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Abstract. Microbialites are known from a range of terres-
trial, freshwater, marine, and marginal settings. The descrip-
tive terminology used in each instance depends largely on
the historical legacy derived from previous studies in simi-
lar environments. This has led to a diversity of nomenclature
and a lack of conformity in the terms used to describe and
categorise microbialites. As the role of microbial mats and
biofilms is increasingly recognised in the formation of tufa
and terrestrial carbonates, deposits such as tufa microbialites
bridge the spectrum of microbialites and terrestrial carbon-
ate deposits. Groundwater spring-fed tufa microbialites in
supratidal rock coast environments that occur at the interface
of terrestrial and marine domains demonstrate the need for an
integrative and systematic nomenclature approach. To date,
their global distribution and complex relationships with pre-
defined deposits have resulted in the application of a variety
of descriptive terminologies, most frequently at the macro-
and mesoscale. Here we review and consolidate the multi-
scale library of terminologies for microbialites and present a
new geomorphological scheme for their description and clas-
sification. This scheme has greater alignment with terrestrial
carbonate nomenclature at the macroscale and with marine
and lacustrine microbialites at the mesoscale. The proposed
terminology can primarily be applied to tufa microbialites in
spring-fed supratidal environments but may also be applica-
ble in other relevant depositional environments including ter-
restrial carbonates, microbial mats, and other microbialites.

1 Introduction

Burne and Moore (1987) define microbialites as “organosed-
imentary deposits that have accreted as a result of a benthic
microbial community trapping and binding detrital sediment
and/or forming the locus of mineral precipitation”. They have
been described from a diverse range of depositional environ-
ments in both fossil and modern settings. These include ma-
rine environments with hypersaline conditions (e.g. Hamelin
Pool, Western Australia; Jahnert and Collins, 2011, 2012;
Logan, 1961; Logan et al., 1964; Suosaari et al., 2016, 2019b,
2022) and normal salinity conditions (e.g. The Bahamas;
Dill et al., 1986; Reid et al., 1995, 2024) and a range of
non-marine environments including, but not limited to, hy-
posaline (e.g. Moore and Burne, 1994), freshwater fluvial
(e.g. Arenas et al., 2019; Caudwell et al., 2001), open lacus-
trine (e.g. Doddy et al., 2019), ice-covered lacustrine (e.g.
Mackey et al., 2015), hot springs (e.g. Walter et al., 1976),
and caves (e.g. Brunet and Revuelta, 2014; Lundberg and
McFarlane, 2011). Marine and non-marine forms have tra-
ditionally been studied independently, and distinct suites of
definitions and nomenclature have been applied in each set-
ting. As noted by Shapiro (2005, p. 73), “[because] universal
terminology have not been ratified by the general community,
clear descriptions will facilitate future research”. Recently,
the Handbook for the study and description of microbialites
(Grey and Awramik, 2020) attempted to consolidate and re-
fine the terminology applied to microbialites. This, however,
explicitly excluded tufa microbialites and microbial mats, in-
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cluding rock coast microbialites, from consideration due to
these lacking detailed morphological description.

Tufa microbialites occurring in groundwater springs in the
supratidal zone of high-energy rock coastlines have affini-
ties with both terrestrial and marine forms (Rishworth et al.,
2020), and their study brings into sharp focus the need for
unifying terminology. To date, the terminology applied to
rock coast microbialites has been varied and often complex.
This is due to the application of terminology from various
research areas including microbialites (both fossil and con-
temporary) and terrestrial carbonates, predominantly tufa.
Their apparently scattered distribution in widely separated
locations has led to variability in the descriptive terminology
applied by independent research groups. Now that they are
known to have a global distribution, there is a need for clear
and unambiguous terminology that can be refined and further
developed by future research.

At the nexus of terrestrial and marine domains, rock coast
microbialites afford the opportunity to assess the utility of
existing terminology from both fields of research, to iden-
tify inter alia duplication and redundancy, and in so doing to
present a unifying terminology for rock coast microbialite.
This study specifically aims to

— review the classification and description of rock coast
microbialites using different disciplinary approaches;

— review and integrate terrestrial and marine microbialite
terminology applied to rock coast environments; and, on
that basis,

— produce a geomorphological terminology for rock coast
microbialites at the macro- and mesoscale.

To that end, this paper begins by reviewing the various
contexts in which rock coast microbialites have been studied
(microbial structures, geomorphological features, and habi-
tats). It then reviews the terminology that has been applied
to rock coast microbialites and distils this to present an inte-
grated geomorphological classification and terminology for
rock coast microbialites.

2 Defining rock coast microbialites through research
approaches

Rock coast microbialites are a microbialite carbonate facies
formed through microbial and microalgal biofilm fixation in
groundwater-fed springs in the supratidal rock coast environ-
ment (Forbes et al., 2024; Rishworth et al., 2020). The term
“rock coast” is applied here to describe a specific deposi-
tional environment of “rock coast settings in high intertidal
to supratidal locations that are affected by occasional ma-
rine storms and/or high swells and the effects of sea spray”
(Cooper et al., 2022). Generally, rock coasts are charac-
terised by resistant bedrock and/or hardground superficial
deposits. Rock coasts are distinct depositional environments
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that are exposed to a suite of distinct biological, physical,
and chemical extrinsic forces and are typically considered
erosional environments that are hostile to sedimentary de-
position (Kennedy et al., 2014; Trenhaile, 2016). The rock
coast environment is considered a key control on their oc-
currence; it is dependent on the partial exclusion of compet-
ing organisms and alternations between terrestrial and ma-
rine states, resulting in extreme conditions that facilitate mi-
crobialite development (Forbes et al., 2024). After a historic
description at Bonza Bay, South Africa, by Mountain (1937),
the first modern rock coast microbialite was documented by
Smith and Uken (2003) from supratidal pools at Cape Mor-
gan, south of Kei Mouth on the south-eastern coastline of
South Africa. Subsequent occurrences were reported along
the southern African coastline from Gqgeberha (Port Eliza-
beth) to Tofo, Inhambane, Mozambique (Perissinotto et al.,
2014; Smith et al., 2011); in South Australia and Western
Australia (Forbes et al., 2010; Lipar and Webb, 2015); and in
Northern Ireland, Scotland, and Ireland (Cooper et al., 2013,
2022; Smith et al., 2018).

Rock coast microbialites are considered a tufa micro-
bialite, “a tufa forming as a result of microbial activity”
(Grey and Awramik, 2020), with tufa being defined as the
“products of calcium carbonate precipitation under cool, am-
bient temperature freshwater” (Pedley, 1990). Tufa is in-
creasingly considered to have significant biological influence
in its formation (Capezzuoli et al., 2014; Perri et al., 2012),
and hence, tufa microbialites may be considered a biogenic
facies of tufa formed by a benthic microbial community. As
such, these deposits may also be considered part of contem-
porary tufa-forming environments and habitats such as “pet-
rifying springs”. Petrifying spring and tufa formations have
been recognised in a variety of coastal settings in Europe
(EC, 2016; Farr and Graham, 2017; Faulkner and Crae, 2018;
Howie and Ealey, 2009, 2010; Lyons and Kelly, 2016; Ro-
driguez Guitidn et al., 2020). Research on rock coast micro-
bialites has been approached in numerous ways, including as
microbialites and as terrestrial carbonate deposits, predomi-
nantly tufa, and as part of a wider ecological system or habi-
tat. Each of these approaches is described and discussed be-
low.

2.1 Microbialites and microbial mats

Microbial mats are stratified, highly organised, and di-
verse microbial communities defined as “discrete benthic
structures constructed by microorganisms (eukaryotic and
prokaryotic; photosynthetic and nonphotosynthetic)” (Bauld,
1981, in Grey and Awramik, 2020). They are the princi-
pal constructional layer of microbialites, including stromato-
lites, thrombolites, dendrolites, leiolites, and microbially in-
duced sedimentary structures (MISSs) (Noffke et al., 2001;
Noffke and Awramik, 2013). Microbial mats are found in
a variety of environments including hypersaline, coastal
and intertidal, oligotrophic, extreme low-temperature, hot-
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spring, and acid environments (Prieto-Barajas et al., 2018).
In coastal settings, they are predominantly described from
the soft-substrate intertidal zone (Gerdes and Krumbein,
1994; Prieto-Barajas et al., 2018) and the rock coast envi-
ronment and in the supratidal zone, where microbial mats
have been described from Northern Ireland and South Africa
as thin mats that may develop on sub-horizontal surfaces
in shallow water, often in a discharge apron (Cooper et al.,
2013; Edwards et al., 2017).

MISSs are defined as “sedimentary structures in silici-
clastic sediments and rocks induced by microbial activity”
(Noftke et al., 1996). They occur in siliciclastic, evapor-
itic, and carbonate settings (Bose and Chafetz, 2012; Nof-
fke and Awramik, 2013) and have been described globally,
notably in the North Sea (Gerdes et al., 2000), the Mediter-
ranean (Aref, 1998; Gerdes et al., 2000; Lakhdar et al.,
2020; Sanchez-Cabeza et al., 1999), the north-west Atlantic
(Cameron et al., 1985), and the Gulf of Mexico (Bose and
Chafetz, 2009). MISSs form due to the trapping, baffling,
binding, and biostabilisation of detrital sediment by a biofilm
or microbial mat and its interaction with the extrinsic envi-
ronment (Noffke, 2008, 2010; Noffke and Awramik, 2013).
The formation of MISSs contrasts with that of other micro-
bialites, including stromatolites, which require repeated pri-
mary mineral precipitation in the microbial mat’s extracel-
lular polymeric substances (EPSs) to accrete into a layered
structure (Noffke, 2010; Noffke and Awramik, 2013).

MISSs may occur on rock coasts where precipitation is
limited and microbial mats form on loose sediment; how-
ever in the rock coast setting microbial mats are commonly
carbonate precipitating and fixed on resistant bedrock and/or
hardground superficial deposits. The interaction of these mi-
crobial mats with the rock coast environment does, however,
result in features that are superficially similar to those of
MISSs or “microbial mat features”, such as “blister mats”
described by Edwards et al. (2017). Thin mats with limited
repeat layering or carbonate precipitation share many simi-
larities with MISSs due to their comparable interactions with
the environment. Despite their ubiquity, there has been a gen-
eral lack of description of MISSs or microbial mat features
in the rock coast environment to date.

The repeated trapping and binding of detrital sediment
and/or the mineral precipitation by the benthic microbial
community may form a stromatolite through repeated stack-
ing of microbial mats (Logan et al., 1964; Noffke and
Awramik, 2013; Reid et al., 2024). Stromatolites are “a
laminated organosedimentary structure produced by precip-
itation, or by sediment trapping and binding, as a result
of the growth, behaviour, and metabolic activity of micro-
organisms, principally cyanobacteria” (Grey and Awramik,
2020) based upon definitions provided by Awramik and Mar-
gulis in Walter (1976). They are considered a subset of “mi-
crobialites”, a term first applied by Burne and Moore (1987)
as an umbrella term for stromatolites, thrombolites, den-
drolites, leiolites, and MISSs. These subset forms of mi-
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crobialites arise through different primary depositional or
secondary post-depositional and diagenetic processes, and
sometimes the nature of the structural drivers is obscure.
For example, thrombolites might develop because of dis-
tinct microbial communities that give rise to clotted struc-
ture or through bioturbation that destroys primary lamina-
tion (Burne and Moore, 1987; Harwood Theisen and Sumner,
2016; Moore and Burne, 1994; Shapiro, 2000).

2.2 Terrestrial and marginal marine carbonates

Terrestrial (non-marine/continental) carbonate deposits ac-
cumulate in a variety of depositional environments includ-
ing lacustrine, palustrine, cave, fluvial, subaerial, spring,
and hypogean environments (Della Porta, 2015), forming
a spectrum of carbonate deposits with no universally ac-
cepted classification (Della Porta, 2015). In addition, car-
bonates also accumulate in transitional marginal marine en-
vironments including beach (foreshore), barrier and coastal
lagoon, and peritidal environments (Fliigel, 2010). Despite
numerous coastal tufa deposits being described (Faulkner
and Crae, 2018; e.g. Forbes et al., 2010; Howie and Ealey,
2009, 2010; Rodriguez Guitian et al., 2020), rock coast mi-
crobialites and associated carbonate deposits are not consid-
ered typical transitional marginal marine carbonates.

Tufa, a terrestrial carbonate deposit, has an often contro-
versial and complex nomenclature, with core definitions fre-
quently contested, most notably the distinction between tufa
and travertine (Capezzuoli et al., 2014; Della Porta, 2015;
Ford and Pedley, 1996; Pentecost, 2005). While definitions
based upon a carbon dioxide source and the chemical mecha-
nism of precipitation have been proposed for tufa (see Capez-
zuoli et al., 2014), it is often defined as “the products of
calcium carbonate precipitation under cool, ambient temper-
ature freshwater: they [the tufa deposits] typically contain
remains of micro- and macrophytes, invertebrates and bac-
teria” (Ford and Pedley, 1996; Pedley, 1990), as described
by Della Porta (2015). This definition distinguishes between
tufa (meteogene travertine) and travertine sensu stricto (s.s.)
(thermogene travertine), both constituents of travertine sensu
lato (s.l.). If rock coast microbialites are viewed as a bio-
genic facies of travertine s.1., the term tufa is best applied due
to the ambient temperature of the source springs of micro-
bialite occurrences (Cooper et al., 2013; Dodd et al., 2018;
Forbes et al., 2010; Perissinotto et al., 2014; Rishworth et al.,
2016, 2017). Furthermore, the cool-water-temperature def-
inition for tufa often refers to cyanobacteria, heterotrophic
bacteria, and algae being present, or requires they are present,
and is dependent on ambient temperatures < 30 °C (Capez-
zuoli et al., 2014), supporting microbialite facies.

The presence of biofilms is ubiquitous in terrestrial car-
bonate and tufa deposits, as demonstrated by Della Porta
(2015), and increasingly tufa is considered to be a micro-
bially induced/influenced sedimentary deposit (Capezzuoli et
al., 2014; Perri et al., 2012). This position does not exclude
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an abiotic control on calcium carbonate precipitation (Ford
and Pedley, 1996; Merz-Preif3 and Riding, 1999) but suggests
that biofilms may have a substantial or dominant role in the
formation of tufa, as evidenced by in-field investigation (e.g.
Manzo et al., 2012; Shiraishi et al., 2008), field experiments
(e.g. Gradzinski, 2010), and in vitro mesocosm experiments
(e.g. Pedley et al., 2009; Rogerson et al., 2010). While it may
be tempting to classify any microbially influenced tufa as mi-
crobialites, it has been suggested that while terrestrial car-
bonates such as lake crusts and laminated travertines s.l. are
frequently cited as stromatolites, the use of the term has been
applied too loosely (Pentecost and Viles, 1994).

2.3 Tufa microbialite facies and evidence of biogenicity

Rock coast microbialites are considered a distinct bio-
logically mediated tufa facies which includes carbonate-
precipitating microbial mats (i.e. not MISSs) and thicker re-
peated units forming stromatolites and other microbialites in
the rock coast environment. Lithologically, in situ tufa mi-
crobialites (excluding mobile oncoids and detrital tufa mi-
crobialites) have been described as autochthonous tufa de-
posits as they are “phytohermal constructions where there is
an in situ organic framework” (Ford and Pedley, 1996). As a
tufa facies, stromatolitic tufa has been described and classi-
fied in multiple studies, for example as phytoherm bound-
stones defined by Pedley (1990) as “in situ stromatolitic
build-ups with fringe-cements ... often associated with on-
coids” (Pedley, 1990, in Pentecost, 2005). While the tufa
microbialite facies appears dominant at recognised locali-
ties, other associated carbonate facies are frequently present
within the same supratidal groundwater spring system, and
care should be taken to identify and delineate these facies.
This includes non-microbialite tufas (e.g. bryophyte phyto-
herm framestone), both surface and hypogean; speleothem,
pedogenic carbonates (e.g. palaeosols); and beachrock/car-
bonate cements.

While the biogenicity of this facies has been demonstrated
in South African occurrences (e.g. Perissinotto et al., 2014;
Smith et al., 2005; Smith and Uken, 2003), the role of mi-
crobiota in the formation of other rock coast microbialite lo-
calities, such as those in Co. Sligo, Ireland (e.g. Cooper et
al., 2022), has not yet been thoroughly assessed. A greater
understanding of the role of microbiota and microbialite
builders in global occurrences of rock coast microbialites is
required to establish biogenicity and accurate delimitation of
this distinct facies, allowing for other associated terrestrial
and marginal marine carbonate facies to be distinguished.
Associated non-microbialite terrestrial carbonate facies have
been described in association with rock coast microbialites,
including rhizoliths described by Edwards et al. (2017) and
surface-cemented rudites, also called beachrock (Edwards
et al., 2017); shell conglomerate (Perissinotto et al., 2014);
and sand beach deposits (Cooper et al., 2022). More de-
tailed study of biogenicity and physico-chemical vs. biolog-

Biogeosciences, 21, 4785-4807, 2024

T. W. Garner et al.: Tufa microbialites on rocky coasts

ical controls over carbonate precipitation will allow for the
refinement of the relationships between transitional carbon-
ates, such as where cave-resurgence-associated speleothem
grades into tufa microbialite (Pedley and Rogerson, 2010).

The role of biofilms and microbial mats in the formation of
tufa is increasingly considered to be crucial. This is also evi-
dent in the numerous descriptions of stromatolitic tufa facies
within the terrestrial-carbonate-focused and tufa-focused lit-
erature such as those of fluvio-lacustrine, fluvial, and lacus-
trine tufa deposits (e.g. Arenas et al., 2000, 2010, 2019; Guo
and Chafetz, 2012; Manzo et al., 2012; Pedley et al., 1996;
Ritter et al., 2017; Rodriguez-Berriguete, 2020; Valero Gar-
cés et al., 2008). This is also extended to thermal traver-
tine s.s. spring deposits (e.g. Gandin and Capezzuoli, 2014).
These facies may be considered “tufa stromatolites”, a sub-
set of tufa microbialites, bridging the gap between tufa and
microbialites and bringing stromatolitic tufa facies under the
umbrella of stromatolites and microbialites.

Tufa microbialites, including tufa stromatolites (Riding,
1991) and tufa thrombolites (Riding, 2000), are “a tufa form-
ing as a result of microbial activity [that may be] ... lami-
nated, clotted or shrubby” (Grey and Awramik, 2020), dom-
inated by mineral precipitation on (as opposed to within) or-
ganic substances, predominantly by cyanobacteria in fresh-
water lakes and streams (Riding, 1991). The term “tufa
microbialite” supersedes alternative terms such as micro-
bial tufa (Burne and Moore, 1987), algal tufa (Warren,
1982), cryptalgal tufa (Monty, 1976), and cryptomicrobial
tufa (Grey and Awramik, 2020).

Tufa and tufa microbialites have been excluded from much
microbialite work, including guides to their description and
classification due to a lack of detailed morphological descrip-
tion (Grey and Awramik, 2020). However, the integration of
tufa, along with travertine, speleothem, sinter, and microbial
crust, within microbialite classification has been advocated
(Grey and Awramik, 2020).

2.4 Habitats and ecology

The occurrence of active tufa deposits forms a distinct and
ecologically unique habitat. Within Europe, the habitat type
“H7220 Petrifying springs with tufa formation (Cratoneu-
rion)” is recognised by the Habitats Directive (Council Di-
rective 92/43/EEC on the conservation of natural habitats
and of wild fauna and flora) as “hard water springs with
active formation of travertine or tufa. These formations are
found in such diverse environments as forests or open coun-
tryside. They are generally small (point or linear formations)
and dominated by bryophytes (Cratoneurion commutati)”
(EC, 2013). This corresponds to the UK National Vegetation
Classification of “M37 Cratoneuron commutatum — Festuca
rubra spring community” and the “M38 Cratoneuron com-
mutatum — Carex nigra spring community” (EC, 2013; Rod-
well, 1992). In Ireland, Lyons and Kelly (2016) define eight
petrifying spring plant communities including the group 1
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plant community “Eucladium verticillatum-Pellia endiviifo-
lia Tufa Cascades”. This plant community describes often
near-vertical, steep tufa cascades that occur on coastal rocky
cliffs within the supralittoral spray zone (Lyons and Kelly,
2016). The recognition of rock coast microbialites as part of
these habitats may lead to their future identification at other
localities.

Other attempts to map global occurrences of rock coast
microbialites with greater recognition have been undertaken
with the aim to acknowledge and protect their biodiversity.
South African occurrences have been recognised in the Na-
tional Biodiversity Assessment of South Africa (Rishworth et
al., 2019), and in south-western Western Australia they have
been recognised as “Augusta Microbial Threatened Ecologi-
cal Communities” (Forbes et al., 2010; Onton et al., 2009).

3 Describing and classifying rock coast microbialites

The following section reviews the numerous classification
schemes that may be applied to rock coast microbialites from
a number of different research areas including microbialites
and terrestrial carbonates.

3.1 Previous description and classification schemes
3.1.1 Microbialites

Microbialite researchers have typically avoided the applica-
tion of established carbonate classifications of Folk (1959)
and Dunham (1962) (Bosence et al., 2015), and instead mor-
phogenetic classifications are frequently applied, through the
description of internal structure/organisation or of fabric, and
are intrinsically linked to depositional processes and prod-
ucts (Burne and Moore, 1987; Riding, 1991). The descrip-
tion of microbialites is most commonly aided through the
use of the traditional hierarchical scale of observation from
mega-, macro-, meso-, and microstructure, as defined by
Shapiro (2005) and discussed by Grey and Awramik (2020)
(Fig. 1a). These levels are not mutually exclusive and are par-
tially open-ended (Grey and Awramik, 2020). Other spatio-
temporal scales have been suggested such as the scale of
Ibarra and Corsetti (2016).

Microbialite classification has been much debated and di-
vided, with application of a great variety of terminology and
schemes across the globe (Grey and Awramik, 2020). Early
attempts at microbialite classifications involved the applica-
tion of binomial Linnaean nomenclature, with the first de-
scription of the stromatolite Cryptozoon of upper Cambrian
age (Hall, 1883). Since then, a wide variety of additional
classification schemes (e.g. Cao and Bian, 1985; Donaldson,
1963; Szulczewski, 1968) have been proposed, including
descriptive polynomial schemes (Hofmann, 1969; Maslov,
1953, 1960) and descriptive geometric formulae (Logan et
al., 1964). A vast array of naming classifications and systems
have been applied, with many abandoned due to inadequa-
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cies, such as lack of consistency and unwieldy terminologies,
resulting in the current state of classification being undoubt-
edly messy and confusing (Grey and Awramik, 2020).

3.1.2 Terrestrial carbonates

In the description of terrestrial carbonates, hierarchical
mega- to microscale descriptions, comparable to those ap-
plied to microbialites and leading to similar classifications,
have been proposed. For example, Ordonez et al. (1986)
considered a hierarchical macro- to mesostructural scale for
Holocene and modern tufa systems and Guo and Riding
(1998) applied a three-part classification scheme to a Late
Pleistocene travertine system, considering lithotypes, depo-
sitional systems, and facies.

Due to the morphological and geochemical similarities at
the macroscale, rock coast microbialite classifications have
also been closely aligned to other terrestrial carbonate de-
posits. This is despite a current lack of a universal nomen-
clature for terrestrial carbonates (Della Porta, 2015). For ex-
ample, calcite and aragonite speleothems may be considered
hypogean travertines (Pentecost, 2005), although the classi-
fication of speleothems is distinct from other terrestrial car-
bonates, with a vast array of types (see Hill and Forti, 1997).
Tufa can be classified through a variety of criteria that are not
mutually exclusive, commonly through geochemical, fabric,
and morphological criteria (see Pentecost, 2005; Pentecost
and Viles, 1994), and these classification schemes are briefly
summarised here.

Recognised by Pentecost (1993), tufa can be classified
based upon geochemistry, and the origin of the carrier carbon
dioxide has been used to distinguish between travertine s.s.
and tufa. The origin of the carrier affects the isotopic compo-
sition of the deposit and influences the morphology and fab-
ric (Pentecost, 2005). Pentecost (1993) considers meteogene
travertines (classified here as tufa) deposited from a meteoric
water source and thermogene travertine (travertine s.s.) de-
posited from a thermal water source (Pentecost, 1993; Pen-
tecost and Viles, 1994). Tufa fabric, “the architecture of the
deposit (i.e. the arrangement, density and size of the build-
ing units)” (Pentecost and Viles, 1994), present at the micro-
and mesoscale and referred to as the micro- and mesofabrics,
can also be classified, often with a focus on the biological
influences or “biofabric” (Pentecost, 2005).

One of the most commonly applied classifications is that
of tufa morphology or geomorphology. A seminal classifica-
tion corresponding to environmental setting by Pedley (1990)
was adapted by Pentecost (1993) and Pentecost and Viles
(1994) and was further expanded upon by Ford and Ped-
ley (1996). This thread of geomorphological classifications
has been frequently applied to British and Irish tufa deposits
(e.g. Farr and Graham, 2017; Lyons and Kelly, 2016), par-
tially due to its British and north-west European scope (Pen-
tecost, 1993); occasionally, classifications have also been ap-
plied globally (Forbes et al., 2010). Tufa systems are com-
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Figure 1. (a) Diagram of hierarchical structural scale from megascale to microscale (based on Grey and Awramik, 2020; Shapiro, 2005);
(b) Trompette (1982) model of stromatolite morphogenesis, adapted from Suosaari et al. (2019a); (c) the proposed terminology alignment

between terrestrial carbonates and microbialites and microbial mats.

monly described and classified through facies approaches
that can integrate the above classifications. One of the most
frequently applied is that of Ford and Pedley (1996), who
divide tufas into allochthonous and autochthonous tufa de-
posits, the latter of which is subclassified into facies (Jones
and Renaut, 2010), based upon established carbonate classi-
fication schemes.

3.2 Rock coast microbialite classifications and
description

Rock coast microbialites have been described and classified
based upon a wide range of sources and schemes. The global
distribution of rock coast microbialites, despite the major-
ity of research output being based upon localities in South
Africa (Rishworth et al., 2020), has led to inconsistencies in
the terminology applied and the need for consolidation, uni-
fication, and definition.

Early descriptions consider deposits with different ap-
proaches to this dependent on a microbialite (e.g. Perissinotto
et al., 2014; Smith and Uken, 2003) or terrestrial carbonate
(e.g. Forbes et al., 2010) outlook. As with terrestrial car-
bonates and other tufa facies, rock coast microbialites may
be subclassified based upon their geochemistry and fabric.
Rock coast microbialites are partially defined by their char-
acteristic carrier carbon dioxide source of supratidal fresh-
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water springs emerging from a carbonate-saturated ground-
water source (Rishworth et al., 2020). This results in the bulk
mineralogy for rock coast microbialites dominated by calcite
and aragonite (Dodd, 2019; Forbes et al., 2010; Rishworth
et al., 2020). Rock coast microbialites also have distinct fab-
rics (e.g. clotted thrombolites, laminated stromatolites, and
aphanitic leiolites). While the classification of geochemistry
and fabric may be suitable to apply to rock coast microbialite
occurrences, the macroscale geomorphology, equated to mi-
crobialite macrostructure, is the most frequently applied clas-
sifier requiring a unified classification. This macrostructure
geomorphology is typically taken from tufa geomorphologi-
cal classifications (Ford and Pedley, 1996; Pedley, 1990; Pen-
tecost, 1993; Pentecost and Viles, 1994) and adjusted for the
rock coast environment. Recently, a facies approach to rock
coast microbialites, which considers a general classification
scheme of microbialite facies on siliciclastic rock coasts, has
been applied by Cooper et al. (2022). A similar approach was
adopted by Forbes et al. (2010).

In order to address the presence of synonyms, duplica-
tions, and omissions and the wide variety of terms applied
to the same morphological features, predominantly at the
macro- and mesoscale, the following proposed classification
system will consider microbialite, terrestrial carbonate, and
past rock coast microbialite terminology and classifications.
This is approached using the hierarchical microbialite scale
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as defined by Shapiro (2005) and discussed by Grey and
Awramik (2020).

Trompette (1982) proposed a morphogenetic model, sug-
gesting that the environment (abiotic influence) was the dom-
inant influence on stromatolite formation at the macroscale
and that the biological influences predominated at the mi-
croscale (Suosaari et al., 2019a; Trompette, 1982) (Fig. 1b).
This model was modified by Suosaari et al. (2019a) on ex-
amination of microbialite systems in Hamelin Pool and The
Bahamas. These hierarchical structural models for both tu-
fas and microbialites demonstrate comparable controls on
morphology and subsequently may be applied to tufa mi-
crobialites; however, such models would need to be tested.
Therefore, the approach taken here is that of a hierarchical
scale that equates to microbialite mega-, macro-, meso-, and
microstructure with the application of terminology from ter-
restrial carbonates. While this appears most suitable at the
macroscale where environmental influence is greatest, mi-
crobialite terminology may also be applied at the meso- and
microscale (Fig. 1b and c).

While a rock coast microbialite classification system is
considered to be important for future research, care must
be taken to avoid excessive categorisation, especially based
upon morphogenesis, which remains poorly understood in
rock coast microbialites. Current understanding of terrestrial
carbonate morphogenesis is already much more advanced
and may be comparable at the macroscale, yet the relation-
ships between these deposits are not understood well enough
for direct correlation. While terrestrial carbonates can al-
ready be classified based upon fabric and geochemistry, the
current lack of description and of sufficiently large datasets
concerning rock coast microbialites currently excludes such
classification schemes.

4 An integrated geomorphological classification for
rock coast microbialites

4.1 Megastructure

Megastructure addresses the largest-scale (metre to decime-
tre) aspects of microbialite occurrence and their respective
beds, examining the bed-scale or stratum-scale structures, in-
cluding buildups such as the largest bioherms or biostromes
(Grey and Awramik, 2020; Shapiro, 2005). This may refer to
the location (e.g. aerial extent and stratigraphic setting), sur-
rounding strata relationships (substrate, initiation, interface,
and growth direction), mode of occurrence (e.g. buildup, bio-
herm, and biostrome), and shape (Grey and Awramik, 2020).
For the study of rock coast microbialites, the megastructure
has been commonly described within the study site setting.
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4.2 Macrostructure

Following Grey and Awramik (2020), macrostructure refers
to aspects of the majority of bioherms and biostromes, in-
cluding features of microbialite gross morphology, and de-
scribes features such as shape (e.g. stratiform, oncoidal, and
columnar), plan view, and linkage.

Rock coast microbialite macrostructure has followed the
definition for microbialite macrostructure relatively closely
(Edwards et al., 2017); however, there is generally a focus on
the gross morphology of microbialite occurrences as opposed
to shape (e.g. columnar), which is generally considered a
feature of mesostructure. Terminology has also frequently
been adapted from terrestrial carbonate nomenclature (Fig. 2)
due to the evident similarity in geomorphology. For exam-
ple, Forbes et al. (2010) applied tufa nomenclature, produc-
ing two depositional models featuring the perched springline
model, fluvial barrage model, and cascade of Ford and Pedley
(1996). This was referred to and built upon by Perissinotto et
al. (2014), who consider “stromatolite formations” consist-
ing of barrage pools with downstream rimstone dams, wa-
terfall deposits (sensu Forbes et al., 2010), and associated
“shelly conglomerates”. These seminal works strongly influ-
enced subsequent studies such as the work of Edwards et al.
(2017), who along with the previous detailed macrostructures
also included discharge aprons. Despite frequent reference
to the geomorphology of these deposits, there are scant pub-
lished data on their thickness and geometry, with the majority
of information supplied by Forbes et al. (2010), Perissinotto
et al. (2014), and Edwards et al. (2017).

The shore-platform environment (Smith et al., 2018) con-
tains microbialites composed of thin crusts, barrage pools,
and shallow rock pools, considered in a microbialite “modes
of occurrence” facies approach by Cooper et al. (2022)
alongside cliff face, boulder beach, rock pool and barrage
pool, oncoid, and sand beach deposits. The consistent in-
clusion of surface-cemented rudites (shell conglomerate,
beachrock, sand beach deposits, etc.) without direct evidence
of biogenicity means that they are not included within the
current classification; however, that is not to say they should
not be included within wider studies of rock coast terrestrial
and marginal marine carbonates (Fig. 3).

The following geomorphological classification distin-
guishes between the geomorphology of the microbialite de-
posit and the environment or wider setting (e.g. fluvial
and lacustrine crust macrostructures present in a discharge
apron in the shore-platform environment). Due to this com-
plex nomenclature, the following terminology is suggested
(Fig. 4).

4.2.1 Cascade

Cascades are tufa microbialite deposits deposited on steep
shore topographies producing a waterfall-like morphology,
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Figure 3. Contemporary and Holocene terrestrial carbonates commonly associated with rock coast microbialites: (a) bryophyte phytoherm
framestone tufa (Sligo Bay, Ireland); (b) surface (non-microbialite) tufa (Schoenmakerskop, South Africa); (¢) hypogean tufa (Quarry Bay,
Western Australia); (d) speleothem (Mullaghmore, Ireland); (e) paludal tufa (Canal Rocks, Western Australia); and (f-i) incipient beachrocks
and carbonate cements — (f) Quarry Bay, Western Australia; (g) Lauries Bay, South Africa; (h) Saligo Bay, Isle of Islay, Scotland; and (i) Sligo

Bay, Ireland.

NOT TO SCALE

Rock coast microbialite macrostructures

@ Cascade

@ Erosively-shaped @ Accretionary
Pentecost and Viles, 1994. Pentecost and Viles, 1994.
Cron Remora
@ Sensu Symoens et al., 1951; Aussen stalaktiten of Lehmann,
See Pedley, 1990. 1954; see Pentecost, 1993

@ Barrage/Barrage pool

@ Back pool @ Front pool
Sensu Edwards et al. (2017). Sensu Edwards et al. (2017).

@ Fluvial crust
@ Lacustrine crust

Associated terrestrial carbonate deposits

Other surface tufa facies (e.g., bryophyte phytoherm
framestone)

Hypogean tufa
Speleothem
Pedogenic carbonates, calcretes and paludal deposits

Beachrock and carbonate cements

@EEEE

Figure 4. Block diagram of rock coast microbialite macrostructure and associated terrestrial carbonate deposits.

ranging from a few millimetres to 30 cm in thickness (Cooper
et al., 2022).

In rock coast microbialite nomenclature, a variety of terms
have been used to describe tufa microbialite deposits on steep

https://doi.org/10.5194/bg-21-4785-2024

gradients; however, cascade deposits (Fig. Sa—c) have been
rarely termed as such. Researchers have frequently cited the
“waterfall deposit” of Forbes et al. (2010) (Edwards et al.,
2017; Perissinotto et al., 2014) despite considering that such
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deposits bear a striking resemblance to the morphology of
tufa deposits (Edwards et al., 2017). The cliff face micro-
bialite facies described by Cooper et al. (2022) is considered
to be dominated by the cascade macrostructure, as the cliff
face facies is partially defined by its steep shore topography
that produces cascade macrostructures.

Pentecost and Viles (1994) considered tufa “cascades” and
identified two distinct forms controlled by variable erosion—
deposition rates. The first form is “erosively shaped” de-
posits, paraboloid in section, with the surface morphology
controlled by the spate water trajectory (Fig. 5a), and the sec-
ond form is “accretionary” deposits, where the rate of deposi-
tion is greater than the rate of erosion, resulting in prograda-
tion (Fig. 5c). This second form consists of subtypes. These
include keeled cascades which consist of a narrow slot con-
stricting water flow before falling over a travertine s.l. nose
and “tubes” forming a travertine spout at the top of cascades
(Pentecost, 1993, 2005). “Cron” is a poorly observed cascade
subtype of small staggered dams with boggy pools and is
an intermediate between cascades and barrage pools (Pedley,
1990; Pentecost, 1993, 2005; Symoens et al., 1951). Con-
sidered a form of speleothem by Pentecost (2005), “Aussen
stalaktiten” (Lehmann, 1954), renamed remora (Pentecost,
1993), is a stalactite-like mass of terrestrial carbonate that
develops on steep slopes in slow or periodic water flow (Pen-
tecost, 2005) (Fig. 5b). Preferential precipitation of carbon-
ate may result in remora extending from a vertical surface,
potentially due to algal growth (Dobat, 1966; Rong et al.,
1996), resulting in a “phototrophic stalactite” (Pentecost,
2005). Ford and Pedley (1996) also consider waterfall or cas-
cade tufas but suggest that these forms may be constituents of
larger systems and that elements of cascade and paludal mod-
els described by Pedley (1990) may be encompassed by the
proximal element of the perched springline (slope) model.
In addition, comparable descriptive terms have been applied
to cascade or cascade-like tufa deposits including waterfalls
and thin cliff deposits and screens (e.g. Faulkner and Crae,
2018).

In the future, the resumption of the term “cascade” de-
scribing this specific macrostructure is suggested for further
work in order to agree with terrestrial carbonate and tufa
nomenclature, with macrostructures such as cron and remora
applied as qualifiers or subtypes.

4.2.2 Barrage

Barrages are the most distinctive and best morphologically
described of rock coast microbialite deposits. They range in
size from small barrage pools < 1 m diameter (or inter-dam
distance, Pentecost, 2005) with walls of ca. 15 cm height up
to large pools 1-5m in diameter with walls of ca. 20cm
height at Canal Rocks and Quarry Bay, Western Australia,
respectively (Forbes et al., 2010). At South African local-
ities, barrages are of comparable sizes, with small barrage
pools (< 1 m diameter) at Schoenmakerskop (Perissinotto et
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al., 2014) and larger barrage pools of up to 5-7 m diameter
and up to 1 m depth and with extensive lateral growth of the
barrage up to 1 m thick at Seaview and surrounding localities
(Edwards et al., 2017)

In rock coast microbialite nomenclature, barrage deposits
(Fig. 5f-h) have been relatively consistently described as
such. Perissinotto et al. (2014) and Edwards et al. (2017)
describe barrage pools with rimstone dams (Edwards et al.,
2017, consider rimstone itself to be a distinct mesostructure).
Edwards et al. (2017) also distinguish between “back pools”
and “front pools” based upon their position in relation to sea
level and morphology. In relation to morphology, back pools
form due to microbialite growth on both the pool bottom and
margins, forming rims that ultimately close the pool, and
front pools form with limited growth at the rims. Edwards
et al. (2017) ascribe the morphology of these pools to their
level of maturity; however, this morphogenetic classification
is yet to be applied outside of South Africa. Cooper et al.
(2022) also describe the barrage pool morphology as part of
a lumped rock pool and barrage pool facies, combining bar-
rage pool and lacustrine crust macrostructures. The barrage
macrostructure is not exclusive to this depositional facies and
may also be present on shore-platform surfaces and merge
with cascade macrostructures in cliff face environments.

Pentecost and Viles (1994) differentiate barrages from cas-
cades based upon vertical accretion of “barrages” resulting in
water impoundment and forming “barrage pools”, of which
two forms are recognised. The first form comprises those
forming large lake barrages on obstructions or breaks in gra-
dient on the accretion surface, and the second comprises bar-
rage systems that form on pre-existing travertine s.l. slopes.
Ford and Pedley (1996) describe the barrage model following
the fluvial barrage model of Pedley (1990). Pentecost (2005)
re-describes barrages, stating that the term barrage suggests
a specific obstruction, and applies the term “dam” instead.
Dams are divided into two groups based upon the distance
between consecutive dams (or inter-dam distance), with dam
systems with an inter-dam distance of 1cm—1m described
as minidams and those with inter-dam distances of 1-100 m
termed macrodams. However, this division is purely artificial
with no biomodality or discontinuity between forms (Pen-
tecost, 2005). In addition to tufa barrages, similar barrage-
like morphologies occur in other terrestrial carbonates such
as speleothem deposits, where the approximate terms “rim-
stone” and “gours” are applied, with “microgours” used to
refer to morphologies at the centimetre scale, and travertine
s.s. and silica sinter, where they are termed terraces (Hammer
et al., 2010; Pentecost, 2005). A scaled approach to barrage
terminology is also applied by Fouke et al. (2000) and Bar-
gar (1978), who use terraces, terracettes, and microterraces
to describe travertine morphologies of Yellowstone National
Park, USA.

For further work, the term “barrage” or the term “barrage
pool” is suggested in line with both terrestrial carbonate and
rock coast microbialite nomenclature, with constituents of a
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Figure 5. Rock coast microbialite macrostructures: (a) erosively shaped cascade (Cape St Francis, South Africa); (b) remora (Quarry Bay,
Western Australia); (c¢) accretionary cascades (Aughris Head, Ireland); (d) fluvial crust (Sligo Bay, Ireland); (e) fluvial crust (Sligo Bay,
Ireland); (f) barrages (Sligo Bay, Ireland); (g) barrages (Lauries Bay, South Africa); (h) inactive barrages (Quarry Bay, Western Australia);
(i) lacustrine crust (Bundoran, Ireland); (j) lacustrine crust (Mullaghmore, Ireland).

barrage, the outer wall of the structure, backed by a barrage
pool. The morphogenetic classification of “front” and “back”
barrage pools of Edwards et al. (2017) may be applied as
qualifiers if appropriate; however, these models should be
further tested globally.

4.2.3 Fluvial crust and lacustrine crust

Fluvial and lacustrine crust macrostructures form some of the
largest areas of rock coast microbialite of up to 10 m at sites
between Seaview and Schoenmakerskop, South Africa (Ed-
wards et al., 2017). However, these deposits are also char-
acterised by being thin, with subaerial exposed fluvial crusts
that are 3-5cm thick at the Kei Mouth locality (Smith and
Uken, 2003) and < 10cm at Eastern Cape localities, South
Africa (Edwards et al., 2017); < 4 cm thick inactive crusts at
Western Australian localities (Forbes et al., 2010); and ve-
neers of lacustrine crust as thin as 2-4 mm at the Giant’s
Causeway locality, Northern Ireland (Cooper et al., 2013).
However, fluvial and lacustrine crusts (Fig. 5d, e, i, and j)
are not readily distinguished in rock coast microbialite

https://doi.org/10.5194/bg-21-4785-2024

nomenclature, with both forms being “lumped” within a sin-
gular setting or facies. Initially, Edwards et al. (2017) de-
scribed “discharge aprons” as distinct macrostructures, de-
scribing microbialite growth typically < 10cm on inclined
bedrock with flowing fresh water. Inactive and active dis-
charge apron fans in Western Australia are also described
by Forbes et al. (2010). This macrostructure is encompassed
by the shore-platform environment described by Smith et al.
(2018), with stromatolites accreting on the sub-horizontal el-
ement of rocky coasts, typically within rock pools of shore
platforms. At the macrostructure level, they are simply de-
scribed as being thin crusts (1-30 cm thick) in addition to
low mounds, barrages, and oncoids, as described by Edwards
et al. (2017). The shore-platform surface facies is also docu-
mented by Cooper et al. (2022) to describe rock coast micro-
bialites that develop on the horizontal element of rock coasts,
which are thin mats covered by a freshwater film.

Fluvial crusts, also called stream/spring crusts, are char-
acterised by thin crust deposits under flowing water that in-
tergrade with other macrostructures including cascades and

Biogeosciences, 21, 4785-4807, 2024
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barrages (Pentecost, 1993, 2005; Pentecost and Viles, 1994)
as part of the fluviatile model of Pedley (1990). There is
recognition that these deposits are frequently associated with
cyanobacteria and algae (Pentecost, 1993, 2005). Ford and
Pedley (1996) consider low-angle sheetlike deposits to be
part of the distal component of the perched springline (slope)
model and streambed deposits of cyanobacteria-dominated
lenses and small bioherms of stromatolite boundstone to be
part of the braided fluvial model. A comparable speleothem
morphology is flowstone, which is considered analogous by
Pentecost (2005); however the surface morphology/texture is
smoother due to the lack of macrophyte growth and incorpo-
ration of detritus.

Microbial carbonates are considered a distinct lacus-
trine carbonate facies, identified by MISSs and “carbonate
biostructures” that include coated grains (e.g. ooids and on-
coids), other microbialites (e.g. stromatolites, thrombolites,
and other microbial mats), and tufa mounds (Gierlowski-
Kordesch, 2010). These are separated from fluvial crusts
by Pentecost (2005), who divides lake deposits into lacus-
trine crusts and lacustrine reefs. The former, lacustrine crusts,
have been defined similarly to fluvial crusts, consisting of su-
perficial crusts and oncoids in static bodies of water (Ford
and Pedley, 1996; Pentecost and Viles, 1994). The latter
reef-like deposits are also classified in this lacustrine envi-
ronment, with acknowledgement that such reefs are com-
monly laminated and microbially precipitated, i.e. stroma-
tolitic (Ford and Pedley, 1996; Pentecost and Viles, 1994).
This recognition of microbial influence has led to the term
“krustenstein” (Kann, 1941), which has been applied to tu-
fa/marl microbialite crusts (Doddy et al., 2019; Pentecost,
1981).

There is a clear discrepancy between the terminology ap-
plied to rock coast tufa microbialite macrostructure and the
equivalent tufa morphologies, based upon the unusual set-
ting in which rock coast microbialites form, with the envi-
ronment (e.g. shore platform or discharge apron) frequently
adopted as a macrostructure reserved here for fluvial and
lacustrine crusts. Fluvial crusts should be applied to thin
crusts with no water impoundment from barrages with flow-
ing fresh water, while lacustrine crusts should be applied to
crusts beneath predominantly no flow in a topographically
controlled basin (e.g. a rock pool) (Fig. 5i and j). In reality
these two macrostructures may form a gradient covering a
range of hydrodynamic conditions on a sub-horizontal sur-
face (e.g. on a shore-platform surface) and may grade into
other macrostructures such as barrages.

4.3 Mesostructure

Mesostructure, according to Grey and Awramik (2020),
refers to visible internal organisation and is the hierarchical
level that allows for the differentiation of microbialites into
stromatolites, thrombolites, dendrolites, and leiolites. In liv-
ing microbial mats, the mesostructure has also been termed
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“mat topography” and refers to the surface features as op-
posed to the visible internal organisation (Bauld, 1992, in
Grey and Awramik, 2020) with “architecture” proposed as
a fossil equivalent (Grey and Awramik, 2020). The internal
organisation of microbialites has been referred to as macro-
fabric (e.g. Riding, 2011) and mesofabric (e.g. Edwards et
al., 2017); however, Grey and Awramik (2020) suggest that
fabric is best used in its sedimentological meaning as a con-
stituent of microstructure.

The first mat topography mesostructure of rock coast mi-
crobialites was described by Smith and Uken (2003) as co-
alescing domal structures, now termed colloform, and fol-
lowing this initial description, Smith et al. (2005) examined
the laminated internal organisation further. The first substan-
tial observation of mesostructure was undertaken by Smith
et al. (2011), who described three growth forms: pustular,
laminar/columnar, and colloform. Described as mesofabrics,
Perissinotto et al. (2014) also observed these three forms on
the South African coast, and Cooper et al. (2013) compared
these to occurrences in Northern Ireland, describing collo-
form and laminar forms. This was greatly expanded upon
by Edwards et al. (2017), who also classified rimstone, root
casts, wrinkles, and blister mat mesostructures. Comparably
with surface-cemented rudites, or beachrock, the root cast
mesostructure, forming at vegetated cascades and resulting in
the precipitation of carbonate on roots, is not explicitly bio-
genic and cannot be included within a classification of rock
coast microbialite mesostructure. In the description of the
mesostructure of rock coast microbialites, both the growth
pattern (visible internal organisation) and the surface mor-
phology (mat topography) have been considered, in some
cases mutually exclusively.

The surface morphology of microbial mats and single-
taxon microbial colonies can be classified. Whitton et al.
(2000) classify the shape of cyanobacterial colonies as
spherical/subspherical, hemispherical, cube, plate, clathrate,
floc/amorphous, tuft/bushy, film/mat, and crust/fleck. These
colonies may form part of the greater surface morphology
of microbialites and demonstrate the biological control on
mesostructure; this, in combination with the equal environ-
mental control, is the genesis of mesostructure (Suosaari et
al., 2019a; Trompette, 1982). Mesostructure is frequently de-
scribed and classified on a case-study basis; for example,
microbialites at Shark Bay, Western Australia, are classified
based upon the surface morphology and degree of lamina-
tion. Pustular, smooth, colloform, and cerebroid morpholo-
gies have been identified (Jahnert and Collins, 2011, 2012;
Logan et al., 1974; Suosaari et al., 2019b). However, as noted
by Jahnert and Collins (2012), classification based on sur-
face morphology may not be useful regarding the fabric and
internal morphologies due to complex or compound micro-
bialites with possible growth hiatuses. The same terms, pus-
tular, smooth, and colloform, have also been applied to Ex-
uma Cays and Highborne Cay, The Bahamas (Reid et al.,

https://doi.org/10.5194/bg-21-4785-2024



T. W. Garner et al.: Tufa microbialites on rocky coasts

1995; Stolz et al., 2009), and to the external biofilm surface
of tufa deposits (e.g. Perri et al., 2012).

The term mat topography has been applied to the surface
mesostructure of living microbial mats (Bauld, 1992; Grey
and Awramik, 2020). Rock coast microbialite terminology
has used a wide variety of terms to describe both the mat to-
pography and the internal organisation/laminar profile, with
terms often being combined (e.g. the laminar flat mesostruc-
ture of Edwards et al., 2017); however, care should be taken
so as not to consider these two aspects of mesostructure
mutually exclusive unless there is sufficient evidence. This
may be addressed through the application of the hierarchical
mega- to microstructure approach. The following classifica-
tion distinguishes between mat topography (visible from the
exterior) and internal organisation (which requires examina-
tion in section) (Fig. 6).

4.3.1 Mat topographies: smooth, pustular, colloform,
and domes

The terms smooth, pustular, and colloform have each been
applied to describe mat topographies of rock coast micro-
bialites.

A laminar mesostructure was initially identified as LLH-
C (see Logan et al., 1964) in the wind-shadow margins of
pools by Smith et al. (2011). This “laminar flat” mesostruc-
ture was also identified by Edwards et al. (2017) and Smith
et al. (2018) as continuous stromatolite growth forming in
the wind-shadow margins of shallow pools, discharge aprons,
and ephemerally wet environments (Fig. 7e). It is similar
to the “flat sheet” form of microbial laminates described by
Forbes et al. (2010). Smooth mesostructure is associated with
a flat laminar internal fabric (Edwards et al., 2017; Smith et
al., 2011); however, as with other mat topographies, the re-
lationship with internal structure is not well resolved. Com-
parable smooth surface morphologies from Shark Bay have
been described as “flat, smooth surfaces with a beige colour
either as mats or sub-spherical heads” (Jahnert and Collins,
2011), with a laminated fabric and smooth mats in peritidal
zones (Gerdes and Krumbein, 1994), and from Highborne
Cay, The Bahamas, as smooth mats (Stolz et al., 2009). The
term “smooth” is frequently applied to microbialites and mi-
crobial mats and is recommended for further use.

A pustular mesostructure was initially described in the
rock coast environment by Smith et al. (2011) as partially
emergent, surrounding pool rims and shallow water, and
has subsequently been identified frequently (Edwards et al.,
2017; Smith et al., 2018) (Fig. 7a). Edwards et al. (2017)
further define the pustular mesostructure as being formed of
“small (0.5-2 cm wide) irregular shaped nodules which often
grow on discharge aprons or at shallow margins of barrage
pools”. A comparable pustular mesostructure from Shark
Bay, Western Australia, was first describe by Logan et al.
(1974) as “brown surfaces of gelatinous pustules composed
of mucilage (1-2 cm thick)” (Jahnert and Collins, 2011) from
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the shallow intertidal environment. The pustular morphol-
ogy is described as having a clotted fabric and is therefore
thrombolitic (Jahnert and Collins, 2012). It has also been
described from occurrences in normal-salinity marine envi-
ronments in Exuma Cays, associated with Schizothrix mats
(Reid et al., 1995), and Highborne Cay, The Bahamas, asso-
ciated with Schizothrix and Solentia mats and biofilms (Stolz
et al., 2009); from hypersaline Rivularia-rich microbial mats
in Laguna Negra, Argentina (Gomez et al., 2018; Mlewski
et al., 2018); and from occurrences in peritidal environments
(Gerdes and Krumbein, 1994). The term “pustular” as a mat
topography mesostructure is recommended with respect to
rock coast microbialites to describe the upper surface of mi-
crobial mats.

The colloform mesostructure was also initially described
by Smith et al. (2011) from deeper water than the pustu-
lar mesostructure to depths of 20-30cm (Fig. 7b and c).
The colloform mesostructure has been frequently described
(Cooper et al., 2013; Edwards et al., 2017; Smith et
al., 2018). Edwards et al. (2017) also consider colloform
mesostructure to be depth-controlled, being found in barrage
pools and on pool walls. It is defined as having “an inter-
connected bulbous appearance similar to that of malachite”
(Edwards et al., 2017). This colloform mesostructure is sim-
ilar to the phytohermal “bubble form” from Western Aus-
tralian microbial laminates described by Forbes et al. (2010).
Based upon the pustular and colloform mesostructures west
of Seaview, South Africa, Edwards et al. (2017) conclude
that a depth-controlled continuum exists between the two
growth morphologies. The colloform mesostructure is de-
scribed as “beige to brown elongate prismatic, spherical and
club shaped structures” with each hemispherical head being
1-5 cm in size (Jahnert and Collins, 2011) based on subtidal
material from Shark Bay, Western Australia. The colloform
mesostructure is well understood and used within other mi-
crobialite literature and so is suitable for further use.

Larger interconnected hemispherical structures with heads
of up to 15 cm in diameter have been observed between Cape
Freycinet and Conto Spring, Western Australia, at an inactive
microbialite barrage pool (Fig. 7d). While their morphology
is comparable to colloform, the structures are much larger
and could be considered a distinct mesostructure/morphol-
ogy. Indeed, as with pustular and colloform, it is likely that
a continuum exists between these mesostructures. The term
“domal” is suggested although this does not refer to MISSs
such as gas domes and mat expansion structures forming
from gas accumulation (e.g. microbial mat decay; Bouougri
et al., 2007).

4.3.2 Mat topographies: microterrace, microridge, and
pedestal

Edwards et al. (2017) described “wrinkles” as “small (1—

5 cm wide) drooping layers” forming on a sub-vertical faces
that merge with a laminar flat mesostructure, potentially con-
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Figure 6. Block diagram of rock coast microbialite mesostructures, including mat topography (surface morphology), internal organisation,
and microbial mat features, and common associated features of terrestrial carbonate deposits.

Figure 7. Rock coast microbialite mat topographies (mesostructure): (a) pustular (Streedagh, Ireland); (b) colloform (Quarry Bay, Western
Australia); (c) colloform (Lauries Bay, South Africa); (d) domal (Conto Spring, Western Australia); (e¢) smooth (Mullaghmore, Ireland);
(f) microterraces (Sligo Bay, Ireland); (g) microridges (Bundoran, Ireland); (h) pedestal (Sligo Bay, Ireland).

trolled by gradient and/or water flow velocity (Fig. 7g). In
addition to these formally described wrinkle structures, simi-
lar structures have been observed to merge with microterrace
structures at localities in County Sligo, Ireland, and Eastern
Cape, South Africa (Fig. 7f). The terminology for terrace or
barrage structures is complex, as discussed when examining
the barrage macrostructure, but might be resolved by sepa-
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rate consideration of the macro- and mesostructure. At the
mesoscale and centimetre scale, speleothem deposits have
been termed “microgours” (Hammer et al., 2010), corre-
sponding to “microterrace” for travertine s.s. (Bargar, 1978;
Fouke et al., 2000) and “minidam” for travertine s.1. (Pente-
cost, 2005). Microterraces and microridges are terms applied
predominantly to travertine s.l. and commonly travertine s.s.
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and speleothems (Pentecost, 2005). Hammer et al. (2010)
recognise that on travertine s.l. deposits, where the gradient
is so steep that backing pools do not form, a gradation into
“microridges” normal to the flow may form. These micror-
idges are considered here to be analogous with the wrinkles
described by Edwards et al. (2017). It is recommended that
the terms microterraces and microridges be applied to rock
coast microbialite nomenclature, in line with other terrestrial
carbonate literature, and the term wrinkles be abandoned.

Similarly, on sub-vertical surfaces, a distinct “pedestal”-
like topography is apparent, where small groundwater chan-
nels flow over the tufa surface, with growth of island-like
pedestals in between channels (Fig. 7h). Although this is an
uncommon structure, it has been observed across a very wide
geographic range with locations at the Eastern Cape, South
Africa; Western Australia; and Ireland.

4.3.3 Internal organisation: stromatolites,
thrombolites, and leiolites

The dominant internal organisation of rock coast micro-
bialites is laminated, and, as such, they are stromatolites
(Figs. 8a—c and 9a—c). The lamination of South African
stromatolites has been examined by Smith et al. (2005,
2011), describing laminated (LLH-C; Logan et al., 1964)
and columnar (SH-C) mesostructure, and later by Edwards
et al. (2017) and Smith et al. (2018), recognising columnar
mesostructure.

Smith et al. (2011) described the rimstone mesostructure
and the rimstone morphology, the latter of which was subse-
quently recognised by Edwards et al. (2017) as a bioturbated
irregular morphology with a matted fabric that forms at bar-
rage rims. Edwards et al. (2017) explicitly state that lamina-
tion is not present. Rimstone tufa was also described from
the barrage rims of Western Australian localities (Forbes
et al., 2010). The rimstone mesostructure is seen as in-
trinsically linked to the barrage macrostructure; however,
these two structures are not mutually exclusive. The well-
laminated stromatolitic internal organisation within the bar-
rage macrostructure at Quarry Bay, Western Australia, for
example, indicates that rimstone mesostructures are not ex-
clusively thrombolitic.

This thrombolitic internal organisation has multiple gene-
ses related to the trapping and binding of peloids (Castro-
Contreras et al., 2014); the morphology of the microbialite
builders (Kennard and James, 1986); and the disruption, de-
struction, and alteration of stromatolitic internal organisation
by biota, i.e. bioturbation (Walter and Heys, 1985). The lat-
ter has been suggested as a mechanism for the formation
of thrombolites in South African rock coast microbialites,
predominantly by metazoans and potentially by foraminifera
and coccoids (Dodd et al., 2021; Weston et al., 2018). It may
also be involved in the genesis of leiolitic (sensu Braga et al.,
1995) or structureless mesofabrics (Dodd et al., 2021).
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While stromatolitic, thrombolitic, and leiolitic internal or-
ganisation has been observed in the rock coast environment,
future work is required to describe these structures and fur-
ther subsets (e.g. dendrolites) before they can be confidently
attributed to processes.

4.3.4 Internal organisation: oncoids and proto-oncoids

Oncoids from rock coast environments have not been com-
prehensively described; however, Smith et al. (2020) de-
scribe clasts entirely encrusted (oncoid) and partially en-
crusted (proto-oncoid) from rock pools on shore platforms at
Cape Morgan, South Africa. These are described by Cooper
et al. (2022) as a rock coast microbialite facies. These brief
accounts describe barrage-pool-associated oncoids: oncoids
that form in the barrage pool basin of variable degrees of
encapsulating lamination around a cortex (spherical to ir-
regular debris) (Figs. 8d and 9d). In addition, oncoids form
in other supratidal groundwater environment, with variable
morphologies and characteristic environments. Fluvial crust
“rim” oncoids are oncoids and proto-oncoids with tonsure-
like rims that form around debris on fluvial crusts on bare
bedrock (Fig. 8e). Proximally to the groundwater spring ef-
flux, vegetation-associated oncoids form in paludal condi-
tions, commonly associated with vegetation (e.g. Phragmites
australis in the Eastern Cape, South Africa) (Fig. 8f).

Oncoids are defined by Grey and Awramik (2020) as
“unattached, generally spherical to ovoidal, stromatolite with
a cortex of encapsulating or nearly encapsulating laminae”.
They are considered a form of tufa or skeletal microbialite
and, as such, have distinct biofabrics (Pentecost, 2005), fre-
quently formed by cyanobacteria, in which case they may
be termed cyanoid (Riding, 1991). The term proto-oncoid
has been applied to clasts with partially encapsulating lam-
inae although this term is not widely applied (e.g. Andrews
and Trewin, 2014; Rodriguez and Cézar, 1999). They form
within fluvial and lacustrine environments alongside other
microbialite constituents such as microbial crusts and are
commonly considered to be indicators of agitated water, with
the turbulence rotating and overturning cortexes forming en-
capsulating lamination. However, in situ growth of oncoids
has also been described (Lencina et al., 2023). As such,
oncoids are frequently described as a constituent of terres-
trial carbonate models or classification schemes such as the
braided fluviatile model (Pedley, 1990) and fluvial and la-
custrine crust (Pentecost and Viles, 1994). While these are
considered in this morphological classification of rock coast
microbialites to equate to macrostructures, oncoids are fre-
quently described as having macro- and mesostructure (e.g.
Casanova, 1994; Lencina et al., 2023; Villafaiie et al., 2021);
hence, a flexible approach to the structural level should be
considered.
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Figure 8. Rock coast microbialite internal organisation (mesostructure): (a) stromatolitic columns coalescing to form colloform mat to-
pography (Bundoran, Ireland); (b) stromatolitic (laminar) internal organisation of a colloform stromatolite (Lauries Bay, South Africa);
(c) stromatolite (laminar) barrage (Quarry Bay, Western Australia); (d) barrage-pool-associated oncoids; (e) fluvial crust with small oncoids
and proto-oncoids (Sligo Bay, Ireland); (f) vegetation-associated oncoids (Islay, Scotland).

(@ (b)

(c)

(d)

Figure 9. Example sections of internal organisation (scale bar: 1 cm): (a) composite microbialite (Lauries Bay, South Africa); (b) top of
columnar stromatolite (from field photograph: Fig. 8a) (Bundoran, Ireland); (¢) barrage-pool-associated oncoid (from field photograph:
Fig. 8d) (Lauries Bay, South Africa); (d) stromatolite (laminar) (Aughris Head, Ireland); (e) thrombolite with macro-laminae partially pre-

served (Sligo Bay, Ireland).

4.3.5 Microbial mat features

Microbial mats are ubiquitous in the rock coast environment,
and observations to date show that a spectrum of MISSs,
microbial mat features, and stromatolite mesostructures are
present on rock coasts and they exhibit varying degrees of
stacking/accretion and mineral precipitation. Environmental
interactions with microbial mats and the exposed surface mat
topographies of microbialites in the rock coast environment
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result in a variety of features that are poorly described and
understood.

Few microbial mat features have been described explic-
itly from rock coast microbialites; however, the “blister mat”
mesostructure described by Edwards et al. (2017) as “1-3 cm
wide dome-like structures [that] appear to have burst open
at the top resulting in a surface morphology that resembles
blistering” may be considered to resemble burst gas domes
(Fig. 10). Blister mats accrete on low-gradient substrates sub-
ject to frequent subaerial exposure (Dodd et al., 2021; Ed-
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Figure 10. Rock coast microbialite mat features: (a) blister mat (Quarry Bay; Western Australia); (b, ¢) microbial shrinkage cracks and mat
curls (Sligo Bay, Ireland); (d) floating microbial mat chips of lacustrine crust following detachment from substrate (Sligo Bay, Ireland).

wards et al., 2017), and Edwards et al. (2017) suggest that
their formation is a result of subaerial exposure of micro-
bial mats, splitting domal structures and releasing trapped
gases produced by the mat decomposition, as described by
Gerdes and Krumbein (1994). These structures are similar to
the gas domes described by Noftke (2010), which can blister
or collapse, releasing the trapped gas and resulting in a crater-
like morphology. These structures may be recolonised by mi-
crobial mats (Lakhdar et al., 2020), potentially resulting in
laminoid and irregular fenestrae in section as suggested by
Dodd et al. (2021). Features like the blister mat mesostruc-
ture occur as modifications to microbial mats with notable
carbonate precipitation and as such are not MISSs; however,
similar environmental interactions result in similar superfi-
cial similarities.

Smith et al. (2020) describe wave rip-up clasts of stro-
matolite within rock pools and areas stabilised by vegeta-
tion in a shore-platform environment on the South African
coast that form due to increased wave energy and/or water
levels during storm conditions. These deposits may accu-
mulate and form an allochthonous tufa microbialite breccia
(Cooper et al., 2022; Smith et al., 2020). These wave rip-
up clasts are common on shore-platform surfaces where de-
posits of laminar stromatolites or microbial mats are most
common (Cooper et al., 2022; Smith et al., 2020) (Fig. 10d).
The descriptions of these features are similar to MISSs due to
comparable environmental interactions; however, due to min-
eral precipitation, they cannot be classified as such. These
should instead be regarded as microbial mat features. Wave
rip-up clasts are comparable to MISS microbial mat chips, re-
ferring to chip and flake-shaped centimetre-sized fragments
detached by mechanical erosion of a parent microbial mat
through water agitation, predominantly by waves or bottom
currents during tides or storm events as well as potentially
wind action (Eriksson et al., 2007; Noffke et al., 2001).

While microbial mat chips from rock coast microbialite
systems have been described, microbial shrinkage cracks,
also called synaeresis cracks or desiccation cracks, despite
their ubiquity, have not. Microbial mat shrinkage cracks are a
“surface of thin microbial mats marked with isolated lentic-
ular, sinuously curved and even subcircular cracks, spindle
shaped and tri-radiate shrinkage cracks” (Eriksson et al.,
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2007) formed due to subaerial desiccation in the upper in-
tertidal to lower supratidal zones of tidal flats (Eriksson et
al., 2007). These cracks may have curled margins that may
mature to flipped-over edges and eventually may become a
rolled-up mat fragment (Fig. 10b and c). Shrinkage cracks
and mat curls of carbonate-precipitating microbial mats have
not yet been formally described in detail from rock coast en-
vironments; however, their presence warrants mentioning in
this scheme.

Environmental interactions with potential MISSs, micro-
bial mats, and microbialites in the rock coast environment
are currently poorly described and poorly understood. Future
research into these features, the relationship between these
and the more common mat topographies, and their genesis is
required.

5 Summary, integration of nomenclature, and
recommendations for future work

Rock coast microbialite research has expanded greatly in
the last 20 years, with the terminology for characterisation
borrowed from both microbialite and terrestrial carbonate
nomenclature. Therefore, an integrated rock coast micro-
bialite classification is essential in future research on rock
coast microbialite systems. We have considered the existing
approaches and propose a new integrated geomorphological
terminology and classification scheme to promote future con-
sistency. This classification addresses the presence of syn-
onyms, duplications, and omissions and the wide variety of
terms applied to the same morphological features, predom-
inantly at the macro- and mesoscale, and it is approached
through a hierarchical scale. We propose the following guide-
lines.

The terminology and overarching classification proposed
here are focused on the geomorphology of macrostructures
and mesostructures. The review of the literature, however,
reveals that drivers and relationships between them are less
well understood (e.g. testing and resolving the relationships
between mat topography and internal organisation). In addi-
tion to this, better qualitative and quantitative geomorpholog-
ical description is required at the macro- and mesoscale.
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Establishing biogenicity of rock coast microbialites and
associated carbonate deposits (e.g. beachrock and rhizoliths)
is also crucial, considering the genetic definition of micro-
bialites. It is acknowledged that the degassing of carbon
dioxide inorganically can contribute to tufa microbialite min-
eralisation, alongside biomineralisation; the respective con-
tribution of both carbonate-forming mechanisms is not well
understood with respect to different macro- and mesostruc-
tures. Greater understanding of this may allow for better in-
tegration with both terrestrial carbonate and microbialites.

Understanding the global distribution and variability in
rock coast microbialites also requires further research, with
consideration of drivers such as groundwater seep chem-
istry, geology/topography, and microbialite builders in order
to better understand the microbialites’ morphogenesis. Since
some of the more intricate drivers of microbialite genesis,
especially regarding rock coast microbialites, are currently
only partly understood, this classification scheme is out of
necessity based on morphology rather than morphogenesis.
While this is appropriate for and relevant to the interpreta-
tion of rock coast microbialites in the fossil record where
the specific drivers cannot be easily observed, better under-
standing of the current drivers in their formation would make
comparisons to deep-time microbialites more meaningful.

The strong focus on British and north-west European stud-
ies on tufa and travertine, resulting in a study bias predomi-
nantly in cool temperate climates, does not sufficiently con-
sider other (e.g. tropical) climates. This greatly impacts the
establishment of classification schemes and diminishes their
global value. A global view of rock coast microbialite classi-
fication relies upon the detailed description, study, and com-
parison of localities around the globe. As new rock coast mi-
crobialite localities are inevitably discovered and described,
consistency in their description and the terminology applied
is vital for advances in our understanding of these deposits.
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