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Abstract-In recent years, numerous meteorites have been collected in desert areas in
northern and western China. We describe the environment of some deserts in this region,
and the petrological and mineralogical characteristics of 49 of the recovered ordinary
chondrites. They consist of 14 H chondrites, 33 L chondrites, and 2 LL chondrites. Of the
300 desert meteorites with approved names from deserts in China, there have been 287
ordinary chondrites, six iron meteorites, one CO3 chondrite, one diogenite, one ureilite, one
brachinite, one eucrite, and one EL7 chondrite. Forty-two dense meteorite collection areas
(DCAs) have been defined, mainly located in northern and western China. The meteorites
collected are mainly from the Kumtag DCA, followed by the Alatage Mountain, Loulan
Yizhi, Hami, and Lop Nur DCAs. After tentative pairing of the meteorites, we estimate
that the ordinary chondrites account for 72% of the desert meteorites collected in China,
with 63 H chondrites, 133 L chondrites, and 20 LL chondrites. This dominance of L
chondrites contrasts with other deserts, which may result from the insufficient collection or
bias in pairing of ordinary chondrites. The mass distribution of meteorites from different
DCAs in China is consistent with that from DCAs in Africa. Based on the available
information and the meteorite flux model proposed by previous studies, we suggest that the
time over which meteorites have been accumulated in the southern Hami DCA might be
>10 kyr. Therefore, the southern Hami region is currently the most suitable area for
meteorite collection in China.

INTRODUCTION

Meteorites are commonly classified as falls and finds
depending on whether they have been observed during
their entry into our atmosphere and recovered shortly
after they landed (Hutchison, 2007). Most finds come
from Antarctica (~64%) and hot deserts (~30%; Drouard
et al., 2019). Hot deserts are suitable for the preservation
and accumulation of meteorites, mainly due to the arid
conditions, the lack of vegetation, and favorable
geomorphologic characteristics (Bland et al., 2000,
Munoz et al., 2007; Zolensky et al., 1995). In addition,
the advantages of meteorites collected from hot deserts
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relative to Antarctica include that (1) hot deserts are
easier to reach (Munoz et al., 2007); (2) meteorite
searching and collection in hot deserts costs less; (3)
unlike Antarctic meteorites, hot desert meteorites are
most often found where they fell and can provide
statistics about meteorite shower distribution, and the
bolide fragmentation processes during the atmospheric
entry (e.g., Gnos et al, 2009; Kring et al, 2001;
Pourkhorsandi et al, 2019). Therefore, an increasing
number of hot deserts have been investigated and
sampled; meteorites have been collected and studied from
arid areas such as the Australian deserts (Benedix et al.,
1999; Bevan & Binns, 1989), the Atacama (Drouard
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Fig. 1. Map of desert meteorites collected in northern and western China. The rectangle with the thin black borders represents a
collection area (see text), which spans a unit of latitude and longitude. The number of collected meteorites less than 10 in dense
meteorite collection areas (DCAs) are marked by the black borders, meteorites from 10 to 20 appear in blue, from 20 to 30 in
yellow, from 40 to 50 in green, and those with more than 60 stones are in red. The base map is from Google Earth. The
numbers figured in white in or around DCAs are linked to the names of DCAs reported in Table 3. (Color figure can be viewed

at wileyonlinelibrary.com.)

et al., 2019; Gattacceca et al., 2011; Hutzler et al., 2016;
Munoz et al., 2007), the Sahara (Aboulahris et al., 2019;
Bischoft & Geiger, 1995; Ouazaa et al., 2009; Schliiter
et al., 2002), the central and southwestern United States
(Hutson et al., 2013; Kring et al., 2001; Rubin & Read,
1984; Rubin et al., 2000; Zolensky et al., 1990), the
Arabian Peninsula (Al-Kathiri et al., 2005; Gnos et al.,
2009; Hezel et al., 2011; Hofmann et al., 2018; Zurfluh
et al., 2016), and the Lut Desert (Pourkhorsandi et al.,
2019).

There are vast arid areas, mostly stony deserts,
distributed in north and western China that are suitable
for meteorite collection, such as the Kumtag Desert in
the east of Xinjiang Province, the Qaidam Basin in the
northeast of Qinghai Province, and the Badain Jaran
Desert that spans over three provinces (Inner Mongolia,
Ningxia, and Gansu; Fig. 1). However, few desert
meteorites have been collected until the discovery of
two LLS5 ordinary chondrites in Alaer area, Xinjiang, in
2007, which were named Alaer 001 and Alaer 002
(Weisberg et al., 2010). Thereafter, an increasing
number of studies on desert meteorites in China were
reported (Du et al., 2021; Li & Hsu, 2014; Li et al.,

2017, 2021; Zeng et al., 2018). Four meteorite dense
collection areas (Xingdi, Argan, Loulan Yizhi, and Lop
Nur) in the east of the Taklamakan Desert have been
reported by Li and Hsu (2014). Furthermore, Li et al.
(2017) identified a chondrite strewn field (Tuya 002-007)
in Sanfengshan area, located in the east of Lop Nor,
Xinjiang, in which all meteorites were classified as L5
ordinary chondrites, except for Tuya 002, which is an
L4. Recently, the Kumtag 016 L5 meteorite shower, the
Kumtag HS5 meteorite shower, and the Alatage
Mountain 001 meteorite shower were identified, and the
petrology and cosmic ray exposure ages of samples of
these meteorite showers were also reported (Du et al.,
2021; Li et al., 2021; Zeng et al., 2018).

Few studies have focused on the desert meteorites
in China, so, the collection of desert meteorite in China
is to date insufficient as numerous meteorites have not
been collected yet. Moreover, meteorite enthusiasts,
hunters, and even researchers need reliable guidance to
conduct meteorite collection work. Given that there is
no report on the detailed distribution of the desert
meteorites collected in China, we compile the existing
work and combine with new research to summarize the
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Table 1. The climate characteristics of the main meteorite collection areas.

Kumtag Qaidam Badain Jaran
Region Desert Stony desert® Basin Stony desert? Desert Stony desert?
Climate type Extremely dry Warm Typical Sub-cold Strong Temperate arid
continental temperate continental arid climate continental and extremely
climate® arid and desert climate® arid region
extremely climate®
arid region
Surface 22,800 km? 120,000 km* 50,500 km?
Mean annual 10.55 °C® 9.8-13.4 °C 2.7 °C’ 1.1-4.4 °C 7.7-8.2 °C® 59 °C
temperature
Mean annual <30 mm° 16.4-44.6 mm <20 mm' 17.8-84.6 mm 76.9 mm" <250 mm
precipitation
Mean annual 2490.6 mm 3096 mm" 2100-3300 mm  >2500 mm"
evaporation
Dryness degree 16.87-74.36 <10 4-12
Vegetation <5% <5% <10%
coverage

“From He et al. (2009).

®From Lu et al. (2012).

‘From Dong et al. (2012).
9From Shen et al. (2016).
°From Qian et al. (2020).
"From Zhang and Xuan (1996).
#From Yang et al. (2010).
"From Zhang et al. (2015).

classification and distribution of all desert meteorites
collected in northern and western China. We also
estimate the lower limit for the meteorite recovery
density and accumulation time in south Hami area
based on the larger meteorite showers in this dense
meteorite collection area (DCA). Furthermore, we
forecast the areas suitable for meteorite recovery,
especially for special and rare types of meteorites such
as Martian and Lunar meteorites.

DESERT ENVIRONMENT IN CHINA

Due to burial in sand dunes, the chance of finding
meteorites is greater in stony desert areas, such as the
Kumtag Desert, the Qaidam Basin, and the Badain
Jaran Desert in China (Fig. 1). Only a few meteorites
(e.g., BG 001-003, Shanshan 001, and Jinta 001) were
found in small moving sand dunes in the stony desert
around the Badain Jaran Desert and Kumtag Desert,
where additional meteorites were collected on the desert
surface after these dunes moved. Shen et al. (2016)
classified stony deserts in China based on environmental
characteristics; specifically, the Kumtag Desert is warm
temperate arid and extremely arid, the Qaidam Basin is
sub-cold arid and extremely arid, and the Badain Jaran
Desert is temperate arid and extremely arid. To date,
there have been no reports of the surface ages of these

deserts. We briefly introduce the geology and
geomorphological characteristics of the main meteorite
collection areas (climate characteristics are summarized
in Table 1).

Kumtag Desert Area

The Kumtag Desert is located in Xinjiang Province
(Fig. 1), and, covering 22,800 km?, is considered
China’s sixth largest desert (Dong et al., 2009; Qu et al.,
2007; Wei et al.,, 2007; You-hao et al.,, 2006). The
Kumtag Desert is bounded by the Lop Nur Depression
to the northwest; by the eastern branch (Beishan) of the
Tianshan Mountains to the north; and by the Altyn
Tagh Mountains, which have experienced rapid uplift
since the late Pliocene, to the south (Dong et al., 2010,
2012; Li et al., 1979). Gypsum-bearing brown desert soil
is developed in the stony desert regions around Kumtag
Desert, and the gravels in these regions have black to
brown desert varnish (Shen et al., 2016).

Qaidam Basin Area

The Qaidam Basin is the largest intermontane basin
in China and is located at the northeastern edge of the
Tibetan Plateau, with elevations between 1000 m to
more than 6000 m (Liu et al., 1998; Qian et al., 2020).
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The basin is bordered by the Kunlun Mountains to the
south and to the west, by the Altyn Tagh Mountains to
the northwest, by the Qilian Mountains to the
northeast, and by the Ela Shan Mountain to the east,
covering a total area of 12 x 10* km? (Bush et al.,
2016; Li et al., 2016; Rieser et al., 2005; Xia et al.,
2001). The region has a striking desert landscape with
sandy deserts, saline lakes, wind-blown yardangs, and
dome dunes, which result from a higher potential
evaporation (Li et al., 2016; Qian et al., 2020; Ye et al.,
2016). The stony desert in the Qaidam Basin has a gray-
brown desert soil and a surface of gravels with black
desert varnish (Shen et al., 2016).

Badain Jaran Desert Area

The Badain Jaran Desert is located at the northwest
of the Alashan Highland in the western part of Inner
Mongolia autonomous region (Fig. 1) (Zhang et al.,
2015). The desert is bounded by the Mongolia Altay to
the north, by the alluvial/lacustrine plain formed by the
Heihe River to the west, by the Qilian Mountains and
their branches to the south, and by the Yabulai
Mountain and Zongnai Mountain to the east, covering
an area of 5.05 x 10* km? (Hu & Yang, 2016; Wang
et al., 2015; Zhong, 2003). Most of this region has
developed gray to brown desert soil, and dark desert
varnish occurs on the surface of gravel (Shen et al., 2016).

SAMPLES AND METHODS
Samples

The meteorites studied in this work include 49
ordinary chondrites collected from deserts in Xinjiang,
Gansu, Qinghai, and Inner Mongolia (Fig. 1). The
meteorites include AM (045-046), Dunlike (007-008),
Hami (003-005 and 010-015), Huangtuya (003-004),
Kumtag (014, 043-049, 060, 062-064), Lenghu (001 and
004), Loulan Yizhi (046 and 047), Tuanjie (001 and
002), BG 002, Eboliang 005, Erenhot 002, Hoboksar
001, Hongshagang, Hongshijing 001, Muhuren Huduge
001, Niujiaoshan 001, Qiakuertu, Shanshan 001, Turpan
002, Wuerhe, Yangguanzhen 002, YG 001, and YWL
001. Most of the studied ordinary chondrites have
brown-black fusion crusts and some are fractured
(Fig. 2; Table 2). Additional specimen photographs are
available in the supporting information.

Meteorite Classification
Analysis of olivine and low-Ca pyroxene

compositions in the studied meteorites was conducted at
the Guilin University of Technology. Samples were

sliced using a diamond wire saw (STX-603A) and
processed as polished thick sections for petrographic
and mineralogical investigation. Petrographic
observations were conducted on an FEI-Scios field
emission scanning electron microscope equipped with
energy-dispersive detection spectroscopy at the Institute
of Geochemistry, Chinese Academy of Sciences
(IGCAS). The instrument was operated at an
accelerating voltage of 15-30 kV, a beam current of
0.8-1.6 nA, and a working distance of 7-10 mm. In situ
mineral compositions were determined using a JXA
8230 electron probe micro analysis (EPMA), which was
operated at an accelerating voltage of 15 kV and an
electron beam current of 20 nA. The beam spot
diameter ranged from 1 to 10 um. Natural silicates were
used as standards: olivine for Mg and Fe; plagioclase
for Si, Al, and Ca; and pyrope garnet for Ti, Cr, and
Mn. ZAF-correction was used for data reduction. The
detection limits of MgO, Al,O5, CaO, and SiO, were all
0.01%; Cr,03, FeO, and MnO were 0.02%; NiO, Na,O,
and K,O were 0.03%; and TiO, was 0.05%. The
classification of these ordinary chondrites was
conducted using the schema of Van Schmus and Wood
(1967) and Brearley and Jones (1998). The weathering
grade is estimated using the scale proposed by Wlotzka
(1993), which is mainly based on the weathering degree
of Fe-Ni metal.

Meteorite Search Campaigns

The meteorite search campaigns in deserts in China
are all conducted by meteorites hunters by car or by
foot, randomly, without a systematic recovery method: at
first, a few meteorites were distinguished and collected by
our coauthors, geologists, and stone collectors,
accidentally in some areas when they worked in the field.
Thereafter, meteorite search campaigns were conducted
by our team, our coauthors, or other meteorite hunting
teams in these areas. We/they searched the areas where
meteorites had been collected previously by foot, and
then expanded the searching area by car, until another
area with meteorites was discovered.

Meteorite Recovery Density

By combining the numbers and information of
thoroughly collected meteorites finds in a certain area,
one can estimate the meteorite accumulation time based
on the meteorite flux, with the hypothesis that the
meteorites in the studied area are in saturation; in other
words, that there is a dynamic equilibrium between the
disappearance of meteorites caused by terrestrial
weathering and the fall of meteorites. Because no
systematic recovery work has been conducted in China,
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Fig. 2. Photographs of some of the desert meteorites studied in this work include (a) Hami 012, (b) Hami 014, (¢) Hongshijing
001, (d) BG 002, (¢) Kumtag 049, (f) Kumtag 060, (g) Dunlike 007, (h) AM 045, and (i) Hunagtuya 003. More photographs of
meteorite samples in this study can be accessed in the supporting information. (Color figure can be viewed at wileyonlinelibrary.

com.)

only lower limits for the meteorite recovery density and
the accumulation time could be derived in this study.

RESULTS
Classification of the Studied Ordinary Chondrites

The mineral compositions of the 49 studied ordinary
chondrites are listed in Table 2 and plotted in Fig. 3.

Detailed EPMA analysis data are presented in Table S1
in the supporting information. Some representative
backscattered electron (BSE) images of these studied
meteorites are presented in Figs. 4 and 5. Additional
BSE images are also presented in the supporting
information. Based on the petrological characteristics
and mineral compositions, the studied ordinary
chondrites are classified as one H3 chondrite, six H4
chondrites, seven H5 chondrites, two L3 chondrites, 20
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Table 2. List of investigated meteorites, petrographic classification, olivine, and low-Ca pyroxene composition.

Olivine Pyroxene

Name of Weathering n Wo n
meteorites Classification grade Fa (mole%) PMD (olivine) Fs (mole%) PMD (mole%) (pyroxene)
AM 045 H4 Wi 19.3 £ 0.3 1.4 7 16.9 + 0.6 34 09+04 8
AM 046 L5 w2 248 + 0.4 1.7 8 212+ 04 20 1.54+£02 7
Dunlike 007 L6 w2 245 £ 0.7 2.8 6 21.1 £ 0.3 14 144+£02 5
Dunlike 008 LS w4 243 + 04 1.8 8 19.9 + 0.4 1.8 414+04 7
Hami 003 H5 Wi 18.7 £ 0.2 1.3 6 172 £ 1.3 76 1.1+£02 8
Hami 004 L5 w2 228 £0.3 1.2 5 19.5 £ 0.4 20 08405 5
Hami 005 H5 W3 19.7 £ 0.3 1.3 7 17.6 + 1.1 6.1 15+£02 6
Hami 010 L5 W3 255+ 0.3 1.1 5 21.0 £ 0.9 41 144+£02 5
Hami 011 H5 Wi 18.7 £ 0.2 1.3 6 16.8 + 0.5 32 14+£01 6
Hami 012 H5 w4 19.1 £ 0.2 0.9 7 17.1 £ 0.3 1.7 1.54+£03 11
Hami 013 L5 w2 255+ 0.5 1.9 6 20.5+ 04 1.8 144+01 5
Hami 014 L3 w2 243 £ 6.1 252 8 133 +46 342 12+09 6
Hami 015 LS W3 252 £ 0.7 2.8 8 21.2 £ 0.6 31 1.5+£02 8
Huangtuya 003 L5 W3 251+ 0.2 0.8 8 21.6 £ 0.5 24 1.6+02 8
Huangtuya 004 L5 W3 257 +£0.3 1.3 5 21.5+£ 0.3 16 16+01 5
Kumtag 014 L3 w2 229 +£ 13.5 589 45 155+92 595 11+£10 14
Kumtag 043 L6 Wi 255+ 0.5 1.9 5 21.8 £ 0.8 36 1.5+£02 5
Kumtag 044 H5 W3 20.0 £ 0.8 3.9 5 164 + 0.3 20 124+£05 5
Kumtag 045 L6 w4 259 £ 0.5 1.8 10 21.7 £ 0.2 09 1.7+02 10
Kumtag 046 H5 w4 19.8 £ 0.5 24 10 17.6 £ 0.5 26 14+02 10
Kumtag 047 L6 W4 251 £0.3 1.2 5 20.8 £ 0.2 1.1 19+01 5
Kumtag 048 LS w2 247 £ 0.4 1.6 7 20.8 + 0.4 19 194+01 8
Kumtag 049 L6 w4 254+ 04 1.5 5 21.7 £ 0.6 26 1.6+02 o6
Kumtag 060 L5 n.a. 248 £ 0.3 1.3 6 21.2 £ 0.3 1.3 14+02 7
Kumtag 062 L6 w4 250+ 0.2 1.0 5 20.7 £ 0.2 0.8 20+02 4
Kumtag 063 H4 w4 174 £ 0.3 1.5 5 147 £ 0.3 20 02+£00 5
Kumtag 064 L6 W3 25.1 £0.3 1.1 5 21.0 £ 0.2 09 134+02 5
Lenghu 001 H4 w2 18.7 £ 0.2 0.9 7 16.7 + 0.4 26 134+03 5
Lenghu 004 L5 w2 254+ 0.5 2.0 8 213+ 0.5 22 144+£03 8
Loulan Yizhi 046 L5 Wi 252 + 0.6 2.2 6 20.8 £ 0.5 23 1.74+£02 5
Loulan Yizhi 047 L6 n.a. 249 £ 0.2 0.8 5 20.8 £ 0.2 09 16+02 5
Tuanjie 001 H4 W3 177 £ 0.3 1.9 5 15.6 £ 0.3 1.6 10+05 5
Tuanjie 002 L5 W3 253 £ 04 1.7 10 22.0 £0.2 1.0 134+02 8
BG 002 LS w2 249 + 0.5 2.0 5 22.0 £ 1.0 46 14+02 5
Eboliang 005 H4 w4 18.9 £ 0.1 0.6 5 170 £ 0.4 24 124+£02 5
Erenhot 002 L5 w2 25.1 £ 0.6 2.3 5 214 £ 0.7 33 14+£03 5
Hoboksar 001 L6 Wi 26.1 £ 0.2 0.8 5 21.6 + 0.4 1.8 1.7+£02 5
Hongshagang H3 w2 179 £ 38 214 16 131 £40 303 1.7+26 15
Hongshijing 001 L6 Wil 256 £ 0.5 1.8 6 21.8 £ 0.6 26 16+02 5
Jinta 001 LS w2 243+ 04 1.5 4 21.1 £ 04 1.8 1.5+01 4
Muhuren Huduge 001 L5 n.a. 24.1 £ 0.3 1.3 5 209 £ 0.6 3.1 1.4+01 8
Niujiaoshan 001 H4 W4 19.3 £ 0.3 1.5 3 17.1 £ 0.3 1.5 15+01 3
Qiakuertu H5 w4 18.6 £ 0.1 0.4 5 16.5 + 0.2 1.1 12402 5
Shanshan 001 LL5 Wi 30.1 + 0.7 2.3 9 249 £ 0.8 30 19+£01 7
Turpan 002 LL5 W3 29.1 £ 0.6 2.1 10 236 £ 0.3 14 1.7+£02 9
Wuerhe LS Wi 25.0 £ 0.6 2.3 5 212+ 0.3 1.3 14402 5
Yangguanzhen 002 L6 W3 254 +£ 0.6 2.3 5 20.0 £ 0.5 24 1.7+£02 10
YG 001 L5 W3 253 £ 0.5 2.1 6 21.9 £ 0.7 30 12+£02 5
YWL 001 LS Wi 245+ 0.3 1.2 5 204 £ 0.2 .1 154+01 5

Errors for Fa and Fs are 1o standard deviations. PMD = percent mean deviation; n.a. = not analyzed. The full datasets of mineral chemistry

can be accessed in Table S1.
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Fig. 3. Olivine fayalite (Fa) versus low-Ca pyroxene ferrosilite
(Fs) contents for the studied desert meteorites (modified from
Brearley & Jones, 1998). Error bars reflect 1o standard
deviation. The outlier samples with the large error bars are to
Hami 014 (L3; right-hand one), Kumtag 014 (L3; top one)
and Hongshagang (H3). (Color figure can be viewed at
wileyonlinelibrary.com.)

L5 chondrites, 11 L6 chondrites, and two LL5 chondrites
(Table 2). More information (such as coordinates and
recovered mass) is presented in Table S2 in the
supporting information. The estimated weathering grades
of the studied ordinary chondrites are also listed in
Table 2; in summary, they consist of nine W1 meteorites,
13 W2 meteorites, 13 W3 meteorites, and 11 W4
meteorites. Specifically, Loulan Yizhi 046 (Fig. 4e) is a
melt breccia, where melt region I is mainly composed of
olivine with normal and reverse zoning (normal with
Mg-rich in core and Fe-rich at rim), consistent with the
incomplete melting and rapid crystallization typical of
shock processes. Regions II and III are completely
melted and are characterized by tiny euhedral to
subhedral olivine grains, and skeletal olivine crystals
embedded in the mesostasis (Figs. 4¢ and 4f). In
addition, SiO,-rich components (SRCs) and alkali-
feldspar are detected in Hami 014 and Kumtag 014 (e.g.,
Figs. Se and 5g). SRCs are formed in the solar nebula by
fractional condensation, whereas alkali-feldspars with a
primary igneous texture are formed from melt having the
bulk composition of the host chondrules (Hezel et al.,
2006; Lewis & Jones, 2019).

Information about other desert meteorites collected
in China was collected from the Meteoritical Bulletin
Database (https://www.lpi.usra.edu/meteor/metbull.php)
and is summarized in Table 3. The number of ordinary
chondrites (after tentative pairing) of each type from
different deserts and some DCAs is presented in Table 4
and is plotted in Fig. 6.

Mass Distribution

The desert meteorites collected from some DCAs in
China were binned in mass categories (0.1-1; 1-10; 10—
100; 100-1000; 1000-10,000; 10,000-100,000; 100,000—
1,000,000 g) to compare the mass distribution between
different DCAs. The percentages of each range were
calculated and plotted (Table 5; Fig. 7).

Meteorite Shower and Meteorite Pairing

The tentative pairing of the ordinary chondrites
collected in desert areas in China is estimated using the
petrology type, the weathering grade, the mineral
composition, the already distinguished or reported
meteorite shower, the spatial distance between individual
find locations, and the shape of meteorites. Four
meteorite showers in desert areas in China have been
reported, including AM 001-042 (L5, S5, W2) meteorite
shower, with total collected mass ~200 kg (Li et al.,
2021); Kumtag (HS5) meteorite shower with total collected
mass ~180 kg (Du et al., 2021); Kumtag 016 (L5, S4,
W2-3) meteorite shower (including meteorites Kumtag
015-020, 022-031, and 033-038) with total collected mass
~500 kg (Zeng et al., 2018); and Tuya 003-007 (L5, S2,
W3) meteorite shower with total collected mass ~160 kg
(Li et al, 2017). Therefore, meteorites AM 001-042;
Kumtag 015-020, 022-031, and 033-038; and Tuya 003-
007 are paired. The mineral compositions and the find
location of AM 047 are consistent with samples from the
AM 001-042 meteorite shower, indicating AM 047
(50 kg) should also be paired with AM 001-042. Loulan
Yizhi 048 and 049 should be paired with Loulan Yizhi
047 because they have consistent mineral compositions,
petrological  types, weathering grades, magnetic
susceptibilities, and find location. In addition, a few of
the collected meteorites, having large masses and
numerous pieces, likely represent a single meteorite
shower, including Kumtag 047 (~90 kg), Kumtag 062
(~200 kg), Dunlike 007 (30 kg), Dunlike 008 (10 kg),
Loulan Yizhi 047 (190 kg), Eboliang 005 (~25 kg), YWL
001 (~140 kg), Erenhot 002 (~38 kg), Hoboksar (15 kg),
Lop Nur 015 (29 kg), and Wuerhe (~6 kg). Furthermore,
the total mass of meteorites collected in Bayin Gobi
DCAs is larger than 300 kg (each single meteorite being
larger than | kg). Three meteorites with approved names
were collected including L5 chondrites (BG 001 and 002)
and one L6 chondrite (BG 003); both BG 001 and BG
002 are thought to be paired based on their similar
petrological types and shapes. Although BG 003 was
classified as a L6 chondrite recently, it is likely the
product of a single meteorite shower, together with BG
001 and BG 002, because all the meteorites collected in
this area have similar surface features and similar
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Fig. 4. Backscattered electron (BSE) images of representative 5-type chondrite.a, b, d, f) L5 chondrite (Erenhot 002, Hami 010,
Huangtuya 003, and Loulan Yizhi 046, respectively).c, e, g) H5 chondrite (Hami 012, Kumtag 044, and Qiakuertu, respectively).h)

LL5 chondrite (Shanshan 001). ol = olivine, px = pyroxene, pl

= plagioclase, tro = troilite, Fe-Ni = Fe-Ni metal; Fe-Oxi = Fe-

oxide/oxyhydroxide. Additional BSE images of meteorite samples in this study can be accessed in the supporting information.

(Color figure can be viewed at wileyonlinelibrary.com.)

rectangular shapes with near ~90° angles (according to
pictures from the Meteoritical Bulletin Database).

Meteorite Recovery Density

Considering that the meteorites found either in
areas with light-colored granitic rock and soil, or in

meteorite showers, are easier to be recognized than
single and small meteorites, three areas are defined to
estimate the meteorite recovery density, which includes
two light-colored granitic areas (about 44.7 km?> for
area A and about 151 km? for area B) in the southern
Gobi area of Hami, and one area (arca C) with five
meteorite showers identified (Fig. 8). For area C, only
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Fig. 5. a) BSE images of representative H4 chondrite (AM 045). b—d) BSE images of representative L6 chondrite (Hongshijing
001, Kumtag 045, and Kumtag 049, respectively). e, g) BSE images of L3 chondrite (Hami 014 and Kumtag 014, respectively). f)
BSE images of H3 chondrite (Hongshagang). h) BSE images of L5 chondrites (YWL 001). ol = olivine; px = pyroxene;
pl = plagioclase; afs = alkali feldspar; tro = troilite; Fe-Ni = Fe-Ni metal; Fe-Oxi = Fe-oxide/oxyhydroxide; SRCs = SiO,-rich
components. The chondrule type includes porphyritic olivine chondrule (PO), radial pyroxene chondrule (RP), and porphyritic
olivine-pyroxene chondrule (POP). More BSE images of meteorite samples in this study can be accessed in the supporting

information.

samples from meteorite showers were used to estimate
meteorite recovery density and accumulation time. The
delineation of area C is primarily based on the area
searched and on the consensus that this area is rich in
meteorite showers. Two estimated meteorite flux models

proposed by Halliday et al. (1989) and Evatt et al.
(2020) are used to estimate the meteorite accumulation
time. The meteorite collections, meteorite fluxes with
different masses, meteorite recovery density, and
meteorite accumulation time of collected meteorites in
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Table 4. The numbers of ordinary chondrites of each
type (H, L, and LL) from different deserts and some
typical DCAs in China.

Ordinary chondrite

type
Areas H L LL H/L
Kumtag DCA 7 33 2 0.21
Alatage Mountain DCA 2 2 0 1.00
Loulan Yizhi DCA 15 24 4 0.63
Hami DCA 8 11 1 0.73
Lop Nur DCA 6 8 0 0.75
Kumtag Desert 51 101 14 0.50
Qaidam Basin 5 18 0 0.28
Badain Jaran Desert 2 3 1 0.67
China 63 133 20 0.47

The meteorites adopted for statistical analyses in this table have been
tentatively paired.

these areas are presented in Table 6. The meteorite flux
has been corrected for the latitude effect according to
the latitude model proposed by Evatt et al. (2020).

DISCUSSION
Meteorites Collected in Different Desert Areas in China

DCAs are regions where numerous meteorites are
recovered (e.g., Gattacceca et al., 2011; Hutson et al.,
2013; Hutzler et al., 2016; Quazaa et al., 2009;
Pourkhorsandi et al., 2017). To date, 42 DCAs have
been defined in China by the Meteoritical Society,
which are mainly located in/around Kumtag Desert and
Qaidam Desert, with five DCAs located in/around
Badain Jaran Desert; Erenhot located in the Kubugqi
Desert; Alaer and Qira located at the north and
southwest margin of the Taklimakan Desert; and
Hoboksar, Jeminay, and Wuerhe located at the
northwest margin of the Gurbantunggut Desert (Fig. 1).
After tentative pairing of the meteorites, the DCAs with
more than 10 collected meteorites include Kumtag,
Loulan Yizhi, Hami, and Lop Nur. The mass of desert
meteorites from China is mainly concentrated between
10 and 1000 g with a peak between 100 and 1000 g,
which is consistent with that from Africa (peak between
100 and 1000 g), but inconsistent with that from both
Australia (peak between 10 and 100 g) and Antarctica
(peak at <10 g) (Ouknine et al., 2019). The mass
distribution of collected meteorites from Loulan Yizhi
and Lop Nur shows a maximum within 10-100 g, while
those from Kumtag and Hami are mainly distributed in
the range 100-1000 g. The mass distributions of these
DCAs correspond to those of DCAs from other deserts
such as Tieret, Bir Zar, UAE, San Juan, Dhofar, and

Acfer (Aboulahris et al., 2019). The difference in the
mass distribution of collected meteorites from China,
Africa, Australia, and Antarctica is mainly explained by
the differences in surface features and collection
methods (Ouknine et al., 2019). For instance, smaller
meteorites are easier to be recognized with the generally
white to blue background in Antarctica in contrast to
the background of hot desert (Zolensky et al., 20006).

So far, 300 desert meteorites with approved names
have been collected in China’s deserts, including 287
ordinary chondrites, seven iron meteorites, one CO3
chondrite, one diogenite, one ureilite, one brachinite,
one eucrite, and one EL7 chondrite. Unfortunately,
there are still numerous unnamed desert meteorites in
the possession of hunters, who are sometimes not
willing to provide these meteorites. After tentative
pairing of the meteorites, the ordinary chondrites
recovered in China account for 72% of the total desert
meteorites found in China, with 63 H chondrites, 133 L
chondrites, and 20 LL chondrites. Specifically, the
numbers of ordinary chondrites of each type (H, L, LL)
from different deserts are as follows: Kumtag Desert
(51H/101L/14LL), Qaidam Basin (5H/18L), and Badain
Jaran Desert (2H/3L/1LL). In some typical DCAs of
the Kumtag Desert, the numbers of ordinary chondrites
of each type are as follows: Kumtag (7H/33L/2LL),
Alatage Mountain (2H/3L), Loulan Yizhi (15H/24L/
4LL), Hami (8H/11L/1LL), and Lop Nur (6H/8L).
These ordinary chondrites type ratios are all
characterized by a dominance of L chondrites, followed
by H, and then LL chondrites, which is the opposite of
DCAs from Sahara, Algeria, and Libya (Aboulahris
et al., 2019; Ouknine et al., 2019). The dominance of
L chondrites in the deserts of China may result from
the lack of a systematic recovery method for the
ordinary chondrite collection or might be caused by an
insufficient pairing due to the lack of accurate
information about the ordinary chondrites other than
our samples studied in this paper.

The Most Suitable Area for Meteorite Collection in
China

The meteorite flux is generally estimated by short-
duration fireball monitoring networks (Bland et al.,
2012; Halliday et al., 1989, 1996; Howie et al., 2017) or
ground-based meteorite search campaigns in deserts
(Bland et al., 1996; Drouard et al., 2019; Evatt et al.,
2020; Gattacceca et al., 2011; Hutzler et al., 2016;
Hughes, 1992). Both of the meteorite flux models used
in this study belong to the second approach, which
estimates the total mass of meteorites that reached the
ground for each single event. Considering the absolute
number of search campaigns and considering that the
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Fig. 6. a) Number of ordinary chondrites H, L, LL in different hot deserts and China after tentative pairings. b) Number of
ordinary chondrites H, L, and LL in different dense meteorite collection areas (DCAs) in and around Kumtag Desert after
tentative pairings. Data extracted from that available in the Meteoritical Bulletin Database. (Color figure can be viewed at
wileyonlinelibrary.com.)
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Table 5. Total number and percentage of collected meteorite mass (g) from China, and some DCAs.

Percentage of meteorite mass (g)

Areas Total number 0.1-1 1-10 10-10? 10%-10° 10°-10* 10*-10° 10°-10°
China 229 0 7 29 30 21 10 3
Kumtag DCA 43 0 2 14 44 26 7 7
Hami DCA 21 0 0 24 52 10 14 0
Loulan Yizhi DCA 44 0 20 45 20 11 0 2
Lop Nur DCA 15 0 0 60 27 7 7 0

Meteorites were binned on seven mass intervals (0.1-1; 1-10; 10-100; 100-1000; 1000-10,000; 10,000-100,000; 100,000-1,000,000 g). The
meteorites adopted for statistical analyses in this table have been tentatively paired.

60 - —®— Kumtag DCA
Hami DCA
—%¥— Loulan Yizhi DCA
20 Lop Nur DCA
--4®-- China

% meteorites

S
———a
-9

0.1-1  1-10  10-10° 10>-10° 10%-10* 10%10° 10°-10°

Mass (g)

Fig. 7. Mass distribution of meteorites collected from China
and some dense meteorite collection areas (DCAs) in hot
deserts after tentative pairings. Data extracted from that
available in the Meteoritical Bulletin Database. (Color figure
can be viewed at wileyonlinelibrary.com.)

number of meteorite samples collected during these
campaigns in hot deserts is much lower than that in
Antarctica, we prefer using the meteorite flux estimate
approach proposed by Evatt et al. (2020). Based on the
fluxes of 9.3 meteorites km > Myr~! (>411 g) and 37.3
meteorites km > Myr~' (>34 g) for areas A and B,
respectively  (Fig. 8), the calculated  meteorite
accumulation time is ~9.6 kyr for area A but only
~0.9 kyr for area B (Table 6). The extremely low
accumulation time for area B may be explained by the
deficit of meteorites with small masses combined with
the use of meteorite flux with low total meteorites
collected mass. For area C, in which five meteorite
showers were determined and the minimum total
collected mass among them is 90 kg (Fig. 6c), the
accumulation time is ~10 kyr, which is estimated
considering a meteorite flux of 0.24 meteorites
km~2 Myr~! (>90 kg) from Halliday et al. (1989); note
that the meteorite flux was also corrected for the

latitude effect according to the latitude model proposed
by Evatt et al. (2020) (Table 6). Previous studies suggest
that small meteorites could be collected effectively by
systematic search by foot; however, searching randomly
by foot or vehicle favors bigger finds (Aboulahris et al.,
2019). Considering the lack of systematic search in these
areas (A, B, and C), we suggest that the error on the
meteorite accumulation time estimated from area C
should be lower than that from areas A and B.
Therefore, we preferred 10 kyr as the appropriate
estimation of the lower limit of meteorite accumulation
time for the southern Hami area. Future accurate
terrestrial age measurements of meteorites from the
meteorite shower could provide further constraints on
the flux of large meteorites (especially for the total
collected mass larger than 10 kg).

The terrestrial ages of most ordinary chondrites from
hot deserts range from almost zero to 40 kyr (with a peak
around 20 kyr) (Gattacceca et al., 2011; Pourkhorsandi
et al., 2017; Zurfluh et al., 2016) and rarely exceed 50 kyr
(Jull, 2006). However, Drouard et al. (2019) found that
the terrestrial age for desert stony meteorites is up to
710 kyr in samples from the El Médano area, in the
Atacama Desert, Chile. The climate of Kumtag stony
desert is arid with low mean annual precipitation (16.4—
44.6 mm), which is similar to that of Lut Desert where
>200 meteorites have been collected with terrestrial ages
ranging from 10 to 30 kyr (Pourkhorsandi et al., 2019).
Therefore, the southern Hami area may have a surface
age similar to that of Lut Desert and preserve numerous
meteorites in the estimated accumulation time interval for
area C (10 kyr). The lower estimated accumulation time
and meteorite recovery density in area B may result from
the limited meteorite research campaigns; thus, a
systematic search for meteorites in this area is necessary.

Considering that meteorite hunters, meteorite
enthusiasts, and researchers are fascinated by rare types
of meteorites such as Lunar and Martian meteorites, we
are able to give an estimation of their accumulation on
the hot deserts of China based on our study. It has
been suggested that achondrites can survive longer than
chondrites based on observations from Antarctica (Jull
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Fig. 8. The distribution of meteorites collected in Hami, Kumtag, and Alatage Mountain. a) A granite area with the acreage of
about 44.7 km?. b) A granite area with the acreage of about 151 km?. ¢) A designate area with the acreage of about 2106 km>.
The base map is from Google Earth. The colors of collection area borders correspond to Fig. 1. (Color figure can be viewed at

wileyonlinelibrary.com.)

Table 6. The acreage, meteorite mass, meteorite recovery density, and meteorite accumulation time for areas A, B,

and C.

Area Granite area A Granite area B Area C Area C Area C
S (km?) 44.7 151 2106 2106 2106

n 4 5 5 1* 1"

mr (g) 411 34 90,000 1000 1000
Meteorite recovery density ([10° km?]™") 89,485 33,113 2374 475 475
Average latitude 42.14°N 42.03°N 41.55°N 41.55°N 41.55°N
N (yr~' [10° km?™h 14.5 49.3 0.2 0.2 0.04
NP (yr=! [10° km?]™") 9.3 373 n.g. 0.1 0.02
Accumulation time® (year) 6167 672 10,081 2455 12,274
Accumulation time® (year) 9657 887 n.g. 4645 23,227

S refers to the acreage of area; n is the number of the collected meteorite after excluding the pairing with the total mass equal to or larger than
mr. N* and NP refer to the meteorite flux derived from Halliday et al. (1989) and Evatt et al. (2020), respectively. The use of cutoff masses of
411 and 34 g mainly depends on the minimum total collected mass of each meteorite collected in these areas. Meteorite recovery density and
accumulation time refer to the lower limits of the meteorite recovery density and accumulation, respectively. n.g. = not given. “*” and “#” refer
to the assumed Lunar meteorite and Martian meteorites with a minimum mass of 1 kg, respectively.

et al., 1998). In particular, relative lack of metal and the
compact nature of most Lunar and Martian meteorites
means that they can survive longer, for example, those
from Dhofar or Oman, have exposure ages of 500 and
350 kyr, respectively. Few ordinary chondrites from

Dhofar or Oman can survive longer than ~40-50 kyr
under the prevalent environmental conditions
(Nishiizumi et al., 2002; Zurfluh et al., 2016). Therefore,
based on the estimated accumulation time for ordinary
chondrites in area C (Fig. 8), it is possible that Lunar
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or Martian meteorites falling within the last 100 ka
could be preserved. Nazarov et al. (2004) suggested that
the annual flux of Lunar meteorites in the mass interval
from 10 g to 1 kg to the entire Earth’s surface should
likely range from tens to few hundreds of kilograms,
that is, a few percent of the total meteorite flux. When
assuming that the Lunar meteorite flux accounts for 2%
of the total meteorite flux, the southern Hami area C
should witness the fall of one Lunar meteorite (with a
total collected mass no less than | kg) every 4.6 kyr
(Table 6). Furthermore, based on the Martian
meteorites flux (~4 x 10? kg yr™'), which corresponds
to ~49, of the total meteorite flux (Hutchison, 2007;
Vickery & Melosh, 1987), we can deduce that southern
Hami area C should witness the fall of one Martian
meteorite (with a total collected mass no less than 1 kg)
every 23.2 kyr (Table 6). Therefore, the meteorite
shower enriched area in southern Hami is the most
suitable area for meteorite collection in China, and
especially for the recovery of Lunar and Martian
meteorites.

CONCLUSION

1. In this work, the 49 studied ordinary chondrites
collected in desert areas in northern and western
China are classified as 33 L chondrites, 14 H
chondrites, and 2 LL chondrites.

2. Forty-two DCAs have been defined in China by the
Meteoritical Society. There are 300 meteorites with
approved names which were collected in China
deserts, which mainly consist of 287 ordinary
chondrites and six iron meteorites. In addition, a
few rare meteorites were also recovered, including
one CO3 chondrite (Shanshan 002), one diogenite
(Lop Nur 011), one ureilite (Loulan Yizhi 034), one
brachinite (Kumtag 061), one eucrite (Yiwu 001)
and one EL7 chondrite (Baqgiangzi). These
meteorites are mainly from Kumtag DCA, followed
by Alatage Mountain, Loulan Yizhi, Hami, and
Lop Nur DCAs.

3. After tentative pairing, the ordinary chondrites
account for 72% of the desert meteorites collected
in China. L chondrites are the dominant group of
ordinary chondrites in China and in DCAs therein.
The numbers of each type of ordinary chondrites
collected from some DCAs are as follows: Kumtag
(7H/33L/2LL), Alatage Mountain (2H/2L), Loulan
Yizhi (15H/24L/4LL), Hami (8H/11L/1LL), and
Lop Nur (6H/S8L). Among ordinary chondrites, the
dominance of L chondrites in China may result
from the insufficient collection or bias in pairing of
ordinary chondrites.

4. The peak in the mass distribution of desert
meteorites collected from China, Kumtag DCA and
Hami DCA, is between 100 and 1000 g, while that
for the Loulan Yizhi DCA and Lop Nur DCA is
between 10 and 100 g.

5. The meteorite shower-enriched area in southern
Hami DCA is the most suitable area for meteorite
collection in China, with an accumulation time of
>10 kyr. This area may have the potential to
preserve special/rare type of meteorites such as
Lunar and Martian meteorites.
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