Jérôme Gattacceca 
  
Pierre Rochette 
  
Yoann Quesnel 
  
Sounthone Singsoupho 
  
  
  
  
  
Revisiting the paleomagnetism of Muong Nong layered tektites: implications for their formation process

Keywords: Muong Nong tektite, magnetic properties, Paleomagnetism, Australasian

10 Among Australasian tektites, the so-called Muong Nong tektites stand out for their peculiar 11 layering and blocky aspect. Although the source crater for the Australasian tektites is not 12 known, Muong Nong tektites are generally considered as a relatively proximal ejecta. The 13 mechanism responsible for the formation of the layering has been a matter of debate. In this 14 work, we revisit the paleomagnetism of Muong Nong tektites. They retain a thermoremanent 15 magnetization acquired during cooling below 585°C in the presence of the ambient 16 geomagnetic field, and carried magnetite in most samples, although at least one sample 17 containing metallic iron was detected. The inclination of the paleomagnetic direction with 18 respect to the layering plane clusters around 18±12°, compatible with the inclination of the 19 geomagnetic field for this latitude at the time of impact. This indicates that the layering of the 20 Muong Nong tektites was sub-horizontal while they were cooling below 585°C. The preferred 21 scenario for the formation of the layering of layered tektite is therefore by horizontal shear in 22 pools or sheets of molten material.

27 hypervelocity impacts at the surface of the Earth, and spread over extensive strewnfields (Glass, 28 1990). Five tektite fields are known: Australasian tektites, belizites, moldavites, ivoirites, 29 North-American tektites, by order of increasing age [START_REF] Koeberl | Tektite origin by hypervelocity asteroidal or cometary impact. Target rocks, 436 source craters, and mechanisms[END_REF]Rochette et al., 2021). All 30 can be associated to a known impact crater, except Australasian tektites whose source is yet not 31 firmly identified, although it has been recently proposed to be hidden under a volcanic plateau 32 in Southern Laos [START_REF] Sieh | 479 Australasian impact crater buried under the Bolaven volcanic field, Southern Laos[END_REF]. This is surprising in view of their relatively young age of 33 788±3 ka [START_REF] Nomade | Ultra-precise age and 427 temperature of formation of the Australasian tektites constrained by 40 Ar/ 39 Ar analyses[END_REF], the assumed large diameter of the putative crater and extensive 34 spread over at least 180 million km 2 (28% of the surface of the Earth) when including 35 microtektites found in deep sea sediments and Antarctica [START_REF] Folco | 409 Microtektites from Victoria Land Transantarctic Mountains[END_REF]Di Vincenzo al., 36 2021). A source crater located in Indochina is favored by most authors based on tektite and 37 microtektite distribution [START_REF] Glass | Geographic variation in Australasian microtektite 421 concentrations: Implications concerning the location and size of the source crater[END_REF][START_REF] Glass | Australasian microtektites and associated impact ejecta in 424 the South China Sea and the Middle Pleistocene supereruption of Toba[END_REF], despite 38 alternative locations proposed in Northern China [START_REF] Mizera | On a possible parent crater for Australasian tektites: 455 Geochemical, isotopic, geographical and other constraints[END_REF]. However, such a crater 39 has not been confirmed so far. In the absence of crater, competing hypotheses of formation by 40 multiple km-sized craters [START_REF] Wasson | Layered tektites: a multiple impact origin for the Australasian tektites[END_REF], or airburst without the need for an impact crater 41 have emerged for the Australasian tektites (e.g., Barnes, 1963;Wasson, 2003). Besides the 42 Australasian tektite case, this debate has far-reaching implications for the understanding of the 43 possible risk and environmental effects associated with large airbursts (e.g., Cavosie and 44 Koeberl, 2019).

45 Of particular interest in this debate are the Muong-Nong tektites, a sub-category of Australasian 46 tektites characterized by their larger size (up to above 20 kg), blocky aspect without the typical 47 splashforms attesting solidification during flight, and marked layering with adjacent dark and 48 light layers showing differences in chemical composition (Koeberl, 1992). These objects, also 74 focused primarily on the paleointensity of the magnetic field recorded by the tektites, with the 75 objective of determining if tektites were of lunar or terrestrial origin, an active debate at that 76 time. The directional data were only briefly mentioned and discussed, and it was John Wasson 77 who wrote "I suggest that the remanence should be measured again…" (Wasson, 2003), and 78 initiated this second study of Muong Nong tektites paleomagnetism. 79 80 2. Samples 81 Tektites are usually characterized by a purely paramagnetic behavior [START_REF] Gattacceca | Magnetic properties of tektites and other related impact glasses[END_REF](Rochette et al. , 82 2019)), not adapted for paleomagnetic investigations that require at least 10 ppm of 83 ferromagnetic inclusions such as magnetite or metal. However, it appears that Muong Nong 84 tektites contain a significant amount of such inclusions (Kleinman et al., 1969;Glass and 85 Barlow, 1979;[START_REF] Gattacceca | Magnetic properties of tektites and other related impact glasses[END_REF], making them suitable for a paleomagnetic study (de 86 [START_REF] Gasparis | The demagnetization data are presented in Figure 6. Origin-trending 243 high-temperature (HT) and high coercivity (HC) components could be isolated in all samples. 244 All samples have relatively well-defined paleomagnetic directions with an average maximum 245 angular deviation (MAD, as defined by Kirschvink[END_REF].

87 We studied 32 samples taken from 18 Muong Nong tektites (Table 1, Figure 1). They were 88 selected for their marked layering (Figure 2). Nine tektites, with label starting with T or TS 89 were selected and characterized by John Wasson. Seven tektites, with label starting with N, 90 were recovered and selected by Pierre Rochette within five collection sites prospected during a 91 field trip in 2019 around the Muong Nong locality in Southern Laos. The larger samples were 92 bought directly from villagers who collected them while cultivating their fields, thus ensuring 93 that the coordinates given in Table 1 are reliable. Finally, two samples (MNP1, MNP2) were 94 obtained from a dealer in Thailand. Selection criteria were well-expressed planar unfolded 95 layering (apart from sample N16, see below), large enough size to allow cutting samples of a 96 few cm 3 lacking magnetic soil incrustations that often found in the porous parts of Muong Nong 97 tektites. We encountered a significant number of Muong Nong where folding of layering 98 prevented the definition of a consistent presumed paleo-horizontal plane for the whole tektite. 124 chosen based on the initial NRM measurement to aim for a NRM of at least 10 -6 Am 2 allowing 125 reliable remanence measurements. Cutting was also aimed at removing the external, weathered 126 part of the tektites, with particular attention to soil incrustations that may be highly magnetic 127 compared to the bulk tektite glass. Additional cleaning was performed using a non magnetic 128 metallic needle, and for some samples with an additional treatment with ethanolamine 129 thioglycolate (EATG) to dissolve remaining adhering terrestrial oxihydroxides. An oriented 130 thin slice was cut from most sample to better define the layering (Figure 2).
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Magnetic measurements were performed at CEREGE. Stepwise alternating field (AF) and thermal demagnetization were used 138 to characterize the NRM. AF demagnetization was performed using the in-line three-axis 139 demagnetization of the 2G magnetometer, or off-line by three-axis demagnetization with a 140 LDA5 AF demagnetizer from Agico. Thermal demagnetization was performed with a zero-141 field oven from ASC. Saturation isothermal remanent magnetization (sIRM) was imparted in a 142 field of 3 T with MMPM9 pulse magnetizer. Anhysteretic remanent magnetization was 143 imparted using the LDA5AF instrument. Magnetization components were computed from 144 NRM demagnetization data by principal component analysis [START_REF] Kirschvink | The least-squares line and plane and the analysis of palaeomagnetic 430 data[END_REF], using the 145 Paleomac software [START_REF] Cogné | PaleoMac: a Macintosh TM application for treating paleomagnetic data and 389 making plate reconstructions[END_REF]. 1). Only 3 samples stand out with higher residual 177 IRM after AF demagnetization of 100 mT: T428 (24 %) whose hysteresis properties suggest 178 that it contains metal instead of magnetite, T490 (23%), and N19 (18%). We have no hysteresis 179 data for T490 and N19, but a sample of T490 was demagnetized thermally and shows a 180 unblocking temperature spectrum that is different from the other tektites, with a marked 181 decrease of NRM starting at 490°C rather than 560°C (Figure 4A). This may evidence the 182 presence of metal that is being destroyed rather than demagnetized during the thermal 183 treatment. 3.
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187 5.1. Tektites affected by lightning-generated magnetic fields 188 The NRM intensities span 4 orders of magnitude, ranging from 10 -7 to 10 -3 Am 2 /kg. This is in 189 contrast with the more restricted range of 10 -7 to 10 -5 Am 2 /kg obtained by de Gasparis et al. 190 (1975). NRM/sIRM ratios of the ten samples with highest NRM are close to, or exceeds 0.1, 191 suggesting that these tektites were exposed to a strong field at some point in their history. This 192 is confirmed by the more refined comparison of AF demagnetization data of NRM and sIRM 193 (Figure 5), using the so-called REM' approach [START_REF] Verrier | Estimating peak currents at ground lightning impacts using 490 remanent magnetization[END_REF]Gattacceca and 194 Rochette, 2004). While most samples have REM' values below 0. 354 layering show that the folding was acquired at temperatures above 585°C. For samples with 355 simple planar layering, the inclination of the paleomagnetic direction with respect to the 356 layering plane is not random and clusters near horizontal, with an average of 18±12°, 357 compatible with the inclination of the geomagnetic field for this latitude at the time of impact.

358 This confirms, based on a more extensive dataset, previous paleomagnetic results ( de Gasparis 359 et al., 1975) showing that the layering of the Muong Nong tektites was sub-horizontal while 360 they were cooling below 585°C. Some tektites kept this position at least until they cooled below 361 100-200°C, while others were affected by movements suggesting a dynamic cooling 362 environment. Please find attached a manuscript called "Revisiting the paleomagnetism of Muong Nong layered tektites: implications for their formation process" by myself and co-authors that we would like to submit to Meteoritics and Planetary Sciences for the special issue honoring John Wasson.

Indeed, the topic of this study was suggested to us in 2014 by John Wasson who had a long time interest in tektites and in Muong Nong tektites in particular. He also selected the samples for the study. Unfortunately, I was not able to complete the study before he passed away.

The original scope of this paleomagnetic study was to confirm that the layering of Muong Nong tektites was sub-horizontal at the time these glasses were cooling. In addition to this confirmation, that provide constraints on the formation mechanism of these tektites, we provide interesting data about the magnetic mineralogy of this unusual material. 2 Table 1: List of studied samples. 

Yours sincerely,

  glassy bodies formed by high-temperature melting of target rocks during

  results are summarized in Table
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  remagnetized by lightning; £: demagnetized by AF to 18 mT before thermal demagnetization. MDF: median destructive field, I: angle between 15 the magnetization component and the layering plane, MAD: maximum angular deviation, n: numbers of steps used in the computation of the 16 magnetization component.

  Demagnetization of sIRM by AF (Figure4B) shows coercivity spectra in agreement with 174 pseudo-single domain magnetite, with median destructive fields of 21±8 mT. The median 175 destructive field of ARM is 31±9 mT. After AF demagnetization of 100 mT, less than 10% of 176 the sIRM is left in 14 out of 17 tektites (Table
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147 4. Intrinsic magnetic properties

  the original polarity of the layering of the Muong Nong tektites, as the inclination 345 of the NRM with respect to the layering plane should be negative (i.e., the NRM should be Our results show that while some Muong Nong tektites have been remagnetized by strong 350 magnetic fields, likely lighting-generated, a significant fraction retains a thermoremanent 351 magnetization acquired during cooling below 585°C in the presence of the ambient 352 geomagnetic field. This magnetization is carried by magnetite in most samples, although at 353 least one sample containing metallic iron was detected. The study of a sample with a folded
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1, five samples with strong 195 NRM/sIRM have REM' values well above 0.1 over the whole upper range of their coercivity 196 spectrum (samples N03A, N03B, N17, N20A, T419). It is noteworthy that the REM' values of

  The preferred scenario for the formation of the layering of layered tektite is 363 therefore by horizontal shear in pools or sheets of molten material. Paleomagnetism also 364 provide a way to determine the polarity of the layering of Muong Nong tektites.
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  : saturation magnetization, M RS : saturation remanence, B C : coercivity, B CR : coercivity of remanence,  HF : high-field (paramagnetic + 10 diamagnetic) susceptibility, : low-field susceptibility. 11
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	6 12 Table 3. Paleomagnetic results												
	7 Table 2: Hysteresis properties						HC/HT component			MC/MT component		
								MDF	MDF									
	sample sample MNP1 MNP2 N03A N03B N16 N17 N19 N20A N20B TS6 T157 T365 T417 T419 T420 T428 T482 9 M sample mass (g) sub-sample method latitude N mass 95 350 278 16°02'48.72" mass (g) 128 16°02'48.72" 210 16°17'37.5" 275 16°15'33.5" 36 16°26'32" 49 16°26'34.5" 36 16°26'34.5" 6000 179 ~16°22' 322 14°26'0" 288 14°53'12" 215 ~14°54' 348 ~14°54' 127 ~14°54' 546 ~14°54' 8 (g) N17 0.23 N20A 1.04 N20B 5 .14 T419 0.74 T428 1.22 TS6 1.92 MNP1 AF 1.81 MNP2 AF 16.1 N03A † a AF 9.83 N03B † a Th 10.69 N03B † b AF 4.65 N16 1 Th 17.9 N16 2 Th 14.71 N16 3 Th 14.86 N16 4 Th 11.58 N17 † a Th 10.75 N17 † b AF 5.85 N19 AF 10.47 N20A † a AF 6.98 N20A † b Th 6.14 N20B b AF 5.15 T157 B1 Th 5.89 T157 B2 AF 2.84 T365 A1 Th 0.44 T365 A2 AF 0.40 T417 A2 Th 2.90 T417 B2 AF 3.26 T419 † B3b Th 0.40 T419 † B2 AF 0.74 T420 a AF 11.12 T420 b Th £ 14.26 T428 AF 13.33	longitude E M S NRM (Am2/kg) 106°25'08" Muong Nong area, Southern Laos area M RS sIRM ARM sIRM (10 -9 (Am2/kg) (mT) (mT) m 3 /kg) range B C collection Thailand (?) CEREGE collection£ n Thailand (?) CEREGE collection£ CEREGE collection$ 106°25'08" Muong Nong area, Southern Laos CEREGE collection$ 106°33'33.2" Muong Nong area, Southern Laos CEREGE collection$ 106°34'40.4" Muong Nong area, Southern Laos CEREGE collection$ 106°28'06.3" Muong Nong area, Southern Laos CEREGE collection* 106°28'48.7" Muong Nong area, Southern Laos CEREGE collection* 106°28'48.7" Muong Nong area, Southern Laos CEREGE collection* SE of Ubon Ratchathani, Thailand Smithsonian Institution (°) B CR I ~106°30' Muong Nong area, Southern Laos UCLA collection 105'25'54" Ban Nong Paen, North East Thailand UCLA collection 105°25'54" Ban Huai Sai, North East Thailand UCLA collection ~105°25' Ban Huai Sai, North East Thailand UCLA collection ~105°25' Ban Huai Sai, North East Thailand UCLA collection ~105°25' Ban Huai Sai, North East Thailand UCLA collection ~105°25' Ban Huai Sai, North East Thailand F o r P e e r R e v i e w O n l y MAD (°) (10 -3 Am 2 /kg) (10 -3 Am 2 /kg) (mT) (mT) 8.3 2.24 27 43 16.6 6.47 29.4 45.1 0.8 0.120 16 35 1 0.080 9 30 13.1 0.052 0.8 30 1.5 0.105 9 27 2.3310 -6 3.8710 -5 28 17 81.9 24-70 mT 15 73.2 29.3 2.8710 -7 1.1210 -5 32 19 99.3 16-70 mT 12 -28 9.3 6.5210 -6 1.6210 -5 30 16.5 77.3 3.3410 -6 80.5 330-585 mT 10 51.9 2.6 5.1610 -6 2.1710 -5 13 13 80.5 14-100 mT 19 45.4 1.3 1.4910 -7 93.6 5.1410 -8 87.3 6.9310 -8 86.9 2.4610 -7 87.7 1.9710 -5 83.5 250-585°C 12 38.6 2.6 1.8510 -5 1.2810 -4 24 15 83.5 10-80mT 20 48.8 0.9 7.0110 -8 8.2610 -6 26 42 88.6 4-120 mT 23 16.9 21.3 5.7910 -4 1.9110 -3 40 34 147.3 8-70 mT 20 15.6 1.4 9.2710 -4 147.3 100-585 °C 16 15.1 1.1 1.3710 -5 1.2010 -4 43 24 86.6 46-100 mT 7 3.3 5.5 1.6810 -7 80.6 575-585 °C 2 26 8.9 2.0310 -7 1.4110 -4 32 21 81.3 13-90 mT 27 9.5 21.7 F o r P e e r R e v i e w 4.2410 -6 83.4 560-585 °C 4 -4.5 2.9 4.4610 -6 7.6110 -5 30 22 84.5 20-100 mT 16 5 10.7 2.0810 -7 89.9 540-580 °C 4 -32.6 2.9 7.4810 -7 3.5010 -5 29 17 88.1 15-100 mT 22 -7.3 7.5 5.2910 -6 108.3 500-585 °C 6 57.7 3.2 6.9710 -6 7.2310 -5 28 17 96.6 12-100 mT 25 58.6 3.1 3.2910 -6 8.0510 -5 31 14 94.8 22-120 mT 18 -46.4 6.3 O n l y 1.9610 -6 96.1 250-570 °C* 11 -76.7 6.3 UCLA collection 2.5110 -6 5.5910 -5 50 21 132.7 22-100 mT 18 8.5 7.3	 HF (10 -9 m 3 /kg) range n 60.1 61.1 54.4 81.9 54.8 65.1 5-20 mT 4 540-575 3 5-12 mT 10 100-560 °C 15 8-17 mT 9 240-540 °C 10 5-15 mT 11 8-20 mT 6	I (°) -7.2 65.6 65.9 23.5 18.6 -58.2 -61.9 5.1	MAD (°)  (10 -9 m 3 /kg) 133 205 147 108 133 106 3 4.3 9.1 5.5 4.9 19.8 3.3 8.4
		T490 T482	183 B2B1	~14°54' Th	1.11	~105°25' 3.2910 -6	Ban Huai Sai, North East Thailand 94.6	UCLA collection 100-585°C 18	15.7	8				
	3	T482 T490	B2A a	AF AF	1.55 14.41	2.8010 -6 1.2610 -7	5.2310 -5 8.5410 -6	28 38	17 31	93.5 84.9	34-90 mT 18-120 mT	15 20	2.2 64.4	19.7 9.6	2-14 mT	7	3.6	2.4
	4 *collected in situ, $: bought from villagers, £: bought from a dealer T490 b Th 16.63 1.8410 -7	81.2	540-585 °C	4	63.6	4.1	25-520 °C	12	-8	9
	5	TS6 TS6	C1b B	Th AF	1.96 1.90	1.3910 -6 8.7410 -7	1.1610 -4	18	13	103.1 106.5	560-585 °C 22-100 mT	4 17	-5.3 32.5	6.1 20.6	280-560 °C 9-20 mT	10 11	-37.5 -44.6	7.6 17
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