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ARTICLE INFO ABSTRACT

Editor: Isabel Montanez Lower Ordovician stromatolite-like columns and thrombolite-like mounds, composed of fossilised keratose
sponges (keratolites) and microbial carbonates, are reported from the Tremadocian Mungok Formation,
Yeongwol, Korea. The stromatolite-like columns, which are up to 10 cm wide and high, consist of an inner core
with low-angled (10-45°) layers that are covered by high-angled (>45°) layers. The inner core is made up of
millimetric layers of alternating keratolite and microbial carbonate, and microbial carbonate dominantly com-
prises the outer cover. The entire columns are surrounded by bioclastic packstone to grainstone. The thrombolite-
like mounds are domes a maximum of 100 cm high and 40-60 cm wide embedded within lime mud and shale.
These mounds consist of keratolite-microbial carbonate clots and minor lithistid sponge-microbial carbonate
clots. The stromatolite-like columns were formed in a high-energy subtidal setting, in which laminoid keratolite
and microbial carbonate formed the tight laminar frame columns. Continued growth of the column narrowed the
intercolumnar space, resulting in higher-energy hydrodynamic conditions that limited the growth of sponges but
promoted growth of microbial organisms. In contrast, thrombolite-like mounds developed in a low-energy
environment below fair-weather wave base, where irregular to bulbose keratose sponges with minor lithistid
sponge-microstromatolite associations formed cluster reefs. There appear to have been ecological and/or
environmental factors that affected the distribution of these sponges; keratose and lithistid sponges rarely occur
together in the Mungok reefs, whereas lithistids are pervasive within coeval intermediate-energy microbial reefs
elsewhere. These results demonstrate the importance of hydrodynamic controls on overall reef morphology and
configurations during the Early Ordovician, and suggest that keratosan-microbial consortia may have been an
integral component of the Great Ordovician Biodiversification Event, together with the lithistid sponge-micro-
bial consortium.
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1. Introduction Cambrian (Age 4 of Epoch 2), and lithistid sponge-microbial reefs

flourished during the mid-late Cambrian (Miaolingian-Furongian) and

Sponge-microbial consortia are regarded as having been a critical
reefal association throughout the Phanerozoic (Brunton and Dixon,
1994). They were especially important during the early stage of meta-
zoan evolution in the early Palaeozoic (Lee and Riding, 2018).
Archaeocyath sponges were the first metazoans that globally flourished
and constructed reefs together with microbes in the early Cambrian (late
Terreneuvian to Epoch 2) (Rowland and Shapiro, 2002; Gandin and
Debrenne, 2010; Pruss et al., 2012; Zhuravlev et al., 2015; Cordie et al.,
2019). Archaeocyath-microbial reefs disappeared in the late early

diversified in the Early Ordovician (Lee et al., 2016a; Lee and Riding,
2018). Through the Ordovician Period, the lithistid-microbial reefs
were gradually augmented and replaced by newly appearing skeletal
reef builders, including calathiids, pulchrilaminids, stromatoporoids,
tabulate and rugose corals, bryozoans, receptaculitids, and other groups
(Webby, 2002; Adachi et al., 2011; Kroger et al., 2017; Lee and Riding,
2018; Elias et al., 2021). The newly appeared skeletal reefs with stro-
matoporoid sponges dominated reef ecosystems since the Middle
Ordovician (late Darriwilian) and persisted until the Late Devonian
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Fig. 1. Geological setting of the study area. (A) Geological map of the Yeongwol Group (modified after Lee, 1995). The location of the study area (the Araetgol
section) is marked by a white dot (37°17'07”N, 128°25'58"E). (B) Schematic stratigraphic column of the Yeongwol Group (after Lee, 2020a).

mass-extinction event. These stromatoporoid reefs are the most typical
Palaeozoic reef type (Copper, 2011; Kershaw, 2015; Kershaw et al.,
2018).

Keratose sponges, a group of demosponges that lack spicules but
possess a skeleton of spongin fibres, have recently been recognised as an
important contributor to reefs throughout the Phanerozoic (Luo and
Reitner, 2014). The term ‘keratolite’ has been suggested to denote fos-
silised keratosan carbonates that are often associated with microbial
carbonates and formed reefs (Lee and Riding, 2021b). Keratolites are
often described as vermiform fabrics (sensu Walter, 1972) within
microbialites. Previously reported examples of laminated keratoli-
te-microbial carbonate constructions often superficially resemble
classic stromatolites, and are frequently difficult to distinguish from
stromatolites in the field (Luo and Reitner, 2016; Lee and Riding, 2021b
and references therein). Many keratolite-stromatolite assemblages were
previously regarded as microbialites devoid of skeletal organisms, and
their true distribution in the geological record would thus have been
underestimated (e.g., Lee et al., 2014; Luo and Reitner, 2014, 2016; Luo,
2015; Lee and Riding, 2021b).

Keratolite-microbialite associations are commonly found in early
Palaeozoic reefs (Lee and Riding, 2021b), and could have been an in-
tegral component of the early Palaeozoic biodiversification events—the
Cambrian Explosion and the Great Ordovician Biodiversification Event
(GOBE) (Lee et al., 2015). In this study, we describe two different types
of bioherms from the Lower Ordovician Mungok Formation, Yeongwol,
Korea, that superficially resemble stromatolites and thrombolites, which
were mainly constructed by keratose sponge-microbial consortia in
addition to minor lithistid sponges. The aim of this study is to determine
the reef-building roles of keratose sponge-microbial associations in
these two different types of bioherm, and to discuss the factors con-
trolling Early Ordovician reef ecosystems together with the better-
known lithistid sponge-microbial associations. The results of this
study will help to elucidate how the keratosan-microbial consortium

contributed to reef ecosystems during the incipient stage of the GOBE.
2. Geological setting and methods

The Taebaeksan Basin, located in the central-eastern part of the
Korean Peninsula (Fig. 1A), contains the lower Palaeozoic Joseon Su-
pergroup that consists of the Taebaek, Yeongwol, Yongtan, Pyeong-
chang, and Mungyeong groups (Choi and Chough, 2005). The Yeongwol
Group contains the Sambangsan, Machari, Wagok, Mungok, and
Yeongheung formations in stratigraphic ascending order. The Sam-
bangsan, Machari, and Wagok formations are Cambrian in age; the
Mungok and Yeongheung formations are Ordovician in age (Kobayashi,
1966; Choi, 1998) (Fig. 1B). The palaeogeographic location of the
Yeongwol Group is problematic. The Sino-Korean Block (to which most
of the Joseon Supergroup belongs) and the South China Block, both of
which were microcontinents located at the margin of Gondwana during
the early Palaeozoic, collided in the late Permian-Triassic and became
eastern Asia (Cluzel et al., 1991; Chough et al., 2000; Chough, 2013;
Zhao et al., 2021). The Yeongwol Group may have been located in the
outer part of the Sino-Korean Block (Kwon, 2012; Choi, 2019) or in the
South China Block (Cluzel et al., 1991), and became juxtaposed with the
rest of the Joseon Supergroup during the collisional event (Chough,
2013).

The Mungok Formation is Early Ordovician (Tremadocian) in age
(Lee, 2020b) based on the identification of three trilobite biozones (the
Yosimuraspis, Kainella, and Shumardia zones) (Kim and Choi, 2000) and
five graptolite biozones (the Anisograptus matanensis, Adelograptus cf.
tenellus, Callograptus spp., Paradelograptus antiquus, and Aorograptus
victoriae zones) (Cho and Kim, 2007) (Fig. 2). This succession, which is
approximately 200 m thick, mainly consists of ribbon rock (alternating
thin beds of lime mudstone and shale), packstone to grainstone, lime-
stone conglomerate, and marlstone to shale facies, and is interpreted as
subtidal ramp deposits (Kim and Choi, 2000; Choi et al., 2001; Kim et al.,



D. Pham et al.

Al

Trilobite biozone

Aorograptus victoriae

Paradelograptus
antiquus

< Kayseraspis sp. N
- Callograptus

Adelograptus. cf.

Shumardia tenellus

Tumok Member

Anisograptus
matanensis

Graptolite biozone

Jeommal Mbr

3 Kainella

Limestone

Mungok Formation

conglomerate

Baceiljae Mbr

Packstone/
Grainstone

5 ==

-CE) Chert

g
Laminated/bioturbated

g lime mudstone

s =i

X Ribbon rock

il

Calcareous shale

 Yosimuraspis

100 cm

Palaeogeography, Palaeoclimatology, Palaeoecology 572 (2021) 110409

|
]\

X

I

|

l”lw

[
l
|

i

————
C— >
Y
C———
C———— 3
C— )
c———
—
—_—

i
\

!

w
|
|

T

SMWP

o
o
O

MWPGC

Fig. 2. (A) Generalised stratigraphic log of the Mungok Formation (after Kim et al., 2014). Trilobite biozones after Kim and Choi (2000) and Lee (2020b). Conodont
biozones after Cho and Kim (2007). (B) Detailed stratigraphic log of the Araetgol section, which exposes the middle part of the Jeommal Member of the Mungok
Formation. The arrows indicate the stratigraphic horizons of the columnar stromatolite-like and thrombolite-like mounds. Abbreviations: S = shale, M = mudstone,

W = wackestone, P = packstone, G = grainstone, C = conglomerate.

2014). The formation is further subdivided into four lithostratigraphic
units: the Karam, Baeiljae, Jeommal, and Tumok members in strati-
graphic ascending order (Kim and Choi, 2000) (Fig. 2A). The Karam
Member consists of ribbon rock and packstone to grainstone with minor
chert nodules. The overlying Baeiljae Member is characterised by
massive dolostone with locally preserved packstone to grainstone
texture. The Jeommal and Tumok members mainly consist of ribbon
rock and limestone conglomerate, with additional marlstone in the
Tumok Member (Kim et al., 2014). Occurrence of the Anisograptus
matanensis graptolite biozone in the basal Tumok Member (Fig. 2A)
suggests a lower Tremadocian age for the Karam, Baeiljae and Jeommal
members (Cho and Kim, 2007; Goldman et al., 2020).

The studied samples were collected from the middle Jeommal
Member in the Araetgol section, located ~10 km northwest of Yeongwol
city (Fig. 1A). The section exposes a ~25-m-thick succession of the
Baeiljae to Jeommal members. A 15-m-thick bioherm-bearing succes-
sion in the Jeommal Member was measured at 1:10 scale (Fig. 2B).
Complementary samples were collected for microfacies analysis at

vertical spacings of less than 20 cm. To describe the bioherms, 24 pol-
ished slabs and more than 400 large-format thin sections (7.6 x 5.2 cm)
cut perpendicular to the bedding were prepared.

3. Results
3.1. Components of the Mungok bioherms

Two types of bioherms were recognised in outcrop on the basis of
their different macro- and mesostructures: columnar stromatolite-like
(Fig. 3A, B) and domal thrombolite-like bioherms (Fig. 3C). The main
constituents of these bioherms are keratolites and microbial carbonates.
Minor components include lithistid sponges, various bioclasts (bivalves,
crinoids, trilobites, gastropods, and cephalopods), and intraclasts, as
well as a considerable amount of secondary sparry cement and dolomite.

3.1.1. Keratolite
The keratolite (sensu Lee and Riding, 2021b), which comprises
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Fig. 3. Outcrop photographs of the stromatolite-like columns and thrombolite-like mounds at the Araetgol section. (A) Outcrop view of stromatolite-like columns.
Scale in centimetres. (B) Close-up view of (A). Note occurrence of a sharp erosive boundary above the stromatolite-like column. Scale in centimetres. (C) Outcrop

view of the thrombolite-like mounds.

calcified remains of keratose sponges (Luo and Reitner, 2014, 2016), is
characterised by a fibrous network of irregular branching sparry fila-
ments that are embedded within micrite (Fig. 4). The filaments are up to
a few millimetres long and less than 100 pm wide, with a generally
constant diameter (Fig. 4C, D). The outlines of keratolite bodies are
often diffuse. The keratolites often laterally grade from dense to loose
networks (Fig. 4B, C), and gradually change upward into peloids that are
in turn overlain by blocky calcite cement (Fig. 4D), possibly implying
early degradation of sponges (Lee et al., 2016b). Bioclasts, which are
rarely found within the network (Fig. 4D), would have been trapped in
the fibrous networks of the keratosans (Lee and Riding, 2021a).

3.1.2. Microbial carbonate

The microbial carbonate is characterised by flat to wavy laminated
and non-laminated structures devoid of calcimicrobes. The laminated
microbial carbonate forms layers a few millimetres thick (Fig. 5C) or
vertically stacked domal, irregular, columnar, to branched micro-
stromatolites a maximum of 10 mm high and 8 mm wide (Fig. 5D). The

former type is pervasive in the stromatolite-like columns, whereas the
latter occurs only in the thrombolite-like mounds. The laminated mi-
crobial carbonate is composed of laterally discontinuous, repeated al-
ternations of lighter grey peloidal micritic and darker grey
homogeneous micritic laminae less than 100 pm thick. The non-
laminated microbial carbonate forms millimetre-scale patches, and oc-
curs in the thrombolite-like mounds. These carbonate patches are
composed mainly of darker micritic lumps, with or without subordinate
bunches of peloidal micrite. The micritic lumps, <1 mm in size, are
bulbous, lobate to irregular forms, and commonly coalesced vertically
and laterally.

The laminated microbial carbonate would have formed by lithifica-
tion of microbial mats (Keupp et al., 1993; Arp et al., 2001; Riding,
2011). Micritic to microclotted fabrics of microbial carbonates represent
calcification of the extracellular polymeric substances of sulphate-
reducing bacteria (Riding, 2011). Very thin microbial layers are
similar to the “filmy structure” of Precambrian stromatolites (Bertrand-
Sarfati, 1976; Knoll and Semikhatov, 1998), and would have resulted
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Fig. 4. Photomicrographs of the keratolite. (A-D) Keratolites in the stromatolite-like columns. (A) Keratolite (Ks) layers separated by blocky calcite cement layers.
Post depositional calcite cement vertically cuts the keratolite layer (arrow). (B) Dense (Ks-d) and loose (Ks-1) keratolite networks overlain by a crudely laminated
microbial carbonate layer (Mb). (C) Lateral gradational change from a dense to loose keratolite network. (D) Keratolite grading upward into peloids (P) and sparry
calcite. Note the occurrence of a crinoid fragment in the keratolite (arrow). (E-G) Keratolites in the thrombolite-like mounds. (E) Keratolite surrounded by bioclastic/
intraclastic packstone (dashed line) via stylolites, and in turn overlain by microstromatolites (Ms). (F, G) Well-preserved keratolite patches.

from the primary growth of microbial organisms (Harwood and Sumner,
2012).

3.1.3. Other components

Lithistid sponges are one of the most common components in the
intercolumnar sediments, but are also locally found in thrombolite-like
bioherms. These sponges are characterised by well- to poorly preserved
cylindrical to conical shapes, and are generally 10-20 mm (maximum
32 mm) in diameter (Fig. 6). Their walls contain ladder-like trabs with
abundant canals (Fig. 6C, D). Altogether, these characteristics suggest
that these lithistid sponges belong to Family Anthaspidellidae, and some
to the genus Archaeoscyphia judging by the occurrence of wings (Fig. 6B)

(Rigby and Desrochers, 1995; Church, 2017).

Other biogenic components include bioclasts such as trilobites, bi-
valves, gastropods, crinoids, and cephalopods (Fig. 7A, B). These bio-
clasts mostly form bioclastic wackestone to packstone between the
bioherms or occur in the bioclastic grainstone that sharply truncates the
stromatolite-like columns. Bioclasts were also rarely observed within the
bioherms. Micritic intraclasts, a common component of lower Palae-
ozoic successions (Wright and Cherns, 2016), are found in the inter-
columnar/interbioherm spaces (Fig. 7C).

Two important abiotic components, blocky calcite cement and coarse
dolomite crystals, occur in the bioherms. The blocky calcite is common
within the stromatolite-like columns. The calcite cement is often parallel
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Fig. 5. Photomicrographs of microbial carbonate. (A) Thinly intercalated keratolite (Ks), laminated microbial carbonate (Mb), and blocky calcite layers forming the
inner core of a stromatolite-like column. (B) Partially dolomitised microbial carbonate layers, forming the high-angled outer cover of a stromatolite-like column.
Stromatolite layers are marked by white dotted lines. (C) Intermingled keratolites and minor microbial carbonates forming a keratolite-microbialite clot in a
thrombolite-like mound. For location, see Fig. 4E. (D) Two columnar microstromatolites (Ms) encrusting underlying lithistid sponges (Ls) and overlain by the holdfast

of the lithistid sponge Archaeoscyphia (white arrow) in a thrombolite-like mound.

to (Fig. 5A), and sometimes irregularly separates (Fig. 4A), the biogenic
layers. The coarse sand-sized dolomite crystals commonly overlap pri-
mary biotic components and obscure their structures, but often follow
and enhance layers of the stromatolite-like structure. The large crystal
sizes of the calcite and dolomite suggest that these minerals were formed
later in diagenesis (Amthor and Friedman, 1992; Montanez, 1994).

3.2. Macro- and mesostructures of the Mungok bioherms
3.2.1. Stromatolite-like columns

3.2.1.1. Description. The stromatolite-like structures are columnar in
shape, with maximum widths and heights of 10 cm (Figs. 3B, 8). They
overlie a thin oolitic grainstone bed and are overlain by bioclastic
grainstone with a sharp erosive boundary (Fig. 3A, B). The stromatolite-
like columns have ragged to straight lateral margins. The intercolumnar
bioclastic packstone consists of lithistid sponges, bivalves, trilobites,
crinoids, keratolite fragments, peloids, and intraclasts. The columns can
be separated into two parts, an inner core consisting of low-angled layers
(<45°) that are covered by high-angled layers (>45°) (Fig. 8B). The
inner core can reach up to half to two-thirds of the column height, and is
surrounded by the thinner (~2 cm thick) outer cover.

Keratolites and microbial carbonates are the two major biogenic
components in the stromatolite-like columns. The inner core consists of
laminoid keratolites that are often covered by microbial carbonate
layers less than a millimetre thick forming small domes/columns, and
then by sparry calcite layers 1-2 mm thick that frequently crosscut the
keratolite/microbial carbonate layers (Figs. 4A-D, 5A). Keratolites,

microbial carbonates, and sparry calcite layers repeatedly alternate
(Figs. 4B, 5A) and form the columnar structure. The outer cover consists
mainly of high-angled thin microbial carbonate layers with minor ker-
atolites (Fig. 5B).

3.2.1.2. Interpretation. The coarse-grained intercolumnar sediments
and truncation surface on the stromatolite together suggest that the
stromatolite-like columns formed in a high-energy subtidal environ-
ment. In this environment, sponges may have grown as laminoid forms
with a high basal area to volume ratio that helped them to adapt to the
high-energy conditions (Kaandorp, 1999; Bell and Barnes, 2000; Meroz-
Fine et al., 2005). Similar keratolite-microbial carbonate associations
forming such stromatolite-like forms have been reported throughout
Phanerozoic strata, but most commonly in upper Cambrian-Lower
Ordovician rocks (Lee and Riding, 2021b, table 1). The thin micritic
microbial carbonates encrusting the keratose sponges indicate the
establishment of microbial communities associated with those sponges.
Microbial mats can play an important role in the initial settlement of
sponges by providing a suitable substrate (Whalan and Webster, 2014),
and degraded sponge tissue supplies essential nutrients to microbial
communities (Wilkinson and Fay, 1979; Sara et al., 1998). The overall
stromatolite-like fabrics were overprinted by selective recrystallization
along the layered fabrics during the burial, resulting in the sparry calcite
layers.

As the stromatolite-like columns expanded both vertically and
laterally and formed the inner core, the intercolumnar spaces eventually
became narrower and resulted in higher-energy hydrodynamic condi-
tions. Such conditions would have been less favourable for sponges,
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Fig. 6. Photomicrographs of the lithistid sponges in the thrombolite-like mounds. (A-B) Subvertically to horizontally oriented lithistid sponges (Ls), with some
microstromatolites (Ms) encrusting lithistids. Homogeneous lime mud (Lm) surrounds the lithistid sponge-microstromatolite clots. (C) Longitudinal and (D)
transverse sections of lithistid sponges. Note ladder-like spicule networks characteristic of anthaspidellid lithistids in (C).

Fig. 7. Examples of the sediments between the Mungok bioherms. (A, B) Bioclastic packstone filling the space between the stromatolite-like columns, and containing
(A) crinoids, trilobites, and (B) bivalves. (C) Micritic intraclasts and a trilobite fragment occurring between the thrombolite-like clots.

because of the requirement for higher pumping costs (Palumbi, 1984).
In addition, strong currents or high waves often limit the morphological
diversity of sponges in present-day environments (Bell and Barnes,
2000). In these circumstances, microbial carbonates would have
covered the outer spaces of the inner core, forming the high-relief
topography of the columns. Finally, the entire column became sur-
rounded by coarse intercolumnar sediments and was subsequently
eroded.

3.2.2. Thrombolite-like mounds

3.2.2.1. Description. The thrombolitic mounds are domes up to 100 cm
high and 40-60 cm wide embedded within ribbon rock (Figs. 3C, 9).
Mesoscale fabrics could not be observed in the field because of weath-
ering and lichen growth. Analysis of slabs revealed that the mounds
consist of cm-scale thrombolitic “clots” and homogeneous micrite with
several intraclasts and bioclasts filling the interclot spaces (Fig. 9B). The
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Fig. 8. Photographs of (A) a polished slab and (B)
corresponding thin sections of stromatolite-like col-
umns. Red and yellow dashed lines indicate the inner
core and the outer cover of the stromatolite-like col-
umns, respectively. Green and blue dotted lines show
examples of low-angled layers (<45°) and high-
angled layers (>45°), respectively. An erosive
boundary (white dashed line) sharply truncates the
stromatolite-like column on the right. (For interpre-
tation of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)

term clot is used here to indicate slab- to thin section-scale features of
variable forms that superficially resemble mesoclots of thrombolites
(Shapiro, 2000). The margins of clots are nearly vertical, clearly sepa-
rating the clots from the interstitial micrites. Two types of clots are
recognised: keratolite-microbialite and lithistid spon-
ge—microstromatolite clots.

The keratolite-microbialite clots are irregular to bulbose in shape
and ~5 cm wide and high, and are the most dominant component of the
thrombolite-like mounds. They mainly consist of diffuse to dense net-
works of keratolite and small microbial carbonate patches embedded
within the keratolites (Fig. 4E-G). The lithistid-microstromatolite clots
are smaller than the keratolite-microbialite clots, and are usually a
maximum of 1 cm wide and high. They occur in the spaces between the
keratolite—-microbialite clots and the ribbon rocks, and their boundaries
are commonly overprinted by stylolites (Fig. 6). The lithistid sponges
and microstromatolites encrust each other, forming rigid frameworks

(Fig. 5D).

3.2.2.2. Interpretation. The thrombolite-like mounds formed in a low-
energy subtidal environment, probably below normal wave base,
where ribbon rocks of lime mudstone and shale were deposited (Chen
et al., 2010; Bayet-Goll et al., 2015). The low-energy conditions would
have promoted growth of keratose sponges in a variety of morphologies
such as irregular to bulbose clots (Bell and Barnes, 2000). We infer that
the bulbose growth forms of keratose sponges would have resulted in the
overall shapes of the keratolite-microbialite clots. Microclotted micrites
may have been formed from the degrading sponge soft tissue (Reitner,
1993; Guido et al., 2019). Microstromatolites and lithistid sponges
would have grown in the limited spaces between the keratoli-
te-microbialite clots. The sponges and microstromatolites grew on each
other, forming the lithistid-microstromatolite clots (Hong et al., 2016;
Lee et al., 2019).
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Fig. 9. Photographs of (A) a polished slab and (B) corresponding thin sections
of the thrombolite-like mounds. Irregular to bulbous keratose-microbial clots
(red dashed lines) and lithistid-microstromatolite clots (yellow dashed lines)
are surrounded by ribbon rocks composed of alternating lime mudstone and
shale beds. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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4. Discussion

The sponge-microbial carbonate reef-building consortium is char-
acteristic of the Furongian (late Cambrian) to Early Ordovician. During
that time, high temperatures and low dissolved oxygen concentrations
limited diversification of other metazoan reef builders (Lee and Riding,
2018). Lithistid-microbial reefs are thought to have been the most
important reef type of this time interval (Lee et al., 2016a; Lee and
Riding, 2018), together with recently recognised keratosan-microbial
reefs. During the Early Ordovician, newly appearing metazoan reef-
builders, including calathiids, bryozoans, coralomorphs (e.g., Amsas-
sia), and pulchrilaminids, augmented these sponge-microbial reefs, but
were still minor reef components (e.g., Toomey and Ham, 1967; Canas
and Carrera, 1993; Keller and Fliigel, 1996; Adachi et al., 2012; Cuffey
et al., 2013; Li et al., 2014, 2015; Carrera et al., 2017; Shen and Neu-
weiler, 2018; Elias et al., 2021).

Keratolite-microbialite associations occurred throughout the Phan-
erozoic, but were especially common during the Cambrian-Ordovician,
Middle Devonian-Mississippian (early Carboniferous), and Early
Triassic, when microbial carbonates were abundant (Lee and Riding,
2021b, fig. 9). In the Furongian, keratosans became important reef-
builders in microbialite-dominant reefs, forming maze-like maceriate
reefs (Lee et al., 2014) and/or stromatolite-like structures (Lee and
Riding, 2021b and references therein), but remained cryptic dwellers in
lithistid-microbial reefs (Lee et al., 2019). Keratose sponges became less
important during the Early Ordovician, though they were still essential
cryptic dwellers within lithistid-microbial reefs (Hong et al., 2014; Li
etal., 2017) or formed stromatolite-like structures by the intergrowth of
keratosans and microbial carbonates (Li et al., 2019a). Overall, these
examples suggest that keratosans could have played an essential role in
reef-building during this time of sponge-microbial reef dominance (Lee
and Riding, 2018).

The Mungok bioherms demonstrate how the shapes of keratose
sponge-microbial reef-building associations could change in different
depositional environments (Fig. 10). In higher-energy hydrodynamic
conditions, keratose sponges and microbes formed a stromatolite-like
tight laminar frame reef (sensu Riding, 2002) (Table 1). In contrast,
thrombolite-like mounds consisting of bulbose keratosans with minor
lithistid-microbial clots developed in low-energy conditions (Table 1);
these assemblages are interpreted as cluster reefs (sensu Riding, 2002).
The other Early Ordovician lithistid-microbial-calathiid reefs with
grainstone talus that have been described from various palaeocontinents
(e.g., Canas and Carrera, 1993; Adachi et al., 2009; Choh et al., 2013; Li
et al., 2015) (Table 1) can be classified as domical open frame reefs
(sensu Riding, 2002) and developed in high-energy environments,
though the common presence of allomicrites between the reefal frame-
works suggests relatively lower-energy conditions than for the
stromatolite-like columns. These examples collectively demonstrate the
relationship between reef composition/structure and hydrodynamic
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Fig. 10. Schematic diagram of sponge-microbial reef distribution in different hydrodynamic conditions during the Furongian to the Early Ordovician based on the
information in Table 1. Keratosan thrombolite-like mounds, lithistid—-microbial reefs, and keratosan-microbial stromatolite-like columns occur in low-, intermediate-,

and high-energy conditions, respectively. Not to scale.
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Table 1

Summary of Furongian (late Cambrian)-Early Ordovician sponge-microbial reefs. Hydrodynamic conditions are estimated based on the depositional environments
and composition of inter-reef sediments. Fm., Formation; fms., formations.

Age Location Reef description Depositional Inter-reef sediment Hydrodynamic Reference
environment conditions
Early Ordovician McKelligon Carbonate mound with lithistid Shallow Skeletal wackestone; intraclastic and  Intermediate Toomey
(Floian) Canyon Fm., sponge (Archaeoscyphia), intertidal to bioclastic (1970)
Southern Franklin Calathium, Pulchrilamina, and subtidal wackestone-packstone-grainstone
Mountain, West minor microbialites
Texas, USA
Early Ordovician Romaine Fm., Thrombolitic mound with Shallow Grainstone High-intermediate Rigby and
(Floian) Mingan Island, anthaspidellid demosponges marine Desrochers
Québec, Canada (1995)
Early Ordovician Fillmore Fm., “Wyatt’s reef”; micrite and Shallow Bioturbated lime mudstone and Low Wyatt (1979),
(late Floian) western central some sponges lagoon or bay ~ wackestone Miller et al.
Utah, USA (2012)
Early Ordovician Fillmore Fm., “Calathium reef”; mainly Shelf No data Unknown Miller et al.
(middle Floian) western central Calathium with few (2012)
Utah, USA anthaspidellid sponges
Early Ordovician Lower Setul Keratose sponge-bearing Shallow Thick-bedded skeletal pack/ High Lietal
(early Floian) Limestone, Perlis, microbialite with minor lithistid subtidal grainstone (2019b)
Malaysia sponges and Calathium
Early Ordovician Dumugol Fm., Lithistid sponge Inner to mid Thin-bedded lime mudstone with Intermediate Kwon et al.
(early Floian) Taebaek, South (Archaeoscyphia)- ramp intraclastic/bioclastic pack/ (2003), Choh
Korea Calathium—microbial reef with grainstone et al. (2013),
minor cryptic keratose sponges Hong et al.
(2014, 2015)
Early Ordovician Hunghuayuan Microbial-lithistid Shallow to Bioclastic limestone Unknown Adachi et al.
(late Fm., Anhui, China sponge-receptaculitid reef deep marine (intermediate?) (2009)
Tremadocian—early
Floian
Early Ordovician Hunghuayuan Lithistid sponge—Calathium reef Shallow Bioclastic packstone Intermediate Li et al.
(late Fm., Guizhou, with cryptic keratose sponges, marine (outer (2014, 2017)
Tremadocian—early China stromatoporoids (Cystostroma), shelf)
Floian) Pulchrilamina, and bryozoans
Early Ordovician San Juan Fm., Microbial-lithistid Subtidal Skeletal/peloidal/intraclastic pack/ Intermediate Canas and
(late Argentina sponge-receptaculitid reefs wackestone with minor grainstone Carrera
Tremadocian—early lens (1993)
Floian)
Early Ordovician Survey Peak Fm., Thrombolite mound with Open Thin-bedded grainstone and lime Intermediate Pratt (1989)
(late Tremadocian) Rocky Mountains, lithistid sponges carbonate mudstone with various bioclastic
Alberta, Canada shelf fragments and intraclasts
Early Ordovician Fenhsiang Fm., Lithistid sponge-microbial reef Shallow Bioclastic limestone with abundant Intermediate Adachi et al.
(late Tremadocian) Chenjiahe, Hubei, with local Calathium, bryozoans, marine to pelmatozoans and trilobites (2011)
South China Pulchrilamina, and bioclastic deeper-water
wackestone
Early Ordovician Pa Nan Fm., Massive “stromatolite”; Shallow Bioclastic limestone Unknown Li et al.
(late Tremadocian) Tarutao Islands, keratose sponges and tubiform subtidal (2019a)
Satun Province, calcimicrobes
Thailand
Early Ordovician Fillmore Fm., “Church’s reef”; anthaspidelid Shallow shelf Bioclastic limestone and High-intermediate Church
(late Tremadocian) western central sponges with few Calathium intraformational conglomerate (1974),
Utah, USA Kroger and
Penny, 2020
Early Ordovician Fillmore Fm., “Hintze’s reef”’; mainly Shallow shelf No data Unknown Miller et al.
(middle western central thrombolites with (2012)
Tremadocian) Utah, USA anthaspidellid sponges
Early Ordovician Fillmore Fm., “Miller’s reef”; stromatolites Shallow shelf Bioclastic grainstone High (?) Miller et al.
(middle western central with minor anthaspidellid (2012)
Tremadocian) Utah, USA sponges
Early Ordovician Mungok Fm., Stromatolite-like columns of Shallow Bioclastic grainstone High This study
(early Yeongwol, Korea keratolites and microbial subtidal
Tremadocian) carbonates
Early Ordovician Mungok Fm., Thrombolite-like mound of Deep subtidal Limestone-shale couplets Low This study
(early Yeongwol, Korea keratolite-microbial carbonate
Tremadocian) with limited lithistid
sponges-microstromatolites
Late Cambrian (Stage  Berry Head and Columnar and domical Shallow Intraclastic grainstone and micrite High-intermediate Lee and
10)-Early Watts Bight fms., keratolite-stromatolite marine Riding (in
Ordovician Newfoundland, consortia press)
(Tremadocian) Canada
Late Cambrian (Stage  Little Falls Fm., Cryptozoon “stromatolite”; Shallow shelf Oolitic grainstone High Lee and
10) New York, USA alternating keratolites and Riding
microbial carbonates (2021a)
Late Cambrian (Stage ~ Chaomidian Fm., Stromatolite with keratose High-energy Bioclastic grainstone High Chen et al.
10) Shandong, China sponges, microstromatolites and shallow (2014)
Girvanella subtidal

10

(continued on next page)
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Age Location Reef description Depositional Inter-reef sediment Hydrodynamic Reference
environment conditions
Late Cambrian (Stage  Notch Peak Fm., Lithistid Carbonate Partly dolomitised and bioturbated Low-intermediate Lee et al.
10) Nevada, USA sponge-microstromatolite reef platform lime mudstone-wackestone (2019)
with minor cryptic keratose
sponges
Late Cambrian Wilberns Fm., Lithistid sponge Shallow No data Intermediate-high Johns et al.
(Jiangshanian) Colorado, USA (Wilbernicyathus)-microbial reef =~ marine (@] (2007)
Late Cambrian Notch Peak Fm., Keratose sponge-microbial reef =~ Carbonate Intra-bioclastic grainstone with High Coulson and
(Jiangshanian) Nevada, USA (originally described as a platform minor packstone Brand (2016)
lithistid sponge-microbial reef)
Late Cambrian Chaomidian Fm., Maceriate reef formed by Shallow Lime mud with few bioclasts Low Lee et al.
(Jiangshanian) Shandong, China keratose sponges and microbes marine (2014)
Late Cambrian Chaomidian Fm., Maceriate reef formed by Shallow Micrite with minor bioclasts Low Chen et al.
(Jiangshanian) Beijing, China keratose sponges and microbes subtidal (2014)
Late Cambrian Bonanza King Lithistid sponge Shallow No data High Shapiro and
(Paibian) Fm., Nevada/ (Gallatinospongia)-dendrolite subtidal ramp Rigby (2004)
California, USA
Late Cambrian Deh-Molla Fm., Lithistid sponge (Rankenella)- Subtidal Bioclastic packstone with lime mud Intermediate Kruse and

(Paibian)

Iran

Girvanella

Zhuravlev

(2008)

conditions during the Furongian to the Early Ordovician (Fig. 10).

Interestingly, the aforementioned examples suggest that there may
be an inverse correlation between the abundances of reef-building ker-
atosans and lithistids. Keratosans are generally less important in lith-
istid-microbial reefs and were mainly present as cryptic dwellers (Hong
et al.,, 2015; Lee et al., 2016a, 2019; Li et al., 2017), except for a single
example of a Lower Ordovician lithistid—microbial reef in South Korea,
in which keratosans performed diverse roles, including as cryptic
dwellers, encrusters, and as partial framebuilders (Hong et al., 2015)
(Table 1). In contrast, lithistids are either absent or seldomly found in
keratolite-microbial carbonate reefs (e.g., Lee et al., 2014; Li et al.,
2019a) (Table 1). Such examples suggest that there could have been
niche partitioning between the lithistid-microbial and kerato-
san—-microbial associations; the limited number of cases necessitates
additional studies to support this interpretation. This niche partitioning
could have been caused by competition for resources such as food or
space, or differential adaptation to environments with various hydro-
dynamic conditions. The morphological similarities of kerato-
san—microbial reefs to stromatolites and thrombolites suggest that there
should be many unknown examples of keratosan-microbial consortia in
the geological record, especially in lower Palaeozoic successions.
Further detailed studies of such “microbialites” may help us to reveal the
yet unknown palaeoecological roles of keratosan—-microbial consortia in
reef ecosystems during the GOBE.

5. Conclusions

The Lower Ordovician stromatolite-like columns and thrombolite-
like mounds of the Mungok Formation were constructed mainly by
keratose sponges and microbes. The stromatolite-like columns consist of
keratolites and microbial carbonates, which encrusted one another and
formed the stromatolitic laminae. The thrombolite-like clots were built
by irregular to bulbous keratosan-microbial associations with limited
lithistid-microbial elements. The superficial similarities between the
keratosan-microbial consortium and microbialites could have hindered
the identification of keratosan-microbial reefs in the geological record.

Sponge-microbial consortia, with lithistids and with keratosans,
were dominant reef-builders throughout the Furongian-Early Ordovi-
cian. The results of the present study, together with other recent reports
of keratosan-microbial associations, suggest that such associations
could have been a critical element of reef ecosystems during the early
Palaeozoic. The keratosan-microbial consortium could have inhabited
environments different from those of the lithistid—-microbial consortium,
indicating possible niche separation. The Mungok bioherms provide new
examples of keratose sponge-microbial reefs, and help us to reconstruct

the evolutionary history of reefs during the GOBE.
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