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ABSTRACT: This study focuses on the stratigraphic sequences
and the bounding surfaces in the upper Cambrian Series 3 to
Furongian Gushan and Chaomidian formations in the Shandong
region, China. The bounding surfaces are compared with those of
the coeval succession in the Taebaek area, Korea. According to the
vertical arrangement of the facies associations and the identifica-
tion of the bounding surfaces, three stratigraphic sequences are
recognized, representing dynamic changes in accommodation ver-
sus sedimentation. The bounding surfaces can be traced in the
Shandong region for about 6,000 km’ in area, but cannot be cor-
related with those of the Taebaek area (eastern margin of the plat-
form, about 1,000 km apart). Surface 1 is characterized by an abrupt
facies change from carbonate to shale, representing a distinct drown-
ing surface. The drowning surface is also diagnosed in the Taebaek
area but highly diachronous. Surface 2 is a cryptic subaerial uncon-
formity, reflected by an erosion surface, missing of a trilobite bio-
zone (Prochuangia Zone), and an abrupt increase in carbon isotope
value. It is not identified in the Taebaek area where the Prochua-
ngia Zone is present. Surface 3 is a marine flooding surface, indi-
cated by a subtle transition from flat-bedded microbialite to domal
microbialite (or grainstone). It may be correlated with that in the
Taebaek area, which is, however, represented by an abrupt facies
change from sandstone to limestone-shale alternation. The high vari-
ability of the sequence-bounding surfaces is indicative of variable
regional factors such as topographic relief, carbonate production,
siliciclastic input, and hydrodynamic conditions. It suggests that
the sequence-bounding surfaces are invalid for a basin-scale correla-
tion, especially in an epeiric carbonate platform.

Key words: stratigraphic sequence, bounding surface, seafloor relief,
Cambrian, North China Platform

1. INTRODUCTION

Carbonate platforms in (sub) tropical regions are com-
monly characterized by high carbonate productivity with
strong catch-up and keep-up capability in response to sea-level
rise (e.g., Kendall and Schlager, 1981; Schlager, 2005). In
contrast to siliciclastic systems, development of a strati-
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graphic sequence, a succession of strata deposited during a
full cycle of change in accommodation or sediment supply
(Catuneanu et al., 2009), on carbonate platforms depends
largely on the complex interaction among eustatic changes,
regional tectonics, types of carbonate production, and envi-
ronmental conditions (Schlager, 1993; Pomar, 2001; Bran-
dano and Corda, 2002; Caron et al., 2004; Mateu-Vicens et al.,
2008; Pomar and Kendall, 2008; Catuneanu et al., 2009).
Growth potential of carbonate factories often causes uneven
topographic relief of various scale (Kendall and Schlager,
1981; Burchette and Wright, 1992; Schlager, 1993; Burgess,
2001; Pomar, 2001; Badenas and Aurell, 2008; Woo, 2009),
affecting the stacking patterns of strata and the formation of
sequence-stratigraphic surfaces.

High-frequency (e.g., third- or higher-order, <10 m.y. in
duration) stratigraphic sequences often formed in carbonate
platforms with lateral variability of their bounding surfaces
(e.g., Strasser et al., 1999; Brett et al., 2011). Topographic
relief of the bounding surfaces can be represented by either
subaerial-exposure features or subtle changes in sedimen-
tary facies (e.g., Schlager, 1989; Adams and Grotzinger, 1996;
Jiang et al., 2002). There are, however, a number of ques-
tions with regard to the formation and variability of the
bounding surfaces. Do the bounding surfaces form synchro-
nously during base-level changes? What controls the for-
mation of the bounding surfaces during long-term rise in
sea level? Can the bounding surfaces be traced across the
entire platform and useful for basin-scale correlation, espe-
cially in the vast epeiric platform?

This study focuses on the variability of bounding surfaces
of certain stratigraphic units in the North China Platform,
i.e., the upper Cambrian Series 3 to Furongian Gushan and
Chaomidian formations. The succession (ca. 350 m in thick-
ness) in Shandong Province (mideast of the platform) con-
sists mainly of various shallow-marine carbonates with minor
shale layers that are generally characterized by a facies tran-
sition from limestone-shale/marlstone alternation to coarse-
grained carbonate sediments, largely indicative of long-term
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sea-level rise superimposed by high-frequency sea-level
fluctuations (Meng et al., 1997). However, there are certain
features that make it difficult for large-scale correlation
(with the Taebaek area, Korea) by bounding surfaces across
the epeiric platform. The primary aims of this paper are to
diagnose the bounding surfaces of high-frequency strati-
graphic sequences in a carbonate platform and to evaluate
the variability of the bounding surfaces in sequence-strati-
graphic perspectives.

2. GEOLOGICAL SETTING

The North China Platform, an epeiric platform, developed
on the Sino-Korean Block (SKB) in (sub) tropical regions
(Scotese and McKerrow, 1990; Meng et al., 1997; Kwon et
al., 2006; Chough et al., 2010; McKenzie et al., 2011) (Fig.
1). It covers an area of 1,500 km east-west and 1,000 km
north-south (Meng et al., 1997) (Fig. 1a). It is bounded to
the north by a major fault and suture zone, the Hinggan fold
belt. The Qinling-Dabieshan fold belt demarcates the south-
ern margin of the platform against the South China Block
(SCB). The Tanlu fault in the east formed during collision
of the SKB and the SCB in the Early Triassic (Chough et
al., 2000). The western boundary of the platform is char-
acterized by a thick sequence of platform-margin and deep-
basinal sediments. According to the tectonic reconstruction
and stratigraphic correlation of the Paleozoic basins, both
the Pyeongnam Basin (North Korea) and the Taebaeksan Basin
(South Korea) comprise the eastern margin of the platform
(Chough et al., 2000; Choi and Chough, 2005) (Fig. 1).

Sedimentation on the North China Platform started in the
Cambrian Epoch 2 and continued until the Middle to Late
Ordovician when the entire platform was subaerially exposed,
forming a thick (ca. 1,800 m in thickness) succession of
mixed carbonate and siliciclastic sediments (Meyerhoff et
al., 1991; Meng et al., 1997). The entire succession repre-
sents a long-term transgression of a second-order sea-level
rise that lasted for about 70 m.y. (Meng et al., 1997). After
a platform-wide hiatus during the middle Paleozoic (Late
Ordovician to Early Carboniferous), coal-bearing, shallow
marine and continental deposits accumulated on the plat-
form. Deposition was terminated in the Early Triassic by
the regional uplift that resulted from the collision between
the SKB and the SCB (Lee and Chough, 2006).

The Cambrian strata are superbly exposed in Shandong
Province (mideast of the North China Platform) (Fig. 1).
The strata yield abundant and diverse fossils such as trilo-
bites, gastropods, brachiopods, cephalopods, and echinoderms.
Twenty-one trilobite biozones have been identified in the
Cambrian succession (Chough et al., 2010). The Cambrian
succession in Shandong Province consists of 6 lithostratigraphic
units (Liguan, Zhushadong, Mantou, Zhangxia, Gushan, and
Chaomidian formations in ascending order), unconformably
overlying Precambrian granitic gneiss or metasedimentary
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Fig. 1. Simplified geologic map and location of the study area. (a)
Tectonic boundaries and distribution of the Cambrian-Ordovician
outcrops of the North China Platform (modified after Kwon et al.,
2006). PB: Pyeongnam Basin. TB: Taebacksan Basin, SKTL:
South Korean Tectonic Line. (b) Distribution of the Cambrian out-
crops in Shandong Province (modified after Zhang et al., 1994).
(c) Location of the measured sections. CGW: Chengouwan sec-
tion, TWZ: Tangwangzhai section, WLD: Wanglaoding section,
LPZ: Laopozhuang section, WLY: Wanliangyu section, JLS: Jiu-
longshan section.
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Fig. 2. Spatio-temporal distribution of the Cambrian succession in Shandong Province (modified after Zhang et al., 1994). For location,

see Figure 1b.

rocks and conformably underlying Ordovician dolostones
and limestones (Fig. 2).

The basal Liguan Formation (laterally discontinuous, 0—
30 m thick) consists mainly of quartzose sandstone and mud-
stone (Fig. 2). The overlying Zhushadong Formation (15—
40 m thick) is dominated by stromatolitic and dolomitic
lime mudstone, and locally bioturbated wackestone. The
Mantou Formation (ca. 250 m thick) consists of mixed
siliciclastic and carbonate sediments including purple mud-
stone, sandstone, and various carbonates. The overlying
Zhangxia Formation (ca. 180 m thick) is characterized by a
variety of microbialites and carbonates, and locally shaly
sediments. The Gushan Formation (52—-105 m thick) com-
prises shale-dominated facies and formed during the late
Cambrian Epoch 3 Kushanian Age (Blackwelderia and Neo-
drepanura zones) (Fig. 3). The overlying Chaomidian For-
mation (190-260 m thick) is dominated by various carbonate
facies, and formed during the Furongian including the Chang-
shanian Age (Chuangia, Changshania-Irvingella, and Kaolis-

hania zones) and Fengshanian Age (Asioptychaspis-Tsinania,
Quadraticephalus, and Mictosaukia zones) (Fig. 3).

3. MATERIALS AND METHODS

Three complete sections (Tangwangzhai, Laopozhuang,
and Jiulongshan sections) and three complementary sections
(Chengouwan, Wanliangyu, and Wanglaoding sections) (ca.
1,100 m in total thickness) have been measured (scale of
1:10 or 1:50) in well-exposed outcrops in Shandong Prov-
ince, China (Figs. 1¢ and 4). Sedimentary facies of the Gus-
han and Chaomidian formations are classified and described
based mainly on lithology (composition and grain size) and
sedimentary structures as well as texture and bed geometry
(Table 1). The facies are described largely according to the
classification scheme of Dunham (1962). Common descrip-
tive facies names such as limestone-shale/marlstone alter-
nation, limestone breccia and conglomerate, and various
microbialites (e.g., stromatolite) are used. Sketch and line
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Fig. 3. Schematic sedimentary logs of the Gushan and Chaomidian formations in the Jinan and Laiwu areas. For location, see Figure Ic.
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Fig. 4. Representative outcrop sections, showing laterally traceable lithofacies units. (a) Tangwangzhai section. (b) Jiulongshan section. The
Zhangxia Formation is dominated by various carbonates. The overlying Gushan and Chaomidian formations are characterized by a grad-
ual transition from shale-dominated facies to carbonate-dominated facies. An extensive microbialite bed, overlain by grainstones, occurs in

the middle part of the Chaomidian Formation.

drawings portray sedimentary structures and texture. Slabs
of sampled specimens (polished and etched) illustrate cryp-
tic sedimentary structures. Over 400 thin sections have been
observed under microscope for compositional and microfa-
cies analyses.

4. SEDIMENTARY FACIES

Eighteen sedimentary facies are identified in the Gushan
and Chaomidian formations (Table 1; Figs. 5 and 6), which
comprise 5 facies associations (FAs) (Chen et al., 2011)
(Table 2; Figs. 6 and 7). The facies association units are
correlated among the measured sections, which represent
various shallow-marine settings (Table 2; Fig. 7). FA1 is
dominated by shale and limestone (limestone-shale/marlstone
alternation, calcarenite, and limestone breccia), representing
a deep-subtidal setting. FA2 consists mainly of thin-bedded
lime mudstone intercalated with shale or marlstone, laminated
calcisiltite, and limestone breccia and conglomerate, as well
as a few beds of stratified grainstone and microbialite,
which represents a relatively shallow-subtidal setting. FA3
mainly comprises various grainstones (normally graded,
crudely wavy-stratified, and planar, trough, and hummocky
cross-stratified) with a minor portion of limestone-shale/

marlstone alternation, and limestone conglomerate and breccia,
indicating a generally high-energy, storm-dominated shore/
shoal setting. FA4 is dominated by biostromal, thick-bedded
microbialite (including tabular maceriate, columnar maceriate,
and columnar chaotic microbialite), reflecting an extensive
subtidal microbial flat. FAS is characterized by a thick
monotonous succession of mainly bioturbated lime mud-
stone to wackestone and wacke- to grainstone with sporadic
stromatolite, representing a restricted platform interior.

5. STRATIGRAPHIC SEQUENCES AND BOUNDING
SURFACES

According to the vertical arrangement of the facies asso-
ciations and the identification of the physical surfaces, three
stratigraphic sequences (approximately 2—5 m.y. in dura-
tion) can be established in the Gushan and Chaomidian for-
mations (Fig. 7). The three sequences are bounded at the
base by a drowning surface (surface 1) (Fig. 8), a subaerial
unconformity (surface 2) (Figs. 9 and 10), and a marine
flooding surface (surface 3) (Figs. 11 and 12), respectively.
These bounding surfaces are well traced in all measured
sections for about 6,000 km?” in area in Shandong Province

(Fig. 7).
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Table 1. Sedimentary facies in the Gushan and Chaomidian formations

Sedimentary facies Description Interpretation

Greenish-gray (yellowish-gray and partly dark purple) shale (Fig. 5a); mainly com-  Low-energy subtidal deposits
Shale (facies Sh)  posed of quartz and clay minerals, and some calcite and dolomite; intercalated with cal-most likely below storm wave
careous nodules or irregular concretions; usually fissile and papery, partly calcareous. base.

Alternation of planar to nodular limestone and greenish-gray shale (Fig. 5a); limestone
Limestone-shale  composed of micrite; shale composed mainly of argillaceous materials (quartz and clay
alternation minerals, 81%), and small fractions of calcite and dolomite (19%); sporadic horizontal
(facies L-S) burrows; well-preserved trilobite fossils (e.g., Blackwelderia and Neodrepanura) on
bedding plane.

Low-energy subtidal deposit
below fair-weather wave base.

Alternation of limestone and marlstone layers; about 1 ¢cm in thickness; limestone
Limestone- marl- composed of micrite with trilobite fragments (5-20%); marlstone composed of dolo-
stone alternation ~ mite (16.11%), calcite (53.93%), and argillaceous materials (29.96%); slightly bio-
(facies L-M) turbated with sporadic horizontal or inclined burrows; lenses of bioclasts intercalated
in some horizons.

Low-energy subtidal deposit
below fair-weather wave base.

Thin-bedded lime Slightly bioturbated thin-bedded lime mudstone (Fig. 5b); lime mudstone com- . .

mudstone (facies posed of micrite and small fractions of bioclasts; sporadic horizontal to inclined ~Low-energy subtidal deposit

Lib) burrows; commonly overlying L-S or L-M with gradational boundary, forming  modified by bioturbation.
decimeter- to meter-scale units.

Parallel, ripple, and low-angle cross-laminated calcisiltite intercalated with dolomitic
Laminated calcisilt- marlstone or shale (Fig. 5b); composed of silt-sized calcite particles; wavy-bedded,
ite (facies Cl) unidirectional and low-angle cross-lamination with internal truncation boundary;
climbing ripples; partly bioturbated with burrows.

Subtidal deposits by unidirec-
tional currents (partly com-
bined with waves).

. Moderately to severely bioturbated (ichnofossil index-3 to -4) (Fig. 5¢); horizontal to . .
Bioturbated wacke- inclined burrows; mottled texture; composed mainly of micrite, fossil fragments, and Low-energy subtidal deposits

stone (facies Wb) peloids; partly intercalated with thin bioclastic grainstone with sharp lower boundary. modified by bioturbation.
Flaser-bedded wackestone often separated by shale partings; slightly bioturbated; often

Wackestone to intercalated with lenses or thin layers of grainstone with sharp lower boundary (Fig. Low-energy subtidal deposits

grainstone (facies 5d); grainstone commonly massive, normally graded, or planar and cross-stratified; ~ with intermittent higher energy

W-G) abundant and variable fossil fragments such as cephalopods, bivalves, gastropods, tri- deposits.

lobites, algae, and echinoderms.

Hummocky and  Peloidal grainstone, composed of coarse silt- to very fine sand-size peloids and small

swaley cross-strati- fraction of fossil fragments; each unit either laterally continuous or discontinuous, Storm-induced combined
fied grainstone varying in thickness from a few dm to 2 m; thick beds amalgamated with internal sharp flows, above storm wave base.
(facies Ghsc) boundaries (Fig. Se); Skolithos, 1-5 cm in depth; variation in thickness of laminae.

Oolitic and bioclastic grainstones (Fig. 5f); planar and trough cross-stratified; oolitic

cross-stratified grainstone dominantly composed of ooids, whereas bioclastic grainstone composed of

grainstone (facies fragments of fossils (trilobites, brachiopods, algae, and echinoderms), often with

Gpic) glauconite grains and intraclasts; asymmetrical mega-ripple bed forms (ripple height
P 10 cm and length about 100 cm).

Planar and trough
Migration of subaqueous 2D or
3D dune of carbonate sands.

Crudely wavy-strat- Oolites and bioclastic grainstones; symmetric (mega) ripples (ripple height 8 cmand -

ified gr};inst\(%e length about 60 cm) on the top of oolite beds; oolites composed of ooids (>50%), High-energy wave deposition

(facies Gew) peloids, and fossil fragments (Fig. 5g), whereas bioclastic grainstones composed of  on shoal or shoreface settings.
various fossil fragments (trilobites and brachiopods); abundant glauconite grains.

Normally eraded Massive or normally graded pack- to grainstone (Fig. Sh), mainly composed of fossil .
ainstor}lle%r facies fragments (trilobites, brachiopods, algae, echinoderms, and cephalopods; a few mm up Moderately agitated shallow-
gGrn ) to 10 mm in length), peloids, and ooids (0.2—0.5 mm in diameter); subangular, granule- subtidal deposits.
g to pebble-size intraclasts of lime mudstone to grainstone as well as microbialite.

Calcarenite (facies Calcarenite containing a few clasts of lime mudstone; composed of packstone to grain-
CA) stone with elongate trilobite fragments; crudely laminated or normally graded; overly-
ing lime mudstone with irregular sharp boundaries, showing load and flame structures.

Deposition from dilute density
(turbidity) currents.

Polymictic clasts of lime mudstone, wacke- to packstone, grainstone, and sometimes
Limestone con- microbialite and conglomerate, and grainstone matrix (Fig. 5i); poorly to moderately
lomerate (facics sorted clasts, varying in grain size from granule to pebble, with dominantly subrounded
EC) to rounded corners; clasts usually flat-lying or imbricated (Fig. 51); either clast-sup-
ported or matrix-supported, and crudely cross-stratified; sharp irregular lower bound-
ary and either sharp or gradational upper boundaries.

Deposits by strong currents or
waves, most likely induced by
storms.

Monomictic to oligomictic clasts in a matrix of marlstone and/or grainstone (Fig. 5j);
Limestone breccia flat to irregular, sheet-, disc-, or blade-shaped clasts; random clast positions (intact, Soft-sediment deformation
(facies LB) inclined, vertical, and disorganized); transitional boundaries from underlying bed; lat- during early diagenesis.
erally discontinuous; often accompanied by soft-sediment deformation structures.

Columnar stromato-Centimeter- to meter-scale columnar-shaped (Fig. 5k); bioclastic grainstone and bioturbated High-energy subtidal deposits
lite facies (facies ~ wackestone between columns; composed of micritic Girvanella colonies, peloids, with occasional lower-energy
Sc) fragments of fossils (trilobites, algae, cephalopods, and gastropods), and partly intraclasts. deposits.
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Sedimentary facies Description

Interpretation

Calcarenite (facies
CA)

Calcarenite containing a few clasts of lime mudstone; composed of packstone to grain-
stone with elongate trilobite fragments; crudely laminated or normally graded; overly-
ing lime mudstone with irregular sharp boundaries, showing load and flame structures.

Deposition from dilute density
(turbidity) currents.

Polymictic clasts of lime mudstone, wacke- to packstone, grainstone, and sometimes

Limestone con-
glomerate (facies
LC)

microbialite and conglomerate, and grainstone matrix (Fig. 5i); poorly to moderately
sorted clasts, varying in grain size from granule to pebble, with dominantly subrounded
to rounded corners; clasts usually flat-lying or imbricated (Fig. 5i); either clast-sup-
ported or matrix-supported, and crudely cross-stratified; sharp irregular lower bound-

Deposits by strong currents or
waves, most likely induced by
storms.

ary and either sharp or gradational upper boundaries.

Monomictic to oligomictic clasts in a matrix of marlstone and/or grainstone (Fig. 5j);

Limestone breccia flat to irregular, sheet-, disc-, or blade-shaped clasts; random clast positions (intact,
inclined, vertical, and disorganized); transitional boundaries from underlying bed; lat- during early diagenesis.

(facies LB)

Soft-sediment deformation

erally discontinuous; often accompanied by soft-sediment deformation structures.

Columnar stromato-
lite facies (facies

Centimeter- to meter-scale columnar-shaped (Fig. 5k); bioclastic grainstone and
bioturbated wackestone between columns; composed of micritic Girvanella colonies,
peloids, fragments of fossils (trilobites, algae, cephalopods, and gastropods), and partly

High-energy subtidal deposits
with occasional lower-energy

Sc) intraclasts. deposits.

Centimeter- to decimeter-scale branching and converging structures in vertical sections,
Tabular maceriate and irregular circ!es_ or rambling maze-like structures in beddipg surfaces (i.e.,. maceria . _
microbialite (facies structures).; chaotic internal structures of maceriae; intermacerial .sedlment mainly com- Relatively low-energy deposits
Mim) posed of lime mud and a few trilobite fragmepts, Whereas maceriae composeq of micrite below normal wave base.

and calcified Girvanella as well as Renalcis-like microbe colonies (1-10 mm in size);

often forming laterally traceable mounds (ca. 1-2 m thick and ~10 m wide).

Large columns (>60 cm in diameter) of maceriate microbialites; internal part of the col-
Columnar maceriate ™0 domjnated by maceriae, with chaotic outer ﬁm (a fe\y cm in thickness) (Fig. 51); ' '
microbialite (facies coarse-grained sediments suc;h as intraclasts, peloids, and b‘1ocla.tsts present bet‘ween col- Intermediate-energy deposits
Mem) umns; often gradually changing upward to columnar chaotic microbialite (facies Mcc), near normal wave base.

accompanied by a decrease in amounts of maceriae, an increase in amounts of interco-

lumnar grainstones, and a decrease in column diameter.

Columnar microbialites (10—15 cm in diameter) with generally chaotic internal struc-
Columnar chaotic tures; elongation aspect ratio (i.e., ratio of height to width) of columns ranges from 3:1 to High-energy shallow-subtidal
microbialite (facies 10:1; composed mainly of calcified Girvanella and Renalcis-like microbes with peloids deposits above normal wave

Mcc)

and bioclasts; crudely stratified grainstones among the microbialite columns; abundant  base.

bivalves locally concentrated in both intercolumnar sediments and microbialites.

5.1. Bounding Surface 1 and Sequence 1

5.1.1. Description

Bounding surface 1 is characterized by an abrupt change
in facies from the underlying carbonate in the Zhangxia
Formation to the overlying shale in the Gushan Formation
(Fig. 8). The upper part of the Zhangxia Formation consists
mainly of thick-bedded oolite and thrombolitic microbialite
in the northwest (Tangwangzhai and Laopozhuang sections)
(Fig. 8a) and wacke- to packstone, thrombolitic microbi-
alite, and limestone-shale alternation in the southeast (Jiulong-
shan section) (Fig. 8b). The topmost part of the Zhangxia
Formation contains abundant glauconite grains and fossil
fragments. Above surface 1, the lower part of the sequence
1 consists dominantly of dark and greenish-gray shale inter-
calated with nodular and thin-bedded limestone (FA1). In
the Jiulongshan section, several calcarenite beds (facies CA)
with load and flame structures and sharp bases are interca-
lated in the shale-dominated facies (Fig. 6). The upper part
of the sequence 1 contains more carbonates such as lime-

stone-marlstone alternation, thin-bedded lime mudstone,
laminated calcisiltite, cross-stratified limestone conglomer-
ate, and a few grainstone beds (FA2) (Fig. 7). The topmost
part of the sequence 1 consists of an extensive, strongly
deformed limestone bed (containing bioclastic wacke- to
packstone, oolitic grainstone, and thin-bedded lime mud-
stone). It is characterized by various soft-sediment defor-
mation structures such as limestone breccia, chaotic laminae,
homogenized oolites, and carbonate dykes.

5.1.2. Interpretation

Surface 1 represents drowning of carbonate factories. It is
indicated by an abrupt facies shift from shallow-water car-
bonates to deep-water siliciclastics (sensu Schlager, 1989,
1999). Surface 1 formed by drowning of the microbialite-
dominated carbonate factories (Zhangxia Formation) with
rapid rise in base level (Fig. 13a). Under deepened waters,
carbonate production was shut down and the increase in
rate of accommodation became higher than that of sediment
supply, resulting in sediment starvation. Sedimentation dur-



364 Jitao Chen, S.K. Chough, Jeong-Hyun Lee, and Zuozhen Han

Fig. 5. Sedimentary facies. (a) Greenish gray shale (facies Sh) and limestone-shale alternation (facies L-S). Hammer is 28 cm long.
(b) Ripple or low-angle cross-laminated calcisiltite (facies Cl) intercalated with thin-bedded lime mudstone (facies Ltb). (¢) Bio-
turbated wackestone (facies Wb) with mottled texture (ichnofossil index-3). Coin is 25 mm in diameter. (d) Wackestone with dis-
continuous layers of grainstone and conglomerate (arrows) (facies W-G). Scale bar is 2 cm long. (¢) Hummocky and swaley cross-
stratified grainstone (facies Ghsc) with internal truncation (arrows). Pencil is 14.5 cm long. (f) Planar to trough cross-stratified
grainstone (facies Gptc) with ripple marks at the top. The boundary between oolite and bioclastic grainstone is characterized by
stylolite (arrows). Pencil is 14.5 cm long. (g) Crudely wavy-stratified oolitic grainstone (facies Gew), partly containing chertified
ooids. (h) Normally graded gravelly grainstone (facies Gng) with microbialite debris (arrows) in the lower part. Dash line indicates
the irregular boundary overlying the microbialite. (i) Limestone conglomerate (facies LC) with imbricated, polymictic clasts and
grainstone matrix. (j) Plan view of limestone breccia (facies LB), showing progressive deformation from intrastratal fragmentation
to slight mobilization and total disruption (from upper left to lower right). Scale bar is 2 cm long. (k) Columnar stromatolite (facies
Sc). Space between columns is filled with gravelly grainstone. (1) Plan view of columnar maceriate microbialite (facies Mcm) with
chaotic outer rim and maceriate core.
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Fig. 6. Representative sedimentary log of the Gushan and Chaomidian formations in the Jiulongshan section (for location, see Fig. 1c;
for facies code, see Table 1). S: shale, M: lime mudstone, W: wackestone, P: packstone, G: grainstone, C: limestone conglomerate, Mb:
microbialite. FA1: shale-dominated facies association; FA2: thin-bedded limestone facies association; FA3: grainstone facies association;
FA4: microbialite facies association; FAS: wackestone to grainstone facies association.

ing this period was largely due to suspension settling of
terrigenous fines (FA1). After drowning of the carbonate
factories, however, the successive sedimentation was affected
by the inherited topographic variations of the Zhangxia plat-
form (i.e., ooid shoal and microbial platform in the northwest,
and outer microbial platform and local slope in the south-
east) (Woo, 2009). The local slope in the southeast triggered
dilute density (turbidity) currents, forming sporadic normally
graded calcarenite with load and flame structures. With
recovery of carbonate factories, more carbonate sediments
deposited under relatively shallow waters, forming an interval
of thin-bedded limestone facies association (FA2) (Fig.
13b). The extensive deformed limestones resulted from dif-
ferential deformation processes (brecciation, liquefaction/
fluidization, and injection), most likely caused by pore-water
overpressure during the period of rapid sea-level fall (Spence
and Tucker, 1997; Chen et al., 2011).

5.2. Bounding Surface 2 and Sequence 2
5.2.1. Description

Surface 2 is characterized by an irregular, sharp surface
with erosion relief up to 20 cm in height (Fig. 9). The ero-

sion surface truncates the underlying strongly deformed,
shallow-subtidal deposit. It contains the Neodrepanura
Zone (Figs. 9 and 10). The erosion surface is overlain by
sporadic microbial buildups (composed mainly of micrite,
fossil fragments, and a few glauconite grains) and a rela-
tively thick (0.6 to 4.5 m in thickness) Chuangia-bearing
bioclastic grainstone (mainly containing trilobite fragments,
brachiopod shells, and abundant glauconite grains) of the
sequence 2 (Figs. 9 and 10). The Prochuangia Zone (between
the Neodrepanura and Chuangia zones) is absent, although
it occurs in Liaoning Province (China) and the Taebaek area
(Korea). The geochemical data indicate an abrupt increase
in carbon isotope value across the boundary, a large positive
8"C excursion (Fig. 10). The bioclastic grainstone is suc-
cessively overlain by a shale-dominated facies (FA1) (Fig.
10). The upper part of the sequence 2 contains a coarsen-
ing-upward succession with a thin-bedded limestone facies
association (FA2) in the lower part and a thick (10-20 m)
microbialite facies association (FA4) in the upper part (Fig.
7). The FA2 consists mainly of thin-bedded lime mudstone
with shale or marlstone (facies L-S, L-M, and Ltb), lime-
stone breccia and conglomerate (facies LB and LC), strat-
ified grainstone (facies Gptc), and microbialite (facies
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Table 2. Description and interpretation of facies associations

Facies association (FA) Description

Dominated by greenish-gray (yellowish-gray) shale (facies Sh), frequently
intercalated with thin homogeneous lime mudstone beds, forming limestone-
FA1: Shale-dominated §hale gltemz}tion (fagies L-S); limegtone-shale alt.ernation commonly changing
facies association into dlscoqtmuous'llmestone breccia (fac1e§ LB); .dm- to m-scale cycles com-
prising facies L-S in the lower part and facies Sh in the upper part; a few cal-
carenite (facies CA) beds with normal grading and small-scale load and flame

structures.

Dominated by thin-bedded limestone facies, with a predominance of lime-
stone-shale/marlstone alternation and thin-bedded lime mudstone (facies L-S/
M and Ltb) in the lower part, and laminated calcisiltite, planar and trough
cross-stratified grainstone, and stratified limestone conglomerate (facies Cl,
Gptc, and LC) in the upper part; Facies L-S and L-M gradually changing into
Ltb upward, forming dm- to m-scale cycles, overlain by facies LC with sharp
boundaries; a few microbialite (facies Mtm) locally.

Interpretation

Deposited in a low-energy, deep-
water setting, most likely below
storm-wave base (e.g., deep-subtidal
environment) (Markello and Read,
1981; Glumac and Walker, 2000;
Elrick and Snider, 2002).

Formed in relatively shallow-water
environments often affected by
storm-induced distal currents (e.g.,
shallow-subtidal setting) (cf. Bur-
chette and Wright, 1992; Kwon et
al., 2006).

FA2: Thin-bedded
limestone facies
association

Dominated by various grainstone facies such as planar or trough cross-strati-
fied, crudely wavy-stratified, hummocky and swaley cross-stratified, or nor-
mally graded grainstones (facies Gptc, Gew, Ghse, and Gng); composed of
fragmentary bioclasts, ooids, peloids, intraclasts, and abundant glauconite
grains; limestone breccia and conglomerate, laminated calcisiltite, and lime-
stone-shale alternation (facies LB, LC, Cl, and L-S) intercalated.

Characterized by biostromal microbialite, with either flat-bedded or domal

megastructures; including tabular maceriate (facies Mtm), columnar maceriate Deposited on broad and relatively
(facies Mcm), and columnar chaotic microbialite (facies Mcc); microbialite  flat seafloor, forming an extensive
(up to 18 m in thickness) comprising several beds (up to 3 m thick), either ~ subtidal microbialite flat (Grotz-
interrupted by sharp internal boundaries or intercalated with non-microbial — inger, 1986; James and Bourque,
carbonate sediments; overlain by various types of grainstones of the FA3 with 1992; Lee et al., 2010).

an irregular, sharp boundary.

Dominated by bioturbated lime mudstone to wackestone and wackestone to

grainstone (facies Wb and W-G); thin layers (up to a few dm in thickness) of Formed in a generally low-energy,
massive, normally graded, or stratified grainstone and limestone conglomer- restricted platform interior (or a

ate, and limestone-shale alternation (facies Gng, Gew, Gptc, LC, and L-S)  wide, shallow lagoon) with intermit-
partly interbedded; columnar stromatolite (facies Sc) (up to 11 m thick) locally tent high-energy conditions (cf.
present; bioturbated lime mudstone with U-shaped burrows, and rare occur-  Osleger and Montaiez, 1996; Naka-
rence of bi-directional wavy and lenticular bedded calcisiltite and lime mud- zawa et al., 2009).

Formed in a storm-dominated car-
bonate shoreface/shoal near the nor-
mal wave base (Jiang et al., 2002,
2003; Betzler et al., 2007; Palma et
al., 2007).

FA3: Grainstone
facies association

FA4: Microbialite
facies association

FAS5: Wackestone to
grainstone facies
association

stone breccia in the uppermost part.

Mtm). The thick microbialite (FA4) consists of several flat-
bedded units, which can be well correlated among the sec-
tions for tens of kilometers (Figs. 11 and 12).

5.2.2. Interpretation

Surface 2 is a cryptic subaerial unconformity, which lacks
clear evidence for subaerial exposure such as desiccation
cracks, fenestrae cavities, root casts, evaporite pseudomor-
phs, microbial laminites, paleosols, and paleokarsts. It nev-
ertheless represents a significant subaerial hiatus which is
reflected by the truncation of well-lithified deformed sedi-
ments, the missing of a trilobite biozone (Prochuangia),
and the abrupt increase in carbon isotope value in the rising
limb of a positive 8" °C excursion that can be globally cor-
related (i.e., the Steptoean positive carbon isotope excur-
sion, SPICE) (Saltzman et al., 2000; Zhu et al., 2004; Chen
et al., 2011) (Fig. 10). The sporadic microbial buildups on
the topographic highs of the erosion surface indicate the
first resurgence of the microbialites on the submerged sea-

floor. The microbial buildups were then buried by reworked
fossil fragments, which formed a shoreface lag deposit dur-
ing the period of low sedimentation rate as base level kept
rising (Fig. 13d). The overlying shale-dominated facies associ-
ation (FA1) indicates that the grainstone shoreface was
drowned with rapid rise in base level (Figs. 7, 10, and 13e).
As base-level rise slowed, a thin-bedded limestone facies
association formed with a few beds of dm- to m-scale, bio-
hermal, and m-scale, biostromal microbialite, indicating a
gradual growth of microbialites in a shallow-subtidal set-
ting (Fig. 13e). The microbialite eventually flourished and
filled most accommodation, forming an extensive shallow-
subtidal microbial flat (Fig. 13f).

5.3. Bounding Surface 3 and Sequence 3
5.3.1. Description

Surface 3 is represented by an abrupt shift from the flat-
bedded microbialite below to the domal microbialite (or
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Fig. 8. Surface 1, a drowning surface that separates the underlying carbonates in the Zhangxia Formation and the overlying shales in
the Gushan Formation. (a) Tangwangzhai section. (b) Jiulongshan section.

grainstone) above (Figs. 11 and 12). The underlying flat-bed-
ded microbialites consist mainly of columnar microbialites
(facies Mcm and Mcc) with minor non-microbial carbonate
sediment. The surface is overlain by various deposit of
sequence 3. It is either domal microbialite containing abun-
dant dolomitic marlstone (Chengouwan section) or mace-
riate microbialite with abundant, laterally associated non-
microbial carbonate sediments (e.g., fossil fragments, peloids,
and intraclasts) (Jiulongshan section) (Figs. 11 and 12). The

domal microbialite is overlain by grainstone-dominated
facies (FA3) with an irregular surface (Fig. 11). The surface
partly truncates the flat-bedded microbialite with erosion
relief up to 2 m (Fig. 11b). The grainstone is overlain by
thin shale-dominated facies (FA1) and thin-bedded lime-
stone facies (FA2) (Fig. 7). The upper part of the sequence
3 is characterized by a monotonous succession of mainly
bioturbated wackestone to grainstone (facies Wb and W-G)
with a small portion of limestone-shale/marlstone alterna-
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Neodrepanurazbearngset

Fig. 9. Surface 2, a cryptic subaerial unconformity. (a) Surface 2 truncates deformed limestone bed and underlies sporadic microbial
buildups and Chuangia-bearing bioclastic grainstone (Wanliangyu section). Scale bar is 10 cm long. (b) Surface 2 truncates strongly
deformed limestone bed and underlies Chuangia-bearing bioclastic grainstone (Tangwangzhai section). Marker pen is 14.5 cm long.

tion (facies L-S/M), stratified grainstone (facies Gptc and mudstone with U-shaped burrows, and rare occurrence of
Gcew), limestone conglomerate (facies LC), and stromatolite  bi-directional calcisiltite and lime mudstone breccia (Fig. 7).
(facies Sc) (Fig. 7). A relatively thick (up to 11 m) stromatolite

occurs in the Jiulongshan section (Fig. 6). The uppermost 5.3.2. Interpretation

part of the sequence 3 is characterized by bioturbated lime Surface 3 represents an abrupt shift from flat-bedded
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Fig. 10. Sedimentary logs showing the lateral traceability of surface 2 which truncates the underlying deformed limestone bed. Surface
2 is interpreted as a subaerial unconformity which is reflected by missing of a trilobite biozone (Prochuangia Zone) and abrupt increase
in carbon isotopic value. SPICE: Steptoean positive carbon isotope excursion (Saltzman et al., 2000) (for facies code, see Table 1).

microbialite to domal microbialite (or grainstone). The sur-

by submarine erosion, is indicative of a facies change dur-

ing rapid rise in base level (Lee et al., 2012). During initial
face, either ‘hidden’ in the thick microbialite or imprinted base-level rise, domal microbialite formed above the flood-
ing surface in local topographic highs (e.g., Chengouwan
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Fig. 11. Surface 3, a marine ﬂoodlng surface. (a) Surface 3 is a distinct flat surface between the underlylng flat-bedded microbialite and
the overlying domal microbialite. The domal microbialite is overlain by grainstones with an erosion surface (Chengouwan section). (b)
Surface 3 is partly imprinted by an erosion surface with significant relief (Tangwangzhai section).

section) due to catch-up ability under the conditions of
increased accommodation (Fig. 13g). In the topographic lows,
however, the microbialite could not catch up with base-
level rise and were scoured by storm-induced waves and/or
currents, forming a distinct erosion surface. They were then
buried by coarse grainstone (Fig. 13g). The storm-dominated
grainstone shoal/shoreface firstly developed in the southeast
(e.g., Jiulongshan section) and caught up with the base-level
rise, which resulted in the deposition of thick grainstone
with abundant glauconites (FA3) (Kerans and Loucks, 2002).
The grainstone shoal/shoreface aggraded and migrated to
the northwest with ensued rise in base level, which finally
terminated the microbialite in the Chengouwan section
(Fig. 12). The grainstone shoal/shoreface was drowned with
continued rise in base level, forming a shale-dominated
facies association (FA1) (Figs. 12 and 13h). As the rate of
base-level rise decreased, a thick highstand systems tract
developed, including a relatively thin succession of thin-
bedded limestone facies association (FA2) formed in a shal-
low-subtidal setting (Fig. 13h). A thick succession of bio-
turbated wackestone to grainstone (FAS) formed in a broad,
generally low-energy restricted platform interior due to a
balanced increase in accommodation and sediment supply

(Badenas and Aurell, 2008) (Fig. 13i). Local stromatolite
patch reefs or barriers developed under favorable water
conditions (e.g., depth, transparency, light, and nutrient)
(Fig. 13i). The restricted area eventually changed into a
shallow tidal flat, which was flooded again during the Early
Ordovician (Meng et al., 1997).

6. INTRAPLATFORM CORRELATION

The Cambrian successions in both the Shandong region
and the Taebaek area, Korea (eastern margin of the North
China Platform, ca. 1,000 km east of the Shandong region)
are generally correlated by trilobite faunal assemblages
(Choi et al., 2003; Choi and Chough, 2005; Lee and Choi,
2007; Park et al., 2008; Chough et al., 2010; Park and Choi,
2011). The Teaback area comprises a relatively thin (ca.
130 m in thickness) upper Cambrian Series 3 to Furongian
succession of mixed carbonate and siliciclastic deposits
(Sesong and Hwajeol formations) (Fig. 14). The Sesong For-
mation, overlying the carbonate-dominated Daegi Formation
(mainly bioclastic wacke- to grainstone, oolite, and micro-
bialite), is dominated by shale intercalated with lime mud-
stone and limestone breccia in the lower part and fine to
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Fig. 12. Detailed sedimentary logs showing the characteristics of surface 3 (a flooding surface). Surface 3 is a distinct surface on top
of the flat-bedded microbialite, which is overlain by either thick domal microbialite in the Chengouwan section (CGW) or thin micro-
bialite (or non-microbial sediments) in the Tangwangzhai (TWZ), Wanglaoding (WLD), and Jiulongshan (JLS) sections.

medium sandstone in the upper part, interpreted as outer to
inner shelf deposits (Kwon et al., 2006). The overlying
Hwajeol Formation consists mainly of limestone-shale alterna-
tion, wacke- to grainstone, and limestone breccia, most
likely deposited in outer to inner ramp (Kwon et al., 2006).

6.1. Correlation of Surface 1

A sequence (or supersequence) boundary of a drowning
unconformity was identified between the Daegi and Sesong

formations, which was correlated with surface 1 in the Shan-
dong region (Kwon et al., 2006). Biostratigraphic correla-
tion based on the occurrence of trilobite faunas indicates,
however, that surface 1 formed much earlier in the Shandong
region than that in the Taebaek area (Choi and Chough,
2005; Kang and Choi, 2007; Park et al., 2008, 2009; Chough
et al., 2010; Park and Choi, 2011) (Fig. 14). The time dis-
crepancy appears too large (approximately 1 m.y. gap by
assuming that each biozone lasted about 1 m.y. on average)
to be diachronous (Fig. 14). It could have thus resulted from
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Fig. 13. Depositional model of the Gushan and Chaomidian formations (for facies association codes, see Table 2). (a) Drowning of the
carbonate platform (Zhangxia Formation) with significant relief, forming a drowning surface (surface 1). (b) Progressive sedimentation
of carbonates during highstand base level. (c) Subaerial exposure and erosion of a strongly deformed limestone bed, caused by rapid sea-
level fall. (d) Resumed carbonate sedimentation upon the subaerial unconformity (surface 2) during base-level rise with the first occur-
rence of microbialite after drowning of the Zhangxia carbonate platform. (e) Gradual resurgence of microbialite during slowed rise in
base level. (f) Flourish of microbialite during highstand base level. (g) Termination of flat-bedded microbialite by resumed rise in base
level, forming a marine flooding surface (surface 3). Microbialite either resurged in the topographic highs or terminated by storm-induced
erosion and subsequent deposition of grainstone in the topographic lows. (h) Progradation of carbonate sediments during the early stage
of highstand base level. (i) Deposition of thick bioturbated wackestone during highstand base level of the epeiric carbonate platform.
CGW: Chengouwan section, TWZ: Tangwangzhai section, JLS: Jiulongshan section.

an accumulated out-of-phase response to the base-level rise
due to the original topographic relief and the difference in
carbonate production rate as well as local depositional pro-
cesses. During rapid rise in base level, carbonate factories
were drowned and failed to catch up with base level rise in
the topographic lows (Shandong region), forming a shale-
dominated succession (FA1) above the surface 1 (Fig. 15a).
In the topographic highs (Taeback area), however, carbon-
ate factories were re-established, catching up with the rising
base level (Fig. 15a). The correlative flooding surface of
surface 1 might have been ‘hidden’ in the carbonate deposit
(Figs. 14 and 15a). The Taebaek area was eventually
drowned by progressive rise in base level during the late
Kushanian Age, whereas carbonate factories were gradually
resurged contemporaneously in the Shandong region (Fig.

15b).

On the other hand, Sim and Lee (2006) postulated a
sequence boundary of subaerial exposure in the middle part
of the Daegi Formation based on obscure dissolution pipes
and terra-rossa-like paleosols. However, detailed microfa-
cies analysis indicates continuous prolific subaqueous sed-
imentation of various carbonates and negates the possibility
of subaerial exposure (Hong et al., 2012). Meyerhoff et al.
(1991) and Meng et al. (1997) suggested that diastrophism
(epeirogenic tilting) occurred during late Cambrian Epoch 3
to early Furongian. However, the diastrophism was pro-
posed merely based on large-scale lithological observations
of some coeval strata across the North China Platform (e.g.,
shales in the northern part of the platform vs. dolomitized
limestones in the southern part during the Kushanian Age)
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Fig. 14. Intraplatform correlation of the upper Cambrian Series 3 to Furongian succession in the North China Platform between the Shan-
dong region (China) and the Taebaek area (Korea). The sedimentary column of the Taebaek area and the biostratigraphic data are from
Choi and Chough (2005), Kwon et al. (2006), Kang and Choi (2007), Park et al. (2008, 2009), Chough et al. (2010), Park and Choi
(2011), and Hong et al. (2012). S: shale, M: lime mudstone, W: wackestone, P: packstone, G: grainstone, C: limestone conglomerate,
Mb: microbialite, FS: fine sandstone, MS: medium sandstone.
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Fig. 15. Schematic models illustrating the formation of the stratigraphic surfaces. (a) Drowning of the middle Cambrian carbonate plat-
form in the Shandong region during the early Kushanian Age, forming a drowning surface (surface 1). The relatively synchronous, cor-
relative flooding surface would have been ‘hidden’ in the carbonate succession (Daegi Formation) in the Taebaek area. (b) During the
late Kushanian Age, the Taeback area was drowned by progressive base-level rise, forming a drowning surface; the carbonate factories
gradually resurged in the Shandong region. (c) The Shandong region was subaerially exposed due to base level fall during the earliest
Changshanian Age, resulting in the formation of a subaerial unconformity (surface 2). The Taebaek area continuously received silici-
clastics, containing the Prochuangia Zone. (d) During the subsequent base-level rise and highstand during the middle to late Changs-
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by a shift of the flat-bedded microbialite to the domal microbialite in the Shandong region and from sandstones to nodular limestone
and shale alternation in the Taebaek area. (f) Since the Fengshanian Age, carbonates prevailed in the Shandong region until the middle
to late Ordovician, whereas deposition of shale and carbonate prevailed in the Taeback area until the earliest Ordovician.
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(Meng et al., 1997). In order to investigate the possibility of
either large-scale diastrophism or regional/local variations
in topography and sedimentary processes, more detailed sedi-
mentary facies analyses are required in different locations of
the entire North China Platform.

6.2. Correlation of Surface 2

The subaerial unconformity (i.e., surface 2) does not occur
in the Taebaek area where the Prochuangia Zone is present
(Park and Choi, 2011) (Fig. 14). The Prochuangia Zone occurs
in a conformable, shale-dominated succession with gradual
sedimentation of fine sandstones (Fig. 14). This suggests
that the platform was subaerially exposed in the Shandong
region but submerged in the Taebaek area. The discrepancy
in the development of surface 2 in the two regions is ascribed
to the topographic variations (Figs. 15a and b). During the
period equivalent to the Prochuangia Zone, carbonate fac-
tories were shut down in the interior region of the platform
(Shandong region) as a result of subaerial exposure (Fig.
15c¢). In the marginal region of the platform (Taeback area),
carbonate factories were constrained by siliciclastic sedi-
ment input which was most likely due to erosion of uplifted
oldlands (cf. Kwon et al., 2006) (Fig. 15¢). During the resumed
rise in base level, carbonate factories were gradually recov-
ered in the Shandong region during the middle Changs-
hanian Age, whereas siliciclastic input was still dominant in
the Taebaek area (Fig. 15d).

6.3. Correlation of Surface 3

A distinct surface, represented by an abrupt change in
facies from the shallow-shelf sandstones in the upper part of
the Sesong Formation to the outer-ramp limestone-shale
alternations in the Hwajeol Formation, is recognized in the
Taebaek area, indicating rapid rise in base level. The sur-
face can be possibly correlated (with the aid of biostratig-
raphy) with the surface 3 (Fig. 14), only provided that both
surfaces were formed by the same mechanism (i.e., same
base-level rise). During rapid rise in base level at the latest
Changshanian Age, the oldlands were submerged and silici-
clastic input was shut down, resulting in the deposition of
shales and carbonates in the Tacbaek area (Fig. 15¢). The
correlative surface 3 is, however, ‘hidden’ in a carbonate-
dominated succession in the Shandong region, reflected by
abrupt change from the flat-bedded microbialites to the
domal microbialites or grainstone-dominated deposits (Lee
et al., 2012) (Figs. 11, 12, and 15e). After flooding, car-
bonate factories were recovered in the Shandong region and
sedimentation was dominated by carbonates through the
Ordovician. In the Taebaek area, deposition of shales and
carbonates was dominated until the input of coarse-grained
siliciclastic sediment, triggered again by another tectonic uplift
during the earliest Ordovician (Kwon et al., 2006) (Fig. 15f).
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7. DISCUSSION

The formation of high-frequency bounding surfaces is
affected by diverse regional factors, which may result in
high variability and low traceability depending on the dif-
ferential influences. In addition to regional tectonics, sedi-
ment supply, and hydrodynamic conditions, topographic
relief of the seafloor may significantly affect the develop-
ment of stratigraphic sequences and their bounding surfaces. It
results mainly from anteceded topography (e.g., basement),
structural features (e.g., embayment and arch), and regional
tectonics (subsidence, uplift, and tilting) (Rees, 1986; Christie-
Blick and Driscoll, 1995; Meng et al., 1997; Myrow et al.,
2003; Lee and Chough, 2011). In carbonate platforms, sig-
nificant seafloor relief (e.g., marginal buildups, ooid shoals,
and local slopes) may develop as a result of early marine
cementation and different growth potential of carbonate fac-
tories (Kendall and Schlager, 1981; Burchette and Wright,
1992; Schlager, 1993; Burgess, 2001; Pomar, 2001; Woo,
2009). The regional topographic variations may lead to the
high variability of high-frequency stratigraphic sequences
and their bounding surfaces in carbonate systems.

During rapid rise in base level, a carbonate platform may
be drowned as the deepened waters exceed the photic zone
(i.e., an increase rate of accommodation exceeding that of
sediment supply) and carbonate factories are shut down,
forming a drowning surface (e.g., surface 1) (Schlager,
1989, 1999). However, the responses of the platform to
rapid base-level rise may be different as a result of topo-
graphic variations: abrupt drowning of topographic lows
and temporary catch-up of topographic highs. In cases of
less rapid rise of base level, carbonate factories may be
switched (e.g., from microbialite to grainstone) rather
than drowned and new carbonate factories may catch up
with the rising base level. Consequently, a relatively thick
succession may form above a marine flooding surface
(e.g., surface 3) during base-level rise (Kerans and Loucks,
2002). In both cases, the subtle stratigraphic surfaces may
be partly ‘hidden’ within a carbonate-dominated succession,
which are difficult to recognize and correlate in practice
(Catuneanu, 20006).

As most accommodation is filled and water depth becomes
very shallow during stillstand in base level, the topographic
highs of the platform may be (partially) subaerially exposed
during base-level fall, forming a subaerial unconformity
(e.g., surface 2) (e.g., Osleger and Montaiiez, 1996). The
topographic lows are not exposed and may continue to receive
sediment, where the ‘correlative conformity’ is hardly rec-
ognized by its physical attributes, especially in the case of
outcrop- or core-based studies. The correlative conformity
is merely an imaginary surface that is correlated based on
bio-chronostratigraphy. On exposed carbonate platforms,
both subaerial erosion and chemical reworking give rise to
the formation of desiccation cracks, karsts, dolomites, evapor-
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ites, fenestral cavities, or paleosols (Read and Grover, 1977,
Hunt and Tucker, 1992; Osleger and Montafiez, 1996; George
and Chow, 1999; Schlager, 2004; Kwon et al., 2006; Catu-
neanu et al., 2009). The lack of these characteristics due to
either lateral discontinuity or subsequent marine erosion,
however, suggests that detailed facies analysis in combina-
tion with biostratigraphic and geochemical studies be required
to examine the subaerial unconformity (Holland and Patz-
kowsky, 1998; Glumac and Spivak-Birndorf, 2002; Naka-
zawa et al., 2009; Chen et al., 2011; Glumac, 2011).

Furthermore, the high-frequency stratigraphic sequences
and their bounding surfaces are not universally of eustatic
origin; they can also be generated by changes in sediment
supply and regional tectonics (Schlager, 1993; Christie-Blick
and Driscoll, 1995; Miall, 1995; Burgess, 2001; Christie-
Blick et al., 2007; Catuneanu et al., 2009; Miall, 2010). More-
over, the differentiation of eustatic vs. regional controls on
their formation is hardly certain. The eustatic signal can be
retarded or obscured by other variable controls (e.g., regional
tectonics, siliciclastic supply, carbonate production, hydro-
dynamic conditions, sediment compaction and loading, and
seafloor relief), which causes the diachronism or even dis-
appearance of stratigraphic surfaces (Tipper, 1997; Pekar et
al., 2001, 2003; Christie-Blick et al., 2007; Glumac and Mutti,
2007; Yoshida et al., 2007). It is for these reasons that high-
frequency stratigraphic sequences and their bounding sur-
faces are invalid for correlation in a basin scale or among
sedimentary basins worldwide.

8. CONCLUSIONS

The upper Cambrian Series 3 to Furongian Gushan and
Chaomidian formations in Shandong Province, China con-
sist mainly of carbonates with minor shales, which formed
on an epeiric platform. The entire succession comprises three
stratigraphic sequences, bounded at the base by a drowning
surface (surface 1), a subaerial unconformity (surface 2),
and a marine flooding surface (surface 3), respectively. Sur-
face 1 is represented by an abrupt facies change from car-
bonates to the overlying shales. Surface 2 is indicated by an
erosion surface on top of an extensive deformed limestone
bed, missing of Prochuangia Zone, and an abrupt increase
in carbon isotope value. Surface 3 is reflected by a subtle
transition from flat-bedded microbialites to domal microbi-
alites or grainstones. These surfaces are traced for about
6,000 km” in area in the Shandong region, but hardly cor-
related with the Taebaek area (about 1,000 km apart). The
high variability of the bounding surfaces in the epeiric
carbonate platform can be mainly ascribed to a complex
interplay among differential carbonate production, silici-
clastic input, hydrodynamic conditions, and topographic
relief. It suggests that a regional bounding surface can be
invalid for the sequence-stratigraphic correlation in a vast
epeiric platform.
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