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Abstract–Several hundred meteorites with a total mass of over 100 kg were collected as the
Alatage Mountain (AM) strewn field located in the Kumtag desert, Xinjiang Province,
China. Twelve AM meteorites were studied in this work. Petrography, mineralogy, bulk
chemistry, bulk oxygen isotopic compositions, and light noble gas concentrations and
isotopic compositions were determined for all or for a selection of the meteorites. The
studied meteorites are L-chondrites that suffered a very strong impact; impact melt veins
and melt pockets are widely distributed. More than 50% of the troilite exists in the form of
blebs and veins in olivine and pyroxene. Some of these meteorites are impact melt
recrystallized rocks (e.g., AM 037). The strong impact caused the decomposition of troilite,
which led in AM 034 to the sulfidization reaction of olivine. The metal in most meteorites is
almost completely altered, and the troilite has been significantly oxidized. Weathering
resulted in the depletion of Mg, Fe, Co, and Ni, and the enrichment of Sr, Ba, Pb, and U in
these meteorites. The cosmic ray exposure (CRE) ages measured for these specimens range
between 6.2 � 1.9 Ma and 9.0 � 2.7 Ma, depending on the cosmogenic nuclide used. The
average CRE age is 7.6 � 1.3 Ma. Both 4He and 40Ar gas retention ages indicate that the
strong impact which caused the shock effects occurred about 320 Ma ago.

INTRODUCTION

In the past 10 years (2012–2021), an increasing
number of meteorites have been collected in the Gobi
Desert, northwest of China. Some of those so-called dense
collection areas (e.g., Alaer, Hami, Kumtag, Alatage
Mountain [AM], Xingdi Argan, Loulan Yizhi, Lop Nur,
Tuya, Lenghu, Tuanjie) have been presented in recent
publications (Li and Hsu 2014; Li et al. 2017a; Zeng et al.

2018; Du et al. 2021; Meteoritical Bulletin Database
[MBD]). However, many of the meteorites found in any
single area may be part of a strewn field. Three strewn
fields (Tuya 002-007, Kumtag 016, and Kumtag) in the
Tuya and Kumtag dense areas have already been
identified (Li et al. 2017a; Zeng et al. 2018; Du et al. 2021).
In 2013, we formed a meteorite research team and
collected 42 meteorites in a 1 × 3 km area on the eastern
flank of AM in the Kumtag desert, Xinjiang, China
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(Fig. 1). Later, these 42 meteorites were named AM 001–
042 (MBD), whereas this paper will refer to the strewn
field as AM 001. In 2015, a meteorite hunter team
collected several large meteorites about 4–8 km northeast
of the location searched by us in 2013. Four meteorites
with masses greater than 5 kg have been recovered; the
largest mass is about 24 kg. With the find locations kindly
provided by the other meteorite hunters, a meteorite
strewn field with an SW–NE orientation was identified
(Fig. 1). This strewn field is located only 12 km west of the
Kumtag meteorite strewn field (Du et al. 2021).
Considering the still incomplete statistics, the total mass
of the hundreds of specimens collected in this strewn field
is probably greater than 100 kg. The length and the width
of the strewn field are about 5 and 10 km, respectively,
indicating a relatively high angle of entry of this
meteoroid.

In this study, we selected 12 samples (Table 1)
collected in the AM area for a study of their
mineralogy, petrology, bulk chemistry, and cosmic ray
exposure (CRE) history. Among these samples, the two
meteorites AM 029 and AM 037 were selected for
whole rock oxygen isotopic analysis.

SAMPLES AND METHODS

Petrographic investigations were carried out at the
Institute of Geochemistry, Chinese Academy of
Sciences, with a Scios-FIB field emission scanning

electron microscope (SEM) equipped with an EDAX
energy dispersive X-ray spectrometer (EDS). For each
of the 12 selected samples, we prepared polished
sections for petrographic investigations and mineral
chemical composition analysis (Table 1).

Noble gas measurements were carried out at the
University of Bern, Switzerland, on two self-made noble
gas mass spectrometers. The measurement method, the
data reduction, the calculation of the CRE age, and the
gas retention age follow the same procedures and
methods as previously reported in Li et al. (2017b) and
Zeng et al. (2018). Electron probe microanalysis
(EPMA) was performed at the Guilin University of
Technology. The analysis standards we used and the
test conditions were the same as in Zeng et al. (2018).
The standard ZAF correction procedure was used for
data calculation.

The bulk oxygen isotopic compositions of AM 029
and AM 037 were measured at Louisiana State
University (LSU) using the same method as reported in
Li et al. (2011, 2018). The Jilin meteorite (H5) was
selected as a reference material and was measured
together with two AM meteorites.

The major and trace element analyses were
performed at the Guizhou Tongwei Analytical
Technology Co. Ltd. For trace element measurement,
approximately 50 mg of each meteorite powder was
dissolved in a Teflon bomb with a double distilled
concentrated HNO3-HF (1:4) mixture. The bomb and

Fig. 1. Distribution of meteorites from the AM meteorite strewn field. The length of the strewn field is only two times the width,
indicating a relatively high entry angle of the meteoroid. Open green circles represent the meteorites with unknown masses. Solid
green symbols represent the meteorites with known masses. Solid brown symbols marked with OC represent the meteorites
whose names have been approved by the Meteoritical Society as official names. The dotted arrow indicates the possible landing
direction of the AM meteoroid. The base map is from Google Earth. (Color figure can be viewed at wileyonlinelibrary.com.)
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its contents were maintained in an oven at 185 °C for
72 h. Sample residues after HF evaporation were
redissolved with double distilled concentrated HNO3.
They were then dried, redissolved in 2N HNO3, dried
again, and taken up in 3 mL 2 N HNO3 stock solution.
Finally, the solution was diluted to 1/4000 with 2%
HNO3 together with the addition of 10 ppb 61Ni, 6 ppb
Rh, In, and Re internal spikes. Next, the samples were
analyzed using a Thermal X series 2 inductively coupled
plasma mass spectrometer (ICP-MS) equipped with a
Cetac ASX-510 Autosampler.

For major element analysis, a separate weighed
portion of each powdered sample (typically ~1 g) was
dried in an oven at 105 °C for 8 h. The whole rock
powder sample was placed in a ceramic crucible and
ignited in a muffle furnace at 1000 °C for 200 min.
Then, the sample was transferred to a drying dish when
cooling down to approximately 200 °C. After the
sample cooled down to room temperature, we weighed
the sample and estimated the amount of material lost
by ignition. The ignited sample (0.6 g) was evenly mixed
with 6 g flux material (49.75% Li2B4O7: 49.75% LiBO2:
0.5% LiBr) in a ceramic crucible, then transferred into
a platinum crucible, and was melted at 1100 °C for
7 min. Finally, the sample melt was poured into a mold
and cooled to form a glass sheet, which was later
measured on an AxiosMAX X-ray fluorescence (XRF).

RESULTS

Petrography and Mineral Chemistry

All meteorite specimens collected in this strewn field
have similar features; they are gray-black in color, free
of fusion crust, and exhibit rust on the surface that was
in contact with the ground (Figs. 2a–g). Texturally, the
12 meteorites investigated can be divided into two
different groups; recrystallized achondritic (AM 037)
(Fig. 3) and heavily shocked (S5) chondritic (the other
samples) (Figs. 4 and 5).

For AM 037, the lithology (Fig. 3a) exhibits a
porphyritic texture, composed of ~5 vol% unmelted
precursor chondritic clasts (Fig. 3b) and of ~10 vol%
spherical to ellipsoid rust nodules (Figs. 3a and 3c) set
in a matrix mainly composed of microphenocrysts of
olivine, pyroxene, and feldspar glass (Figs. 3b–e). The
unmelted clasts are 20–400 μm in size (mostly 100 μm)
and usually contain abundant tiny troilite and Fe-Ni
metal dots (Figs. 3a and 3b). Obviously, the rust
nodules (50–1000 μm in size) are produced by terrestrial
weathering of previously existing Fe-Ni metal and
troilite nodules (Fig. 3a and 3c). The ellipsoid nodules
tend to be oriented along their long axes (Fig. 3a).
Olivine and pyroxene in the matrix are several micronsT
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to ~50 μm in size, with K-rich feldspar glass (<10 μm)
and inhomogeneously distributed troilite plus Fe-Ni
metal (<50 μm) as mesostasis (Figs. 3b–e). Pyroxene in
troilite-rich areas tends to be euhedral crystals (Fig. 3d).
Pyroxene in the matrix is generally larger in size than
olivine and frequently contains olivine inclusions
(Figs. 3d and 3e). Almost all phosphate minerals
(apatite and merrillite) in this sample occur at the
margin of spherical Fe-Ni metal and troilite nodules
(Figs. 3c and 3e).

The meteorites of the second group (AM 004, AM
006, AM 014, AM 021, AM 024, AM 029, AM 033,
AM 034, AM 036, AM 039, and AM 040) have a
mineral assemblage typical for ordinary chondrites (i.e.,
olivine, low-Ca pyroxene, plagioclase, high-Ca
pyroxene, Fe-Ni metal, troilite, and some minor
minerals). Various types of chondrules with different
sizes (200–3000 μm) have been observed in the samples
(e.g., Fig. 4). Although most of the chondrule
boundaries are not clear, for the majority of the
chondrules, the structures are distinguishable (e.g.,
Fig. 4). The most significant characteristics of these
meteorites are ~50 vol% of troilite present as veins and
dots mainly in olivine and pyroxene and relatively less

in apatite, chromite, and plagioclase (from <1 μm to
several microns) (Figs. 5a and 5b). Almost all Fe-Ni
metal and parts of the troilite in the studied polished
sections are heavily altered due to terrestrial weathering,
which filled the fractures in various widths (Figs. 5a–c).
Plagioclase shows various irregular borders and
occupies interstitial space between other minerals or
cracks within olivine and pyroxene (Fig. 5). Acicular
apatite druses were observed in the studied sections of
AM 034 and AM 039 (Fig. 5d). A type of unique melt
vein and pocket occurs in these samples (Figs. 5e and
5f). The melt veins and pockets are composed of
feathery feldspar glass, low-Ca, high-Ca pyroxene,
�olivine, troilite, and Fe-Ni metal (Figs. 5e and 5f).
Large minerals in melt veins and pockets are almost
free of fracture, Fe-Ni, and troilite dots (Figs. 5e and
5f). One melt pocket in a merrillite grain, composed of
feldspar glass, merrillite, troilite, and Fe-Ni metal, was
observed in AM 040 (Fig. 5g). In a melt pocket, small
high-Ca pyroxene grains (1–2 μm) scatter in relatively
coarse feathery feldspar glass (Fig. 5h). In the studied
thick section of AM 034, a troilite–pyroxene (low-Ca)–
olivine intergrowth (TPOI) in an olivine grain was
observed (Fig. 6). Some low-Ca pyroxene in TPOI

(a) (b) (e)

(c)

(f) (g)

(d)

Fig. 2. Photos of some representative meteorites collected in the AM area. a–d) The surfaces of the meteorites collected within
the AM strewn field are black and with no fusion crust, indicating a relatively long terrestrial age. d) Largest meteorite (~24 kg)
collected in AM strewn field. e) The front of the meteorite is covered with a brown rusty layer, indicating that this surface was
once in contact with the ground for a long time. f, g) Limonite disseminates in the ground-contacting surface of the meteorite,
which is a typical characteristic of hot desert ordinary chondrites. (Color figure can be viewed at wileyonlinelibrary.com.)
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(a)

(b) (c)

(d) (e)

Fig. 3. The BSE images of AM 037. a) The polished section showing an achondritic structure. All original Fe-Ni metal and
troilite have been altered by terrestrial weathering and occur as spherical to ellipsoidal nodules. b) Unmelted clast in the polished
section, which is too small to be seen in (a). c) The matrix of the meteorite. d) Euhedral pyroxene crystals in a troilite-rich area.
e) Phosphate commonly occurs next to Fe-Ni metal (altered) nodules. Ol = olivine; pyx = pyroxene; lim = limonite;
plg = plagioclase; tro = troilite; mer = merrillite; ap = apatite.
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shows the deficiency of Fe and Ca compared to the rest
of other low-Ca pyroxenes in AM 034.

The composition of representative olivine, low-Ca
pyroxene, and plagioclase (or feldspar glass) of the
studied meteorites is given in Table 1; detailed EPMA
analysis data are given in Table S1 in supporting
information. Fe and Mg contents of olivine and low-Ca
pyroxene are in a very narrow range. AM 004 and AM
036 have the highest and lowest average Fa values
(25.0 � 0.5 mole% and 24.1 � 0.4 mole%), respectively.
AM 014 and AM 021 have the highest and lowest
average Fs values (20.2 � 0.3 mole% and
21.4 � 0.6 mole%), respectively. However, the
composition of plagioclase is much more variable even

within one sample. The average An and Or values of
feldspar glass in AM 037 are 4.0 � 0.3 mole% and
12.1 � 2.1 mole%, respectively. The corresponding
values of other studied samples varied between
10.5 � 0.4–22.1 � 2.9 mole% and 2.5 � 0.8–
5.9 � 1.3 mole%, respectively. Clearly, the K content of
feldspar glass in AM 037 is significantly higher than
that in the plagioclase of other samples. Some pyroxene
grains located in TPOI in AM 034 show Fe and Ca
deficits when compared to the composition of low-Ca
pyroxene in other parts of AM 034 as well as in other
studied samples (Figs. 6 and 7). The EPMA analysis
data of olivine and pyroxene in TPOI in MA 034 are
reported in Table S2 in supporting information.

(a) (b)

(c) (d)

(e) (f)

Fig. 4. BSE images of chondrules in AM meteorites. a) A radial pyroxene (RP) chondrule in AM 006. b) A porphyritic olivine
(PO) chondrule in AM 029. c) A porphyritic olivine pyroxene (POP) chondrule in AM 033. d) A granular olivine (GO)
chondrule with an olivine rim in AM 034. e) A barred olivine (BO) chondrule in AM 036. f) A granular olivine pyroxene (GOP)
chondrule in AM 040. Except for the GO in (d), the boundaries of the other chondrules are indistinguishable from the
surrounding minerals.

1298 S. Li et al.



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5. BSE images of AM chondrites. a, b) About half of the troilite exists as veins and blebs in most of the olivine and
pyroxene grains (e.g., in AM 024 and AM 029, respectively). c) Plagioclase in AM 004 occurs as veins in an olivine grain. d)
Acicular apatite druses next to Fe-Ni metal (mainly altered as weathering products). e) A unique shock melt vein (mv) in AM
004. This kind of mv is common in AM chondrites. The mv is mainly composed of pyroxene, feathery feldspar glass, troilite,
and other minor components. f) Shock melt pocket (mp) in AM 014. g) The mp in an apatite grain in AM 040. h) A relatively
coarse mv in AM 034. The mv is mainly composed of feathery feldspar glass with very small high-Ca pyroxene inclusions and
low-Ca pyroxene. The white dots are troilite and Fe-Ni metal.
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Bulk Chemistry

The whole rock major and trace element contents
measured in eight AM samples are given in Table 2.
The composition of olivine and low-Ca pyroxene
indicates these meteorites are ordinary chondrites
(Table 1). Therefore, we normalized the bulk chemistry
data of these samples to the corresponding data for L
chondrites reported by Lodders and Fegley (1998)
(Fig. 8). Mg, Fe, Co, and Ni contents are ~20% lower
than those of ordinary L chondrites, while Sr, Ba, Pb,
and U are significantly higher than those of L
chondrites. Pb in AM 006 and AM 037 is more than 10
times higher than the average L content. Except for AM

021 and AM 039, U contents are more than 10 times
higher than L chondrite averages. Rare earth elements
(REEs) in AM 006 are slightly higher than in the
average L chondrite composition. AM 006, AM 014,
and AM 037 show slight LREE enrichments (Fig. 8).

Oxygen Isotopic Composition

Two aliquots of each AM 029 and AM 037 were
analyzed; the results are given in Table 3. The average
values of δ18O, δ17O, and Δ17O of the two AM 029
aliquots are 5.15 � 0.07‰, 3.67 � 0.02‰, and
0.96 � 0.02‰, respectively. The corresponding values of
two AM 037 aliquots are 4.40 � 0.28‰, 3.20 � 0.15‰,
and 0.88 � 0.01‰, respectively. The oxygen isotopic
compositions of the two meteorites are in the range
typical for L group ordinary chondrites (Fig. 9).

Light Noble Gas Analyses

The He, Ne, and Ar isotopic compositions of 11
meteorite specimens were measured. For each sample,
the basic information together with the concentrations
and isotopic ratios, corrected for blank and
instrumental mass fractionation, are compiled in
Table 4. The 3He, 4He, 20Ne, 36Ar, and 38Ar contents
(all in units of 10–8 cm3 STP/g) are in the ranges of
10.08 � 0.25–13.01 � 0.36, 133.6 � 3.7–183.2 � 1.6,
2.94 � 0.03–4.33 � 0.32, 3.35 � 0.06–10.23 � 0.75, and
1298 � 83–3408 � 104, respectively. The ratios of
21Ne/22Ne, 20Ne/22Ne, and 36Ar/38Ar are between
0.891 � 0.014–0.919 � 0.014, 0.891 � 0.014–1.239 �
0.019, and 3.22 � 0.06–4.55 � 0.11, respectively. These
ratios indicate that, in addition to cosmogenic noble
gases, there is a trapped component, which will be
discussed further below.

DISCUSSION

Petrology, Shock Degree, Weathering, and Classification

Except for AM 037, the investigated meteorites
show characteristics of petrographic type 5 (Figs. 4 and
5). The Fa and Fs values of olivine and low-Ca
pyroxene in these meteorites are in a very narrow range
and are consistent with the typical values for L
chondrites (Fig. 10). Fe-Ni metal almost completely
oxidized into rust and also troilite is significantly
altered, which indicates that these samples have been
heavily weathered. Shock veins, shock pockets, melt
veins of plagioclase, planar fractures (filled with troilite)
in olivine, and pyroxene are all well developed in the
studied meteorites (except AM 037). These features
indicate a very strong impact event, which generated a

Fig. 6. BSE image of a troilite–pyroxene (low-Ca)–olivine
intergrowth (TPOI) in AM 034. The TPOI is mainly
composed of olivine, low-Ca pyroxene, and troilite. Some low-
Ca pyroxene is Fe and Ca poor compared to that in other
locations in AM 034 and other AM meteorites. (Color figure
can be viewed at wileyonlinelibrary.com.)

Fig. 7. Low-Ca pyroxene ferrosilite (Fs) versus wollastonite
(Wo) contents of AM meteorites and TPOI in AM 034.
(Color figure can be viewed at wileyonlinelibrary.com.)
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pressure in the range of 75–90 GPa (defined as S6 in
Stoffler et al. 1991). The absence of fractures, Fe-Ne
metal, and troilite blebs in large minerals (pyroxene and
olivine) (Figs. 5e and 5f) implies that they should be
recrystallized products rather than melt relics.

AM 037 is clearly the product of melting and
recrystallization of chondritic material. Euhedral

pyroxene grains surrounded in troilite or Fe-Ni metal
are very common in shock melted enstatite chondrites
(e.g., Rubin and Wasson 2011), which further confirmed
the shock melt origin of AM 037. Chemical
compositions of olivine and low-Ca pyroxene are
indistinguishable from other AM chondrites collected in
the same area (Fig. 10). Relic clasts in AM 037 contain

Table 2. Whole-rock chemical composition of eight AM meteorites.

Element AM 006 AM 014 AM 021 AM 033 AM 034 AM 037 AM 039 AM 040 Method

Li (μg g−1) 1.75 1.68 1.60 1.44 1.67 2.04 1.59 1.78 ICP-MS
Na (μg g−1) 7311 6768 6897 6477 6596 6669 6571 7321 XRF

Mg (%) 12.6 12.7 13.1 12.0 13.2 13.3 11.8 13.3 XRF
Al (%) 1.17 1.10 1.13 1.09 1.08 1.16 1.08 1.17 XRF
Si (%) 21.5 20.9 21.4 21.0 21.4 18.1 21.8 21.6 XRF

P (μg g−1) 1240 1140 1260 1140 932 1100 1160 1100 ICP-MS
K (μg g−1) 930 818 804 656 778 855 777 857 XRF
Ca (%) 1.47 1.33 1.32 1.25 1.28 1.29 1.28 1.28 XRF

Sc (μg g−1) 8.70 8.24 8.57 7.9 8.31 7.74 7.90 8.42 ICP-MS
Ti (μg g−1) 709 707 642 691 725 600 652 689 XRF
V (μg g−1) 68.5 68.6 67.4 66.9 71.8 68.1 67.5 74.9 ICP-MS
Cr (μg g−1) 3960 4030 3910 4080 4160 4070 3890 4490 ICP-MS

Mn (μg g−1) 2520 2500 2540 2420 2620 2370 2420 2640 ICP-MS
Fe (%) 18.5 19.8 18.3 20.0 18.0 18.8 19.6 16.8 XRF
Co (μg g−1) 403 491 455 484 435 399 433 405 ICP-MS

Ni (%) 0.929 1.00 1.02 0.972 1.00 0.818 1.03 1.09 ICP-MS
Cu (μg g−1) 66.5 78.1 62.8 86.5 79.7 86.4 97.8 78.5 ICP-MS
Zn (μg g−1) 51.6 51.2 51.9 50.7 54.5 50.1 49.8 58 ICP-MS

Ga (μg g−1) 5.17 5.31 5.30 5.15 5.02 5.62 5.27 5.69 ICP-MS
Rb (μg g−1) 2.53 2.28 2.30 1.68 2.28 2.67 2.28 2.91 ICP-MS
Sr (μg g−1) 23.1 20.9 19.3 21.4 15.4 59.5 26.1 20.2 ICP-MS
Y (μg g−1) 2.48 2.23 2.19 2.09 2.05 1.99 2.10 2.22 ICP-MS

Zr (μg g−1) 5.99 5.84 5.98 5.43 5.52 5.70 5.51 5.98 ICP-MS
Nb (μg g−1) 0.412 0.484 0.386 0.467 0.419 0.411 0.419 0.437 ICP-MS
Ba (μg g−1) 15.3 15.4 11.9 10.5 7.53 35.5 8.76 21.7 ICP-MS

La (ng g−1) 493 420 358 340 297 413 335 384 ICP-MS
Ce (ng g−1) 1220 1050 916 883 779 1010 870 940 ICP-MS
Pr (ng g−1) 177 153 139 132 120 146 131 143 ICP-MS

Nd (ng g−1) 823 739 688 652 593 684 659 708 ICP-MS
Sm (ng g−1) 260 234 227 209 198 207 212 224 ICP-MS
Eu (ng g−1) 83.5 81.1 81.3 78.7 75.3 77.7 79.4 85.2 ICP-MS

Gd (ng g−1) 340 296 291 273 265 266 281 291 ICP-MS
Tb (ng g−1) 62.5 55.9 54.0 51.5 49.7 49.4 51.3 54.5 ICP-MS
Dy (ng g−1) 410 358 354 340 323 328 345 356 ICP-MS
Ho (ng g−1) 90.7 80.0 80.3 74.5 73.4 74.2 76.5 79.9 ICP-MS

Er (ng g−1) 264 237 232 217 218 211 224 236 ICP-MS
Tm (ng g−1) 41.3 37.3 36.6 34.6 35.0 33.8 36.0 37.8 ICP-MS
Yb (ng g−1) 266 241 239 227 223 219 231 241 ICP-MS

Lu (ng g−1) 40.9 37.9 37.4 35.9 36.3 35.3 36.1 37.9 ICP-MS
Hf (ng g−1) 165 160 162 144 149 155 152 166 ICP-MS
Ta (ng g−1) 20.4 25.2 19.4 23.5 19.4 21.0 20.5 21.0 ICP-MS

Pb (ng g−1) 1760 318 209 158 342 550 132 356 ICP-MS
Th (ng g−1) 54.8 77.1 55.1 54.6 46.7 93.3 50.3 61.8 ICP-MS
U (ng g−1) 205 190 121 199 185 347 128 254 ICP-MS

LOI (%) 0.59 0.32 0.50 1.14 1.12 2.82 0.40 2.12

The uncertainties of Na, Mg, K, Ca, Fe, Co, and Ni are lower than 0.1%, the uncertainties of trace elements are ~10%.
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abundant tiny blebs of Fe-Ne metal and troilite, which
is also coincident with the other AM chondrites
(Fig. 3b). The CRE age, 4He, and 40Ar retention ages of
AM 037 are well in the range of other chondrites
studied here (see Cosmic Ray Exposure Histories and
Thermal History sections below). Similar to AM 037,
the glassy, lustrous surfaces of some AM meteorite
hand specimens indicated that they are melt rocks (e.g.,
the 24 kg specimen shown in Fig. 2d). Subcentimeter
protruding metal nodules can easily be seen on the
surface of the 24 kg individual, which is similar to what
has been observed on H5-melt breccia Tassédet 004
(MBD). The absence of shock melt veins and rare

fractures in the minerals indicates that AM 037
underwent a weak shock (≤S2) after recrystallization.
Although the low-Ca pyroxene and olivine compositions

Fig. 8. The elemental distribution patterns of eight AM meteorites normalized to the average L chondrite composition given by
Lodders and Fegley (1998). (Color figure can be viewed at wileyonlinelibrary.com.)

Table 3. Oxygen isotopic compositions of AM 029, AM
037, and Jilin meteorites.

Sample δ17O 1σ δ18O 1σ Δ17O 1σ

AM 029 3.69 5.20 0.95

3.66 5.10 0.97
Average 3.67 0.02 5.15 0.07 0.96 0.02
AM 037 3.09 4.20 0.87

3.31 4.60 0.88
Average 3.20 0.15 4.40 0.28 0.88 0.01
Jilin 2.85 4.15 0.70

2.97 4.40 0.68
2.97 4.31 0.73

Average 2.93 0.07 4.29 0.13 0.70 0.02

Δ17O calculated using the formula Δ17O0 = δ17O0−0.528 × δ 18O0.

Fig. 9. Bulk oxygen isotopic composition of AM 029 and AM
037 compared to that of other ordinary chondrite groups. All
the data except Jilin measured in this study are from Clayton
et al. (1991). Jilin (MBD) and Jilin (OU) are reported in
Meteoritical Bulletin and Folco et al. (2004). TFL = terrestrial
fractionation line. (Color figure can be viewed at wileyonline
library.com.)
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are in the range of the other AM specimens, the
composition of plagioclase is relatively variable and
different to the other AM meteorites (e.g., Or values of
plagioclase are 3.8 � 3.0 mole%, 5.9 � 1.3 mole%, and
14.0 � 3.5 mole%, in AM 004, AM 021, and AM 037,
respectively). This could be mainly caused by heavy
shocks (see Chen and El Goresy 2000).

All the studied meteorites have a very similar
whole-rock chemistry (Fig. 8). Except for Mg, Fe, Co,
Ni, Sr, Ba, Pb, and U, the studied meteorites have a
typical L chondrite composition. Only three small
meteorites (AM 006, AM 014, and AM 037) show slight
LREE enrichment (Fig. 8), which is similar to the
phenomenon observed in ordinary chondrites collected
in the Lut Desert, Iran (Pourkhorsandi et al. 2017).
Slight REE modification and significant alteration of
metal and troilite indicates that the AM meteorites
experienced relatively quick weathering (Pourkhorsandi
et al. 2017). The observed enrichments and depletions in
some elements relative to the average L chondrite group
are typical for hot desert ordinary chondrites. The loss
of Mg, Fe, Co, and Ni is caused by the oxidation and
migration/alteration of these elements during terrestrial
weathering (Bland et al. 1998; Crozaz et al. 2003; Al-
Kathiri et al. 2005; Hezel et al. 2011). The occurrence of
rust on the surface of hot desert ordinary chondrites in
contact with the ground is commonly observed (Li et al.
2017a; Du et al. 2021). This is the result of the fluid
infiltration from the meteorite’s interior to its exterior.
Sr, Ba, Pb, and U are fluid mobile elements, and theyT
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are therefore relatively easy to pick up from the
surrounding environment (Al-Kathiri et al. 2005; Hezel
et al. 2011; Zurfluh et al. 2016; Pourkhorsandi et al.
2017, 2019). The observed enrichments in these elements
in AM meteorites are consistent with this known
phenomenon. The Fe-Ni metal in all 12 AM meteorites
studied was almost completely oxidized, and troilite
showed obvious alteration; no alteration of silicate
minerals was observed under SEM. According to the
criteria of Wlotzka (1993), the weathering grade of these
meteorites is W3.

The whole-rock oxygen isotopic compositions of
AM 029 and AM 037 are in the range expected for L
chondrites (Fig. 9) (Clayton et al. 1991). However, two
data points plot at the two extremities of the area
covered by L chondrite. The relatively lighter oxygen
isotopic composition of AM 037 might partly be due to
the contamination with terrestrial oxygen. Indeed, the
oxygen isotopic composition (i.e., δ18O: −9‰ to −10‰)
of rainfall in the AM meteorite collection region is
lighter than that of typical L chondrite (Luo et al.
[2008] and references therein). However, we cannot rule
out the possibility of an inhomogeneous oxygen isotopic
composition for this meteoroid. In fact, inhomogeneity
of oxygen isotopic compositions in Jilin meteorite might
exist (Fig. 9) (Jilin meteorite in MBD; Folco et al. 2004).

Sulfidization Reaction in AM 034

In some of the low-Ca pyroxene grains found in
AM 034 that are located in the troilite–pyroxene (low-
Ca)–olivine intergrowth (TPOI), Fe and Ca contents are
lower than in the low-Ca pyroxene located in other
parts of AM 034 but also in other studied meteorites
(Figs. 6 and 7). As discussed above, AM 034 is a type 5
chondrite and the chemical composition of low-Ca
pyroxene should have been homogenized during the
thermal metamorphism process. It is most likely that
the Fe depleted low-Ca pyroxene in AM 034 is a
secondary product formed in a shock event. Similar
intergrowths were observed in acapulcoites (El Goresy
et al. 2005), brachinites (and brachinite-like) achondrites
(Rumble et al. 2008; Goodrich et al. 2011, 2017; Irving
et al. 2013), HED meteorite (Patzer and McSween 2012;
Zhang et al. 2018, 2020), and Apollo lunar sample
(Norman 1981; Lindstrom and Salpas 1983). Several
mechanisms were proposed to explain the formation of
a TPOI or a TPOI-like assemblage, including (1)
crystallization of a sulfide-silicate partial melt (El
Goresy et al. 2005), (2) quenching of the shock-induced
melt that is a mixture of orthopyroxene and troilite
(Patzer and McSween 2012), (3) methane infiltration
and reduction of olivine (Irving et al. 2013), and (4)
sulfidization of primary olivine by an S-rich fluid/gas
(Colson 1992; Norman et al. 1995; Shearer et al. 2012;
Singerling et al. 2013; Zhang et al. 2018, 2020).

All shock melt veins and shock melt pockets in AM
034 contain plagioclase melt (Figs. 5e–h); however, the
TPOI does not (Fig. 6). Therefore, scenarios (1) and (2)
are rather unlikely. The formation of the TPOI via
methane or C reduction of olivine is also not possible
as this would produce a considerable amount of metal
in the assemblage. In the TPOI of AM 034, Fe metal is
not observed. The most plausible explanation for the
formation of the TPOI is therefore sulfidization of
primary olivine by S vapors. The reaction of olivine
and S vapor was experimentally confirmed by Kullerud
and Yoder (1963). The production of S vapor is
possible via the high-temperature breakdown of troilite
(Rubin et al. 1999; Shearer et al. 2012). Heating a
eucrite at 800–900 °C can significantly increase the S2
partial pressure (Palme et al. 1988). For AM 034, the
heavy impact can have generated enough heat to reach
the breakdown temperature of troilite. High-
temperature S vapor might have subsequently entered
the cracks in olivine resulting in sulfidization (Singerling
et al. 2013), for example,

2ðFe; MgÞ2SiO4þS2 ! 2MgSiO3 þ 2FeS þ O2ðgÞ:

Fig. 11. Neon three-isotope plot of the studied AM
meteorites. The data for the AM meteorites plot in a narrow
range on the mixing line (dashed line) between cosmogenic
(orange circle) and air. The inset upper right hand is a close-
up of the data points (green circles). All data plot close to
cosmogenic (orange circle), which therefore indicates very
small amounts of air. The isotopic compositions of galactic
cosmic ray produced Ne (Wieler 2002) and trapped
components such as solar wind (SW; Heber et al. 2012), Q
(Busemann et al. 2000), P3 (Huss et al. 2003), and
atmospheric Ne (Eberhardt et al. 1965) are shown. (Color
figure can be viewed at wileyonlinelibrary.com.)
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Most low-Ca pyroxene in the TPOI in AM 034 is
Fe and Ca depleted compared to the normal
occurrences in AM 034 and other AM samples (Fig. 6).
This might be due to partial recombination of Fe into
FeS during the sulfidization process. Following the
discussion above, we propose that the TPOI in AM 034
has been formed via sulfidization. However, we cannot
completely rule out the crystallization of a sulfide-
silicate partial melt; a scenario originally proposed by
El Goresy et al. (2005).

Cosmic Ray Exposure Histories

Primitive chondrites contain noble gases of different
origins, for example, “primordial” (HL, G, and N from
presolar grains, and Q gas), solar gas, radiogenic, and
cosmogenic gases (Huss et al. 1996; Choi et al. 2018).
Compared to primitive chondrites, higher petrographic
types usually contain fewer noble gas components
because most of the original noble gases have been lost
via thermal metamorphism (Zähringer 1968; Alaerts

et al. 1979; Sears and Hasan 1987; Choi et al. 2018).
The neon three-isotope plot (i.e., 20Ne/22Ne versus
21Ne/22Ne) is commonly used to determine shielding
conditions and identify the different components
contributing to the measured noble gases (Leya et al.
2013; Füri et al. 2020; Smith et al. 2020). In the neon 3-
isotope plot of AM samples (Fig. 11), the data plot
along a mixing line between cosmogenic
(20Ne/22Ne = 0.83; 21Ne/22Ne = 0.92) and an
endmember with a high 20Ne/22Ne ratio and low
21Ne/22Ne ratio, which is most likely atmospheric
contamination (20Ne/22Ne = 9.8; 21Ne/22Ne = 0.029).
The presence of only atmospheric gases is consistent
with the high petrographic type (absence of other
trapped components) and the strong weathering degree
of the AM meteorites. Cosmogenic 21Necos
concentrations were determined using a classical two-
component deconvolution (cosmogenic and air).

Measured 36Ar/38Ar ratios range from 3.22 � 0.06
to 4.55 � 0.11, indicating that measured Ar is a mixture
of cosmogenic and trapped, the latter again most likely

Table 5. Cosmogenic (c), trapped (tr), and radiogenic (rad) noble gases concentrations and isotopic ratios

Sample Type Mass(mg)

3Hec
21Nec

38Arc
4Herad

36Artr
40Arrad

(22Ne/21Ne)c10–8 cm3 STP/g

AM 006 L5 81.25 10.32 � 0.09 2.735 � 0.033 0.359 � 0.006 97.5 � 1.4 5.84 � 0.09 356 � 5 1.075 � 0.016

AM 014 L5 56.38 10.88 � 0.60 3.128 � 0.230 0.589 � 0.020 103.4 � 9.9 9.33 � 0.34 357 � 11 1.074 � 0.017
AM 021 L5 60.05 10.76 � 0.59 2.679 � 0.197 0.560 � 0.027 71.6 � 8.3 9.87 � 0.72 491 � 15 1.088 � 0.017
AM 024 L5 68.89 13.01 � 0.36 3.189 � 0.028 0.333 � 0.022 55.6 � 4.3 3.55 � 0.23 248 � 16 1.085 � 0.017
AM 029 L5 76.00 11.58 � 0.32 3.218 � 0.028 0.385 � 0.009 69.6 � 4.3 7.85 � 0.16 288 � 4 1.069 � 0.017

AM 033 L5 74.28 10.53 � 0.09 2.853 � 0.036 0.377 � 0.006 92.4 � 1.4 9.15 � 0.14 513 � 7 1.080 � 0.017
AM 034 L5 65.00 12.67 � 0.12 3.617 � 0.043 0.465 � 0.008 107.2 � 1.7 3.05 � 0.06 748 � 10 1.073 � 0.016
AM 036 L5 48.57 12.29 � 0.68 3.518 � 0.258 0.418 � 0.014 106.9 � 10.7 7.14 � 0.12 357 � 11 1.083 � 0.017

AM 037 MB 75.00 11.81 � 0.65 3.360 � 0.247 0.369 � 0.013 101.2 � 10.2 9.97 � 0.20 324 � 10 1.081 � 0.016
AM 039 L5 62.56 10.08 � 0.25 2.588 � 0.045 0.354 � 0.005 81.5 � 3.9 7.91 � 0.10 365 � 6 1.085 � 0.017
AM 040 L5 58.15 12.20 � 0.31 3.182 � 0.053 0.393 � 0.008 89.2 � 4.5 3.89 � 0.07 1081 � 19 1.091 � 0.017

Table 6. Cosmic ray exposure ages (Ma) and gas retention ages (Ma) of the measured samples.

Type Mass(mg) P3 P21 P38 T3 T21 T38 T4 T40

AM 006 L5 81.25 1.628 0.433 0.051 6.3 � 1.9 6.3 � 1.9 7.0 � 2.1 313 � 4 798 � 10
AM 014 L5 56.38 1.628 0.433 0.051 6.7 � 2.0 7.2 � 2.2 11.5 � 3.5 332 � 31 887 � 27
AM 021 L5 60.05 1.622 0.403 0.048 6.6 � 2.0 6.6 � 2.1 11.6 � 3.5 232 � 26 1145 � 35

AM 024 L5 68.89 1.624 0.411 0.049 8.0 � 2.4 7.8 � 2.3 6.8 � 2.1 180 � 13 666 � 43
AM 029 L5 76.00 1.630 0.446 0.053 7.1 � 2.1 7.2 � 2.2 7.3 � 2.2 262 � 14 758 � 10
AM 033 L5 74.28 1.626 0.421 0.050 6.5 � 1.9 6.8 � 2.0 7.5 � 2.3 298 � 4 1370 � 18
AM 034 L5 65.00 1.629 0.436 0.052 7.8 � 2.3 8.3 � 2.5 9.0 � 2.7 344 � 5 1578 � 22

AM 036 L5 48.57 1.624 0.415 0.050 7.6 � 2.3 8.5 � 2.6 8.4 � 2.5 244 � 34 897 � 27
AM 037 MB 75.00 1.625 0.420 0.050 7.3 � 2.2 8.0 � 2.5 7.4 � 2.2 325 � 32 791 � 24
AM 039 L5 62.56 1.624 0.411 0.049 6.2 � 1.9 6.3 � 1.9 7.2 � 2.2 263 � 12 938 � 16

AM 040 L5 58.15 1.621 0.398 0.048 7.5 � 2.3 8.0 � 2.4 8.2 � 2.5 288 � 14 1879 � 33

The errors on T4 and T40 are only calculated based on errors of 4He and 40Ar concentrations.
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atmospheric contamination. Cosmogenic 38Arcos
concentrations were calculated by assuming a two-
component mixture between air (36Ar/38Ar = 5.32) and
cosmogenic (36Ar/38Ar = 0.63).

For He, we assumed that measured 3He is entirely
cosmogenic, which is a safe assumption considering the
high petrographic type of the studied meteorites. The
amount of cosmogenic 4Hecos is calculated as follows
(Leya and Masarik 2009):

4Hemeas ¼ 4Heradþð4He=3HeÞcos� 3Hecos:

We assumed that (4He/3He)cos ~6 × 3Hecos (e.g.,
Leya and Masarik 2009).

The cosmogenic noble gas concentrations are
reported in Table 5. We calculated the CRE ages of the
studied meteorites based on cosmogenic 3Hecos,

21Necos,
and 38Arcos contents and the empirical formulas given
by Eugster (1988; for 3He age [T3]) and by Dalcher
et al. (2013; for 21Ne [T21] and 38Ar [T38] ages)
(Table 6). Except for T38 of AM 014 (11.5 � 3.5 Ma)
and AM 021 (11.6 � 3.5 Ma), the CRE ages for all
meteorites and for all considered cosmogenic nuclides
are in a relatively narrow range from 6.2 � 1.9 Ma to
9.0 � 2.7 Ma. The similar CRE ages for the meteorites
further confirm that they are paired. The average CRE
age is 7.6 � 1.3 Ma. To date, there is no estimate of the
surface age in the collection area of the Kumtag desert.
Considering that terrestrial ages of ordinary chondrites

in the hot desert are typically in the range of ka but not
Ma (Al-Kathiri et al. 2005; Gnos et al. 2009; Gattacceca
et al. 2011), the CRE age is therefore also very close to
the ejection age.

Thermal History

As discussed above, AM meteorites experienced
different degrees of impact melting and then underwent
recrystallization. Such processes are expected to be related
to a partial or total loss of radiogenic gases (4Herad and
40Arrad). Consequently, the T4 and T40 ages can reveal
the thermal history of a meteorite. We obtained the
concentrations of radiogenic 4Herad and

40Arrad using the
deconvolution procedures described above (Table 5). The
4Herad and

40Arrad concentrations among the samples vary
by a factor of ~3, thus indicating a different degree of
noble gas losses assuming equal parent isotope
concentrations. For calculating the 40Ar retention ages
(T40), the K content of each individual AM sample listed
in Table 2 was used. For calculating 4He retention ages
(T4), we use the average U, Th, and Sm contents (15, 42,
and 203 ng g−1, respectively) of L chondrites as given by
Lodders and Fegley (1998). We rather use the average
values for L chondrites and not the individual U, Th, and
Sm concentrations measured by us because AM samples
are significantly enriched in U and Th, and slightly
enriched in Sm by terrestrial weathering. Among the
measured 11 meteorites, AM 024 and AM 034 have the
lowest and highest T4 ages of 180 and 344 Ma,
respectively. For T40, AM 024 and AM 040 have the
lowest and highest ages of 666 and 1879 Ma, respectively.
While the T3/T21 ratios are in the range of 0.89–1.03, the
T4/T40 ratios are in the range of 0.15–0.39 (Fig. 12). This
indicates that, first, there was no or only very minor noble
gas loss during CRE but that, second, there was a
significant noble gas loss on the parent asteroid. The
scatter in the T4/T40 ratios indicates the different extent of
noble gas losses in the different samples. Although we
studied only individual AM 037 for shock features, we did
not observe any indication for shock stage higher than S3.
Consequently, it is possible that none of the samples
experienced a heating event after they cooled after the
impact. In such a simple scenario, we would expect a T4/
T40 ratio of ~1 for AM 037, which is not the case. This is in
contradiction with the petrographic characteristics of AM
037, which is a recrystallized chondrule-free rock,
containing only 5 vol% of relict clasts (also significantly
affected by high temperature) (Fig. 3b). An
underestimation of the K contents in the AM 037 sample
might be the possible reason for such differences. At least,
the enrichment in K in feldspar glass of AM 037 has been
detected by EPMA measurement (Table S1). Anyway, the
fact that AM 037 is almost completely melted (which, in

Fig. 12. Plot of T4/T40 versus T3/T21 of the 11 studied AM
meteorites. The ratios of T3/T21 are all close to 1, indicating
no noble gas lost during cosmic ray exposure. The ratios of
T4/T40 are <0.5, implying significant loss of radiogenic noble
gases, either of 4He only or of both 4He and 40Ar. (Color
figure can be viewed at wileyonlinelibrary.com.)
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turn, could possibly completely degas the noble gases)
indicates that the gas retention age of this sample
represents the possible time of the impact melt of the
meteorites. We prefer to use T4 (325 Ma) of AM 037 as
the impact melt time of these meteorites. A heavy shock
event and breakup event on L-chondrite parent body
around 470 Ma were widely reported (Nakamura et al.
1990; Fujiwara and Nakamura 1992; Korochantseva et al.
2007; Weirich et al. 2012; Yin et al. 2014; S. L. Li and Hsu
2018; Y. Li and Hsu 2018; Wu and Hsu 2019). It is not
sure whether the impact melt event of AM samples
belongs to 470 Ma shock event or reflects a younger
impact event. Therefore, in order to obtain a more
accurate impact time, Ar-Ar dating of AM 037 is needed.

CONCLUSIONS

The AM meteorites originated from a single
meteorite shower; the incoming direction of the
meteoroid was from southwest to northeast with a
relatively large incoming angle. The strewn field has a
width of ~5 km and a length of ~10 km. Hundreds of
meteorite samples were collected in this strewn field,
with masses ranging from several grams to 24 kg; the
total mass is more than 100 kg.

The oxygen isotope data (AM 029: 5.15 � 0.07‰,
3.67 � 0.02‰, and 0.96 � 0.02‰; AM 037: 4.40 �
0.28‰, 3.20 � 0.15‰, and 0.88 � 0.01‰), together
with the mineralogical information, clearly indicate that
AM meteorites are L5 ordinary chondrites. The average
Fa and Fs values of these specimens range from
24.1 � 0.4 to 25.0 � 0.5 mole% and from 20.2 � 0.3 to
21.4 � 0.6 mole%, respectively.

The meteorites experienced a heavy impact as
shock-induced fractures, shock veins, and shock melt
pockets are commonly seen. Many fractures seen in
minerals are filled with shock melts of troilite and
feldspar. Densely scattered troilite dots in olivine and
pyroxene were produced by the heavy impact. Some
meteorites in this strewn field are shock melt rocks,
including the largest fragment (~24 kg). The gas
retention ages indicate that the strong impact leading to
the melting event occurred 320 Ma ago, though this age
is highly uncertain. The impact might have also caused
the decomposition of troilite, and the sulfur vapor
generated by this process, in turn, might have
vulcanized one olivine grain in AM 034. In addition,
due to the shock, there is now a relatively large
variation in the chemical composition of plagioclase,
that is, An and Or values are in the range of 4.0 � 0.3–
22.1 � 2.9 mole% and 2.5 � 0.8–12.1 � 2.1 mole%,
respectively. The CRE ages of AM meteorites vary
between 6.2 � 1.9 Ma and 9.0 � 2.7 Ma; the average
CRE age is 7.6 � 1.3 Ma. Assuming a reasonable

terrestrial age of a few ka, typical for hot desert
meteorites (Al-Kathiri et al. 2005; Gnos et al. 2009;
Gattacceca et al. 2011), the AM meteorite was most
likely ejected around 7 Ma.

Similar to ordinary chondrites collected in other hot
deserts, the bulk chemical compositions of AM
meteorites were altered during their terrestrial residence.
Mg, Fe, Co, and Ni in AM meteorites migrated into the
surrounding soils, while Sr, Ba, Pb, and U were picked
up by the meteorite from the soil. The weathering
degree of the meteorites is W3.
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