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Metazoans have been considered as negligible components of Cambrian Series 3 and Furongian microbial-
dominated reefs, in contrast to their presence in earlier Terreneuvian–Cambrian Series 2 microbial–archaeocyath
reefs. However, recent discoveries of sponges in Cambrian Series 3–Furongian reefs of Australia, China, Iran,
USA, and Korea have raised question regarding their contribution in terms of carbonate platform development,
which have never been assessed. This study examines Cambrian Series 3 deposits of the Daegi Formation, Korea
to elucidate this question. The 100-m-thick middle part of the Daegi Formation is dominated by boundstone facies,
which occupies 45% of the study interval, as well as bioclastic wackestone to packstone, bioclastic grainstone,
and ooid packstone to grainstone facies. The Daegi reefs are primarily thrombolitic in composition, with 90%
(n = 26/29) of the reefs containing an average of 9% sponges in aerial percentage calculated from thin sections.
Lithistid sponges composed of peloidal fabrics, some desma spicules, and spicule networks commonly occupy the
interstitial space in microbial clusters, are encrusted by mesoclots and Epiphyton, and are surrounded by micrite.
Subordinate non-lithistid demosponges occur within clusters of microbial elements. The middle Daegi Formation
can be largely subdivided into shoal environment dominated by grainstone to packstone facies and shallow subtidal
platform interior environment located behind shoal with wackestone to packstone facies. The microbial-sponge
reefs mainly developed around platform interior as patch reefs. The current study indicates that metazoans in the
form of lithistid and non-lithistid demosponges are nearly ubiquitously incorporated in Daegi reefs and contributed
greatly to the formation of microbial-sponge reefs as well as carbonate platform during the time. Study of these
microbial-sponge reefs and their distribution within the carbonate platform may help us to understand how
carbonate sedimentary environments responded to the extinction of archaeocyaths.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The early Palaeozoic marked a grand shift in the evolution of
reefs, from primarily microbial reefs to metazoan-dominated skeletal
reefs (Wood, 1999; Rowland and Shapiro, 2002; James and Wood,
2010). The first Phanerozoic reefs with widespread metazoan com-
ponent (mainly archaeocyath) emerged on the Siberian Platform in
the late Terreneuvian; these reefs flourished for up to 15 m.y., until
their extinction in the late early Cambrian (Cambrian Series 2; middle
Stage 4) (Riding and Zhuravlev, 1995; Rowland and Shapiro, 2002;
Gandin and Debrenne, 2010). The combined impacts of late Cambrian
Series 2 anoxia and global regression sharply reduced the microbial-
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archaeocyath reefs (Zhuravlev, 1996; Flűgel and Kiessling, 2002;
Rowland and Shapiro, 2002), resulting in the subsequent dominance
of thrombolite and dendrolite microbial reefs with Epiphyton, Renalcis,
and Girvanella (Lee et al., 2015). However, reports during the last de-
cade from China, Australia, Iran, USA, and Korea have revealed the pres-
ence of anthaspidellid sponges and other metazoans including non-
lithistid demosponges, heteractinide sponges, and stem-group cnidar-
ians in middle–late Cambrian (Cambrian Series 3–Furongian) reefs in
these regions, resulting in the speculation that metazoans may have
been much more common and widely distributed in middle–late Cam-
brian “microbial-dominated” reefs than previously thought (Shapiro
and Rigby, 2004; Johns et al., 2007; Kruse and Zhuravlev, 2008; Hong
et al., 2012; Kruse and Reitner, 2014; Lee et al., 2014, in press; Adachi
et al., 2015). It is therefore necessary to re-assess these reefs as well as
surrounding depositional environments in order to understand how
such conditions affected formation of carbonate platforms during the
time. In this study, we assess and document the presence and extent
of metazoan constituents in microbial reefs of the Cambrian Series 3
Daegi Formation, Korea, and their depositional environments. The
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presence of sponges throughout the Cambrian Series 3 reefs could sig-
nificantly change our perception of the evolutionary patterns of early
Palaeozoic reefs as well as carbonate platforms.

2. Geological setting and methods

Extensive early Palaeozoic epeiric carbonate platforms developed on
the Sino–Korean Block, located on the eastern margin of Gondwana
near present-day Australia and India (McKenzie et al., 2011). A
Cambro–Ordovician succession on the block occurs in the area of north-
ern to northeastern China and Korea, spanning an area up to 2000 km
east–west and 1000 km north–south (Meng et al., 1997) (Fig. 1A). The
Taebaek Group, located on the eastern margin of the platform, consists
of ten formations, distinguished by the dominance of sandstone, shale,
limestone, and limestone–shale interbeds (Chough, 2013). The Daegi
Formation (150–250 m thick), the lowest carbonate-dominant unit of
Fig. 1. (A) Tectonic elements of East Asia, showing the distribution of Cambro–Ordovician outcr
study area ismarked by a black arrow.Modified from Sim and Lee (2006) and Chough (2013). (
press).
the Taebaek Group, is composed of shale and nodular limestones in
lower part and ooid and bioclastic limestones in the middle to upper
part, and is interpreted as off-platform to shallow subtidal platform
deposits, respectively (Choi et al., 2004; Kwon et al., 2006; Sim and
Lee, 2006; Hong et al., in press). The identification of Crepicephalina,
Amphoton, and Jiulongshania trilobite biozones in the formation indi-
cates a late Stage 5–middle Guzhangian age (Geyer and Shergold,
2000; Kang and Choi, 2007; Park et al., 2008; Peng et al., 2012) (Fig. 1B).

The study area is located 17 km southeast of Taebaek, where the
180-m-thick Daegi Formation outcrops (Fig. 1A). In this study, we
focus on the middle part of the Daegi Formation (40–140 m interval).
This interval was measured and sampled at an average vertical spacing
of 21 cm; additional samples were collected from reef intervals. More
than 700 standard (2.7 cm× 4.9 cm) and large (5.2 cm× 7.6 cm) format
thin sections prepared frommore than 600 samples were used to iden-
tify and log fabrics, constituent types, and their proportions by visual
ops in the Sino–Korean Block and geologic map of the Taebaek Group in eastern Korea. The
B)Measured section of the Daegi Formation in the study area.Modified after Hong et al. (in



60 J. Hong et al. / Sedimentary Geology 341 (2016) 58–69
estimation (Flűgel, 2010) (Fig. 2). Texture of microbial-sponge reefs is
mapped on the thin sections and aerial percentage of constituents are
calculated based on these maps. The white card technique (Delgado,
1977; Folk, 1987) was routinely employed to enhance recognition of
organic matter-rich siliceous sponge spicule networks.

3. Results

The middle Daegi Formation is dominated by carbonate facies
including bioclastic wackestone to packstone, ooid packstone to
grainstone, and bioclastic grainstone, as well as several boundstone
Fig. 2. Columnar section of the 40- to 140-m interval of the Daegi Formation. Sample po
facies (Table 1) (Hong et al., in press). Due to poor outcrop condition,
sedimentary facies are identified based on microscale observation.
Thirty-two microbial reefs are identified from the middle Daegi Forma-
tion (Fig. 2). Collectively, the cumulative thickness of the reefs is 45% of
the thickness of the study interval. Themajority of the reefs (n=29/32)
are composed of thrombolite-sponge boundstone. These thrombolitic
patch reefs are recognized in the field by their massive appearance
and clotted fabric (Sim and Lee, 2006; Hong et al., 2012). Less than
half (n = 12/29) of the thrombolitic reefs are decimetre-scale bodies,
and more than four fifths (n= 24/29) are b2 m thick. The reefs are in-
tercalated with bioclastic wackestone to packstone and bioclastic
ints and relative proportion of sponges in reefs are marked on the right of column.

Image of Fig. 2


Table 1
Summary of sedimentary facies of the middle Daegi Formation (modified after Hong et al., in press).

Facies Description Interpretation

Boundstone Thrombolite-sponge boundstone several cm to 3.3 m in thickness,
Girvanella crust-Epiphyton boundstone several cm to 2.2 m in thickness,
Stromatolite 0.2 m in thickness;
Associated with bioclastic wackestone to packstone and grainstone and ooid packstone to
grainstone

Shallow subtidal platform, behind grainstone
shoal to platform interior

Bioclastic wackestone
to packstone

Medium to very thick beds (0.1–3.7 m) with common dissolution seams;
Intercalation with boundstone and thin bedded bioclastic grainstone and ooid packstone to
grainstone

Low energy shallow subtidal back shoal to
platform interior

Bioclastic grainstone Lenses and medium to very thick beds (0.1–2.2 m) with common erosive surfaces;
Associated with bioclastic wackestone to packstone and boundstone;
Common to abundant trilobites, eocrinoids and peloids; Rare chancelloriid sclerites, Epiphyton,
sponge spicules, sponge spicule networks, and Girvanella crusts

Platform margin shoal

Ooid packstone to
grainstone

Amalgamated medium to very thick beds and lenses (0.1–2 m);
Associated with bioclastic wackestone to packstone and boundstone;
Abundant ooids and subordinate oncoids; Rare trilobites, eocrinoids, brachiopods, chancelloriid
sclerites, intraclasts, calcimicrobes and sponges spicules

Platform margin shoal
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grainstone facies (Table 1; Fig. 2). The intercalated facies contain trilo-
bite fragments, peloids and less commonly eocrinoid ossicles. Sponge
spicules, Epiphyton, Girvanella crusts, and chancelloriid sclerite frag-
ments are rare.

3.1. Thrombolite-sponge boundstone

The thrombolite-sponge boundstone is composed mainly of dark to
light grey micritic mesoclots (Fig. 3A and B), Epiphyton, and siliceous
sponges. Girvanella crusts, the stem-group cnidarian Cambroctoconus
(Hong et al., 2012; Park et al., in press) and Renalcis-like calcimicrobes,
Fig. 3. Microbial elements of the thrombolite-sponge boundstone. (A) Slab photograph, sh
photograph of pervasive white clots. (C) Photomicrograph of mesoclots. Some silicified
(D) Photomicrograph of Epiphyton clusters growing upward on top of other thalli, partly overl
for sample locations.
are minor constituents. Lime mud, rare trilobite fragments, eocrinoid
ossicles, and scatteredmonaxon spicules occur in between these constit-
uents within the boundstone. Globular to irregular or upward-widening,
dark coalesced mesoclots 3–7 mm across (Fig. 3C) are composed of
micritewith peloids 30–50 μmindiameter (e.g., Riding, 2000). Epiphyton
with characteristic branching bushymicrites 20–55 μmindiameter often
occurs in mesoclots, where bush-like bundles of Epiphyton gradationally
co-occur with peloidal micrite. Some mesoclots would have been
originated from Epiphyton thalli, based on similarities in their shapes
and the presence of silicified Epiphyton at the outer margin of some
clots (Fig. 3C). Epiphyton constitutes the bulk of the light-grey clots,
owing dark micritic mesoclots surrounded by lighter coloured lime mud. (B) Outcrop
Epiphyton filaments occur at the outer margin of some mesoclots (white arrows).
ain by internal sediments and surrounded by spar cement. M = mesoclots. Refer to Fig. 2

Image of Fig. 3


62 J. Hong et al. / Sedimentary Geology 341 (2016) 58–69
which are surrounded by micritic sediment and microspar (Fig. 3D).
Mesoclots and Epiphyton thalli produce loosely to densely clustered fab-
rics separated by a few millimetres to several centimetres (Figs. 3C and
5A–D). Vertically and laterallymergingmesoclots, aswell as their further
amalgamation, results in larger bulbous to irregular microbial frame-
works of up to several centimetres across. Some upward stacking of
clots within columnar to branching frameworks results in forms similar
to those of dendrolites (e.g., Howell et al., 2011).

Most thrombolitic reefs in the formation (90%; n = 26/29) contain
siliceous sponges, which comprise, on average, 9% of the thrombolite-
sponge boundstone and locally over 20% (Fig. 2). These sponges occur
mostly as irregular patches of lime mudstone to peloidal packstone,
Fig. 4. Photomicrographs of the lithistid sponges in thrombolite-sponge boundstone. (A) Trans
fabric. Probable desma spiculewith enlarged intersecting points of spicule rays ismarked by aw
shown in the enlarged insert in the lower right) and their ladder-like arrangements (dashed w
1977; Folk, 1987). (C) Conical sponge with some regular spicule arrays. (D) Partial spo
either scattered or aligned in a row (white arrows). The sponge remains laterally bord
preserved sponge remains composed of peloids and spicules. Enlargement of white rectangle
S = sponges; C = cement. Refer to Fig. 2 for sample locations.
making detailed taxonomic determinations difficult. Unidentified
lithistid and non-lithistid demosponges are present in the boundstone,
as determined by spicule shapes. This is the first documentation of
lithistid sponges in the Daegi reefs and complements previously pub-
lished reports of non-lithistid demosponges in the reefs (Hong et al.,
2012).

Lithistid sponges, with desma spicules 20–110 μm in diameter
and with enlarged spicule rays at their contacts (Fig. 4A–C), are up to
1.3 cm wide and occur as irregular patches with indistinct outlines
(Fig. 4D and E). They are composed of spherical to angular peloidal
clots 20–500 μm in diameter, either scattered or aligned in rows
(Fig. 4D–F). These peloidal fabric gradationally changes into spicule
verse section of rare conical sponge partly preserved as a network of spicules and peloidal
hite rectangle and its enlargement in the upper right. (B) Desma spicules (white rectangle,
hite rectangle; enlarged in the left), visualized using the white card technique (Delgado,
nge remains composed of peloids and randomly oriented spicules. The peloids are
er mesoclots (black arrow), which follow the outline of the sponge. (E, F) Poorly
shows angular to spherical peloids intermixed with ghosts of spicules. M = mesoclots;

Image of Fig. 4
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networks with partially connected spicules with micrite (Fig. 4C) or is
intermixed with randomly oriented and dissociated spicules (Fig. 4E
and F). In rare cases, lithistid sponges occur as cylindrical to conical
forms 0.4 to 1.4 cm in diameter and more than 2.7 cm long, with a
smooth outer surface (Fig. 4A–C). Ladder-like arrays of spicules suggest
their anthaspidellid affinity (Fig. 4B) (Lee et al., in press). Themajority of
lithistid remains occur between mesoclots and Epiphyton thalli and are
surrounded bymicrite (Figs. 4E and 5A). Rarely, lithistid sponges are at-
tached to microbial clusters (Figs. 4D and 5B–D). Where lithistids later-
ally contact mesoclots and Epiphyton frameworks, the microbial
elements conform to the outer surface of the sponges (Figs. 4D and 5B).

Non-lithistid demosponges with reticulate arrays of weakly curved
spicules, with uniform diameters (60–70 μm) and lacking spicules con-
nected at right angles to one another (fig. 5C in Hong et al., 2012). These
non-lithistid demosponge remains are subordinate to lithistids and also
occur as irregular patches with indistinct outlines, and with maximum
dimensions of 0.4–1.7 cm. Their textures are similar to probable
Fig. 5. Textures of the thrombolite-sponge boundstone. (A) Photomicrograph of irregular-sh
mesoclots. (B) Photomicrograph of irregular-shaped sponge remains overlying, laterally adjo
tracing of sponges intermingled with mesoclots and micrites. Some mesoclots appear attache
sample locations.
“keratose” demosponges (Luo and Reitner, 2014), but their exact taxo-
nomic classification is still pending. These sponges are enclosed by
dense clusters of Epiphyton thalli and are occasionally covered by lime
mud (Hong et al., 2012).

3.2. Other microbial boundstones

In the Daegi Formation, three reefs composed of Girvanella crust–
Epiphyton boundstone are intercalated with bioclastic wackestone
to packstone, bioclastic grainstone, and ooid packstone to grainstone
facies (Fig. 2). Several small lensoidal mounds of this boundstone are
also present within the thrombolite-sponge reefs (Hong et al., 2012).
Closely spaced sub-vertical to horizontally aligned sheet-like to arcuate
Girvanella crusts 5–20mm long and 0.1–1mm thick are dominant com-
ponents of the boundstone (Fig. 6A). Fan-shaped and some chambered
Epiphyton thalli form microbial clusters up to 10 mm wide and several
millimetres high, which encrust the upper surfaces of the Girvanella
aped spicule network with indistinct outline (white arrow) surrounded by micrite and
ining (black arrow) and overlain by mesoclots. (C, D) Photomicrograph and interpretive
d to the top of sponges (white arrows). M = mesoclots; S = sponges. Refer to Fig. 2 for

Image of Fig. 5


Fig. 6. (A) Photograph ofGirvanella crust-Epiphyton boundstone showing dominance of stacked sheet-like to arcuatemicriticmasses and elongated spar cements. (B) Photomicrograph of
rectangle in Fig. 6A showing darker Epiphyton thalli (white arrows) encrust on top of Girvanella crusts and are covered by light grey micritic internal sediments (black arrows). Th =
thrombolitic reef, P/Gb = bioclastic packstone to grainstone. Refer to Fig. 2 for sample locations.
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crusts (Fig. 6B). These Epiphyton are, in turn, blanketed by lime mud,
with some growing upward to the base of the overlying Girvanella
crusts. The rest of the boundstone is composed of minor trilobite and
eocrinoid fragments and spar cement. A single 20 cm thick stromatolite
biostrome occurs at 46 m above the base of the formation; it rests on a
thrombolite-sponge reef at a truncation surface, and is overlain by
bioclastic grainstone facies (Fig. 6C). Laterally linked to closely spaced
(1–3 cm) columnar stromatolites 3–7 cm wide and 12–15 cm tall
grade upward into upward-widening stromatolites with micritic
walls, with lime mud filling the inter-columnar space. The stromatolite
biostrome contains no recognizable calcimicrobes.

3.3. Interpretations

The Daegi Formation was deposited in a shallow subtidal environ-
ment dominated by carbonate sediments lacking intertidal to supratidal
features (e.g., microbial laminites, dessication cracks, and precipitation
mineral pseudomorphs) (Hong et al., in press). The middle part of the
Daegi Formation ranges from platformmargin environment dominated
by bioclastic grainstone and ooid packstone to grainstone facies and
low-energy platform interior environment behind platform margin
grainstone belt with bioclastic wackestone to packstone (Table 1;
Fig. 7). On the other hand, the lower and upper parts of the Daegi For-
mation encompass shale-dominated outer platform and grainstone-
dominated platform margin environments, respectively (Fig. 7) (Hong
et al., in press).

The Daegi reefs are an integral element of the Cambrian Series 3
carbonate platform deposits, primarily formed from behind of shoal
grainstone belt to platform interior environments (Fig. 7). Intercalated
bioclastic grainstone and ooid packstone to grainstone facies represent
subtidal high-energy platform margin shoal deposits, while bioclastic
wackestone to packstone facies represents deposition under lower-
energy back-shoal to inner platform conditions (e.g., Kennard and
James, 1986; Waters, 1989; Srinivasan and Walker, 1993; Osleger and
Montañez, 1996; Read and Pfeil, 1983; de Wet et al., 2004; Woo et al.,
2008; Hong et al., in press) (Table 1).

The Daegi thrombolite-sponge reefs comprise 91% (n = 29/32) of
the reefs in this study. In addition, the observation that sponges consti-
tute, on average, 9% of the thrombolite-sponge boundstone indicates
their near ubiquitous existence within the studied thrombolitic reefs.
Subordinate Girvanella crust–Epiphyton reefs also developed in environ-
ments comparable to those of thrombolite-sponge reefs, based on sim-
ilar intercalated facies (e.g., James, 1981; Pratt, 1989; Srinivasan and
Walker, 1993) (Table 2). The recurrence of numerous thrombolite-
sponge reefs in the 100 m thick studied interval of the formation sug-
gests that conditions optimal for their development persisted through-
out the sequence, without significant perturbation (cf. Arp et al., 2001;
Rowland and Shapiro, 2002). The absence of reefs in platform-margin
to outer platform environments of lower and upper Daegi Formation
suggests their environment-selective development (Fig. 7).

The Daegi thrombolite-sponge reefs are constructed primarily of
the mesoclot-forming calcimicrobe Epiphyton and amalgamations
of microbial clots. Lithistids occur in the interstitial space between
mesoclots and Epiphyton clots and minor non-lithistid demosponges
are surrounded by microbial clusters within the boundstone. These
sponges are interpreted as dwellers of reefs that are principally micro-
bial in composition (Kruse and Reitner, 2014; Adachi et al., 2015).
Some lithistid sponges surrounded by mesoclots might have restricted

Image of Fig. 6


Fig. 7. Schematic depositional model of a Cambrian Series 3 carbonate platform. Approximate depositional windows of lower, middle and upper parts of the Daegi Formation are plotted.
Microbial-sponge reefs of the Daegi Formation are mainly distributed in inner platform settings. Platform-wide distribution of stromatolite and thrombolite of the Cambrian Series 3 are
shown below (summarized from Lee et al., 2015, table 1 and references therein).
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lateral growth of the microbial mass and/or offered a substrate for
microbial encrustation and growth, indicating incorporation of sponges
to the microbial frameworks (Hong et al., 2012). The Daegi and coeval
Zhangxia microbial reefs of eastern China (Adachi et al., 2015; Lee
et al., in press), Sino-Korean Block, collectively represent one of the
oldestmicrobial–lithistid sponge reefs of early Palaeozoic age, occurring
within ca. 3.5 m.y. of the advent of lithistid sponge, and less than 5 m.y.
after the decline of microbial–archaeocyath reef systems (Hong et al.,
2012; Adachi et al., 2015; Lee et al., in press).
Table 2
Occurrence of latest Cambrian Series 2–Series 3 reefs. T: thrombolite; S: stromatolite; D: dendr
Ta: Taninia; Ko: Kordephyton; Ss: scattered sponge spicules; Sl: lithistid sponge; Sd: non-lithisti
locations.

Formation/location Age Occurrence Dim

Cow Head Group; Newfoundland, Canada Guzhangian–
Stage 10

C mound; Gi, Ep, and Re N/A

Waterfowl Fm., Alberta, Canada Guzhangian T and D mound/
biostrome; Re and Gi

0.3–
1 m

Zhangxia Fm., Shandong, China Stage 5–
Guzhangian

S reef/biostrome cm-
T and D mound;
Ep, Re, Gi, Sl, Sd, and Cs

~sev

Daegi Fm., Korea Drumian–
Guzhangian

T mound;
Ep, Sl, Sd and Cs

~12

Maryville Ls., Tennessee, USA Drumian–
Guzhangian

T mound; Re, Gi and Ss ~15

Petit Jardin Fm., Newfoundland, Canada Drumian–
Guzhangian

T–S mound ~5 m

Ranken Ls., Northern Territory, Australia Drumian S reef; An, Ta & Sl N/A

Rockslide Fm., Northwest Territories, Canada Drumian C mound; Gi and Ep 25 m
Wirrealpa and Aroona Creek ls., Flinders
Ranges, Australia

Stage
5–Drumian

S mound ~8 m

Deh–Sulfiyan Fm., Iran Stage
5–Drumian

S mound m-sc

T mound
Bonanza King Fm., California, Nevada,
Utah, USA

Stage
5–Drumian

T and S mound/
biostrome; Ep

dm-

Mantou Fm., Shandong, China Stage 5 T reef Seve
seve

Qinjiamiao Fm., Hubei, China lower Series 3 S reef N/A
Stephen Fm., Alberta, Canada Stage 5 S N/A
Ledger Fm., Pennsylvania, USA Stage 5 S and D biostrome;

Re, Go & Ta
~0.5

Upper Shady Ds., Virginia, USA Stage 5 T, D and C mound;
Ep, Re, and Gi

1–60

Amga Fm., Sakha, Russia Stage 5 T and D reef N/A
Tindall Ls., Northern Territory, Australia Stage 4–5 T reef; Ko, and Sh 2 m
4. Discussion

4.1. Implications of microbial-sponge reefs on the Cambrian Series 3
carbonate depositional system

Archaeocyath-microbial reefs were the first microbial-metazoan
reef-building association that flourished globally (James and Wood,
2010). Six different types of archaeocyath-microbial associations
recognized by Gandin and Debrenne (2010) occurred in different
olite; C: crust boundstone; Gi: Girvanella; Ep: Epiphyton; Re: Renalcis; An: Angusticellularia;
d demosponge; Sh: heteractinide sponge; Cn: stem-group cnidarian. Refer to Fig. 8 for reef

ension Depositional
environment

Reference Reef
location no.

Platform margin James, 1981 21

1.2 m high,
wide, 1–10 m long

Shallow subtidal
to intertidal

Waters, 1989 18

to dm-scale Shallow subtidal Woo et al., 2008; Woo,
2009; Adachi et al., 2015;
Lee et al., in press

12
eral tens of m thick

m high Shallow subtidal Hong et al., 2012; Park
et al. in press; this study

13

m high Platform margin Srinivasan and Walker,
1993

20

high Low-energy
subtidal

Kennard and James, 1986 21

High-energy
subtidal

Kruse and Reitner, 2014 15

high, 120 m wide Continental slope Pratt, 1989 17
high Lagoon Youngs, 1978 15

ale Shallow subtidal
to lower intertidal

Bayet-Goll et al., 2014 16

Shallow subtidal
to m-scale Platform margin Rees, 1986; Osleger and

Montañez, 1996
19

ral cm high,
ral dm wide

Shallow subtidal Lee and Chough, 2011 12

N/A Adachi et al., 2014 14
Platform margin Aitken, 1967 18

m high Platform margin de Wet et al., 2004 20

m high Platform margin Read and Pfeil, 1983 20

N/A Zhuravlev, 1996 22
high, tens of m wide N/A Kruse and Reitner, 2014 15

Image of Fig. 7


Fig. 8. Evolutionary trends (A) and palaeogeographic distributions (B–D) of Cambrian microbial reefs with metazoan components. Curves in (A) indicate temporal change in the relative
abundance ofmicrobial–metazoan reefs (Adachi et al., 2011; Lee et al., 2016). 1: Hicks and Rowland (2009); 2: James andGravestock (1990); 3: Álvaro andDebrenne (2010); 4: Narbonne
and Arbuckle (1989); 5: Rowland (1984); 6: Read and Pfeil (1983); 7: Kobluk and James (1979); James and Klappa (1983); 8: Elicki (1999); 9: Kruse et al. (1995); Luo (2015); 10:
Zhuravlev (1996); 11: Wood et al. (1993); 12: Hong et al. (2012); Park et al. (in press) and this study; 13: Woo et al. (2008); Woo (2009); Lee and Chough (2011); Park et al. (2011);
Adachi et al. (2015) and Lee et al. (in press); 14: Adachi et al. (2014); 15: Youngs (1978) and Kruse and Reitner (2014); 16: Bayet-Goll et al. (2014); 17: Pratt (1989); 18: Aitken
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environments, reflecting their adaption on diverse conditions including
temperature, energy level, and depth, as well asmorphology of the plat-
form and its latitudinal position. They developed in various environ-
mental settings throughout inner to outer shelf environments as well
as platform margin, occupying both low- and high-energy conditions
(Gandin and Debrenne, 2010). The archaeocyath-microbial associations
are also often volumetrically important in the early Cambrian carbonate
platform, sometimes forming ~100 m thick reef complex (James and
Gravestock, 1990). Therefore, these earliest Phanerozoic reefs were im-
portant not only in terms of palaeoecology, but also in carbonate plat-
form development.

On the other hand, the sponge-microbial reefs of Cambrian Series 3
and Furongian are usually small metre-scale mounds and much lesser
in volume compared with microbial-dominated reefs, although their
contribution on carbonate production is still not well understood
(e.g., Shapiro and Rigby, 2004; Johns et al., 2007; Kruse and Zhuravlev,
2008; Kruse and Reitner, 2014; Adachi et al., 2015). Chen et al. (2014)
showed that siliceous sponge-microbial reef-building association
could have flourished throughout the Furongian of North China Plat-
form in the form ofmaceriate reefs and suggested that they have played
important roles in development of carbonate platform. However, due to
their poor preservation and problems in taxonomy, further studies are
required to understand these enigmatic reefs and their relationship
with depositional environments (Lee et al., 2014, 2015).

The current study firstly demonstrates that in the aftermath of
archaeocyath extinction, anthaspidellid sponges played important role
in terms of carbonate sedimentation. Microbial-sponge reef-building
association of the middle Daegi Formation occupied around half
(~45%) of platform interior succession, with sponges constituting 9%
of the boundstone. Such results imply their importance in carbonate
production during the Cambrian Series 3. On the other hand,
microbial-sponge reefs are generally absent from off platform margin
to outer platform environments of the Daegi Formation, while
microbial-dominant reefs of thrombolites and stromatolites flourished
throughout much wider range of depositional environments during
the Cambrian Series 3 (Fig. 7) (Lee et al., 2015, Table 1). Although fur-
ther studies are required, this study implies that microbial-sponge
reefs could have flourished in environments different from those of
microbial reefs during the Cambrian Series 3.

4.2. Microbial-sponge reefs in the aftermath of archaeocyath extinction

Reef systems, which were dramatically disrupted by mass extinc-
tions in the Phanerozoic, generally took up to several million years to
recover from such events (Sheehan, 1985; Wood, 1999; James and
Wood, 2010). In the case of the Late Devonian (Frasnian–Famenian)
and Permian–Triassic extinctions, themicrobial reefs reappeared imme-
diately after the mass extinction events, and metazoans were often
recruited into these microbial reefs (Wood, 1999; Flűgel and Kiessling,
2002). Recent discoveries demonstrate that some siliceous sponges
immediately re-organized new reef consortia, and locally survived in
reefs after the Late Devonian and end-Permian catastrophic extinctions
(Wood, 2004; Brayard et al., 2011). After the decline of archaeocyaths in
the late Cambrian Series 2, the ensuing Cambrian Series 3–Furongian
reefs have generally been viewed as being of microbial-dominant
types, with or without minimal contributions of metazoans (Zhuravlev,
1996; Pratt et al., 2001; Rowland and Shapiro, 2002).

Microbial–anthaspidellid sponge reefs were first noted from the
lowest Furongian of Gondwana, in present-day Iran and were initially
regarded as a local phenomenon (Hamdi et al., 1995; Rowland and
Shapiro, 2002), until additional Cambrian Series 3 microbial reefs with
metazoans were reported during the last decade, primarily from
palaeoequatorial regions of Gondwana (Hong et al., 2012; Kruse and
Reitner, 2014; Adachi et al., 2015) (Fig. 8A–C). Metre-scale Cambrian
Series 3 reefs of the Sino–Korean Block of eastern China and Korea
are built primarily by Epiphyton, mesoclots, and microstromatolites,
with metazoans including conical anthaspidellid sponges, non-lithistid
demosponges and stem-group cnidarians (Woo et al., 2008; Park
et al., 2011; Hong et al., 2012; Adachi et al., 2015; Lee et al., in
press). Australian stromatolitic reefs composed of microstromatolites,
Angusticellularia, and Taninia contain planar to conical anthaspidellid
sponges (Kruse and Reitner, 2014). In addition, stromatolite, maceriate
and dendrolite reefs with anthaspidellid and non-lithistid demo-
sponges, interpreted as dwellers and local framework builders, are
described from the Furongian succession of Laurentia (western and
southern USA) and Gondwana (eastern China) (Shapiro and Rigby,
2004; Johns et al., 2007; Kruse and Zhuravlev, 2008; Lee et al., 2014)
(Fig. 8A–C) (Table 2).

Based on the preservation of partial siliceous sponges in reefs, and
the difficulty of recognizing them in outcrop and on slabs, researchers
of Cambrian Series 3–Furongian reefs have speculated that metazoans
might have been much more common and widely distributed in these
reefs than previously thought (Hong et al., 2012; Lee et al., 2014;
Adachi et al., 2015). This study demonstrates the near ubiquitous distri-
bution of lithistid sponges preserved as peloidal fabrics, spicule net-
works, and scattered spicules in Cambrian Series 3 thrombolitic reefs
of the eastern Sino–Korean Block. Together with coeval Zhangxia
microbial–sponge reefs of the central Sino–Korean Block (Adachi et al.,
2015; Lee et al., in press), the data indicate a firmly entrenched relation-
ship between thrombolite-building microbes and lithistid sponges,
at least by the middle Cambrian Series 3 (Fig. 8A and C). It appears
that the subsequent radiation of this type of reef toward Iran and
North America in the Furongian (Fig. 8B–C) led to their cosmopolitan
appearance during the Early Ordovician. Further studies on Cambrian
Series 3–Furongian reefs will certainly help us to understand when
and how metazoans incorporated into microbial-dominated reefs after
extinction of archaeocyaths.

5. Conclusions

Cambrian Series 3 microbial reefs from Korea, dominated by
mesoclots and Epiphyton as well as siliceous sponges, extensively
flourished in the platform interior environment of the middle Daegi
Formation, where they constitute 45% of studied interval in thickness.
The sponges occur in most (90%) thrombolitic reefs investigated in
this study, where they comprise, on average, 9% of the thrombolite-
sponge boundstone, indicating that they are ubiquitous component of
the boundstone. This study demonstrates that siliceous sponges incor-
porated into microbial reefs of post-late Cambrian Series 2 microbial–
archaeocyath reefs, significantly contributed to the generation of car-
bonate sediments and carbonate platformdevelopment. Further studies
on other Cambrian Series 3 to Furongian carbonate platforms will help
us to understand the impact of archaeocyath extinction on carbonate
sedimentary environments and reshaping of post-archaeocyath deposi-
tional systems.
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