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A B S T R A C T   

In the Earth’s crust, Ni is generally concentrated in mafic and ultramafic rocks and is coupled with Mg in Mg- 
olivine, Mg-pyroxene and spinel. Whether the Ni-rich, and in general, the mafic component of Australasian 
tektites and microtektites is terrestrial or meteoritic is still debated. To test the origin of the Ni-rich component, 
we studied the Ni versus Mg distribution in a large geochemical database of Australasian tektites (n = 208) and 
microtektites (n = 238) from the literature. Nickel contents of up to 428 µg/g in tektites and 678 µg/g in 
microtektites covary with Mg in tektites and in most (~85%) of the microtektites defining a mixing trend be
tween crustal and chondritic values, thereby documenting the chondritic origin of the Ni-rich component in 
Australasian tektites/microtektites. Mixing calculations indicate up to 4% and up to 6% by weight chondritic 
component in tektites and microtektites, respectively. A possible mafic component of terrestrial origin is 
observed in a minority of tektite and microtektite specimens. This finding is consistent with previous works 
suggesting a possible occurrence of a chondritic signature in high-Ni tektites, based on the study of highly 
siderophile elements and Os isotopes, and high-Ni microtektites, based on Ni, Co, and Cr ratios. The combined 
geochemical and isotopic analyses of high-Ni tektites and microtektites in collections worldwide may thus reveal 
the chondritic impactor type that generated one of the presumably largest impacts in the Cenozoic.   

1. Introduction 

Impact melt rocks produced by hypervelocity impacts of asteroidal 
or cometary bodies onto Earth’s crust can incorporate small amounts of 
meteoritic material, resulting in distinct chemical signatures relative to 
local or average continental crust values (Koeberl et al., 2012; Goderis 
et al., 2013). Identifying the impactor signature is a geochemical chal
lenge due to its considerable dilution by the much larger amount of 
target-derived melt. Dilution is typically in the order of ~1:100 by 
weight (e.g., Koeberl et al., 2012; Goderis et al., 2013) reaching 
~10:100 in some cases (e.g., Fazio et al., 2016). Disequilibrium melting, 
multicomponent mixing/mingling, melt fragmentation, solid–liquid-gas 
chemical and isotopic fractionation during impact melting and cooling 
are additional complicating factors. Identifying such signature can 
provide important clues on the impactor type, thereby enabling inves
tigation of the flux of different kinds of impactors to Earth, their orbital 
evolution from their source regions and the collisional/disintegration 
history of their asteroidal/cometary parent bodies (Tagle and Claeys, 

2005; Goderis et al., 2013; Schmitz, 2013). Tracing the impactor 
signature in impact melt rocks can also provide significant insights into 
the poorly known physical–chemical interaction between target and 
projectile upon impact melting at their initial contact (Ebert et al., 2014; 
Fazio et al., 2016; Goderis et al., 2017; Hamann et al., 2018). 

The nature of the impactor that generated the Australasian tektite/ 
microtektite (high velocity ejecta of glassy impact melt masses of sili
ceous composition) strewn field is an outstanding issue. Its identification 
would significantly add to the set of parameters required to constrain the 
scenario of one of the largest and enigmatic impacts in the Cenozoic. The 
impact produced the largest of the five known Cenozoic tektite/micro
tektite strewn fields (i.e., North American, Central European, Ivory 
Coast, Australasian and Central American; e.g., Glass and Simonson, 
2013; Rochette et al., 2021), covering more than 15% of the Earth’s 
surface. Despite being the youngest strewn field (~0.79 million years- 
old; Schwarz et al., 2016; Jourdan et al., 2019; Di Vincenzo et al., 
2021), it is the only one without an associated crater to date (Glass and 
Simonson, 2013), although estimates point to a large crater at least 30 
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km in diameter (Glass and Koeberl, 2006), possibly located in Indochina 
(e.g., Ma et al., 2004) or in Northwest China (Mizera et al., 2022). The 
identification of an impactor signature would also contribute to the 
long-standing discussion on the tektite – microtektite formation pro
cesses, to which research on the Australasian strewn field continues to 
provide new fundamental clues and input for modelers (e.g., Glass and 
Pizzuto, 1994; Ma et al., 2004; Prasad et al., 2007; Folco et al., 2010a,b; 
Goderis et al., 2017; Cavosie et al., 2017; Rochette et al., 2018; Gat
tacceca et al., 2021; Masotta et al., 2020). 

In our previous work (Folco et al., 2018), we identified a chondritic 
impactor signature in 33 Australasian microtektites (size range: 
200–700 µm) from within 3000 km of one of the hypothetical impact 
location in Indochina (~17◦ N, 107◦ E; Ma et al., 2004; Fig. 1). They 
have Ni, Co and Cr concentrations above continental crust values, i.e., 
up to 680, 50 and 370 µg/g, respectively (Ni, Co, Cr values for the upper 
continental crust, UCC, and bulk crust are 20–105, 10–29 and 35–185 
µg/g, respectively; Taylor and McLennan, 1995). We also showed that 
Cr, Co and Ni are positively correlated and that the Cr/Ni versus Co/Ni 
ratios are consistent with mixing between continental crust and an or
dinary chondrite (LL chondrite) composition. An impactor signature of 
broadly chondritic composition was proposed earlier by Goderis et al. 
(2017) on the basis of Cr and Ir elemental ratios and unfractionated CI- 
normalized highly siderophile element (HSE) patterns in Australasian 
tektites enriched in Ni (100–428 µg/g). Ackerman et al. (2019) later 
suggested addition (<1 wt%) of a chondritic impactor in four Austral
asian tektites enriched in Ni (99–166 µg/g Ni) based on Re-Os isotope 
systematics. However, these results were recently questioned by Sieh 
et al. (2020), who linked the Ni, Co, Cr and HSE concentrations in 
Australasian tektites to a mafic terrestrial component, following previ
ous work on platinum group elements in tektites – published in abstract 

form – by Shirai et al. (2016) and on Ni-Co-Cr interrelations in 26 
layered (Muon-Nong type) tektites with Ni < 130 µg/g from Indochina 
(Wasson, 1991). In particular, Sieh et al. (2020) suggested that this 
mafic terrestrial component was provided by the basalts of the Bolaven 
Plateau in southern Laos. However, major element and Sr-Nd isotope 
mixing models, using the Bolaven basalts and the underlying Mesozoic 
sandstones as endmembers, do not reproduce the average composition 
of the Australasian tektites (Mizera, 2022). 

Nickel is significantly present in mafic, mantle and mantle-derived 
rocks, i.e., peridotites and basalts. In these rocks, it is coupled with 
Mg in Mg-olivine, Mg-pyroxene, and spinel, in concentrations up to 
3000 µg/g (e.g., Gall et al., 2017). Using a large geochemical data base 
of Australasian tektites (n = 208) and microtektites (n = 238) from the 
literature, we have studied the relationship between Ni and Mg con
centrations to provide new insights into the impactor signature. 

2. The geochemical data set 

The data set used in this work includes the major and trace element 
compositions of all the tektites and microtektites so far published in the 
literature (to the best of our knowledge) for which Mg, Cr, Co and Ni 
contents are available (Tables 1, 2, SM1, and SM2). 

The tektite data set includes 225 analyses from 210 individual tek
tites (Chapman and Scheiber, 1969; Son and Koeberl, 2005; Amare and 
Koeberl, 2006; Mizera et al., 2016; Goderis et al., 2017; Žák et al., 2019), 
with Ni contents up to 428 µg/g (Goderis et al., 2017). Tektites belong to 
the three structural types: Muong Nong-, splash-form- and ablated-types 
and were recovered from Vietnam, Laos, Cambodia, Thailand, South 
China, Indonesia, Philippines and Australia. Elemental concentrations 
were obtained using atomic absorption spectroscopy (AAS) in the late 

Fig. 1. The Australasian tektite/microtektite strewn field (modified after Di Vincenzo et al., 2021). The find locations of tektites and microtektites are marked by 
squares and circles, respectively. The orange and yellow symbols indicate the find locations of the tektite and microtektite specimens studied in this work (see also 
Tables 1 and 2). White crosses are sites in the ocean where microtektites were not found. The putative impact location in Indochina (Ma et al., 2004) is arrowed. 
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1960’s (Chapman and Scheiber, 1969) and later by the combination of 
electron probe microanalyzer (EPMA), instrumental neutron or photon 
activation analyses (INAA or IPAA) (Son and Koeberl, 2005; Amare and 
Koeberl, 2006; Mizera et al., 2016; Goderis et al., 2017; ̌Zák et al., 2019). 
Tektites analyzed by Chapman and Scheiber (1969) were classified into 
chemical groups, including high-Mg, high-Ca, low-Ca-high-Al and high- 
Cu,B. This classification is no longer in use, however, in this work, we 
will consider the high-Mg tektites (n = 10) separately, since some of 
them have compositions that deviate slightly from the rest of the pop
ulation. Also, no such compositions were found in later studies. 

The microtektite data set includes the major and trace element bulk 
compositions of 233 individual microtektites in the 100–800 µm size 
range (Glass et al., 2004; Glass and Koeberl, 2006; Folco et al., 2008, 
2009, 2016, 2018; van Ginneken et al., 2018; Brase et al., 2021; Soens 
et al., 2021), with up to 678 µg/g Ni (Folco et al., 2018). They were 
recovered from 22 deep-sea sediment cores from the Indian, Pacific and 
Antarctic Oceans, and from 8 sediment traps in the Transantarctic 
Mountains and Sør Rondane Mountains, Antarctica. Microtektites are 
classified into chemical groups according to the classification first 

proposed by Glass et al. (2004): the most abundant normal-type with 
MgO < 6 wt% (n = 157), the less abundant high-Mg-type with MgO >
10 wt% (n = 15), intermediate-type with ~6–10 wt% (n = 21), and 
high-Ni-type with Ni > 100 µg/g and MgO < 6 wt% (n = 33), the rare 
high-Al-type with ~30–33 wt% Al2O3 and ~41–50 wt% SiO2 (n = 5), 
and the unique high-Ni-Fe-type (SiO2 = 55 wt%, FeO = 11 wt%, Ni =
214 µg/g). Major and trace element concentrations were determined by 
combining EPMA with INAA (Glass et al., 2004; Glass and Koeberl, 
2006) or laser ablation – inductively coupled plasma – mass spectrom
etry, LA-ICP-MS (Folco et al., 2008, 2009, 2016, 2018; van Ginneken 
et al., 2018; Brase et al., 2021; Soens et al., 2021). 

The data set also includes the analysis (by EPMA plus INAA) of the 
only shocked, partially melted, microscopic ejecta fragment found 
within the Australasian microtektite layer in core ODP 1144 for which a 
bulk composition is so far available (Glass and Koeberl, 2006). The 
fragment, approximately 1 mm in size, consists of mineral grains in a 
vesiculated glass matrix. It is dominated by fractured quartz up to 250 
µm in maximum dimension, with lesser K-feldspar and plagioclase, and 
accessory zircon, rutile and ilmenorutile. Its major and trace element 

Table 1 
Find locations and shape types of the Australasian tektites studied in this work.  

Locality Muong Nong Splash-form Ablated splash-form Unspecified Totals Method References 

Australia  4 2 5 11 INAA, IPAA [1, 2] 
Cambodia 3 4   7 INAA, IPAA, LA-ICP-MS [1, 2, 3] 
China 1 3   4 INAA, IPAA [1, 2] 
Indonesia  8  9 17 LA-ICP-MS, IPAA, INAA [1, 2, 3] 
Laos 15 3   18 EPMA, INAA, IPAA [1, 2, 4] 
Philippines  6  19 25 EPMA, INAA [1, 2, 5] 
Thailand 5 4  1 10 INAA, IPAA [1, 2] 
Vietnam 8 108  2 118 EPMA, INAA [2, 3, 5, 6] 
Totals 32 140 2 36 210   

References: [1] Chapman and Scheiber (1969); [2] Mizera et al. (2016); [3] Goderis et al. (2017); [4] Žák et al. (2019); [5] Son and Koeberl (2005); [6] Amare and 
Koeberl (2006). 

Table 2 
Find locations and compositional types of the Australasian microtektites studied in this work.  

Site/Core Locality Lat Long Normal Int-Mg High-Mg High-Al High-Ni High-Fe Totals Reference 

Allan Hills Antarctica − 76.74 159.39 6      6 [1] 
DSDP 213 Indian Ocean, SW of Sumatra − 10.21 93.90 2  1    3 [2] 
DSDP 292 Philippine Sea 15.82 124.65 2      2 [2] 
DSDP 293 Philippine Sea 20.34 124.09 1      1 [2] 
DSDP 294 Philippine Sea 22.58 131.38 1      1 [2] 
E45-71 Indian Ocean − 48.02 114.49 1 2  1   4 [2] 
E45-89 Indian Ocean − 39.52 114.47 3  1    4 [2] 
E49-50 Indian Ocean − 40.61 99.91 2      2 [2] 
Frontier Mountain Antarctica − 72.98 160.33 2  1    3 [3, 4] 
Killer Nunatak Antarctica − 71.90 160.47 1      1 [1] 
Larkman Nunatak Antarctica − 85.77 179.38 4 3 2 1   10 [5] 
Miller Butte Antarctica − 72.70 160.25 17 4 6 1   28 [1] 
Mount Raymond Antarctica − 85.88 174.72 30 8 2 2   42 [6] 
Mt. Widerø Antarctica − 72.15 23.26 33      33 [7] 
ODP 1144 South China Sea 20.05 117.42 17     1 18 [8] 
ODP 292 Philippine Sea 15.82 124.65 1      1 [2] 
ODP 758B Indian Ocean, NW of Sumatra 5.38 90.36 7    5  12 [2, 9] 
ODP 767B Celebes Sea 4.79 123.50 1    4  5 [9] 
ODP 768B Sulu Sea 8.00 121.22 6 1   6  13 [2, 9] 
ODP 769A Sulu Sea 8.79 121.22 2 1   5  8 [2, 9] 
RC12-331 Indian Ocean 2.50 69.87   1    1 [2] 
RC14-23 Indian Ocean − 9.18 76.76 1      1 [2] 
RC14-46 Indian Ocean, SW of Sumatra − 7.82 100.00 1  1  6  8 [2] 
Schroeder Spur Antarctica − 71.63 160.50 8      8 [1] 
SO95-17957–2 South China Sea 10.90 115.31 2    3  5 [9] 
V16-76 Indian Ocean − 25.15 59.90 1 1     2 [2] 
V19-153 Indian Ocean, SW of Sumatra − 8.85 102.12 5    2  7 [2] 
V28-238 Pacific Ocean 1.02 160.48 1      1 [2] 
V29-43 Indian Ocean − 12.33 75.08 1 1     2 [2] 
Totals    158 22 15 6 31 1 233  

References: [1] Folco et al. (2016); [2] Glass et al. (2004); [3] Folco et al. (2008); [4] Folco et al. (2009); [5] van Ginneken et al. (2018); [6] Brase et al. (2021); [7] 
Soens et al. (2021); [8] Glass and Koeberl (2006); [9] Folco et al. (2018). 
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bulk composition is similar to the (normal type) Australasian micro
tektites tektites. The fragment should represent a component of the still 
unknow target precursor material. 

3. Results 

Excluding the ten high-Mg type (as defined by Chapman and 
Scheiber, 1969), tektites have Mg concentrations ranging from 0.7 to 
2.4 wt%, and Ni concentrations spanning two orders of magnitude from 
4 to 428 µg/g (Fig. 2A). Nickel and Mg show a slight positive correlation 
defining a relatively high Ni/Mg trend, denominated T1. The trend 
roughly departs from the low-Ni-low-Mg composition of the UCC and 
ejecta fragment, with 51 tektites with Ni contents that are one order of 
magnitude higher (Ni > 100 µg/g) than crustal values (Ni ~ 20 µg/g). 
High-Mg tektites introduce some scatter at high Ni concentrations (Ni ~ 
200 µg/g) with five tektites out of a total of ten with lower Ni/Mg ratios. 

Microtektite compositions are distributed along two trends, where Ni 
and Mg are positively correlated departing from about UCC and ejecta 
fragment values: a high Ni/Mg trend and a low Ni/Mg trend (Fig. 2A). 
The first trend is the most populated one and defined by the majority of 
normal and the high-Ni microtektites (~80% of total number). It ex
tends the high Ni/Mg trend T1 defined by tektites up to values of 680 µg/ 
g Ni and 3.4 wt% Mg. The second low Ni/Mg trend, denominated T2, is 
defined by the microtektites with high contents of Mg. These are the less 
common microtektites belonging to the high-Mg- and the intermediate- 
types, with concentrations up to 33 µg/g Ni and ~13 wt% Mg. The rare 
(n = 4) high-Al microtektites in the data set also align along this low Ni/ 
Mg T2 trend. Few normal type microtektites (n = 6; Ni < 70 µg/g), one 
high-Ni microtektite (Ni = 151 µg/g) and the only Fe-Ni-rich micro
tektite (Ni = 214 µg/g) in the data set form a weak and discontinuous 
array with Ni/Mg ratios intermediate between T1 and T2 in the Ni vs Mg 
space (Fig. 2A). 

Terrestrial mafic and ultramafic rocks from various location world
wide (Frey and Prinz, 1978; Condie, 1993; Pearson et al., 2003) and 
volcanic rocks from Indochina (including the Bolaven volcanic plateau; 
Hung, 2010; Hoang et al., 2016; An et al., 2018; Sieh et al., 2020), 
containing up to ~2600 and ~350 µg/g Ni and ~28 and ~6 wt% Mg, 
show a positive relationship between Ni and Mg and define a trend with 
intermediate Ni/Mg ratio starting from UCC values (Fig. 2B). This trend 
is distinct from the main high Ni/Mg trend, T1, defined by tektites and 
the majority of normal- and high-Ni microtektites; it is also distinct from 
the secondary low Ni/Mg trend, T2, defined by high-Mg microtektites. 

Remarkably, the high Ni/Mg trend, T1, observed in tektites, high-Ni 
microtektites and the bulk of normal microtektites lays along a mixing 
trend between UCC and chondritic values (full range: ~10,000–17,000 
µg/g Ni and ~10–15 wt% Mg; Lodders and Fegley, 1998) in the Ni 
versus Mg space (compare Fig. 2A and 2B). A regression line set to 
intercept UCC values for the 85 specimens (both tektites and micro
tektites, except the 10 high-Mg tektites) in the T1 trend with Ni > 100 
µg/g aligns with the UCC-chondrite mixing trend, despite some scatter 
(R2 = 0.35; Fig. 2B). 

4. Discussion 

4.1. The chondritic origin of the Ni-rich component in tektites and 
microtektites 

The observation that tektites (with the exception of 5 high-Mg ones) 
and the high-Ni and most of the normal microtektites – namely the bulk 
of the studied specimens – plot along a mixing trend between conti
nental crust values and chondritic materials in the Ni versus Mg space 
(trend T1: Fig. 2A and B) provides evidence that the Ni-component in 
this set of specimens is a signature of a chondritic impactor and not a 
contribution of terrestrial mafic or ultramafic target rocks (e.g., Sieh 
et al., 2020). This observation also suggests that both UCC and ejecta 
fragment compositions are reasonable approximations of the bulk of the 

target precursor material end member, at least for the Mg and Ni con
tents considered here. 

This result is consistent with previous detection of a broadly chon
dritic signature in the Cr/Ir ratios and unfractionated HSE distribution of 
10 Ni-rich tektites (>150 µg/g Ni) selected from a batch of 92 Muong 
Nong and splash form specimens by Goderis et al. (2017), as well as with 
an extraterrestrial Os isotope signature independently detected in four 
high-Ni tektites (98–166 µg/g Ni) by Ackerman et al. (2019). It is also 
consistent with our previous work in which we identified a chondritic 
signature, possibly of LL ordinary chondrite composition (Fig. 2B), 
based on Ni, Co and Cr ratios in 33 high-Ni microtektites. 

Mixing calculations (Fig. 2B) indicate a chondritic impactor 
contamination up to ~6% by weight for microtektites, with Ni contents 
up to ~680 µg/g (see also Table 4 and Fig. 6 in Folco et al., 2018), and up 
to ~4%, for tektites with Ni contents up to ~430 µg/g. Note that the 
concentrations of Ni in high-Ni microtektites would require up to ~30% 
mixing with a mafic terrestrial component. Such mixing would produce 
inconsistently high Mg contents, namely up to 7.5 Mg wt%. This value is 
2.8 times higher than the average value for high-Ni Australasian tektites 
and microtektites of 2.7 Mg wt%, as already pointed out by Goderis et al. 
(2017), Folco et al. (2018) and Mizera (2022). Note also that Goderis 
et al. (2017) reported on non-chondritic Ni, Cr, Co ratios Cr/Ni 0.74, Co/ 
Ni 0.08 and Cr/Co 8.42 (obtained through linear regression method), 
despite the chondritic Cr/Ir ratio and HSE distribution in the Austral
asian tektites they studied. They explained this geochemical signature as 
the reflection of either a chondritic impactor contribution that partly 
fractionated during impact, or a contamination of an impactor of 
primitive achondrite composition. Primitive achondrites are meteorites 
characterized by achondritic textures but quasi chondritic mineral and 
geochemical composition and, therefore, they have nearly unfractio
nated HSE patterns, similar to chondrites, but HSE abundances and Ni/ 
Cr ratios which are distinctly higher than those of Earth’s mantle. Ac
cording to our new database, we observe that the Ni, Co and Cr in
terrelations are consistent with an impactor signature of broadly 
chondritic composition (Fig. 3). This is true not just for high-Ni micro
tektites, as discussed in detail in our previous work (Folco et al., 2018), 
but also for tektites, particularly those with high Ni contents in excess of 
100 µg/g. The slope values of the regression lines for high-Ni tektites in 
the Cr/Ni, Co/Ni and Cr/Co spaces are 0.49, 0.06 and 7.8 respectively; 
those for high-Ni microtektites are 0.33, 0.05 and 8.04, respectively, 
despite a great deal of scatter. Those for chondritic materials (chondrites 
and primitive achondrites) range 0.12–0.38, 0.05–0.06 and 1.2–7.7, 
respectively (see Table 4 in Goderis et al., 2017, or Table 2 in Folco et al., 
2018). The relatively small amount of projectile contamination explains, 
at least in part, the lack of a match of the Ni, Cr, Co ratios between 
tektites and chondritic materials reported by Goderis et al. (2017). Note 
that we arbitrarily assume UCC as endmember composition of the 
mixing because we do not know the actual composition of the target. By 
choosing the ejecta fragment as an alternative endmember, we would 
obtain a better fit of tektite and microtektite populations with chondritic 
materials in the Ni versus Co versus Cr space. 

There is ample consensus that tektites and microtektites form 
through ultra-high temperature (and pressure) melting of the uppermost 
surface layers of Earth’s crust (e.g., Stöffler et al., 2002; Ma et al., 2004; 
Rochette et al., 2018). This material is subject to chemical alteration due 
to weathering which, under specific environmental conditions, can 
produce passive enrichments of less mobile elements like Ni and parallel 
removal of mobile elements like Mg, particularly in soils containing a 
mafic or ultramafic rock component (e.g., Colin et al., 1990). A contri
bution of weathered mafic and ultramafic terrestrial rocks could 
possibly explain the high Ni/Mg T1 trend observed in tektites and the 
majority of microtektites. However, the lack of correlation between Ni 
and Al (Fig. 4) – the latter being a much less mobile element that typi
cally accumulates in altered mafic and ultramafic lateritic soils (e.g., 
Colin et al., 1990) – makes this option unplausible. 

Nickel has been found concentrated in rare microscopic Fe-Ni or Fe- 
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Ni-S metallic spherules embedded in a few Australasian tektites (Chao 
et al., 1964; Křízová et al., 2019; Pan et al., 2023) and one may wonder if 
they contributed, at least in part, to the high-Ni component observed in 
Australasian tektites and microtektites. The Fe-Ni metallic spherules 
were reported in some Australasian tektite specimens from the 
Philippines, near Manila (Ortigas), and Vietnam, near Dalat (Chao et al., 
1964). They are spheroids up to 800 µm in diameter consisting of Fe-Ni 
metal, occasionally including blebs of schreibersite and troilite. Nickel 
concentrations (EPMA) ranges from 4.7 to12.9 wt% in metal and from 
12.1 to 15.8 wt% in schreibersite. Chao et al. (1964) proposed that the 
spherules were of meteoritic origin based on their close similarity with 
the meteoritic spheroids from Meteor Crater, Arizona, in terms of 
texture, mineral composition and nickel content. This interpretation was 
later questioned by Ganapathy and Larimer (1983) who observed pat
terns in the siderophile and highly siderophile element concentrations 
(INAA data) more closely related to terrestrial rocks than iron meteorites 
in two other metallic spherules. The Fe-Ni-S metallic spherules have 
been reported in Australasian tektites from Laos by Křízová et al. (2019) 
in four (out of the 31) Muon-Nong type specimens studied. Spherules are 
less than 10 µm in diameter and consist of the Ni-Fe sulfide 

shenzhuangite (chemical composition close to NiFeS2, with Ni ~39 wt% 
and Co < 2 wt%; EPMA data). Whether the Ni-bearing sulfide inclusions 
represent a target or a meteoritic component trapped in tektite glass is 
still uncertain and requires further study, according to Křízová et al. 
(2019). Fe-Ni-S metallic spherules were also recently found in eight 
tektite specimens from Guangdong, Guangxi and Hainan Provinces, 
South China by Pan et al. (2023). Spherules are typically ~10 µm in 
diameter and mainly composed of Fe and S, and minor amounts of Ti, Ni, 
Co, Cr, and Mg, with Ni up to 4.4 wt% (EPMA data from five spherules). 
Because of their average Co/Ni ratio of ~0.11, which is similar with that 
of terrestrial materials (0.1–0.2; Ganapathy and Larimer, 1983) and 
distinct from that (<0.05) of typical Fe-S minerals in meteorites (e.g., 
Allen and Mason, 1973; Olsen et al., 1999), Pan et al. (2023) concluded 
that the Fe-S spherules most likely originated from iron-sulfides present 
in the target and not derived from the impactor. All the metallic 
spherules are nearly perfect spheres with quench textures indicating 
crystallization from immiscible metallic droplets in the silicate melt of 
the host tektite. They are not relic grains that survived impact melting. 
Geochemical fractionation between the metallic droplets and the host 
silicate-melt likely occurred as frequently observed in impact melts (e.g., 

Fig. 2. Nickel (µg/g) versus Mg (wt%) variation diagrams for the 208 Australasian (AUS) tektites (227 individual analyses) and 230 microtektites (232 individual 
analyses) studied in this work (see Chapter 2 for references). Concentrations for the ejecta fragment in the microtektite layer from the ODP1444 core (Glass and 
Koeberl, 2006), the average UCC (Taylor and McLennan, 1995), the terrestrial mafic and ultramafic rocks (Condie, 1993; Frey and Prinz, 1978; Pearson et al., 2003) 
including the volcanic rocks from Indochina (An et al., 2018; Hoang et al., 2016; Hung, 2010; Sieh et al., 2020), are shown for comparison. A) Showing the two Ni/ 
Mg trends observed in tektites and microtektites: the high Ni/Mg trend, T1 and the low Ni/Mg trend, T2. B) Showing the mixing trends between chondritic materials 
(here exemplified by the CI-chondrites with bulk Ni = 11000 µg/g and Mg = 9.70 wt%, and LL-chondrites with bulk Ni = 10600 µg/g and Mg = 15.3 wt%; e.g., 
Lodders and Fegley, 1998), Earth’s mantle (Ni = 1960 µg/g and Mg = 22.8 wt%; Salters and Stracke, 2004) and terrestrial mafic and ultramafic rocks with the upper 
continental crust compositions. A regression line set to intercept UCC values for the 85 tektites and microtektites in the T1 trend with Ni > 100 µg/g is also shown 
(black dashed line). Note that there is a great deal of overlap between tektites and microtektites at low Ni and Mg values; tektites are thus plotted over microtektites 
in A, and vice-versa in B, to better show their distribution in the Ni versus Mg space. 
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Hamann et al., 2018; Folco et al., 2022). Regardless of the terrestrial 
versus meteoritic origin of their precursor materials, assessing whether 
or not they contributed, at least in part, to the high-Ni component 
observed in Australasian tektites and microtektites is impossible due to 
the lack information on the bulk composition of the host tektite speci
mens in terms of both Ni and Mg concentrations. It is however inter
esting to note that, despite the limited statistics and a great deal of 
scatter, the Fe-Ni and Fe-Ni-S spherules studied by Ganapathy and 
Larimer (1983) and Pan et al. (2023) define a positive correlation line 
with a slope value of 0.04 in the Co versus Ni space (Fig. SM1). This 
slope value is very close to the value of the Co/Ni ratio in chondritic or 
terrestrial mantle materials (~0.05–0.06) and distinct from terrestrial 
crust values which are one order of magnitude higher. 

4.2. The origin of the Mg-rich component in microtektites 

The low Ni/Mg T2 trend (Fig. 2) is populated only by a minority 
(~20%) of the studied microtektites, namely the high-Mg, the inter
mediate, the high-Al and few normal microtektites. The majority (73%; 
n = 30 out of 41) of the high-Mg, the intermediate and the high-Al 
microtektites are from Antarctica. The origin of this secondary trend 
could be studied in the context of disequilibrium melting and/or volatile 
fractionation during impact melting. 

The low Ni/Mg T2 trend could represent variable degree of dilution 
of a Mg-rich end-member within the normal microtektite melt. In this 
view, Mg-rich microtektites likely formed from the physical separation 
of microscopic melt batches that could not completely homogenize with 
the normal microtektite melt prior to rapid melt fragmentation and 
quenching, in a context of disequilibrium mineral melting of a precursor 
which was compositionally heterogeneous at the submillimeter-scale. 

In the attempt to constrain the Mg-rich end-member composition, we 
could consider the Mg-rich mineral phases in the target or in the 
impactor precursors with Mg contents in the 6 to 13 wt% range or 
higher. Unfortunately, we do not know where the crater is and, there
fore, we do not know what the mineral and chemical composition of the 
target material exactly is. This is a significant limitation in the present 
discussion, nevertheless, we can assume that the relic mineral inclusions 
observed in tektites (Glass and Barlow, 1979) and microtektites (Folco 
et al., 2010a) and the mineral phases constituting the ejecta in the 
microtektite layer (Glass and Koeberl, 2006; Glass and Fries, 2008) 
likely represent components of the target material - possibly a 
fine-grained sedimentary deposit according to Glass and Barlow (1979). 
They are potential candidates of the tektite/microtektite target precur
sor material. Among them, Mg-bearing phases include garnet (Mg ~ 12 
wt% in pyrope) and possibly pyroxene (Mg ~ 9–21 wt%), amphibole 
(Mg ~ 8 wt% in Mg-hornblende), chromite (Mg ~ 10 wt% in 
Mg-chromite), dolomite (Mg = 12.7 wt%) and micas Mg ~ 3.5–13.7 wt 
%). Assuming a chondritic impactor, potential impactor candidates 
include olivine (Mg up to 34 wt% in forsterite), pyroxene and 
Mg-chromite. Variation diagrams for a range of elements plotted against 
Mg are given in Fig. 5. Magnesium shows a broad positive correlation 
with Cr and Ni (although with a greater deal of scatter), and a negative 
correlation with Si. This suggests a Mg-olivine contribution to the mix 
(or its aqueous alteration products like serpentine minerals), likely from 
the chondritic precursor. The lack of a clear correlation between Mg and 
Al rules out micas, pyrope, and Mg-chromite. The lack of a correlation of 
Mg with Y and the negative correlation with Li confirm exclusion of 
pyrope and micas from the mix. Finally, the lack of correlation of Mg 
with Ca, Sc and Fe rules out a significant contribution of pyroxene and 
amphibole. Assuming mixing between UCC (Mg = 1.3 wt%) and an 
average chondritic olivine with Fo90 composition (Mg ~ 30 wt%), the 
olivine contribution to the average Mg content of ~7 wt% observed in 
high-Mg microtektites is ~20%. This addition implies a contribution of 
~1 wt% Fe to the UCC compositional value of 3.5 wt% Fe (Taylor and 
McLennan, 1995) and is consistent with the average (3.3 ± 1.0 wt%) 
and maximum (6.0 wt%) Fe contents observed in high-Mg microtektites. 

Although geochemical data alone cannot rule out a terrestrial origin for 
the Mg-olivine endmember, the fact that no Mg-olivine has ever been 
found in tektites and microtektites and shocked ejecta in the micro
tektite layer (Glass and Barlow, 1979; Glass and Koeberl, 2006; Glass 
and Fries, 2008; Folco et al., 2010a) favors the interpretation of a me
teoritic origin. 

Evaporation/condensation play an important role in the chemical 
fractionation of Australasian microtektites during their formation pro
cess (e.g., Folco et al., 2010b; Howard, 2011). In particular, there is a 
trend of increasing depletion of volatiles with distance from the Indo
china region, the putative impact location. This trend has been attrib
uted to an increasing temperature–time regimes with increasing launch 
distance and thus impact energy (Folco et al., 2010b). Volatile alkali 
metals are generally depleted in high-Mg, intermediate and high-Al 
microtektites (e.g., Glass et al., 2004; Folco et al., 2010b; van Gin
neken et al., 2018) and one may wonder if volatilization played a role in 
Mg fractionation. The common elements (i.e., neither refractory, nor 
volatiles) with condensation temperatures Tc comprised between 1290 
and 1360 K (Lodders, 2003) like Co, Ni, Fe, Si, Cr and Mg do not covary 
despite their similar geochemical behavior during volatilization (Fig. 5): 
Co, Ni and Cr are positively correlated with Mg, whereas Si and Fe show 
negative or no correlation. In addition, although there is an overall 
negative correlation between Mg and volatile Li, Cs, Rb and K, no clear 
correlation between Mg and volatile Na is observed. Likewise, while 
there is a positive correlation between Mg and refractory Cr, there is no 
clear correlation between Mg and refractory Y, Sc, Al, Ti and Zr. We 
therefore conclude that volatilization did not play a significant role in 
the formation of the low Ni/Mg T2 trend in Australasian microtektites. 
Future investigations should focus on a larger number of microtektites 
with Mg contents above 8 wt% to check the correlations discussed 
above. 

4.3. A possible terrestrial mafic component in high-Mg tektites and 
microtektites with intermediate Ni/Mg ratio 

The discontinuous alignment of very few normal microtektites, one 
high-Ni microtektite and the only high-Fe-Ni microtektite in the 
collection described above could identify an additional yet secondary 
trend with intermediate Ni/Mg ratio. In a context of incomplete melt 
homogenization prior to melt fragmentation described above, this sec
ondary trend could be evidence of minor terrestrial contribution to the 
Ni-component in the microtektites since it lays on the mixing trend 
between continental crustal material and mafic and ultramafic terres
trial rocks in the Ni vs Mg space (Fig. 2). The five (out of the ten) high- 
Mg tektites (Chapman and Scheiber, 1969) with high Ni contents around 
200 – 300 µg/g, plotting between the high Ni/Mg T1 chondritic trend 
and the terrestrial of mafic and ultramafic rocks with intermediate Ni/ 
Mg, may also record some terrestrial contribution to the Ni-component. 
The fact the Ni-rich component in Australasian tektites and micro
tektites is not merely sourced by the chondritic impactor, but also, 
although to a lesser extent, by terrestrial mafic or ultramafic target 
rocks, requires heterogeneous admixture of felsic and mafic components 
in the target material, variable degrees of projectile-target interaction 
and consequent formation of geochemically diverse batches of impact 
melt. 

4.4. Constraining the impactor type 

The Ni versus Mg relationship in Australasian tektites and micro
tektites presented in this work shows that the high-Ni component – at 
least in the great majority of them – is a signature of a chondritic 
impactor, consistently with previous works on tektites (Goderis et al., 
2017; Ackerman et al., 2019) and microtektites (Folco et al., 2018). 
These three works document that the chondritic impactor is detectable 
in those specimens enriched in Ni with concentrations up to few hun
dreds of µg/g or more. Of the thousands of Australasian tektites present 
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in various research collections worldwide, specimens with this 
geochemical signature are rather rare, but their potential in constraining 
the impactor type is worth continuing extensive geochemical surveys. 

In our previous work on Ni, Cr and Co ratios in Australasian micro
tektites (Folco et al., 2018), we performed mixing calculations between 
crustal and chondritic compositions in the attempt to constrain the 
chondritic impactor type. Despite substantial overlap in Cr/Ni versus 
Co/Ni values for several meteorite types with primitive compositions 
(ordinary, carbonaceous and enstatite chondrites, and primitive 
achondrites), calculations suggest an ordinary chondrite, possibly 
belonging to the LL class as the best fit; however, an L chondrite or a CK 
chondrite are plausible alternatives (withing the uncertainty of the 
method). This latter uncertainty could be significantly reduced by 
studying Cr-isotope systematics in high-Ni tektites. Cr-isotopes are in 
fact expected to discriminate between ordinary and carbonaceous 
chondrite signatures (e.g., Koeberl et al., 2007). 

The importance of the combined use of different geochemical and 
isotopic methods for constraining the impactor type in impact melt rocks 
bearing a meteoritic signature, mainly siderophile Ni, Co and Cr, HSE, 
Os-, O- and Cr-isotope systematics, has been largely discussed in previ
ous work (e.g., Koeberl et al., 2012; Goderis et al., 2013; Magna et al., 
2017; Folco et al, 2018). Successful examples combining Cr-isotopes and 
siderophile interelement ratios are, for instance, the studies of the 
impact melt-rocks from the Lappajärvi (Finland) and Clearwater East 
(Canada) impact craters (Koeberl et al., 2007), from the Zamanshin 
impact structure (Kazakhstan; Jonášová et al., 2016; Magna et al., 2017) 
or the Central American belizites (Rochette et al., 2021). A further 
example is given by some Ivory Coast tektites enriched in siderophile 
elements (Koeberl and Shirey, 1993). Here a meteoritic component 
(<1% by weight) was first detected based on Os isotope analysis, 
although discrimination between a chondritic or iron meteorite signa
ture could not be possible due to intrinsic limitations of the method. 
Nevertheless, guided by these results, an ordinary chondritic signature 
was later constrained through Cr-isotope analysis of the very same 
tektite specimens (Koeberl et al., 2007). Checking Cr-isotope composi
tion in high-Ni Australasian tektites as proposed above would be 
instrumental to test the use of Mg, Ni, Cr and Co interrelations in con
firming the identification of an impactor component, as performed in the 
present work, and in constraining the impactor type. Unfortunately, 
testing the use of Mg, Ni, Cr and Co interrelations in Ivory Coast tektites 
and microtektites is problematic due to the limited database available so 
far (e.g., Jones, 1985; Koeberl et al., 1997; Glass et al., 2004). 

Fig. 3. Cr-Co-Ni relations in Australasian (AUS) tektites and microtektites. 
Concentrations for the average UCC (Taylor and McLennan, 1995) and the 
ejecta fragment in the microtektite layer from the ODP1444 core (Glass and 
Koeberl, 2006) are shown for comparison. Dotted lines are mixing lines be
tween UCC and CI (red) and LL (purple) chondrites (Lodders and Fegley, 1998), 
and Earth’s mantle (ginger; Salters and Stracke, 2004). Dashed lines are 
regression lines for high-Ni tektites (black) and microtektites (blue) with Ni 
contents in excess of 100 µg/g. 

Fig. 4. Nickel versus Al variation diagram for Australasian (AUS) tektites and 
microtektites. Note the lack of correlation between Ni and Al. 
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5. Conclusions 

We have studied the Ni-Mg interrelations in Australasian tektites and 
microtektites using a large database from the literature (208 tektites and 
238 microtektites). The Ni-Mg interrelations show that the Ni-rich 
component in high-Ni tektites and microtektites with high Ni/Mg ratio 

is the signature of an impactor of chondritic composition in a parent 
impact melt of broadly UCC composition, and not a mafic terrestrial 
component in the target. This strengthens previous works on high-Ni 
tektites (Goderis et al., 2017; Ackerman et al., 2019) and microtektites 
(Folco et al., 2018). A chondritic component up to 4% and 6% by weight 
is estimated in tektites and microtektites, respectively, based on Ni-Mg 

Fig. 5. Variation diagrams for a range of elements plotted against Mg for Australasian microtektites defining the low Ni/Mg trend, T2, and belonging to the high-Mg, 
intermediate and high-Al types. Data for normal type Australasian microtektites (this work), an ejecta fragment in the microtektite layer from the ODP1444 core, and 
the average UCC composition are plotted for comparison. Elements are arranged according to increasing mass. 
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mixing calculations. A terrestrial mafic component maybe identified in 
some specimens like some high-Mg tektites (as defined by Chapman and 
Scheiber, 1969) and in a minority of microtektites with intermediate Ni/ 
Mg ratios. These compositional differences are likely the combined 
result of target heterogeneity and variable degrees of impactor-target 
melt interaction involving mixing of three main components: domi
nant felsic rocks in the target, lesser mafic rocks in the target, and the 
chondritic impactor. 

There is a greater compositional variability in microtektites relative 
to tektites in the Ni versus Mg space. This is likely the result of incom
plete homogenization of heterogeneous impactor and target precursor 
materials at the microtektite scale in the context of disequilibrium 
impact melting and rapid melt fragmentation during ejection. This 
disequilibrium process can explain the high-Mg (and low-Ni/Mg) 
compositional type within the microtektite population. 

High-Ni (Ni > 100 µg/g) tektites and microtektites present in 
research collections worldwide are thus expected to reveal the chon
dritic impactor type that generated the Australasian strewn field 
through the combination of geochemical and isotopic analysis. This will 
provide significant input for reconstructing the scenario of one of the 
most catastrophic and elusive impacts in the Cenozoic. It could also 
contribute to a better understanding of several still unclear aspects of 
tektite formation process, such as the target-impactor physical interac
tion and elemental fractionation. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

Tektite and microtektite research at Pisa University is funded 
through grants MIUR: PNRA16_00029 Meteoriti Antartiche. We appre
ciate constructive reviews by Aaron Cavosie, Jǐrí Mizera, Christopher 
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(element wt% and µg/g, respectively) of Australasian tektites 
(Table SM1) and microtektites (Table SM2) from the literature studied in 
this work (see main text for references), and one figure (Figure SM1) 
showing a Co versus Ni plot for Fe-Ni and Fe-S-Ni spherule inclusions in 
Australasian tektites (see figure caption for references). Supplementary 
material to this article can be found online at https://doi.org/10.1016/j. 
gca.2023.09.018. 
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