock shoreline deposits (e.g.,
Allwood et al., 2006) and provide material for potential chronological
control.

6. Conclusions

The tufa microbialite and associated deposits of Cape Freycinet,
Western Australia form a distinctive assemblage of marginal marine
facies from the upper-intertidal to supratidal zones of a former rock
coast associated with groundwater springs. This study identifies the first
emergent shoreline defined by marginal marine spring-associated car-
bonate deposits. Comparison with modern analogues allows five inter-
linked facies to define the former shoreline: oncoids (F1), tufa micro-
bialite (F2), tufa-lithoclast breccia (F3), microbially-cemented sand (F4)
and palaeosol (F5) from seven adjacent palaeo-spring deposits.

Depositional processes and environments are interpreted from multi-
scale description of facies and comparisons with modern analogues. A
distinct marginal marine depositional model is presented from facies
distributions and bedrock geomorphology. We describe carbonate
deposition from a landward palaeosol facies (representing a hinterland
vegetated soil), extending laterally into tufa microbialite on sub-
horizontal bedrock, associated with oncoids and finally tufa-lithoclast
breccia. The most seaward facies is a microbially-cemented sand that
represents upper-intertidal to supratidal beach deposition.

The interpretation of these facies (notably microbially-cemented
sand and marine intraclasts) and resultant depositional model, in-
dicates a palaeo-shoreline associated with groundwater springs,
elevated ca. 13 m above modern sea-level. Through comparison with
tectonically stable far-field locations elsewhere, this is tentatively
attributed to MIS 11. This has potential implications for currently un-
resolved debates surrounding the MIS 11 sea-levels state. The study
demonstrates, for the first time, the utility of marginal marine carbonate
deposits in the upper-intertidal to supratidal zone to identify emergent
rock coast shorelines (even in granitic lithologies) with potentially
dateable material.
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