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ABSTRACT

Stromatoltes and microbialtes contain a rich repositoryemfronmental and biological
information. Despite extensive research, questions remegarding the biological, chemical,
and physical processes that control stromatolte macro, maso,m@rostructure. We report
unusual deep water cuspate stromatoltes from the Cigogefrezona Formation, South
Australia, from a mixed siliciclastic-carbonate open mamamp setting. Cuspate stromatolite
horizons develop near the base of decameter-scale trammgnegression cycles and typicaly
overlie decimetre-scale irregular erosion surfaces. dispate structure within the stromatolites
form near vertical, stacked cusp structures in crosoiett plan view, the cusps foromscale
sharp paralel ridges oriented predominantly perpendiculaihdoreégional down-slope direction
and perpendicular to the elongation direction of stromatol#s. postulate that stromatolites
colonised topographic highs of the irregular erosion surfdofisn hardgrounds) and grew in
carbonate-supersaturated, iron rich marine waters in lobidity sediment starved settings.
Cuspate stromatoltes are interpreted as forming duringmoma transgression in condensed

sections within deep water environments largely beloarnmstwave base. Their microbial
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metabolsm may require low lght and low oxygen. The deeperwarigin for the Trezona
Formation cuspate stromatoltes and other Precambrian euspaimatolites suggests a link
between the cuspate morphology and physical/chemical(cagbsuaersaturated, low light, and

low oxygen) conditons of Precambrian deep water maritingse

INTRODUCTION

The Precambrian macroscopic fossil record is dominated by adbltes that represent
diverse and complex microbial communities (Grotzinger amblK1999). Stromatoltes are a
major feature of Proterozoic carbonate and mixed carboneidasiic systems (Grotzinger and
James, 2000; Hoffman, 1974; Beukes, 1987) and are important indicatpedeoénvironment.
The microstructure of stromatoltes has been interpregedbeang controlled by either biological
(Walter, 1976; Bosak et al., 2012), or chemical processes (Grotaindeknoll, 1999; Visscher,
Reid, and Bebout, 2000). Simiarly, the controls on stromatolterastocture have been
variably interpreted to be the result of either enviromahge.g., Golubic, 1976; Dil, Shinn, and
Kendall 1989; Andres and Reid, 2006), or coupled environmentalbidlogicacesses
(Ginsburg, 1991; Suosaari et al, 2019). Proposed factors incluasicintriological controls of
the microbial community, siiciclastic input, current gy underlying substrate, light
availabiity/depth ~ of formation, geochemical conditions/redoxradgnts, degree of
environmental-biological variabiity, and others (Walter, 19F8rodyski, 1977a; Awramik and
Vanyo, 1986; Ginsburg and Planavsky, 2008; Bosak et al., 2013; Mackey2&1&; and many
others). Detailed sedimentological and petrographic obsewvatifn ancient stromatolites
considering the surrounding lithologies and association eyilies—can be used to shed light on
the conditions that influence stromatolite occurrence ramphology.

In this study we report deep water cuspate stromatoftes the Cryogenian Trezona
Formation in South Australia. We use the term ‘stromatolite’ to describe all laminated build-ups
formed by sediment trapping, binding, and/or carbonate precipitationicrobes (as defined by
Awramik, Margulis, and Barghoorn, 1976). The stromatoltes ribest here form elongate
domes with unusual cuspate Ilaminations. They are developedydic association with
calcareous mudstone, hardgrounds, poorly sorted intraclastkstpae, and marine erosion
surfaces in dep water settings. These deep water forms were likely dedorilow energy, low

sedimentation, and carbonate supersaturated settings. Hiteseatolites add to a small
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collection of deep water cuspate stromatolites. The deegr wagin for the Trezona Formation
stromatoltes and other Precambrian cuspate stromatoltag soggest a link between
Precambrian deep water settings (low light, low oxygenbormte supersaturajecand the

cuspate morphology. There is an absence of simiar cuspat®atoltes from the rock record
after the Cryogenian with no known exact modern analogbigkese forms. This may suggest
the combined physical, biological, and geochemical conditionslededor deep water cuspate

stromatolite growth did not exist after the Cryogenian.

GEOLOGICAL BACKGROUND

The Cryogenian Trezona Formation is part of the Upalinmagi®up of the Umberatana
Group, central Finders Ranges of South Australia (Rr2B60; Fig. 1; Adelaide Fold Belt). The
Upalinna Subgroup includes the upper nonglacial stratigrgjasity Cryogenian) between the
Sturtian and Marinoansnowball Earth glaciations (Fig. 2; Preiss, 1998). In the central Flinders
Ranges, the Enorama Shale, Trezona, and Yaltpena formdtiomglacial strata, Fig. 2)
underlie theElatina Formation (Marinoan glacial sediment, Fig. 2) and thus record the “lead up”
to the Marinoan glaciation. The Umberatana Group has f@@vcanstraints but includes U-Pb
zircon dates from a tuffaceous horizon in the uppermostiaBtutiamictite with an age of 663.03
+ 0.11 Ma (Cox et al, 2018; Fig. 2), with no upper geochronologidreems for the nonglacial
sediment or Marinoan diamictite. In Tasmania, Australlle termination of the Marinoan
glaciaton has been constrained to 636.41 + 0.45 Ma, consistent gadlhronological
constraints that suggest the Marinoan glaciation ended-@35 Ma globaly (Calver et al., 2013;
Rooney, Strauss, Brandon, and Macdonald, 2015). In Namibia, the obfariglaciation is
constrained by the syn-glacial Ghaub Formation of Namilita an age of 639.29 + 0.26 Ma
(U-Pb ID-TIMS) (Prave, Condon, Hoffmann, Tapster, and Fali]6) and 635.5 + 1.2 Ma
(Hoffmann et al, 2004). In Death Valey, USA, the upper nanial Thorndke Submember is
estimated at 651.69 + 0.64 Ma (Nelson et al, 2020). In the Norffieders Ranges, the
Balcanoona Formation (equivalent to the Etina Formation rhinde the Trezona Formation;
Fig. 2) is estimated to be ~650 Ma (Walace et al., 2015). Therefmsed on available
constraints and stratigraphic relationships, depostion of Eherama Shale, Trezona, and

Yaltipena formations is estimated to range in age from ~65@@dMa.
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The Trezona Formation has been the topic of considerable stsidiy records one of the
largest $*3C excursions in Earth historghe ‘Trezona Anomaly’ (e.g, McKirdy et al, 2001;
Ahm et al, 2021). Despite the importance of the Trezona Formati understanding oceanic
dissolved inorganic carbon leading up to ‘snowball Earth’, the sedimentology of the unit is not
well understood. Although some authors have suggestedtriatedsor lacustrine origin for the
Trezona Formation (Klaebe and Kennedy, 2019), the Trezona leorngtmore commonly
interpreted as marineeither a shallow low-energy lagoon (Preiss, 1987; Lemon, 1988) or ope

marine shelf to slope deposition (Rose et al., 2012).

METHODS and TERM INOLOGY

This study is focused on four locations in the centraldéfis Ranges: Buls Gap,
Angorichina Hostel, Angorichina Station, and Glass GorgedR@&ag. 1). Measured sections
were taken ~520 km apart arranged proximal to distal, with one lateraloblidtigs. 1, 3).
Stratigraphic sections were measureshg a Jacob’s staff at the centimetre and meter scale,
noting bed thickness, Ithology, sedimentary structures, stroimatolte morphology. Samples
were collected within measured sections and in lateeglyivalent beds for thin section analysis
using transmitted light microscopy.

The terminology of Burchette and Wright (1992) is used to ribescthis mixed
silciclastic-carbonate ramp, whereby a ramp is definechaadng a gentle slope which extends
from the shoreline to the basin and is not rimmed noreieth sharp distinct break in slope. The
environments of a ramp setting are divided into inner, ami@l outer ramp environments. Ramp
environments reflect deposition above fair weather wave, bastween fair weather wave base
and storm wave base, and below storm wave base, respediyeke refers to a bounded
package of repeated lthofacies with no implications foerdht continuty or a driving
mechanism. Transgression, regression, and relatve seh ckange also do not suppose a
driving mechanism (e.g., subsidence, eustacy, sediment supply).

Because of possible confusion/complications in describingdmiiliciclastic-carbonate

lithologies, the terminology used in this paper is as folawsdstone refers to a mix of sit and
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125 clay with possible minor carbonate; calcareous mudstones réde a mix of sit, clay, and
126 carbonate. Intraclast refers to a clast of calcareoustomgd®r micrite from the same basin
127 (either eroded and redepositéd situ or eroded upslope and transported/deposited downslope);
128 poorly-sorted intraclastic packstone refers to grain supportgyg iptraclasts with a fine-grained
129 matrix (ether micrite, mudstone, or calcareous mudsteinglar to “intraclastic breccia”); and
130 rounded intraclastic packstone-grainstone refers to dggneratl-sorted grain-supported
131 spherical and rod-lke intraclasts with some fine-gdhinmatrix (packstone) or no matrix
132 (grainstone) present. The terms dolomitised mudstone/hardgrowiers to authigenic
133 precipitation of dolomite on the seafloor (see Wallace et28119); irregular marine erosion
134 surface refers to a bedding surface with irregulariaralstopography (up ta&l m of relief over
135 a few meters laterally along the bed). The terms ooid @mil goid (instead of pisoid) refer to

136 coated grains lacking obvious microbial textures.

137
138 STRATIGRAPHY and SEDIMENTOLOGY
139 The Trezona Formation conformably overlies the Enorameae SRakiss et al., 1987).

140 The two units together make up a thick and lateralynekie shallowing upward succession
141 (Rose et al, 2012) from deep water basinal mudstone, deep kowshaked siiciclast-
142 carbonate ramp facies, to shallow water carbonate rams.fatie type section of the Trezona
143 Formation is located at Enorama Creek and totals 240 m kndke (Dalgarno and Johnson,
144 1964). Lemon (1988) noted that the lower and upper stratigraphye ofrezona Formation is
145 distinctly different in terms of lthology. Therefore, tli@ezona Formation is informally divided
146 into two members: a (lower and upper) siiciclastic mend®t a carbonate member (Table 1).
147 The lower siiciclastic member consists of mudstone, bedtded mudstone and sitstone to very
148 fine-grained sandstone, calcareous mudstone, intraclastickstpae, elongate cuspate
149 stromatoltes, erosion surfaces, and hardgrounds (thesegitiwlare the main focus of this
150 study; Table 1). These lthologies transiton upwainte the upper siiciclastc member. The
151 upper siiciclastic member consists of mudstone to v.f.g gameswavy, flaser, and lenticular
152 bedded mixed lithologies, domal stromatoltes, rare cuspate astibes, and crossbedded
153 rounded intraclastic packstone-grainstone (Table 1). Tlolesdtic member is in turn overlain
154 by the carbonate member. The carbonate member consistsatoas mudstone, micrite, ooid

155 grainstone, rounded intraclastic grainstone, domal-columnad #ngitudinal stromatolite
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horizons, very rare cuspate stromatoltes, and stromatodteerins (Table 1). The Trezona
Formation is either overlain by the muddy tidal Yaliperernkation (only present at the Bulls
Gap locality in this study, Fig. 3) or unconformably overlayn the Marinoan glacial-associated
sediment of the Elatina Formation (Angorichina Hostel,s&l&orge, and Angorichina Station,
Fig. 3; Priess, 1987).

Enorama Shale

The Enorama Shale is a poorly outcropping unit of green esddmudstone and sittstone
at the base of the studied succession (Fig. 4; Table 1). dvedst finely laminated and can have
a carbonate content of 120% (Preiss, 1987). These fine-grained lthologies form theyval
units between the major carbonate units of the nongl@rgbgenian sediments of the central
Flinders Ranges (Figs. 1, 2). In the Blnman Region, tluknéss of the Enorama Shale varies
from 150450 m (Preiss 1987). The Enorama Shale conformably underliesTrémona
Formation (Figs. 2, 3, 4A; Preiss, 1987). The basal third of thés Wominated by red and red-
brown sitstone, the middle third of the unit is dominated dgirated green mudstone with no
coarse-grained beds, and the upper third of the unit is dechist red sitstone and mudstone
(Lemon, 1988). Red mudstone gradationally transitons into tlelyiog Trezona Formation.
The Enorama Shale is documented in this study in theorishgpa Hostel, Angorichina Station,
and Glass Gorge Road sections (Fig. 3

In the Enorama Shale, sity sand and current ripplenddioms in thin beds (330 cm)
are occasionaly present (Figs. 3,4). Some beds are shag Wittsgarallel lamination overlain
by small-scale hummocky bedding (Fig. 4B; Lemon, 1988). At Angamichiostel and Glass
Gorge, red sitstone and mudstone with sole marks are prasdnfiutes indicae paleocurrent
flow N-NW (Figs. 3, 4C). Other distinctive features include stmrped or scoured beds with
climbing ripples (Fig. 4D), and BCE Bouma divisions (Lemon, 1988)e bed with wave ripple
cross lamination was noted north of the Glass Gorge sdotality. Wave ripple features were
not noted in any other localties. An unusual metreesoadl sand lense was noted at Angorichina

Station.

Trezona Formation
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The contact between the Enorama Shale and the Trezomatéaris placed at the first
carbonate rich, poorly sorted intraclastic packstone and stiiméed in the succession (Fig.
3). Measured sections of the Trezona Formation at Buls &agmrichina Hostel, Glass Gorge,
and Angorichina Station are 90 to ~260 m thick (Fig. 3). Thezoha Formation is informally
divided into two members in ascending order: a siliciclastember (lower and upper) and a

carbonate member (Table 1), described below.

Siliciclastic member

Lower siliciclastic member

The lower siiciclastc member is a mixed unit of figeined siliciclastic and carbonate
sediment with a dominant siliciclastic component (Fig.T&ble 1). Facies are non-cyclicaly and
cyclcaly interbedded. Cycein this unit are particularly wel developed at the &laSorge
locality (idealized in Fig. 6). At the base of each cysdean erosion surface in calcareous
mudstone with local topographic high and low points (Figs 58)D,This erosion surface hap

to £ 1 metre of topographic variation in calcareous mudstoee aview meters lateraly (Figs 5-
A,D, 6). Topography on the erosion surface is difficult to wmmeasvith 2D exposures but
appears to roughly paralel the paleocurrent direction agned slope direction NNW (Fig.
3). The erosion surface is overgrown by elongate cuspatenastites and rare columnar
stromatolites (Fig. 5A, D), lateraly associated with poooltedd intraclast packstone (Figs 5-
A,D, 6). Stromatoltes occupy the topographic highs of the neagrosion surface, while
intraclastc packstone lithologies are generally found in the topograjoiics of the marine
erosion surface (Fig. 5D, 6). Stromatoltic laminae arelyficuspate (Fig. 5B, 6) and become

progressively more clay-rich toward the uppermost layers.

The stromatolte beds are in turn overlain by recesswelgtheredgray-green to red-brown clay
and mudstone (Fig. 5A, 6). Mudstone is generaly finely ewh at the base, becoming
progressively more resistant with interbedded sity andewurrippled fine-grained sand beds
upwards (Figs. 3, 6). Within the mudstone intervals, flutstscare preserved on the lower bed
surfaces of coarser sity to very fine-grained sand betls,paleocurrents generally oriented N-
NW (regional down-slope directed). Current ripples in coarser Bidlarly indicate dominant

paleofow N-NW. Purely siliciclastic lithologies are thesverlain by interbedded calcareous
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mudstone (often dolomitized or containing dolomitic nodules) and hpsorted intraclastic
packstone (where the top few cm of the bed is often dolomitibatticlastic packstone beds are
typically 10 to 40 cm thick with an erosional base (Figs. 5C6D,Intraclasts are typicaly 5
mm-25 mm in length, with a mixture of iron oxide and carbonitteldgies. Angular elongate-
platy intraclasts are generally poorly sorted with chaat@ngement of clasts (Fig. 5C). In rare
intraclast beds (generally not associated with stronespliimbricated and edgewise fabrics can
be capped by hummocky cross stratified fine-grained carbgnaikestone. Interbedded, poorly-
sorted elongate-platy intraclast packstone and calcareodstane beds are capped by an
erosion surface that starts the next cycle. The erosisface and undenyy ~10 cm of
stratigraphy may be dolomitized (Figs 5A, 6).

Upper siliciclastic member

The upper siiciclastic member is a mixed unit of finairged siliciclastic and carbonate
sediment with a dominant siliciclastc component (Fig. Table 1). The base of the upper
siiciclastic member is arbitrarily placed where thelowhg lithologies become common:
crossbedded fine-grained grainstone; crossbedded wellsottaedlastic packstone-grainstone;
wavy, flaser, and lenticular bedded mixed lthologies; aitstine-grained sandstone; and
columnar and domal stromatoltes without cuspate struciiifigs. 3, 7). Erosion surfaces and
dolomitzed beds rarely occur. Ooids are present, but rare. Well-sortetlastic packstone-
grainstone beds are dominated by rounded intraclasts9%20 rounded grains) (Fig. 7A).
Rounded platy, rod-like, and spherical intraclastic equidimesisigrains dominate, but there are
also many complex and irregular shaped grains with angdgular, internal cavities (Fig. 7A).
Spherical grains are commonly <1 mm to 1 cm in diametaty RInd rod-lke grains are
commonly <1lmm to 3 cm. Outsized irregular intraclastsugrdéo 7 c¢cm long. Intraclast beds tend
to be thick (40 cm to 2 m) and commonly contain cross-laminésieveraicm to ~30 cm thick
(Figs. 3, 7B). Most intraclasts consist of a mixture of iades, micrite, and calcite (Fig. 7A).
Micrite or blue-white marine cements commonly occupy itller-intraclast space. Intraclastic
packstone-grainstone and fine-grained grainstone can rhagtedrapes (Fig. 7C). Channelization
and bidirectional currents in intraclast beds are comman @. Wavy, flaser, and lenticular

bedding are common in some intervals (Fig. 7E).
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Cyclicty is also present in this unit (Fig. 7F). Dom&lig( 7D) and rarer cuspate
stromatolites directly overlie many lthology types: mudstorrosional surfaces in mudstone
(no hardground), crossbedded intraclast packstone-grainstone, oancbntinuous erosionally-
based crossbedded ooid packstone-grainstone (Fig. 3). Columnar dltesmedn also occur on
the margins of crossbedded, channelised intraclast packstnsteme beds. Where present,
cuspate stromatoltes are poorly developed when compared wath utiderlying lower
siliciclastic member. Similar to the underlying lowelicislastic unit, stromatoltes are overlain

by clay and mudstone.

Carbonate member

The carbonate member is a mixed unit of siliciclastd earbonate sediment dominated
by carbonate lthologies (Fig. 8; Table 1). The base of #inbooate member is arbitrarily placed
where carbonate strata become more prevalent, and mudstitse(faund in the siliciclastic
member) transition to more calcareous mudstone (up to 32% awpditreiss, 1987) (Figs. 3,
8A; Table 1). Compared with the siliciclastc member, erossurfaces are absent or less
pronounced, there are only rare instances of dolomitizedcasirfalCuspate stromatoltes are rare
(see few occurrences at Angorichina Station, Fig. 3).hAtktase of the carbonate membred-
gray calcareous mudstone is interbedded with low releimstolites, longitudinal stromatolites
(oriented N-NW), domal-columnar stromatolites, and intraclagtinstone (Fig. 3; Fig. 8A-C).
At the top of the carbonate member, this member becomesasimgle more massive and
carbonate dominated (Figs 3, 8ACalcareous mudstone can be desiccation-cracked (Fig. 8D).
Thick, resistant massive blue-brown limestone beds of domdl eolumnar stromatolite
bioherms can be up to 6 m thick (Fig. 8A). Ooltic grainstisneommon (Fig 8 E,F) and is often
associated with stromatolite bioherms (Fig. 3). Micritcdesocan have iron-oxide rich laminae.
Ooids can be small (<1mm) to very large (giant ooids up to 2Fagn 8F). The uppermost
resistant and thickest carbonate intervals of the TreEwmranation are ~280 m in thickness
(Bulls Gap, Angorichina Station: Fig. 3, Fig. 8A).

Cuspate stromatolite occurrence, morphology, and petrology

This article is protected by copyright. All rights reserved



279
280
281
282
283
284
285
286
287
288
289
290
2901
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

Cuspate stromatolite horizons are commonly deeelom cycles of the siiciclastic
member (Fig. 6). Biostromes of cuspate stromatolites in sycls are lateraly continuous and
can be traced for over 5 km. The stromatolte biostromes lkdlnd further, but the basin is
somewhat faulted with many offset beds and faulted #&ieryFig. 1). Elongate cuspate
stromatolites are found in all studied localties (Fig. 3)sfgate stromatoltes are best developed
at the base of the Trezona Formation in the lower lafitic member. Some cuspate intervals
are present in the upper siliciclastic member (Glasgg®oad, Buls Gap) and lower part of
the carbonate member (Angorichina Station, Fig. 3).

The cuspate stromatoltes typically grow on an irregelarsion surface and hardground.
In almost all cases, irregular erosion surfaces develop caleareous mudstone or mudstone
(Fig. 5A, 9A,B) and are associated with intraclast-richoliigies. Along erosional horizons,
stromatolites develop on areas of high topography and intacliisologies are found in
depressions on the erosional surface (Figs. 5D, 6). Lensetranfaistic debris are occasionally
found in stromatolte depressions (gutters) along the biostrdihe erosion surface is commonly
dolomitzed, and muliple erosion and dolomitization intervals sometimes noted. The contact
between the stromatolte and underlying substrate isp.shBlongate cuspate stromatoltes
(described in detail, belowgrade upwards into green or red-brown claystone and theriomeids
(Figs. 5A; 9 A,B). This upper contact is transitonal: taspate stromatolte laminae become
progressively more clay-rich before stromatolites are awells clay and mudstone (Fig. 6)

At the macroscale, the stromatolte biostromes are ~tabolairregular. The lower
surface is controlled by the irregular erosion surface the upper surface is flat lying to gently
domed and continuous (Fig. 5A). The biostromes crop out conspycamas are irregular along
strike (generaly 0.51 m thick, Fig. 9). Cuspate stromatoltes can be gently daahdte base
and be associated laterally with columnar stromatolteker@v present) at the base of the
biostrome (Fig. 6). Genty domed elongate cuspate stromatcodited rarer columnar
stromatolites can transition upwards to continuous flatter-lying stratifocuspate stromatolites.
Stromatolte growth is generaly directed upwards and pexdadito the underlying substrate.
In some cases, the associated columnar stromatoltes grew inclined manner departing from
vertical growth.

Stromatolites are elongate at all localities (>0.60 m ledg10 to 1 meter thick, ~0.10 to

~2 m wide; Fig. 9AC,G). In some localties, closely spaced cuspate stronmgmitodiesist of only
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one downslope elongate cuspate stromatolte over an erosiagesufhese types are bes
developed at Buls Gap, where cuspate stromatoltes hagelar domed macrostructure (~4 m
long, 50 cm thick, ~1m wide), with their long axis preferéntiariented NNW-SSE (SSE-
oriented tail and a bulbus head- oriented NNW with andvarage strike around 339n=11),
Fig. 9G). Here, the morphology of the stromatolte domal maoobtste conforms to the

underlying irregular erosion surface.

At the mesoscale, stromatoltes are gently convex tdifestra structures with stacked,
mmscale cuspate laminae. Moving upwards, laminae appearattenflas clay increases in
stromatolite laminae. In cross section view, cusp peaksvarealy algned, or slightly drift
asymmetricaly north (downslope; Fig. 5A and Fig. 9 E,F). Im plew, cuspate stromatolite
peaks form straight or slightly sinuous cuspate ridgestede perpendicular to the macroscale
elongation direction of domes (see also Preiss, 1987) (Fig. 9 CD,G)

At the microscale, three main types of laminae are piresehin section: L dark micritic
laminae forming cuspate ridges; 2) light micritic leamin with upward branching shrubby
microbial textures; and 3) styloltized red iron-oxide rigdminae (Fig. 10 AD). There are
distinct boundaries between all types of laminae. Darkitimicuspate laminae and light micritic
laminae form couplets (0-2 mm thick) (Fig. 10 AB). Styloltized dark red cuspate laminae are
generaly <0.2 mm in thickness and largely folow and aoce&t the original cuspate
lamination. Some stylolites also crosscut the originalnssdary lamination.

Dark micritic laminae form cuspate laminatons and aselenof homogeneous micrite,
with minor siliciclastic and disseminated iron-oxide matefFig. 10B). Upward tufted cuspate
ridges can have a relief greater than 0.5 mm and amliatinked by thinner, concave-up
laminae (Fig. 10 AC). Relef between the lowest and highest point along de siaguination is
generaly <lmm. Light micritic laminae with irregulampward branching shrubby microbial
textures (Fig. 10D) appear to thicken between and drape @vetatk micritic cuspate laminae
to fil available space (Fig. 10B,D). Shrubby microbial types db appear to construct the
cusps. Microspar fils the intergranular space aroundguiae upward branching microbial
textures (Fig. 10D). The cuspate laminae have a congaverd profie on each side of the
structure (Fig. 10B). Cuspate structures have low synopkef W>>H (Fig 10. AC). The

wavelength of the cusps generaly ranges from around 6.3on8mm. Cuspate features may be
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340 Inked vertically or can be disrupted by interstitial carbesaor styloltized red iron-oxide rich
341 laminae with no upward continuation. In gently convex daspstromatoltes, dark micritic
342 laminae are less cuspate and thin moving away frontoiheof the gently domed surface. Fine-
343 grained iron oxides are disseminated in both the lightitimidaminae and homogeneous dark
344 micritic laminae (Fig. 10). Stylolitized red iron-oxide riddminae concentrate very fine-grained
345 iron oxides and clay. Fenestrae are not present. Voidsnacenonon. Detrital grains like quartz
346 are uncommon near the cusp ridges and become more commary ra@ay from cuspate
347 structures near the edge of the stromatolite.

348

349 Process interpretation and depositional setting of the Enorama and Trezona formations

350 The Enorama Shalgs interpreted to represent depositon in a quiet, deep water
351 environment (Preiss, 1987). The Enorama Shale shalows upmntarduter ramp, middle ramp,
352 and upper ramp mixed carbonate-siliciclastic environmentéeofitezona Formation.

353 In the Enorama Shale, there are no mudcracks or indicatibrsubaerial exposure.
354 Sitstone beds with fute casts (Fig. 4C) and currgmplai cross lamination are present but
355 uncommon. These lithologies are likely deposited by diute, lomsitgteturbidity currents, which
356 suggests a distal location from sediment input source. Miharmp-based paralel sandstone beds
357 overlain by hummocky rippled beds are likely formed via osmlatand combined flow during
358 storm events (Dumas, et al., 2006).

359 The lower siiciclastc member of the Trezona Formatiofeble 1) has thick
360 accumulations of mudstone, sity beds with flute castsgamdus mudstone (with dolomitic
361 nodules), poorly-sorted platy-elongate intraclagtiackstone, and irregular erosion surfaces.
362 Thick accumulations of clay and mudstone are interpretagpesent deposition in a quiet, low
363 energy deep water environment (simiar to the undgrfgnorama Shale). Thin sitstone beds
364 with flute marks are interpreted as low density turbidifdsn beds of erosively-based elongate-
365 platy intraclast packstone lkely represent debris fows diepbsielow fair weather wave base
366 (Fig. 3). The platy-elongate and angular nature, chaot@gement of clasts, and poor sorting
367 of the intraclasts indicate they were not subjected tensie reworking, consistent with a mass
368 flow origin. Rare occurrences of intraclasts with botiricated and edgewise fabrics overlain
369 by hummocky rippled very fine-grained grainsterthought to require oscilatory and combined

370 fow—may indicate some intraclast beds are storm event beds bos dews reworked by
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storms (Myrow et al,, 2004). Elongate-platy intraclasts vikkedy sourced from a carbonate-rich
environment or marinecemented beds up dip and were redeposited down dip.

Laterally continuous irregular erosion surfaces predesbw stromatolte layers (Fig.
5D), with as much as 1m of relief at an outcrop scale,irteepreted as deep water erosion
surfaces. These may result from erosion during sedintamed conditons by deep water
bottom currents or debris fow events on the ramp. Simiale dongitudinal bedforms and small
furrows have been documented from deep water off the Bakauter Bank as a result of
erosion by strong bottom currents (Hollister et al., 1974). Ddowis or strong bottom currents
in deep water eroded down into partialy lthified sediment cteate the highly irregular
topography. Topographic lows of the marine erosion surface ileck iith intraclastic debris
during mass flow events, or later inflled by downslope partsof intraclastic debris (erosion
via flling of low areas may enhance topographic relief).

Dolomitized irregular erosion surfaces, dolomitized tops of samvaclastic packstone
beds, and dolomtized mudstone beds are interpreted as hardgregod@ted with sediment
starvation and authigenic dolomite precipitation, similarotoer deep water hiatal surfaces in the
Flinders Ranges (Wallace et al, 2019). Hardgrounds (hiatiakces) require long exposure to the
seafloor under high carbonate saturation in sediment edtamtervals, possibly linked with
anoxia in Cryogenian deep marine settings (Wallacal.et2019). Hardgrounds and associated
cuspate stromatolites are interpreted to record depostialeep water, low energy conditions
completely below fair weather and largely below storm whsse in an outer tonid ramp
setting (e.g., Burchette and Wright, 1992). Actual constraintsdepth are difficult to estimate
because there are many complexities in neritic and atosettings, and wave base is a function
of many factors such as wave height, fetch and period, esgdisize, storm intensity (e.g.,
Immenhauser, 2009; Plint, James, and Dalrymple, X(8spite uncertainty, in modern shallow
siliciclastic seas average fair weather wave basd @+ 5 m and storm wave base is ~ 20m 5
depth (Walker and Plint, 1992). We therefore place depositioneofotker siliciclastic member
in at least ~10s to a couple 10s of meters depth. Such depthsenmathe photic zone but in low
light. For example, at 20 m depth in clear coastal watre tis ~3% of surface irradiance (350
700 nm Jerlov, 1976).

The upper siiciclastc member (Table 1) has laminateddstone, domal-columnar

stromatolites, heterolthic bedding, rounded intraclast padksiainstone, and fine-grained
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grainstone. Spherical and rod-lke rounded intraclast packgtamstone and fine-grained
grainstone (Fig. 6 AB,C) have large-scale crossbedding. (Big Less commonly, these
lithologies have bidirectional crossbedding with mud drapeg. (BC). Wavy, flaser and
lenticular bedded mudstone-sandstone and limestone havélevaraleocurrent indicators (no
mudcracks) (Fig. 3; 6E). These higher energy lithologiggest parts of the upper siliciclastic
member were exposed to tidal, wave, and current reworking dhipvereather wave base in
subtidal conditions. Cycles with low and high energy lithelogare suggestive of deposition in a
mid to inner mixed siliciclastic-carbonate ramp setting.

The carbonate member (Table 1) has calcareous mudstonebpedadsd ooids,
grainstone, crossbedded rounded well-sorted intraclast grainstmad massive domal-columnar
stromatolte bioherms. The base of the carbonate menwir interbedded calcareous
mudstone and a variety of stromatolite types simiar to the upper siiciclastc member but
more carbonate-rich (Fig. 8A). Calcareous mudstone and shitendthologies may refiect low
energy deposttion in a carbonate ricitl to inner ramp setting. Moving upwards, the occurrence
of ooid grainstone suggests continuous agitation of sedimeshallow, high energy condtions.
Desiccation cracked calcareous mudstone beds are tida(Figts8D). The carbonate member
was influenced by tides and shallowed to intertidal conditionsare instances (similar lithology
to the overlying tidal Yaltpena Formation; Lemon, 1988). Masswmrossbedded ooids,
crossbedded rounded wel-sorted intraclast grainstone, andvamassialcolumnar stromatolite
bioherms may represent deposition in the inner ramp setpgesenting the culmination of the
Enorama-Trezona shallowing upwards succession.

Palaeogeographically, the Bulls Gap section (south) idy llkeated more proximal to
the shorelne than the Angorichina Hostel and Glass eGdrgalties (north). This interpretation
is based on the relative abundance of wave and current dppds lamination, more variable
paleocurrents, more common and thicker crossbedded iniacigrstinstone, and coarser
lithologies (Fig. 3; Bulls Gap Evidence of deepening towards the north is consistent thagh
basin geometry suggested in previous studies (Preiss, 1987etRalse2012).

Our interpretation of a mixed siiciclastic-carbonate pafor the Trezona Formation
differs from earler interpretatons o lagooratshallow marine system (Preiss et al, 1987;
Lemon, 1988) or an isolated lacustrine basin (Klaebe and KenB@d®). The restricted basin-

lacustrine interpretation of Klaebe and Kennedy (2019) issmpported by our data, as evidence
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for tidal currents during deposition of the Trezona Formatiaticates a direct marine
connection during deposition (Sztand, 1995). Preiss et al. (1987).esmoin (1988) noted the
low-energy nature of the stromatolte beds and suggestlgioanal (instead of deep water)
setting. No barrier facies were noted in this study, anduggest a deep water low energy origin

for the stromatolites is supported by all available data.

Basin redox chemistry

The Trezona Formation has a variety of iron exigh lthologies, and they are strongly
facies controled. These include finely disseminated lilemat deep water cuspate stromatolite
laminae, iron oxide rich intraclasts (up to 17% hematitejs® et al., 1987), and iron oxide rich
ooids. The ooids have alternating carbonate and iron ricghalanfFig. 8D). In all iron oxide rich
lithologies, iron exists as very fine-grained hematiéh no clear evidence for the replacement
of ferrous precursor minerals. Such lthologies, and theibng facies/component control,
suggest syn-sedimentary iron oxide precipitaton withén Tmezona Formation rather than later
diagenetic iron enrichment. Syn-sedimentary iron oxidé iihologies may provide clues to
basin redox conditions during deposition. Iron oxide rich lithadogiee present in all units of the
Trezona Formation (from deep water to shallow water), stmgieson oxidation in both
shallow and subtidal conditions. This is consistent with rotiddence for ferruginous ocean
conditons and fluctuating redox conditons in this Cryogeriasin (Hood and Wallace, 2014;
O’Connell et al, 2020) and elsewhere during the Cryogenian (Canfield, Poulton, Narbonne,
2007). We tentatively suggestchemocline largely situated in deep water around the oatep
setting. lron oxide rich ooids also suggest incursions of i@nmarine water (delivering

dissolved iron) into shallower environments of the basin.

Controls on cyclicity

The Trezona Formation is strongly cyclic (Fig. 7F). Thpesading packages appear to
reflect cyclic fuctuations in sediment delivery anddisent starvation. Such cyclic fluctuations
may be allogenic related to subsidence or regression+eaesm via eustatic or relative sea
level change linked with sediment supply (Goodwin and Anderd®85 others). Alternatively,
they may be autogenic and related to internal dynamitseofamp system, or some combination

of drivers.
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464 Within the Enorama-Trezona shallowing upwards successigoles are highly regular
465 (Fig. 7F), lateraly extensive, and are often traceable @rg distances (>5km along strike).
466 Therefore, allogenic regression-transgression and assbcétanges in sediment supply likely
467 play a role in depostion of cyclc packages. However, thene also be variabiity in
468 stratigraphic thickness and lithology between cyclesg. (R3), perhaps suggestve
469 combination of drivers.

470 In the Ilower siiciclastc member, data suggest thesien surface-hardground-
471 stromatolte assemblage represents a condensed intervakedihentation during maximum
472 transgression of each transgression-regression cydle @ There are no shallow water
473 lthologies or sedimentary structures associated withpates stromatoltes. Association of
474 cuspate stromatoltes with poorly-sorted platy intraclap@ckstone, marine erosion surfaces,
475 and numerous hardgrounds (Fig. ® suggestive of sediment-starved conditions, elevated
476 carbonate saturation, low energy (except for punctuated dédoms events), and prolonged
477 exposure of the seafloor prior to and during stromatolite growedhsistent with a deep water
478 origin. Carbonate saturation in this deep water seftiag be linked with anoxia or low oxygen
479 (Walace et al, 2019). Intraclastic packstdithologies are found in topographic lows on the
480 erosion surface and occasionaly as lenses in depreggigiters) along the cuspate biostrome.
481 This is unusual, as stromatolies associated with lmstsc are not typicaly associated with
482 subtidal stromatoltes (Kah et al, 2009). The association romatoltes with poorly-sorted
483 intraclastic packstone (large grain size) may seemfrsat glance, hard to reconcie with an
484 interpretation of stromatolte growth in deep water durireximum transgression. We suggest
485 enhanced carbonate production during relative sea leeel resuted in increased carbonate
486 sediment production and oversteepening of the ramp, resitingstabiity and intiation of
487 debris flows. This relationship has been demonstrated on madebonate platforms, where
488 enhanced carbonate production during relative sea legelndseases mass wasting (Droxler and
489 Schlager, 1985). Ina somewhat analogous ancient setting,isit postulated that intraclast
490 deposition resulted from widespread seafloor cementation anelhsed storm intensity during
491 transgression, and thrombolites formed during max tranggress the absence of turbidity
492 (Myrow et al, 2012). Some combination of factors is possible, Wwhestorms trigger mass
493 flows on an unstable, oversteepened ramp. Folowing a lafdges dew, deep water conditions

494 would be extremely sediment starved with conditions suitédrleuspate stromatolite growth.
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Transgression-regression cycles occur against a daaje-backdrop of relative sea level
fall during the Enorama-Trezona shalowing upward su@oes$Vhat was the driver of relative
sea level fuctuations? yB-sedimentary diapir movement has been suggested astiee relea
level control during depositon of the Trezona Formation (Leni®88; Klaebe and Kennedy,
2019). Syn-sedimentary diapir movement may have caused sanability in stratigraphic
thickness, relative depth, and lithology between sites. Analiiver may be eustatic changes in
sea level, linked with sediment supply. Cycles in coevedtss in the Yukon have been
interpreted as cyclic deepening and shalowing duringldbe up to the Marinoan glaciation
(Day et al, 2004). Given the Trezona cycles are highlylenegand do closely precede the
Marinoan glaciation, we speculate that the cycles beytied to eustatic fluctuations caused by
the buidup and decay of ice sheets in high latitude regimthis sense, the Trezona cycles may
record the beginnings of the global Marinoan glaciation.

Broadly, evidence for condensed stromatolite deposition duringmomaxtransgression
of cycle may suggest the need for careful consideratiod i|dependent evidence for
paleoenvironmental conditons when interpreting stromatolie ancient mixed siliciclastic-
carbonate setiys Carbonate-rich lthologies and stromatoltes are commaigrpreted as
shallow water intervals during cyclic sedimentation.sTimay not always appko mixed settings
or deep water cycles (Myrow et al., 2012; this study), eslyeconsideringcabonate saturation

at depth during the Precambrian (Wallace et al., 2019

Factors influencing the occurrence and morphology of cuspate stromatolites

The distinctive cuspate morphology of the stromatolites ef llhse of the siliciclastic
member (and their elongate macrostructure) is not typafalthe stromatolites from the
shallower-water carbonate member of the Trezona Formatim.emvironmental factors relating
to stromatolte occurrence and growth are largely intergreas the result of transgression-
regression cycles in deep water (discussed above). Strtangtolivth appears to be linked with
sediment starvation and associated elevated carbonatmti@atu Other controling factors
include a hard underlying substrate (hardground formatia@pogdraphy on irregular marine
erosion surfaces, and downslope-oriented currents.

Stromatolites are here interpreted as growing in sedis@rved conditions during

maximum transgression. A resumption of sediment supply i@iéase in clay delvery at the
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top of stromatolite biostromes eventualy leads to their s#enfFig. 6). Sediment fux also
appears to influence stromatoltes morphology at the meststeruscale. Overlying the erosion
surface, stromatoltes form elongate domes with cuspat@almMoving upwards, laminae
appear to flatten as clay increases in stromatoltendamiOther studies have simiarly noted a
flattening of stromatolte laminae corresponding with aased sediment flux (Mackey et al,
2017).

Based on the stromatolte morphology, carbonate composition, coddeas@e, and
association with hardgrounds, another factor that appeamsortvol stromatolte growth and
occurrence is elevated carbonate saturation. Although d¢betain some detrital material (iron
oxides and quartz), stromatoltes are dominantly composed dfemigth delicate cuspate and
upward branching shrubby microbial textures. The mic@mposition and preservation of
delicate microbial features is most consistent with tlicagbonate precipitation by stromatolite-
forming microbial communities. Carbonate saturation mayiiriked with low sediment flux and
anoxia in Precambrian deep water settings (Wallacealet2019), explaining why cuspate
stromatolites are best developed at the base of the s@itiepest water). The association of
stromatolites overlying hardgrounds may also suggest doitesa preferred to colonise hard
substrates. A hard substrate, however, may not be staciyssary as there are a few instances
of cuspate stromatolite growth on top of poorly cemented mudstomeg up-section.

Stromatolites colonised the topographic highs of the erosidaceuand are lateraly
associated with elongate-platy intraclastic packstone opographic lows. This may indicate
stromatolites preferred to grow in less turbulent conditidwth the underlying erosion surface
and downslope currents appear to have a control on the @ongadrphology. At Buls Gap,
stromatolite biohen domes are oriented ~NW, roughly paralelto both the downslope slep
direction and the predominant paleo-current direction (8)g. Their morphology with a S-SE
tail and a bulbous nose N-NW (downslope) (Fig. 9G) is alsqy licetrent controlled.

Individual cusps can be slightly asymmetrical leaningNW/, possibly caused by cuspate
growth structures drifting downslope under current flowraitt-sinuous ridges are oriented
perpendicular to stromatolte elongation (in plan view). Bseathe parallel-slightly sinuous
ridges are present on stromatoltes (precipitated carbamsigaad of detrital sediment), haee

high angle of repose, short wavelength, and are linkedingividual cusps, they are interpreted
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as growth structures. However, their paralelslghtiyais ridge growth morphology may be
somewhat influenced by microorganism interactivith currents.

At the microscale, the interaction of at least two diffier microorganism communities
(cuspate and upward branching shrubby lamina types) lia#rat the unusual morphology of
deep water cuspate stromagdit Low synoptic relief of cuspate ridges may be the result of
simiar growth rates for cuspate and upward branchingolsrlamina types. Shrubby microbes
commonly drape over cuspate ridges and thicken in the cotgr- space, fiing available
accommodation. Cuspate microorganisms must continuogslstablish on the stromatolite
surface, which may prevent them from gaining high synoptief. It is also possible that low
synoptic relief of cusps is a biological feature. The gedtbmed morphology (when not
controled by the underlying erosion surface) appears tectetfhickening and preferential
growth of microorganism types in the middle of the dome. Dackitimlaminae are less cuspate
and thin moving away from the top of the gently domed serfaherefore, upward branching
shrubby microbes do not have an elevated cuspate surfacetitwausly drape over at the edge

of the gently domed structure.

Comparison with other Precambrian cuspate stromatolites

Stromatoltes and fenestrate microbialtes with cuspate morphology have been
documented from several Archean and Proterozoic succesffisgs 11 Hoffman, 1974;
Beukes, 1987; Sumner, 1997; Flannery and Walter, 2012; Bartley, €204b; Kurucz and
Fralick, 2018). Simiar morphologies have been variously refetee as Thyssagetacean-type
stromatoltes (Vlasov, 1977, in Hofman and Masson, 1994), thesaunusatlites (Hofmann
and Masson, 1994), peak or peak-shaped stromatoltes (Jackson, 198&edomittrobialtes
(Flannery and Walter, 2012). In addition, cuspate stromatditese some simiarities with
coniform stromatolites and cuspate/tented fenestrate maititebi (Sumner 1997).

In the Mesoproterozoic Dismal Lakes Group, cuspate stropsatioitmed offshore in a
sediment-starved outer platiorm setting, with a minimurptiddor cuspate growth of 12 m, but
perhaps up to ~80 meters depth in low oxygen carbonate supeeshtsettings below wave
base (Bartley et al, 2015). Bartley et al. (2015) interpreted wrtical and horizontal
components as a result of the interplay of different miatatmmmunities, potentially driven by

light avaiabiity or variable redox conditions. Although tlenvironment of depositon and
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cuspate morphology is grossly simiar, strong vertical supp@yrite laminae, and substantial
primary void space are present in the Dismal Lakes suflemt(Bartley et al., 2015), unike the
Trezona cuspate stromatoliteR’s not clear if the Dismal Lakes Group cuspate stromatolites
have linked ridges on the top of the structure (Bartlegl.et2015, but see their Fig. 10). In the
Gamohaan and Frisco formations of the Campbelrand Subgroopth SAfrica, cuspate
fenestrate microbialtes have also been interpreted aw loéi deep subtidal origin (Sumner,
1997). These fenestrate microbialtes are characterized bgtike framework of fine, dark
carbonate laminae, cemented by fibrous calcite, which foacked true cuspate microstructures
(but lack iron oxide and paralel cusp ridges in plan view). Cuspate micrsabf the Pethei
Group are interbedded with turbidites and basin-slope faciesaen also interpreted as deep
water forms (Fig. 11B; Hoffman, 1974). Perhaps most simiarth®® Trezona Formation
stromatoltes are the elongated Boetsap-style giant aodisn mounds with red tufted
laminations in the Archean Campbelrand Subgroup (Beukes, ;1887 11C). Theircuspate
morphology is simiar, and the downslope elongation of domess@ smiar to the Trezona
Formation cuspate stromatoltes. The Boetsap cuspateustsiGilso appear to have Trezona-
style paralelslightly sinuous ridges (Alexander, 2020)e HBiongated mounds at Boetsap have
been interpreted as subtidal (Truswell and Eriksson, ;18&Bkes, 1987), bui’s not known
how deep. Simiar cuspate stromatoltes have also been foutite Neoproterozoic Callison
Lake Formation in the Yukon, Canada (Fig. 11D; Strauss €2@l5). They are associated with
low energy lthologies in likely deep water. Calison Lakermation cuspate stromatolites are
not associated with iron oxides.

Precambrian cuspate stromatoltes share a simiadadubigep water origin (Hoffman,
1974; Sumner, 2007; Bartley et al, 2015). In at least one cagatewromatoltes were also
interpreted as being formeeh carbonate supersaturated, sediment starved, and low oxygen
settings (Bartley et al, 2015). Other insights, such asroemental/'sedimentological setting,
redox setting (low oxygen, ferruginous, eujinilow light, carbonate supersaturated, etc were
not able to be gleaned from existing work on cuspate stramstolhe deep water origin of the
Trezona Formation cuspate stromatoltes and most othernitréma cuspate stromatolites may
suggest: 1) cuspate stromatoltes may be deep watertamdich supported by the associated
lithologies; and 2) there may be a link between the oeispadrphology and the biological,

physical, and chemical conditions of Precambrian deep watene settings.
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M odern cuspate microbialties

Modern cuspate forms include mineralised pinnacle cuspatetudied structures found
in Antarctic sub-glacial lakes (Parker et al., 1981; Surateal., 2016; Mackey et al., 2017),
unmineralzed forms in sabkha and salt marsh environmehtshe Laguna Figueroa, Baja
California, Mexico (Horodyski and Bloeser, 1977b), and cuspate amatsfin Shark Bay
(Awramik and Vanyo, 1986; Flannery and Walter, 2012). Some cudpatares, although
documented from different environments, share a continucsigymerged, low energy, low
turbulence, and low sedimentation setting (Horodyski and Blod$¥7; Parker et al., 1981
Mackey et al, 2017). These environmental variables ardarsitoi the Trezona Formation
cuspate stromatolites.

Despite some similarities, modern cuspate forms are nottramadogues for the deep
water cuspate stromatolites of the Trezona Formation. Mcel@mples tend to be characterized
by isolated tufts/cusps/pinnacles (Parker, 1981; Horodyski and eBlo&877; Sumner et al.,
2016) or cusps that have a reticulate, net-like geometanr@ly and Walter, 2012). Ridges in
microbial mats can be oriented perpendicular to tidal cerranthe Lyngbya mats of Shark Bay
(Awramik and Vanyo, 1986; their Fig. 2B). However, their mictastire is not simiar, as tufts
are non-laminar with grains and patchy micrite in théction (Jahnert and Collins, 2013). In
contrast to modern examples, in the Trezona Formation leawhated cusp (in cross section
view) makes up a straight or slightly sinuous ridge plan view) that is perpendicular to the
downslope elongation direction of the stromatolte and downslogetexdi currents (Fig. 9D).
To our knowledge, no simiar cuspate forms have been documéntéicte modern. This
difference in mat structure potentialy means that modefted forms may be only partialy
related or perhaps even completely unrelated to the Trdzoraation cuspate forms. Some
similarities in mat structure may not reflect a thaenology.

To our knowledge, no cuspate stromatolites simiar to the wuggematoltes of the
Trezona Formation have been documented after the Cryagéfianexample, Late Devonian
deep water stromatoltes hawe large variety of morphologies, bubo cuspate structures
(Playford, Hocking, Cockbain, 2009). It may be possible that cusiedp water forms are

linked to specific biological, chemical, and physical procegless light, low oxygen, carbonate
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648 supersaturated, and/or possibly fluctuating redox condition$}racambrian deep water settings
649 that did not persist after the Cryogenian.

650

651 Possible cuspate stromatolite metabolism

652 Deciphering the metabolism of ancient stromatolites is @nadilc, but some constraints
653 can be placed on the cuspate forms described here. Itikelyuthat the Trezona cuspate
654 microorganisms had sulphur-based metabolisms, as netthedsulpimerals (such as pyrite) nor
655 their weathered pseudomorphs are present in the cuspaisatsfte laminae. Whie there is
656 finely disseminated hematite in the stromatolte laeing is unlikely that the Trezona cuspate
657 forms were constructed by chemotropic iron-oxidizing microasgan The apices of some
658 cusps do show high concentrations of iron oxide (Fig 10A,C). Menveron oxide is not
659 generaly concentrated in specific lamina typas,would be expected for microbially-mediated
660 iron precipitaton (Planavsky et al., 2009). Finely disseminatesinatite is also present
661 throughout the Trezona Formation and is not restricted doctispate stromatoltes. There are
662 also no iron oxides associated with simiar deep water eugpaimatolites in the Callison Lake
663 Formation (Fig. 11D). Therefore, there is litle evidenoestipport a dominant role for iron-
664 oxidizing microbes in the formation of cuspate stromatolites.

665 Cuspate stromatoltes in the Trezona Formation grew ip deater settings, perhaps
666 suggestive ofa microbial metabolism that could persist in low light sgtiror may have even
667 been independent of photosynthesis. The mesoscale structufeezoina cuspate stromatolites
668 have a gently domed convex morphology. This morphology is commibkied with a
669 phototrophic growth response, which may be suggestive ofigbtvdependence (e.g., Awramik
670 and Vanyo, 1986; however, see Petryshyn and Corsetti, 2011).

671 Cuspate stromatolites appear to span the rock record fromrieat through to the
672 Cryogenian mid Neoproterozoic. Cuspate stromatoltes are eeérmirafter the Cryogenian. This
673 may reflect a relationship with anoxigheir disappearance perhaps related to Neoproterozoic
674 oxygenation. Some research indicates that the EdiacaearNEoproterozoic is characterized by
675 increasing levels of oxygenation (Fike et al, 2006 and modimgrs). Cuspate stromatolites may
676 have required a very specific set of conditions such asnabination of low light (as their deep-
677 water occurrence would suggest) and anoxia. After thedgénjan, the oxic/anoxic chemocline

678 may have been too deep to support both low light and anoxiae Hieiececological niche may
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have been completely removed from the Earth &rerona-style cuspate stromatoltes became

extinct.

CONCLUSIONS

Unusual cuspate stromatolites in the Trezona Formateningerpreted as forming during
maximum transgression as condensed sections in deep satiags. Stromatolte occurrence
and morphology is related to cyclic processes on the méhie (Bansgression-regression and
associated sediment supply, debris flows), chemical process#sorfate supersaturation and
low oxygen), hardground formation, sediment starvation/iltic influx, topography on
irregular marine erosion surfaces, and downslope orientaeéntsy Cuspate stromatolites growth
during maximum transgression in deep water cyclesestgghe need for careful evaluaton and
independent evidence of paleoenvironmental conditions \(edlatdeep versus shalow) when
interpreting mixed silciclastic-carbonate cyclic seditadion. The deep water origin for the
Trezona Formation cuspate stromatoltes and other Precambuspate stromatolites may
suggest: 1) cuspate stromatoltes are deep water indicéitagpported by the associated
ithologies; and, 2) there may be a lnk between the ¢misp@rphology and the biological,
physical, and chemical conditions of Precambrian deep madtings. After the Cryogenian,
the chemocline may have been too deep to support both lowalightlow oxygen cuspate

forming microbial metabolisms.
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FIGURE CAPTIONS

Figure 1. Geological map of Neoproterozoic strata near Blinman, Central Flinders Ranges, South
Australia. Modified from the Parachiha Region geological map (compiled by Reid and Preiss,
1999).

Figure 2. Generalized stratigraphy of the Neoproterozoic Umberatana Group in the central
Flinders Ranges, South Australia. Modified from Preiss et al., 1987.

Figure 3. Measured sections and interpreted correlations (note: faulting does not allow for
precise correlation, see Fig. 1). Note relative abundance of carbonate facies in the south at Bulls
Gap (left), and increase in mudstone in the northern sections, Angorichina and Glass Gorge
(right). Measured section localities (Bulls Gap, Angorichina Hostel, Angorichina Station, and
Glass Gorge Road) are shown in Fig. 1.
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Figure 4. Field photos of the Enorama Shale. A. Red mudstone with thin silty beds transitioning
upwards into the Trezona Formation. Angorichina Hostel. B. Mudstone interbedded with sharp-
based sands with hummocky cross stratification; a potential storm event bed, Angorichina
Hostel. C. Flute casts from the underside of silty beds of the Enorama Shale, Glass Gorge.
Paleocurrents (when in place) are oriented north. D. Scoured bed with climbing ripples, possibly
a sandy turbidite, Angorichina Hostel

Figure 5. Field photographs of the lower siliciclastic member, Trezona Formation. A. Mudstone
at base transitions upwards to poorly sorted intraclastic packstone, calcareous mudstone,
hardgrounds (arrow), an irregular erosion surface, and then a resistant deep water stromatolite
horizon. Stromatolites are overlain by mudstone. B. Cross section view of cuspate stromatolites,
Angorichina Hostel C. Elongate poorly-sorted intraclastic packstone with an erosional base. Note
possible hardground at top of bed, Angorichina Hostel. D. Irregular erosion surface overlain by
poorly-sorted ntraclastic packstone (in topographic lows, arrow a) and cuspate stromatolites
(topographic highs, arrow c). Note truncation of red mudstone beds by the erosion surface (arrow
b), Angorichina Hostel

Figure 6. Idealized deep water cycle in the lower siliciclastic member. Transgression, regression,
and relative sea level change do not suppose a driving mechanism (e.g., subsidence, eustacy,

sediment supply).

Figure 7. Field photographs of the upper siliciclastic member, Trezona Formation. A. Iron-rich
rounded and elongate intraclasts, Angorichina Station. B. Bidirectional crossbedding in ntraclast
grainstone, Emu Gap. C. Crossbedded fine-grained grainstone with mud-drapes. Note wavy,
flaser, and lenticular bedding at the base of the crossbedded grainstone, Angorichina Hostel D.
Domal stromatolites in plan view, Glass Gorge. D. Wavy, flaser and lenticular bedding,
Angorichina Hostel. E. Regular cyclicity in the siliciclastic member, north of Bulls Gap.

Figure 8. Upper carbonate member of the Trezona Formation. A. Contact between the

siliciclastic member and the carbonate member (arrow). Note change in vegetation at the contact.
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Fine-grained carbonate at base of the carbonate member grades up into massive carbonate beds
at the top of the Trezona Formation. B. Rounded intraclastic grainstone bed overlain by
columnar stromatolites. C. Longitudinal stromatolites oriented N-NW, Buls Gap. D.
Desiccation-cracked red calcareous mudstone, Bulls Gap. E. Blue ooltic grainstone,
Angorichina Station. F. Thin section photomicrograph of iron-rich giant ooids, Bulls Gap. Note

alternating iron-rich laminae (red) and micritic laminae (grey).

Figure 9. Cuspate stromatolites in the Trezona Formation. A—B. Deep-water cuspate stromatolite
horizons overlying an erosion surface, Angorichina Hostel. (north to the right of the immages).
Arrow in B points to intraclasts in topographic lows of the erosion surface. C. Macrostructure of
elongate cuspate stromatolite domes i plan view, Emu Gap. Note cusp ridge lnes oriented
perpendicular to elongation direction. D. Plan view of cuspate ridges on stromatolite dome
oriented perpendicular to paleo downslope direction. E. Cross section of cuspate stromatolite
laminae with stacked cusp peaks drifting to the north (right). F. Line drawing of cuspate
stromatolites. G. Field sketch and interpretation of cuspate stromatolites at Bulls Gap.

Figure 10. Thin section photo-micrographs of cuspate stromatolite microstructure. A.
Interlaminated dark micritic carbonate, light micritic carbonate, and styloltized dark red
lammnae. B. Dark micritic cuspate lamina (arrow). Note fine gramed dissemmnated hematite. C.
Interlaminated dark micritic and light micritic carbonate, and stylolitized dark red laminae. D.
Upward branching shrubby micritic microbial textures (arrow). Inter-microbial space is filled

with microspar.

Figure 11. A comparison of some Precambrian cuspate stromatolites and microbialites. A.
Cuspate stromatolites from the Cryogenian Umberatana Group, Trezona Formation. B. Cuspate
stromatolites from slope facies of the Paleoproterozoic Pethei Group. C. Cuspate stromatolites
from the Archean Campbellrand Subgroup, Gamohaan Formation, coin is 16 mm diameter. D.

Cuspate stromatolites from the Neoproterozoic Mount Harper Group, Callison Lake Formation.
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Table 1. Lithology and

Interpretation

Environmental
Formation Member Lithology/Facies Process Interpretation

Interpretation
Enorama Mudstone, rare silty-sandy beds with flute casts, Low energy deposition with rare turbidites and storm  Deep water basinal to
Shale rare sharp bedded silty-sandy beds with parallel beds. outer ramp. Below

lamination overlain by hummocky rippled beds fwwb, some intervals

above swb
Trezona siliciclastic ~ lower  Calcareous mudstone Sediment starved low energy deposition. outer ramp
Formation member HardgroundsAuthigenic precipitation ofdolomite on

the seafloor (Wallace et al., 2019)

Erosively-based, poorly sorted platy intraclastic Debris flow outer ramp

packstone with chaotic arrangement ofclasts.

Can be capped with hardground.

Erosion surfaces. Often capped by hardground. Marine erosion, possibly associated withdebrisflows  outer ramp
on ramp and/or strong erosional currents. Associated
with extreme sediment starvation.

Elongate cuspate stromatolites Sediment starved, deep water microbial carbonate outer ramp (where best
deposition. Condensed deposition. Maximum developed)
transgression

Mudstone Deep water low energy suspensionsettling mid-outer ramp

Mudstone and siltstone with flute casts, Turbidites, stormevent beds(?) mid-outer ramp

unidirectional and climbing ripples

Erosively-based, poorly-moderately sorted platy Storm event bed or stormreworking ofdebris flow mid ramp

intraclastic packstone with edgewise and

imbricated fabrics. Can be capped with a

hummocky fine-grained grainstone. Rare.

upper  Domal, columnar, and elongate cuspate Microbial carbonate deposition duringintervals of mid ramp
stromatolites sediment starvation

Rare erosion surfaces. Not capped with Marine erosion via strong currents, and/or mass mid ramp

hardground. wasting on ramp

Mudstone Low energy suspensionsettling mid-inner ramp

Rounded, crossbedded intraclastic packstone- Wave and tide-worked bedforms. Some tidal bars, inner ramp, tidal

grainstone and fine-grained grainstone. Mud- tidal channels. Shallow water equivalents ofdebris channels possibly mid-

drapes, bidirectional paleocurrents, some flows ofshore(?). Subtidal inner ramp(?)

channelization.

Wavy, flaser, and lenticular heterolithic bedding Reworking and deposition by tidal currents. Subtid inner ramp

(mud to v.fg. sand mixed lithologies)

carbonate Calcareous mudstone Low energy suspensionsettling mid-inner ramp(?)
member (similar environment to

This article is protected by copyright. All rights reserved

upper siliciclastic

member but more



Low relief, longitudinal, and columnar
stromatolites. Very rare elongate cuspate

stromatolites

Rounded and well-sorted intraclastic grainstone

Ooid grainstone. Giantooids. Giantooids with

iron oxide rich laminae.

Domal and columnar stromatolite bioherms

Microbial carbonate deposition duringintervals of

sediment starvation

Wave-worked intraclasts

Continuous agitation ofsediment in shallow, high
energy conditions. Extremely high carbonate
supersaturation (giant ooids). Fluctuating redox

conditions (micrite and iron oxide rich laminae)

Shallow marine microbial carbonate deposition
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carbonate rich)
mid-inner ramp(?)
(similar environment to
upper siliciclastic
member but more

carbonate rich)

inner ramp

inner ramp

inner ramp
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