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Hailar crater, a probable impact structure, is a circular depression about 300 m diameter in Inner Mongolia,
northeast China. With broad elevated rims, the present rim-to-floor depth is 8–20 m. Regional geological
background and geomorphological comparison suggest that this feature is likely not formed by surface processes
such as salt diapir, karst, aeolian, glacial, or volcanic activity. Its unique occurrence in this region and well-
preserved morphology are most consistent with it being a Cenozoic impact crater. Two field expeditions in
2016 and 2017 investigated the origin of this structure, recognizing that (1) no additional craterswere identified
around Hailar crater in the centimeter-scale digital topography models that were constructed using a drone
imaging system and stereo photogrammetry; (2) no bedrock exposures are visible within or adjacent to the
crater because of thick regolith coverage, and only small pieces of angular unconsolidated rocks are present on
the crater wall and the gently-sloped crater rim, suggesting recent energetic formation of the crater; (3) most
samples collected from the crater have identical lithology and petrographic characteristics with the background
terrain, but some crater samples contain more abundant clasts and silicate hydrothermal veins, indicating that
rocks from depths have been exposed by the crater; (4) no shock metamorphic features were found in the
samples after thin section examinations; and (5) a systematic sample survey and iron detector scan within
and outside of the crater found no iron-rich meteorites larger than ~2 cm in size in a depth of ~30 cm. Although
no conclusive evidence for an impact origin is found yet, Hailar craterwasmost likely formed by an impact based
on its unique occurrence and comparative geomorphologic study. We suggest that drilling in the crater center is
required to verify the impact origin, where hypothesized melt-bearing impactites may be encountered.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Impact craters are common landscapes on planetary bodies that
have solid surfaces, such as Earth's moon, Mercury, and Mars. Inner
solar system bodies, including Earth, have the same cratering history
(e.g., Strom et al., 2015); but active surface geological processes have
removed or buried most of the crater record on Earth (e.g., French,
1998). So far, only 191 impact craters have been confirmed on Earth,
and 126 of them are exposed on the surface (http://www.passc.net/
EarthImpactDatabase/). Theoretical estimates suggest that numerous
craters, especially those b~6 km in diameter are awaited to be
confirmed on Earth's surface (Hergarten and Kenkmann, 2015).
Considering that buried and partly destroyed impact craters are
more difficult to discover, the number of unconfirmed impact craters
on Earth is much larger (Stewart, 2011). The significance of impact
cratering to Earth's evolution has been well recognized (e.g., French,
ute, School of Earth Sciences,
mo Road, Hongshan District,
1998), and each newly confirmed impact crater has significantly
promoted our understanding of the impact history on Earth, cratering
mechanics, and the profound effect of impact cratering on Earth’ system
(e.g., Collins et al., 2012).

China has great potential for finding new impact craters. For exam-
ple, the source crater of the Australasian tektites might be located in
China (Kenkmann et al., 2014;Mizera et al., 2016). The spatial and strat-
igraphic positions of confirmed Earth impact craters show an uneven
distribution, asmost impact craters are discovered at tectonically stable
regions (Stewart, 2011). China is an anomalous area on the world map
of confirmed Earth impact craters (Fig. 1), because so far only one crater
(Xiuyan, 1.8 km diameter) has been confirmed in China (Chen, 2008).
The paucity of impact craters in China cannot be solely ascribed to its
complicated tectonic evolution, as large areas of cratonic regions exist
in China (Ren, 1996) and ~115 of the 191 confirmed Earth impact
craters were formed in the Mesozoic or later (http://www.passc.net/
EarthImpactDatabase/). Rather, a major reason is that the concept of
impact cratering as an important geological process on Earth's surface
has not beenwell advocated or popularized among the Chinese geology
community, as only a handful of possible impact craters in China have
been proposed since the 1970s (Xu et al., 2017).
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Fig. 1.Globalmap of confirmed Earth impact craters. The base image is the 1:50million onshore geological map of theworld (http://www.onegeology.org/). The Xiuyan crater is so far the
only confirmed impact crater in China.
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We launched a programto search for possible Earth impact craters in
China in 2014. Those proposed by earlier researchers, which were
primarily based on their circularmorphology, are our first-stage targets.
Six high-priority examples have been studied via field investigation and
sample analyses, and five of them are disapproved to have an impact
origin, e.g., the Duolun basin (Xu et al., 2017) and the Baisha crater
(Pu et al., 2018). The Hailar crater in Inner Mongolia, northeast
of China is so far the only one that has a high possibility of being an
impact crater. This crater possesses significant scientific value for under-
standing the regional paleoclimate as it has been a stable depositional
center since formation, and it may also serve as a useful benchmark
for impact cratering mechanics that occur on volcanic breccia. Here
we report the results of a remote sensing study and two field expedi-
tions, in September 2016 and October 2017, to verify the origin of the
Hailar crater.

2. Geological background

The Hailar crater, with a rim-to-rim diameter of ~300 m and
central coordinates of 49.630°N, 119.186°E, is within the Hulun
Buir grasslands of Inner Mongolia (Fig. 2). The apparent crater diam-
eter is ~200 m (Fig. 2B). This feature was first noticed by Xiao et al.
(2012) during a regional geological survey. A possible impact origin
was proposed based on its unique occurrence in this region, but
the flat crater floor was mistakenly regarded as a morphological
indicator of impact cratering (Xiao et al., 2012). Referring to well-
accepted criteria used in identifying Earth impact craters (e.g., French
and Koeberl, 2010), no diagnostic evidence (e.g., remnants of impactor
and shock metamorphic features) for the impact hypothesis has been
established for this crater.

This region is part of a Mesozoic fault basin, the Labudalin basin
(about 57 × 210 km) that is developed on top of the Xing'an–Mongolian
orogenic belt (Fig. 3). The orogenic belt was formed during the
accretionary orogenesis of the North China plate and the Siberia plate
since the Paleozoic (Pan et al., 2009). Compression dominated regional
tectonic activity until the early Cretaceous, when the source of tectonic
stresses shifted from the Paleo-Asian Ocean tectonic regime to the
circum-Pacific tectonic regime (Liu et al., 2008). Since the early
Cretaceous, extension has been the dominate deformation pattern in
the basin, mainly driven by the subduction of the Pacific plate under
the Eurasian plate. Faults that trend northeast, north–northeast, and
east–west were formed in the Early Cretaceous, which also set the
boundary of the Labudalin basin (Fig. 3). Massive center- and fissure-
type volcanism occurred in the basin from the Middle Jurassic and
ceased at the end of the Early Cretaceous as the eruption center migrat-
ed eastward (Wang et al., 2006). Vertical movements dominated the
regional tectonic activity after the Early Cretaceous, and Paleogene
rocks are weakly developed within the basin because of crustal uplift
(Fig. 3). The Labudalin basin was occupied largely by lakes during the
Pleistocene and early Holocene owing to periodic warming and
downfaulting (Yan and Zhang, 2008). The Pleistocene sediments in
the basin are mainly lake deposits such as clays and loess, and the
Holocene sediments are mainly gravels, silts, and sands formed by a
combination of fluvial deposition, lake evolution, and aeolian processes
(Zhou et al., 2000). The present topography of the Labudalin basin
consists of low-relief hills, which are mainly composed by the Upper
Jurassic and Lower Cretaceous volcanic rocks (Fig. 3).

In summary, geological evolution has formed a two-layer stratigra-
phy in the Labudalin basin (Fig. 3): (i) a basement that is mainly com-
posed by Paleozoic and upper Mesozoic granites and metamorphic
rocks that outcrop at limited locations (Fig. 3), and (ii) a younger
cover that is dominated by Upper Jurassic and Lower Cretaceous
intermediate–felsic volcanic rocks and Quaternary sediments. The
Hailar crater is formed in the Lower Cretaceous volcanic rocks that
belong to the Shangkuli Formation (Fig. 3), which can be divided into
three segments based on the lithology. From bottom to top, these are
(Meng et al., 2011): (i) dacite that is interbedded with rhyolite
and shale; (ii) rhyolitic quartz trachyte and tuff; (iii) ignimbrite and
rhyolitic breccia.

3. Methodology

Except for the location and regional geological background, little else
is known about the Hailar crater that might be helpful to determine its
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Fig. 2. The location, morphology, and topography of the Hailar crater. (A) Google Earth image (~5 m/pixel) shows that the Hailar crater (red arrow) is in a low-relief mountain
area. Ancient river banks are visible to the northeast and to the southwest of the crater (white arrows). The region is covered by natural grassland with no bushes or trees. b1
and b2 are the sampling sites for controlling the background lithology. (B) ArcGIS image showing the snow-covered Hailar crater and its raised crater rim (~5 m/pixel).
The southern rim is more obvious in topography. The inset figure shows an elevation profile across the crater, which is derived from the digital elevation model shown
in (C). (C) Topography of the Hailar crater constructed from a drone photogrammetry survey (Section 5.1). The southern crater wall is much wider than the northern crater
wall. The blue arrow points to the vehicle that was employed during the field trip.
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origin (Xiao et al., 2012). Most confirmed Earth impact craters have a
unique occurrence at regional scales (French, 1998), which is a useful
reference for evaluating the possibility of an impact origin. Therefore,
using multi source high-resolution images and a digital elevation
model (DEM), a remote sensing study was carried out in and around
the Labudalin basin before the field investigations, from which we
confirmed the unique occurrence of the Hailar crater (Section 3). This
motivated the two field trips to the crater, during which we have
performed the following investigations.
• Derived a centimeter-scale DEM for the crater (Fig. 2C) and its
background topography (Section 4.1) to better understand the
morphology and geometry and also to search for possible nearby
craters considering that many hundred-meter-scale Earth impact cra-
ters occur in clusters, e.g., the Henbury crater in Australia (Milton and
Michel, 1965). The spatial resolution of DEM in the public domain is
not adequate to fully reveal the morphology of the Hailar crater
and its background terrain, for example, the vertical accuracy of the
ASTER DEM is ~10 m, which is approximately the same with the
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Fig. 3.Geologicalmap and stratigraphic columnof the Labudalin basin. The Hailar crater ismarked as the red star. The inset figure shows themajor tectonic regimes of China, and the study
area is within the Tianshan–Xing'an–Mongolia Orogenic belt. The geological map is modified from IMBGMR (Inner Mongolian Bureau of Geology and Mineral Resources), 1991(1991),
Wang et al. (2006), Liu et al. (2008), Li et al. (2010), and Zhao et al. (2011).

Table 1
List of confirmed Earth impact craters that have rim-to-rim or apparent diameters of
about 80–600 m; the information is mainly based on the Earth impact crater database
(http://www.passc.net/EarthImpactDatabase/); whether or not PDFs are found were
referred from sources that are listed in the database.

Name Diameter (m) Age (Ma) PDFs Drill Meteorites

Veers 80 ~0.004 No No Iron
Morasko 100 b0.01 No No Iron
Kaalijärv 110 0.004 ± 0.001 No Yes Iron
Wabar 110 0.00014 Yes No Iron
Henbury 157 0.0042 ± 0.0019 No No Iron
Odessa 168 b0.0635 No Yes Iron
Boxhole 170 0.0054 ± 0.0015 No No Iron
Macha 300 b0.007 Yes No Iron
Aouelloul 390 3 ± 0.3 Yes No Iron
Amguid 450 b0.1 Yes No N/A
Monturaqui 460 b1 Yes No Iron
Kalkkop 640 0.25 ± 0.05 Yes Yes N/A
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rim-to-floor depth of the Hailar crater (Fig. 2C). Unmanned aerial ve-
hicles (i.e., drones) and photogrammetry are a powerful technology
combination to derive high quality DEM that have comparable spatial
resolutions with airborne LiDAR systems (Harwin and Lucieer, 2012).
Employing a DJI Phantom 4 Pro quadcopter (www.dji.com) and
the Agisoft Photoscan (www.agisoft.com) software, we construct-
ed a high-resolution DEM for the crater and its background terrain
(Section 4.1). Overlapping photographs taken by the 20 megapixel
drone camera allow Photoscan to extract three-dimensional
information for the ground, and photographs taken from different
altitudes could be used to build a DEM for different-sized targets.
In our experiments, the threshold number of overlapping images
for each point is set to be N9 to ensure high ground resolution. To
further improve DEM resolution and reduce positional errors of
the photographs, 42 ground control points with fixed spaces
were deployed in the investigation area before the flights, and
their positions were precisely determined (accuracy b5 mm)
using a combination of a Stonex S6 GNSS base station and a Stonex
S3 mobile station (www.stonexpositioning.com). The ground
control points were served as benchmarks to precisely locate
each photograph. During the construction of point clouds, some
calibration points were left to verify the accuracy of the DEM. Pho-
tographs (796) were taken from an elevation of ~100 m, and were
used to build an ~700 × 700 m DEM (2.8 cm/pixel) for the Hailar
crater (Fig. 2C). Photographs (578) were taken from an elevation
of ~300 m, and were used to build an ~1200 × 1200 m DEM (7.8
cm/pixel) for the background terrain (Section 4.1). The vertical ac-
curacy of the DEM is comparable with the pixel resolution, which
can be testified by comparing the GNSS measured heights and the
DEM-derived heights for the ground control points.

• Compared the lithology, mineralogy, and microstructure of rocks
sampled from the crater and those from the background terrain
(Sections 5.2 and 5.3), as Earth impact craters cause strong distur-
bances to the local lithology and structural geology (Kenkmann
et al., 2014).

• Scanned the crater wall and exterior (to a radial distance of ~100 m
to the crater rim) to search for possible impactor remnant, be-
cause most Earth impact craters that have rim-to-rim diameters
of ~300 m were confirmed by finding meteorites (Table 1).
Besides eye searching, a Teknetics T2 commercial metal detector
(www.tekneticsdirect.com) was employed, which is equipped
with a 28-cm coil that works at 13 KHz and is capable of finding
iron-rich materials within a depth of ~40 cm.

Furthermore, for Earth impact craters that are b~2–4 km in diame-
ter, typical shock metamorphic features (such as planar fractures PFs
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and planar deformation features PDFs) in quartz and feldspar are sel-
dom in exposed impactites (Stöffler and Langenhorst, 1994). However,
some impact breccias on crater walls, especially those that occur as
melt-bearing breccia dikes, may contain shock metamorphic features
(Kenkmann et al., 2014), e.g. the Macha crater in Russia (Gurov and
Gurova, 1998). Therefore, samples collected from the crater wall and
rim were carefully searched for potential shock metamorphic features
under microscopes.

4. The possible impact origin

Using high resolution DEM (30 m/pixel; Advanced Spaceborne
Thermal Emission and Reflection Radiometer Global Digital Elevation
Model; ASTER DEM) and satellite images (e.g., Google Earth and ArcGIS
world imagery), we have systematically searched for features that have
morphology and topography similar to the Hailar crater within the
Labudalin basin and in adjacent areas (49–51°N; 118–121.5°E). This
work was manually done by dividing the search area into small rectan-
gular blocks (10 × 10 km), and each block was then examined at differ-
ent scales. The search confirmed the regional geologicalmapping results
of Xiao et al. (2012) that the Hailar crater is the only circular depression
larger than ~200 m in diameter that has raised rims in this region.

The unique occurrence, raised crater rims, and the regional geologi-
cal background of the Hailar crater can rule out the possibility that karst,
salt diapir, or glacial activity might have formed this feature.

• The Hailar crater is in the Lower Cretaceous intermediate–acid volca-
nic rocks (Section 4.3), and carbonates are not present around the cra-
ter (Fig. 3). There is no material basis for a possible karst formation.

• Over 80 salt lakes have been foundwithin the Hailar basin, which is to
the south of the Labudalin basin (Zheng and Lv, 1994). The salt lakes
are developed within rimless erosional depressions that were carved
by ancient rivers (Zheng, 1991).With a spatial distribution that trends
northeast–southwest (Zheng and Lv, 1995), the salt lakes occur in
clusters (Zheng, 1991) and are mostly b5 m deep (Zheng and Lv,
1995). However, no salt lakes or ancient salt deposits have been
discovered within the Labudalin basin (Zheng and Lv, 1995). With a
minimum rim-to-floor depth of ~8 m (Fig. 2C), the isolated Hailar
crater was not formed as a salt lake or by salt diapir.

• Various-sized circular depressions can be formed by terrestrial glaciers,
e.g., tarns that are found in ice-gouged cirque basins, kettle pits that are
formed by ice melting during glacial retreat, and methane holes that
are formed by juvenile gas activity. These features normally occur in
groups. There has been controversy about whether or not Quaternary
glaciers covered low mountain areas (elevation b3000m) in the east-
ern part (115°E and eastward) of China (Shi et al., 1986). The Labudalin
basin has an average elevation of ~600m, and theminimum longitude
is 118°E. No granular glacial deposits have been reported within the
Labudalin basin. Therefore, the unique occurrence of the Hailar crater
in this region indicates that glacial activity was probably not the
forming mechanism.

The Hailar crater is not a blowout that was formed by wind erosion
and deposition. Blowouts are common landforms in the Hulun Buir
sandy grasslands, which are mainly developed along the meandering
Hailar Riverwhere land reclamationwas heavy in the twentieth century
(Duet al., 2012). Blowouts usually occur in groups, and they have a pref-
erential spatial orientation of northwest to southeast, as the prevailing
wind in this region is from the northwest (Fig. 4). Blowouts are formed
of deflation pits and depositional lobes (Hesp, 2002). Deflation pits
are rimless and irregularly shaped depressions that have small depth-
to-diameter ratios (Fig. 4), as they can be as large as ~200 m in length
but are uniformly b5 m deep (Zhang et al., 2006). On the contrary, the
Hailar crater has fully developed raised rims (Fig. 2C), and it is substan-
tially deeper. Soil desertification is not severe in the area where the
Hailar crater is located, and blowouts are not developed in this
grassland. Therefore, wind erosion is not the formation mechanism for
the Hailer crater.

The Hailar crater is not a volcanic crater, although it is within the
Upper Cretaceous volcanic rocks (Fig. 3). Volcanism has been absent
on the surface of the Labudalin basin since the Early Cretaceous
(Section 2). Pleistocene and older volcanic edifices, such as volcanoes
and other eruption centers in eastern Inner Mongolia, are not well pre-
served because of heavy degradation (Bai et al., 2012). Indeed, no topo-
graphic manifestations of Mesozoic volcanic edifices have been
reported within the Labudalin basin. Based on the positive topography
and radially distributed gullies around the flank (Fig. 5A), two features
located to the southwest and outside of the Labudalin basin were
interpreted to be rhyolitic volcanic craters that were formed in theMid-
dle Jurassic (Ren et al., 2015). However, the interpretation is not conclu-
sive because erosion could also form radially distributed gullies around
high topography, especially when the target material is rhyolite or
welded tuff (Ren et al., 2015). On the other hand, the nearest volcanic
craters that have similar preservation states with the Hailar crater are
the upper Pleistocene and Holocene maar, Hawaiian- and
Strombolian-type alkaline basaltic volcanoes (Figs. 5B–5D), which are
N300 km to the east and south of the Labudalin basin (Bai et al., 2012).
These volcanoes are formed in an extensional tectonic environment
that is driven by the subduction of the Pacific plate (Bai et al., 2012). Al-
though individual volcanoes might have a plane morphology similar to
the Hailar crater (e.g., Fig. 5D), they occur in groups instead of as single
depressions. The absence of Quaternary volcanoes within the Labudalin
basin is consistentwith the eastwardmigration of volcanic centers since
the Early Cretaceous in northeast China (Wang et al., 2006). Therefore,
a possible volcanic origin of the Hailar crater is not supported by its
distinct morphology within the Labudalin basin or the regional
geological background.

5. The 2016 and 2017 field expeditions

5.1. Morphology of the Hailar crater and its background terrain

The high-resolution DEM of the background topography derived
from photogrammetry (inset in Fig. 6) shows that the Hailar crater is
on a gently sloped terrain (~1.8°). No other circular depressions are
visible at the ~2.5-km-wide regional DEM or satellite images (Fig. 6C
and D). This region is covered by smooth grassland where local slopes
are normally b5° (Fig. 6B). The Hailar crater causes a strong disturbance
in the regional slope map, as the lower parts of the crater walls have
slopes of ~15° or steeper (Fig. 6B). Raised rims are present all around
the crater (Figs. 2C and 6C), which is consistentwith the sudden appear-
ance of the crater on approach. Notably, the southeastern crater rim is
~10 m higher in elevation than the northwestern rim (Fig. 2C), so that
the rim-to-floor depth varies from ~8 to 20 m at different azimuths
along the rim (Fig. 6C). The southeastern crater rim is not directly con-
nected with the hill to the east, and the white arrow in the inset of
Fig. 6C shows the break point. While the rim crest can be found by trac-
ingmaximumelevations along the crater rim (Fig. 2C), the upper part of
the crater wall does not have slopes as steep as the lower part (Fig. 6B).
The slope distribution of this crater and the softened rim crest are con-
sistent with muted crater topography that is caused by diffusive degra-
dation, as a combination of rim crest retreat and crater infill causes the
migration of the crater rim and the topographic inflection points on the
crater wall (Craddock and Howard, 2000).

Ancient river banks are visible to the north and west of the crater,
e.g., white arrows in Fig. 2A. The regional DEM in Fig. 6C shows that
the river bank has approximately the same elevations. The river channel
is currently not used by active fluvial systems and is covered by grass-
land. On the other hand, gullies are visible to the south of the crater
(Figs. 2A and 6), which are developed within the volcanic rocks from
the Shangkuli Formation (Section 4.2). Although the gullies appear to
have steep slopes in the ArcGIS image (Fig. 6D), the high-resolution



Fig. 4. Blowouts developed along the Hailar River, which is to the south of the Labudalin basin. (A) Irregular-shaped blowouts that are centered at 49.30°N, 118.75°E (north is to the top).
The base image is from Google Earth. (B) Elliptic and irregular-shaped blowouts that are centered at 49.24°N, 118.33°E (north is to the top). The base image is from Google Earth. (C) Field
image shows the wind inlet of a blowout has flat rims (Wang and Hasi, 2009). (D) Field image shows the erosional walls of a blowout and the depositional lobes in the distance. The
blowout does not have raised rims on the walls (Du et al., 2012).
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DEM reveals that the gully walls have slopes of b2°. Outflow channels
associated with the gullies are connected with the ancient river bank
(blue arrows in Fig. 6D), suggesting a tributary source and feed relation-
ship. The northwestern rim of the Hailar crater appears to have been
eroded by post-formation processes. The present elevation is part of a
contour (594m) that is connected with the outflow channel, indicating
that the Hailar crater possibly formed before the end of the fluvial activ-
ity that has carved the gullies.

5.2. Search for shock metamorphic features

5.2.1. Lithology of the background terrain
The lithology and microstructure of the background strata are the

basis to identify shocked featureswhen comparedwith samples collected
from the hypothesized impact crater (French andKoeberl, 2010). Because
no outcrops are visible around the crater, we investigated three locations
that are N2 kmaway from the crater and that also belong to the Shangkuli
Formation (Fig. 2A). Petrographic analyses via thin sections reveal that
the background terrains are composed by intermediate–acid volcanic
rocks, which are represented by dacite, rhyolite, tuff, and volcanic breccia
(Fig. 7).While the detailed petrological and geochemical characteristics of
rocks in the Shangkuli Formation have been investigated by regional geo-
logical study (e.g., Wang et al., 2006), here we focused on the volcanic
breccia because breccia materials are also widespread at the Hailar crater
and they share similar morphology with impact breccia.

Samples taken from an erosional cliff that is ~6 km to the northeast
of the crater (labeled as b1 in Fig. 2A) are dominated by rhyolitic
volcanic breccia (e.g., Fig. 7A). Visible within the sample is ~30 vol% of
clasts (Fig. 7A). The sample has a porphyritic texture and an aphanitic
matrix (Fig. 7B). Samples taken from the gullies that are ~2.5 km to
the south of the Hailar crater (labeled as b2 in Fig. 2A) are transported
because no outcrops are exposed on the shallowwall (Fig. 6B). The sam-
ple shown in Fig. 7C is grayish crystal tuff, where abundant quartz,
plagioclase, andK-feldspar shards are visible (e.g., Figs. 7D). The b3 sam-
pling site for background terrain is outside of the Labudalin basin
(49.27°N, 119.27°E). The samples are dominated by dacite and rhyolitic
breccia. Fig. 7E shows a rhyolitic volcanic breccia that contains ~20 vol%
bluish clasts. The sample exhibits an aphanitic texture, and quartz
shards are visible (Fig. 7F).

5.2.2. Lithology of samples from the crater
The crater and the surrounding areas are covered by thick regolith.

The northern crater rim is covered by N1.5 m thick soil (Fig. 8A), and
regolith terracettes are abundant on the crater wall, especially on the
southern wall (Fig. 8B). No bedrock is exposed on the crater wall or
rim. During the field trip, we noticed that rocks were barely seen on
the grassland within a radius of at least ~1 km from the crater rim.
However, the rock abundance suddenly increased at the crater rim
and wall, indicating that the Hailar crater was formed recently by an
energetic process. Local herdsmen had opened an excavation pit on
the eastern crater wall (Fig. 8A), where small pieces of rocks are rela-
tively abundant. To reveal bedrock, two temporary trenches were
opened near-perpendicularly to the local slope on the craterwall during
the field investigation. One trench (P1; Fig. 8B), ~1.5 m deep, is in the
previous excavation pit (Fig. 8C); and the other one, ~1 m deep (P2;
Fig. 8B), is on one of the steepest parts of the crater wall (Figs. 6B and
8D). The P1 trench reached the saprolite layer, while the P2 trench
was within the soil layer. To minimize disturbance, the trenches were
refilled after studying the regolith profile and taking samples.

Most of the samples share the same lithology and microstructure
with those in the background terrain. A major difference is that many
samples collected from the crater contain abundant hydrothermal
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Fig. 5. Volcanic craters in eastern Inner Mongolia. These volcanoes are outside the Labudalin basin, and no Cenozoic volcanoes have been identified within this basin. (A) Google Earth
image (~6m/pixel) shows a Jurassic rhyolitic volcano interpreted by Ren et al. (2015), which was based on its positive topography and the radially distributed gullies. The dashed circle
denotes the rim of the interpreted volcano. This feature is ~230 km to the southwest–west of the Hailar crater. (B) ArcGIS image (~5 m/pixel) shows some of the cone craters in the
Keshiketeng volcanic field. This area is ~750 km to the south of the Hailar crater. (C) Google Earth image (~12 m/pixel) shows maar and cinder cones in the Nuominhe volcanic field,
which is ~300 km to the east of the Hailar crater. (D) ArcGIS image shows a cinder cone and the associated lava flows in the Aershan volcanic field (~5 m/pixel), which is ~300 km to
the southeast–south of the Hailar crater.
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silicate veins (e.g., Fig. 9), which are rarely seen in samples collected
from the background terrain. The veins are partially transparent, and
light (e.g., Fig. 9C) or dark (Fig. 9E and G) in colour. They are composed
mainly of well-crystallized, fine-grained quartz (e.g., Fig. 9D and H).
The clasts entrained in the silicate veins are mostly angular, indicating
that the veins were emplaced relatively fast. The well-crystallized
quartz within the silicate veins suggest that the breccia rocks (Fig. 9A,
C and E) are not impact breccia that contains melt veins, as impact
melt in melt-bearing impact breccia are glassy because of the large
cooling rate (e.g., French, 1998). Rather, silicate veins are most likely
hydrothermal veins that were emplaced before the rocks were exposed
to the surface.

Several samples collected from the crater have darkish glassy veins
(e.g., Fig. 9G), which could be formed either duringprevious volcanic ac-
tivity or by the hypothesized impact event.We have carefully examined
these samples in thin sections, together with the other samples collect-
ed from the crater, to search for potential shock metamorphic features.
We focused our search for PFs and PDFs in quartz and feldspar as these
minerals are most abundant in intermediate–acid volcanic rocks. No di-
agnostic shock evidence is found. The fractures in quartz and plagioclase
shown in Fig. 10 represent some of themost heavily deformed in all the
samples collected. However, compared with typical PFs and PDFs
(e.g., French and Koeberl, 2010), these fractures are either much wider
(e.g., Fig. 10A and D), exhibit wavy morphology (Fig. 10B), or do not
occur in parallel groups (e.g., Fig. 10C). Therefore, we conclude that
the samples collected from the crater have not recorded shockpressures
larger than ~5 GPa (e.g., French and Koeberl, 2010).

That the samples collected from the Hailar crater do not contain
shock overprints (Figs. 9 and 10) is not surprising even if this crater
was formed by impact cratering. On Earth, impactites that contain dis-
tinctive shockmetamorphic features (e.g., shatter cones, PDFs in quartz
and feldspar) are not abundant in simple craters that are b~2–4 km in
diameter (French, 1998). The reasons are threefold: (i) the energy of
small impact events is relatively low so that the volume of materials
shocked above threshold pressures (e.g., N2 GPa for shatter cones and
N~5 GPa for PDF in quartz) is small (French and Koeberl, 2010); (ii)
the movement trajectory of displaced materials during the cratering
process show that impactites that contain diagnostic shock imprints
are mostly buried beneath the final crater floor (Melosh, 1989); and
(iii) while some impactites that have recorded shockmetamorphic fea-
tures are ejected during the excavation process, post-formation erosion
would quickly remove or modify the signatures, especially for glasses

Image of Fig. 5


Fig. 6.High-resolution DEM constructed for theHailar crater and its background terrain. (A) Orthographical image showing the van thatwas employed during thefield trip, whichwas parked
at the southeastern crater rim (location is marked in Fig. 2C). The width, length, and height of the vehicle are consistent with those derived from the DEM elevation profiles, proving the high
accuracy of the DEM. (B) Slopemap derived from the DEM shown in Fig. 2C. The black circle denotes the crater rimwhere themaximum rim elevations are located. The crater interior exhibits
much steeper slopes than the surroundings, and the southern crater wall is wider than the rest of the crater wall. The two excavation trenches (P1 and P2) are open on the steepest part of the
crater wall. (C) Regional DEM shows that raised rims are developed all around the crater. The topography profile in the inset shows that the crater is on a slope that is ~1.8°. The gullies to the
south of the crater are carved by seasonal fluvial activity, and the slope is b2° on the gully wall. The black dashed contour follows ancient river banks. (D) ArcGIS image (5m/pixel) shows the
background terrain of the Hailar crater in winter. The ancient river banks are barely visible in optical images. Blue arrows mark the outflow channels connected with the gullies.
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that are quenched from impact melt. Indeed, PDFs in minerals are only
discovered in craters larger than 300 m in diameter and mostly from
drilling cores (Table 1).

5.3. Search for meteorites

For the confirmed Earth impact craters that have diameters of ~300
m, most of them are proved by the discovery of impactor remnants,
which are uniformly ironmeteorites (Table 1). Using themetal detector,
we systematically scanned the crater wall and the exterior up to a radial
distance of ~100 m from the crater rim for possible iron meteorites.
Fig. 8A shows the metal detector being used during field work. During
the field scan, numerous discarded iron wires, bottle caps, knives, and
other man-made iron objects were found within a depth of ~30 cm,
the smallest one being ~2 cm in length. However, no iron meteorites
or cinder-like materials were detected. We conclude that there are no
iron meteorite fragments larger than ~2 cm within a depth of ~30 cm
at the Hailar crater.

Alternatively, if the Hailar crater had an impact origin, it was not
formed by an iron but a stony projectile. It is now recognized that
meter-sized stony projectiles could avoid severe fragmentation during
passage through the atmosphere if they have low cosmic velocities
(12–14 km/s) and shallow entry angles (b20°). For example, the ~14-m
diameter Carancas crater in Peru was formed by an ordinary chondritic
projectile (Kenkmann et al., 2009). During fieldmapping in 2016,we par-
ticularly searched for rock debriswithin and outside of the crater that had
different lithology and structure to the targetmaterials. However, no such
samples were encountered. Notably, loose boulders b~5 cm in length
might have been missed during the search. Therefore, our work does
not preclude the possibility that small pieces of stony meteorites might

Image of Fig. 6


Fig. 7. Lithology of samples from the background terrain. (A) Rhyolitic volcanic breccia sampled from the b1 location (Fig. 2A), where abundant clasts and quartz (labeled as Q) shards are
visible in the thin section (B). (C) Crystal tuff sampled from the b2 location (Fig. 2A; coin is 2.5 cm in diameter), where abundant quartz (Q), plagioclase (Pl), and K-feldspar (Kf) are visible
among the aphaniticmatrix (D). (E) Rhyolitic volcanic breccia sampled from the b3 location,where clasts are abundant and quartz shards are visible (F). Themicroscopic photos are taken
under crossed polarizers.
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be present at the crater, but they were not discovered during the field
survey.

6. Discussion and conclusion

We have performed a remote sensing study and field investiga-
tions of the Hailar crater in northeast China. High-resolution digital
elevation models obtained by a drone imaging system reveal that
this crater has fully developed raised crater rims and that no accom-
panying craters exist in the surrounding area. This crater is formed
in Upper Cretaceous intermediate–acid volcanic rocks, and com-
pared with the nearly rock-free grasslands in the surroundings, a
relatively high abundance of rock debris was only visible on the
crater rim and interior. Samples taken from the crater share similar
lithological andmicrostructural characteristics with the background
terrain, but some samples show evidence of intense hydrothermal
activity before being exposed to the surface. However, no shock
metamorphic features were identified within the samples. Further-
more, search for possible remnant impactors, especially iron
meteorites, was not successful. Although no diagnostic evidence
supporting the impact origin of the Hailar crater has been found,
the remote sensing study and regional geological background sug-
gest that impact cratering is the most reasonable formation mecha-
nism for the Hailar crater.

The geological setting shows that this crater must be younger than
the Lower Cretaceous rocks. The well-preserved crater rims indicate
that it was possibly formed in the Cenozoic because older terrains
with comparable sizes (volcanic edifices) have been largely eroded
(Bai et al., 2012). However, the cross-cutting relationship between the
crater and nearby fluvial system (Fig. 6) cannot place a narrower con-
straint for the possible stratigraphic age of the crater. Xiao et al.
(2012) believed that the crater has a minimum age of ~1 million years
because N1 m thick soil now covers the crater rim (Fig. 8). However,
a precise age can only be obtained if a future drilling project could
penetrate through the crater fill deposits.

Indeed, a drilling project may be the only way to verify the origin of
theHailar crater. If the impact origin is true, impactmelt-bearing breccia
might be encountered beneath the crater floor, where diagnostic shock
metamorphic features are more likely to be discovered (e.g., French,
1998). That would further reveal the maximum shock pressure
recorded in the samples, shedding light on the possible impact velocity
and the size of the impactor.

Image of Fig. 7


Fig. 8. Thick cover of regolith in the Hailar crater. (A) Arial photo of the Hailar crater thatwas taken at an elevation of ~20m by the drone (north is toward the upper-left). The inset in the
middle shows a marmot hole on the northern crater rim that is N1.5 m deep from the ground surface and is wholly within the soil layer. The inset in the lower left shows a field photo of
meteorite hunting using an iron detector. (B) Oblique view of the southern crater wall and rim that was taken from the western crater rim. Regolith terracettes are developed on the
southern crater wall, e.g., the two white dashed lines. The inset DEM shows the field of view. (C) The P1 trench on the eastern crater wall. The yellow line denotes the approximate
boundary between the soil and saprolite layers. (D) The P2 trench on the southeastern crater wall did not penetrate through the soil layer. The locations of the two trenches are marked
in Figs. 6B and 8B. The 30-cm-long hammer is for scale. Samples collected from the crater are from the P1 trench and colluvium on the surface.
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Image of Fig. 8


Fig. 9. Samples collected from the Hailar crater. (A) Volcanic breccia sampled from the northern crater rim. (B) Abundant clasts and a minor amount of mineral shards are visible
(e.g., quartz labeled as Q). (C) Volcanic breccia sampled from the southern crater wall (~3 cm long). (D) The veins are mainly composed by well-crystallized fine quartz (labeled as Q).
(E) Volcanic breccia sampled from the northern crater wall (~10 cm long). The siliceous cement is dark, and the subangular fragments (N40 vol%) have different colors. (F) The darkish
veins are composed by well-crystallized quartz (labeled as Q). (G) Breccia rock sampled from the southern crater wall (~5 cm long), containing light- and dark- (yellow arrow) colored
veins. (H) The darkish vein is mainly glassy (boundary defined by the yellow dashed lines), and quartz fragments are visible within the vein. Photos for the thin sections are taken
under crossed polarizers.
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Fig. 10.Microstructures within samples collected from the Hailar crater that are not PFs or PDFs. (A) Fractures in quartz from a volcanic breccia. (B) Fractures in a quartz from a volcanic
breccia. (C) Fractures in a quartz. (D) Fractures in plagioclase from a dacite sample. The photos are taken under crossed polarizers.
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