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Confirmation of the Floian-Darriwilian (Lower to Middle
Ordovician) hiatus in the Taebaek Group, Korea: inte-
gration of conodont biostratigraphy and sedimentology
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ABSTRACT: An Ordovician depositional hiatus spanning the middle Floian to lower Darriwilian, estimated to represent a period of
at least 3 Myr, is confirmed for the first time in the Taebaek Group, Korea, based on integrated conodont biostratigraphic and sed-
imentologic data. The conodont biozones of the uppermost Dumugol and lower Makgol formations are revised and redefined with
presentation of a new biozonal framework, which contains, the Serratognathus bilobatus Biozone, the Serratognathus extensus Biozone,
the Paraserratognathus obesus Biozone, and the Tangshanodus tangshanensis Biozone in ascending order. The hiatus lies within the bar-
ren interval between the middle Floian Paraserratognathus obesus Biozone and the early Darriwilian Tangshanodus tangshanensis Bio-
zone. The unconformity surface is located at the boundary between the basal and lower members of the Makgol Formation, 1.5 meters
above the base of the barren interval, on the basis of sedimentary evidence such as differences in the depositional and diagenetic fea-
tures as well as a sharp contact between the two members with subaerial exposure feature including vuggy to channel pore and dolo-
stone breccia. The barren interval above the hiatus is considered due to environmental factor: the peritidal condition is regarded
unfavorable for inhabitation of conodont animals. The newly established Floian and Darriwilian conodont biozones and depositional
hiatus within the lower Makgol Formation indicate that the Ordovician succession of the Taebaek Group is essentially an extension

of that of the North China Block.
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1. INTRODUCTION

The Lower to Middle Ordovician hiatus of the North China
(Sino-Korean) Block has long been recognized prior to the
1950s (Lee, 1939; Weller, 1944). As An et al. (1983) established a
framework of the Ordovician conodont biostratigraphy of
North China, the magnitude and regional variation of the hiatus
became clearer; the Lower Ordovician succession below the
unconformity differs in age from late Tremadocian to late
Floian depending on the region, and the hiatus is uniformly
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overlain by upper Floian deposits (An et al., 1983). The recent
revision of the conodont biostratigraphy of North China
demonstrated the age of the strata above the unconformity to be
early Darriwilian, extending the duration of the hiatus to at least
2 Myr, from the earliest Dapingian to the early Darriwilian
(Zhen et al., 2016; Wang et al., 2018; Zhang et al., 2019).
Previous stratigraphic and paleontologic studies have confirmed
that this Lower to Middle Ordovician hiatus is traceable in the
western, southern, and northern regions of North China (Meng
etal, 1997; Wang et al., 2018). In the Taebaeksan Basin of Korea,
which constitutes the easternmost margin of the North China
Block, some sequence stratigraphic and sedimentologic works
correlated the subaerial exposure features in the upper Makgol
Formation of the Taebaek Group to this hiatus, but they have
not been examined biostratigraphically (Ryu, 2002; Kwon et al.,
2006). The conodont bioprovince from the Ordovician strata of
the Taebaek Group has been postulated to be similar to that of
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North China because of the co-occurrence of endemic species
(Lee and Lee, 1986; Lee and Lee, 1990). This similarity is further
complemented by the common occurrence of an Upper
Ordovician to Carboniferous hiatus (‘the Great hiatus’) in North
China and the Taebaeksan Basin (Lee et al., 2017; Cho et al,,
2021), which has been well documented with detailed
paleontologic review from the contact between the lower
Paleozoic Joseon and upper Paleozoic Pyeongan supergroups
(Chough, 2013; Lee et al., 2017).

A recent conodont biostratigraphic review of the Taebaek
Group (Cho et al., 2021), which utilized the up-to-date North
China conodont biostratigraphic scheme (Zhen et al., 2016;
Wang et al., 2018; Xue et al,, 2021) strongly suggested the presence
of a previously overlooked Lower to Middle Ordovician hiatus
within the lower part of Makgol Formation, similar to those
reported across North China due to ‘Huaiyuan epeirogeny’
(Zhen et al.,, 2016; Wang et al., 2018). Unfortunately, clear
biostratigraphic division of the lower Makgol Formation has not
been possible, because of poor conodont recovery in previous
studies (Lee, 1976; Hwang, 1986; Kim, 1987; Lee, 2009).

The aim of the present study is to re-establish the conodont
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biostratigraphy of the lower Makgol Formation in the
Seokgaejae section and to provide the first clear evidence of the
Lower to Middle Ordovician hiatus in the Taebaek Group, by
integrating conodont biostratigraphy and sedimentary facies
analysis.

2. GEOLOGICAL SETTING AND METHOD

The Taebaeksan Basin, located in the east-central Korean
Peninsula, is composed of the lower Paleozoic Joseon Supergroup,
which rests unconformably on the Precambrian basement and
is overlain by the upper Paleozoic Pyeongan Supergroup (Fig.
la). The mixed carbonate-clastic Joseon Supergroup is divided
into five units, including the Taebaek, Yeongwol, Yongtan,
Pyeongchang, and Mungyeong groups, on the basis of their
geographic distributions (Chough, 2013). The Taebaek Group
was deposited from Cambrian Epoch 2 to the Middle Ordovician
and contains five Ordovician lithostratigraphic units, which are, in
ascending order, the Dongjeom, Dumugol, Makgol, Jigunsan,
and Duwibong formations (Choi et al., 2004; Chough, 2013).
The recent review of conodont studies on these Ordovician
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Fig. 1. (a) Tectonic map of the North China and South China blocks. IB, Imjingang Belt; PB, Pyeongnam Basin, Q-D, Qingling—Dabie Belt; S,
Sulu Belt; TB, Taebaeksan Basin (modified after Chough, 2013, fig. 6.1). (b) Geologic map of the study area. 1, Seokgaejae section; 2, Gumunso
section; 3, Hyeoldong section; 4, Sangdong section (modified after Chough et al., 2000, fig. 10).
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strata indicated that the conodonts of the Dumugol Formation
are late Tremadocian to earliest Floian in age; the middle
Makgol to Duwibong formations contain middle Darriwilian
forms; and middle Floian, Dapingian, and early Darriwilian
conodonts have not been reported to date (Cho et al., 2021).

This study focuses on the lower Makgol Formation, which is
crucial for resolving the Floian to lower Darriwilian conodont
biostratigraphy in the Taebaek Group. The definition of the
boundary between the Dumugol Formation and the overlying
Makgol Formation varied in previous studies. Earlier studies
defined the 60-meters-thick interval composed of limestone-
shale couplets and sponge bioherms and the overlying 20- to 50-
meters-thick massive dolostone interval as the lower and middle
members of the Makgol Formation, respectively (Paik, 1987; Woo,
1999), whereas later works designated the base of the massive
dolostone interval as the boundary between the two formations,
and defined the underlying 60-meters-thick interval as the
upper member of the Dumugol Formation (Choi et al., 2004;
Kwon et al., 2006). Herein we follow the latter definition.

The four members of the Makgol Formation crop out at the
Seokgaejae section (locality 1 in Fig. 1b) located in Bongwha-
gun, Gyongsangbuk-do (Choi et al., 2004). They are the basal
member dominated by massive dolostone, the lower member
composed of grainstone-mudstone couplets, stromatolitic limestone,
and bioturbated wackestone, the middle member consisting of
massive dolostone and dolostone breccia, and the upper member
which is lithologically similar to the lower member (Choi et al,,
2004). A columnar section showing the depositional textures
and sedimentary structures was drawn for the 150-meters-thick
interval from the uppermost Dumugol Formation to the lower
member of the Makgol Formation exposed in the Seokgaejae
section (Fig. 2). In addition, the boundaries between the basal
and lower members were described in detail in the Gumunso,
Hyeoldong, and Sangdong sections (localities 2, 3, and 4 in Fig.
1b) to trace the horizontal extent and assess the vertical nature
of the contact. A total of 607 hand specimens were collected,
and thin sections were prepared from all samples for detailed
description of composition and sedimentary structure. In the
dolomitized samples, the “white card method” was used to
recognize the primary depositional texture and components
(Delgado, 1977).

To facilitate efficient conodont biostratigraphic analysis,
samples for conodont extraction were selected based on
depositional facies to maximize conodont recovery. Samples
were primarily collected from the fossil-bearing bioturbated
wackestone and bioclastic-intraclastic packstone to grainstone
rather than the less fossiliferous lime mudstone and peloidal-
ooidal grainstone (Fig. 2).
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3. PREVIOUS WORK
3.1. Lithostratigraphy and Sedimentology

Early work on the stratigraphic and paleontologic framework
of the Ordovician succession of the Taebaeksan Basin was
carried out by Kobayashi (1934) nearly a century ago. Kobayashi
(1934) defined the ‘Makdong Limestoné (= the Makgol Formation)
as a 400-meters-thick limestone-dominated unit, which overlies
the Dumudong Shale’ (= the Dumugol Formation) and is overlain
by the Jigunsan Shale' (Kobayashi, 1966). The Makdong Limestone
was informally subdivided into the lower part, composed of
thin to platy limestone with the Arenig Clarkella (trilobite)
biozone, and the upper part, composed of dark gray massive
limestone (Kobayashi, 1966). Until the 1970s, there were few
attempts to refine stratigraphy of the Joseon Supergroup (GICTR,
1962; Kim et al,, 1973; Son, 1973). The present-day Makgol
Formation of the Taebaek Group, as defined by Choi et al. (2004), is
about 250-meters-thick succession consisting of dark gray massive
dolostone, laminated dolomitic limestone, and dolostone breccia.

A few sedimentologic studies of the Makgol Formation were
published since the 1980s. Paik (1987) divided the Makgol
Formation into subtidal facies of oolitic-peloidal grainstone and
peritidal facies of rhythmically bedded mudstone and stromatolite,
and suggested that the overall depositional environment was a
relatively humid tidal flat with occasional dry seasons. In
addition, there were attempts to relate the depositional facies to
diagenetic sequence (Paik, 1986, 1988). Woo (1999) recognized
meter-scale cycles within the formation by describing vertical
repetitions of subtidal and peritidal facies, and suggested overall
climate change during deposition of the formation. Ryu (2002)
and Kwon et al. (2006) placed a sequence boundary in the
uppermost Makgol Formation based on the presence of subaerial
exposure feature and carbonate breccia.

3.2. Previous Conodont Studies

Two papers (Lee, 1976; Lee and Lee, 1990) and three unpublished
theses (Hwang, 1986; Kim, 1987; Lee, 2009) have reported the
conodonts of the Makgol Formation. Lee (1976) subdivided the
conodont assemblage into the lower and upper faunas based on
39 conodont species. The lower fauna was correlated with the
middle to late Canadian (Floian) coeval fauna in North America
and the upper fauna was compared with the North American
Chazyan (late Darriwilian—early Sandbian) fauna.

Hwang (1986) studied the conodonts of the formation in
Sangdong area (locality 4 in Fig. 1b), and defined (from oldest to
youngest) the Scalpellodus tersus Biozone, the Serratognathus
bilobatus Biozone, the Scolopodus flexilis Biozone, the Aurilobodus
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Fig. 2. Range chart of representative species from the uppermost Dumugol Formation and the basal and lower members of the Makgol For-
mation in the Seokgaejae section. Abbreviations of generic names: A. = Aurilobodus; L. = Loxodus; P. = Paraserratognathus; R. = Rhipidog-
nathus; S. = Serratognathus; T. = Tangshanodus; Tr. = Triangulodus.

https://doi.org/10.1007/s12303-022-0018-x



Lower to Middle Ordovician hiatus in the Korean Peninsula

leptosomatus—Loxodus dissectus Biozone, and the Unnamed Zone.
Similarly, Kim (1987) erected six biozones for the formation in
the Taebaek and Yeongwol areas: the Scalpellodus tersus Biozone,
Unnamed Zone A, the Serratognathus diversus Biozone, the
Aurilobodus leptosomatus—Loxodus dissectus Biozone, the Aurilobodus
n. sp.—Tangshanodus tangshanensis Biozone, and Unnamed
Zone B in ascending order. Kim (1987) correlated these zones
with those of the Liangjiashan Formation to lower Majiagou
Formation (Arenigian to lower Llanvirnian [= upper Tremadocian
to lowest Darriwilian]) of North China, with the Fauna D to
Fauna 3 (Whiterockian [= lower Dapingian to middle Darriwilian])
of North America, and with the Oepikodus evae Biozone to
Paroistodus originalis Biozone (Arenigian to lower Llanvirnian
[= lower Floian to lower Darriwilian]) of northern Europe
(Bergstrom, 1970; Sweet et al,, 1970).

Lee and Lee (1990) defined two biozones, which are in
ascending order, the Aurilobodus leptosomatus Biozone and the
Unnamed Zone, in the upper Makgol Formation in Jangseong—
Dongjeom area (locality 2 in Fig. 1b), and interpreted each of
these biozones to represent a similar time span, as suggested by
Hwang (1986).

Lee (2009) reported the conodonts of the formation in the
Seokgaejae (locality 1 in Fig. 1b) and Sanaegol sections and
established, in ascending order, the Serratognathus bilobatus
Biozone, the Tangshanodus tangshanensis—Rhipidognathus laiwuensis
Assemblage Biozone, and the Unnamed Zone, representing the
early Arenigian to early Llanvirnian (= Floian to early Darriwilian)
in age.

4. CONODONT OCCURRENCES

A total of 41 samples, each weighing approximately 2 kg, were
collected for conodont extraction (Fig. 2). More than 77 kg of
limestone and dolomitic limestone were processed in acetic acid
using standard methods of conodont extraction (Stone and
Austin, 1987). Thirty-two productive samples yielded 1,500
relatively well-preserved conodonts, an average of 47 specimens
per sample. The most productive sample (19 meters above the
base of the formation, sample 59; Fig. 2), from near the base of
the Serratognathus extensus Biozone, yielded more than 133
specimens, about 8.9% of the total collection. Some conodont
specimens are fragmentary and attached with foreign matter on
their surfaces because of incomplete dissolution. Conodont
color alteration index values range from 3 to 5, indicating burial
temperatures of 110-200 °C to over 300 °C (Epstein et al., 1977).

Biostratigraphically significant conodonts include Serratognathus
bilobatus Lee, 1970, Serratognathus diversus An in An et al,
1981, Paraserratognathus incostatus Yang and Lin in An et al,
1983, Triangulodus cf. brevibasis (Sergeeva, 1963), Serratognathus
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extensus Yang in An et al,, 1983, Paraserratognathus problematicus
Zhang and Yang in An et al,, 1983, Paraserratognathus obesus
Yang in An et al., 1983, Loxodus dissectus An in An et al., 1983,
Rhipidognathus maggolensis (Lee, 1976), Rhipidognathus laiwuensis
Zhang in An et al., 1983, Aurilobodus leptosomatus An in An
et al,, 1983, Tungshanodus tangshanensis An in An et al., 1983,
and Triangulodus changshanensis Zhang in An et al., 1983 (Figs.
2 and 3).

5. CONODONT BIOSTRATIGRAPHY

The re-established conodont biozonation of the Seokgaejae
section follows the current biostratigraphic scheme for North
China (An et al., 1983; Wang et al,, 2011; Wang et al,, 2014a,
2014b; Zhen et al., 2016; Ma et al,, 2019). We propose four
conodont biozones based on Floian and Darriwilian key species:
the Serratognathus bilobatus Biozone, the Serratognathus extensus
Biozone, the Paraserratognathus obesus Biozone, barren interval,
and the Tangshanodus tangshanensis Biozone in ascending
order (Figs. 2 and 3).

5.1. Serratognathus bilobatus Biozone

The lower limit of the Serratognathus bilobatus Biozone is
defined by the FAD of Serratognathus bilobatus Lee, 1970 in the
uppermost Dumugol Formation (2 meters below the base of the
Makgol Formation, Fig. 2). The upper limit is defined by the
FAD of Serratognathus extensus Yang in An et al,, 1983 of the
lower basal member, 19 meters above the base of the Makgol
Formation (Fig. 2). This biozone is an updated version of the
previously established S. bilobatus Biozone in the Taebaek Group
(Hwang, 1986; Lee, 2009) with the refined data for its lower and
upper limits.

The dominant species in this biozone are S. bilobatus,
Serratognathus diversus An in An et al., 1981, Acodus cortinus
Anin An et al,, 1983, Bergstroemognathus extensus (Graves and
Ellison, 1941), Drepanodus homocurvatus Lindstrom, 1955,
Drepanodus tenuis Moskalenko, 1967, Drepanoistodus concavus
(Branson and Mehl, 1933), Drepanoistodus expansus (Chen and
Gong, 1986), Glyptoconus quadraplicatus (Branson and Mehl,
1933), Oistodus inaequalis Pander, 1856, Oistodus lanceolatus Pander,
1856, Oistodus multicorrugatus Harris, 1962, Paraserratognathus
incostatus Yang and Lin in An et al,, 1983, Paroistodus proteus
(Lindstrém, 1955), Rhipidognathus yichangensis (Ni, 1981),
Scalpellodus tersus Zhang in An et al., 1983, Scandodus rectus
Lindstrém, 1955, Scolopodus asperus An in An et al., 1981,
Scolopodus rex huolianzhaiensis An and Xu in An et al,, 1983,
and Triangulodus cf. brevibasis (Sergeeva, 1963).

S. bilobatus plays an important role in determining Early
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Fig. 3. Scanning electron micrographs of biostratigraphically useful conodonts from the Makgol Formation in the Seokgaejae section,
Seokpo-ri, Bonghwa-gun, Korea. All scale bars are 0.1 millimeter. 1-4, Tangshanodus tangshanensis An in An et al., 1983; 1, Pb element, sample
407, lateral view; 2, Sd element, sample 455, lateral view; 3, M element, sample 417, lateral view; 4, Pb element, sample 407, lateral view. 5
and 6, Rhipidognathus laiwuensis Zhang in An et al., 1983; 5, Sb elements, sample 368, posterior views; 6, Sa element, posterior view, sample
277.7 and 8, Rhipidognathus maggolensis (Lee, 1976); 7, Sc element, sample 368, posterior view; 8, Sb element, sample 368, posterior view.
9 and 10, Triangulodus changshanensis Zhang in An et al., 1983; 9, Sa element, sample 368, posterior view; 10, Sb element, sample 368, lateral
view. 11, Paraserratognathus problematicus Zhang and Yang in An et al,, 1983; S element, sample 97. 12, Paraserratognathus obesus Yang in
An et al,, 1983; S element, sample 107. 13, Aurilobodus leptosomatus An in An et al., 1983; Symmetrical element, sample 607, posterior view. 14, Lox-
odus dissectus An in An et al., 1983; P element, sample 107, inner lateral view. 15-18, Triangulodus cf. brevibasis (Sergeeva, 1963); 15, Sb ele-
ment, sample 277, lateral view; 16, M element, sample 368, lateral view; 17, Sa element, sample 407, posterior view; 18, P element, sample 90, lateral
view. 19, Serratognathus extensus Yang in An et al., 1983; Sa element, sample 83, posterior view. 20 and 21, Paraserratognathus incostatus Yang
and Lin in An et al., 1983; 20, Sb element, sample 23, posterior view; 21, Sa element, sample 59, anterior view. 22 and 23, Serratognathus bilo-
batus Lee, 1970; Sb elements, sample 49. 24, Serratognathus diversus An in An et al,, 1981; Sb element, sample 21, posterior view.
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Ordovician biostratigraphy and biogeography. Lee (1970) illustrated
two specimens of S. bilobatus from the Dumugol Formation,
with the holotype (Lee, 1970, pl. 8, figs. 7a—-d) assignable to the
asymmetrical Sb element and a paratype (Lee, 1970, pl. 8, fig. 6)
being a symmetrical Sa element. In North China, S. bilobatus
has been widely reported to occur in the Liangjiashan Formation,
but is confined to the lower 30 m of the formation at Zhaogezhuang
section (Hebei Province) (An et al., 1983, p. 26).

The S. bilobatus Biozone represents an interval of the early
Floian in age, equivalent to the late Paroistodus proteus Biozone
to earliest Prioniodus elegans Biozone of the Baltoscandian
conodont succession, which typically indicates a lower-latitude
warm-water realm (Zhen and Nicoll, 2009).

5.2. Serratognathus extensus Biozone

The base of the Serratognathus extensus Biozone is defined by
the FAD of Serratognathus extensus Yang in An et al., 1983 at 19
meters above the base of the Makgol Formation (sample 59; Fig.
2). The upper limit is defined by the FAD of Paraserratognathus
obesus Yang in An et al., 1983, 28 meters above the base of the
formation (sample 90). This biozone established in North China
typically include Serratognathus bilobatus, Bergstroemognathus
extensus (Graves and Ellison, 1941), Bergstroemognathus hubeiensis
An in An et al,, 1981, Cornuodus longibasis Lindstrém, 1955,
and Oistodus multicorrugatus Harris, 1962 (Wang et al,, 2018).
In the Makgol Formation, this biozone is dominated by three
rhipidognathid species: Rhipidognathus yichangensis (Ni, 1981);
B. extensus; and B. hubeiensis. In addition to these taxa, scolopodid
species are also common. The presence of these species may be
indicative of continuously shallowing marine environments.

The S. extensus Biozone of the Makgol Formation corresponds
to the homonymous zone established in the lower Liangjiashan
Formation to lower Majiagou Formation in the Liangjiashan
section (Hebei Province) (Ma et al., 2019). An et al. (1983, p. 26)
reported that this biozone extends through the middle part of
the Liangjiashan Formation, with a total thickness of 50 meters.
First defined in the Pingquan and Tangshan sections of Hebei
Province (An et al., 1983), the S. extensus Biozone commonly
occurs in the northern and western regions of North China
(Wang et al., 2018); this is the first time that this biozone has
been recorded in the Taebaeksan Basin.

5.3. Paraserratognathus obesus Biozone

This biozone is typified by the FAD of Paraserratognathus
obesus Yang in An et al., 1983 in the middle part of the basal
member of the Makgol Formation (28 meters above the base of
the formation, sample 90). The Paraserratognathus obesus Biozone
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extends from this level to the uppermost basal member of the
Makgol Formation (53 meters above the base of the formation,
sample 190; Fig. 2) and the base of the barren interval.

The common conodonts in this biozone are P. obesus, S.
bilobatus, Paraserratognathus incostatus, Paraserratognathus
problematicus, Cornuodus longibasis Lindstrom, 1955, Drepanodus
suberectus (Branson and Mehl, 1933), Loxodus dissectus An in
An etal., 1983, Paltodus inconstans Lindstrom, 1955, Scolopodus
euspinus Jiang and Zhang in An et al., 1983, and Scolopodus
restrictus An in An et al,, 1983, with some long-ranging species
persisting from the underlying zones.

The P. obesus Biozone of the Makgol Formation corresponds
to the Paraserratognathus paltodiformis Biozone (An et al., 1983),
Paraserratognathus obesus Biozone (Wang et al., 2014b), and
Paraserratognathus obesus—Paraserratognathus paltodiformis Biozone
(Zhen et al., 2016) of the Liangjiashan Formation (Hebei and
Liaoning provinces). This zone was first defined in the Tangshan
section (Hebei Province) (Wang et al., 2014b); the present study
is its first record in the Taebaeksan Basin.

5.4. Barren Interval

This interval is approximately 18 m thick, extending from the
uppermost basal member (53 meters above the base of the
formation, sample 190; Fig. 2) to the FAD of Tangshanodus
tangshanensis An in An et al., 1983 at 71 meters above the base
of the formation (lower member, sample 277). Except for
Serratognahtus bilobatus from sample 190, only 13 poorly preserved
elements were obtained from three (from sample 225, 245, and
255) of eight samples collected at this interval. The implications
of the barren interval are discussed below.

5.5. Tangshanodus tangshanensis Biozone

The remainder of the examined interval of the Makgol
Formation, from 71 to 140 meters above the base, is assigned to
the Tangshanodus tangshanensis Biozone, though the upper
boundary of the biozone is not present in the studied interval.
This zone is defined by the FAD of Tangshanodus tangshanensis.
Other associated taxa include Rhipidognathus maggolensis (Lee,
1976), Rhipidognathus laiwuensis Zhang in An et al., 1983,
Aurilobodus leptosomatus An in An et al., 1983, Triangulodus
changshanensis Zhang in An et al., 1983, Scolopodus flexilis An
in An etal,, 1981, Drepanoistodus concavus (Branson and Mehl,
1933), Drepanodus arcuatus Pander, 1856, Oistodus lanceolatus
Pander, 1856, Rhipidognathus yichangensis (Ni, 1981), and Scolopodius
euspinus Jiang and Zhang in An et al, 1983. This biozone
combines the previously established Aurilobodus leptosomatus—
Loxodus dissectus Biozone and the Aurilobodus n. sp.-T.

https://doi.org/10.1007/s12303-022-0018-x
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tangshanensis Biozone (Kim, 1987), and replaces the T.
tangshanensis—R. laiwuensis Assemblage Biozone (Lee, 2009) of
the Makgol Formation. Wang et al. (2014a) erected the Histiodella
holodentata-T. tangshanensis Biozone, based on the widely
distributed species Histiodella holodentata Ethington and Clark,
1981 and the endemic species T. tangshanensis An in An et al.,
1983 in the Befanzhuang Formation at the Zhaogezhuang
section, Hebei Province. The H. holodentata-T. tangshanensis
Biozone defined in the Befanzhuang Formation comprises the
Rhipidognathus maggolensis and Rhipidognathus laiwuensis
subzones, of which the latter is defined by the FAD of R.
laiwuensis (Wang et al., 2014a). In the present study, however, H.
holodentata was not recovered, and T. tangshanensis, R. maggolensis,
and R. laiwuensis all firstly appear in sample 277 (71 meters
above the base of the Makgol Formation; Fig. 2) at the base of
the T. tangshanensis Biozone; thus, the subzonal division is not
feasible in the Makgol Formation at present. Since R. maggolensis
and R. laiwuensis have been reported from the Serratognathus
extensus Biozone in the Liangjiashan Formation (Floian) of the
Liangjiashan section (Hebei Province) (Ma et al,, 2019), the
subzonal division of H. holodentata—T. tangshanensis Biozone of
North China should be reconsidered in future work.

6. ANATOMY OF THE LOWER TO MIDDLE
ORDOVICIAN HIATUS

A recent review of the Taebaek Group Ordovician conodonts
raised the possibility of a Lower to Middle Ordovician hiatus
being present in the lower Makgol Formation, based on the
absence of Floian, Dapingian, and early Darriwilian conodonts
(Cho et al., 2021). In this study, newly acquired conodont data
combined with sedimentologic data from four sections exposed
in the Taebaek and Yeongwol regions confirm the presence of a
formerly unrecognized gap in sedimentation. The temporal
correlation of conodont zonation for estimating the depositional
age and the duration of hiatus in the Makgol Formation follows
the up-to-date Ordovician time scale (Goldman et al., 2020).

6.1. Paleontologic Evidence

The Serratognathus bilobatus, Serratognathus extensus, and
Paraserratognathus obesus biozones range from the lower to
middle Floian (Goldman et al, 2020). The Tangshanodus
tangshanensis Biozone indicates the lower Darriwilian in up-to-
date Ordovician time scale (Goldman et al., 2020), although
previous studies have considered this biozone as a middle
Darriwilian biozone (Zhen et al., 2016; Wang et al., 2018; Cho et
al,, 2021). Thus, the Makgol conodont faunas in this study
collectively indicate the absence of late Floian to earliest
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Darriwilian conodonts, representing a hiatus within the barren
interval, between the P, obesus and the T. tangshanensis biozones.
In addition, the ongoing conodont study of the Makgol Formation
at Cheoram (approximately 3 km northeast of Gumunso section)
and Sangdong (locality 4 in Fig. 1b) sections reveal similar
relationship to those of the Seokgaejae section; P. obesus and T.
tangshanensis occur in the uppermost massive dolostone of
basal member and the lower part of the lower member,
respectively. The full range and content of all conodont species
in Seokgaejae, Sangdong and Cheoram sections will be
published somewhere else.

A recent review of Ordovician stratigraphy estimated the
lower and upper boundaries of the P. obesus Biozone to be at ca.
475 and 472 Ma, respectively, and the lower and upper limits of
the H. holodentata-T. tangshanensis Biozone in North China to
be at approximately 469 and 465 Ma, respectively (Goldman et
al, 2020). The minimum duration of the Makgol hiatus is
estimated to be 3 Myr, given that the P obesus and T. tangshanensis
biozones are fully preserved, and the maximum could be 7 or 8
Myr, if the preservation of both biozones is considered minimal
in the Seokgaejae section.

A Lower to Middle Ordovician hiatus has been recorded
throughout North China, which is interpreted due to “Event 1”
of the Huaiyuan Epeirogeny (Zhen et al,, 2016). This event
involved continuous vertical movement of North China Block
during the late Cambrian to Middle Ordovician, and was
recognized on the basis of extensive paleontologic and
sedimentologic data, in particular, conodont studies (Zhang
and Zhen, 1991; Chen et al.,, 2013; Wang et al., 2013a, 2013b,
2013c; Wang et al., 2014a, 2014b; Zhen et al., 2015, 2016).

The Makgol hiatus can be compared with global sea level
trends. Global sea level curve of Haq and Schutter (2008)
documented rising sea level during Early Ordovician, and
falling stage in Middle Ordovician (the Dapingian to early
Darriwilian). During Early-Middle Ordovician, short-term
sea-level fall events were reported in Laurentia (Ross and Ross,
1995), Baltoscandia (Nielson, 2004), northern and western
Gondwana (Ortega et al., 2007; Videt et al., 2010), and the
duration of hiatus and re-inundation timing are different
on each continent. The Middle Ordovician succession of
Laurentia recorded the middle Floian-middle Darriwilian
hiatus (Knox unconformity), and the overlying succession was
initiated within the upper part of Phragmodus polonicus
(conodont) Biozone, which could be correlated with the
Eoplacognathus suecicus Biozone of North China and Taebaek
Group (Read and Repetski, 2012; Taylor et al., 2012), thus
younger than the Makgol Formation.

On the other hand, the Ordovician succession of the northern
and western Gondwana and the Baltoscandia recorded transgressive
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or drowning event during early Darriwilian, similar to the lower
Makgol Formation (Nielson, 2004; Videt et al., 2010; Serra et al,,
2018; Stouge et al.,, 2020). In the northern Gondwana, four
third-order sequences and three Maximum Regressive Surfaces
are described during Darriwilian: middle part of lower Darriwilian
Cyathochitina calix (chitinozoan) Biozne, and middle and
uppermost upper Darriwilian Linochitina pissotensis (chitinozoan)
Biozone (Videt et al.,, 2010). Argentine Precordillera recorded
black shale of Gualcamayo and Los Azules formations overlying
thick fossiliferous carbonate of San Juan Formation with a
diachronous transgressive event from the middle Dapingian
Isograptus victoriae maximus (graptolite) Biozone to the lower
Darriwilian Levisograptus dentatus (graptolite) Biozone (Ortega
et al,, 2007; Serra et al, 2018). Major transgressions of the
Baltoscandia were reported in Yangtzeplacognathus crassus
(conodont) Biozone (the ‘basal Llanvirn Drowning event’ of
Nielson, 2004; the “Tableheadian transgression’ of Stouge et al,,
2020), which can be correlated with Tangshanodus tangshanensis
Biozone of the lower Makgol Formation.
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6.2. Sedimentologic Evidence

6.2.1. Contrasting depositional character of the
basal and lower members of the Makgol Formation
The barren interval is located between the uppermost basal
member and the lower part of the lower member of the Makgol
Formation (Fig. 2). These two members exhibit distinct differences
in their sedimentary characteristics and depositional facies. The
54-meters-thick basal member of the Makgol Formation in the
Seokgaejae section is characterized by “massive dolostone” in
which the primary textures have been entirely overprinted by
dolomitization (Choi et al., 2004). The basal member is mainly
composed of dolomitized micritic facies such as massive or
bioturbated dolomitic mudstone and bioturbated wackestone
(Fig. 4a). The bioturbated dolo-micritic facies contains abundant
horizontal to vertical burrows, with ichnofabric index 3-5
(Droser and Bottjer, 1986), and some trilobite and echinoderm
fragments; rare brachiopod and mollusk remains and sponge
spicules are also present. Very thin to thin beds of intraclastic

Fig. 4. Photomicrographs of the basal member of the Makgol Formation in the Seokgaejae section. (a) Bioturbated dolomitic mudstone with
rare bioclasts (red arrows); the burrows (white arrows) are conspicuously filled by subhedral dolomite crystals. (b) Intraclastic packstone
sharply overlying dolomitic mudstone with enlarged boring (red arrows). (c) Close-up of the white rectangle in (a); note that the dolomitic
mudstone is composed of anhedral and subhedral dolomite crystals ranging 50 to 150 pm across.

https://doi.org/10.1007/s12303-022-0018-x
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Fig. 5. Outcrop photographs and photomicrographs of the lower member of the Makgol Formation in Gumunso and Seokgaejae sections.
(a) Laminite consisting of millimeter-scale alternations of dark and light layer, and a mud crack (black arrow) penetrating the laminae. (b) Car-
bonate breccia with jigsaw fit fabric (black arrows). (c) Photomicrograph of the laminite composed of alternative grainy layer and micritic
layer. (d) Close-up of the rectangle in (c); note that the micritic layer consists of fine anhedral to subhedral dolomite crystals less than 20 pm
in size.

packstone to grainstone with sharp lower boundaries are
frequently intercalated within the unit, occurring more than
eighty times within the basal member (Fig. 4b).

In the Seokgaejae section, the lower member of the Makgol
Formation is 86-meters-thick, and is also dominated by micritic
facies such as lime mudstone and wackestone (Fig. 2). However,
the member is distinguished from the basal member by the
occurrence of laminite consisting of millimeter-scale alternations
of grainy and muddy sediment (Figs. 5a and c), stromatolites
and thin beds (up to 3-centimeters-thick) of very coarse sandstone,
and markedly lower frequency of intercalated intraclastic
packstone to grainstone (36 very thin to thin beds and one
medium bed in the interval). In addition, desiccation mud
cracks, tepee structures, fenestrae pores, carbonate breccia, and
pedogenic features are common in the lower member (Figs. 5a
andb).

The dolo-micritic facies of the basal member, which contain
burrows and bioclasts, with absence of subaerial exposure
feature, is interpreted as having been deposited in a low-energy

https://doi.org/10.1007/s12303-022-0018-x

subtidal environment. The numerous interbedded intraclastic
packstone to grainstone beds with sharp bases indicate the
influence of frequent high-energy events such as storms (Alvaro
et al., 2000; Holland and Patzkowsky, 2009; Labaj and Pratt,
2016). In contrast, the laminite of the lower member, which
exhibits sedimentary structures such as desiccation mud cracks
and fenestrae pores, is typical of a peritidal environment that is
frequently affected by subaerial exposure (Shinn, 1983; Osleger
and Montafiez, 1996).

In addition to the differences in depositional feature and
facies, there is a marked contrast in the style of dolomitization
between the two members. The basal member is entirely
overprinted by 50- to 400-um anhedral to euhedral dolomite
crystals, regardless of depositional texture and structure (Figs.
4c and 8b). These 20- to 50-meters-thick massive dolostones
have been described in the Makgol Formation across the Yeongwol
and Taebaek areas (Woo, 1999). In contrast, the dolomitic
limestone beds of the lower member, which generally occur
parallel to the bedding surface, are less than a few-meters-thick,



Lower to Middle Ordovician hiatus in the Korean Peninsula

and are associated with laminite and immediately adjacent micritic
facies. These dolomitic limestones are composed mostly of
dolomite crystals less than 20 um in size (Fig. 5d).

Several-meters-thick fine-grained dolostone of the lower
member associated with peritidal facies appears to be related to
synsedimentary evaporative dolomitization and/or repeated
exposure related dolomitization (Coniglio et al., 1988; Lumsden
and Caudle, 2001; Machel, 2004). However, widely distributed,
several-tens of meters-thick coarse massive dolostone of the basal
member may have been affected by a regional scale dolomitization
process, which is distinctively different from that of the lower
member. Tens to hundreds of meters-thick massive dolostone
below the Early to Middle Ordovician hiatus has been reported
throughout the North China Block (Liu et al., 1997; Li et al.,
2022). This thick massive dolostone was interpreted as due to
mixing zone or evaporative dolomitization associated with the
unconformity based on the spatial change of dolostone bed
thickness (Liu et al., 1997), or the combined effect of seepage
reflux, burial and hydrothermal dolomitization was also suggested,
based on isotopic and trace-element geochemical data (Li et al.,
2022).

6.2.2. Contact between the basal and lower members

A recent work proposing the presence of hiatus based on
biostratigraphic review of the Taebaek Group described a sharp
and irregular boundary with subaerial exposure structures

W
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between the basal and lower members of the Makgol Formation
in the Seokgaejae and Gumunso sections (Cho et al., 2021). In
the present study, we confirm the existence of similar features at
the boundary between the two members in the Hyeoldong and
Sangdong sections (Figs. 6 and 7c). The massive dolostone
below the sharp, irregular contact between the two members
exhibits the textures of massive to bioturbated dolomitic mudstone
and intraclastic packstone, and vuggy pores distributed parallel
to the bedding surface are found in all sections (Fig. 6). In
addition, laterally discontinuous, several-decimeters-thick
dolostone-limestone breccia is present immediately below the
contact in the Gumunso section (Figs. 6 and 7a). Except for the
Sangdong section, this contact is overlain by a up to 50-centimeters-
thick breccia composed of angular dolostone and limestone
clasts with a micritic matrix containing well-rounded detrital
quartz sand (Cho et al,, 2021; Figs. 6, 7, 8a and c). In the Sangdong
section, the basal member is immediately overlain by the
laminite of the lower member (Fig. 6).

Petrographic analysis of a slab from the Seokgaejae section
reveals the nature of the boundary in detail (Fig. 8). At the slab
scale, the vuggy pores are interconnected with one another to
form channel pores, which penetrate downward into the massive
dolostone below the contact (Figs. 8a and b). These networks of
pores are irregular in width and are partially filled with calcite
cement, micrite, dolostone and limestone clasts, and quartz
sand, similar to the dolostone-limestone breccia of the Gumunso
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Fig. 6. Columnar sections of the uppermost basal member and lowest lower member of the Makgol Formation in the Sangdong, Hyeoldong,
Gumunso, and Seokgaejae sections. The features of the boundary between two members, such as the irregularity of the contact and the dis-
tribution of carbonate breccia and vuggy pores, differ from section to section.

https://doi.org/10.1007/s12303-022-0018-x



660 Byung-Su Lee, Se Hyun Cho, Suk-Joo Choh, and Xunlian Wang

\

5cm Sem] - 5 ¢ "
Matrix of carbonate breccia .
Dolostone clast o Calcite cement
(micrite, quartz sand, dolostone fragments)

D Dolostone . Limestone clast

Fig. 7. Outcrop photograph and sketches showing the boundary between the basal and lower members of the Makgol Formation. (a), (b),
and (c) are of the Gumunso, Seokgaejae, and Hyeoldong sections, respectively. Note the sharp, irregular contact between dark gray dolomitic
mudstone and light gray lime mudstone. The dolomitic mudstone contains vuggy to channel pores filled by overlying micritic sediments,
dolostone clasts, and calcite cement. The lime mudstone above the contact contains silt- to boulder-sized dolostone and limestone clasts.
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Fig. 8. Thin sections and photomicrographs of the boundary between the basal member and the lower member of the Makgol Formation
in the Seokgaejae section. (a) Thin sections and sketch of the boundary; dolostone below the contact is penetrated by vuggy to channel
pores, filled by dolostone clast, matrix, and calcite cement; carbonate breccia overlies dolostone with sharp and irregular contact. (b)
Dolostone below the boundary composed of anhedral dolomite crystals, and penetrating channel pore filled by calcite cement (red
arrow), or matrix consisting of micrite, fine sand-sized quartz grain and dolomite crystals. (c) Carbonate breccia above the boundary con-
sisting of dolostone clast (grey arrows), limestone clast (blue arrows) and matrix of fine sand sized quartz and micrite with irregular vuggy

pore (red arrows).

section (Figs. 7a, 8a and b). These dolostone/limestone clasts
and quartz sand generally show a matrix-supported fabric, and
tend to fill the lower parts of the pores forming geopetal fabric,
with the remainder of the upper pore space filled with calcite
cement. In some cases, dolostone clasts with vuggy pores show a
jigsaw-fit fabric. Micritic matrix-supported breccia occurs
immediately above the sharp contact, which is composed of

dolostone and limestone clasts with micrite and quartz sand
matrix (Figs. 7, 8a and c). The matrix is similar to the sediment
infilling the channel pore networks below the contact, but with
a higher proportion of micrite than the pore-filling sediments.
The jigsaw-fit fabric around clasts is absent, and the dolostone
clasts are of varying size (maximum tens of centimeters in length)
and roundness. Limestone clasts generally show good roundness

https://doi.org/10.1007/s12303-022-0018-x
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and smaller size (maximum 2-centimeters in length) than
dolostone clasts (Fig. 8b). The vuggy to channel pores of various
size and direction are also present above the sharp contact (Fig.
8c), and some pores are curved similar to those of the circum-
granular cracks.

Features below the contact such as the downward penetration
of channel pores with various directions and widths, which are
partially filled with sediments from the overlying strata, can be
interpreted as the result of dissolution and brecciation caused by
subaerial exposure (Wright, 1983; Retallack, 2001). The jigsaw-
fit fabric of the dolostone clasts in some pores indicates that the
clasts were not transported; this texture is considered to form by
in situ fragmentation (Chow and Wendte, 2011). In contrast,
the matrix-supported breccia above the contact does not exhibit
characteristics of in situ fragmentation and contains dolostone
clasts that originated from the underlying massive dolostone
interval, surrounded by micrite and rounded limestone clasts.
This breccia is interpreted to represent post-unconformity
sediments (Mussman and Read, 1986; Knight et al., 1991). The
vuggy to channel pores above the sharp contact indicate that
these sediments were affected by subaerial exposure during or
after deposition.

6.2.3. The barren interval

Facies-specific sampling method adapted in this study enabled
the establishment of the Serratognathus extensus and Paraseratognathus
obesus biozones in the basal member of the Makgol Formation,
which previous conodont studies failed to accomplish (Lee,
1976; Hwang, 1986; Kim, 1987; Lee, 2009). Nevertheless, few
conodonts were recovered from the lower part of the lower
member. The conodont barren interval above the hiatus is also
recognized in the northern (Tangshan, Hebei Province) and
southern (Laiwu, Shandong Province) regions of North China
where several-tens of meters-thick conodont barren interval
between the Early to Middle Ordovician hiatus and the FAD of
H. holodentata is present (An et al., 1983; Wang et al., 2014a).

We suggest that poor conodont recovery in the barren interval
is closely related to the depositional facies. All conodont-rich
samples from the Makgol Formation were obtained from
bioclast-bearing wackestone to packstone or bioturbated lime
mudstone facies. In contrast, the barren interval is composed
of peritidal facies of laminite, stromatolites, and massive lime
mudstone with subaerial exposure features including mud cracks,
tepee structures, and carbonate breccia (Fig. 2). This relationship
between poor conodont recovery and specific depositional
facies is consistent with paleoecologic studies suggesting that
conodont community distribution was influenced by factors in
the depositional environment (Heckel and Baesemann, 1975; Ji
and Barnes, 1994; Zhang and Barnes, 2004). The lack of conodonts
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in the barren interval indicates that a peritidal environment was
unfavorable for conodont animals compared to an open-marine
subtidal environment (Ji and Barnes, 1994). A sedimentologic
study of northern North China (Pingquan, Hebei Province)
also described peritidal facies occurring above the hiatus (Liu
and Zheng, 1998), suggesting that comparable conodont barren
interval in other regions of North China was likely to have been
influenced by the depositional environment, similarly to the
Makgol Formation.

7. IMPLICATIONS FOR THE ORDOVICIAN SUC-
CESSION OF THE TAEBAEKSAN BASIN

In the Taebaek Group, the Lower to Middle Ordovician
conodonts have been reported from the Dumugol to Duwibong
formations. The Tremadocian conodont biozonation is relatively
well established in the Dumugol Formation, and there is a
Darriwilian zonal scheme for the lower member of the Makgol
Formation upward into the Duwibong Formation (Lee and Lee,
1986; Lee and Lee, 1990; Seo et al., 1994; Seo and Lee, 2010). In
contrast, the Floian and Dapingian conodonts have not been
recorded in the Taebaek Group, except for the lowest Floian
conodont Serratognathus bilobatus from the upper Dumugol
Formation (Hwang, 1986), and accordingly, biozonal scheme
has not been resolved for the uppermost Dumugol Formation
and the basal member of the Makgol Formation. In the present
study, we establish the middle Floian conodont biostratigraphy
of the Taebaek Group and confirm the presence of a depositional
hiatus based on the absence of certain biozones.

The new biozonation of the Makgol Formation allows revision
of the Ordovician succession of the Taebaek Group based on the
conodont biostratigraphy (Fig. 9). The scheme for the Taebaek
Group is strikingly similar to the conodont biostratigraphy of
North China in terms of the overall biozonation and the
presence of two hiatuses, including ‘the Great Hiatus within the
Ordovician strata (Zhen et al., 2016; Lee et al., 2017; Wang et al.,
2018). The uppermost biozone of the Taebaek Group is the
Aurilobodus serratus Biozone (Lee and Lee, 1986; Lee and Lee,
1990; Fig. 9). In northern North China, the upper limit of the
Ordovician strata lies within the middle Darriwilian Eoplacognathus
suecicus Biozone (An et al., 1983; Wang et al., 2014a), which
differs from the southern and western regions containing the
Sandbian and Katian strata (An et al., 1983; Wang et al., 2016;
Wang et al., 2018). In addition, the temporal magnitude of the
Early-Middle Ordovician hiatus, and the presence of the barren
interval above the hiatus all collectively indicate that the revised
Ordovician biostratigraphy of the Taebaek Group is consistent
with that of the northern region of North China (Zhen et al,
2016; Wang et al., 2018).
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Fig. 9. Conodont biostratigraphic summary of the Taebaek Group to include the newly established biozones of the lower Makgol Formation.
Radiometric ages are from Goldman et al. (2020). Dap. = Dapingian. Abbreviations of generic names: A. = Aurilobodus; E. = Eoplacognathus;
P. = Paraserratognathus; S. = Serratognathus; Sc. = Scalpellodus; T. = Tangshanodus.

A similar approach is also warranted to revise biostratigraphy
of other units in the Taebaeksan Basin. In the Yeongwol Group,
a biostratigraphic study of the Mungok Formation reported the
lowest Ordovician conodont Cordylodus lindstromi Druce and
Jones, 1971 and Tremadocian conodonts such as Rossodus
manitouensis Repetski and Ethington, 1983, Chosonodina herfurthi
Miiller, 1964, and Glyptoconus quadraplicatus (Branson and Mehl,
1933) (Lee and Lee, 1999). The immediately overlying Yeongheung
Formation includes Darriwilian conodonts such as Aurilobodus
leptosomatus An in An et al., 1983, Erraticodon tangshanensis
Yang and Zu in An et al., 1983, Plectodina onychodonta An and
Xuin An etal, 1983, and Triangulodus changshanensis Zhang in
An et al,, 1983 (Lee, 1990), but conspicuously, the Floian and
Dapingian conodonts have not been reported to date, as shown
by this study for the Taebaek Group.

8. CONCLUSIONS

This study confirms the presence of a Floian to early
Darriwilian hiatus in the easternmost North China Block and it
is the first biostratigraphic evidence of a previously unrecognized
hiatus in South Korea. The Lower to Middle Ordovician
conodont biostratigraphy of the Makgol Formation in the
Seokgaejae section, Taebaeksan Basin, is re-established based
on the recently updated conodont biostratigraphic scheme of
North China, and can be correlated with successions throughout
North China. Four conodont biozones are proposed: the lower
to middle Floian Serratognathus bilobatus, Serratognathus
extensus, and Paraserratognathus obesus biozones, and the lower
Darriwilian Tangshanodus tangshanensis Biozone, with a barren
interval between the P, obesus and T. tangshanensis biozones.
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The gap between the uppermost P. obesus Biozone and the
barren interval represents a short-lived (at least 3 Myr) sedimentation
hiatus, which is also corroborated by sedimentologic evidence
such as difference of depositional feature and dolomitization
style between basal and lower members of the Makgol Formation,
and the sharp, irregular contact between the two members
containing subaerial exposure features such as channel pore
networks and breccia. The barren interval is considered to
reflect peritidal depositional condition that were not favorable
for conodont inhabitation. The revised conodont biostratigraphy
of the lower Makgol Formation reveals that the Ordovician
succession of the Taebaek Group is the extension of that of the
northern region of the North China Block.
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