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A B S T R A C T   

Tektite and microtektite formation have important implications on our understanding of impacts both on Earth, 
the Moon and on other bodies within our solar system. Here, we investigate the formation mechanisms of 
microtektites by analysing the K isotope systematics and elemental compositions of forty-four Australasian 
microtektites from various distances from the proposed impact location. Based on the K isotope and concen-
tration data, the microtektites analyzed here are split into two groups, the “ODP group” and the “MB group”. The 
ODP group were recovered from the Ocean Drilling Project (ODP) sediment cores and consist of microtektites 
which landed closer to the proposed impact site (~1220–1240 km) and show limited δ41K variation (–1.06 ‰ to 
− 0.21 ‰) and higher K concentrations (2.48 wt% to 3.66 wt% K2O). In contrast, the MB group were mostly 
collected from the surface of Miller Butte (MB) in Antarctica and represent microtektites which landed signifi-
cantly further from the proposed impact site (~4100–10800 km) and contain large δ41K variations (− 4.04 ‰ to 
0.57 ‰) and low K concentrations (0.49 wt% to 1.45 wt% K2O). For the microtektites studied here, the overall 
correlation observed is consistent with condensation whereby a greater extent of K depletion correlates with 
lighter K isotope compositions. This simple condensation model is in contrast to previous studies which find 
evidence for complex evolution involving evaporation, condensation, and mixing. For the ODP group micro-
tektites, the isotopic and elemental data suggest condensation from an upper continental crust (UCC) starting 
composition. Conversely, for the MB group a UCC starting composition is not compatible, as even the most K-rich 
MB group microtektites are significantly depleted in K and display δ41K values much higher than the UCC. These 
observations can be explained by a vapor plume with a progressively evolving K isotope composition, with the 
earliest K condensates depleting and fractionating K within the plume, thus altering the starting K compositions 
for the later K condensates. From this data we calculate a cooling rate of up to 2,600 K/hour for the ODP group 
and up to 20,000 K/hour for the MB group, which are comparable to the cooling rates measured for tektites and 
considerably faster than those theoretically calculated or experimentally determined for chondrules. Overall, 
when assessed within the context of previous studies, microtektite formation appears very complex with evi-
dence for different volatilization processes to different degrees observed within different microtektites. As such, 
while condensation appears dominant for K within the Australasian microtektites studied here, more work is 
needed to fully untangle the processes involved in microtektite formation.   
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1. Introduction 

Tektites are natural siliceous glass ejecta formed by the rapid heating 
and quenching of terrestrial rocks by the hyper-velocity impact of an 
extraterrestrial object into Earth’s crust (Glass, 1990; Koeberl, 1986, 
1992). The size of tektites can vary significantly, with the largest 
reaching tens of cm in diameter and the smallest being sub millimeter. 
Of these size groups, tektites with a diameter of less than 1 mm are 
classified as microtektites. While the study of tektites and microtektites 
has advanced significantly over the last few decades, many aspects 
surrounding their formation are still not well understood. In regard to 
microtektites, the exact role evaporation and condensation played in 
their formation, and thus the implications this would have on their 
formation process, has not yet been conclusively resolved. As such, 
further study into the formation of microtektites is necessary. Addi-
tionally, microtektites provide an ideal terrestrial analog for hyperve-
locity impacts which occurred in the early Solar System, so gaining a 
greater understanding of microtektite formation could potentially have 
significant implications for understanding our Solar System. 

Both tektites and microtektites are found within several distinct large 
areas across the surface of the Earth known as strewn fields. Currently, 
four distinct strewn fields are confirmed: the North American, Central 
European, Ivory Coast, and Australasia strewn fields (see, e.g., Barnes, 
1963; Gentner et al., 1967; Glass, 1990; Koeberl, 1986; O’Keefe, 1976; 
Simonson and Glass, 2004; Zähringer and Gentner, 1963). A possible 
fitfh field is also present in Beleze, however there is still some debate 
surrounding this (Koeberl et al., 2022; Rochette et al., 2021). Of these 
strewn fields, the Australasian strewn field is the youngest with an age 
of ~800 ka (e.g., Di Vincenzo et al., 2021; Folco et al., 2008; Jourdan 
et al., 2019; Schwarz et al., 2016; Zähringer and Gentner, 1963). The 
Australasian strewn field is also the largest, covering ~15 % of the 
Earth’s surface, with the furthest microtektites having traveled 
~12,000 km (Folco et al., 2016; Folco et al., 2008; Glass and Simonson, 
2013; Soens et al., 2021; Van Ginneken et al., 2018). Microtektites from 
the Australasian strewn field have been found over a wide variety of 
locations, including ocean drilling cores in the western Pacific and In-
dian Ocean and on land in Antarctica (e.g., Folco et al., 2009; Folco 
et al., 2008; Glass, 1967; Glass, 1978; Glass and Koeberl, 2006; Van 
Ginneken et al., 2018). Yet, even with its large size and young age, the 
Australasian strewn field is the only currently known strewn field 
without a confirmed identified impact site (e.g., Glass and Simonson, 
2013). Nevertheless, based on petrographic and geochemical data along 
with distribution and abundance patterns, the impact site has been 
suggested to be in the Southeast Asia region, possibly somewhere in 
Indochina (Burns and Glass, 1989; Folco et al., 2010; Glass and Pizzuto, 
1994; Hartung, 1990; Hartung and Koeberl, 1994; Lee and Wei, 2000; 
Ma et al., 2004; Rochette et al., 2018; Sieh et al., 2020; Mizera et al., 
2016; Stauffer, 1978; Wasson, 1991; Whymark, 2021). 

The extreme distance traveled by some of the Australasian micro-
tektites indicates that they likely underwent more severe temperature/ 
time regimes compared to microtektites which traveled a shorter dis-
tance from their source (e.g., Folco et al., 2010a,b). Indeed, within the 
microtektites from the Australasian strewn field, there is an observed 
depletion in the moderately volatile elements (MVE) Na and K which 
correlates with distance from the suggested source crater region (Folco 
et al., 2010a). While the mechanism of this depletion is still not 
completely understood, evaporation of a melt is generally the favored 
dominant process, due mostly to the finding of partially melted relicts of 
precursor rock found within some Australasian microtektites (Folco 
et al., 2010a; Folco et al., 2010b). Many Australasian microtektites also 
contain vesicles, melted quartz grains (i.e., lechatelierite), and exhibit 
schlieren, all of which are consistent with microtektites forming as melt 
droplets, rather than as a condensate (Folco et al., 2010b; Glass, 1990; 
Glass and Koeberl, 2006). Nevertheless, some evidence for condensation 
processes along with evaporation have also been observed in in some 
Australasian microtektites using stable isotope systematics of K (Herzog 

et al., 2008). Additionally, a recent study of Fe isotope compositions in 
Australasian microtektites indicates a convoluted process involving 
evaporation, condensation, and mixing (Chernonozhkin et al., 2021). 
For tektites, which have been the subject of extensive isotopic studies 
compared to microtektites, the evidence for evaporative loss of MVE 
being the dominant process is greater, with Cu, Zn, Sn, and Pb showing 
trends of heavier isotopes with increasing element depletion (Ackerman 
et al., 2020; Creech et al., 2019; Jiang et al., 2019; Rodovská et al., 
2017). Nevertheless, some isotopic systems, including both K and Li, 
generally show limited variation and no evidence of either evaporative 
loss or partial condensation (Humayun and Koeberl, 2004; Jiang et al., 
2019; Magna et al., 2011; Magna et al., 2021; Rodovská et al., 2016). 

With the considerable advances in K isotope analysis (e.g., Wang 
et al., 2021 and references therein) achieved since the previous K isotope 
study on microtektites by Herzog et al. (2008), additional K isotope 
analysis of the Australasian microtektites has the potential to further 
improve our understanding of microtektite formation. As K is an MVE, it 
possesses the optimal volatility to be affected by many high temperature 
processes but is not so volatile to be completely lost. Potassium also has 
two stable isotopes (39K and 41K) which are in high enough abundance to 
be measured and fractionate differently depending on the process of 
depletion (Chen et al., 2019a; Neuman et al., 2022; Yu et al., 2003; 
Zhang et al., 2021). This combination of properties results in the isotopic 
analysis of K being ideal for investigating processes of volatile depletion. 
Additionally, recent improvements in K isotope analysis techniques by 
multi-collector inductively coupled mass spectrometry (MC-ICP-MS) 
have opened up many new opportunities, as high-precision K isotope 
analyses which can distinguish differences down to ~0.1 ‰ is now 
routinely achievable (Chen et al., 2019b; Hu et al., 2018; Li et al., 2016; 
Wang and Jacobsen, 2016a). 

Here, in order to improve our understanding of both microtektite 
formation and the formation of other melt droplets (e.g., CB chondrules 
and lunar impact glasses) during hypervelocity impacts, we undertook 
elemental and high precision K isotope analysis on microtektites from 
the Australasian strewn field. Microtektites from this impact present an 
ideal target for such a study due to the large variability in distances 
traveled, and thus temperature/time regimes experienced by the 
microtektites. Australasian microtektites are also the youngest among 
all microtektites, meaning that they potentially experienced less alter-
ation. Additionally, the already observed volatile depletions and iso-
topic variations indicate a formation process involving significant 
variations in volatilization. As shown in Fig. 1, the microtektites selected 
for this study come from five sites covering a wide range of distances 
from the proposed impact region. These sites are Ocean Drilling Program 
(ODP) site 1143A (~1240 km from impact location), ODP site 1144A 
(~1220 km from impact location), core V19-169 (~4100 km from 
impact location), core V29-43 (~4800 km from impact location), and 
Miller Butte (MB) located in Outback Nunataks, Victoria Land, 
Antarctica (~10,800 km from impact location). All the distance esti-
mates used here are from Folco et al., (2010a) and assume that the 
source crater location is at 18◦ N–106◦ E in the Gulf of Tonkin region 
(Indochina). 

2. Procedure 

A total of forty-three microtektites were selected for analysis, con-
sisting of twenty-six specimens from Miller Butte in Antarctica (72.70◦S, 
160.25◦E), five from ODP core site 1143A (9.36◦N, 113.29◦E), ten from 
ODP core site 1144A (20.05◦N, 117.42◦E) and one each from core sites 
V19-169 (10.22◦S, 81.62◦E) and V29-43 (12.33◦S, 75.08◦E), respec-
tively. No microtektites analyzed here were previously irradiated for 
instrumental neutron activation analysis (INAA). The microtektites 
analyzed range from 0.111 to 0.662 mg in mass (see Table 1), which 
equates to ~ 400 to ~700 µm in diameter. The Miller Butte microtektites 
were similar in shape, colour and texture, with all being pale-yellow, 
spherically shaped (see Fig. 2 for an optical image), and with no relict 
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grains or schlieren. Yet, an individual microbubble was observed in one 
Miller Butte microtektite. The V19-169 and V29-43 microtektites were 
also similar to each other, with both being spheres and greenish-yellow 
with no relict grains or schlieren. The microtektites from the two ODP 
cores did show more variation, with colours consisting of greenish- 
yellow (four microtektites), yellowish-brown (three microtektites), 
and brown (eight microtektites). In terms of shapes, ten of the ODP 
microtektites were spheres, four were elongate, and one was teardrop 
shaped. In addition, three ODP microtektites showed highly pitted sur-
faces (samples 27, 28, and 31), three had some minor vesicles (samples 
38, 39, and 40), and one contained a few very small opaque inclusions 
(sample 39). To remove any possible surface contaminants (some 
microtektites showed minor amounts of jarosite and gypsum on their 
surface) each microtektite was ultrasonicated for 5 min in Milli-Q water 
prior to dissolution. Dissolution of the microtektites was undertaken 
using 28.9 M Optima™ HF and double-distilled 15.6 M HNO3 at a 3:1 
ratio (1 mL total volume) and heating them to 140 ◦C for one week. Once 
dissolution was complete, 10 % of each fraction was reserved for 
elemental analysis, while the remaining 90 % was used for K isotope 
analysis. 

2.1. Elemental analysis 

All elemental analysis undertaken in this study was conducted using 
a Thermo Fisher iCAP Q ICP-MS at Washington University in St. Louis. 
Analyses of both the microtektites and Milli-Q leachates were under-
taken using KED (kinetic energy discrimination) mode, while the linear 
calibrations were done using the reference materials BCR-1, BIR-1, 
BHVO-2, and AGV-1 (Jochum et al., 2016). Additionally, a 5 ppb in-
ternal standard of In was run throughout the analysis session. The 
elemental analysis of the pre-cut, post-cut and K-cut fractions described 
in section 2.2 were also undertaken using KED mode, however the linear 
calibrations for these analyses were carried out using a synthetic multi- 
element solution and no internal standard was used. The precision of the 
elemental analysis procedure used here is between 2 and 10 % RSD 
(relative standard deviation). 

2.2. Potassium isotope analysis 

The separation of K from the matrix was undertaken using a double 
pass chromatography procedure using Bio-Rad AG50W-X8 100–200 
mesh cation-exchange resin. Both passes were conducted using a column 
with an ID (internal diameter) of 0.5 cm which contained 1.5 mL of 
resin. Potassium was eluted using 14 mL of 0.5 M HNO3 while a 1 mL 
pre-cut and post-cut was collected each side of the K cut to monitor of K 
loss. For a detailed description of this separation method, albeit using a 
larger column size, see Chen et al., 2019b. For all samples other than 
MT16, K loss was found to be negligible (<5%) from the chromatog-
raphy procedure. For sample MT16, the K loss was significant (30 %), so 
the K isotope data for this sample is considered compromised and not 
discussed further. The total procedural blank was 14 ng, which is 
negligible (<1.5 %) compared to all samples. 

The K isotopic analyses of all microtektites were conducted using a 
Thermo Scientific Neptune Plus MC-ICP-MS at Washington University in 
St. Louis. Analyses were undertaken using the “dry plasma” technique, 
with an Elemental Scientific APEX Ω high sensitivity desolvating 
nebulizer used as an introduction system. For detailed description of the 
“dry plasma” analytical protocol used here see Chen et al., 2020. In brief, 
analyses were run using a high mass resolution slit (25 μm) and an RF 
power of 1225 W. All K isotope measurements were taken on the 
“shoulder” of the 41K peak to avoid interference from the remaining 
40ArH+. In order to correct for instrument mass bias, all measurements 
were conducted with solutions at 150 ppb K using the sample-standard 
bracketing technique. The standard used for these analyses was NIST 
SRM 3141a, with all K isotope data presented in the delta notation δ41K 
= ([(41K/39K) sample/ (41K/39K) standard –1] × 1000). The BHVO-2 
reference material was analyzed at least once in each analytical ses-
sion to monitor data quality. From these analyses, a BHVO-2 δ41K value 
of –0.47 ± 0.04 ‰ (n = 44) was established, which agrees with previous 
measurements (Hu et al., 2018; Li et al., 2016; Tuller-Ross et al., 2019; 
Wang and Jacobsen, 2016a; Wang et al., 2021). The precision of K 
isotope analyses using this technique over a 20-month period has been 
evaluated as ± 0.11 ‰ (2 SD) (Chen et al., 2019b), while the 95 % 
confidence interval within each session is generally ± ~0.05 ‰. 

3. Results 

3.1. Elemental data 

All major and trace element compositions of the microtektites 
analyzed in this study are listed in Table 2 (all microtektite K concen-
trations, reported as ppm, are also given in Table 1). As Si cannot be 
measured using the procedure undertaken here, the reported SiO2 values 
in Table 2 are calculated as the total (assumed to be 100 wt%) minus the 
sum of all the major elements. Overall, the microtektites in this study 
show similar elemental compositions to other Australasian micro-
tektites, further supporting the consensus that the Transantarctic 
Mountain microtektites are part of the Australasian microtektite strewn 
field (Folco et al., 2009; Folco et al., 2010a; Folco et al., 2008). This is 
most distinctively seen in CaO/MgO versus Al2O3/TiO2 (Fig. 3a) and 
K2O/Al2O3 versus Na2O/TiO2 (Fig. 3b), whereby the microtektites 
analyzed in this study clearly lie within the same regions as previous 
Australasian microtektite analyses. All microtektites analyzed in this 
study fall under the “normal” type (as opposed to the “high-Mg” and 
“intermediate” types), following the previous chemical classification 
scheme adopted for Australasian microtektites (Folco et al., 2009; Glass 
et al., 2004). The highest MgO concentration of 5.52 wt% is found in 
sample 31 from site V19-169, with all other microtektites showing MgO 
concentrations < 4.5 wt%. 

The K2O contents of the microtektites analyzed in this study show 
significant variation, ranging from 0.49 wt% to 3.66 wt% (Table 2). 
When assessing the microtektites from each individual location the 
observed K2O variation is much less, with Miller Butte showing a range 

Fig. 1. Map of the Australasian strewn field (dashed line) showing the locations 
of the microtektites studied here (coloured symbols) and the proposed impact 
location (red oval) (Burns and Glass, 1989; Glass and Pizzuto, 1994; Hartung, 
1990; Hartung and Koeberl, 1994; Ma et al., 2004; Stauffer, 1978). Note the 
large difference in distance from the impact location of the different micro-
tektite sampling sites. 
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from 0.49 wt% to 1.38 wt%, ODP 1143A displaying a range from 2.70 wt 
% to 3.34 wt%, ODP 1144A exhibiting a range from 2.48 wt% to 3.66 wt 
%, and V19-169 and V29-43 having concentrations of 0.95 wt% and 
1.45 wt% respectively. As shown in Fig. 4A, these observed concentra-
tion ranges for each site agree with previous data and indicate that the 
microtektites more distal from the proposed impact site have lower K 
concentrations (Folco et al., 2010a; Glass et al., 2004; Glass and Koeberl, 
2006). Compared to the mean K2O content of 2.80 wt% estimated for the 
UCC (Rudnick and Gao, 2014), the microtektites show concentrations 
from slightly higher to significantly lower. The concentrations of other 
MVE show a similar pattern to K, nonetheless, Na is significantly 
depleted in all microtektites (Table 2) relative to the bulk crustal 
composition of 3.27 wt% (Rudnick and Gao, 2014), whereas K is only 
significantly depleted in the microtektites distal from the proposed 
impact region. Interestingly, U, which is generally considered refractory, 
shows a similar depletion pattern to K (Table 2). This, however, has been 
noted before by previous studies and is explained as U behaving volatile 
during microtektite formation due to high pO2 and the siting of U in 
reduced carbonaceous material of the host rock (Folco et al., 2009; Van 
Ginneken et al., 2018; Wasson et al., 1990). 

Table 1 
Sample information and summary of K isotope and K concentration data for the Australasian microtektties analysed in this study.  

Sample name Locality Sample weight (mg) δ41K (‰) 95 % C.I. n K (ppm) 

1 Miller Butte  0.263  − 0.57  0.05 12 10,010 
2 Miller Butte  0.388  − 0.77  0.05 12 8043 
3 Miller Butte  0.306  − 0.77  0.09 10 8964 
4 Miller Butte  0.368  0.57  0.11 11 9826 
5 Miller Butte  0.340  0.13  0.08 9 11,422 
6 Miller Butte  0.385  0.10  0.06 11 10,017 
7 Miller Butte  0.370  − 0.44  0.06 12 11,446 
8 Miller Butte  0.165  − 0.93  0.07 9 7814 
9 Miller Butte  0.222  − 2.62  0.12 6 5282 
10 Miller Butte  0.172  − 1.01  0.04 12 11,214 
11 Miller Butte  0.188  − 0.60  0.05 11 10,394 
12 Miller Butte  0.153  − 0.99  0.05 10 10,013 
13 Miller Butte  0.138  − 0.85  0.06 8 9011 
14 Miller Butte  0.152  − 1.26  0.08 10 10,327 
15 Miller Butte  0.243  − 0.71  0.05 12 9178 
16 Miller Butte  0.140  − 0.93  0.06 8 8659 
17 Miller Butte  0.169  − 2.58  0.11 8 4199 
18 Miller Butte  0.122  − 1.11  0.08 10 10,029 
19 Miller Butte  0.132  − 4.04  0.12 5 4104 
20 Miller Butte  0.158  − 0.97  0.05 12 9744 
21 Miller Butte  0.120  − 2.38  0.08 6 6065 
22 Miller Butte  0.186  − 1.33  0.05 12 10,284 
23 Miller Butte  0.179  − 1.62  0.06 12 8012 
24 Miller Butte  0.130  − 1.37  0.04 9 10,001 
25 Miller Butte  0.133  − 1.74  0.08 9 8015 
26 Miller Butte  0.105  − 1.71  0.06 9 10,746 
27 ODP 1143A  0.234  − 0.87  0.08 10 26,499 
28 ODP 1143A  0.321  − 0.88  0.08 13 27,742 
29 ODP 1143A  0.241  − 0.44  0.05 12 22,417 
30 ODP 1143A  0.141  − 1.06  0.07 10 26,443 
31 ODP 1143A  0.205  − 0.66  0.08 9 26,776 
32 ODP 1144A  0.148  − 0.67  0.10 7 24,822 
33 ODP 1144A  0.182  − 0.21  0.07 9 29,630 
34 ODP 1144A  0.200  − 0.45  0.08 9 23,888 
35 ODP 1144A  0.111  − 1.05  0.06 10 24,399 
36 ODP 1144A  0.135  − 0.98  0.04 10 23,692 
37 ODP 1144A  0.174  − 0.57  0.07 11 20,618 
38 ODP 1144A  0.224  − 0.54  0.10 10 25,330 
39 ODP 1144A  0.193  − 0.53  0.07 9 27,662 
40 ODP 1144A  0.138  − 0.97  0.06 10 25,015 
41 ODP 1144A  0.662  − 0.51  0.09 10 30,404 
42 V19-169  0.135  − 2.29  0.13 5 7847 
43 V29-43  0.133  0.11  0.06 9 12,070 

All K isotope data in was onbtained by MC-ICP-MS, while all K concentration data obtained by Q-ICP-MS. 
The K concentraion data presented here can also be seen reported as K2O in Table 2. 

Fig. 2. Optical image showing fifteen representative Australasian microtektites 
analyzed in this study. All shown microtektites were collected from Miller Butte 
located within Outback Nunataks, Victoria Land, Antarctica. Note that all 
fifteen microtektites are spherical, with limited features, and appear near 
identical in colour, which is unusual as microtektites often show shape, texture, 
and colour variations. 
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Table 2 
Major and trace element abundances of Australasian microtektites analyzed in this study.  

Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Locality MB MB MB MB MB MB MB MB MB MB MB MB MB MB MB 
Average [wt %]                
aSiO2 72.1 64.6 74.2 77.6 70.8 74.7 76.0 74.1 69.5 71.1 71.6 72.4 77.7 75.6 75.6 
TiO2 0.82 1.02 0.77 0.72 0.88 0.78 0.73 0.80 0.94 0.88 0.86 0.83 0.70 0.76 0.76 
Al2O3 14.60 18.54 13.40 12.53 15.91 13.50 12.53 14.21 16.33 16.09 15.63 15.56 12.33 13.15 13.34 
FeO 4.33 4.50 3.93 2.83 4.50 3.61 3.92 3.23 3.40 4.31 4.17 3.87 2.56 3.57 3.43 
MnO 0.09 0.10 0.08 0.07 0.09 0.08 0.08 0.08 0.09 0.09 0.09 0.09 0.06 0.08 0.08 
MgO 3.31 3.82 2.91 1.96 2.73 2.38 2.53 2.98 4.29 2.87 2.77 2.67 2.12 2.19 2.26 
CaO 3.31 6.10 3.45 2.93 3.51 3.60 2.65 3.61 4.71 3.23 3.54 3.38 3.38 3.17 3.24 
Na2O 0.31 0.41 0.26 0.31 0.34 0.28 0.30 0.31 0.26 0.38 0.35 0.34 0.36 0.34 0.28 
K2O 1.21 0.97 1.08 1.18 1.38 1.21 1.38 0.94 0.64 1.35 1.25 1.21 1.09 1.24 1.11  

[ppm]                
Li 45.6 47.9 43.0 27.5 52.1 37.2 46.9 29.6 36.4 54.7 49.0 52.6 33.6 38.3 36.3 
Be 2.71 1.83 1.57 2.91 3.00 2.51 2.48 3.50 2.78 3.03 3.02 1.87 0.70 2.53 3.06 
Sc 14.3 20.1 12.3 12.4 15.3 12.5 12.0 15.0 15.7 16.0 14.1 14.8 10.3 13.2 11.9 
V 33.1 32.0 26.4 27.8 38.8 31.7 28.4 27.1 18.3 34.6 34.9 30.3 27.6 30.3 27.1 
Cr 54.8 54.6 64.9 37.4 48.3 59.2 63.7 42.0 75.5 40.3 38.4 50.9 37.2 41.6 51.7 
Co 6.92 5.96 9.46 4.44 6.59 7.90 7.12 3.28 3.47 9.59 13.20 6.75 1.67 5.60 4.76 
Ni 9.5 18.3 60.0 4.5 6.7 7.6 9.2 9.1 9.4 10.8 10.6 6.9 9.0 6.5 5.4 
Cu 0.10 3.39 0.10 b.d. 1.40 0.16 0.10 1.11 5.97 1.68 2.71 0.52 0.10 0.44 b.d. 
Zn 20.4 34.8 16.2 33.6 21.3 0.2 0.1 4.4 30.3 24.4 0.1 5.0 177.1 4.5 b.d. 
Ga 9.99 11.75 8.40 9.32 10.14 9.17 9.34 9.77 11.39 10.70 10.40 9.67 8.45 9.28 8.13 
Rb 50.9 38.3 43.9 52.0 61.6 51.3 55.8 37.9 21.3 59.1 54.8 52.0 44.0 51.8 46.7 
Sr 187 252 205 202 201 210 170 218 274 191 197 201 196 198 209 
Y 36.6 45.8 38.1 34.9 38.7 35.6 33.3 37.0 43.6 39.2 36.7 37.8 31.8 32.6 33.4 
Zr 318 341 342 343 317 338 319 358 421 342 294 324 335 292 312 
Nb 20.0 21.9 20.6 18.1 19.9 18.1 18.3 20.1 22.4 20.8 19.8 16.3 18.2 19.6 18.6 
Cs 2.36 1.79 1.90 2.28 3.32 2.24 2.59 1.55 1.02 2.85 2.86 2.48 2.37 2.34 2.19 
Ba 491 601 486 549 492 499 471 538 628 519 500 531 492 483 499 
La 48.3 59.4 46.7 46.5 50.1 47.2 44.5 49.3 57.9 51.0 49.3 50.4 43.1 45.4 45.8 
Ce 95.0 117.1 91.0 88.7 97.8 92.7 87.4 96.4 115.0 100.1 97.5 98.7 82.5 88.3 89.5 
Pr 10.7 13.6 10.6 10.4 11.4 10.8 10.0 11.0 13.1 11.4 11.1 11.3 9.8 10.3 10.5 
Nd 41.7 51.2 39.8 39.2 42.8 40.6 37.6 42.4 49.4 44.3 42.4 42.7 36.9 37.8 39.5 
Sm 8.11 9.62 8.16 7.24 8.20 7.68 7.26 7.90 9.73 8.44 7.76 7.94 6.72 7.76 7.21 
Eu 1.45 1.87 1.50 1.39 1.54 1.34 1.34 1.53 1.70 1.58 1.56 1.58 1.26 1.29 1.42 
Gd 7.02 8.58 7.06 6.65 7.46 6.76 6.57 7.09 8.15 7.60 7.31 7.21 6.16 6.32 6.69 
Tb 1.03 1.34 1.12 1.00 1.12 1.02 0.95 1.09 1.32 1.11 1.06 1.09 0.95 1.02 1.02 
Dy 6.21 7.63 6.52 5.63 6.61 5.94 5.56 6.37 7.40 6.69 5.99 6.37 5.39 5.86 5.97 
Ho 1.26 1.51 1.29 1.13 1.31 1.17 1.11 1.29 1.40 1.32 1.22 1.24 1.07 1.09 1.16 
Er 3.53 4.27 3.71 3.36 3.82 3.42 3.28 3.66 4.18 3.97 3.64 3.65 2.91 3.32 3.32 
Tm 0.57 0.68 0.59 0.53 0.62 0.54 0.51 0.56 0.65 0.62 0.59 0.61 0.49 0.51 0.56 
Yb 3.43 4.30 3.52 3.20 3.90 3.37 3.17 3.50 4.05 3.52 3.46 3.54 3.23 3.12 3.22 
Lu 0.54 0.62 0.52 0.47 0.54 0.49 0.47 0.47 0.56 0.55 0.55 0.56 0.45 0.43 0.45 
Hf 8.20 9.04 8.69 9.01 8.22 8.69 8.13 9.33 10.78 8.30 7.84 8.11 8.60 8.29 8.68 
Ta 1.45 1.33 1.34 1.29 1.10 1.09 1.25 1.48 1.56 1.50 1.27 0.63 1.31 1.55 1.45 
Pb 0.45 4.93 0.45 0.40 0.30 0.38 0.23 0.73 0.41 0.42 4.25 0.24 1.22 0.88 0.17 
Th 17.1 20.6 16.7 16.0 19.0 16.8 15.7 17.6 20.3 18.7 17.9 17.9 14.9 16.5 16.9 
U 0.66 0.56 0.61 0.86 1.82 0.84 0.74 0.60 0.30 0.62 0.61 0.57 0.75 0.88 0.78  

Sample No. 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Locality MB MB MB MB MB MB MB MB MB MB MB 1143A 1143A 1143A 1143A 

Average [wt %]                
aSiO2 69.6 63.4 69.6 67.5 71.0 66.3 74.6 71.4 70.8 78.0 72.1 63.3 64.0 70.0 63.1 
TiO2 0.92 1.16 0.93 0.96 0.88 1.07 0.79 0.84 0.90 0.69 0.88 0.94 0.94 0.76 1.01 
Al2O3 16.68 21.55 16.88 16.39 15.94 19.19 13.84 14.47 16.29 11.72 15.41 19.60 19.11 13.29 20.74 
FeO 4.36 4.06 4.54 4.22 4.27 4.22 3.66 4.92 4.29 3.23 3.95 6.24 6.22 5.77 6.30 
MnO 0.09 0.10 0.09 0.11 0.09 0.10 0.08 0.10 0.09 0.07 0.09 0.12 0.09 0.10 0.09 
MgO 2.88 4.20 2.83 5.46 2.72 3.76 2.21 3.89 2.71 2.39 2.76 2.86 2.73 3.37 2.89 
CaO 4.31 4.89 3.72 4.69 3.69 4.46 3.38 3.18 3.47 2.71 2.93 2.79 2.47 2.54 1.80 
Na2O 0.30 0.18 0.37 0.27 0.34 0.24 0.30 0.33 0.38 0.32 0.71 1.13 1.19 1.52 1.17 
K2O 1.043 0.506 1.208 0.494 1.174 0.731 1.239 0.965 1.205 0.965 1.294 3.192 3.342 2.70 3.19  

[ppm]                
Li 47.9 49.6 52.9 28.1 45.1 54.0 39.8 36.4 53.9 26.9 39.4 113.5 122.3 71.6 133.3 
Be 1.22 5.30 2.00 3.95 0.60 7.98 2.41 0.42 0.68 0.55 2.18 4.30 1.68 2.17 3.76 
Sc 15.5 22.7 16.7 14.1 16.4 21.4 14.0 14.3 16.7 13.6 13.8 17.4 15.7 12.0 17.5 
V 40.1 26.7 47.8 19.9 38.0 30.9 30.0 29.1 42.0 25.0 35.0 113.9 108.9 92.0 97.4 
Cr 44.6 140.8 37.7 215.5 34.2 51.8 39.2 99.2 35.3 43.1 47.3 91.9 93.4 254.1 87.4 
Co 5.02 4.82 4.25 5.68 5.04 3.32 4.70 7.57 4.39 4.13 4.56 15.91 17.68 36.47 11.65 
Ni 6.6 36.3 4.6 15.6 7.6 4.4 4.1 24.1 5.4 4.2 7.9 26.0 29.8 408.4 29.0 
Cu 6.03 4.67 b.d. 0.45 0.67 b.d. b.d. b.d. b.d. 5.06 6.25 23.49 5.73 4.97 10.12 
Zn 38.9 0.5 b.d. 297.0 b.d. b.d. b.d. b.d. b.d. 180.2 28.9 16.4 1.2 0.1 28.6 

(continued on next page) 
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Table 2 (continued ) 

Ga 8.76 12.33 11.28 10.97 11.09 10.03 10.03 10.32 9.54 6.83 10.84 12.26 11.88 12.11 11.10 
Rb 49.4 20.6 58.4 16.1 56.1 31.5 50.6 41.3 58.9 40.8 53.1 148.7 158.9 122.8 134.0 
Sr 233 263 214 260 212 241 207 186 206 165 191 156 150 134 160 
Y 36.0 48.2 37.9 41.7 37.5 41.1 34.3 36.8 37.6 29.0 37.9 34.5 36.0 31.1 38.8 
Zr 281 344 276 406 293 313 326 326 282 298 349 198 203 261 246 
Nb 22.1 26.4 21.4 22.6 21.6 24.4 20.3 21.2 22.0 16.7 22.1 20.0 22.2 16.8 22.4 
Cs 2.79 0.97 3.60 0.81 3.21 1.44 2.37 1.94 3.42 2.01 2.62 8.17 9.15 6.14 7.18 
Ba 518 680 522 628 518 611 517 502 511 421 529 510 502 416 533 
La 50.5 64.3 50.3 57.0 50.1 57.7 47.1 48.8 49.5 40.1 51.2 51.7 51.0 41.5 54.5 
Ce 99.5 125.7 100.4 114.8 97.9 116.1 92.9 96.2 98.5 78.3 100.9 104.5 103.9 83.9 109.6 
Pr 11.5 14.8 11.4 12.6 11.2 13.3 10.9 11.1 11.6 9.1 11.9 11.5 11.6 9.6 12.1 
Nd 43.9 56.6 43.8 48.0 41.9 51.1 41.1 41.8 43.1 34.1 45.9 42.9 43.5 34.8 45.2 
Sm 8.36 11.01 8.42 9.39 8.15 9.86 7.39 8.07 8.42 6.99 8.50 8.43 8.42 6.51 8.74 
Eu 1.63 2.13 1.58 1.80 1.64 1.91 1.42 1.48 1.68 1.19 1.62 1.69 1.65 1.27 1.75 
Gd 7.55 9.96 7.66 8.77 7.68 9.19 7.21 7.62 7.53 6.29 7.97 7.23 7.45 6.32 7.65 
Tb 1.18 1.48 1.22 1.25 1.15 1.28 1.09 1.11 1.18 0.89 1.19 1.06 1.09 0.96 1.14 
Dy 6.75 8.24 6.45 7.03 6.41 7.13 5.78 6.31 6.56 5.23 6.47 6.12 6.21 5.53 6.30 
Ho 1.27 1.61 1.29 1.47 1.25 1.43 1.19 1.25 1.23 1.03 1.28 1.22 1.20 1.06 1.33 
Er 3.73 4.62 3.91 4.07 3.58 4.11 3.28 3.49 3.82 2.96 3.65 3.62 3.57 2.98 3.85 
Tm 0.57 0.76 0.64 0.67 0.57 0.69 0.56 0.56 0.60 0.45 0.59 0.57 0.56 0.51 0.61 
Yb 3.56 4.64 3.69 4.19 3.63 4.16 3.39 3.37 3.41 2.65 3.86 3.31 3.25 3.01 3.73 
Lu 0.54 0.70 0.52 0.59 0.56 0.58 0.50 0.53 0.50 0.47 0.61 0.52 0.51 0.47 0.52 
Hf 8.09 9.69 7.82 11.47 8.23 8.64 9.25 9.17 8.14 8.08 9.60 5.20 5.56 6.82 6.16 
Ta 1.66 2.07 1.76 1.81 1.58 1.94 1.63 1.67 1.51 1.38 1.96 1.20 1.33 1.23 1.62 
Pb 0.25 6.66 0.13 b.d. 0.26 b.d. 0.04 0.82 0.03 0.39 0.79 5.30 1.35 3.29 1.58 
Th 19.5 25.0 19.5 21.3 19.0 22.5 17.8 18.0 19.2 15.2 19.1 19.8 20.2 14.8 21.4 
U 0.79 0.38 1.07 0.30 0.87 0.51 0.94 0.56 0.92 0.56 0.80 2.65 2.78 2.65 2.01  

Sample No. 31 32 33 34 35 36 37 38 39 40 41 42 43 
Locality 1143A 1144A 1144A 1144A 1144A 1144A 1144A 1144A 1144A 1144A 1144A V19-169 V29-43 

Average [wt %]              
aSiO2 64.0 72.2 61.8 62.6 72.4 71.4 69.8 68.7 63.1 68.0 62.4 68.6 72.3 
TiO2 0.92 0.80 0.92 0.99 0.78 0.71 0.80 0.85 0.93 0.83 0.93 0.82 0.72 
Al2O3 19.11 13.26 19.37 20.61 13.37 12.31 14.63 15.05 19.59 16.12 19.36 14.58 13.13 
FeO 6.26 4.69 6.82 6.18 4.58 5.44 4.95 5.25 6.49 5.42 6.45 5.37 5.27 
MnO 0.09 0.09 0.10 0.09 0.09 0.10 0.10 0.09 0.08 0.09 0.08 0.11 0.10 
MgO 2.86 2.11 3.17 2.97 2.48 2.97 2.41 2.49 2.98 2.63 2.85 5.38 3.57 
CaO 2.52 2.42 2.91 2.95 1.80 2.76 3.71 3.05 2.47 2.78 2.85 3.96 3.27 
Na2O 1.21 1.69 1.48 0.92 1.84 1.61 1.42 1.55 1.24 1.33 1.37 0.46 0.43 
K2O 3.23 2.99 3.57 2.88 2.94 2.85 2.48 3.05 3.33 3.01 3.66 0.95 1.45  

[ppm]              
Li 118.3 72.0 120.6 125.2 90.3 68.9 75.1 84.7 123.7 99.8 125.4 33.9 37.0 
Be 3.70 1.26 4.22 3.33 3.87 2.52 2.50 2.15 4.44 1.71 3.47 3.48 0.72 
Sc 17.7 11.7 18.4 16.9 10.7 12.0 15.7 14.2 18.0 14.2 17.4 15.1 12.0 
V 113.6 92.4 136.5 111.9 92.8 88.1 69.4 101.8 122.2 99.8 133.2 38.5 49.1 
Cr 91.6 69.6 101.0 97.3 80.5 227.6 55.1 71.9 96.1 71.4 97.4 213.9 158.9 
Co 14.1 12.0 17.9 23.8 35.1 34.5 14.7 19.0 29.1 11.2 18.2 13.0 20.6 
Ni 23.4 35.0 35.0 19.7 44.8 173.8 25.1 34.2 24.3 21.3 45.3 36.6 50.5 
Cu 19.65 9.47 8.05 8.37 16.69 4.26 2.90 6.71 8.03 140.48 8.55 0.58 2.15 
Zn 1.1 18.9 28.0 17.7 52.1 0.1 2.0 54.8 55.8 42.5 229.0 254.6 42.3 
Ga 12.89 17.87 18.96 13.30 16.59 13.02 11.17 19.58 15.29 17.32 20.17 8.86 8.05 
Rb 151.0 138.0 176.4 134.8 137.1 123.6 104.2 144.0 162.2 139.3 187.4 35.9 66.7 
Sr 149 138 151 163 161 151 193 153 150 151 158 198 176 
Y 34.2 32.8 34.4 37.8 36.2 30.7 34.3 34.3 35.7 34.0 34.5 35.4 30.1 
Zr 203 268 197 219 285 259 255 265 199 238 194 289 260 
Nb 20.7 18.8 19.6 22.4 18.6 16.5 18.9 19.0 17.3 18.2 20.6 19.1 16.3 
Cs 8.73 7.44 10.96 8.05 6.77 6.09 5.17 8.07 9.35 7.39 11.70 1.67 3.43 
Ba 500 430 530 527 443 397 448 450 505 476 502 466 418 
La 49.0 41.9 48.3 54.2 44.8 39.4 44.8 45.6 50.3 45.1 50.4 45.1 40.5 
Ce 99.7 85.5 98.4 110.8 90.3 80.5 90.0 93.4 103.2 91.2 101.8 89.8 81.1 
Pr 11.2 9.6 11.0 12.4 10.3 8.8 10.3 10.6 11.6 10.0 11.4 10.2 9.3 
Nd 42.2 35.7 41.6 45.8 37.9 34.1 38.4 39.2 42.8 38.6 42.3 38.8 35.3 
Sm 7.84 7.01 7.92 8.65 6.92 6.26 7.20 7.18 8.17 7.04 8.09 7.26 7.07 
Eu 1.50 1.28 1.60 1.72 1.22 1.18 1.40 1.52 1.53 1.47 1.56 1.59 1.32 
Gd 7.07 6.29 7.00 7.76 6.18 6.07 6.73 7.08 6.88 6.83 7.25 6.97 6.02 
Tb 1.06 0.90 1.09 1.15 0.98 0.87 0.97 1.03 1.05 1.03 1.05 1.07 0.90 
Dy 6.06 5.77 5.79 6.50 5.59 4.96 5.74 6.08 6.08 5.72 6.00 5.98 5.18 
Ho 1.20 1.09 1.19 1.32 1.10 0.95 1.13 1.16 1.20 1.09 1.21 1.23 1.01 
Er 3.40 3.16 3.28 3.77 3.33 2.77 3.28 3.35 3.49 3.09 3.46 3.20 2.83 
Tm 0.56 0.49 0.52 0.63 0.49 0.51 0.53 0.52 0.55 0.53 0.53 0.57 0.45 
Yb 3.42 3.02 3.41 3.65 3.22 2.79 3.10 3.19 3.46 3.23 3.25 3.33 2.97 
Lu 0.47 0.41 0.46 0.50 0.45 0.44 0.50 0.48 0.49 0.45 0.47 0.50 0.41 
Hf 5.40 7.00 5.39 5.90 7.56 6.66 6.46 7.02 5.20 6.38 5.26 7.69 6.53 
Ta 1.37 1.23 1.30 1.53 3.12 1.23 1.52 1.35 0.79 1.30 1.42 1.34 0.06 
Pb 1.26 11.50 10.61 4.58 24.93 9.23 3.07 20.06 16.52 16.90 15.03 0.88 1.04 
Th 18.8 15.3 18.5 21.4 15.1 13.8 16.2 16.6 19.5 16.7 20.2 16.5 14.5 
U 2.64 2.74 3.66 2.74 2.72 2.40 1.81 3.23 3.22 2.41 3.93 0.56 1.12 
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3.2. Potassium Isotope Data 

The K isotope compositions of all Australasian microtektites 
analyzed in this study are listed in Table 1. The total observed δ41K range 
of the microtektites studied here is from –4.04 ± 0.12 ‰ to 0.57 ± 0.11 
‰ (unless otherwise stated, all δ41K uncertainties reported are as 95 % 
CI). Interestingly, as shown in Fig. 4B, this entire range is dictated by the 
Miller Butte microtektites, with the ODP 1143A and ODP 1144A 
microtektites spanning the more restricted δ41K ranges of –1.06 ± 0.07 
‰ to –0.44 ± 0.05 ‰ and − 1.05 ± 0.06 ‰ to − 0.21 ± 0.07 ‰, 
respectively. The V19-169 microtektite and V29-43 microtektite have 
δ41K values of –2.29 ± 0.13 ‰ and 0.11 ± 0.06 ‰ respectively. 
Compared to the δ41K value of − 0.42 ± 0.17 ‰ estimated for the Bulk 
Silicate Earth (BSE) (Tuller-Ross et al., 2019; Wang and Jacobsen, 

2016a), the ODP microtektites span from the BSE value to slightly 
lighter (excluding one sample), while microtektites from the other sites 
cover ranges both heavier and lighter than the BSE. 

When compared to K concentration, represented as 1/K2O in Fig. 5A, 
the microtektites define two different groups, (i) the OPD microtektites 
with high K concentrations and narrow K isotope variation, and (ii) the 
Miller Butte, V19-169, and V29-43 microtektites with low K concen-
trations and large K isotope variation. There appears to be a correlation 
among specimens from the latter group whereby the lower-K micro-
tektites have lighter K isotope compositions, nevertheless this correla-
tion is largely dictated by five samples. In contrast, the ODP microtektite 
group shows limited K concentration variation resulting in a near ver-
tical trend. As seen in Fig. 5B, C, and D, when K isotope composition is 
compared against a relative K depletion factor expressed as Al/K, Ti/K, 
and Mg/K, similar patterns are observed to what is seen for 1/K2O (to 
see Fig. 5 data plotted without the reciprocal use of K concentration, i.e., 
with the x axis as K2O, K/Al, K/Ti, and K/Mg, see Supplementary Fig. 1). 

All elemental data in Table 2 obtained by Q-ICP-MS. The relative standard deviation of this analysis procedure is 2–10%. 
aSiO2 = total – sum of major elements, where total is assumed to be 100 wt%. 
b.d. = below detection limit. 
MB = Miller Butte microtektties. 
1143A = ODP site 1143A microtektties. 
1144A = ODP site 1144A microtektties. 

Fig. 3. Plots of (A) CaO/MgO vs Al2O3/TiO2 and (B) K2O/Al2O3 vs Na2O/TiO2 
for all Australasian microtektites analyzed in this study. For comparison, a 
range of data for North American, Ivory Coast, and Australasian microtektite 
data from other sources is also plotted Folco et al., 2009; Glass et al., 2004; 
Glass and Koeberl, 2006; Koeberl et al., 1997). As shown, all microtektites 
studied here lie within the range seen among other Australasian microtektites. 
Also note the significant K and Na depletions seen among the Miller Butte and 
V19/29 microtektites shown in (B). V19/29 refers to the single microtektites 
from cores V19-169 and V29-43. 

Fig. 4. Plots of distance from putative source region verses K2O (A) and K 
isotope composition (B) for Australasian microtektites. The literature data 
plotted in A are from Folco et al. (2009), Folco et al., (2010a), Folco et al., 
(2010b), Glass et al. (2004) Glass and Koeberl (2006). The distance estimates 
are from Folco et al., (2010a). As shown in (A), K2O concentrations both 
decrease and show less variation with distance, while as seen in (B), micro-
tektite δ41K values become broadly lower and more variable with distance. 
V19/29 refers to the single microtektites from cores V19-169 and V29-43. 
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4. Discussion 

4.1. Potassium isotope compositions of australasian microtektites 

4.1.1. This study 
The Australasian microtektites analyzed in this study cover a total 

δ41K range of ~4.5 ‰, which, when compared to all previous bulk K 
isotope samples analyzed is substantial, as all bulk Earth rocks, bulk 
chondrites (and chondrules), and bulk achondrites show total δ41K 
ranges of ~2 ‰ or less (Bloom et al., 2020; Koefoed et al., 2020; Koefoed 
et al., 2022; Koefoed et al., 2023; Ku and Jacobsen, 2020; Nie et al., 
2021; Nie et al., 2023; Parendo et al., 2017; Tian et al., 2019; Tian et al., 
2021; Tuller-Ross et al., 2019; Wang and Jacobsen, 2016a, 2016b; Wang 
et al., 2021). This strongly suggests that the K isotope compositions of 
these microtektites were significantly fractionated from their corre-
sponding precursor compositions during their formation. Nevertheless, 
as most prominently seen in Fig. 4, there appears to be a stark difference 
between the microtektites which travelled far from the proposed impact 
site, and those that landed close, with the far travelled microtektites 
covering the entire ~4.5 ‰ range and the short travelled microtektites 
covering a ~0.8 ‰ range. As such, the microtektites analyzed in this 

study can be split into two distinct groups, 1) the”ODP group” repre-
senting the microtektites which display limited δ41K variation, high K 
concentrations, and landed closer to the proposed impact site, and 2) the 
“MB group” (referencing the Miller Butte microtektites which dominate 
this sample grouping) representing the microtektites with large δ41K 
variation, low K concentrations, and which landed further from the 
proposed impact site. This grouping is most likely somewhat of an 
oversimplification, as the K concentration data of all Australasian 
microtektites (Figs. 3 and 4) indicates there is more of a continuum 
rather than two groups. Yet, as the microtektites analyzed here essen-
tially represent the two endmembers, assigning two distinct groups is 
considered appropriate for this study. 

While the two microtektite groups investigated here show many 
differences, both groups do show some broad similarities. Firstly, both 
groups show δ41K values both above and below the BSE value of –0.43 
± 0.17 ‰ (2SD) (Tuller-Ross et al., 2019), albeit the ODP group only has 
one microtektite which is slightly above this value (–0.21 ± 0.07 ‰). 
Secondly, as shown in Fig. 6A-B, both groups show a broad correlation 
between δ41K and microtektite mass, with the smaller microtektites 
having lighter δ41K compositions (note: sample 41 is excluded from 
Fig. 6A as it is both significantly larger than all other microtektites 

Fig. 5. Plots showing K isotope composition of all microtektites analyzed in this study vs. (A) 1/K2O, (B) Al/K, (C) Ti/K, and (D) Mg/K. The UCC composition is also 
shown for comparison as a grey star (Rudnick and Gao, 2014; Tuller-Ross et al., 2019). Uncertainties shown for δ41K are 95 % CI. As shown in all plots, more K- 
depleted microtektites show lighter K isotope compositions. Additionally, the Miller Butte and V19/29 microtektites are overall more K depleted and show 
significantly greater δ41K variation. V19/29 refers to the single microtektites from cores V19-169 and V29-43. 
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analyzed in this study and is a fragment). For the ODP group, this trend 
is also stronger when the three microtektites with “highly pitted” tex-
tures are excluded, which is not surprising as these textures could be a 
result of surface etching in sea water or evaporation during their for-
mation both of which could impact δ41K composition (K is both 
moderately volatile and fluid mobile). Interestingly, both groups show 
similar slopes (ODP group = 5.33 ± 2.76, MB group = 5.97 ± 3.50, 
slope uncertainties are 2SE), suggesting a common mechanism could 
have produced this trend. As the smaller microtektites show lighter K 
isotopic compositions, this could indicate incomplete condensation 
under a kinetic fractionation dominant regime, as less condensation 
would result in a smaller mass overall, while less condensation of K 
would result in a lower δ41K value. As shown in Fig. 5, this also agrees 
with the K depletion trends, as the more K depleted microtektites show 
lighter K isotope compositions, consistent with condensation experi-
ments conducted on K originally designed for studying chondrule for-
mation (Georges et al., 2000). Nevertheless, several microtektites show 
K isotope compositions which are heavier than the BSE composition and 
have much lower K concentrations (specifically among the MB group). 
This indicates that if condensation was the dominant formation process 
for these microtektites, the starting K composition for these micro-
tektites could be different from the bulk UCC composition. Alternatively, 
it is possible that the uptake of a light vapor regulated by surface to mass 
ratio (resulting in the smaller microtektites incorporating isotopically 

lighter vapor as a percentage of their overall mass) could explain the 
observed δ41K and microtektite mass correlation. Yet, if this was the case 
the smaller microtektites would likely be enriched in K relative to the 
larger microtektites which is the opposite to what is observed (unless the 
larger microtektites were significantly more enriched in 41K prior to 
uptake of the isotopically light-K vapor). 

4.1.2. Comparison with previous data 
Although the microtektites analyzed in this study cover a large 

range, as shown in Fig. 7, the previous Australasian microtektite K 
isotope data from Herzog et al. (2008), cover a much wider range, with 
their analyses ranging from –11.0 to 14.3 ‰ (relative to NIST SRM 
3141a). The reason for this difference is not entirely clear, however, the 
analyses by Herzog et al. (2008) were undertaken in situ using ion 
microprobe, as opposed to the bulk analyses using MC-ICP-MS con-
ducted here. The typical analytical precision for K isotope analyses using 
ion microprobe is 0.5–1 ‰ (Herzog et al., 2008; Alexander and Gross-
man, 2005; Alexander et al., 2000), while the recently developed MC- 
ICP-MS method shows precision of 0.05–0.1 ‰ (e.g., Chen et al., 
2019b; Hu et al., 2018; Li et al., 2016; Wang and Jacobsen, 2016a). This 
indicates that while variance in analytical precision could account for 
some of these observed differences, it cannot account for the majority. 
The large K isotope variation from Herzog et al. (2008) could indicate 
that these microtektites contain significant internal K isotope hetero-
geneities, with the in situ analyses capable of highlighting this. Yet, 

Fig. 6. Plots showing K isotope composition against mass for (A) the ODP 
group microtektites and (B) the MB group microtektites. The BSE K isotope 
composition is also shown for comparison (Tuller-Ross et al., 2019). Un-
certainties shown for δ41K are 95 % CI. Note the broad correlation seen for both 
groups of microtektites, which also show similar slopes (ODP group = 5.33 ±
2.76, MB group = 5.97 ± 3.50, slope uncertainties are 2SE). V19/29 refers to 
the single microtektites from cores V19-169 and V29-43. 

Fig. 7. Plots showing K isotope composition vs K/Si for microtektites analyzed 
in this study compared to previous in situ analyses by Herzog et al. (2008). 
Uncertainties shown for the δ41K values in this study are 95 % CI, while un-
certainties shown for the Herzog et al. (2008) data are 1SD. As shown, the data 
from Herzog et al. (2008) show significantly more K isotope variation (both 
lighter and heavier compositions) compared to the data from this study. V19/ 
29 refers to the single microtektites from cores V19-169 and V29-43. 
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several microtektites studied by Herzog et al. (2008) show similar δ41K 
values both in cores and rims, even for the most highly fractionated 
microtektites. Core-to-rim K elemental analysis of Transantarctic 
Mountain microtektites has shown that some samples display internal 
K2O variations of up to ~ 0.5 wt% K2O (Folco et al., 2009), which could 
result in significant internal δ41K variation. However, the data in Folco 
et al. (2009) also show that many microtektites have only limited in-
ternal K2O variation (<0.2 wt%), and the ones that do show large K2O 
variations often display the highest K2O concentrations in both cores 
and rims, with the distance in-between core and rim showing the lower 
concentrations. This variation pattern should result in the lowest K 
isotope fractionation within each microtektite observed at the cores and 
rims (due to less K depletion), which is not consistent with what is 
observed when comparing the bulk data from this study and the core and 
rim data from Herzog et al. (2008). Interestingly, a very similar pattern 
whereby in situ ion microprobe analyses show significantly more frac-
tionation than bulk MC-ICP-MS data for δ41K has been observed for 
chondrules (Koefoed et al., 2020). This could indicate that similarities in 
their environments of formation resulted in significant internal hetero-
geneities, or, as also discussed in Koefoed et al. (2020) and acknowl-
edged in the in situ chondrule δ41K studies (Alexander and Grossman, 
2005; Alexander et al., 2000), instrumental artefacts from the ion 
microprobe analysis could be the cause. 

Even though the in situ ion microprobe and bulk MC-ICP-MS analyses 
show significant differences, there are also some general similarities. 
Firstly, the majority of microtektites analyzed by Herzog et al. (2008) 
show both significant depletions in K and large δ41K variations, much 
like the MB group in this study. As all microtektites analyzed by Herzog 
et al. (2008) were sourced from the Indian Ocean, similar to core V19- 
169 and core V29-43 studied here (which are part of the MB group), 
this agrees with the observations from this study. Another similarity is 
that both datasets show δ41K both above and below the BSE value of 
–0.43 ± 0.17 ‰ (2SD) (Tuller-Ross et al., 2019), suggesting that Aus-
tralasian microtektites experienced a complex volatile history, with 
possibly both evaporation and condensation involved (see Fig. 7A). 
Nevertheless, in contrast to this study, Herzog et al. (2008) also observed 
several microtektites with δ41K values higher than the BSE which were 
also significantly depleted in K. 

4.2. Comparison with other isotope systems 

Due to the small size of microtektites resulting in very small quan-
tities of most elements, very few isotopic studies have been applied to 
them. Yet, a recent study focusing on the Fe isotopic compositions of 
Australasian microtektites was undertaken whereby significant frac-
tionation was observed (Chernonozhkin et al., 2021). Furthermore, 
similar to K, Fe shows isotopic compositions both lighter and heavier 
than the BSE value, with the more extreme fractionation observed for 
microtektites which travelled over ~3000 km from the proposed source 
(Chernonozhkin et al., 2021). However, in contrast to the K data from 
this study, Fe does not show any correlations between concentration and 
isotope composition. Instead, the microtektites depleted in Fe often 
show both heavy and light isotopic compositions. Nevertheless, when 
the Antarctic microtektites are observed on their own, there does appear 
a slight trend whereby the microtektites depleted in Fe show lighter 
compositions. Additionally, the most Fe-enriched Antarctic micro-
tektites show δ56/54Fe values higher than the average UCC composition, 
similar to what is observed among the MB group microtektites here with 
K. Yet overall this Fe microtektite data is broadly consistent with the in 
situ K isotope analysis by Herzog et al. (2008). As such, the authors used 
this Fe isotope data to conclude that microtektite formation involved a 
convoluted sequence of processes such as condensation, mixing of 
isotopically distinct reservoirs, and evaporation during atmospheric re- 
entry (Chernonozhkin et al., 2021). 

4.3. Comparison with tektites 

In addition to microtektites, tektites (diameter larger than 1 mm) 
have also been the subject of K isotope analyses. Unlike microtektites, 
tektites show very limited δ41K variation, with a total observed range 
across all tektites from the Australasian, European, and North American 
tektite strewn fields of ~0.7 ‰ (Herzog et al., 2008; Humayun and 
Koeberl, 2004; Jiang et al., 2019; Li et al., 2016; Magna et al., 2021). For 
the Australasian tektites alone, this range is even less, with all high- 
precision Australasian tektite analysis showing δ41K values between 
–0.72 ‰ and –0.26 ‰ (Jiang et al., 2019; Li et al., 2016), which in 
addition to the limited variation, all cluster around the BSE value of 
− 0.42 ± 0.17 ‰ (Tuller-Ross et al., 2019). As such, the K isotope sys-
tematics of tektites provide little insight into their formation, other than 
that the conditions to produce significant isotopic fractionation of K did 
not occur. Interestingly, sample 41 from ODP site 1144A, which is by far 
the largest sample from this study (0.662 mg) and is a fragment (i.e., not 
a full microtektite), shows a δ41K composition of –0.51 ± 0.09 ‰ and no 
depletion in K. It is thus likely that this sample represents a fragment of a 
larger tektite mass rather than a microtektite. 

The isotope compositions of other MVE such as Cu and Zn have also 
been studied for tektites, yet unlike K, these systems do show significant 
fractionation, with tektites showing isotopic compositions heavier 
(δ65Cu up to 12.5 ‰; δ66Zn up to 3.7 ‰) than the BSE (Jiang et al., 2019; 
Moynier et al., 2009; Moynier et al., 2010; Rodovská et al., 2017). As 
was concluded in these studies, the Cu and Zn isotope compositions, 
along with significant elemental depletions, strongly support evapora-
tion as the dominant fractionation process. Overall, the Cu, Zn, and K 
isotope compositions of tektites appear consistent with diffusion-limited 
evaporation, and ‘‘bubble-stripping”, which were proposed as possible 
MVE fractionation mechanisms (Jiang et al., 2019; Melosh and Arte-
mieva, 2004; Moynier et al., 2010; Rodovská et al., 2017). As the Zn and 
Cu isotopic composition of microtektites cannot be measured currently 
(their low mass results in total quantities of these elements which are too 
low), these hypotheses are more difficult to assess for microtektites 
using the same multi-MVE approach. Nevertheless, as tektites and 
microtektites display significantly different behaviour for K and Fe, it 
appears likely that they undergo a different formation process 
regardless. 

4.4. Potassium isotope systematics of Australasian microtektites 

The K isotope systematics of Australasian microtektites analyzed 
here can provide further insights into the formation of microtektites. 
There appears to be a general trend, especially among the MB micro-
tektite group, whereby lower K concentrations correlate with lighter K 
isotopic compositions (Fig. 5). This trend is consistent with K partial 
condensation experiments with preferential condensation of the light 
isotope over the heavy isotope (Georges et al., 2000). However, the most 
K-rich MB microtektites show K concentrations well below that of the 
continental crust and K isotopic compositions (~0.6 ‰) significantly 
heavier than the BSE (–0.43 ‰), modern seawater (+0.12 ± 0.07 ‰), or 
any major terrestrial rock type (up to ~ 0.1 ‰) measured to date (Li 
et al., 2016; Parendo et al., 2017; Tuller-Ross et al., 2019; Wang et al., 
2020; Wang and Jacobsen, 2016a; Wang et al., 2021). This makes simple 
partial condensation from a continental crust-like composition across all 
Australasian microtektites unlikely, which is not necessarily surprising 
considering the complexities described by the previous microtektite 
isotopic studies discussed in sections 4.1.2 and 4.2 (Chernonozhkin 
et al., 2021; Herzog et al., 2008). Nevertheless, the ODP microtektites 
show K concentrations close to the UCC composition and K isotopic 
compositions extending from about the BSE value to ~ 0.6 ‰ lighter. 
This makes partial condensation appear as the most likely dominant 
mechanism for the K systematics observed. Nevertheless, as also 
mentioned in section 4.1.1., mixing of a light-K vapor with a heavy-K 
liquid based on microtektite surface to mass ratio cannot be ruled out. 
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Further details surrounding how partial condensation could produce 
the K isotope systematics observed can be explored by assessing the data 
in more detail. As shown in Fig. 8, partial condensation of K from a vapor 
plume starting with a UCC composition, which then evolves over time to 
become depleted in K and higher in δ41K, could explain the Australasian 
microtektite K systematics observed here. Under this scenario, the 
microtektites which condensed K the earliest show only limited isotopic 
fractionation and K concentrations close to the starting UCC composi-
tion. These microtektites were likely within less energetic regions of the 
plume and did not travel far from the impact site; in this study, they are 
represented by the ODP microtektites. Following this, some of the now 
K-depleted vapor was remixed into the remaining plume through tur-
bulence, resulting in the plume on average becoming isotopically 
heavier and lower in K abundance (the plume composition would have 
likely been heterogeneous due to incomplete mixing). As the plume 
continued to expand out and cool, more microtektite K condensation 
occurred, which along with some mixing within the plume as it 
expanded, caused the average plume composition to get increasingly 
depleted in K and isotopically heavy. Thus, microtektites which 
condensed K later did so from a plume starting composition progres-
sively depleted in K and with a heavier K isotope composition. The MB 
microtektite group within this study represents these later K condensate 
microtektites, with their low K concentrations and significant δ41K 
fractionation. 

This scenario of microtektite K condensation is represented in Fig. 8, 
with the average vapor composition over time shown by the dashed 
arrow and an array of Rayleigh fractionation condensation curves from 
this evolving vapor composition presented as dashed lines. The average 
vapor composition in this model is constrained by the UCC composition 
and the isotopically heaviest MB microtektite measured. A fractionation 
factor (α) of 0.996 was applied for the Rayleigh condensation within this 
model as it was the best fit for the full dataset. This should, however, be 
considered an estimate, as the conditions within the vapor plume would 
have been complex and dynamic which makes establishing a perfect 
match between samples and calculation essentially impossible. 

Nevertheless, K condensation for these Australasian microtektites was 
certainly inhibited compared to ideal Rayleigh fractionation, as an α of 
0.9753 (which represents ideal Rayleigh fractionation in a vacuum for 
K) is not compatible with either the ODP or MB microtektites. The de-
gree of oversaturation can be expressed as a function of partial pressure 
(P) against saturation pressure (Psat) using the equation α’–1=(α–1)(1- 
Psat/P), whereby α’ represents the effective kinetic isotope fractionation 
factor and α represents an ideal kinetic isotope fractionation factor 
(Davis and Richter, 2014). Using this equation, we establish a Psat/P of 
0.838, which indicates a degree of oversaturation approaching equilib-
rium conditions (Psat/P = 1), supporting a kinetic fractionation- 
dominant regime. This calculated Psat/P should be considered an 
approximation, however, as the α’ of 0.996 used for this calculation is an 
estimate via data best-fit. Additionally, the approximate changes in 
vapor composition are only constrained by the UCC and heaviest 
microtektite compositions. Nevertheless, this still allows us to establish 
that the Australasian microtektite K isotope systematics were most 
heavily influenced by partial condensation in an evolving vapor plume 
with predominantly kinetic K isotopic fractionation. 

While condensation appears to be the dominant process which 
influenced K isotope fractionation within the Australasian microtektites 
studied here, there is some scatter in the data which could indicate that 
evaporation may have also occurred (e.g., the single ODP microtektite 
which has a δ41K value heavier than the UCC). Nevertheless, this is much 
more strongly evidenced by the previous in situ K isotope study by 
Herzog et al. (2008) which found significant isotopic fractionation but 
no clear trends, indicating a complex system of evaporation and 
condensation. It is possible that differences between in situ and bulk 
techniques is why only a strong condensation signature is observed here 
(see section 4.1.2 for a detailed discussion on this). Alternatively, it 
could relate to sampling bias within either, or both studies. Sampling 
variations is a distinct possibility as microtektites are not uniform in 
their shapes, texture or chemistry, reflecting their different formation 
histories (Folco et al., 2010b; Glass, 1990; Glass et al., 2004; Glass and 
Koeberl, 2006). Microtektites can range from teardrop-shaped with 
vesicles, melted quartz grains (i.e., lechatelierite), pitted and exhibiting 
schlieren, to spherical clear glass with no strong features (Glass, 1990; 
Glass and Koeberl, 2006). For this study, the vast majority of micro-
tektites analyzed were spherical, pale yellow and showed limited fea-
tures (e.g., see Fig. 2). While this is not considered unusual for the Miller 
Butte microtektites, with ~98 % of Transantarctic Mountain micro-
tektites being pale yellow and spherical (Folco et al., 2009), it is when 
considering all Australasian microtektites, as a wide range of shapes and 
textures are observed in Australasian microtektites from other locations 
(Glass and Koeberl, 2006). At the time of the Herzog et al. (2008) study, 
the Transantarctic Mountain microtektites had not yet been discovered, 
so their study consisted of primarily Indian ocean microtektites, of 
which only two were analyzed here. As such, different primary sampling 
locations, and thus different microtektites texturally, may have 
contributed to the differences observed between this study and the study 
by Herzog et al. (2008). Thus, it is possible that the observations made 
by Herzog et al. (2008), that some microtektites show evaporation- 
dominant K isotope fractionation, would have been confirmed in this 
study too had similar microtektites been analyzed here. 

Overall, spherical microtektites with limited features, which are 
compatible with a condensation-dominant regime, dominate those 
analyzed in this study. Nevertheless, previous chemical and textual 
studies indicate that due to vaporization of the impactor, impact 
condensate spherules should generally contain a significant meteoritic 
component (Glass et al., 2004; Glass and Simonson, 2013). As most of 
the microtektites analyzed here show no significant meteoritic compo-
nent (a few display elevated Cr, Ni, and Co concentrations), this presents 
a conundrum. It is possible that any meteoritic component is too low to 
be detected. Yet, it seems unlikely that elements significantly enriched in 
meteorites compared to the UCC (e.g., Ni) could remain undetectable if 
any meteoritic component was present in any of the microtektites. 

Fig. 8. Plot of K isotope composition vs Ti/K for all microtektites analyzed in 
this study. Also shown is the proposed condensation model for Australasian 
microtektites. The dashed lines represent a range of Rayleigh condensation 
curves over time using an estimated α of 0.996. The dotted line represents the 
evolving vapor plume composition which is constrained by the UCC (Rudnick 
and Gao, 2014; Tuller-Ross et al., 2019), shown as a grey star, and the isoto-
pically heaviest microtektite. Uncertainties shown for δ41K are 95 % CI. As 
shown, the plume vapor composition evolves over time to become K-depleted 
and heavier, with the earliest K condensates progressively depleting and frac-
tionating K within the plume. Later condensed microtektites thus condense 
from a vapor already fractionated and K depleted. V19/29 refers to the single 
microtektites from cores V19-169 and V29-43. 
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Further investigation of this could be done by conducting a detailed 
highly siderophile elemental and isotope study, similar to the study by 
Ackerman et al. (2019) on tektites, but this is outside the scope of this 
study. Additionally, unlike these siderophile elements, a meteoritic K 
component could remain undetected, as the UCC has K concentrations 
over order of magnitude higher than most meteorites. The δ41K varia-
tions observed here are also much larger than what is observed between 
the UCC and meteorites meaning that any isotopic difference would also 
be undetectable. Combined, these observations could indicate that the 
Australasian microtektites studied here were never fully vaporized, 
beginning as refractory melt ejecta and condensation only occurring for 
more volatile elements such as K which were vaporized (it is unlikely K 
was fully vaporized within the whole plume, however, as Jiang et al. 
(2019) showed Australasian tektites provide no evidence of K conden-
sation or evaporation). Alternatively, if the meteoritic components were 
distributed unevenly across microtektite condensates, these observa-
tions could just support the notion that different Australasian micro-
tektites formed through different processes and from different impact 
components, and the microtektites studied here represent just a fraction 
of the overall story. While more data is needed to explore these possi-
bilities further, the latter scenario appears to be more plausible. This is 
primarily because the microtektites analyzed in this study are predom-
inantly spherical with limited textural features, in contrast to the relic 
grains, rotational shapes (dumbbells, discs, teardrops), compositional 
schlieren, and vesicles observed in many Australasian microtektites. 
Additionally, nearly all the highly isotopically fractionated and K- 
depleted microtektites analyzed in this study are from a single location 
(Miller Butte), and are thus unlikely to be representative of all Aus-
tralasian microtektites. This is further supported by the Herzog et al. 
(2008) study, which studied a different range of microtektites (i.e., from 
different locations and possibly with a greater of textures and shapes) 
and provided evidence for both evaporation and condensation. 

4.5. Implications on microtektite formation 

4.5.1. Microtektite cooling rates 
Recently Nie et al. (2021) developed a model for constraining 

chondrule cooling rates under a condensation scenario using the total K 
isotope fractionation and condensed fraction of K. As partial conden-
sation appears to be the dominant process which affected the K sys-
tematics within the Australasian microtektites studied here, an adapted 
version of this model can also be applied here. For a detailed description 
of the model calculation see Nie et al. (2021). Yet, in brief, during 
condensation K isotopic fractionation is sensitive to the cooling rate, 
with a faster cooling rate producing larger fractionation (Richter, 2004). 
This is largely due to the condensation rate incapable of keeping the 
system in equilibrium as it cools, producing a supersaturated vapor. In 
contrast, if the system cools slowly enough, condensation can keep the 
system in near equilibrium through the cooling process, producing 
smaller isotopic fractionation. The model developed by Nie et al. (2021) 
calculated how chondrule cooling rate affected the K isotopic fraction-
ation of the chondrules. This was then presented as total isotopic frac-
tionation against the total condensed fraction of K for different cooling 
rates, whereby measured chondrule data was then plotted, and a 
chondrule cooling rate established. For microtektites, several parame-
ters need to be modified compared to those used for chondrules, some of 
which are not well constrained. Nevertheless, the model can still be 
successfully applied, allowing us to calculate the estimates for Austral-
asian microtektite cooling rates. 

The parameters required to model microtektite cooling rates are 
peak temperature (T0), oxygen fugacity (PO2), radius of the melt droplets 
(r), density of the melt, bulk composition, and fraction of K in melt (as 
opposed to in the surrounding vapor, assuming each microtektite 
droplet and its surrounding gas constitute a closed system during cool-
ing) at peak temperature (fK,0) (Nie et al., 2021). The peak temperature 
of Australasian tektites has been calculated to be 2273 K or less, however 

this was largely based on the lack of K isotopic fractionation in tektites 
by evaporation (Humayun and Koeberl, 2004). As microtektites show K 
isotopic fractionation they probably experienced temperatures higher 
than 2273 K. Nevertheless, this is still the best constraint for microtektite 
peak temperature and was thus used in the model. For oxygen fugacity, 
tektites and microtektites are known to be produced under reducing 
conditions (Giuli et al., 2010; Rossano et al., 1999; Žák et al., 2012), yet 
the exact conditions are not constrained. Nevertheless, the iron-wustite 
buffer likely represents conditions close to those experienced during 
microtektite formation, so this was used for the model. The radius of the 
melt can be established by the radius of the microtekties, which range 
from μm ~200 to ~400 μm, with an average of ~300 μm. A density of 
2500 kg/m3 was used for the density of melt here which is identical to 
what was used by Humayun and Koeberl (2004) for their tektite cal-
culations and within the range used by Chernonozhkin et al. (2021) for 
their microtektite modeling (2300–2800 kg/m3). Average UCC was 
considered as the bulk starting composition (Rudnick and Gao, 2014), as 
this closely matches microtektite bulk compositions. The fraction of K in 
melt at peak model temperature was assumed to be 1 %, with 99 % of K 
in the vapor (i.e., almost completely vaporized), which, when combined 
with the parameters discussed above, and assuming vapor-melt equi-
librium at peak temperature, results in a radius of vapor surrounding the 
model beads (ℛ) of 0.0488 m (Eq. S16 in Nie et al., 2021). Knowing the 
ℛ value, the K isotope fractionation can then be calculated as a function 
of the condensed K fraction given a certain cooling rate (Eqs. S14 and 
S15 in Nie et al., 2021). 

A model of microtektite cooling rates is shown in Fig. 9, whereby the 
chondrule cooling model by Nie et al. (2021) has been adapted for 
microtektites. All microtektites which fit within the parameters are 
plotted on the model. These plotted points represent the total isotopic 
fractionations ((Δ41Kcondensate = δ41Kcondensate − δ41K0) and condensed 
fractions of K (using Ti/K) relative to their starting compositions for 
each microtektite group. For the ODP group, the UCC represents the 

Fig. 9. Plot showing the microtektite condensation cooling rate calculations. 
Each coloured line represents 1000 K/hour cooling rate change. The enlarged 
points represent the ODP group microtektite and MB group microtektite with 
the fastest cooling rate. The plotted points represent the total isotopic frac-
tionations (Δ41Kcondensate = δ41Kcondensate − δ41K0) and condensed fractions of K 
(using Ti/K) relative to their starting compositions for each microtektite group. 
For the ODP group, the UCC represents the starting K elemental and isotopic 
composition, while for MB group, the starting K isotope and K concentration is 
represented by the isotopically heaviest MB microtektite. As shown, maximum 
cooling rates of 2,600 K/hour and 20,000 K/hour are observed for the ODP and 
MB group microtektites, respectively. The total range of calculated cooling rates 
observed is from 0 to 2,600 K/hour for the ODP group, and from 3,200 to 
20,000 K/hour for the MB group. V19/29 refers to the single microtektites from 
cores V19-169 and V29-43. 
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starting K elemental and isotopic composition, while for MB group, the 
starting K isotope value and K concentration is represented by the most 
isotopically heavy MB microtektite as this is our best constraint. When 
compared with the calculated cooling rate curves (Fig. 9), peak cooling 
rates of 2600 K/hour and 20,000 K/hour are observed for the ODP and 
MB group microtektites respectively. For clarity, the microtektite from 
each group with the fastest cooling rate has been enlarged in Fig. 9. The 
total range of calculated cooling rates observed is from 0 to 2600 K/hour 
for the ODP group, and from 3200 to 20,000 K/hour for the MB group. 
As the OPD and MB group microtektites analyzed here essentially 
represent endmembers among the Australasian microtektites, it is likely 
that these also broadly represent the end member cooling rates. Yet, it 
should be noted that due to the many uncertainties in the parameters of 
the model, these cooling rates should likely be considered preliminary 
estimates. Additionally, it is likely the system was much more dynamic 
than what is presented in this cooling model. This is especially evident 
for the ODP microtektites, with two calculated as having 0 K/hour 
cooling rates (due to having no isotopic fractionation relative to the UCC 
starting composition). Nevertheless, the significant difference between 
the two microtektite groups does suggest that the close and far travelled 
microtektites did experience different cooling rates, which is expected 
since the temperature drops faster further away from the impact plume. 

Currently there are no published cooling rates for microtektites. 
Nevertheless, the cooling rates for Australasian tektites have been pre-
viously determined to be 2–23 K/second (7200–82,800 K/hour) 
by Arndt and Rombach (1976) based on the thermal expansion charac-
teristics. These new cooling rates (2600–20,000 K/hour) for micro-
tektites determined using isotopic fractionation in this study are 
comparable to those determined on tektites using thermal expansion 
measurements. In contrast, chondrule cooling rates range from ~10 to 
1000 K/hour (Desch et al., 2012; Nie et al., 2021; Radomsky and 
Hewins, 1990), indicating microtektite cooling rates appear signifi-
cantly faster. Nevertheless, this is not unexpected as microtektites are 
primarily glass, while chondrules contain a diverse array of minerals. 
Additionally, the atmosphere of Earth allows for significantly greater 
heat transfer compared to the solar nebula. 

4.5.2. Formation of Australasian microtektites 
As more study is undertaken on microtektites, we are slowly gaining 

a better understanding of their formation. The K systematics established 
in this study indicate that condensation from a vapor plume played a 
significant role in the formation of at least some Australasian micro-
tektites. Additionally, the data clearly show that the vapor plume K 
composition may have become more depleted and fractionated with 
time as microtektites condensed K and were removed from the plume. In 
comparison, previous K and Fe isotopic data from Australasian micro-
tektites indicate a complex series of processes involving condensation 
and evaporation (Chernonozhkin et al., 2021; Herzog et al., 2008). For 
Fe, some of this difference could relate to differences in the volatility of 
K and Fe, with Fe being more refractory than K. This could indicate that 
elements of different volatilities underwent different processes at 
different times during the impact event. Additionally, the far travelled 
Antarctic microtektites, which were analyzed in both studies, were 
likely travelling fast enough in their descending ballistic trajectories to 
suffer evaporation by gas drag-related ablation and mass loss during 
atmosphere re-entry which would further affect their isotopic compo-
sitions. For the previous K isotope data, differences in volatility, or 
chemical affinity for that matter, cannot be a factor. As such, it seems 
most plausible that sampling differences between the two studies is the 
dominant factor, with the majority of microtektites studied here being 
near uniform glass spherules from Miller Butte in Antarctica, while the 
study by Herzog et al. (2008) primarily analyzed microtektites from 
Indian Ocean cores which may have had a wider range of textures. When 
discussing tektites alongside microtektites, the story is further compli-
cated as tektites broadly show no K depletion or K isotope fractionation 
(Herzog et al., 2008; Humayun and Koeberl, 2004; Jiang et al., 2019; 

Magna et al., 2021). This indicates that tektites and microtektites could 
have significantly different formation histories. One possibility is that 
tektites represent melts from less energetic regions of the impact, while 
at least some microtektites, originate from material that was either 
completely or partially vaporized. Nevertheless, significantly more data 
would be required to understand this further, such as precise K isotope 
data for microtektites with a wide range of shapes (e.g., dumbbells, 
teardrops, discs) and textures (e.g., schlieren, lechatelierite, and 
numerous vesicles), and from a range of different distances from the 
source. 

A detailed physical model describing the formation of both tektites 
and microtektites is currently still lacking. Reconciling all available data 
is no easy task, which is made even more difficult due to a complex 
interplay of multiple processes. Yet, one consistent aspect of many 
models is the formation of an expanding turbulent plume containing 
melt, vapor, and supercritical fluid (at the highest pressure–temperature 
conditions) generated following a large impact (e.g., Collins et al., 2012; 
Howard, 2011; Johnson and Melosh, 2012; Melosh, 1989; Melosh, 
1998). The microtektite formation process discussed here is consistent 
with such models providing further support for condensation as one 
significant process affecting the K systematics within Australasian 
microtektites. Nevertheless, more detailed modelling of large impacts is 
required in order to better understand the details of complex impact 
processes. Specifically, more modeling and experiments focused on 
impact plume dynamics, along the lines of Johnson and Melosh (2012), 
would be invaluable. Conceivably, the constraints found by this study 
could be added to the current list of known tektite and microtektite 
attributes (e.g., reduced chemistry, very low volatile contents, rapid 
quenching, UCC-like chemical compositions, and the rarity and asym-
metry of all tektite strewn fields), in order to help model impacts pro-
cesses and their relation to tektite and microtektite formation. Overall, 
the K isotope data from this study, and the isotope data from previous 
studies, indicate that a complicated interplay between the impacted 
body, its atmosphere, and the impactor is required to produce the tektite 
strewn fields observed. 

5. Conclusion 

In this study we measured the K isotopic and elemental composition 
of forty-four microtektites from the Australasian strewn field from five 
different locations ranging from ~1220 km to ~10800 km from the 
proposed impact site. The isotopic compositions observed range from 
− 4.04 ‰ to 0.57 ‰ δ41K, with the entire range dictated by microtektites 
from Miller Butte in Antarctica. Additionally, the microtektites found on 
Miller Butte and the V19/29 locations all show lower K elemental 
compositions compared to the microtektites found at sites ODP 1144A 
and 1143A. This information, along with their recovery locations rela-
tive to the proposed impact site, resulted in the microtektites analyzed in 
this study being divided into two groups: 1) the “ODP group” which 
landed closer to the impact site (~1220–1240 km), shows limited δ41K 
variation (–1.06 ‰ to − 0.21 ‰) and has high K2O contents (2.48 wt% to 
3.66 wt% K2O), and 2) the “MB group” which landed further from the 
impact site (~4100–10800 km), show significant δ41K variation (− 4.04 
‰ to 0.57 ‰) and has low K2O concentrations (0.49 wt% to 1.45 wt% 
K2O). Comparisons with other microtektite elemental data indicate that 
these two groups likely represent end members of a continuum, rather 
than two distinct populations. 

The overall trend observed among both microtektite groups of lower 
δ41K values correlating with lower K elemental concentration is 
consistent with condensation experiments, indicating that incomplete 
condensation was likely the dominant process affecting K in the Aus-
tralasian microtektites studied here. A correlation between microtektite 
mass and δ41K was also observed, which could suggest a process such as 
liquid vapor mixing, yet this observation is also compatible with 
condensation. The starting K compositions of the ODP group and MB 
group microtektites appear different, with the ODP group consistent 
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with a UCC-like K composition, while the MB group indicates a 
composition lower in K and with a heavier K isotope composition. This 
evolving starting composition can be explained by the vapor plume K 
composition changing with time, with the earliest K condensates pro-
gressively depleting and fractionating K within the plume, which along 
with plume mixing through turbulence, altered the starting K compo-
sitions for the later formed K condensates. Compared to previous iso-
topic data on microtektites, which connotes a complicated mixture of 
condensation, evaporation, and mixing (Chernonozhkin et al., 2021; 
Herzog et al., 2008), the data here indicate condensation as the domi-
nant process. Nevertheless, evaporation and mixing are also evidenced 
here by the scatter in the observed data. Using cooling rate calculations 
based on those conducted on chondrules by Nie et al. (2021), we 
calculate cooling rates of 2,600 K/hour and 20,000 K/hour for the ODP 
and MB group microtektites, respectively. Although some of the pa-
rameters required for the cooling rate calculations are poorly con-
strained, these cooling rate estimates of microtektites from the 
Australasian tektite strewn field are comparable to those determined for 
Australasian tektites using entirely different approach (i.e., thermal 
expansion characteristics). 

Overall, the exact formation mechanism for the Australasian 
microtektites remains a conundrum as their compositions, along with 
the presence of rotational shapes (dumbbells, discs, teardrops), lecha-
telierite, and vesicles in many microtektites, indicate that they were 
formed from ejected melt droplets. Furthermore, with rare exceptions, 
the Australasian microtektites do not contain a detectable meteoritic 
component as could be expected if they had formed by condensation 
from the impact plume. On the other hand, the K isotope systematics of 
the microtektites studied here indicate that condensation from the 
impact plume played a major role in their formation. Taken together, 
microtektite formation appears the result of a complicated series of 
processes whereby both condensation and evaporation played signifi-
cant roles. 
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