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Abstract: To test the previous hypothesis that upper Paleozoic sediments in the eastern Sino-Korean
Block were mostly derived from the paleo-orogen located to the east, we compared published and
new U-Pb age data of detrital zircons from Pennsylvanian strata distributed in the Sino-Korean Block
(SKB). The age distributions of detrital zircons from different localities of Pennsylvanian strata in
North China reflect varying contributions from the Inner Mongolia Paleo-uplift in the north and the
Central China Orogenic Belt in the south. The supply of detritus from the northern source to distant
areas, however, appears to have been limited during the Pennsylvanian times. The age distributions
of detrital zircons from Korean Pennsylvanian strata located in the east of the SKB are characterized
by a dense cluster of 1.84-1.90 Ga and differ from those of North China. The Korean age characteristic
is best explained by strong influences of the detritus derived from the Paleoproterozoic Yeongnam
Massif in southeastern Korea. Along with the significant number of zircons that record syn- to
near-depositional magmatic activities, this observation supports the hypothesis of the existence of
an active continental margin setting in the east of the SKB.
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1. Introduction

Detrital zircon U-Pb geochronology has greatly improved our understanding on the late
Paleozoic tectonic evolution of the Sino-Korean Block (SKB; also called the North China Block).
The upper Paleozoic succession in North China, particularly its lowermost strata deposited upon
the Late Ordovician—Pennsylvanian unconformity, has been rigorously analyzed in many different
localities [1-6]. Results pointed to two major source terrains, each carrying the “northern” and
“southern” signatures in the U-Pb age and Hf isotopic composition of detrital zircons: the uplifted
northern margin of the SKB, commonly referred to as the Inner Mongolian Paleo-uplift (IMPU), and the
Central China Orogenic Belt (CCOB) including the North Qinling Block (NQB) in the south, respectively
(Figure 1). It is increasingly accepted that both northern and southern terrains had contributed detritus
significantly to the Pennsylvanian deposits [7], while the former had dominant influence on the
overlying Permian deposits [8,9]. Wang et al. [7] described the Pennsylvanian depositional setting
as a “walled continental basin”, which was set before the Permian southward tilt of the basin due to
further uplift in the north [10].
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Figure 1. Simplified tectonic map of the Sino-Korean Block (gray color). Light gray color in the Korean
Peninsula represents the tectonic provinces under debate. Dark gray color outlines the distribution
of Pennsylvanian strata in the Sino-Korean Block (modified from [11,12]). Yellow star indicates the
Yeongwol site where the newly analyzed sample was obtained.

Paleozoic sedimentary successions in Korea are well correlatable to the equivalent strata in
North China [13-20], and thus they are widely recognized as being deposited on the SKB in various
tectonic models [21-24]. For the upper Paleozoic sediments in the southeastern Korean Peninsula, the
eastern derivation of detritus in a foreland basin setting has long been assumed based on paleocurrent
directions and sandstone composition [25-28]. Recent detrital zircon provenance studies have also
supported the presence of an active continental margin setting that had formed in the east [29-31].
However, as many previous detrital zircon provenance studies conducted in North China interpreted
their results simply upon north-south cross-section, the possible eastern source has been commonly
overlooked in the large-scale discussions on the SKB.

This study proposes the existence of a ‘third wall” in the east of the SKB during the Pennsylvanian,
probably formed by the subduction of the paleo-Pacific plate beneath the eastern margin of the
SKB [32,33]. The general framework of this setting has been put forward earlier by Kim and Lee [20].
In this study, we elaborate the idea further by comprehensively comparing the detrital zircon age
populations reported from Pennsylvanian deposits spread over the SKB, with particular focus on their
localities in the eastern side of the block. The Pennsylvanian sediments in the SKB, the oldest upper
Paleozoic sedimentary strata deposited before the dominance of northern signature in the Permian,
provide the most suitable time record that can distinguish the potential eastern contribution.

2. Geological Background and Methods

The SKB is bounded to the north by the Central Asian Orogenic Belt (CAOB) and to the south
by the CCOB (Figure 1). Tectonic evolution of the southern CAOB is not fully understood, but
there is a broad consensus that the Paleo-Asian Ocean subducted southward beneath the northern
margin of the SKB during the Pennsylvanian—Permian times [34-36], which led to the uplifting and
exhumation of the IMPU [8,37]. The timing of complicated accretionary and collisional processes in
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the CCOB is also controversial, but it is widely accepted that the NQB, the northern part of CCOB,
had formed highlands along the southern margin of the SKB, at least by the Carboniferous [38—40].
Taking these into account, many previous studies on the provenance of upper Paleozoic sediments in
North China considered the IMPU and the CCOB as two primary potential source regions [8,9,41].
Archean—Paleoproterozoic basement rocks intruded by Devonian-Triassic plutons are widely exposed
in the IMPU [35,42], whereas multiple orogenies in the Meso- to Neoproterozoic and early Paleozoic
times are recorded in the highly metamorphosed rock assemblages in the CCOB [43,44].

The Paleozoic of the SKB is mostly represented by the Cambrian-Middle Ordovician marine
sediments and the Pennsylvanian-Triassic paralic to non-marine sediments. A regional unconformity
spanning more than 100 Ma separates the lower and upper Paleozoic sequences (Figure 2). In North
China, the basal stratigraphic unit of the upper Paleozoic succession is named the Benxi Formation. In
South Korea, it is called the Manhang Formation (and locally, the Yobong Formation). Both the Benxi
and Manhang formations are composed of siliciclastic sediments with some intercalated limestones,
and are unconformably underlain by Middle Ordovician limestones. The average thicknesses of the
Benxi and Manhang formations are known to be 10-150 m and 100-300 m, respectively, although they
reach more than 1 km in a few localities [10,20]. Correlatable fusulinid zones and floral assemblages
have been established for both formations, and indicate that they are Bashkirian-Moscovian (early
Pennsylvanian) in age [45-48]. However, in some localities in northern North China, several detrital
zircon grains that were dated as young as the earliest Permian times have been reported from the
Benxi Formation [2,37]. This might be due to the fact that the lowermost strata of the upper Paleozoic
succession are partly diachronous across the SKB [49] (Figure 2).
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Figure 2. Middle Ordovician—Early Permian (Cisuralian) stratigraphy of North China and South Korea
(modified from references [20,49,50]). The gray color represents the strata from which the detrital zircon
U-Pb age data were obtained.

From the literature, we obtained data on the detrital zircon U-Pb age of the Pennsylvanian
deposits from two localities in South Korea and 19 localities in North China. Data collection was



Minerals 2020, 10, 527 40f 13

limited to the lowermost units of the upper Paleozoic succession (Figure 2). Three localities of the Benxi
Formation of possible earliest Permian age are included; however, caution needs to be exercised when
interpreting data derived from strata known to have such young ages. In addition to the literature
data, we analyzed detrital zircon U-Pb ages of one sandstone sample collected from the basal part of
the Yobong Formation in the Yeongwol area of central eastern Korea (Figure 1). Analytical methods for
detrital zircon U-Pb dating of the Yobong Formation sample are presented in Appendix A.

The collected literature and newly obtained age data were processed under the same measure
for accurate comparison of multiple dataset. For detrital zircon grains younger and older than
1000 Ma, 238U-2%Pb dates and 27Pb-29Pb dates, respectively, were used for interpretation. Consistent
discordance cut (exclusion of ages with normal or reverse discordance >10%) was applied. Discordance
was calculated based on the difference between 233U-2Pb and 2°U-2"Pb dates (1-(3¥U-2"Pb
date/?U-2"Pb date)) for detrital zircon grains younger than 1000 Ma, and that between 2>U-2%Pb
and 29°Pb—297Ph dates (1-(238U-2°Pb date/2%°Pb—2"Pb date)) for those older than 1000 Ma. Few grains
with apparent ages that passed the discordance cut, but were undeniably younger (e.g., 288 + 2 Ma at
the Taebaek locality and 182 + 21 Ma at the Pingquan locality) than the upper limit of depositional age
(Figure 2), or had excessively large analytic errors (e.g., 1594 + 105 Ma) were removed from further
consideration. Only age data meeting all the listed criteria were used for plotting and interpretation.

3. Results

A total number of 1669 concordant or slightly discordant zircon U-Pb ages, including 49 newly
analyzed ages (Table S1), were obtained from the Pennsylvanian strata at 22 localities in the SKB.
A summary of the combined detrital zircon ages is presented in Figure 3. Six major age populations
were identified: (1) Carboniferous (ca. 310 Ma); (2) Devonian (ca. 390 Ma); (3) Ordovician—Silurian (ca.
440 Ma); (4) Neo- to Mesoproterozoic (a notable peak at ca. 960 Ma with several subordinate peaks);
(5) Late Paleoproterozoic (a wide peak centering at ca. 1870 Ma with a subsidiary peak at ca. 1930 Ma),
and (6) Early Paleoproterozoic to Neoarchean (a broad peak centering at ca. 2500 Ma).
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Figure 3. Composite detrital zircon age spectrum (Kernel Density Estimate; Vermeesch [50]) from
the Pennsylvanian strata distributed in the Sino-Korean Block. Thick colored lines represent the
characteristic age ranges of zircons that are distributed in the respective source terrains, while dotted
lines represent that occurring in subordinate amount (modified from Zhu et al. [9]).

Figure 4 summarizes the distributions of detrital zircon ages of the Pennsylvanian strata deposited
in sedimentary basins on the SKB, represented by a pie diagram in each studied area. The full age data
are available in the online supplementary material (Table S52).
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Figure 4. Pie diagrams of detrital zircon age distribution over the Sino-Korean Block. Locations:
1. Taebaek; 2. Yeongwol; 3. Gangjin; 4. Benxi; 5. Qinhuangdao; 6. Nanpiao; 7. Pingquan;
8. Yingshouyingzi; 9. Western Beijing; 10. Qingshuihe; 11. Baode; 12. Shuozhou; 13. Yangquan;
14. southern Yangquan; 15. Wu'an; 16. Jinzhong; 17. Changzhi; 18. Gongyi; 19. Lushan; 20. Sanmenxia;
21. Hancheng; 22. Pingliang (see Table S2 for references). The empty rectangles indicate where the
Benxi Formation is supposed to be younger (see text for details).

4. Discussion
4.1. Sediment Dispersal over the SKB

4.1.1. Northern vs. Southern Signature

It is generally agreed that the Carboniferous, Devonian, and Late Paleoproterozoic zircon grains
represent the northern signature derived from the IMPU, whereas the Ordovician-Silurian (with
negative ep¢(t)) and Neo- to Mesoproterozoic components represent the southern signature derived
from the CCOB [7-9,40], although such occurrences are not completely exclusive to each other. In this
regard, grains with the northern signature dominantly occur in areas close to the northern margin
(sites 6-11 in Figure 4). The Silurian to Mesoproterozoic grains mainly occupy the zircon population
in central to southern North China (sites 13-22), suggesting a sediment supply from the south. Such
distinct distributions of detrital zircon ages clearly show that competing northern and southern
signatures are reflected in Pennsylvanian deposits in North China.

Notably, the southern signature is visible at several northern sites, including the Benxi and
Qinhuangdao sites in northeastern China (sites 4 and 5), as well as the Shuozhou site in north-central
China (site 12). The occurrence of ca. 440 Ma zircon grains characterized by negative ep¢(f) in northern
localities was deemed enigmatic by Liu et al. [2], because they only considered the source rocks in the
north. According to Wang et al. [7], these grains may be reinterpreted to have been originated from
the NQB. Significant southern signature in these three sites suggests that sediment supply from the
north was not dominant. In the frontal region of the eastern IMPU, it has been interpreted that the
Benxi Formation was deposited in coast-offshore settings, including fan deltas at the basin margin [49].
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Such environmental settings explain both the mixing of northern and southern influences in the distal
part (sites 4 and 5) and highly variable detrital zircon age distributions among sites in the proximal
part (sites 6-9), suggestive of the northern provenance being of local importance. Besides, some of the
zircon age records with the dominant northern signature (sites 7-9) may represent the earliest Permian
time instead of the Pennsylvanian (empty rectangles in Figure 4). It is therefore likely that the supply
of detritus from the northern margin of the SKB to the distant areas was rather limited during the
Pennsylvanian times, particularly in the northeastern side of the block.

4.1.2. Potential Eastern Signature

Based on the interpretation above, the northern signature-like detrital zircons from the
Pennsylvanian strata in southern Korea (sites 1-3) located in the eastern margin of the SKB are
difficult to interpret as being derived from the north. Consistent age distribution patterns are observed
in Taebaek, Yeongwol, and Gangjin localities (Figure 5a): major age groups at ca. 320 Ma and ca. 1.85Ga,
and minor groups at ca. 390 Ma and ca. 2.5 Ga. The lack of southern signature is understandable
considering that these sites were located relatively far from the NOQB. Given the presumed setting in
northern North China during the Pennsylvanian times, however, major sediment supply from the
northern margin of the SKB is not plausible, since it has to account for the large amount of sediments
reaching several hundred meters thick in these distant sites. An alternative explanation for the source
terrain is then required.
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Figure 5. Probability density plot and age histograms of detrital zircons from the Pennsylvanian
strata in the eastern part of the Sino-Korean Block: (a) full age spectra, and (b) enlarged views of the
Neoarchean-Paleoproterozoic portion for selected localities. See Figure 4 for site locations.

Close looking into the Paleoproterozoic-Neoarchean age groups provides an important clue
(Figure 5b). Records from northern North China exhibit wide variance of Paleoproterozoic-Neoarchean
ages. The Pennsylvanian strata in Korea, in contrast, are characterized by a vast majority of Precambrian
grains belonging to narrow time spans of 1.84-1.90 Ga and 2.48-2.54 Ga, with the former being more
abundant than the latter. This observation is in line with a previous report on composite detrital
zircon ages of Upper Paleozoic sediments in southern Korean Peninsula [18]. The consistency of
1.84-1.90 Ga peak in all three localities in Korea suggests a regional characteristic, a signature that is best
explained by derivative sediments from the Precambrian massifs in the Korean Peninsula, particularly
the Yeongnam Massif located in the southeast. Besides the widespread distribution of basement rocks
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with these ages [51,52], sediments from the Nakdong River that drains the Yeongnam Massif prove that
the Yeongnam Massif indeed provides detritus that is dominantly composed of 1.84-1.90 Ga detrital
zircons [53]. This feature is distinct from the age characteristics of zircons from river sediments of the
Yongding and Luan rivers in eastern North China. Both latter rivers have a drainage area similar to
the Nakdong River, but their sediments contain much heterogeneous Paleoproterozoic detrital zircon
population [54]. In summary, the detrital zircon ages of the Pennsylvanian sediments in Korea may;, at
first glance, be thought to have been derived from the IMPU, but are much likely to have been derived
from another source terrain.

4.2. Tectonic Implications

In general, the significant proportion of zircon grains that were young at the time of deposition
is considered as the characteristic of a basin close to the convergent plate margin [55]. In a situation
where major supplies from the northern and southern sources are not likely, another orogenic belt for
Pennsylvanian strata in the Korean Peninsula could be set to the east (Figure 6). This interpretation
is in agreement with the paleocurrent directions and inferred basin topography [25-27,56], and
better explains the generally euhedral shape of syndepositional zircons (Figure A1). Some of these
Carboniferous zircons also exhibit high Th/U values (Figure 7), which is typical of the zircons derived
from intermediate to mafic igneous rocks [57-59]. Previous detrital zircon provenance studies in
different localities in Korea [29-31] also favored the same interpretation. Our interpretation of the
eastern source terrains is supported by the hypothesis of previous studies that the subduction of the
paleo-Pacific plate took place beneath the eastern margin of the SKB during the Late Paleozoic [32,33].
Wider acceptance of this hypothesis is currently hindered by the limited occurrence of Pennsylvanian
plutons in the east, but some evidence for Pennsylvanian magmatism can be found in the Hida
Belt [60-62], a continental fragment in Japan [63]. Even if the subduction had taken place in the
eastern margin of the SKB, corresponding plutons might have been largely removed by later rapid
uplift of widespread Jurassic plutons (i.e., [64]), Cretaceous sedimentation in southeastern Korea, and
Upper Cretaceous regional exhumation of the Korean Peninsula [65] and the Japanese islands [66].
Recent U-Pb zircon age analysis on paragneiss in the Hida Belt reported inherited/detrital core ages
that cluster at ca. 300 and 330 Ma, which also accompany Paleoproterozoic zircon grains that almost
entirely fall within 1.81-1.90 Ga [67]. This finding is highly significant considering the pre-Cenozoic
configuration of the Hida—Oki Belt in Japan, which is believed to have been attached to the east of the
Korean Peninsula before the opening of the East Sea (Sea of Japan) [66,68,69].

Ocean 220 {
F’aIeO"L“S‘an L3N
N 2 :

e

Paralic sedimentation

/5~ Upland

Figure 6. Sediment dispersal patterns and inferred paleogeography and tectonic configuration of the
Sino-Korean Block (SKB) during the Pennsylvanian (modified from Liu [10]). YM = Yeongnam Massif,
HB = Hida Belt, OB = Oki Belt. Tectonic blocks are reconstructed to their inferred original position
before the Tanlu fault-movement and the opening of the East Sea (Sea of Japan).
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Figure 7. Th/U vs. Age plot for detrital zircon grains from the Pennsylvanian Yobong Formation in the
Yeongwol area, central eastern Korea.

Based on our new perspective, it is also noteworthy that the same characteristic 1.84-1.90 Ga-aged
zircons consistently dominate the detrital zircon populations throughout the overlying Permian-Lower
Triassic strata in Korea [31,70,71], whereas detrital zircons from the coeval successions in North China
generally show much wider spread of ca. 1.9 Ga peak and larger portion of ca. 2.5 Ga peak [9,37,72].
This comparison suggests that (1) high concentration in the 1.84-1.90 Ga range is the unique signature
of the eastern source terrain and (2) its influence on the proximal areas remained constant throughout
late Paleozoic times. How far this sedimentation regime in the east had expanded further to the inner
part of the SKB is unknown at present, partly due to the lack of data in areas adjacent to the western
Korean Peninsula. Overlap in U-Pb ages and ep¢(t) values of the Yeongnam Massif zircons (i.e., as
reported previously [52]) with those of the IMPU makes it difficult to evaluate how much contribution
was from the eastern sources, but our findings may prove useful in case where the eastern signature is
suspected to occur. Reinterpretation of the existing detrital zircon U-Pb age data and future studies on
the upper Paleozoic strata in the SKB, especially for the eastern North China, are recommended to take
this potential contribution from the east into account.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/527/s1,
Table S1: LA-ICP-MS U-Pb dating data of detrital zircons from Yobong Formation sample; Table S2: Detrital
zircon U-Pb ages of Pennsylvanian sediments in the Sino-Korean block.
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Appendix A

Zircon grains were extracted from a sandstone sample, by following the conventional heavy
mineral separation methods. After hand picking under binocular microscope, 100 randomly selected
zircon grains were embedded in a PFA teflon sheet. Cathodoluminescence (CL) images of each grain
were obtained by using a scanning electron microscope (JEOL JSM-5400, JEOL, Akishima, Japan). U-Pb
dating of zircons was conducted by using laser ablation inductively coupled plasma mass spectrometry
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(LA-ICP-MS) housed at the Korea Basic Science Institute (Cheongju, Korea, Nu Plasma II MC ICP-MS).
Detailed instrumental settings and analytical procedures are similar to those described by Lee et al. [73].
Laser ablation was conducted at a spot size of 15 um, energy density of 2-3 J/cm3, and pulse repetition
rate of 5 Hz. The reference zircon 91,500 was used as the primary standard [74] and Plesovice as the
secondary standard. A single spot per grain was analyzed. Magmatic rim with oscillatory zoning
was preferred to core when selecting a spot for the age dating of zircon grains, unless the mixing of
different age domain was concerned. Metamorphic overgrowths were not usually present, and were
not analyzed (Figure Al).

YW-2 5  YW-2.14  YW-2.16 YW-2.19  YW-2 22
321:3Ma 1878+4Ma 322+2 Ma 335t6Ma 390+4 Ma 1856+2 Ma

r
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YW-2_44 YW-2_45 YW-2_46 YW-2_60 YW-2_67 YW-2_71
2509+6 Ma 18702 Ma 325+3 Ma 1876x5Ma 1847+1 Ma 319+2 Ma

Figure A1l. Representative SEM-CL images of detrital zircon grains from the Yobong Formation in the
Yeongwol area, central eastern Korea.
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