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The Hapcheon impact crater is the only meteorite impact crater identified on the Korean peninsula. However, the morphology of the impact crater and the nature of the meteorite collision are unknown. In this study, we analyzed the sedimentary facies using grain size data; computed tomography images, 14C, 10Be, and optically stimulated luminescence dating on a >66-m-long sediment core (20HCL04) recovered from the Hapcheon Basin. Four sedimentary units and 10 types of facies were documented in the Hapcheon Basin sediment core. The sedimentary units comprise 1) a lower part (unit 1) that is dominated by moderately to well-sorted coarse gravel, which contains some impact-related sediments; 2) a middle part (units 2 and 3) dominated by well-laminated mud; and 3) an upper part (Unit 4) that is dominated by poorly sorted coarse gravel supplied from the surrounding mountain slopes by alluvial and fluvial processes. After the meteorite impact, the Hapcheon impact crater was filled with deposits from the crater wall after ca. 1.3 Ma and the Hapcheon Basin became a deep lake environment. After ca. 0.5 Ma, sediments were supplied from the surrounding mountains until the lake was filled. Finally, sediments were deposited in an alluvial fan setting. In addition, the Hapcheon Basin sedimentary cores contain a tephra layer and deformed soft sediments that can be used to investigate volcanic and seismic events on the Korean Peninsula over the past 1.3 Ma.
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1 INTRODUCTION
Meteorite impact events have occurred regularly on Earth, and numerous studies of meteorite impact craters have been conducted worldwide. Studies of meteorite impact craters have been focused mainly on Europe and the Americas, with very few meteorite impact craters identified in Asia. The Hapcheon impact crater basin is located in the Jeokjung–Chogye area of the city of Hapcheon, which is in the southern–central part of the Korean Peninsula. The impact crater was described by Lim et al. (2021). Choi S. et al. (2022) suggested that the center of the peak ring is located ∼350 m to the west of the center of the exterior ring, based on gravity data, and that the bedrock under the uplift ring was uplifted ∼200 m following the meteorite impact. Choi S. H. et al. (2022) investigated the impact origin of the structure, inferred the potential projectile, and suggested that the impactites contained ∼0.05 wt% of a chondritic component.
Some global examples of meteorite impact craters are lakes undergoing active sedimentation (Fredriksson et al., 1973; Guyard et al., 2011; Melles et al., 2011; Shanahan et al., 2012; Reimold and Koeberl, 2014; Losiak et al., 2016; Lim et al., 2021). Meteorite impact craters have been reported worldwide, including in the oceans (Jones et al., 1981; Reimold et al., 1998; Gurov et al., 2007; Liu et al., 2013; Reimold and Koeberl, 2014; Retzler et al., 2015; Ebinghaus et al., 2017; McLean et al., 2018). The Hapcheon meteorite impact crater currently has a small basin shape, containing >100 m of sediment, and a >72 m thick sediment layer has been reported in the lake (Lim et al., 2021).
Lakes with closed sedimentary systems, such as those formed by volcanic craters and large tectonic structures, record past climate and sedimentary information. For example, a crater formed by volcanic activity is generally infilled with volcanogenic sediments and has a bowl-shaped geomorphology. In terms of the sedimentary accommodation space created by a meteorite impact, an impact crater is similar to a volcanic crater, which has been well-documented in numerous previous studies (Osinski et al., 2020; Osinski et al., 2022, and references therein).
Impact crater formation comprises three main stages: contact and compression, excavation, and modification. Crater formation begins with the initial contact and compression stage when the impactor contacts the target surface and ends when the shock compression of the impactor completely dissipates. During the excavation stage, a mixture of fragmented target rocks with variable proportions of impact melt is ejected beyond the crater rim to form a continuous ejecta blanket (Osinski, 2004; Osinski et al., 2015; Mader and Osinski, 2018). The melt and fragmented target rock mixture derived from beneath the point of impact is deflected upward and outward parallel to the base of the transient cavity. This material remains in the transient cavity through the modification stage (Osinski et al., 2018; Osinski et al., 2022). Finally, the cratering process leaves sedimentary accommodation space. Simple hypervelocity impact craters comprise a bowl-shaped cavity with an uplifted and commonly overturned rim that approximately represents the transient cavity rim.
Lakes caused by an impact become infilled with sediments, which record post-impact craters and environmental changes. Lake sediments are important archives of climatic and environmental changes (Moscariello et al., 2000; Jin et al., 2009; Melles et al., 2011; Wennrich et al., 2014; Ebinghaus et al., 2017; Hagemans et al., 2021). Past lake environments have been characterized by investigating their sedimentary structures and facies (Nelson et al., 1986; Kerr et al., 1993; Masaitis, 2005; Osinski and Lee, 2005; Juschus et al., 2011; Zolitschka et al., 2015; Ebinghaus et al., 2017; Marcolla et al., 2021). This study investigated sediments in the impact crater of the Hapcheon Basin in the Republic of Korea. Our results provide new insights into the impact crater and its sedimentary history.
2 GEOLOGICAL SETTING AND STUDY SITE
The study area is located on the southern–central Korean Peninsula and is an impact crater formed by a meteorite impact (Figure 1A). The basin formed by the meteorite impact is surrounded by a mountain range (Figures 1B, C) and is only connected to adjacent areas by a river in the north. The Hapcheon Basin is a Cretaceous basin that contains terrestrial sedimentary and igneous rocks (Chough and Sohn, 2010). The Gyeongsang Basin was initially formed by NNE–SSW-trending faults and dipped 10°–15°E (Cheon et al., 2020). The Dongmyeong Formation occurs in the area surrounding the Hapcheon Basin and consists of sandstone interbedded with dark gray shale that was mainly deposited in a fluviolacustrine environment. The shale deposits contain numerous fossils and dinosaur footprints. Sandstone was deposited in distributary channels and delta lobe settings.
[image: Figure 1]FIGURE 1 | (A) Location map of the Hapcheon Basin. (B) The location of the cross-section and drill sites 20HCL04 and 20CR01 was reported by Lim et al. (2021). (C) Three types of alluvial fan systems were reported in the geomorphological study by Hwang and Yoon (2016). (D) Cross section showing the drill core location.
The 20HCL04 drill site is 21 m above the mean sea level (Figure 1C). In addition, a topographically well developed alluvial fan sedimentary layer exists in the Hapcheon Basin, and the alluvial fan topographical surfaces were classified into 3 categories: relatively high altitude, middle altitude, and low altitude (Hwang and Yoon, 2016). The 20HCL04 drill site is located in the middle alluvial fan system (Figures 1B, C) and is 1.35 km northwest of the 20CR05 drill site (Figure 1D) (Lim et al., 2021).
3 METHODS
Drilling was undertaken with a truck-mounted drill rig and a wireline rotary coring system (5 cm in diameter). Sediment core recovery was >99% over the 66 m depth of the core (Supplementary Figure S1). Preliminary stratigraphic descriptions of the cores were made in the field. Subsequently, the cores were described in the laboratory and photographed.
X-ray computed tomography (CT) of the archived half of the core was undertaken using a medical CT scanner (Optima CT660) at the Korea Institute of Geoscience and Mineral Resources (KIGAM), Daejeon, Republic of Korea. The core was recovered from the MTD units with power settings of 120 kV and 160 mA (0.625 mm slices). The CT images were acquired for 1-m-long core samples from depths of 9–45 m (Supplementary Figure S2).
Ten organic samples collected from the core were used for radiocarbon dating. The radiocarbon dating samples were chemically processed using the acid–alkali–acid (AAA) method at the KIGAM Particle Accelerator Analysis (AMS) Center (Lee et al., 2000). Using an elemental analyzer, graphite was produced by CO2 reduction and then used for radiocarbon dating (Hong et al., 2010).
Optically stimulated luminescence (OSL) dating was undertaken at KIGAM using samples collected from five depths in the core. For the dating of fine-grained samples, chemically purified quartz grains of 4–11 μm in diameter were extracted using sodium pyrophosphate (Na4P2O7·10H2O) to remove any clay and hydrochloric acid (HCl) and hydrogen peroxide (H2O2) to remove any carbonate and organic matter, respectively. Finally, the samples were etched in H2SiF6 for chemical removal (Roberts, 2007; Kim et al., 2012). The separated quartz particles were analyzed at the KIGAM OSL laboratory.
Burial age dating using 26Al and 10Be is well-established and widely utilized as a rational and accurate method of radioisotopic dating (Granger et al., 1997; Granger and Muzikar, 2001; Balco and Shuster, 2009; Fujioka et al., 2009; Granger, 2014; Tu et al., 2015; Lebatard et al., 2019; Wang et al., 2019; Shaar et al., 2021). Burial dating is based on the accumulation and radioactive decay of cosmogenic 26Al and 10Be, first exposed at the surface and then deeply buried (Granger and Muzikar, 2001; Granger, 2014). Simple burial dating relies on the assumption that post-burial production is negligible. Therefore, it is best suited for samples that are deeply and quickly buried, such as core samples. Two samples with sufficiently coarse quartz particles were taken from the core at 17.5 and 63.5 m depth to perform simple 26Al/10Be burial dating to determine the age of core samples. Each sample was subjected to sieving and hydrofluoric acid treatment to extract quartz grains from 300 to 500 g of soil samples. The chemical pretreatment procedure for measuring 10Be and 26Al contained in the sample was based on Kohl and Nishiizumi (1992). The sample was crushed to 150–355 μm, and organic materials and carbonates were removed using HCl–H2O2. The HF–HNO3 leaching process (concentration of 1%–5%) was repeated three times in a high-temperature (∼80°C) ultrasonic generator for 9 h to obtain the quartz grains from which meteoric 10Be was removed. During the HF–HNO3 pretreatment, magnetic and gravity separations were also conducted to separate the quartz from contaminants. The total Al concentration (<100 ppm) of the quartz grains was measured by inductively coupled plasma optical emission spectrometry (ICP-OES) in KIGAM with an uncertainty of 2%. Be and Al were separated and purified by ion chromatography. For the 10Be/9Be and 26Al/27Al measurements, BeO and Al2O3 target samples were analyzed in the accelerator mass spectrometry (AMS) facility operated by the Korea Institute of Science and Technology (KIST; Seoul, Republic of Korea) and calibrated using the methods of Nishiizumi et al. (2007) (10Be) and Nishiizumi (2004) (26Al). The results were calculated under the following assumptions: steady-state erosion. The measured isotope concentrations were corrected to the production rate in the study area based on the production rate of the sea level high latitude (SLHL) (Stone, 2000). Simple burial ages were calculated using the simple burial age method described by Granger and Muzikar (2001) and Granger et al. (2013).
Grain size analysis was performed using conventional sieving methods (>2 mm; wet sieving, drying, and weighing) and laser particle size (LPS) analysis (<2 mm fraction) on 120 samples. Hydrogen peroxide (10%) was used to remove organic matter from dry samples (300 mg), and 1 N hydrochloric acid was used to remove carbonates and iron oxides. After pre-processing, the samples were analyzed using a Mastersizer 3000 laser analyzer (Malvern Instruments Limited, UK).
4 RESULTS
4.1 Sedimentary facies
Ten distinct sedimentary facies were identified from the sedimentary textures and structures based on photographs, CT images, and grain size data.
4.1.1 Clast-supported sandy gravel (Gs1) facies
4.1.1.1 Description
The densely packed sandy gravel (Gs1) sedimentary facies is characterized by clast-supported granular to cobble-sized material (Table 1) (Figure 2; 65–66 m; Figure 3; 13–14 and 10–11 m). Pebbles that are 3 cm in size dominate, but 5 cm-sized cobbles were occasionally observed. Gs1 is poorly sorted, and the clasts are not oriented. The clasts consist mainly of sedimentary rocks and are predominantly angular, with some subrounded-to-subangular clasts. The matrix consists of coarse to medium-grained, dark gray to gray sand. The clasts are sandstone and mudstone from the basement sedimentary rocks. This gravel bed is commonly observed in the core from 51 to 66 m depth. Sediments related to impact cratering (impactites) also occur in Gs1, including impact melt breccias and melted rock fragments (Figures 5C–F) (Osinski, 2003, Osinski, 2004; Osinski et al., 2015; Osinski et al., 2018; Osinski et al., 2022).
TABLE 1 | Summary of sedimentary facies in the Hapcheon Basin.
[image: Table 1][image: Figure 2]FIGURE 2 | Selected photographs of samples from drill core 20HCL04. The scale is 1 m and subdivided into 10 cm.
[image: Figure 3]FIGURE 3 | Selected photomicrographs and three-dimensional X-ray computed tomography (CT) images of typical sedimentary facies in the 20HCL04 drill core samples. Each sub-figure consists of a photograph, a horizontal two-dimensional X-ray CT image, and a vertical two-dimensional X-ray image at the same depth. Facies are indicated in italics and bold: Gs1, densely packed sandy gravel facies; Gs2, sandy gravel, and gravelly sand facies; Gm1, densely packed muddy gravel facies; Gm2, muddy gravel, and gravelly mud facies; Sm, massive sand facies; Sl, planar interbedded sand facies; Mm, massive mud facies; Ml, laminated mud and sandy mud facies; Md, deformed mud and sandy mud facies; Mt, mud and tephra facies. Unconformities are shown as wavy lines and sediment grading is shown by arrows. Typical structures in each facies are annotated (A–O).
4.1.1.2 Interpretation
Gs1 occurs mainly in the lower part of the core. This tightly packed gravel layer at 64–65 m depth is interpreted as a debris flow and hyper-concentrated sediment flow deposit, although some of this facies may have been formed by rock avalanche deposition. Because the coarse clasts and sandy matrix indicate high-energy flow regimes, Gs1 is interpreted to have formed in a stream-dominated alluvial fan setting (Ridgway and Decelles, 1993).
4.1.2 Matrix-supported sandy gravel and gravelly sand (Gs2) facies
4.1.2.1 Description
The pebble-bearing sandy gravel and gravelly sand (Gs2) facies consists of matrix-supported gravel-to-cobble-sized material (Figure 1; 59–62 m; Figure 3; 13–14 and 10–11 m). The clasts are mainly 4 cm in size, but 10 cm-sized cobbles were rarely observed. Gs2 is very poorly sorted. The clasts are primarily sedimentary rocks and angular, with some angular–subangular clasts. Some clasts are impactites. The matrix consists of coarse-to-medium-grained sand. This facies is generally ∼1 m thick but can be >2 m. Some parts of Gs2 exhibit weak horizontal stratification and rapid upward fining. Some parts of this facies also exhibit weak normal to reverse grading. Gs2 is interbedded with massive sand (Sm), planar interbedded sand (Sl), and densely packed sandy gravel (Gs1).
4.1.2.2 Interpretation
Gs2 is interpreted to have been deposited by stream flow in an alluvial fan or by a debris flow, and it transitions into the Gs1 facies where it exhibits normal to reverse grading typical of subaqueous alluvial fan deposits formed by debris (Ridgway and Decelles, 1993) and hyper-concentrated grain (Miall, 2006) flows.
4.1.3 Clast-supported muddy gravel (Gm1) facies
4.1.3.1 Description
The densely packed muddy gravel (Gm1) facies consists of a clast-supported gravel-to-cobble-sized material (Figure 3; 44–45, 35–36, and 34–35 m). It contains mainly 1.5-cm-sized pebbles, but some 8-cm-sized cobbles were occasionally observed, for example, at depths of 35.0–35.6 m (Figures 3D, E). Gm1 is very poorly sorted. The clasts consist of sedimentary rock, are predominantly angular and subangular, and have variable colors. The matrix consists of (brownish) gray silty to sandy mud. Gm1 contains unoriented clasts, but a weak horizontal fabric occurs at 11.4–11.6 m depth (Figures 3B, E, N).
4.1.3.2 Interpretation
The low matrix content (e.g., 35.5−35.6 m depth), sharp lower contact, and unoriented gravel to pebble clasts indicate deposition from viscous gravelly debris or hyper-concentrated flows (Maharjan et al., 1970; Horton and Schmitt, 1996; Yu et al., 2019). The Gm1 facies was deposited by a debris flow. Hyper-concentrated sediment flows occur in subaerial environments, such as alluvial fans, slope aprons, and rock avalanches, or as high-density turbidite flows in subaqueous environments (Nelson et al., 1986; Ineson, 1989; Kim and Chough, 2000; Pope et al., 2008; Li et al., 2016). Based on the morphology of a simple impact crater (Osinski et al., 2022, and references therein), water sources are limited to the drainage area from the crater rim wall. Therefore, the sedimentary sources of debris flows and rock avalanches were deposited in the proximal area of an alluvial fan adjacent to the crater lake.
4.1.4 Matrix-supported muddy gravel and gravelly mud (Gm2) facies
4.1.4.1 Description
The pebble-bearing muddy gravel and gravelly mud (Gm2) facies is a disorganized, matrix-supported gravel containing mainly subrounded-to-subangular, 2-cm-sized pebbles, although 10-cm-sized cobbles were rarely observed (Figure 3; 44–45, 42–43, 40–41, 35–36, 34–35, and 11–12 m). Gm2 is very poorly sorted, and the clasts primarily consist of sandstones, mudstones, and rare impactites. The matrix is a mixed sand and silt-rich mud, that is light-to-dark gray in color. The clasts in Gm2 exhibit normal-to-inverse grading or are not graded (Figure 3; 42–43, 35–36, 34–35, and 13–14 m). Grading is also observed in the matrix.
4.1.4.2 Interpretation
Gm2 has a high matrix content and unoriented clasts (Figure 3A), indicating deposition in viscous gravelly debris flow channels that may have been mass flows. Normal grading or normal-to-inverse grading is interpreted to reflect changes in flow regime in a subaerial or subaqueous environment (Heward, 1978; Shultz, 1984; Sletten et al., 2003; Fanetti et al., 2008; Talling et al., 2012). The grading of the matrix and clasts in Gm2 is interpreted to be due to hyper-concentrated flow deposition, given that a hyper-concentrated suspension has a weak yield strength and becomes density-stratified. Gm2 could have been deposited as a high-energy debris flow or by bedload transport in the laminar-to-turbulent flow regime (Miall, 2006). However, in this case, Gm2 may also have been deposited by the migration of gravel sheets across bar tops or by the development of fan lobes (Tha et al., 2015).
4.1.5 Massive sand (Sm) facies
4.1.5.1 Description
The massive sand (Sm) facies consists of fine-to-medium-grained sand with sparse pebbles. It is well-sorted and common in the gravel layers. The Sm facies occurs at 11.85–12.0, 30.3–30.6, and 53.3–53.6 m depth (Figures 2, 4; 53.45, 30.45, and 30.55 m depth; Figure 3; 13–14 and 11–12 m depth). Sm occurs mainly between the lower and upper parts of Gs2 and is generally 10–20 cm in thickness. Internal structures are not present, distinguishing Sm from the planar interbedded and graded sand (Sl) facies. Massive brownish sand occurs at 10.0–11.2 m depths (Figure 3).
[image: Figure 4]FIGURE 4 | Grain size distribution plots for selected sediment samples. The scale is log10 (2 mm).
4.1.5.2 Interpretation
Sm is massive and well-sorted sand and is interpreted to have been deposited by bedload or as basal fill-in channels (Miall, 2006). The massive brownish sand, including some gravel, is interpreted to have been subaerially exposed, which caused oxidization.
4.1.6 Planar interbedded and graded sand (Sl) facies
4.1.6.1 Description
The planar interbedded sand (Sl) facies is coarse-to-medium-grained sand, poorly sorted, and light gray in color. The Sl layers at 38.5–38.7 and 17.6–17.8 m depths occur only as lenses in CT images (Figure 3; 17–18, 13–14, and 10–11 m), as Sl is poorly preserved in the drill core. Locally, Sl overlies small-scale, cross-laminated sand. Sl is massive or diffusely graded, weakly planar-bedded, and typically occurs at 39.2–39.3 and 17.45–17.5 m depths. Sl exhibits fining-upward, erosive bases, and small-scale interbeds with silty sand. Sl occurs mainly between the lower and upper parts of Gs2 and is generally 10–20 cm thick.
4.1.6.2 Interpretation
Sl facies exhibits horizontal and cross-bedding, reflecting the intermingling of distributary channels in a fluvial and alluvial setting on a subaqueous platform (Alván and von Eynatten, 2014; Gao et al., 2019; Winsemann et al., 2022). The stratified sand beds record the accretion and downstream migration of bar forms, with the coarsening-upward trend indicating downstream armoring. These bar forms have features typical of mid-channel or longitudinal bars (Kostaschuk et al., 1986; Nemec and Postma, 1993; Ridgway and Decelles, 1993).
4.1.7 Massive mud (Mm) facies
4.1.7.1 Description
The massive mud (Mm) facies comprises fine to very fine sandy to silty mud. The lower part is dominated by sandy mud and the upper part by mud (Figure 3; 44–45, 42–43, 35–36, 29–30, and 13–14 m), and weak normal grading is evident. Individual layers of Mm are very thin (5–20 cm) and interbedded with gray mud. Rare angular to subangular granules occur in this facies. Scattered organic materials are also present but are not abundant. The top and bottom of Mm are in abrupt contact with other lithofacies, such as Ml and Sm.
4.1.7.2 Interpretation
Mm occurs mainly between the lower and upper parts of Gm2 and is generally 10–20 cm in thickness. The Mm facies is widespread in the deep lacustrine sediments. Normal grading is typical of turbidite sediments (Ineson, 1989; Bouma, 2000; Mulder and Alexander, 2001; Yu et al., 2019), and thus Mm records a weakening of the flow energy during deposition. Sandy debris flows mix extensively with water in deep lake environments, leading to a further reduction in fluid density, which leads to turbulently supported sediment flows (Li et al., 2016).
4.1.8 Laminated mud and sandy mud (MI) facies
4.1.8.1 Description
The laminated mud (Ml) facies consists of planar bedded mud (Figure 3; 29–30, 18–19, 17–18, and 11–12 m). It is generally ∼0.5 m thick and most abundant at 17.8–30 m depth. Organic matter occurs in the upper part of this facies but is not abundant. Laminations of variable thickness are well-developed, and the sedimentary structure is mainly defined by color and grain size (Figure 3, 29–30 m; Figure 4B, 18.95 m). Laminations consist of alternating massive mud (Mm) facies in brown, gray, and white colors. The laminated mud layers have sharp planar contacts, although these are less distinct in some intervals. The laminae are commonly >1 mm thick. The laminated mud layers consist mainly of silt and <5% clay (Figure 6).
4.1.8.2 Interpretation
The fine-grained and generally well-sorted nature of Ml indicates that this facies was mainly deposited from suspension in stagnant or slow-moving waters, probably in a lake or swamp setting (Miall, 2006).
4.1.9 Deformed mud and sandy mud (Md) facies
4.1.9.1 Description
The deformed mud and sandy mud (Md) facies comprises alternating green–gray silty mud and gray silty mud. This facies was initially deposited as the Ml facies. The Md facies exhibits deformation structures, such as folding, convoluted, and zig-zag bedding (Figure 3C, 40–41 m). The Md sediments may have been reworked. The convoluted, folded bedding and distorted thin mud beds are interbedded with Gm2, with the latter being a poorly sorted mixture of pebble-to-cobble-sized clasts set in a muddy matrix.
4.1.9.2 Interpretation
The Md facies is a secondary unit formed from previously deposited muddy sediments. The Hapcheon Basin is located within a major fault system (i.e., the Yangsan Fault) on the eastern side of the Korean Peninsula (Cheon et al., 2019). Therefore, post-depositional deformation was likely caused by large rainfall events and seismic activity. The soft sediment deformation structures of Md may be related to earthquake events (Jiang et al., 2016; Rana et al., 2016; Tinterri et al., 2016; Gao et al., 2020). In addition, a slump-like structure was observed.
4.1.10 Mud and tephra (Mt) facies
4.1.10.1 Description
The mud and tephra (Mt) facies has a light pink color and is 10-cm-thick, silt-bearing, thin-bedded sand that clearly contains tephra (Figure 3, 18–19 m; Figure 4B, 18.25 m). The silt-sized grains of tephra do not include other reworked sediments. This facies is rarely laminated and consists mainly of volcanic glass (Figures 5A, B).
[image: Figure 5]FIGURE 5 | Photomicrographs of typical sediments from core 20HCL04. (A–B) Photomicrographs of tephra shards extracted from the sediment samples at 18.4 m depth (A, stereo-image; B, composite image). Shards are white in color and have platy, cuspate, and pumiceous morphologies. (C–D) Photomicrographs of tephra shards and fragments of melt rocks extracted from the sediment samples at 63.85 m depth (C, stereo-image; D, composite image). Shards are white or yellow in color and have platy, cuspate, and vesicular morphologies. (E) Photomicrograph of melt breccia sampled at 51.97 m depth, which shows two fragments of melt glass (indicated by the arrows). (F) Photomicrographs of melted glass fragments. Scale bars are 200 μm in length.
4.1.10.2 Interpretation
Mt is ash deposited from a volcanic eruption either nearby on the Korean Peninsula (Chun and Cheong, 2020; McLean et al., 2020; Chen et al., 2022) or in another country, such as Japan (Machida, 1999; Ikehara, 2015; Matsu’ura et al., 2017).
4.2 Sedimentary environments
Four sedimentary units and eight sub-units were classified into units 1–4 from the base to the top of the core (Figure 3). The main characteristics and sedimentary facies are detailed in Table 3.
4.2.1 Unit 1: distal margin of subaqueous alluvial fan–delta
The Gs1, Sm, and Gs2 facies occur in Unit 1. The gravel clasts in Unit 1 are sandstone and mudstone from the sedimentary bedrock, and Unit 1 has relatively high contents of melt breccia and melt rock fragments compared to the upper units (Figures 5C–F). This high content of melt rocks from the crater wall and fallback material marks the onset of sedimentation in the crater.
Unit 1 is characterized by normally graded, sandy–pebbly gravels that alternate with massive coarse sand. Given the bowl-shaped topography formed by meteorite collisions (Osinski et al., 2022, and references therein), the sediment supplied from the steep crater wall was carried by debris flows, which produced various sediment types depending on water content. Gs1 and Gs2 in Unit 1 are dark gray in color and do not have defined contacts. The underlying gravel exhibits normal grading typical of alluvial fan deposits. Gs1 and Gs2 are typical debris flow deposits formed in a subaqueous alluvial fan–delta (Al-Sarawi, 1988; Francke et al., 2016; Ebinghaus et al., 2017; Ye et al., 2021). The uppermost 10 cm of Unit 1 comprises highly packed clasts that are in unconformable contact with Unit 2.
4.2.2 Unit 2: alluvial fan (Unit 2a) and shallow lake (Unit 2b)
Unit 2 is subdivided into Units 2a and 2b. The Gm1, Gm2, Sm, Sl, Mm, and Ml facies occur in Unit 2a, and the Gm2, Sm, Sl, Mm, Md, and Ml facies occur in Unit 2b. Unit 2 is characterized by a fining-upward sequence and repeated couplets of lower gravel and upper mud facies (Figure 3). This is important evidence for multiple sedimentary sources from a slope apron system (Nelson et al., 1986; Li et al., 2016). Units 2 and 3 are clearly distinguished from Units 4 and 1 by the muddy matrix (Figure 5) of the former. Gravel in Unit 2 is relatively fine-grained compared to Unit 1. Unit 2a is interpreted to have been deposited in a subaqueous environment, in which middle fan–delta and high-density flow deposits are interbedded. In contrast, Unit 2b is interpreted to have been deposited in a shallow-water lake. Horizontal laminae and bedding developed on top of the dark gray mud on top of the gravelly mud, indicating that these sediments were deposited by hyper-density flows and turbidity currents (Maharjan et al., 1970; Heward, 1978; Miall, 2006; Talling et al., 2012).
Unit 2 records frequent environmental changes. The Gm1 and Gm2 facies repeatedly exhibit reverse grading (Figure 3). In particular, these facies exhibit characteristics of alluvial fan deposits formed by hyper-concentrated and debris flows in a subaqueous environment. As a consequence of their high-relief catchments, alluvial fans tend to aggrade by catastrophic sedimentary processes associated with occasional flash flood events of relatively short duration and by debris flows with high sediment-to-water ratios (Heward, 1978; Shultz, 1984; Sletten et al., 2003; Fanetti et al., 2008; Talling et al., 2012).
4.2.3 Unit 3: alluvial fan (Unit 3a) and deep lake (Unit 3b)
Unit 3 is subdivided into Units 3a and 3b. The Gm1, Gm2, Sm, Sl, Mm, and Ml facies occur in Unit 3a, and the Sm, Sl, Mm, Ml, and Mt facies occur in Unit 3b. Like Unit 2, the matrix of Unit 3 consists of clay and exhibits characteristics typical of alluvial fan deposits formed by hyper-concentrated and debris flows in a subaqueous environment. Unit 3a is interpreted to have been deposited in a relatively deep, large-scale, central part of a subaqueous alluvial fan. In contrast, Unit 3b is interpreted to have been deposited in a deep lake. In Unit 3b, planar bedding and laminations are well-developed. These layers were likely generated by an event sequence, but they are unlikely to be varve sediments because they do not repeat rhythmically. Laminations and bedding may have been formed by surge events.
4.2.4 Unit 4: subaerial alluvial fan and fluvial channel
Unit 4 is subdivided into Units 4a, 4b, and 4c. The Gs1, Gm1, Gs2, Gm2, Sm, Mm, and Ml facies occur in Unit 4a; the Gs1, Gm1, Gs2, Sm, Sl, and Mm facies occur in Unit 4b; and the Gs1, Gs2, Sm, and Sl facies occur in Unit 4c.
The lower part of Unit 4a represents a gradual transition from Unit 3b and, thus, a gradual change in the depositional environment. Although the lake setting persisted after the deposition of the Mt facies in Unit 3b, the environment of the subaerial alluvial fan and high-density flows became dominant, with sediments supplied from adjacent slopes. Channel bodies along the bars were filled with upward-fining sand and mud, indicating bed aggradation, channel obstruction, and local avulsion (Heller and Paola, 1996). Unit 4b represents clast-to-matrix-supported, fine upward surge deposits. More compacted and coarser clast-supported gravels (Gs1 and Gm1 facies) and fine-grained layers (Gm2 and Mm facies) indicate more high-energy depositional events during the deposition of the uppermost part.
Scattered, clast-supported deposits in Unit 4c (Figure 3) suggest that exceptional, high-energy events occurred or that the deposits were entirely reworked based on the occurrence of unoriented angular clasts. The basal surfaces of Unit 4c are distinct and marked by pebble-to-cobble-sized clasts.
4.3 Ages of Units 3 and 1
The plant fragments sampled at depths of 5.82 and 23.46 m in core 20HCL04 yielded radiocarbon ages of 46,000 and 48,000 cal. yr BP, respectively. In addition, the measured radiocarbon age was actually at the limit of detection and was considered a minimum age. The other radiocarbon ages were >50,000 cal. yr BP and beyond the radiocarbon dating limit (Table 2). Two fine-grained (4–11 μm) quartz OSL samples were collected from core depths of 5.5 and 7.5 m in core 20HCL04, with De values of 545 ± 33 Gy and 552 ± 34 Gy, respectively. However, the 2*D0 values of the exponential component were observed to be 459 ± 16 Gy and 491 ± 24 Gy, respectively. When De is greater than twice D0, De values should not be calculated because of the dose characterizing the rate of signal increase within the saturating exponential (Wintle and Murray, 2006; Kim et al., 2010). Therefore, the De values of two OSL samples were obtained in a dose range where the exponential component was saturated.
TABLE 2 | Accelerator mass spectrometry (AMS)14C age data for core 20HCL04. All dates were calibrated to calendar years before the present (cal. yr BP relative to 1950 AD) using the OxCal program with the INTCAL13 calibration dataset for plant fragments (Reimer et al., 2013).
[image: Table 2]Simple burial dating derived from 26Al and 10Be measurements of core samples at depths of 17.5 m and 63.5 m were observed to be 0.52 ± 0.17 and 1.33 ± 0.14 Ma, respectively (Table 3). Ages were based on two basic assumptions. First, and most importantly, we calculated burial ages by assuming either negligible or steady-state erosion. Post-depositional nuclide production was not considered. The quartz minerals must have undergone only one exposure–burial cycle in the past ca. 10 Myr to satisfy this assumption. If this assumption is incorrect, then the burial age must be considered the maximum. The possibility that the two dated samples underwent a complex exposure–burial history cannot be ruled out. Second, the samples were assumed to have been buried at a sufficient depth to neglect the effects of cosmogenic nuclide generation, owing to post-burial muons. The two dated samples were obtained from deeply drilled cores, and the possibility of post-burial cosmogenic nuclide generation can be ruled out.
TABLE 3 | Cosmogenic nuclide concentrations of two samples. The simple burial age of each sample was calculated (without post-burial production corrections) following the method of Granger and Muzikar (2001) and Granger et al. (2013). The simple burial ages are not the true burial ages.
[image: Table 3]The ages of 1.33 ± 0.14 Ma at 63.5 m depth (Unit 1) and 0.52 ± 0.17 Ma at 17.5 m depth (Unit 3a) are thought to provide reliable age constraints on the studied core. Simple burial dates from the two samples are in stratigraphic order.
5 DISCUSSION
5.1 Crater sedimentation and post-cratering evolution
The ca. 66-m-thick sediment core provided the first record of the syn-to-post-cratering of the Hapcheon impact crater. Sedimentation occurred in four depositional stages, as suggested by the vertical sequence of facies from Units 1 to 4 (Figure 6). The sedimentary environments represented by the 20HCL04 core are discussed in the following paragraph, with constraints provided by the previously reported 20CR05 core (Figure 7) (Lim et al., 2021). Considering existing studies showing that the permeability of rocks increases immediately after a meteorite collision, there is a clear possibility that groundwater can fill the empty lake formed after the impact (Parnell et al., 2010; Komatsu et al., 2014). However, more mineralogical evidence is needed to confirm groundwater inflow into the lake, and further research is necessary in this regard. Therefore, even if groundwater influenced the collision crater lake, there was no significant change in the sedimentary interpretation of the sediments flowing into the lake. As a result, changes in the sedimentary environment caused by groundwater were not considered separately in this study.
[image: Figure 6]FIGURE 6 | Stratigraphy of drill core 20HCL04 showing the lithologies, interpreted sedimentary units and facies, 14C ages (C symbols), OSL ages (O symbols), and grain size (clay, silt, and sand in percent). Dominant facies are indicated in italics and bold: Gs1, densely packed sandy gravel facies; Gs2, sandy gravel, and gravelly sand facies; Gm1, densely packed muddy gravel facies; Gm2, muddy gravel, and gravelly mud facies; Sm, massive sand facies; Sl, planar interbedded sand facies; Mm, massive mud facies; Ml, laminated mud and sandy mud facies; Md, deformed mud and sandy mud facies; Mt, mud and tephra facies.
[image: Figure 7]FIGURE 7 | Schematic depositional model for the crater lake of the Hapcheon Basin, showing the alluvial fan and lacustrine systems and sedimentary units.
5.1.1 Deposition of Unit 1
The depositional record of Unit 1 is incomplete because of the limited core recovery from the expected base of the sediments (Figure 6). Based on the cratering process reported in a previous study, the initial crater floor before sediment infilling was a breccia layer or fractured basement rocks (Lim et al., 2021).
The 20HCL04 core did not recover the lowest part of the sediments in contact with the brecciated fracture zone, whereas the 20CR05 core did drill through these sediments. The Gs1 and Gs2 facies, consisting of mixed sand and gravel, were emplaced on the crater floor by gravity and overriding concentrated density flows. Angular gravel of country rock was observed to be mixed with melt breccia, fragments of melt rocks, and melt glass (i.e., fallback ash) related to the impact. The age of 1.33 ± 0.14 Ma dates the impact collision and the onset of sedimentation after the formation of the Hapcheon crater. This (before 63,000 yr. BP) is quite different from that reported by Lim et al. (2021).
This first depositional stage in the Hapcheon crater was characterized by the collapse of unstable crater walls and the re-deposition of unconsolidated ejecta and fallback tephra on steep slopes. Similar coarse-grained clastic deposits rich in wall-rock fragments occur in basal crater sediments elsewhere. The subaqueous emplacement of the basal coarse-grained clasts and the normal grading of Gs1 suggest that a body of water quickly began to accumulate in the post-impact stage.
The deposition of Unit 1 possibly occurred in the middle of an alluvial fan or a subaqueous alluvial fan–delta (Maharjan et al., 1970; Heward, 1978; Ghibaudo, 1992; Kim and Chough, 2000; Liu et al., 2019; Yu et al., 2019; Barrett et al., 2020). Common debris flow deposits are matrix-supported. The sediments of Unit 1 exhibit normal grading and are clast- and matrix-supported. Thus, the depositional environment is interpreted to have been in the middle of an alluvial fan, with the debris sources near the crater wall. Some of the sediments were transported using stream or channel flow processes (Sm) to the middle of the alluvial fan (Figure 7). The water source for transporting the sediments may have been the local watershed, climate-driven precipitation, or groundwater discharge.
5.1.2 Deposition of Unit 2
The deposition of Unit 2 was characterized by sediment with a finer-grained matrix compared to Unit 1 (Figure 6). The sedimentary facies in Unit 2 represent multiple alluvial processes and sediment sources with rapidly changing sedimentary environments (Figure 7).
Slope failures, such as landslides and rock avalanches from the crater walls, formed slope deposits with morphologies typical of a slope apron or alluvial fan (Yu et al., 2019; Yu et al., 2019), indicating that the crater had multiple sediment sources. Unit 2 had a sharp contact with Unit 1, and the matrix in Units 1 and 2 clearly changed from coarse to fine sand.
Unit 2 consists of subunits 2a and 2b. Unit 2a is characterized by clast-dominated sediments with a muddy matrix, and Unit 2b is characterized by a muddy matrix with rare clasts. Unit 2 is interpreted to have been deposited in an environment that transitioned from an alluvial and shallow-water setting to a deep-water setting during the deposition of Unit 3. This transition can be attributed to various factors, such as climate change, tectonic setting, relative erodibility of the source rocks, and availability of surficial deposits within the drainage basin (Hooke and Rohrer, 1977; Ritter et al., 2000; Andrews and Hartley, 2015; Winsemann et al., 2022).
The sedimentary facies of Unit 2 exhibit many changes indicative of subaerial to subaqueous environments (Figures 6, 7). Normal grading and reverse grading result from debris and hyper-concentrated turbidity flows (Sohn et al., 2001; Liu et al., 2015).
5.1.3 Deposition of Unit 3
The deposition of Unit 3 occurred in an alluvial fan-to-lake setting with gradually deepening water depths (Figure 6). Unit 3 consists of subunits 3a and 3b. Unit 3a is clast-dominated with a muddy matrix, and Unit 3b is a planar bedded mud layer.
In the CR01 core (Lim et al., 2021), the lake sediments were up to 72 m thick and contained well-developed planar laminae and bedding. The distance between the locations of the 20CR05 and 20HCR04 cores is 1.35 km, and these locations are at a similar altitude of 21.7 m (Figures 1C, D). The 20CR01 core records a stable lake environment, whereas the 20HCL04 core records sediment influx from surrounding slopes (Figure 1D). Thus, the 20CR01 core only contains fine-grained material transported by suspension in the lake waters. These fine-grained sediments were deposited in Unit 3 (Figure 7).
The uppermost part of Unit 3b contains tephra (i.e., glass shards), which is either airfall or reworked material. The absence of other reworked sediments in the tephra suggests that it is a primary airfall deposit. Only the upper part of the tephra layer (Mt facies) is found at other sites in the Hapcheon Basin. This tephra needs further research to determine its source and age.
5.1.4 Deposition of Unit 4
The deposition of Unit 4 was characterized by a gradual change from a deep lake setting to the present-day subaerial alluvial fan setting (Figure 6). Unit 4 consists of subunits 4a, 4b, and 4c. Unit 4a was deposited in a subaqueous environment that changed from a deep to a shallow lake. Unit 4b was deposited in a subaqueous to subaerial environment proximal to an alluvial fan or in a fluvial environment. Unit 4c was deposited in a subaerial alluvial fan and alluvial fan stream channels similar to the present-day setting.
The deposition of Unit 4 was associated with environmental changes caused by the sedimentary sources. Units 4a and 4b in a lake system were more affected by nearby slopes. The variability of the sedimentary sources can be attributed to different factors, such as climate change, relative erodibility of source rock types (Hooke and Rohrer, 1977), availability of surficial deposits within the drainage basin, and the rate and spatial distribution of subsidence (Allen and Hovius, 1998).
The sedimentary depositional environments of cores 20CR05 and 20HCL04 exhibit significant differences. Given that the altitudes of the two core locations are similar and that the lake depth remained the same, sediment infilling would occur first at the outer edge of the lake close to the crater rim. Eventually, the sedimentary accommodation space would have been filled in the interior of the crater (Figures 1D, 7). The coarsening-upward nature of the gravel units indicates increased flow competence and final fluvial deposition by powerful, boulder-transporting flood flows and subsequent debris flows. From the slopes or valley streams, the concentrated debris flow deposits covered the sheet deposits.
Unit 4c in core 20HCL04 represents deposition in a subaerial environment of an alluvial fan, and a correlated unit should be present in core CR05 as it would be difficult for deep water to exist at the 20CR05 core site at the same time.
Present-day geomorphological features were reported by Hwang and Yoon (2016) for the southern mountain slopes or valleys to the north of the three alluvial fan systems. Unit 4a (Figures 1C, D) is interpreted as having been deposited in an alluvial fan system that flowed down a valley from the northern slope. The alluvial fan means that the lake setting was no longer present or was only intermittent (Figure 7).
Therefore, by the time Unit 4 was deposited, the topography of the crater lake and basin had changed. The accommodation space created by the impact was infilled by the lower units. Subsequently, a watershed area similar to the present-day basin system became filled with alluvial fan deposits, such as the uppermost part of Unit 4a.
5.2 Quaternary geological implications of sediments in the Hapcheon impact crater
Sedimentary records can provide information on geomorphology, as inferred from sedimentary processes and depositional environments, because sedimentary processes are controlled by source materials and sediment transport regimes, including hydrological conditions. Another important factor is the size of the drainage basin (Crosta and Frattini, 2004). Alluvial fan and lacustrine depositional environments are represented in the sedimentary record of the Hapcheon impact crater (Figure 7).
The diversity of geological and geomorphological conditions within the study area allowed the study of a wide range of conditions under which processes on alluvial fans occurred. However, this complexity conceals the relationships and interactions between the factors that control the sedimentary processes. The geomorphology of alluvial fans and drainage basins can provide insights into the evolution of an alluvial fan and the hydrological processes responsible for fan building. Alluvial fan morphology is a consequence of different processes (Hooke and Rohrer, 1977; Blair and McPherson, 2008), while drainage basin morphology controls these different processes (Kostaschuk et al., 1986; Harvey et al., 1999; Blair and McPherson, 2008). The reason for this is that sediment discharge out of a catchment increases with increasing drainage area.
The morphology of an impact crater is bowl-shaped rather than V-shaped. This shape is formed because the sedimentary accommodation space created by the meteorite collision is simultaneously filled with collision-related sediments and crushed bedrock. The bowl-shaped accommodation space is bordered by a rimmed platform, a steep-sloped rimmed boundary, and sediment sources consisting of fallback ejecta, melting breccias, and brecciated basement rocks. These source materials are reworked and deposited by sedimentary processes such as gravity flow into the crater until the accommodation space is filled. Therefore, the geomorphology can be gleaned from the sedimentary processes as seen in the sedimentary record (Figure 7).
Craters formed by meteorite collisions are usually filled with impact-shocked material that is dispersed immediately after the collision. This means that the sedimentary layer in the crater may indicate a younger age than the actual collision period, as it refers to the period when sedimentation began after the meteorite impact. This may mean that the collision occurred much earlier than the ages reported by Lim et al. (2021), despite the small point of age dating results. Based on our results, the Hapcheon crater contained a lake of 1.3–0.5 Ma. This is the first reported paleo-lake in Korea from this period, and it may provide a record of past Quaternary climate change on the Korean Peninsula.
The pressure, magnitude, and nature of the meteorite collision involved in the generation of the Hapcheon impact crater are unknown. However, the core sediments of 20HCL04 may contain materials that could determine the nature of the meteorite collision, which should be the subject of further research.
The presence of the tephra layer is also important because it can be used as a marker bed in the studied basin. Moreover, this tephra is the first reported on land in Korea, and volcanic activity has not been reported on the Korean Peninsula during this period (after 0.5 Ma). This tephra layer needs to be further investigated to identify its source and implications for volcanic hazards in Korea.
6 CONCLUSIONS
The Hapcheon Basin is the first meteorite impact crater reported on the Korean Peninsula. A sedimentary record for the Hapcheon impact crater was reconstructed from core 20HCL04. After the impact, a lake setting developed in the crater, thus controlling the sediment sources, transport, and deposition from the crater wall to the interior. A clast-supported gravel layer was mainly found in Unit 1, which was the lower section of the 66-meter borehole; this was interpreted as the initial lake environment where a sediment layer flowed in from the slopes after the meteor impact. Unit 2 was mainly found a matrix-supported gravel layer. Sedimentation occurred in the lake margin environment as the lake’s water depth deepened, and an upward fining structure was observed. Unit 3 was a mud layer with lamination and SSDS, which was interpreted as sedimentation occurring in a lake environment with deep water depth. The section’s SSDS was mainly formed by tectonic activity, such as earthquakes or landslides. It is believed that the Hapcheon Basin was also affected by such a tectonic event. The very thick laminated sediment layer may have been formed in a stable lake environment where the sedimentation rate was very low. As a result, it is thought to contain a record of climate changes during the Quaternary period. In Unit 4, there was a transition to an alluvial fan environment as the lake water depth gradually decreased and outlets formed due to accumulation. Furthermore, the sediment layer developed due to some small stream activity.
The lake system persisted from 1.3 to 0.5 Ma, and the lake sediments record climatic changes and, possibly, earthquake and volcanic events. This provides further impetus to obtain sediment cores from the Hapcheon impact crater lake and undertake further research on these sediments.
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ractes s (Description)
Predominantly clast-rich dense gravel with sand-dominant matris, occurrence of
various size impactite with muddy sand, and sub-rounded to sub-angular clasts

Loosely disorganized gravel with a sand-dominant matrix and clasts consists of sub-
angular or sub-rounded clasts and occasionally displays upward-fining, but is mostly
uniform
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to angular clasts
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coarse sand of a light gray color; and medium-to-coarse-grain sand, relatively well
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silty sand; partly slightly clast fabric; and fining-upward, but mostly uniform
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fine sand, sheet-like distribution, and organic matter (plant materials) in individual
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convoluted, and folded shape

Pinkish light to medium gray thin-interbedded 6-cm thick silty mud, pinkish gray in
color, and very fine sand separated by thin silt layers

Interpretation

High-density flow dominated

Subaqueous, high-density flow
dominated

Debris flow dominated

Subaqueous debris flow dominated
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dominated
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dominated

Suspended sedimentation dominated

Suspended sedimentation dominated

Slide and slump processed after
deposition

Volcanic transport dominated
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