
1.  Introduction and Background
Tektites are natural glasses quenched from molten terrestrial surface materials during meteoritic impact events 
(e.g., Glass & Simonson, 2013; Koeberl, 1986; Schwarcz, 1962; Taylor, 1962). After being ejected from the 
impact site, rapid cooling and solidification of the precursor impact melt of tektites were mostly completed during 
flight (Baldwin et al., 2015; Elkins-tanton et al., 2003). The specific geographic area where tektites were landed is 

Abstract  South China, the northern part of the Australasian strewn field (AASF) of tektites and 
microtektites is located at the uprange of the hypothesized source crater that is still unconfirmed. Magnetic 
properties of impact glasses are an important indicator of their source materials and thermal history. Extensive 
magnetic investigations have been performed on various AASF tektites sampled from both the Indochina 
Peninsula and further south, but such information remains sparse for those sampled from South China. Here, 
we present a detailed rock magnetism study for both Muong Nong-type and splash-form AASF tektites 
from South China, showing that all the tektites have rather weak remanent magnetization, but ferromagnetic 
information can be extracted from their dominating paramagnetic signal. Signals caused by superparamagnetic 
particles are elusive, but those of single domain magnetite are detected in the splash-form tektites, and signals 
of pseudo-single domain magnetite are discovered in the Muong Nong-type tektites. Each morphological type 
of tektites from a same geographic area exhibits large dispersions in their magnetic properties. Across the entire 
AASF, the Muong Nong-type tektites from South China exhibit the lowest average magnetic susceptibility, and 
the splash-form tektites exhibit the smallest average natural remanent magnetization and ratio of equivalent 
magnetization. The observed heterogeneous magnetic properties are mainly caused by the different contents and 
sizes of magnetic particles, which can be explained by the different shock level and/or cooling history of the 
tektite melts. Micro-sized immiscible Fe-S spherules in the Muong Nong-type tektites from South China were 
likely originated from the pre-impact target.

Plain Language Summary  About 0.78 million years ago, an about 1 km diameter asteroid or 
comet ended its trajectory on Earth. Instantaneously, massive continental sediments were molten and ejected, 
and natural glasses (tektites) were quenched and deposited across vast areas over 1 × 10 8 km 2, forming the 
largest known Cenozoic strewn field of tektites and microtektites, the Australasian strewn field (AASF). The 
impact site is still unconfirmed. Magnetic properties of impact glasses are indicative to their source materials 
and thermal history. This study presents the first rock magnetic measurements for AASF tektites from South 
China. We find that while the samples are dominated by paramagnetic signals, signals caused by single domain 
magnetite are detected, and the Muong Nong-type tektites contain pseudo-single domain magnetite. Signals 
of superparamagnetic grains are elusive. With heterogeneous magnetic properties, tektites from South China 
generally exhibit lower magnetic susceptibility, natural remanent magnetization, and ratios of equivalent 
magnetization than the rest of AASF. The observed magnetic properties can be explained by different shock 
levels and cooling histories of the tektite melts, but strong magnetic field(s) recorded by some Muong Nong-
type tektites have an unknown origin. The first occurrence of Fe-S spherules in tektites from South China might 
originate from target materials.
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called a strewn field (Chapman, 1971; Glass, 1990). So far, five major Cenozoic strewn fields are recognized on 
Earth (Figure 1a), including the Australasian strewn field (AASF), North American strewn field (NASF), Central 
European strewn field (CESF), Ivory Coast strewn field (ICSF), and the recently confirmed Belize strewn field 
(Koeberl et al., 2022; Rochette et al., 2021). The source craters of NASF, CESF, ICSF and Belize strewn field 
have been identified, but that of AASF, the largest one that covers about 20% of the Earth's surface (Figure 1a), 
is still not confirmed after more than half a century survey.

Figure 1.  Distribution of Australasian tektites at South China investigated in this study. The source crater of AASF is not 
confirmed, and the position of potential source crater (black dot in panel (a) and red star in panel (b)) was referred from Sieh 
et al. (2020). (a) Approximated geographic boundaries and source craters of the five major Cenozoic strewn fields of tektites 
and microtektites on Earth. AASF = Australasian strewn field, NASF = North American strewn field, CESF = Central 
European strewn field, ICSF = Ivory Coast strewn field, YGH-SH Basin = Yinggehai-Song Hong Basin. Red box denotes 
boundaries for the region in panel (b). Locations where tektites and microtektites were discovered are not annotated in this 
map. (b) Map of South China and Indochina Peninsula. Red circles represent locations of splash-form tektites and gray circles 
are locations of Muong Nong-type tektites investigated in this study. White crosses represent the locations of Muong Nong-
type indochinites that have published magnetic data (de Gasparis et al., 1975; Gattacceca et al., 2021).
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AASF was formed at 788.1 ± 3 ka ago (Jourdan et al., 2019), and its highly-asymmetry geographic boundary 
(Figure 1a) indicates an oblique impact from north–northwest to south–southeast (Artemieva, 2008b). AASF 
may contain about 10 8 tons of tektites and microtektites (Glass, 1990), and the source impactor may be about 
1 km in diameter (Artemieva, 2013; Goderis et al., 2017). The parent crater of AASF has an estimated diameter 
of over 30 km and depth of over several kilometers (Glass & Koeberl, 2006; Glass & Pizzuto, 1994; Prasad 
et  al., 2007). This exceptionally young impact event was postulated to have caused immediate regional envi-
ronmental changes at the early-middle Pleistocene transition, which probably reduced the population of Homo 
erectus that once lived in the Southeast Asia and South China (Glass & Heezen,  1967; Haines et  al.,  2004; 
Hyodo et al., 2011; Li et al., 2021). While the topography of the parent crater, if formed on land, should not have 
been  entirely removed by erosion, deflation and/or deposition, extensive search via remote sensing and field 
investigations yields no confirmed case yet at the continent (Kenkmann et al., 2014; Melosh, 2020; Mizera, 2022; 
Mizera et al., 2016; Sieh et al., 2020). The geochemistry of tektites, such as  10Be concentrations, Rb-Sr ratio in 
tektites, and Na, K contents in microtektites (Blum et al., 1992; Folco, Glass, et al., 2010; Goderis et al., 2017; Ma 
et al., 2004; Rochette et al., 2018), shows distribution patterns that converge toward the central to northern part 
of the Indochina Peninsula and the adjacent offshore regions. Similar distribution patterns were noticed in the 
spatial density of various forms of AASF microtektites (e.g., those in deep ocean sediments; Lee & Wei, 2000; 
Glass & Pizzuto, 1994) and other shocked materials (e.g., remanent shocked mineral fragments in tektites; Folco, 
Perchiazzi, et al., 2010; Cavosie et al., 2018). Therefore, it has been hypothesized that the source crater might 
be located in the floor of the South China Sea (Chaussidon & Koeberl, 1995; Schnetzler et al., 1988), possi-
bly in the center to southern part of the Gulf of Tonkin or the Yinggehai-Song Hong Basin (Ma et al., 2004; 
Whymark, 2018, 2021).

Four major types of tektites are recognized in AASF: (a) Muong Nong-type tektites that have irregular and blocky 
shapes and layering structures; (b) splash-form tektites that typically exhibit rotational shapes, such as spheres, 
disks, teardrops, and dumbbells, and their irregular-shaped fragments are usually encountered in the field; (c) 
ablated splash-form tektites that typically occur as flanged buttons surrounded by ablation rims, and they were 
formed by re-melting of the anterior during hypervelocity return to the Earth's atmosphere; (d) microtektites 
that are less than 1  mm in sizes and mostly found in deep ocean sediments and recently found at Antarctic 
(Folco, Glass, et al., 2010). While it is generally agreed that AASF was formed by an asteroidal impact on thick 
silt-sized homogeneous sedimentary materials (Ackerman et al., 2020; Chaussidon & Koeberl, 1995; Glass & 
Barlow, 1979; Ma et  al.,  2004), it has also been proposed but questioned that mafic igneous rocks might be 
part of the target materials (Mizera, 2022; Sieh et al., 2020). Some AASF tektites that contain relatively high 
contents of calcium may indicate heterogeneous distribution of carbonates in the pre-impact target (Amare & 
Koeberl, 2006). Besides uncertainties about the lithology of the target materials, impactor components in AASF 
tektites and microtektites are also obscure due to low and nonuniform contents of extraterrestrial components 
(Chao et al., 1962, 1964; Goderis et al., 2017; Koeberl, 1994).

1.1.  AASF Tektites at South China

AASF tektites were also found at South China such as the Guangdong, Guangxi and Hainan Provinces. They were 
recognized based on geochemical and morphological investigations in the 1960s (Barnes, 1969; Li, 1963). Their 
fission track ages (Yan et al., 1979; Zhang et al., 1991), isotopic ages (Hou et al., 2000; Jourdan et al., 2019), 
and major and trace element concentrations are consistent with those of AASF tektites at other places, indicating 
that the tektites were formed by a same impact event in a relatively homogeneous target (Ho & Chen, 1996; Lee 
et al., 2004; Lin et al., 2011). Especially, Muong Nong-type tektites that are as large as about 10 kg (Futrell & 
Wasson, 1993; Yuan, 1981) were discovered at Hainan (Figure 1b), which is located at more than 500 km to the 
northeast of the layered tektites zone at the Indochina Peninsula (Fiske et al., 1999).

South China is an important geographic branch of AASF (Figure 1b), because this area is the northern portion 
of this strewn field (Yan et al., 2022), and it corresponds to the uprange of the hypothesized impactor trajectory. 
Numerical simulations suggested that impact plume formed by an oblique impact would be inclined toward the 
downrange, so that much fewer impact melt that was engulfed in the impact plume was capable to form tektites 
at the uprange (Artemieva, 2013; Stöffler et al., 2002). Therefore, compared to most other Cenozoic tektites, 
AASF tektites at South China are unique in terms of locations, since they are located at the uprange and close to 
the hypothesized source crater (Ma et al., 2004; Whymark, 2021). Compared with AASF tektites that are located 
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at the other ejection azimuths with respect to a hypothesized source crater, tektites at South China may contain 
unique information about the impact history and possible location of the source crater.

1.2.  Magnetic Properties of AASF Tektites

Rock magnetism is an important method to identify natural glasses of different origins (Rochette et al., 2022), 
and it has been extensively used to investigate the thermal history, source materials, and parent crater of various 
impact glasses, especially tektites. For example, Senftle et al.  (2000) distinguished Belize tektites from those 
of the other four major Cenozoic strewn fields based on the much higher magnetic susceptibilities of belizites 
(average 121  ×  10 −9  m 3/kg), which are closer to those of the other impact glasses formed by the Pantasma 
crater (Rochette et al., 2019). Pantasma has recently been confirmed as the source crater of the Belize strewn 
field  (Rochette et al., 2021). Paleomagnetic study for basaltic impact glasses formed by the Lonar crater (1.88 km 
diameter; India) revealed that small (<0.5 g) splash-form samples exhibit unstable and weak natural remanent 
magnetization (NRM), interpreted to be caused by motional magnetization during cooling in flight (Weiss 
et al., 2010). On the contrary, larger (>0.8 g) and irregular-shaped non-splash-form impact glasses formed by 
Lonar have stable NRM that are about 10 2–10 3 larger than those of small glasses, suggesting that the larger ones 
were cooled through their Curie points (e.g., magnetite, 585°C) after landing (Weiss et al., 2010). The widespread 
and multiple types of AASF tektites would be extremely valuable materials for rock magnetic and paleomagnetic 
studies to reveal their thermal history, precursor material, and potential parent crater.

Early studies revealed uniform magnetic susceptibilities of AASF tektites at different locations (Donofrio, 1977; 
Senftle & Thorpe, 1959; Thorpe et al., 1963; Werner & Borradaile, 1998). This phenomenon was interpreted 
to be caused by an extreme homogenization process during the impact process, and the target material may be 
single-lithology modern marine deposits (Werner & Borradaile, 1998). Senftle and Thorpe (1959) performed a 
pioneering magnetic study for different Cenozoic tektites and revealed that the magnetic susceptibility of AASF 
tektites in the Java island (i.e., javanites), Billiton island (i.e., billitonites), and the Philippines (i.e., philippinites) 
was comparable, suggesting that their precursor materials may be similar in composition. For comparison, 
moldavites of CESF exhibit lower magnetic susceptibility, indicating that tektites from different strewn fields 
may have different susceptibilities (Senftle & Thorpe, 1959). In term of geochemistry, each Cenozoic strewn field 
of tektites and microtektites has a distinctive composition zone (e.g., FeO content) that can be differentiated from 
the other strewn field (Glass, 1990; Koeberl, 1986). A positive correlation between the average FeO content and 
magnetic susceptibility of Cenozoic tektites was once noticed, suggesting that magnetic materials inherited from 
the precursor target materials may significantly affect the magnetic properties of tektites (Rochette et al., 2015; 
Senftle & Thorpe, 1959). On the contrary, recent measurements of magnetic susceptibility for hundreds of tektites 
from different areas of AASF (including tektites from the Guangdong Province) revealed substantial differences 
(Rochette et al., 2019). Heterogeneous contamination by ferromagnetic materials from local soils to the samples 
and/or different contents of magnetic elements (e.g., Fe, Mn, Cr) in the tektites was invoked to explain this obser-
vation (Rochette et al., 2019). On the other hand, it is well constrained that AASF tektites at different geographic 
areas exhibit systematic variations in the geochemistry, and different compositional groups of tektites may occur 
in a same area (Amare & Koeberl, 2006; Chapman & Scheiber, 1969; Glass & Koeberl, 2006; Koeberl, 1992; Lin 
et al., 2011; Westgate et al., 2021). For example, most australites (i.e., AASF tektites from Australia) belong to 
the high-Na/K group, and they have higher contents of FeO and ferromagnetic elements (e.g., Ni, Co) than indo-
chinites (i.e., the AASF tektites from Indochina Peninsula), indicating that australites may have incorporated more 
residual iron oxides from the pre-impact target materials and/or meteoritic components (Amare & Koeberl, 2006; 
Goderis et al., 2017; Werner & Borradaile, 1998). Therefore, the magnetic susceptibility of AASF tektites from 
South China is an important information to evaluate chemical homogeneities of the precursor materials.

Rock magnetism also provides important information on the thermal history of AASF tektites. Donofrio (1977) 
acquired laboratory thermal remanent magnetization (TRM) in a 40 μT ambient field for cores of splash-form 
philippinites and ablated splash-form australites (0.09–0.38 × 10 −6 Am 2/kg). The TRM of the samples was compa-
rable with their NRM before heating (0.09–0.25 × 10 −6 Am 2/kg), leading to an interpretation that both types of 
AASF tektites were solidified in the geomagnetic field. de Gasparis et al. (1975) investigated the paleomagnetic 
properties of Muong Nong-type tektites from the southern Laos and northeastern Thailand, suggesting that some 
fine grains of iron-rich titanomagnetite may carry a stable NRM that was acquired during cooling in the ambi-
ent geomagnetic field. Gattacceca et al. (2021) updated the paleomagnetic data for Muong Nong-type  tektites 
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from the southern Laos and northeastern Thailand, revealing that their paleomagnetic inclinations with respect 
to the layering plane were clustered around an average value of 18 ± 12°, close to the local paleolatitude at 
∼0.78 Ma. This observation was interpreted as evidence supporting that the Muong Nong-type tektites may cool 
from puddles of impact melt on the ground (Gattacceca et al., 2021), in which horizontal shearing may occur 
in the interior (Barnes and Pitakpaivan, 1962; de Gasparis et al., 1975). Alternatively, it has long being argued 
that Muong Nong-type tektites should have been completely solidified in terms of mechanical properties during 
flight, and the layering structures may be formed during cooling in flight (Fiske et al., 1996; Tada et al., 2020). 
Detailed rock magnetism study for Muong Nong-type tektites from different regions of AASF would provide 
additional insights about their cooling history, especially for those located at the uprange in South China.

Up to now, magnetic investigations for AASF tektites from South China are sparse, and systematic studies of 
magnetic inclusions in these tektites are lacking. In this study, we present detailed rock magnetic measurements 
and petrographic observations for magnetic particles in AASF tektites that were sampled from South China. Our 
targets are to (a) compare the magnetic properties of AASF tektites that were deposited at various azimuths and 
distances with respect to the interpreted impactor trajectory and potential source crater at Indochina; (b) decode 
thermal histories of tektites recorded in their magnetic properties; and (c) locate possible magnetic particles in 
the tektites and investigate their implications to the precursor materials.

2.  Materials and Methods
2.1.  Samples

Our field investigations at South China (2016–2018) yielded over 1,000 pieces of tektites from Guangdong, 
Guangxi and Hainan Provinces at South China. AASF tektites in these areas typically occur within the Beihai 
Formation (Yuan, 1981; Zhang et al., 1991), which is composed of the Middle-Pleistocene lithified fluvial depos-
its (Zhu et al., 2001, 2006). Our field investigation focused on outcrops of the Beihai Formation where AASF 
tektites were discovered before. Figure S1 in Supporting Information  S1 shows a photo for the stratigraphic 
occurrence of the tektites.

The collected tektites are dominated by irregular-shaped fragments of splash-form tektites, and large ones exhibit 
spherical and other rotational forms such as dumbbell, rod and teardrops (Figure 2). Muong Nong-type tektites 
that are as large as about 12 cm in lengths (up to ∼500 g) were also collected from the Hainan Province (Figure 2). 
Table S1 shows the information of samples used in this study, including their IDs, locations, and morphological 
types.

2.2.  X-Ray Fluorescence Analyses

Besides the field evidence from stratigraphic occurrences (Figure S1 in Supporting Information  S1), our 
collected samples are confirmed as AASF tektites based on their compositional comparisons with the four major 

Figure 2.  Typical AASF tektites from South China that were investigated in this study. (a–d) Typical splash-form tektites with teardrop, rods and sphere shapes, and 
their fragments. (e–h) Muong Nong-type tektites from the Hainan Province.



Journal of Geophysical Research: Solid Earth

PAN ET AL.

10.1029/2022JB025269

6 of 32

Cenozoic strewn fields of tektites. Major-element compositions of eight random samples (Table 1) were acquired 
using a Shimadzu XRF-1800 spectrometer at the State Key Laboratory of Geological Processes and Mineral 
Resources, China University of Geosciences (Wuhan). The operation conditions involved a Rh-anode X-ray tube 
with a voltage of 40 kV and current of 70 mA. 0.5 g of tektite powder and 5 g of compound flux (Li2B4O7: 
LiBO2 = 12:22) were fused in a high-frequency melting furnace for 11 min at ∼1050°C in 95% Pt–5% Au cruci-
bles (Ma et al., 2012). The loss-on-ignition (LOI) was measured on dried rock powder by heating in a pre-heated 
corundum crucible to 1000°C for 90 min and recording the percentage weight loss (Ma et al., 2012). Calibra-
tion curves used for quantification were produced by bivariate regression of data from ∼63 reference materials 
encompassing a wide range of silicate compositions. Precision is better than 4% and accuracy is better than 3% 
for major elements (Ma et al., 2012). Table 1 shows the major element compositions derived from the X-ray 
fluorescence (i.e., XRF) measurements.

2.3.  Magnetic Measurements

To eliminate possible contaminations by weathered products that are adhered on surfaces of the tektites, all 
samples were cut into cubic subsamples using a low-speed diamond wire saw. The cutting was cooled with circu-
lating deionized purified water. We set up a relative orientation for the Muong Nong-type tektites according to 
their interior layering planes, that is, z-axis being perpendicular to the interior layers. Afterward, the glass cubes 
were washed using an acetate buffer solution, 4:1 (vol/vol) of 2 M acetic acid and 1 M sodium acetate, for 24 hr 
to remove impurities. The samples were then cleaned in an ultrasonic bath for 20 min before air drying.

To estimate the content of various magnetic materials in the tektite samples, we selected 62 Muong Nong-type 
and seventy-two splash-form samples to measure their low- (χlf, 976 Hz) and high- (χhf, 15,616 Hz) frequency 
magnetic susceptibility. The MFK1-FA Kappabridge (Agico Ltd., Brno, with sensitivity of 2 × 10 −8 SI) at the 
Environmental Magnetism Laboratory of Guangzhou Institute of Geochemistry, Chinese Academy of Sciences 
was employed. The frequency-dependent susceptibility (χfd%) were defined as a percentage χfd% = (χlf − χhf)/
χlf × 100% (Dearing et al., 1996).

To investigate possible phase transition(s) of potential magnetic minerals in our tektites upon thermal treat-
ment, we selected two Muong Nong-type and two splash-form samples for high-temperature susceptibility meas-
urements using a MFK1-FA Kappabridge equipped with a CS-4 high-temperature furnace (Agico Ltd., Brno). 
Temperature-dependent susceptibility curves were obtained by cycling samples in an argon atmosphere (the flow 
rate is 100 ml/min) at a frequency of 976 Hz from room temperature up to 700°C and back to room temperature. 
The susceptibility of each sample was obtained by subtracting the measured background susceptibility (i.e., 
furnace tube correction) using the CUREVAL 8.0 program (Agico Ltd., Brno).

To detect and identify possible ferromagnetic signals in the tektites, we selected twenty Muong Nong-type and 
thirty-one splash-form samples for hysteresis parameters analyses. The hysteresis parameters of Muong Nong-
type samples were measured using a vibrating sample magnetometer (MicroMag VSM 3900, with sensitivity 
of 10 −10 Am 2 and a maximum applied field of 1 T) at the Magnetics Laboratory of Sun Yat-Sen University. 

Table 1 
Contents of Major Elements for Eight Random Tektite Samples From South China

Sample name SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O LOI Total

GDMM 74.04 0.66 11.60 4.31 0.07 1.78 1.24 1.24 2.22 2.63 99.82

GDWC 71.11 0.76 12.67 4.83 0.07 2.06 1.44 1.41 2.26 3.11 99.76

GDZJ 71.93 0.71 12.66 4.63 0.07 1.76 1.13 1.21 2.24 3.13 99.49

GDLZ 72.61 0.73 11.85 4.79 0.07 1.83 1.32 1.38 2.40 3.23 100.30

GDXW 72.52 0.68 12.03 4.52 0.07 1.76 1.26 1.45 2.38 3.20 99.91

HNHK 74.82 0.73 10.79 4.36 0.06 1.65 1.01 1.37 2.11 3.23 100.15

HNWC 72.83 0.71 11.81 4.54 0.07 1.74 1.23 1.53 2.44 2.97 99.93

HNWN 73.63 0.73 11.34 4.53 0.06 1.72 1.10 1.54 2.34 3.28 100.32

Note. The data were obtained by XRF and LOI is the abbreviation for the loss-on-ignition. Unit is weight percent.
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Considering that the splash-form tektites have weak NRM intensity (≤10 −7Am 2/kg; measured in this study), we 
prepared parallel pieces for the same samples and repeated the measurements using a higher sensitivity vibrating 
sample magnetometer (VSM 8604, with sensitivity of 10 −12 Am 2; maximum applied field of 1 T) at the Centre 
for Marine Magnetism of Southern University of Science and Technology. To separate the ferromagnetic contri-
bution from raw hysteresis data, the high-field paramagnetic susceptibility was calculated and corrected using 
the 8,600 Series Magnetometer V1.3 program (Lakeshore Cryotronics, Inc.) by line fitting on the loop branch 
above 500 mT. Afterward, the ferromagnetic signal was smoothed at intervals of 10 mT. To further detect and 
evaluate the magnetic domain(s) for possible ferromagnetic materials in our samples, the first-order reversal 
curve (FORC) diagrams of six Muong Nong-type and four splash-form tektites were also measured using the 
same VSM 8604. FORC diagram were measured using a time interval of 0.5 s and a field increment of 2 mT, and 
the  maximum applied field was 200 or 500 mT. The FORC data were processed using the FORCinel software 
with a VARIFORC smoothing algorithm (Harrison & Feinberg, 2008).

Natural remanent magnetization (NRM) of AASF tektites at South China was not reported before. Twenty-five 
Muong Nong-type and forty-nine splash-form tektites from South China were selected in this study to measure their 
NRM. The measurements were performed at the South China Sea Institute of Oceanology, Chinese Academy of 
Sciences, Guangzhou. A superconducting quantum interference device (SQUID) magnetometer (2G Enterprises, 
model 581DC, with sensitivity of 10 −12 Am 2) that was installed in a magnetically shielded room (background 
field <500 nT) was employed. To qualitatively evaluate the order-of-magnitude of paleointensity recorded in our 
samples, the saturation isothermal remanent magnetization (SIRM) of eleven Muong Nong-type and thirty-four 
splash-form tektites were acquired after the measurements of NRM. The SIRM of these samples were acquired in 
a direct current (DC) field using a pulse magnetizer with 1 T. Afterward, the SIRM was measured using the same 
SQUID magnetometer. The ratio of equivalent magnetization (i.e., REM) is represented by NRM/SIRM ratio here, 
which follows earlier studies of paleointensity for igneous rocks and meteorites (e.g., Fuller et al., 1988; Gattacceca 
& Rochette, 2004). The purpose of REM is used to compare the order-of-magnitude of paleointensity for different 
types of tektites across AASF. To further investigate the unmixing magnetic coercivity distribution of our samples, 
we first measured the isothermal remanent magnetization (IRM) acquisition curves for three splash-form tektites 
using the VSM 8604 (maximum applied field of 1  T). Afterward, alternating field (AF) demagnetization was 
performed on these samples using the alternating demagnetizer (2G Enterprises, model 600). The stepwise increas-
ing alternating field was up to 120 mT, and the increments were 2, 5 or 10 mT. After each step of AF demagnet-
ization, the remanent magnetization of the sample was measured using the SQUID magnetometer. The unmixing 
magnetic coercivity distribution is calculated based on the MAX UnMix software (Maxbauer et al., 2016).

The IRM acquisition curves of the samples acquired using VSM 8604 exhibit erratic shapes (Section 3.2), possi-
bly due to residual field-related instrumental noises and the low magnetization of the samples. Therefore, we 
additionally measured the IRM acquisition curves for three Muong Nong-type and three splash-form tektites from 
South China using a MC-1 pulse magnetizer and a 2G-RAPID cryogenic magnetometer (sensitivity of 1 × 10 −12 
Am 2). The magnetometer is installed in a magnetically shielded room that has a residual field of <300  nT. 
Samples were initially magnetized in a stepwise increasing DC field (up to 2 T), and their remanences after each 
step were measured. The orientation of each sample in the pulse magnetizer was fixed to be constant. Afterward 
acquiring the IRM at 2 T, each sample was rotated 180° along the DC field direction. We also obtained the back-
field demagnetization curves using the MC-1 pulse magnetizer and the 2G-RAPID cryogenic magnetometer. The 
samples were initially magnetized in a stepwise increasing DC field (up to 1 T) and then their remanences after 
each step were measured. The above experiments were conducted at the Paleomagnetism and Geochronology 
Laboratory, Institute of Geology and Geophysics, Chinese Academy of Sciences in Beijing, China.

Anhysteretic remanent magnetization (ARM) of the tektites were analyzed, which is an effective method to detect 
the single-domain magnetic grains (King et al., 1983). It has been realized that the anisotropy of ARM of Muong 
Nong-type tektites at Laos and Thailand was minor (Gattacceca et al., 2021). For our experiment, the NRM of eight 
Muong Nong-type tektites were initially demagnetized in a stepwise increasing alternating field (up to 120 mT) 
using the 2G-RAPID cryogenic magnetometer. Then, the partial ARM was imparted in a stepwise increasing alter-
nating field (up to 120 mT), and a 50 μT direct current biased field was superimposed using the 2G-RAPID cryo-
genic magnetometer. Finally, the total ARM was demagnetized in a stepwise increasing alternating field (up to 
120 mT), and the AF increments were 2, 5 or 10 mT. The three procedures (i.e., NRM lost, ARM gained and ARM 
lost) had the same demagnetization steps and along the same z-axis of the sample. The orientation of each sample 
in the magnetometer was fixed to be constant. To further decode the potential magnetic domain(s) and coercivity 
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components of the tektite samples, we measured the AF demagnetization of NRM and SIRM for eight splash-form 
tektites using the 2G-RAPID cryogenic magnetometer. The NRM of the samples were initially demagnetized in a 
stepwise increasing alternating field (up to 40–90 mT). Afterward, a SIRM were acquired in a DC field using a pulse 
magnetizer with 2 T termed as SIRM2T here. The SIRM2T was then demagnetized in a stepwise increasing alternat-
ing field (up to 40–90 mT). The AF increments of 2 or 4 mT were used and the two procedures (NRM lost and SIRM 
lost) had the same demagnetization steps. The above measurements were also performed at the Paleomagnetism and 
Geochronology Laboratory, Institute of Geology and Geophysics, Chinese Academy of Sciences in Beijing, China.

We also selected three Muong Nong-type and three splash-form samples to study their low temperature magnetic 
behavior. The room temperature saturation isothermal remanent magnetization (RT-SIRM) and the low temper-
ature saturation isothermal remanent magnetization (LT-SIRM), including the zero-field warming curves (ZFC) 
and the field warming curves (FC), were measured using a SQUID magnetometer (Quantum Design MPMS-3)  at 
the Environmental Magnetism Laboratory of China University of Geosciences (Wuhan). The residual field of the 
superconducting solenoid after a magnet reset from 2.5 T during measurement is about 45 μT. The behavior of 
LT-SIRM acquired in a 2.5 T field at 10 K after cooling the sample from 300 to 10 K in zero field (ZFC) and in 
a 2.5 T field (FC) was monitored upon warming from 10 to 300 K in 5 K steps (Lagroix & Guyodo, 2017). The 
behavior of RT-SIRM acquired in a 2.5 T field was monitored while cycling from 300 to 10 K and back to 300 K 
in 5 K steps (Church et al., 2011).

2.4.  Petrographic Observation

Among the analyzed samples, several Muong Nong-type tektites exhibited magnetic signals that indicate the 
possible existence of pseudo-single domain (PSD) magnetic grains, and such signals did not occur in any of our 
analyzed splash-form tektites (Section 3.2). These Muong Nong-type tektites may contain comparatively large 
ferromagnetic minerals, and we prepared random thin sections from these samples for petrographic observations. 
The sections were about 1 mm thick and 5 by 7 mm long. After polishing the sections, we were able to identify 
several opaque inclusions in the glass under reflected and transmitted light of stereoscopes.

One of these Muong Nong-type tektites contain abundant whitish opaque materials in the glass (Section 3.3). 
Featuring diffuse margins, the opaque materials were un-melted components in the tektite melt. To evaluate the 
shock level of these materials, a Thermo micro-Raman spectrometer was used at the Purple Mountain Observa-
tory, Chinese Academy of Sciences. Raman spectra were acquired using a 532 nm unpolarized laser with power 
of 6  mW. The total analytical time was 60  s. The Raman spectra for these whitish opaque materials showed 
that they are dominated by 𝛼-quartz, suggesting a  relatively low shock level of precursor materials that formed 
this sample (Section 3.3). Afterward, we obtained a high-resolution three-dimensional (3D) tomography for this 
sample to locate relatively large (still micro-sized) and dense particles that appeared brighter than the surround-
ing glass matrix. These particles are likely metallic materials that might contribute to the magnetic properties 
of this sample. The Carl Zeiss Xradia 520 Versa High Resolution X-ray Tomographic Microscope (HR-XRTM) 
at the micro-CT lab of the Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences was 
employed. The scanner was set up to 70 kV voltage 6 W power. A total of 1,015 projections were collected over 
a rotation of 360° and producing a voxel dimension of ∼0.35 μm for the sample. Inspecting the backscattered 
electron images that were sliced from the 3D tomography, we extracted the accurate coordinates for the relatively 
large dense particles. We then prepared thin sections for these particles according to their coordinates. Stereo-
scopes were used to examine the sections to locate the iron-bearing particles, and the particles were then gradually 
exposed by polishing for compositional analyses. The carbon coated thin sections were then delivered into the 
LYRA 3 XMU Field Emission Scanning Electron Microscope (SEM) at the Guangdong University of Technology 
for surface morphology observation. These thin sections were delivered into the JEOL JXA-iSP 100 Electron 
Probe Micro Analyzer (EPMA) at the Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai) 
for composition analyses. The operation conditions involved a 15 kV acceleration voltage, a 20 nA probe current, 
and a beam diameter set to 1 μm for target particles. The detection limits were ∼0.01 wt% for all the elements.

3.  Results
3.1.  XRF Composition

We confirm that our sampled glasses belong to AASF based on both their stratigraphic occurrences (Section 2.1) 
and their compositional comparison with the five major Cenozoic strewn fields of tektites on Earth. The major 
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elements of the eight samples (Table 1) are consistent with those of AASF tektites, and they are distinctively 
different from those of the other Cenozoic strewn fields (Figure 3).

3.2.  Rock Magnetic Properties

Both Muong Nong-type and splash-form tektites from South China exhibit strong paramagnetic signals as evident 
by the linear uncorrected hysteresis loops (insets of Figure 4). Earlier geochemical (Schreiber et al., 1984) and 
magnetic studies (e.g., Rochette et al., 2015) revealed that the dominating paramagnetic signal of AASF tektites 
is mainly caused by dispersed Fe 2+ ions, which were ascribed to fast cooling of the impact melt in a reducing 
environment (Costa et al., 2014; Koeberl, 1992).

After subtracting the paramagnetic contribution, the corrected hysteresis loops of all the samples exhibit weak 
ferromagnetic signals. Figure 4 shows the results, and Figure S2 in Supporting Information S1 shows similar 
results for additional six splash-form tektites. Due to the rather weak saturation remanence (10 −7–10 −6 Am 2/kg) 
of the samples (Table 2), the corrected hysteresis loops exhibit obvious noises at high fields, reflecting difficul-
ties of completely excluding contributions by the dominating paramagnetic component (Paterson et al., 2018; 
Rochette et al., 2015, 2019). It is notable that some of the corrected hysteresis loops are apparently not closed at 
high fields (e.g., Figures 4c and 4f and Figure S2d in Supporting Information S1), and similar phenomena was 
observed for Muong Nong-types tektites from Indochina, which was ascribed to the strong paramagnetic signal 
of the samples (Rochette et al., 2019).

While the splash-form tektites from South China do not exhibit wasp-waisted hysteresis loops (Figures 4d–4f), 
the Muong Nong-type tektites show wasp-waisted hysteresis loops (Figures 4a–4c) that are consistent with those 
formed by PSD magnetite and/or a mixture of PSD and multidomain (MD) magnetite (Roberts et al., 1995). Simi-
lar wasp-waisted hysteresis loops were also observed for Muong Nong-type tektites from southern Laos, which 
were interpreted to be caused by PSD magnetite (Gattacceca et al., 2021).

The IRM acquisition curves of most splash-form tektites and Muong Nong-type tektites from South China 
show stable increase before 150–200 mT and reach 95% of SIRM before 300 mT (Figure 5), indicating that 
low-coercivity magnetic mineral(s) dominates the IRM variations. The IRM acquisition curves of the three 
splash-form tektites exhibit relatively erratic shapes at higher fields (Figures  5d–5f). For low magnetization 
samples, such erratic IRM acquisition curves obtained at room temperature were noticed in Greenland glacier ice, 
which were ascribed to minor amounts of superparamagnetic (SP) grains in the samples (Lanci et al., 2001; Lanci 
& Kent, 2006). Due to the possible effect of thermal relaxation, such IRM acquisition curves are not suitable 
for performing unmixing coercivity analyses (Heslop et al., 2004). For comparison, the IRM acquisition curves 
of the three Muong Nong-type tektites exhibit relatively stable shapes, indicating a weaker thermal relaxation 
in the Muong Nong-type tektite samples than that in the splash-form tektites. In the backfield demagnetization 
curves of SIRM (Figure 5), the coercivity of remanence (Bcr) of the Muong Nong-type tektites and splash-form 
tektites is about 31–86 mT, suggesting the presence of low-coercivity magnetic mineral(s). However, the Bcr of 
the splash-form tektites, acquired by both VSM 3900 and VSM 8604, cannot be extracted due to their much lower 
magnetization (Table 2 and Figure S3 in Supporting Information S1). See Text S1 in Supporting Information S1. 
The low magnetization of our samples also yielded overwhelmingly large noises in their FORC diagrams (Figures 
S5–S6 in Supporting Information S1), preventing reliable extraction of possible ferromagnetic signals (see Text 
S3 in Supporting Information S1).

On the Day plot (Figure 6), the hysteresis ratios of all the analyzed Muong Nong-type samples (Table S4 and 
S5 in Supporting Information S1) are constrained in the PSD area, consistent with their wasp-waisted hysteresis 
loops (Figures 4a–4c). Earlier investigations for Muong Nong-type tektites at Laos and Thailand yielded similar 
results, with an additional sample that contain MD grains (Figure 6; Gattacceca et al., 2021). It is notable that a 
mixture of MD magnetite and SD magnetite can also cause hysteresis ratios that are constrained in the PSD area 
(Dunlop, 2002). In addition, Werner and Borradaile (1998) measured the hysteresis ratios for five indochinites 
with unknown types, indicating the existence of PSD grains (Figure 6). Considering that the remanence of splash-
form tektites from both South China (this study) and Australia (Werner & Borradaile, 1998) is much weaker, the 
five indochinites measured by Werner and Borradaile (1998) most likely belong to the Muong Nong-type.

To further decode the magnetic carrier(s) in the Muong Nong-type tektites from South China, we investigated 
their acquisition curves of partial anhysteretic remanent magnetization (pARM) and the AF demagnetization 
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Figure 3.  Harker diagrams comparing the contents of major elements for tektite samples from South China and those from the five major types of Cenozoic strewn 
fields. Published data from Philpotts and Pinson (1966), Chapman and Scheiber (1969), Cuttitta et al. (1972), Koeberl et al. (1997), Albin et al. (2000), von Engelhardt 
et al. (2005), Ackerman et al. (2020), and Koeberl et al. (2022).
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Figure 4.  Hysteresis loops for AASF tektites from South China. (a–c) Muong Nong-type tektites. (d–f) Splash-form tektites. Inserted graphs are primary hysteresis 
loops before paramagnetic correction, in which M is the abbreviation for magnetization.

Table 2 
Magnetic Parameters of Australasian Tektites

Subareas Type χ (10 −9 m 3/kg) χfd%
Ms (10 −4 Am 2/

kg)
Mrs (10 −6 Am 2/

kg) Bc (mT) Bcr (mT)
NRM 

(10 −6 Am 2/kg)
NRM/SIRM 

(%)

South China MN 46.6 (21.4–66.1) 0.03 
(0.005–0.28)

4.29 
(0.37–9.16)

32.3 (6.1–136) 9.45 
(3.97–16.2)

26.7 
(1.12–61.4)

2.4 
(0.08–14.1)

6.4 (0.8–22)

South China SF 74 (35.4–106.1) 0.05 
(0.005–0.68)

2.71 
(0.06–7.86)

8.25 
(1.56–19.2)

7.2 
(2.33–19.6)

– 0.016 
(0.001–0.1)

0.8 (0.2–2.8)

Thailand, 
Laos a

MN 93 (77.3–147.3) 0.52 
(0.24–0.7)

41 (8–131) 55.2 (7.9–120) 15.2 
(0.8–19.4)

35 (27–45) 2.8 
(0.03–19.7)

5 (0.5–58)

Philippinites b SF 94 (78.2–129) – – 4.9 (0.7–9) – – 0.18 
(0.1–0.27)

1.2 (1.0–1.4)

Australia b ASF 86 (71.3–103.5) – – – – – 0.04 
(0.05–0.1)

0.9 (0.7–1.1)

Indonesia a SF 102 (81.3–125.4) – – – – – – –

Note. The average values and value ranges (in squares) are shown here, and the raw data for each of the measurement were provided in Tables S2, S3 and Tables S4, 
S5 in Supporting Information S1. χ = Low-field magnetic susceptibility; χfd% = frequency-dependent susceptibility; Ms = saturation magnetization; Mrs = saturation 
remanence; Bc = coercivity; Bcr = coercivity of remanence. MN = Muong Nong-type; SF = splash-form; ASF = ablated splash-form.
 aData from de Gasparis et al. (1975), Rochette et al. (2019), and Gattacceca et al. (2021). Note that two abnormally large Mrs and Ms were reported by Gattacceca 
et al. (2021), and the two values are excluded during the calculation of the average values.  bData from Rochette et al. (2019) and Donofrio (1977).



Journal of Geophysical Research: Solid Earth

PAN ET AL.

10.1029/2022JB025269

12 of 32

of ARM curves. Most of the samples yield regular pARM acquisition curves and AF demagnetization curves 
of ARM, and the median destructive field (MDF) can be determined (22–40 mT). The average MDF of the 
total  ARM is 27 mT (Figure 7), which it is comparable with that of SD and/or PSD magnetite (∼15–31 mT, 
Johnson et al., 1975; Yu et al., 2002). Considering that the Day plot reveals no signals of SD particles in the 
Muong Nong-type tektites (Figure 7) and magnetic properties of PSD magnesite can be similar with those of SD 
magnetite (Roberts et al., 2018), the two lines of evidence indicate that the PSD grains in the Muong Nong-type 
tektites are likely PSD magnetite, which is consistent with the interpretation of Gattacceca et al. (2021).

The Muong Nong-type tektites from South China exhibit a distinct Verwey transition signal around 120 K in 
the FC and ZFC curves (Figures 8a–8c), indicating the presence of magnetite (e.g., Kosterov, 2001). This obser-
vation is supported by the decay of RT-SIRM curves at about 120 K during cooling (Figures 8d–8f), which 
is consistent with signals formed by magnetite (e.g., Smirnov & Tarduno, 2011). However, measurements of 
temperature dependence of magnetic susceptibility for the Muong Nong-type tektites yield no distinct Hopkin-
son peaks of magnetite or other ferromagnetic minerals (Figure S7 in Supporting Information S1), suggesting 
a relatively low content of magnetite in these samples. The RT-SIRM curves show distinct upturns from 90 to 
10 K (Figures 8d–8f), and this feature is inconsistent with that formed by magnetite (Lagroix & Guyodo, 2017; 
Smirnov & Tarduno,  2011). The steep upturn is ascribable to the low-temperature behavior of the dominat-
ing paramagnetic component in these tektites (Nayak et al., 2018), as antiferromagnetic interactions of the Fe 
ions would enhance significantly at 5–50 K, causing sharp increase of remanent magnetization toward lower 
temperature in a small residual field (Aubourg & Pozzi, 2010; Coey & Ghose, 1988; Kars et al., 2011; Nayak 
et  al.,  2018). Alternatively, it has also been well-recognized that thermal unblocking of (super)paramagnetic 
particles at low temperatures (from about 10 to 90 K) would also cause sharp drops in magnetic moment (Geiss 
et al., 2004; Moskowitz et al., 1989; Starunov et al., 2019).

The splash-form tektites from South China exhibit different low-temperature magnetic behavior than the Muong 
Nong-type tektites (Figure 9). Both the LT-SIRM (Figures 9a–9c) and RT-SIRM (Figures 9d–9f) of the splash-form 
tektites show exponential decay of remanent magnetization with increasing temperature, and no obvious Verwey 
transition of magnetite is visible around 120 K (Figures 9a–9c). The sharply enhanced magnetization toward 

Figure 5.  IRM acquisition curves (black) and backfield demagnetization of SIRM curves (blue) for three Muong Nong-type tektites samples and three splash-form 
tektites from South China. (a–c) Muong Nong-type tektites. (d–f) Splash-form tektites. All the IRM acquisition curves and backfield demagnetization of SIRM curves 
shown here are measured using a pulse magnetizer and a 2G-RAPID cryogenic magnetometer.
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low  temperature (<90 K; Figure 9) is consistent with the strong effect of the dominating paramagnetic signal. 
The remanent magnetization of our splash-form tektites decreases by about 94% from 10 to 300 K (Figure 9), 
and the finite values of remanence at 300 K indicate the existence of minor amounts of stable remanence carriers 
(Moskowitz et al., 1989). For comparison, Senftle et al. (1964) performed low-temperature magnetic susceptibil-
ity analyses for splash-form tektites from the Philippines, and positive intercepts at the susceptibility axis were 
noticed, which were interpreted to be caused by a residual temperature-independent constituent. Such signal of 
ferromagnetic materials was believed to be formed by finely-dispersed (e.g., 1–100 nm) metallic spherules in the 
glass matrix (Senftle et al., 1964).

We selected eight splash-form tektites to obtain their stepwise demagnetization of NRM and SIRM2T in a step-
wise increasing alternating field (up to 90 mT). Their NRM curves exhibited erratic shapes due to their low 
magnetization (blue curves in Figure 10). Most of the NRM curves decreased by 80%–90% at an alternating field 
of less than about 20–30 mT, but the sample shown in Figure 10e retained 18% of its NRM above an alternating 
field of 90 mT. The SIRM2T of most samples have more regular shapes (red curves in Figure 10). They exhibit 
similar demagnetization behaviors with their counterpart NRM demagnetization curves, but the sample shown 
in Figure 10b retained 16% of its primary SIRM above an alternating field of 40 mT. Therefore, soft magnetic 
component(s) that have different coercivities commonly exist in the splash-form tektites. The MDF of SIRM is 
about 3–16 mT, and most of them are larger than 9 mT (Figure 10). For comparison, the MDF of SIRM for SD 
magnetite is about 5–17 mT (Johnson et al., 1975; Maher, 1988). Therefore, the soft magnetic components in 
the splash-form tektites may contain SD magnetite. Considering that the splash-form samples exhibit no distinct 
Verwey transition signal around 120 K in the FC or ZFC curves (Figures 9a–9c) and no obvious Hopkinson 

Figure 6.  Day plot (Day et al., 1977; Dunlop, 2002) comparing the hysteresis ratios of Muong Nong-type tektites from South 
China (gray circles) and elsewhere of AASF. Data for the earlier-measured six Muong Nong-type indochinites (gray crosses) 
are referred from Gattacceca et al. (2021), and those for the five indochinites (purple squares) were referred from Werner and 
Borradaile (1998).
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peak of magnetite was observed neither (Figure S7 in Supporting Information S1), SD magnetite may be rather 
minor in the samples. Meanwhile, as indicated by their AF demagnetization curves (Figure 10), signals formed 
by components that have lower coercivities than SD magnetite may also exist in the splash-form tektites. This 
implication is also consistent with both the stable increase of IRM acquisition curves at relatively low fields 
(Figures 5d–5f) and the preliminary analyses based on unmixing magnetic coercivity for the AF demagnetization 
of SIRM (Figure S4 and Text S2 in Supporting Information S1). Note that the AF demagnetization curves of 
SIRM for splash-form tektites are also rather irregular due to the low magnetization of the samples, but they are 
relatively reliable compared to their IRM acquisition curves obtained at room temperature (Figure 5 and Figure 
S3 in Supporting Information S1).

3.3.  Locating and Resolving Magnetic Particles in AASF Tektites

Although metallic particles that are as large as 100 μm were reported in a few splash-form tektites from the Phil-
ippines (Chao et al., 1962, 1964; Donofrio, 1977), it is generally believed that microscopic metallic particles that 
are visible in optical microscopes are extremely rare in AASF splash-form tektites (Rochette et al., 2015; Thorpe 
& Senftle, 1964). We find that the AASF splash-form tektites from South China are dominated by paramagnetic 
signals that may contain additional weak signals of trace amounts of SD magnetite (Figure 10), indicating that 
the chance of finding microscopic metallic particles via optical microscopes is small. Therefore, our petrographic 
investigation of magnetic particles in AASF tektites from South China was mainly focused on the Muong Nong-
type tektites shown in Figures 2e–2g, which exhibit relatively obvious signal of PSD magnetite.

Five random thin sections were sawed from the two tektites shown in Figures 2f and 2g, and the polished sections 
were examined under stereoscopes to locate heterogenous materials and for further identifying possible magnetic 
materials using EPMA. The Muong Nong-type tektite shown in Figure 2e show many whitish opaque materials 
on the exposed section, which appear as un-melted mineral/lithic fragments considering their diffuse boundaries 
(Figures 11a and 11b). Our Raman spectroscopy investigation shows that the whitish opaque materials are domi-
nated by 𝛼-quartz (Figure 11c). Similar occurrence of un-melted quartz was also reported in a Muong Nong-type 

Figure 7.  Partial ARM acquisition curves (black circles) and AF demagnetization of ARM curves (hollow circles) of the Muong Nong-type tektites from South China. 
MDF = median destructive field.
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tektite from Laos (Glass et al., 2020), indicating that its shock level was relatively low compared to the other 
Muong Nong-type tektites. Therefore, the sample shown in Figure  11a has a large probability of preserving 
former magnetic materials in the pre-impact target. We obtained the three-dimensional structural information for 
this sample using HR-XRTM, locating at least six micron-sized relatively dense inclusions (Figure 11d). Thin 
sections prepared by sawing successfully exposed several relatively large inclusions (Figures 11e, 12a, and 12c), 
and their compositions were then investigated using EPMA.

The particles have diameters of about 9.8–13.5 μm, and they occur as black and opaque particles under both 
reflected and transmitted light of stereoscopes (Figure 12). Featuring distinctive boundaries with the host glass, 
the particles exhibit circular shapes in the exposed sections (Figure 13). Our EPMA measurements reveal that 
the relative dense particles are mainly composed of Fe and S, and minor amounts of Ti, Ni, Co, Cr, and Mg are 
detected (Table 3). Metallic spherules with similar morphology and compositions were also observed in impact 
glasses formed by the Bosumtwi and Ries craters (El Goresy, 1966; Stähle, 1972). The morphology and compo-
sitions of the Fe-S spherules are consistent with being formed due to immiscibility of silicate and metallic melt 
during cooling (Belkin & Horton, 2009; Hamann et al., 2017; Reid et al., 1964). It is notable that the accuracy of 
the EPMA results is not as good as measurements for regular rock samples (uncertainty up to 5 wt%; Table S7 
in Supporting Information S1). This issue was noticed before in EPMA measurements for metallic spherules in 
Muong Nong-type tektites from Laos (Krizova et al., 2019), which was ascribed to the small sizes of the particles.

Figure 8.  Low-temperature magnetic behavior of AASF Muong Nong-type tektites from South China. (a–c) The ZFC and FC of Muong Nong-type samples. Inserted 
graphs are the first derivative curves. The remanence values are normalized to the initial ZFC and FC value at 10 K. (d–f) The RT-SIRM of Muong Nong-type tektites 
are cooled to 10 K (blue circles) and warmed back to 300 K (red circles). The remanence values are normalized to the initial RT-SIRM. Low-temperature magnetic data 
could be found in Table S6.
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4.  Discussion
4.1.  Comparison of Magnetic Properties for AASF Tektites at Different Areas

4.1.1.  Comparison of Magnetic Susceptibility

Comparison of magnetic susceptibility of AASF tektites from South China and the other areas reveals much 
larger variations than earlier observations. Figure 14 and Table 2 show the summary of the comparison. On aver-
age, tektites from South China exhibit lower magnetic susceptibility than those from the other areas. Especially, 
the average magnetic susceptibility of the Muong Nong-type tektites from South China (46.6 × 10 −9 m 3/kg) is 
the lowest in the entire strewn field, and it is obviously less than that of Muong Nong-type tektites from Laos and 
Thailand (Figure 14a), while the latter is slightly larger with that of the splash-form tektites from South China 
(74 × 10 −9 m 3/kg). Tektites from Australia, Vietnam, the Philippines (blue dots in Figure 14a) and Indonesia 
(orange dots in Figure 14a) exhibit the largest average magnetic susceptibility (Table 2). It is also notable that 
for the same morphological type of tektites from a given geographic area, their magnetic susceptibility exhibits 
variations up to several folds, such as the splash-form tektites from South China (Figure 14a).

Paramagnetic component is the major and/or dominating contribution to the magnetic susceptibility of different 
types of AASF tektites at various locations (Gattacceca et  al.,  2021; Rochette et  al.,  2015,  2019). Dispersed 
Fe 2+ ions in tektites are believed to be the major cause of the paramagnetic signal of AASF tektites (Rochette 
et al., 2015). The above comparison may indicate that the average concentration of Fe 2+ ions is different in AASF 

Figure 9.  Low-temperature magnetic behavior of AASF splash-form tektites from South China. (a–c) The ZFC and FC of splash-form tektites. The remanence values 
are normalized to the initial ZFC and FC value at 10 K. (d–f) The RT-SIRM of splash-form tektites are cooled to 10 K (blue circles) and warmed back to 300 K (red 
circles). The remanence values are normalized to the initial RT-SIRM. Low-temperature magnetic data could be found in Table S6.
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tektites with different morphological types and from various locations. A possibly lower concentration of Fe 2+ 
ions in Muong Nong-type tektites than splash-form tektites is supported by earlier geochemical studies. While Fe 
in AASF tektites is dominated by Fe 2+ (Koeberl, 1992), Muong Nong-type tektites contain a lower ratio of Fe 2+/
Fe 3+ than both splash-form and ablated splash-form tektites (Costa et al., 2014; Giuli et al., 2002). This geochem-
ical characteristic was interpreted to be caused by a less reduced environment during the formation of the Muong 
Nong-type tektites (Costa et al., 2014).

4.1.2.  Comparison of Saturation Remanence and Coercivity

Our Muong Nong-type tektites generally exhibit larger saturation remanence (Mrs) than the splash-form tektites from 
South China (Figure 14b), with a difference of about 4 times (Table 2). The Mrs of Muong Nong-type tektites from 
Laos and Thailand are generally comparable with those from South China (Figure 14b, Table 2), with two samples 
from Laos and Thailand exhibit exceptionally large Mrs (gray crosses the up-right corner of Figure 14b). Only a 
handful of ablated splash-form tektites from Australia have reported Mrs (Donofrio, 1977), and their values are 
within the range of Mrs for the splash-form tektites from South China (Table 2). Therefore, the content of ferromag-
netic materials in australites and splash-form tektites from South China is among the lowest in the entire strewn field, 
while that in the Muong Nong type tektites is generally larger and it does not exhibit obvious regional variations.

The coercivity values (Bc) for AASF splash-form and Muong Nong-type tektites are mostly comparable (Table 2) 
and they are less than 20 mT, suggesting that the coercivity is mainly caused by soft magnetic components. This 
result is consistent with the other measurements that showed the existence of minor amounts of PSD magnetite in 
our Muong Nong-type tektites (Figure 7) and trace amounts of SD magnetite in our splash-form tektites (Figure 10).

4.1.3.  Comparison of Natural Remanent Magnetization and Ratio of Equivalent Magnetization

We present the first report of NRM (Figure 14c) and NRM/SIRM ratio (i.e., REM; Figure 14d) for AASF tektites 
from South China, and their comparisons with those from the rest of the strewn fields. In a given geographic area, 
each morphological type of tektites exhibits large variations in both their NRM and REM (Figures 14c–14d). 
In general, Muong Nong-type tektites from South China exhibit similar NRM with those from Thailand and 
southern Laos (de Gasparis et al., 1975; Gattacceca et al., 2021). Their average values are about 150 times larger 
than that of splash-form tektites at South China (Table 2), while the latter is comparable with that of australites 

Figure 10.  AF demagnetization curves of NRM (blue) and SIRM2T (red) for AASF splash-form tektites from South China. MDF = median destructive field.



Journal of Geophysical Research: Solid Earth

PAN ET AL.

10.1029/2022JB025269

18 of 32

but slightly less than that of philippinites (Figure 14c). Note that available measurements for philippinites and 
australites are sparse (Donofrio, 1977). The observed NRM values appear to be positively correlated with those 
of Mrs and SIRM (Figure 14c and Figure S8a in Supporting Information S1), indicating that the content of ferro-
magnetic materials is an important issue for the natural remanent magnetization of AASF tektites.

As an order-of-magnitude estimation for paleointensity, REM is not substantially affected by the content of ferro-
magnetic materials (Cisowski et al., 1975; Tauxe, 1993; Wasilewski & Dickinson, 2000), which is supported by 
the weak correlation between REM and SIRM or Mrs of the AASF tektites from South China (Figure S8b and S8c 
in Supporting Information S1). See Text S4 in Supporting Information S1. For comparison, the REM and NRM 
of AASF tektites exhibit positive correlation (Figure 14d), suggesting that REM is a reliable indicator of paleo-
magnetic field information recorded in the NRM. In general, REM of the Muong Nong-type tektites from South 
China is comparable with that Muong Nong-type tektites from Laos and Thailand, which is larger than that of 
australites and splash-form tektites from South China and elsewhere (Figure 14d). Table 2 shows the comparison 
of the range and average values of REM. On average, splash-form tektites from South China have the lowest REM 
in the entire strewn field (Figure 14d and Table 2).

Figure 11.  Relatively dense particles in a Muong Nong-type tektite as revealed by 3D tomography using HR-XRTM. (a) Exposed interior of a Muong Nong-type 
tektite from Hainan (MNL) showing abundant whitish opaque materials in the glass. (b, c) Raman spectroscopy observation showing that the white materials are 
dominated by 𝛼-quartz. (d) At least six particles that are denser than the surrounding glass matrix are visible in the high-resolution 3D reconstruction (inset) for this 
sample. (e) A slice from the 3D model for a relatively large dense particle (red arrow in panel d) that appear brighter than the surrounding glass.
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Most of our samples and various AASF tektites measured by earlier studies yielded REM values in the normal 
range of the geomagnetic field (0.005–0.05; Wasilewski & Dickinson,  2000). Figure  14d shows the compar-
ison. Several of the Muong Nong-type tektites from South China exhibit REM > 0.1. Such abnormally large 
paleointensity also  occurs in several Muong Nong-type tektites from Laos and Thailand (Figure 14d), and the 
larger magnetic field was interpreted to be caused by lightning after the formation of the tektites (Gattacceca 
et al., 2021). However, splash-form tektites from both South China and the rest of the strewn field do not exhibit 
REM  >  0.1. Meanwhile, 30% of our splash-form tektites and two Muong Nong-type tektites measured by 
Gattacceca et al. (2021) exhibit REM < 0.005 (Figure 14d), indicating that their recorded paleointensity is less 
than the geomagnetic field.

Figure 12.  Optical images for Fe-S spherules in Muong Nong-type tektites from South China. Panels (a, b, e, f) are taken 
under reflected light, and the rest were taken under transmitted light. Yellow arrows point to the Fe-S spherules and white 
arrows point to bubbles in the tektites.



Journal of Geophysical Research: Solid Earth

PAN ET AL.

10.1029/2022JB025269

20 of 32

4.2.  Potential Causes for the Heterogeneous Magnetic Properties of AASF Tektites

Our measurements and comparisons with earlier results show that the magnetic properties of various forms 
of AASF tektites are dominated by strong paramagnetic signals, while splash-form and ablated splash-form 
tektites may contain trace amounts of SD magnetite and Muong Nong-type tektites additionally contain small 
amounts of PSD magnetite. The different magnetic properties of AASF tektites are controlled by the intrinsic 
properties of magnetic components, for example, concentrations, compositions, and size distributions. Unlike the 
earlier-advocated positive correlation between FeO content and magnetic susceptibility of tektites in different 
Cenozoic strewn fields (Rochette et al., 2015), AASF tektites at South China exhibit intermediate contents of 
FeO and ferromagnetic elements (e.g., Ni, Co; Figure 15) but the lowest magnetic susceptibility (Figure 14a). 
This comparison indicates that the content of FeO and other magnetic elements in AASF tektites is not the 
dominant control on their magnetic susceptibility (Figure 14a) or primary remanent magnetization (Figures 14c 
and 14d).

4.2.1.  Possible Effect of Heterogeneous Formation Conditions of Tektite Melts

The magnetic properties of iron-bearing silicate glasses that were formed by rapid cooling are typically domi-
nated by paramagnetic materials (Dunlop & Özdemir,  1997; Nayak et  al.,  2018; Rochette et  al.,  2015). This 
is consistent with the observation that Fe in various tektites is dominated by Fe 2+ ions (Costa et  al.,  2014; 
Koeberl, 1992; Schreiber et al., 1984; Thorpe & Senftle, 1964), and the strong paramagnetic signal of all kinds 
of AASF tektites is believed to be mainly caused by dispersed Fe 2+ ions in the glass (Gattacceca et al., 2021; 
Rochette et al., 2015, 2019). Formation of tektite melts mainly occurred in an extreme-reduced environment, 
during rapid cooling, Fe atoms in the melt were mostly frozen with a random atomic pattern before crystalliza-
tion could occur (Spaepen & Turnbull, 1984). The more reduced formation condition of splash-form tektite melt 
is consistent with the larger average magnetic susceptibility (Figure 14a). Considering that tektites from South 
China generally exhibit lower magnetic susceptibility than those from the rest of the strewn field, tektite melt 
ejected toward the uprange of the impactor trajectory may be formed in a less reduced environment. Moreover, 

Figure 13.  Backscattered electron image for the Fe-S spherules (yellow arrows) in Muong Nong-type tektites from South 
China. The inserted figures show the high-resolution morphology of the spherules.
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each morphological type of tektites in the same geographic area exhibits large value range of magnetic suscep-
tibility (Figure 14a), indicating that tektite melt landed at the same area may have experienced different redox 
states during formation.

Relict mineral shards (e.g., zircon, rutile, monazite) have been observed in various forms of AASF tektites 
(Folco, Perchiazzi, et al., 2010), especially Muong Nong-type tektites that generally experienced lower shock 
temperature (Glass & Barlow, 1979; Glass et al., 2020). Our petrographic study for Muong Nong-type tektites 
from South China yielded relict quartz (Figure 11) but no relict ferromagnetic grains. Meanwhile, un-melted 
micro-sized chromite (75 μm) was discovered in Muong Nong-type tektites from Indochina, which were likely 
inherited from the pre-impact target materials (Glass, 1970). The larger Mrs and NRM of Muong Nong-type 
tektites may indicate that they may contain more relicts of ferromagnetic materials (e.g., PSD magnetite) that 
were inherited from the pre-impact target. On the contrary, the signal of trace amount of SD magnetite in our 
splash-form tektites has a less chance of being un-melted magnetite from the pre-impact target, considering that 
melt of splash-form tektites was once heated to a maximum temperature of ∼2200°C (e.g., Macris et al., 2018), 
under which magnetite would experience complete thermal decomposition (Friedman et al., 1960; Senftle & 
Thorpe, 1959).

Table 3 
Chemical Composition of Fe-S Spherules in the Muong Nong-Type Tektites at South China

Normalized wt%

Sample Position Fe S Ti P Ni Co Cr Mg Total

MNL 1 61.57 37.07 0.08 b.d.l. 0.86 0.21 0.07 0.14 100.00

2 59.63 38.46 0.09 b.d.l. 1.27 0.21 0.08 0.27 100.00

HN211 1 57.78 36.54 0.21 b.d.l. 4.39 0.36 0.07 0.65 100.00

2 57.68 37.26 0.10 b.d.l. 4.19 0.39 0.10 0.27 100.00

HN212 1 60.68 36.44 0.21 0.02 1.92 0.26 0.07 0.40 100.00

2 60.06 37.44 0.08 b.d.l. 1.99 0.27 0.06 0.11 100.00

3 60.69 36.10 0.29 0.04 1.99 0.20 0.07 0.61 100.00

4 60.39 37.08 0.12 b.d.l. 1.92 0.21 0.08 0.20 100.00

HN611-2 1 61.50 37.09 0.08 b.d.l. 0.93 0.25 0.08 0.07 100.00

HN613 1 56.22 33.06 0.65 b.d.l. 7.64 0.47 0.09 1.85 100.00

Normalized at%

Sample Position Fe S Ti P Ni Co Cr Mg Total

MNL 1 0.48 0.51 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 100.00

2 0.46 0.52 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 100.00

HN211 1 0.45 0.50 b.d.l. b.d.l. 0.03 b.d.l. b.d.l. 0.01 100.00

2 0.45 0.51 b.d.l. b.d.l. 0.03 b.d.l. b.d.l. b.d.l. 100.00

HN212 1 0.48 0.50 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.01 100.00

2 0.47 0.51 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 100.00

3 0.48 0.49 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.01 100.00

4 0.47 0.51 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 100.00

HN611-2 1 0.48 0.51 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 100.00

HN613 1 0.44 0.45 0.01 b.d.l. 0.06 b.d.l. b.d.l. 0.03 100.00

Note. The b.d.l. is the abbreviation for below detection limit. Note that the element totals of almost all our measurements were below 98 wt% or above 102 wt%, and 
we neglected the other elements that were not detected and then normalized the analytical data to 100%. Similar procedure performed for such metallic spherules 
found in impact glass formed by the Bosumtwi crater and Muong Nong-type tektites in southern Laos (El Goresy, 1966; Krizova et al., 2019), and the imperfect 
measurements were caused by the small sizes of such spherules, as the background glass was unavoidably sensed by the penetrating electron beam (El Goresy, 1966; 
Krizova et al., 2019).
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4.2.2.  Possible Effect of Cooling History of Tektite Melts

While the heterogeneous magnetic properties of AASF tektites can be explained by their different formation 
conditions (e.g., redox state; Section 4.2.1), different cooling histories (e.g., cooling rate and time) of tektite 
melts may also explain their observed magnetic properties. The strong effect of cooling rate on magnetic prop-
erties of silicate melt was resolved in other impact glasses and volcanic glasses (Carlut & Kent, 2002; Ostertag 
et al., 1969; Rochette et al., 2015; Schlinger et al., 1988; Schlinger & Smith, 1986). For example, larger impact 
glasses formed by the Lonar crater experienced lower cooling rate and longer cooling times than smaller ones, and 
more ferromagnetic materials may grow in the larger glasses, explaining their larger NRM (Weiss et al., 2010). 
The more rapid cooling of splash-form tektite melt (Wilding et al., 1996) may have suppressed the nucleation 
and growth of Fe 2+ ions to form magnetite or other ferromagnetic minerals (Rochette et al., 2015; Senftle & 
Thorpe, 1959; Werner & Borradaile, 1998). On the contrary, the smaller cooling rate and longer cooling time of 
Muong Nong-type tektite melts (de Gasparis et al., 1975; Futrell, 1986; Klein et al., 1980) may permit more Fe 2+ 
in the melt to form larger grains of ferromagnetic materials (de Gasparis, 1973; Thorpe & Senftle, 1964), such as 

Figure 14.  Comparisons of magnetic properties for AASF tektites at different areas. SF = splash-form tektites, MN = Muong Nong-type tektites. (a) Magnetic 
susceptibility versus mass data. Data reported by Rochette et al. (2019) are referred here. (b) Mrs versus Bc. (c) NRM versus Mrs. Note that two Muong Nong-type 
tektites samples reported by Gattacceca et al. (2021) have exceptionally large NRM values, and the two data points are not shown in this panel. (d) The NRM/SIRM 
ratio versus NRM. Magnetic data of philippinites, australites and Muong Nong-type indochinites are referred from de Gasparis et al. (1975), Donofrio (1977) and 
Gattacceca et al. (2021). Orange band represents a region of REM > 0.1. Cyan band represents a region of REM < 0.005. Note that panel (d) contains a larger number 
of samples from South China than panel (c), because the Mrs of a portion of samples shown in panel (d) was measured.
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SD and PSD magnetite. Assuming that melt of both Muong Nong-type and splash-form AASF tektites contained 
similar initial amounts of Fe 2+, their different cooling histories may yield lower concentration of dispersed Fe 2+ 
ions but higher contents of relatively large ferromagnetic grains (e.g., SD and PSD magnetite) in the Muong 
Nong-type tektites. This interpretation is consistent with the observed magnetic properties of different types of 
AASF tektites, for example, Muong Nong-type tektites generally have smaller magnetic susceptibility but larger 
Mrs and NRM.

The above interpretation, however, may indicate that SP grains should exist in both the Muong Nong-type and 
splash-form tektites, if the detected SD and PSD magnetite was grown from smaller grains (de Gasparis, 1973). 
Although not conclusive, several of our measurement results are consistent with the existence of SP grains in both 
the Muong Nong-type and splash-form tektites: (a) the relatively erratic IRM acquisition curves of the splash-form 
tektites (Figures 5d–5f) are consistent with being caused by thermal relaxation of SP grains in low-magnetization 
materials (Lanci & Kent, 2006); (b) FORC diagrams have relatively small noises at low fields, and strong signals 
of thermal relaxation are visible along the Bu axis, that is, Bc close to 0 (Figures S5 and S6 in Supporting Infor-
mation S1), consistent with the possible existence of trace amounts of SP particles (Pike et al., 2001; Roberts 
et al., 2000); (c) the low-temperature magnetic behavior of our samples (Figures 8 and 9) exhibits sharp increases 
from about 90 to 10 K, which can be explained by both the dominating paramagnetic signals and trace amounts  of 
SP grains (Moskowitz et al., 1989; Nayak et al., 2018; Starunov et al., 2019).

4.2.3.  Possible Effect of Motional Magnetization of Tektite Melts

It is a consensus that Muong Nong-type tektites are located closer to the source crater than the other AASF 
tektites, and they may be landed with a high temperature, possible above the blocking temperature of magnetic 
carriers (de Gasparis et al., 1975; Gattacceca et al., 2021). On the contrary, most splash-form tektites were likely 
entrained in an upward and outward expanding hot impact plume for a longer time than Muong Nong-type tektites 
(Howard, 2011; Jones & John, 1982; Koeberl, 1994; Melosh, 1990). During the dissipation of the impact plume 
toward high altitude and downrange of the impact trajectory, centimeter-sized molten tektites were quenched 
within a couple of minutes (Artemieva, 2008a; Macris et al., 2018), while their orientation may have undergone 
frequent changes due to rolling and tumbling with respect to the geomagnetic field, recording unstable magneti-
zation directions and thus weaker NRM (Weiss et al., 2010). Therefore, motional magnetization likely occurred 
during the cooling of tektite melt, especially that of the splash-form tektites. This interpretation explains the 
larger NRM and REM of Muong Nong-type tektites than those of the splash-form tektites, and tektite melt with 
relative fast rotation during quenching may record REM less than the normal range of geomagnetic field, that is, 
samples in the cyan shade of Figure 14d. This mechanism was also referred to explain the stable NRM demagnet-
ization behaviors of the Muong Nong-type tektites from Laos and Thailand (Gattacceca et al., 2021).

Figure 15.  Comparisons of contents of magnetic elements in AASF tektites from different areas. (a) SiO2 versus FeO. (b) Ni versus Co. Major and trace elements data 
are referred from Chapman and Scheiber (1969), Ho and Chen (1996), Lee et al. (2004), Goderis et al. (2017), and Ackerman et al. (2019).
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The REM values of most AASF tektites, including our samples and cores of philippinites and australites, are 
within the normal range of geomagnetic field (Figure 14d). If motional magnetization occurred during the cool-
ing of these tektite melts, their orientations with respect to the local geomagnetic field might have been relatively 
stable when passing the blocking temperature of magnetic carriers (e.g., SD and PSD magnetite). This interpre-
tation is consistent with earlier interpretations that many Muong Nong-type tektites from Laos and Thailand may 
be cooled below the blocking temperature of magnetite after landing on the surface (Gattacceca et al., 2021). 
Earlier field investigations suggested that Muong Nong-type tektites from Thailand may be landed with a plastic 
state in terms of the mechanical properties (Fiske et al., 1999). Recent field studies for fragments of Muong 
Nong-type tektites at Thailand suggested in situ intensive fragmentation upon landing, indicating that the Muong 
Nong-type tektites had a brittle mechanical behavior when landed (Tada et al., 2020). It was also observed that 
splash-form tektites at Vietnam had a brittle skin and plastic interior when landed (Nininger & Huss, 1967). The 
liquid to solid transition temperature of tektite melt is about 780°C (Wilding et al., 1996). Therefore, tektites with 
REM ≈ 0.005–0.1 may be landed with a temperature less than 780°C but larger than the blocking temperature of 
magnetic carriers (e.g., 580°C for magnetite).

While post-landing acquisition of NRM might be plausible for most tektites at South China and the Indochina 
Peninsula, which are close to the hypothesized source crater at Indochina, the melt of australites was cooled before 
the atmospheric reentry (Chapman, 1971). Cores of australites exhibit comparable REM with normal geomag-
netic field (Figure 14d), indicating that during the ascending of melt of australites (possibly in the expanding 
impact plume; Elkins-tanton et al., 2003; Magna et al., 2011), the orientation of the melt may be relatively stable 
when cooled through the blocking temperature of the interior magnetic carriers. Follow this interpretation, it is 
alternatively possible that other tektites that have comparable REM with normal geomagnetic field may also be 
cooled below the Curie temperature during flight with relatively stable orientations, and their different NRM and 
REM values may record an altitude dependence of geomagnetic field intensity (Donofrio, 1977).

4.2.4.  Possible Origin of Abnormally Large Magnetic Field Recorded by Tektites

While the abnormally low REM of several splash-form tektites from South China and a few Muong Nong-type 
tektites from Laos and Thailand (<0.005; Figure 14d) can be interpreted by rapid reorientation during cooling (i.e., 
motional magnetization) and/or cooling at rather high altitudes, several Muong Nong-type tektites from both South 
China, Laos and Thailand (Gattacceca et al., 2021) exhibit REM > 0.1 (orange shade of Figure 14d). These samples 
record abnormally strong magnetic field compared with the geomagnetic field (Gattacceca et al., 2021). Random 
post-deposition events, such as lightning remagnetization and exposure to hand magnets, were invoked to explain the 
abnormally large REM (Gattacceca et al., 2021; Gattacceca & Rochette, 2004; Wasilewski & Dickinson, 2000). While 
our samples were not exposed to strong artificial magnetic fields before laboratory measurement, lightning remag-
netization is hard to reconcile the observation that all the splash-form tektites from South China have REM ≪ 0.1.

Impact-generated magnetic fields were frequently induced to explain the origin of patches of abnormally strong 
magnetic areas on the Moon (Crawford, 2020; Crawford & Schultz, 1988, 1999; Hood & Artemieva, 2008). Such 
induced magnetic fields are supposed to be formed by ejection of negatively-charged impact debris and retainment of 
positively-charged plasma above the impact site (Crawford & Schultz, 1999). Analytical models for impact-generated 
plasma and magnetic field predicted that for terrestrial impacts, a 1 km diameter projectile could generate a transient 
magnetic field that is up to 0.03 T and could last ∼100 s, and dust discharge would tend to reduce both the intensity and 
lifetime of the induced magnetic field with time (Crawford & Schultz, 1999). However, evidence for impact-generated 
magnetic field on Earth has been scarce (Carporzen et al., 2012; Louzada et al., 2008; Weiss et al., 2010). Our obser-
vations are not adequate to postulate whether or not a hypothesized impact-induced magnetic field could cause the 
abnormally large REM values recorded by the Muong Nong-type tektites. This scenario, if true, would be highly 
informative to resolving the fine structure of impact-induced magnetic fields based on magnetic properties of tektites.

In summary, we propose the following potential causes for the observed heterogeneous magnetic properties of AASF 
tektites, which are mainly related with the different formation condition and cooling history of tektite melts: (a) the 
faster cooling rate and more reduced cooling environment of splash-form tektite melt may be able to form a larger 
portion of dispersed Fe 2+ ions in splash-form tektites, explaining the larger average magnetic susceptibility of the 
splash-form tektites; (b) on average, splash-form tektites have higher shock level (e.g., heating temperature) and 
larger cooling rates than Muong Nong-type tektites, so large grains of magnetite (PSD magnetite) may exist in the 
Muong Nong-type tektites than those in the splash-form tektites; (c) most tektites might have relatively stable orien-
tation in the geomagnetic field when cooled below the blocking temperature, and motional magnetization and/or 
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cooling at rather high altitudes may cause ratios of equivalent magnetization less than that of geomagnetic field; (d) 
abnormally strong magnetic field(s) might exist during and/or after the formation of some Muong Nong-type tektites, 
but a potential causal correlation with impact-induced magnetic field and/or post-deposition lightning is obscure.

4.3.  Origin of Fe-S Spherules in Muong Nong-Type Tektites From South China

We report the first identification of Fe-S spherules in AASF tektites at South China (Figures 11–13). Ferromagnetic 
inclusions in AASF tektites at the Indochina Peninsula and further south have been extensively searched and stud-
ied (de Gasparis, 1973; Donofrio, 1977; Kleinmann, 1969; Rochette et al., 2015, 2019). Chao et al. (1962, 1964) 
discovered metallic spherules in some philippinites and indochinites, which consist of kamacite, troilite and 
schreibersite. Senftle et al. (1964) referred to this observation and suggested that the detected significant signals 
of ferromagnetic materials in some philippinites were likely caused by submicroscopic metallic-iron spher-
ules within the glass. However, such spherules were not observed in microscopes. Kleinmann (1969) observed 
finely distributed magnetite skeletons and idiomorphic magnetite crystals in indochinites, suggesting that they 
were formed by rapid crystallization in the high-temperature melt. To determine the stable remanence carrier in 
AASF tektites, Donofrio (1977) observed some MD iron-nickel particles in several philippinites, which were 
not regarded as reliable carrier for NRM considering their lower coercivity. Recently, Gattacceca et al. (2021) 
confirmed the presence of signals of PSD magnetite and MD metallic iron in Muong Nong-type tektites from 
southern Laos and northeastern Thailand based on rock magnetic analyses.

At present, the source of metallic particles discovered in AASF tektites remains controversial. Melting of impac-
tor components such as troilite-pentlandite-like phases were preferred as the origin of the Fe-Ni sulfides and 
other metallic spherules (e.g., iron-nickel and iron phosphide particles) in different types of AASF tektites (Chao 
et al., 1962, 1964; Donofrio, 1977; Kleinmann, 1969). On the other hand, contents of highly siderophile elements 
(e.g., Ni, Co, Cr) in tektites exhibit large regional variations across AASF, in which Muong Nong-type tektites 
from South China contain relatively low Ni (below 60 ppm; Goderis et al., 2017), Co (∼11 ppm), and Cr (∼72 
ppm) (Chapman & Scheiber, 1969). Metallic spherules found in philippinites exhibited similar Fe/Ni and Ni/Co 
ratios with terrestrial rocks, and impact-induced in situ reduction of pre-impact target was proposed as a plau-
sible explanation (Ganapathy & Larimer, 1983). Likewise, the Fe-Ni sulfide particles in the Muong Nong-type 
tektites from Laos were interpreted to be formed by melting of unstable sulfides in the pre-impact target (Krizova 
et al., 2019).

Relict magnetic minerals (such as magnetite and hematite) have been found in impact glasses (not tektites) formed 
by the Ries (Kleinmann, 1969), Bosumtwi (El Goresy, 1966), and Zhamanshin craters (Starunov et al., 2019), 
and also in glass formed by the 1908 Tunguska air blast (Kirova, 1964). With large sizes (up to hundreds of 
μm) and broken angular shapes, such magnetic inclusions showed evidence of relatively low degree of shock 
metamorphism (Glass & Barlow, 1979; Starunov et al., 2019). For comparison, the Fe-S spherules in the Muong 
Nong-type tektites from South China exhibit sharp circular boundaries with the surrounding glass (Figures 12 
and 13), indicating immiscibility between the Fe-S metallic melt and silicate melt during rapid cooling (Belkin 
& Horton, 2009; Hamann et al., 2017; Reid et al., 1964). Therefore, the Fe-S spherules in the Muong Nong-type 
tektites from South China are not un-melted relict particles from the target and/or impactor materials.

Our EPMA measurements for the Fe-S spherules reveal that the average Fe/S ratio (0.94; Table 3) is close to 
that of stoichiometric FeS (troilite; FeS) but different with that of pyrite (FeS2; 0.5) and greigite (Fe3S4; 0.75). 
The RT-SIRM behavior at ∼10–90 K (Figure 8) of the Muong Nong-type tektites at South China is similar with 
that of antiferromagnetic iron sulfides, such as troilite (Cuda et al., 2011; Kohout et al., 2007, 2010). However, 
the low-temperature magnetic behavior of Muong Nong-type tektites from South China (Figure 8) exhibits no 
magnetic transition at ∼34 K that is caused by monoclinic pyrrhotite (Fe7S8; Rochette et al., 1990) or at ∼70 K 
that is caused by troilite (Cuda et al., 2011). Therefore, both the compositions of the Fe-S spherules and the 
low-temperature magnetic properties of the host tektites indicate that the discovered Fe-S spherules are not likely 
troilite or monoclinic pyrrhotite.

The Ni content of the Fe-S spherules in the Muong Nong-type tektites from South China (average value of about 
2.71 wt%) is much lower than that of the Fe-Ni-S particles in the Muong Nong-type tektites from Laos (∼32–39 
wt%), which were interpreted to have an impactor origin (Krizova et al., 2019). In addition, the average Ni/Co 
ratio of the Fe-S spherules (∼9; Table 3) is similar with that of typical terrestrial materials (5–10; Ganapathy 
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& Larimer, 1983), but it is different from that of typical Fe-S minerals in meteorites (larger than 20), such as 
troilite (FeS; Nichiporuk & Chodos, 1959; Allen & Mason, 1973), Shengzhuangite (NiFeS2; Bindi & Xie, 2018), 
and Pentlandite ((Fe, Ni)9S8; Olsen et al., 1999). Therefore, the Fe-S spherules are most likely originated from 
iron-sulfides in the pre-impact target materials instead of from the impactor.

The precise composition and interior structure of the Fe-S spherules are not resolved yet, and their possible 
contributions to the observed magnetic properties of the host Muong Nong-type tektites are not known. Although 
several such Fe-S spherules are resolved in a small piece of Muong Nong-type tektite that has relatively strong 
signals of PSD particles (Section 3.3), the occurrence frequency of such spherules in the other Muong Nong-type 
tektites is uncertain. Based on the current available data of these spherules and their host tektites, our preferred 
interpretation, that their precursor being pre-impact target materials, does not yield additional insights into the 
possible location of the parent crater.

4.4.  Limitations and Prospection

Our rock magnetic results for the tektites from South China are generally consistent with earlier studies for 
AASF tektites from the other areas (de Gasparis, 1973; de Gasparis et al., 1975; Donofrio, 1977; Gattacceca 
et al., 2021; Rochette et al., 2015). The cross comparisons (Sections 4.1 and 4.2) yielded larger heterogenies in the 
magnetic properties of the tektites than earlier findings, providing additional insight into the formation of tektites. 
However, many magnetic signals of the tektites are still ambiguous based on our current knowledge of rock 
magnetism. Due to the extremely weak magnetization, AASF tektites, especially the splash-form tektites, are not 
ideal samples to extract ferromagnetic signals (de Gasparis, 1973; Donofrio, 1977; Rochette et al., 2015; Werner 
& Borradaile, 1998). Therefore, both the FORC diagrams and temperature dependence of magnetic susceptibil-
ity obtained at high-temperature exhibit large noises, which do not show distinct evidence of known magnetic 
particles (Figures S5, S6, and S7 in Supporting Information S1). Although our data can be explained by a trace 
amount of SP particles in both the splash-form and Muong Nong-type tektites, conclusive evidence awaits further 
measurements, for example, more systematic low-temperature rock magnetism study. The abnormally large REM 
of several Muong Nong-type tektites from South China and Indochina needs verification based on more accu-
rate measurements for the absolute paleointensity and paleomagnetism. Afterward, the possible origin(s) of the 
indicated strong magnetic field(s) can be better resolved by integrating theoretical calculations for the spatial 
distribution of impact-induced magnetic field and the cooling history and flight trajectory of various tektite melts.

As a new discovery, the Fe-S spherules in the Muong Nong-type tektites from South China deserve systematic 
investigations for their precise composition, high-resolution crystallography, and magnetic properties. Afterward, 
their implications to the possible lithology and depositional environment of the precursor target materials can be 
anticipated.

5.  Conclusions
The first detailed rock magnetism investigation is carried out for Australasian tektites from South China in this 
study. Their magnetic properties are compared with those of various morphological types of tektites (Muong 
Nong-type and splash-form) from the other places of this strewn field. We confirm that the magnetic properties 
of AASF tektites from both South China and elsewhere are dominated by paramagnetic signals. While trace 
amounts of superparamagnetic grains may exist in the tektites from South China, we find signals caused by small 
amounts of single-domain magnetite in the splash-form tektites and PSD magnetite may exist in the Muong 
Nong-type tektites.

We reveal that each morphological type of tektites from a same geographic area exhibits large variations of 
magnetic properties. In general, the average magnetic susceptibility of tektites from South China is lower than 
that of the other AASF tektites, and that of the Muong Nong-type tektites from South China is the lowest in the 
entire strewn field. The average natural remanent magnetization and average ratio of equivalent magnetization of 
splash-form tektites from South China are the lowest in the strewn field, while they are comparable with those 
of few reported values for australites. These heterogeneous magnetic properties can be explained by the different 
shock levels and/or cooling history of the tektite melts, as the Muong Nong-type tektites might contain more 
relicts of magnetic carriers from the precursor materials, and/or a slower cooling rate and longer cooling time of 
Muong Nong-type tektites may cause higher abundances and larger grain sizes of ferromagnetic minerals.
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Most AASF tektites, including the splash-form tektites from South China and australites, have ratios of equivalent 
magnetization comparable with the range of normal geomagnetic field. These tektite melts might have a relatively 
stable orientation with respect to the geomagnetic field when cooled through the blocking temperature of the 
magnetic carriers. Some of the tektites might be cooled through the Curie point after landing. A portion of splash-
form tektites and few earlier reported Muong Nong-type tektites from the Indochina Peninsula record much 
lower ratios of equivalent magnetization less than that of geomagnetic field, which can be explained by motional 
magnetization of rapidly rotating tektite melt during cooling and/or cooling at high altitudes. No splash-form 
tektites but several Muong Nong-type tektites from South China and Indochina Peninsula exhibit abnormally 
large ratios of equivalent magnetization, but the origin of strong magnetic field(s) during and/after the formation 
of these tektites is unknown. We suggest that the above interpretations are informative to the understanding of the 
impact process that formed the enigmatic source crater.

This study also reports the first discovery of micro-sized Fe-S spherules in the Muong Nong-type tektites from 
South China. Their morphology and composition indicate that they were formed due to immiscibility between 
Fe-S metallic melt and silicate melt during cooling. While their precise geochemistry, interior structure, and 
possible contribution to the magnetic properties of the host tektites are not resolved yet, preliminary composi-
tional analyses suggest that the spherules are likely originated from the pre-impact target materials.

This study demonstrates the usefulness of rock magnetism, especially its combination with detailed petrographic 
observations, in studying the origin of AASF tektites.
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