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ABSTRACT: Stromatolite and thrombolite are two major categories of microbial carbonate distinguished by
macrofabric: laminated in stromatolite and clotted in thrombolite. Since these categories are defined at hand-
specimen scale, their distinction is inherently resolution-dependent. Restudy of Aitken’s (1967) typical
thrombolite, from the Cambrian of Canada, shows that—in thin section—the individual microbial carbonate clots
are delicately laminated. Cambrian thrombolites with similar indistinctly laminated clots exist in China and the
USA. Similar, but generally larger and distinctly laminated, ministromatolites (small stromatolites, # 20 mm
wide) are common in the Proterozoic. They appear to be generally scarce in the Phanerozoic but occur locally in
Holocene freshwater streams and lakes. Clots in present-day near-sea domes and columns at Lake Clifton,
Australia, widely regarded as thrombolite analogs and formed by calcified cyanobacterial colonies, closely
resemble Aitken’s Cambrian example; their initial lamination can be obliterated during early diagenesis. These
observations emphasize that the distinction between thrombolite and stromatolite is based on human perception
at hand-specimen scale. We propose that fluctuating decline in marine microbial calcification during the
Proterozoic–Phanerozoic transformed distinctly laminated ministromatolites into smaller forms whose lamination
is too delicate to be seen by the naked eye—ministromatolite “ghosts”—and that these form the clots in Aitken’s
typical Cambrian thrombolite. Proterozoic ministromatolites, Cambrian thrombolites, and their present-day
nonmarine analogs, reflect an ~ 2.5 Gyr history of fluctuating marine calcification in microbial, most likely
cyanobacterial, colonies.

INTRODUCTION

Microbial carbonates—limestones and dolostones formed by bacteria,

small algae, and other microorganisms (Riding 2000; Grey and Awramik

2020; Shapiro and Wilmeth 2020)—are diverse, widespread, and locally

common in marine and nonmarine sediments. Their extraordinarily long

geological record extends from the Early Archean (Walter 1983; Schopf

2006; Wilmeth 2026), through Proterozoic abundance (Awramik 1971;

Walter et al. 1992), to episodic decline in the Phanerozoic (Kennard and

James 1986; Kiessling 2002, their fig. 16; Peters et al. 2017). Present day

examples are locally well-documented in restricted shallow-marine and

near-sea environments, such as Andros Island (Black 1933) and Lee

Stocking Island (Dill et al. 1986) in the Bahamas, the Florida Keys and

Florida Bay (Ginsburg and Lowenstam 1958) in the USA, and at Shark

Bay (Logan 1961; Logan et al. 1974; Playford and Cockbain 1976; Reid

et al. 2003) and Lake Clifton (Moore 1993) in Western Australia.

Macrofabrics and microfabrics of microbial carbonates are varied and

often complex. They can also be intimately associated with abiotic and

biocontrolled carbonates to form hybrid carbonates (Riding 2008; Riding

and Virgone 2020). Despite their variety and complexity, microbial

carbonates are conventionally simply categorized according to their fabric,

as perceived by the unaided human eye (Riding 2000; Shapiro 2000; Grey

and Awramik 2020; Shapiro and Wilmeth 2020). Common categories

include laminated (stromatolite; Kalkowsky 1908), clotted (thrombolite;

Aitken 1966, 1967), structureless–aphanitic (leiolite; Braga et al. 1995),

and dendritic (dendrolite; Riding 2000). Of these, stromatolite and

thrombolite are the most widely recognized, and have been regarded as

distinct types of microbial carbonate, with contrasting origins and

differing, although overlapping, histories (Kennard and James 1986).

However, they can intimately exist together in complex composite micro-

and macrofabrics: “Certain microbial carbonate types are closely related

and therefore may show intergradation. This is particularly true of: 1)

skeletal stromatolites and travertine, 2) skeletal stromatolites and

dendrolites, 3) skeletal stromatolites and tufa stromatolites, 4) dendrolites

and thrombolite, and 5) tufa stromatolites and travertine” (Riding 1991).

Stromatolite–thrombolite intergradation has been observed in classic

present-day examples of microbial columns at Shark Bay in which

macroscale lamination can become indistinct or disappear (Logan 1961;

Logan et al. 1974; Jahnert and Collins 2011), and in the Bahamas

(Mobberley et al. 2015). Overall, therefore, microbial carbonates comprise

diverse macroscale and microscale fabrics produced by a wide variety of

organic and inorganic processes that likely have fluctuated considerably

over geological time scales.

Whereas Kalkowsky’s (1908) examples of stromatolite in the Lower

Triassic of Germany are well documented (Paul and Peryt 2000; Paul et al.

2011; Käsbohrer and Kuss 2021), the composition and fabrics of the Late
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Cambrian specimens in Alberta, Canada that Aitken (1966, 1967) used to

define thrombolite have remained less well understood. Aitken (1967)

characterized thrombolites as “cryptalgal structures related to stromatolites,
but lacking lamination and characterized by a macroscopic clotted fabric.”
Yet he also observed that “Thrombolites intergrade with stromatolites of

compound digitate-domal type as the individual cryptalgal ‘clots’ become
distinctly laminated, elongate upward and more or less regularly arranged”
(Aitken 1967, p. 1171). This key observation has been widely overlooked.

Here we re-examine a typical example of Aitken’s thrombolite from the

Cambrian of Canada provided by Jim Aitken. We illustrate the

characteristic macroscopic clotted fabric and show that the individual clots

are formed by mm-scale columns that can be seen to be delicately

laminated in thin section. We demonstrate that whether they are regarded

as small stromatolites or as clots depends on the scale of observation. The

clots in Aitken’s typical thrombolite are macroscopically nonlaminated,

but they show lamination when magnified. This does not negate the classic

definition of thrombolite, because this lamination is not clearly visible

to the unaided human eye. Nonetheless, this recognition shows that

laminated and clotted macrofabrics may intergrade, and it aligns with

Aitken’s (1967, p. 1163) emphasis that stromatolite and thrombolite are

fundamentally field-based terms.

We further explore the relationship between ministromatolites and

thrombolite clots by comparing Aitken’s (1967) classic thrombolite with

similar Cambrian examples from China (Lee et al. 2016) and the USA

(Lee and Riding 2023). This shows that the individual clots in these

Cambrian thrombolites often have microscale lamination. In addition, we

compare these Cambrian fabrics with Proterozoic ministromatolites

(Hofmann and Jackson 1987) and also with Holocene fabrics at Lake

Clifton, Australia, widely regarded as present-day thrombolite analogs

(Moore 1993; Grey and Awramik 2020). These observations provide

unexpected new insights into the formation and development of these

microbial carbonates over the past ~ 2.5 Gyr.

CAMBRIAN MINISTROMATOLITE–THROMBOLITE

Aitken’s (1967) Cambrian Thrombolite

Aitken’s illustrations of Upper Cambrian (Furongian) specimens in and

near Jasper and Banff National Parks in the Rocky Mountains of western

Canada include: i) several outcrops, ii) thrombolite fabric in a cut slab

from the Bison Creek Formation at Badger Pass, and iii) a thin section

from the Sullivan Formation at Mount Tershishner (Aitken 1967).

On 16 November 1988, Jim Aitken sent RR “a slice of what could be

regarded as the type thrombolite. It is a slice of the specimen illustrated

as Fig. 11 of my 1967 paper recognizing thrombolites.” This specimen is

therefore directly linked to this key illustration: “Detail of a thrombolite

from the Bison Creek Formation, Badger Pass, Alberta. Several of the

cryptalgal ‘clots’ (darker grey) have indistinct hemispheroidal laminations.
The pimples on the upper surface of the body are supported by the

cryptalgal ‘clots’” (Aitken 1967). Aitken’s specimen remained in RR’s
collection until it was polished and thin-sectioned in 2023 (Fig. 1). Badger

Pass, ~ 20 km east of Lake Louise village, Alberta, is situated in the Front

Ranges of the Rocky Mountains (Aitken 1967). At this location, the Bison

Creek Formation consists of lime mudstone, calcisiltite, bioclastic–oolitic

packstone–grainstone, flat-pebble conglomerate, and thrombolite and

stromatolite mounds, deposited on a shallow-marine storm-dominated

shelf (Westrop 1989). The formation is ~ 200 m thick in this area, and

Jiangshanian (Late Cambrian) in age based on trilobites (Westrop 1989).

Aitken’s thrombolite consists of clots ranging from 2–10 mm in width

and 5–15 mm in height (Fig. 1A). They show delicate lamination in thin

section (Fig. 1B) and have micritic to micropeloidal microfabrics, locally

obscured by dolomite overgrowth. The microscopic lamination is convex-

up (Fig. 1C, D) and the matrix is partially dolomitized, microscopically

bioturbated bioclastic wackestone. Aitken (1967) wrote: “The microfabric
of thrombolites consists of centimeter-sized patches or clots of

microcrystalline limestone (grain-size 8–20 microns) with rare clastic

particles, in part indistinctly concentrically laminated, separated by

spaces filled either with sparry calcite or silt- and sand-sized sediment.

Prostrate and inverted clots, as judged by indistinct growth-lamination,

are common. This primary clotted fabric is accentuated by patchy

recrystallization, and locally, by dolomitization.” In thin section, therefore,

Aitken’s thrombolite consists of faintly laminated columns, mostly #

1.5 cm in size, in fine-grained matrix (Fig. 1). It is important to note that

this lamination is not obvious to the naked eye.

Cambrian Ministromatolite–Thrombolite: China and the USA

We compare Aitken’s thrombolite with Middle Cambrian examples in

the Subeigou section, 5 km east of Wuhai, Inner Mongolia, northwest

China (Lee et al. 2016). These well-preserved examples occur in the lower

Zhangxia Formation; trilobite biostratigraphy indicates an early Changhian

(early Drumian) age (Lee et al. 2016). The associated succession is dominated

by thin-bedded limestone–shale alternations (ribbon rock) deposited in

subtidal environments. Flat-pebble conglomerate partly erodes and overlies the

mound. The thrombolite forms a small, 60-cm-thick mound composed of

millimetric, bulbous to columnar clots in fine-grained matrix (Fig. 2A).

Clotted fabric consists of elongate clusters, up to 2 mm wide and ~ 1 cm

high, that are erect or inclined, laterally aligned (Fig. 2B–D), and locally create

an interconnected thrombolitic framework (Fig. 2B). These closely resemble

the fabric of Aitken’s example. In thin-section each clot consists of ~ 100-

lm-thick micritic to microclotted, convex-up layers, and this lamination is not,
or is only barely, visible to the unaided eye (Fig. 2B, C). The inter-clot

sediment is locally microscopically bioturbated lime mudstone.

Similar clots, with microscopic lamination, create thrombolitic fabric in

cones and rimmed columns of Late Cambrian (late Jiangshanian; ca. 493–

490 Ma) age in Texas, USA (Lee and Riding 2023, their figs. 5, 20). They

occur in thin (# 60 cm) biostromes of the Point Peak Member, Wilberns

Formation, and were deposited in a shallow-marine environment. The

clots, which locally can be recognized as ministromatolites, form two

distinct macrostructures: i) drum-shaped columns with laminated rims and

dendrolitic interiors and ii) steep-sided stromatolitic cones. Both structures

consist almost exclusively of densely packed, faintly laminated columns a

few millimeters wide. Mutual alignment of the very small columns

produces macroscopically laminated stromatolitic fabrics in both cones

and rims, whereas stubbly branched clusters of mini-columns surrounded

by grainy matrix within the large column interiors generate a dendrolitic

fabric that appears thrombolitic in plan view (Lee and Riding 2023, their

fig. 4h). Despite this textural complexity, millimetric clots remain the

single dominant builder, and their delicate lamination is generally

inconspicuous at hand-specimen scale.

PROTEROZOIC MINISTROMATOLITES

Summary of Proterozoic Ministromatolites

To place Cambrian thrombolitic clots that grade into ministromatolites

in a broader and much longer-term context, we briefly review their

Proterozoic record. Small stromatolites, # 2 cm in width, have long been

widely reported as components of domes and biostromes in the

Paleoproterozoic and Mesoproterozoic of North America, the Baltic

Shield, China (see Hofmann and Davidson 1998, and references therein),

and Australia (Grey 1984, her fig. 8) (Table 1; Fig. 3). A notable feature of

many Paleoproterozoic–Mesoproterozoic examples is that their lamination

is well defined and macroscopically conspicuous (Fig. 3) and is commonly

accentuated by precipitated crystal layers (Grotzinger and Read 1983;

Hofmann and Jackson 1987). Early studies in North America regarded
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them as essentially organic structures; they were interpreted as algal in

the Huronian of Minnesota (Grout and Broderick 1919, their fig. 3), and

often given Linnean names: e.g., Collenia kona (Twenhofel 1919),

Hadrophycus immanis (Fenton and Fenton 1939). Subsequently, this

approach was followed in Russia, e.g., Segosia columnaris (Butin 1966;

Makarikhin and Kononova 1983), Microstylus perplexus (Komar 1966,

p. 78), Collumnaefacta asymmetrica (Krylov and Perttunen 1978, p. 96),

Djulmekella djulmekensis (Makarikhin and Kononova 1983), Omachtenia

kintsiensis (Makarikhin and Kononova 1983), and in China, e.g.,

Pseudogymnosolen (Cao and Liang 1974; Cao and Yuan 2006) in the ~ 1.5

Ga Wumishan Formation.

In the ~ 2 Ga Denault Formation, eastern Canada, Donaldson (1963,

p. 7, his pls. 4, 5) described small stromatolites a few centimeters in height

and a few millimeters wide as “digitate stromatolites” forming “discrete
cylindrical columns which commonly branch upwards into parallel

columns of lesser diameter.” He postulated an “algal origin” for them

(Donaldson 1963, p. 23) and, in his table 1, compared them with

Gymnosolen, described by Steinmann (1911). Hoffman (1975, p. 262, his

fig. 30-12) described similar stromatolites in cherty dolomite of the

Rocknest Formation (~ 1.89 Ga), northern Canada, as: “tiny arborescent
stromatolites that resemble structures in modern algal tufa. Where

silicified, microscopic filament molds are preserved in the stromatolites.”
He suggested that they formed in “brackish algal marshes, such as those

in the Bahamas.” This interpretation was revised by Grotzinger and

Hoffman (1983) who termed them “microdigitate” stromatolites and

proposed that they “most likely formed by the direct precipitation

(biologically influenced?) of aragonite to form lithified crusts on tidal

flats, under semiarid climatic conditions.” Semikhatov (1978) named

these ~ 1.9 Ga Rocknest specimens, together with those described by

Donaldson (1963), Asperia.

As a group, very small digitate stromatolites have variously been described

as Microstromatiti (Raaben 1980), “microdigitate stromatolites” (Grotzinger
and Hoffman 1983, their fig. 10.4b), Pseudogymnosolenidae (Liang et al.

1983) and Pseudogymnosolenaceae (Liang et al. 1984), and “asperiform”
(Grey and Thorne 1985). Their perceived changes through time have been

applied in stratigraphy (Grey 1984, her fig. 8). Medvedev et al. (2005, p. 49,

BA

2 cm 2 cm

C D

5 mm5 mm

C D

FIG. 1.—Aitken’s (1967) thrombolite, Bison Creek Formation (Jiangshanian, Furongian), Badger Pass, Alberta, Canada. A) Slab and B) thin-section equivalent, showing

pale gray clots in fine-grained matrix. C, D) Photomicrographs showing that the clots are delicately laminated, although this is not obvious to the naked eye in the hand

specimen.
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their pl. 1) described and illustrated small Proterozoic stromatolites

(Djulmekella) from Karelia, the Kona Dolomite (Michigan), and the Nash

Formation (Wyoming). Following Hofmann and Jackson (1987), we refer to

these small stromatolites# 2 mm wide as ministromatolites.

Although many of the ministromatolite accumulations cited above are

essentially biostromal, domes and bioherms also occur. In the Kona

Dolomite (~ 2.17 Ga) of Michigan, Twenhofel (1919, p. 346) gave the

name Collenia kona to large domes formed by amalgamated columns

which, in turn, consist of small pseudocolumns (Ramsay et al. 2025, their

fig. 2). In the Watterson Formation (Northwest Territories, Canada)

(Hofmann and Davidson 1998), and the Nash Formation, Wyoming, USA

(Blackwelder 1926; Fenton and Fenton 1939; Knight and Keefer 1966;

Knight 1968), ministromatolite pseudocolumns locally form large domes

(see Hofmann and Davidson 1998, p. 282–285 for further details).

Paleoproterozoic examples can commonly reach 70–100 mm in height

(Table 1). In contrast, although quite rarely reported and notably smaller

(12–30 mm in height) than Paleoproterozoic–Mesoproterozoic examples,

ministromatolites are also present in the Neoproterozoic, e.g., ~ 0.89 Ga,

Canada (Turner et al. 2000, their figs 10c, 16f ), ~ 0.64 Ga, Australia

(Grey and Awramik 2020, their fig. 83a), and ~ 0.55 Ga, China (Zhang

et al. 2021) (Table 1). Published illustrations of these Neoproterozoic

examples generally show less well-defined lamination than their

Paleoproterozoic and Mesoproterozoic counterparts.

Biogenicity

Ministromatolites were initially regarded as essentially organic and given

taxonomic names (see above), but their formation has been debated. Noting

filament molds in Rocknest examples, Hoffman (1975, p. 262) compared

them with “modern algal tufa” in very shallow-water tidal-flat environments,

such as the supratidal marsh on present-day Andros Island described by Shinn

et al. (1969, their fig. 12). Grotzinger and Hoffman (1983, p. 91) amended

this comparison and suggested that ministromatolite precipitation occurred

under arid rather than humid conditions. In addition, the presence of thin

precipitated laminae in many ministromatolites led Grotzinger and Read

(1983) and Hofmann and Jackson (1987) to question their biogenicity. These

locally prominent crystal layers (Donaldson 1963, pl. 5) could well be largely

abiogenic (Hofmann and Jackson 1987). Grotzinger and Kasting (1993, their

fig. 2) equated Archean and Proterozoic microdigitate stromatolites with

“tidal-flat marine cement crusts.” As a result, ministromatolites often came to

be regarded as essentially abiogenic products of seafloor precipitation (e.g.,

Grotzinger and Knoll 1999).

Nonetheless, this does not exclude their co-existence with microbial

mats, and rather suggests hybrid carbonate formation (Riding 2008;

Riding and Virgone 2020). Hofmann and Jackson (1987, p. 963, their

figs. 2c, 3) recognized that inorganic and organic components appear to

alternate in ministromatolites, and that “precipitation may have been

within, or on, microbial mats.” More recent studies have identified

microfossils and remains of extracellular polymeric substances, especially

B

D

BA

C

2 mm5 mm

C

50 cm

FIG. 2.—A–D) Zhangxia Formation (lower Drumian, Miaolingian) thrombolite, Subeigou section, Wuhai, northwest China (39° 40 0 0200 N, 106° 56 0 0900 E) (Lee et al.
2016). A) Thrombolite mound in flat-pebble conglomerate and ribbon rock. B) Detail of Part A: erect and inclined thrombolite clots up to 2 mm wide and ~ 1 cm high,

locally forming interconnected framework (coin diameter 20.5 mm). C) Detail of Part B), locally showing faint sub-millimetric lamination. D) Thin-section view showing

that the clots are microscopically laminated, and form framework with small cavities in micritic matrix.
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in small and less conspicuously laminated examples (~ 1.5 Ga) (Tang

et al. 2013; Wang et al. 2021; Yang et al. 2022) (Table 1). This is

supported by the existence of very small fossils that have long been

recognized in silicified ministromatolites in the Wumishan Formation of

northern China (Cao and Liang 1974; Liang et al. 1984, their fig. 2; Zhang

1985; Tang et al. 2013; Yang et al. 2022), some of which resemble

cyanobacterial sheaths (Cao 1991, his fig. 5).

LAKE CLIFTON HOLOCENE THROMBOLITE

Aitken’s Cambrian thrombolite clot fabrics are also comparable with

those in Holocene domes at Lake Clifton, Western Australia, a widely

cited thrombolite analog. Lake Clifton is a shallow (# 4 m) near-sea

hyposaline (brackish) NaCl lagoon, whose chemistry reflects both

seasonal evaporation and incursion of Ca-rich groundwater (Moore et al.

1983/1984; Moore 1993; Moore and Burne 1994). Carbonate precipitation

in Lake Clifton is thought to have been strongly influenced by

groundwater inflow from the Pleistocene carbonates that form the shallow

bedrock substrate along much of the western coast of Australia, which

provides a source of calcium and bicarbonate for coastal lakes and lagoons

among the beach ridges (Moore 1987; Hearty and O’Leary 2008), as well

as nutrients (Warden et al. 2019). These conditions have changed in recent

years, because of both reduced rainfall and increased groundwater

extraction. Both decline in thrombolite calcification and increases in

abundance of coccoid cyanobacteria and diatoms relative to Scytonema in

the mats have been linked to these influences (Smith et al. 2010; Warden

et al. 2016).

Lake Clifton thrombolites consist of ~ 1–2-cm-size clots that appear to

have been formed by biologically influenced precipitation of aragonite in

microbial mats dominated by filamentous Scytonema and other cyanobacteria

(Moore 1993; Moore and Burne 1994). Their calcification has been linked

to the intrusion of low-salinity groundwater, Scytonema (Moore et al. 1983/

1984), and photosynthesis (Warden et al. 2016). Moore and Burne (1994,

p. 19–21, their fig. 6e) note that initial delicate laminae can persist in the

upper 2–5 mm of nascent clots, but that this primary lamination is prone to

synsedimentary obliteration as nanocrystalline stevensite (Mg-smectite)

nucleates on cyanobacterial sheaths and is subsequently overgrown and

partly replaced by aragonite (Burne et al. 2014). Overall, these influences

create a porous, irregular calcareous framework of rounded to elongate

conjoined clots that—for the most part—do not preserve lamination (Moore

1993) (Fig. 4).

This Lake Clifton fabric (Moore 1993, her fig. 5.2d; Moore and Burne

1994, their fig. 6d) can be very similar to that of Cambrian examples

(Figs. 1C, D, 2D). The Lake Clifton domes were initially described as

stromatolites, probably because of the overall curvilinear alignment of the

mini-columns (Moore et al. 1983/1984, their fig. 3). A noticeable difference

is that the clots in Aitken’s thrombolite appear to be less regularly arranged

than the clots at Lake Clifton. This might reflect increased organic control

B

A

2 cm

2 cm 2 cm

C

FIG. 3.—Paleoproterozoic–Mesoproterozoic ministromatolites with macroscopically distinct lamination. A) ~ 2.5 Ga, small, delicately laminated ministromatolites;

Malmani Subgroup, 5 km northeast of Sudwala Caves, Mpumalanga, South Africa. B) ~ 1.5 Ga, small, crinkly laminated ministromatolites; Wumishan Formation,

Sanpozhen, Hebei, China. C) ~ 1.5 Ga, silicified ministromatolites showing upward sequence from very small to large digitate columns. Wumishan Formation, 40 km

north of central Beijing, China.
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on Cambrian thrombolite development and calcification. The distinctive

coarse radial porous fabric at Lake Clifton has been suggested to reflect

groundwater flowpaths (Warden et al. 2019). Overall, distinct original

lamination appears to have been obscured by synsedimentary alteration at

Lake Clifton (Burne et al. 2014), whereas in Aitken’s thrombolite clots—
although the lamination is not evident to the naked eye—it remains

distinctly preserved in thin section.

DISCUSSION

As Aitken (1967) emphasized, stromatolite and thrombolite are

essentially field terms. It is well known that microbial carbonate fabrics

can overlap and intergrade, and that their recognition is strongly scale-

dependent (Riding 1991, his fig. 10; Braga et al. 1995; Leinfelder et al.

1996; Schmid 1996; Dupraz and Strasser 1999, their fig. 6; Flügel 2010;
Kirkham and Tucker 2018; Bosence and Gallois 2022). Nonetheless, the

realization that distinct lamination—evident to the naked eye—distinguishes

ministromatolites, whereas indistinct lamination transforms them—from the

human perspective—into thrombolite clots, as in Aitken’s (1967, his fig. 11)
classic example, is at first sight startling. As we discuss below, this

transformation appears to have a temporal dimension: Paleoproterozoic–

Mesoproterozoic ministromatolites are typically distinctly laminated, but they

grade into younger examples—such as those of Cambrian age—in which the

lamination is essentially microscopic, and thereby become thrombolite clots.

History of Microbial Carbonate and Fabric Intergradations

The significance of our observation that microscopic laminae are

macroscopically imperceptible in Aitken’s classic thrombolite clots extends

well beyond questions of definition and classification. It draws attention to the

extraordinarily long, and hitherto largely unappreciated, history of very small

stromatolites (variously described as ministromatolites and microdigitate

stromatolites; Hofmann and Davidson 1998) that involves long-term change

in the conspicuousness of their lamination.

Ministromatolites are common components of shallow-marine carbonates

throughout the Paleoproterozoic and Mesoproterozoic (Grotzinger and

Kasting 1993) (Table 1). Paleoproterozoic ministromatolites (~ 2.5–1.9 Ga)

are typically distinctly laminated, commonly showing thin precipitated crystal

layers, consistent with elevated synsedimentary lithification (Grotzinger and

Read 1983; Hofmann and Jackson 1987). By ~ 1.5 Ga, both distinctly and

less conspicuously laminated forms coexisted (cf. Cao 1991; Tang et al.

2013; Yang et al. 2022). Then, from the Neoproterozoic onward, their

lamination became generally inconspicuous to the naked eye, as in the

Cambrian examples shown here (Lee and Riding 2023). This decline in

visibility converted ministromatolites into ministromatolite “ghosts” that

formed thrombolite clots (Fig. 5).

The Late Cambrian–Early Ordovician was an interval of abundant marine

microbial carbonates, and especially thrombolites (Kennard and James 1986,

their fig. 8), likely in response to environmental factors that determined their

degree of calcification (Riding 2006, 2011). In addition to Aitken’s classic
Late Cambrian thrombolite, diverse microbial fabrics (stromatolite, dendrolite,

thrombolite, maceriate) of similar age occur widely (e.g., Pratt 1982; Shapiro

and Awramik 2006; Lee et al. 2015; Harwood Theisen and Sumner 2016; Lee

and Riding 2023; Xin et al. 2023), consistent with this distinct Cambrian–

Early Ordovician increase in microbial carbonates. The subsequent Phanerozoic

history of microbial carbonates shows a broad pattern of fluctuating decline

until the present day (Riding 2006, his fig. 2). It is likely that small domes and

columns with macroscopically indistinct lamination could have been widely

overlooked among complex reef fabrics in the Paleozoic and Mesozoic.

Examples of their episodic increase may include relatively small, but locally

conspicuous delicately laminated forms, as in the Mississippian (Webb 2005;

Shen et al. 2012) and Late Triassic (Ibarra et al. 2014) (Fig. 6). Cenozoic

marine ministromatolites appear to be rare or absent (Table 1), except for those

in Holocene near-sea lakes (Moore 1993; Kazmierczak and Kempe 2006).

Certainly, Phanerozoic ministromatolites are understudied.

Thrombolite Formed by Stromatolite

As noted by Grey and Awramik (2020), Aitken (1967) intended

“thrombolite” as a field term for deposits “characterized by a macroscopic

clotted fabric.” He observed “indistinct hemispheroidal laminations” in the

2 cm

FIG. 4.—Thrombolite fabric, Holocene, Lake Clifton, Western Australia, formed

by calcified cyanobacteria. Synsedimentary destructive alteration of clot lamination

(Moore 1993; Burne et al. 2014) creates an irregular porous calcareous framework

formed by rounded to elongate and anastomose conjoined nonlaminated clots,

mostly ~ 1–2 cm in size (Moore 1993). Specimen courtesy of Lindsay Collins.
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clots—but nonetheless regarded the characteristic macroscopic fabric of

thrombolite as “clotted or spongy” (Aitken 1967, p. 1171). He therefore

emphasized the absence of macroscopic lamination: “Thrombolites are

bodies of cryptalgal origin, related to and intergrading with stromatolites,

but lacking megascopic lamination and characterized by a clotted fabric”
(Aitken 1967). Despite Aitken’s (1967) detailed descriptions, subsequent

research appears to have overlooked the microscopically laminated nature of

the clots that form his typical thrombolite. Thrombolite components that are

currently widely recognized include clotted peloidal fabric and calcimicrobes

(Kennard and James 1986; Riding 2000; Shapiro 2000; Shapiro and Wilmeth

2020). Microscopically laminated bodies also need to be recognized as a

common clot-forming component in some thrombolites, provided that their

lamination is macroscopically indistinct.

The similarity between Aitken’s Cambrian clots and modern Lake

Clifton examples is a key to interpreting both ancient ministromatolites

and their ghosts. Moore’s (1993) pioneering work at Lake Clifton

recognized initially laminated cyanobacterial colonies that have been

diagenetically transformed into apparently structureless clots (Burne et al.

2014). Synsedimentary alteration has also been recognized as locally

significant in Recent Bahamian thrombolite fabrics (Planavsky et al.

2009). These modern analogs demonstrate that thrombolitic texture can

develop from laminated precursors through early diagenetic modification,

a process that may explain many ancient thrombolites. Recognition of a

close—intergradational—relationship between ministromatolites and

indistinctly laminated thrombolite clots provides a key new insight into

microbial carbonate interpretation. Because current terminology, based

primarily on field-scale observations (Aitken 1967; Kennard and James 1986;

Riding 2000; Shapiro 2000; Grey and Awramik 2020; Shapiro and Wilmeth

2020), is essentially descriptive, it can obscure genetic relationships.

Ministromatolites as Calcified Cyanobacterial Colonies

Putative cyanobacterial colonies occur in the ~ 2.7 Ga Tumbiana

Formation (Buick 1992), but the earliest confirmed examples are ~ 1.88 Ga

(Hofmann 1976). Several Proterozoic and Phanerozoic fossils have been

compared with the cyanobacterium Rivularia (Bertrand-Sarfati 1976;

Richter et al. 1979; Bertrand-Sarfati and Pentecost 1992; Golubic et al.

2000; Pentecost and Edwards 2003). Ecologic advantages of colony

formation in Cyanobacteria include sustained growth under poor nutrient

supply and mitigation of oxidative stress (Schirrmeister et al. 2015;

Demoulin et al. 2019). This could broadly accord with an observed increase

in Paleoproterozoic ministromatolite abundance (Hofmann and Jackson

1987), which is coincident with rising oxygen levels and inferred nutrient

limitation (Laakso and Schrag 2019).

Present-day examples support the view that ministromatolites may

essentially be calcified cyanobacterial colonies, which provides insight

into the factors controlling their formation and calcification. In normal

marine environments, centimetric Phormidium colonies have smooth

rounded outlines and internal layering—and are not calcified (Abed et al.

2003). In a variety of other present-day environments, similar colonies,

localized by substrate, light availability, water chemistry, and temperature,

can also be calcified. Examples include Scytonema colonies in near-sea

Lake Clifton, Australia (Moore 1993), colonies of filamentous and

coccoid cyanobacteria in low-salinity caldera lakes at Niuafo’ou, Tonga
(Kazmierczak and Kempe 2006), and freshwater calcareous streams

(Pentecost 1988; Muñoz-Martín et al. 2020). These examples can be

broadly encompassed by Hofmann and Jackson’s (1987) definition of

ministromatolite (stromatolites # 20 mm in width). These examples

support the interpretation that the delicately laminated clots in Aitken’s
Cambrian thrombolite can be regarded as intermediates in a remarkably

prolonged (~ 2.5 Ga) progression from well-defined Early Proterozoic

ministromatolites to present-day calcified cyanobacterial colonies.

Secular Trends and Environmental Controls

This temporal pattern of ministromatolite development appears to

reflect environmental controls on calcification. We endorse Grotzinger’s
(1989) insight (also Grotzinger and Kasting 1993, p. 236, their fig. 2) that

Neoproterozoic scarcity of ministromatolites could reflect long-term

decline in CO2 and marine precipitation of calcium carbonate. From this

perspective, a general decrease in ministromatolite size throughout the

Earth’s history (Table 1), accompanied by overall decline in lamination

conspicuousness, may very broadly track protracted global changes in

marine carbonate chemistry and atmospheric CO2 (Fig. 7). In this view,

Neoproterozoic reduction in marine precipitation of calcium carbonate

transformed conspicuously laminated microdigitate “tidal-flat tufa”
(Hoffman 1975) into indistinctly laminated Phanerozoic thrombolite clots

(ministromatolite ghosts). Increase in laminated clots in the Cambrian

(Lee et al. 2016; Lee and Riding 2023) could correspond with a

cyanobacterial calcification episode (CCE) (Riding 1992), also noted by

Arp et al. (2001, their fig. 3d), and attributed to increased seawater

saturation for Ca-carbonate minerals (Riding and Liang 2005, their fig. 5;

Riding 2011; Riding and Virgone 2020). Overall, long-term fluctuating

decline in abundance of microbial carbonate throughout the Proterozoic–

Phanerozoic could reflect these prolonged interactions between environmental

factors and processes of microbial biocalcification.

2 cm

FIG. 6.—Approximately 205 Ma, well-preserved, irregular, faintly laminated

ministromatolites. Cotham Marble, Late Triassic, Bristol, UK.

2 mm

BA

FIG. 5.—Schematic comparison of A) a distinctly laminated Paleoproterozoic

ministromatolite and B) an inconspicuously laminated Cambrian ministromatolite

ghost. A) Pseudogymnosolen, silicified specimen (GSC 85401a, b), McLeary

Formation, Belcher Islands; microcrenate lamination with radial-fibrous fabric

preserved (redrawn from Hofmann and Jackson 1987, their fig. 1). B) Delicately

laminated clot-forming ministromatolite, Aitken’s typical thrombolite, Bison Creek

Formation (Jiangshanian, Furongian), Badger Pass, Alberta, Canada (this paper,

Fig. 1C).
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This relationship draws attention to the dependence of microbial carbonate

calcification on ambient water chemistry and its potential as a proxy for long-

term fluctuations in seawater carbonate chemistry (Riding 2000, p. 206). The

temporal pattern of ministromatolite and related thrombolite clot development

outlined here reflects a complex interplay between biological innovation

(colony formation), environmental chemistry (carbonate saturation), and

taphonomic processes (lamination preservation), highlighting the close

relationships between microbial-carbonate formation and seawater chemistry.

Ministromatolites are a distinct microbial-carbonate component with a

prolonged, albeit currently discontinuous, Proterozoic–Phanerozoic record.

They provide significant insights into, as well as connections between, ancient

microbial carbonates and present-day examples. The history and distribution

of ministromatolites and their smaller, faintly laminated (ghost) variants could

be consistent with their formation by non-obligate calcified cyanobacterial

colonies whose preservation and appearance—whether as ministromatolites

or as thrombolite clots—reflects long-term changes in marine calcification.

Scarcity of Cenozoic ministromatolites (Table 1) is consistent with continued

decline in bioinduced calcification (Webb 1996; Riding and Liang 2005),

associated with CO2 decline (Berner 1990) and increased biocontrolled

calcification (Gebelein 1976; Riding 1993; Ridgwell 2005). It is therefore

possible that present-day laminated clots (Moore 1993; Kazmierczak and

Kempe 2006) may reflect conditions of localized carbonate saturation broadly

approximating those that favored ministromatolite calcification in pre-

Cenozoic marine environments.

CONCLUSIONS

1. The macroscopic clots that form Aitken’s (1967) classic thrombolite

are observed in thin section to be delicately laminated. Similar

thrombolites occur in the Cambrian of China and the USA. This

suggests an unexpected link between thrombolite and stromatolite.

2. Stromatolite and thrombolite are essentially field terms, and—by

definition—therefore, macroscopic. Consequently, thrombolite clots

can be micro-laminated without being stromatolites, provided that

the lamination is not evident to the unaided human eye. In these

examples, the distinction between a clot and a ministromatolite is

essentially a product of observational scale.

3. We propose that ministromatolites, first recorded in the late Archean

and locally common in the Paleoproterozoic and Mesoproterozoic,

reflect colony development in cyanobacteria. Paleoproterozoic–

Mesoproterozoic examples are typically distinctly laminated at

hand-specimen scale, but from the Neoproterozoic onward they are

generally smaller and their lamination is no longer macroscopically

evident, resulting in ministromatolite ghosts that are perceived as

thrombolite clots.

4. Present-day cyanobacterial colonies in normal marine environments

appear to be largely uncalcified or poorly calcified. Well-calcified

Holocene examples that occur locally in freshwater lakes and

streams and in near-sea lakes such as Lake Clifton, Australia pro-

vide analogs for both ministromatolites and, as ministromatolite

ghosts, for Aitken’s thrombolite.

5. Decline in ministromatolite size and abundance, as well as in the

distinctness of lamination, during the past 2.5 Gyr is consistent with

very long-term fluctuating reduction in inorganic and bioinduced

marine calcification.

6. These interpretations do not preclude the likelihood that many addi-

tional mechanisms and organisms, including synsedimentary distur-

bance and bioturbation, may create thrombolite fabric. These other

types of thrombolite may be quite distinct in origin.
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