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ABSTRACT 23 

Heavy meteorite impacts on the Earth surface produce melt and vapor which are 24 

quenched rapidly and scattered over wide areas as natural glasses with various shapes 25 

and characteristic chemistry, that are known as tektites and impact glasses. Their 26 

detailed formation conditions have long been debated in many studies using 27 

mineralogical and geochemical data and numerical simulations of impact melt 28 

formations. These impact processes are also related to the formation and evolution of 29 

planets. To unravel the formation conditions of impact-induced glasses, we performed 30 

shock recovery experiments on a tektite. Recovered samples were characterized by 31 

X-ray diffraction, Raman spectroscopy, and X-ray absorption fine structure 32 

spectroscopy on Ti K-edge. Results indicate that the densification by shock compression 33 

is subjected to post-shock annealing that alters the density and silicate-framework 34 

structures, but that the local structures around octahedrally coordinated Ti ions remain 35 

in the quenched glass. The relationship between the average Ti-O distance and Ti K 36 

pre-edge centroid energy is found to distinguish the valance state of Ti ions between 37 

Ti4+ and Ti3+ in the glass. This relationship is useful in understanding the formation 38 

conditions of impact derived natural glasses. The presence of Ti3+ in tektites constrains 39 

the formation conditions at extreme high temperatures or reduced environments. 40 

However, impact glasses collected near the impact sites do not display such conditions, 41 

but rather relatively mild and oxidizing formation conditions. These different formation 42 

conditions are consistent with the previous numerical results on the crater size 43 

dependence. (240 words) 44 

 45 
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INTRODUCTION 48 

   Tektites are natural silica-rich glasses found in the strewn fields of impact craters 49 

(e.g. Melosh, 2020), whereas impact glasses are found near relatively small craters as 50 

the quenched products of impact-induced melts (e.g. Koeberl, 1986). Tektites are 51 

relatively in a narrow range of chemical compositions as a whole (Koeberl, 1986). 52 

These natural glasses observed on the Earth surface (e.g. Glass, 2016; Wright et al., 53 

1984) and in planetary materials (e.g. Lunning et al., 2016) are all quenched products of 54 

melts that were formed at high temperatures. Proposed formation mechanisms include 55 

impact generated ejection and cratering of surface rocks and soils, cooling of silicate 56 

melt magma, rapid condensation of silicate vapor, cold compressions of silicate crystals, 57 

lightning strikes, faulting friction, burning, and heavy irradiation of high energy 58 

particles (McCloy, 2019).  59 

   The chemistry and structures of these quenched glasses have been studied by 60 

various methods and results have shown linkages to the conditions at the time of their 61 

formation. However, the mechanism and conditions of tektite formation are still a matter 62 

of open inquiry. Unraveling structural changes in glass and melt resulting from the 63 

application of dynamic shock pressure requires the knowledge of geochemistry, 64 

materials science, and condensed matter physics. The issues involved are very complex 65 

because the formation conditions are influenced by a variety of factors including but not 66 

limited to morphology, chemical structures, and cooling rate. 67 

    The cooling path from a fully equilibrated melt is not instantaneous, and there is no 68 

single fictive temperature. Rather a distribution of fictive temperatures has been 69 

proposed. Cooling rates range from 107 °C/min in submarine basaltic magmas (Potuzak 70 



 5 

et al., 2008), to 104-102 °C/min in tektites (Weeks et al., 1984; Wilding et al., 1996a), 71 

and to as slow as 10-2-10-4 °C/min in magmatic obsidian flows (Wilding et al., 1996b). 72 

In addition, there are two temperature scales: glass temperature (inherently 73 

thermodynamic property) and fictive temperature (inherently kinetic property, defined 74 

as the temperature at which the glass-forming system has a structural relaxation time 75 

equal to an external observation time scale, typically taken as 30–40 s for oxide glasses). 76 

Fictive pressure has also been known to relax the densification of silicate glasses in 77 

complex ways. Sonnevill et al. (2012) measured the density changes of fused silica 78 

glass (FSG) using in-situ Raman and Brillouin scattering spectroscopies, and found that 79 

permanent densification starts around 9 GPa and ends around 22 GPa.  80 

    There are several reports of shock-recovered FSG as illustrated in Fig. S1 (Arndt et 81 

al., 1971; Gibbons and Ahrens, 1971; Sugiura et al., 1997; Okuno et al., 1999), as well 82 

as the diamond anvil study (Corret et al., 2017). The results on shock recovered samples 83 

of 1.2 wt% TiO2-bearing FSG (Arndt, 1983), and natural glasses (Gibbons and Ahrens 84 

1971; Shimada et al., 2004) show similar changes. Static compression result on FSG at 85 

14 GPa and room temperature (Cornet et al., 2017) is close to the shock results and 86 

show that densities above 14 GPa increase linearly and then the increasing rate is 87 

saturated around 25 GPa (Polian and Grimsditch, 1990). The shock-recovered samples, 88 

however, showed lower densities than the static ones and the peak densities for the 89 

shock recovered glasses occur at pressures below ~ 25 GPa (Fig. S1). These reports 90 

suggest that relaxation processes in the shock densification of silicate glass may be 91 

time-dependent and may not be simple.  92 
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    While most of the existing literature on tektite is focused on the mineralogy and 93 

geochemistry, the formation conditions are not experimentally asserted yet except for a 94 

few studies. Macris et al. (2018) performed simulation experiments on mixtures of 95 

powdered natural tektite plus quartz grains heated to 1800–2400 oC for 1–120 s and 96 

obtained insights into the thermal history of impact ejecta based on the diffusion 97 

between lechatelierite and host glass in tektites in seconds after impact. A maximum 98 

temperature of 2360 oC yields an effective diffusive time scale of ~5 s, a cooling time 99 

scale of ~90 s, and a cooling rate at the glass transition temperature of ~5 oC/s. The 100 

results are consistent with the previous estimates for tektites (Weeks et al., 1984; 101 

Wilding et al., 1996). Natural intensive impacts, however, are expected to generate 102 

much higher temperatures (2800 K to 5700 K) according to the experimental 103 

measurements on soda lime glass at pressures of 60 GPa to 110 GPa (Kobayashi et al., 104 

1998).  105 

 Previous studies have investigated characteristic glass structures by various 106 

methods such as X-ray diffraction (XRD), Raman, X-ray absorption fine structure 107 

(XAFS) (e.g. Masleraro and Zanotto, 2018), Infrared spectroscopy (IR) (Morlok et al., 108 

2016), neutron diffraction (Yarker et al., 1986), Mössbauer spectroscopy (Cottrell et al., 109 

2009), nuclear magnetic resonance (NMR) (Ackerson et al., 2020), cathode 110 

luminescence (CL) (Gucsik et al., 2004), electron spin resonance (ESR), electron 111 

paramagnetic resonance (EPR) (Lombert et al., 2011), atomic force microscopy 112 

(Golubev et al., 2018), etc. In particular, Raman spectra measurements on silicate 113 

glasses have been used widely to provide information on the local structures of short 114 

range and intermediate range around Si atoms (Hemley et al., 1986; McMillan et al., 115 
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1994). The band located around 450 cm−1, called the main band (MB), corresponds to 116 

the symmetrical Si–O–Si stretching mode and can be related to the Si–O–Si 117 

inter-tetrahedral angle distribution. The defect lines D1 at 490 cm−1 and D2 at 606 cm−1 118 

are attributed to four- and three-membered SiO4 ring vibrations, respectively. The 119 

vibration bands at 400 to 600 cm-1 in and between the tetrahedra are associated with 120 

cation motions. Vibration at 800 cm-1 involves symmetric motions of adjacent Si atoms 121 

with respect to the bridging oxygen. Frequency decreases with the Si-O-Si angle, but 122 

the vibration at 900 to 1200 cm-1 prevails. The motion of oxygen atoms dominates the 123 

spectra and the frequencies increase with the degree of polymerization (Faulques et al., 124 

2001). However, there is no experimental data available to deduce the linkage to the 125 

formation conditions using samples obtained at the known experimental conditions. 126 

    Regarding specific elements in silicate glasses, XAFS spectroscopy has been used 127 

widely to determine their local structures. Ti K-edge X-ray absorption near edge 128 

structure (XANES) spectra of titanium oxide crystals contain characteristic patterns 129 

depending upon the distortion and coordination number (CN) around Ti ions and 130 

valence states of Ti ions, and provide the local structural information around the Ti ions 131 

(Waychunas 1987; Farges et al., 1996). In crystals XRD techniques give the detailed 132 

structures, but XAFS methods have been used to determine the average local structures 133 

around Ti ions in glasses (e.g. Mastelao and Zanotto, 2018). The previous reports 134 

indicate a broadband correlation between the pre-edge energy position and relative 135 

intensity can be used to estimate the CN of Ti4+ in glasses. However, the position shifts, 136 

and the relative intensity becomes weak in samples with CN=6, depending on the glass 137 

chemistry. Therefore, the relationship between the position and intensity of the Ti K 138 
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pre-edge is inherently imperfect because it has been known to be affected significantly 139 

by the glass constituents such as Al2O3, K2O, and FeO (Romano et al., (2000) and 140 

possible presence of Ti3+ in glasses under reduced conditions.  141 

    Recent studies on mineral samples produced under reductive conditions indicate 142 

the presence of Ti3+ coexisting with Fe2+ (Sutton et a., 2017). Morinaga et al. (1994) 143 

reported that the Ti3+ content in silicate glasses depends upon the basicity calculated by 144 

the chemical composition in terms of Coulomb force between the cation and oxygen 145 

ions based upon the absorption spectra at the peak wavelength of the 2
T2-

2
E transition of 146 

Ti3+. Therefore attention is focused on the presence of Ti3+ in glasses, especially natural 147 

silicate glasses that experienced various formation conditions. Ti3+ content has been 148 

known to increase at high temperatures, reduced conditions, and low total Ti 149 

concentrations. The 57Fe Mössbauer measurements indicated no evidence for ferric iron 150 

in tektites (Rossano et al., 1999), suggesting reduced conditions at their formation.. 151 

Farges et al. (1997) showed that tetrahedral Ti4+ XANES spectra have a very intense 152 

pre-edge peak and that the peak for octahedral Ti4+ has much lower intensity and higher 153 

centroid energy. Ti3+ is expected to be predominantly in octahedral coordination (e.g. 154 

Dowty and Clark, 1973; Lombard et al., 2011) and its pre-edge peak will therefore also 155 

be of low intensity and at lower centroid energy than that for the octahedral Ti4+ 156 

(Hwang et al., 2016). The three end members of tetrahedral Ti4+, octahedral Ti4+, and 157 

octahedral Ti3+ lie at distinct positions on the plot between pre-edge centroid energy and 158 

Ti-O distance, because Ti-O distance differs between Ti4+ and Ti3+. In the glasses and 159 

melts, Ti also forms mostly square pyramids with oxygen atoms (i.e., 5-coordinated Ti) 160 

(Farges, 1999). However, the medium range environment around Ti in these glasses is 161 
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complex, so contributions to the EXAFS spectra can arise from multiple-scattering from 162 

the oxygen environment around Ti. 163 

    According to numerical simulations (Melosh, 1989 and 2011) on impact melt 164 

formation processes, high velocity impacts over 15 km/s are required to form a 165 

significant amount. In such intensive impacts, impact-generated vapor plumes will 166 

interact with atmosphere. Considering that tektites were scattered over wide areas 167 

covering 300-1000 km from the craters, Melosh (1989) proposed atmospheric blowout 168 

mechanism that accelerates and delivers plume materials at a threshold energy of 6.3 x 169 

1017 J, which corresponds to large impact craters with diameters over 10 km. But there 170 

is no experimental simulation on tektite, and experimental data are needed to understand 171 

detailed structural changes of tektites and their formation conditions under 172 

hypervelocity impact conditions.  173 

    The goal of the present study is to investigate the effects of high-pressure 174 

shock-compression on a silicate glass through shock recovery experiments and 175 

structural characterizations. Characterizations were carried out with XRD, Raman, and 176 

XAFS methods. Results are compared with the earlier data on tektites and impact 177 

glasses (Wang et al., 2011 and 2013) to understand their formation conditions. 178 

EXPERIMENTAL METHODS 179 

   Natural tektite, originated from Asia, was used as the target sample for the present 180 

shock recovery experiments. It had a spheroidal ball shape (~3 cm long axis and ~2 cm 181 

max diameter) with roughly wavy surface and was sliced along the long axis into pieces. 182 

The pieces (~1 mm thick) were then cut into disks with 12 mm diameter to fit the 183 

sample space in a recovery capsule as illustrated in Fig. 1. Sample specimens were 184 
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polished on both sides and a few small bubbles were observed on the polished surfaces. 185 

The specimen density is 2.20 ± 0.05 g/cm3, being slightly less than those of the known 186 

tektites (Chapman et al., 1964). Part of the sample was crushed and pasted in an agate 187 

mortar for 1 hour. The powders (< ~50 m grain size), pressed into the sample space by 188 

a piston at 0.3 GPa, were also used as the starting material and the density estimated by 189 

the volume and mass is 1.90 ± 0.10 g/cm3. Sample was set within a stainless steel 190 

(SUS304) container (24 mm diameter x 30 mm length) and backed up by a SUS 304 191 

screw. The sample was located 3 mm deep from the impact surface of the container, as 192 

illustrated in Fig. 1. 193 

    Chemical composition of the starting tektite (TK0 in Table 1) was determined by 194 

an electron microprobe analyzer, JOEL EPMA JXA-8200, and compared with other 195 

selected natural glasses having similar compositions (Table 1). The composition and 196 

Raman data (shown later) on our tektite are similar to those similar to those of 197 

australianite tektite, respectively. The Raman was close to that of FSG, too.  198 

   A propellant gun at National Institute for Materials Science, Japan (Sekine, 1997) 199 

was used to accelerate a 29-mm diameter disk flyer consisting of either 3-mm thick 200 

aluminum alloy (Al 6061), 2-mm thick SUS 304, or 2-mm thick tungsten (W) to a 201 

required impact velocity. Impact velocity was measured with magnet flyer method. 202 

Figure 2 is a summary of pressure (P)-particle velocity (Up) relations of flyer, container, 203 

and the sample for the impact velocities of 0.899 km/s, 0.981 km/s, 1.386 km/s, and 204 

1.400 km/s. Pressure is calculated by the impedance math method using measured 205 

impact velocity and the known Hugoniot data for Al6061, SUS304, and W (Marsh, 206 

1980). The shock velocity (US in km/s) and particle velocity (UP in km/s) relationships 207 
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were; US = 5.35 + 1.34UP for Al6061 (2.703 g/cm3), US = 4.58 + 1.49UP for SUS304 208 

(7.89 g/cm3), and US = 4.04 + 1.23UP for W (19.2 g/cm3). We assumed that the tektite 209 

Hugoniot can be represented by that of fused silica glass (FSG), given by US = 5.05 + 210 

0.001UP for Up < 27 GPa and US = 0.95 + 1.66UP for Up >27 GPa. Pressure and density 211 

are calculated by the Rankine-Hugoniot equations (Table 2) using P = ρ0USUP and ρ = 212 

ρ0Us/(Us-Up), where P, ρ, and ρ0 are pressure, density, and zero-pressure density, 213 

respectively. Figure 2b illustrates the pressure history profiles, calculated by Autodyne 214 

code (2D v12.1), at the central, middle section of the sample. The history profiles show 215 

a stepwise increase to reach the peak pressures at ~ 1.4-1.5 s after 3-4 times reflections 216 

within sample and subsequently drop. For powdered samples, we assumed the peak 217 

pressure reached the equilibrium pressure with the container. The post-shock 218 

temperatures were calculated by Gibbons and Ahrens (1971) method, as listed in Table 219 

2. These pressure and temperature will have large variations in powders (Bland et al., 220 

2014) and we pay attention to explain the results for the recovered samples. 221 

   The recovered containers were cut open using a lathe to collect the samples. We 222 

removed particles of Al6061, SUS304, and W as completely as possible. Recovered 223 

samples were investigated using XRD, Raman spectroscopy, and XAFS techniques. 224 

XRD powder patterns were scanned in a range of 10 to 90 degree in 2 theta at 2 degrees 225 

per second with Cu Kα radiation at 40 kV and 40 mA. Raman data calibrated by Si (520 226 

cm-1) were measured using a Renishaw inVia Raman microscope equipped with a probe 227 

beam (~1 m diameter) of 532 nm and 9 mW without any damage under an optical 228 

microscope. XAFS measurements were collected from an area (~1 mm x ~1 mm) of 229 

powders on plastic tape and performed at beamline BL-9C with Si (111) double-crystal 230 
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monochromator of the Photon Factory, KEK, Japan. Spectra were recorded in the 231 

transmission mode at room temperature in an energy rage between 4564.4 eV and 232 

5355.0 eV. The detailed measurement method was same as described by Wang et al. 233 

(2011). XAFS spectra were analyzed by XAFS 93 and MBF 93 programs (Yoshiasa et 234 

al., 1999). The radial structural function was obtained by the Fourier transform over the 235 

k range of 3.0 Å-1 < k < 12.0 Å-1 or 2.5 Å-1 < k < 11.0 Å-1, but the results did not show 236 

significant variations in the results. In the quantitative analysis for samples (TK0 - TK4, 237 

TKP1, and TKP2), we performed a Fourier filtering technique and a non-linear least 238 

squares structure parameter fitting method with an analytical EXAFS formula (Maeda, 239 

1987). In order to obtain information around the structure parameters, we conducted 240 

parameter fitting with analytical EXAFS formulae. For reference, we performed same 241 

measurements on TiO, TiO2, and Ti2O3 as well. 242 

EXPERIMENTAL RESULTS 243 

    All the experimental conditions are summarized in Table 2. Four bulk samples 244 

(TK1 to TK4) and 2 powdered samples (TKP1 and TKP2) were studied at pressures 245 

from 10 GPa to 35 GPa. Powdered samples are generally heated more than the bulk at a 246 

shock pressure, and the two were added to check the temperature effects (Bland et al., 247 

2014).  248 

XRD patterns 249 

    Figure 3 shows XRD patterns over the range of 2of 15 to 35 degrees that have a 250 

broad peak in each sample profile. The starting sample is a glass with a broad band 251 

centered around 22 degrees. The recovered samples also remained completely glasses. 252 

The broad peaks shift slightly to high angles with increasing pressure to 10 GPa (TK1) 253 



 13 

and 17 GPa (TK2), but moves back nearly to that of the initial sample (TK0) at 35 GPa 254 

(TK4). The powdered initial samples (TKP1 and TKP2) show nearly identical shift to 255 

those of TK2 and TK3. The XRD results are consistent with the previous results 256 

(Shimoda et al., 2001) that shocked FSG and obsidian glass remain glasses after the 257 

shocks similar to the present study. Recent in-situ XRD results on shock-compressed 258 

fused silica also indicated that the fused silica below 34 GPa does not show any sharp 259 

peaks (Tracy et al., 2018). A strong and sharp peak was observed around 41 degrees is 260 

attributed to contamination of W particles in TK4 only (not shown). The broad peak in 261 

TK4 appears to sharpen relatively and this sample was checked using a scanning 262 

electron microscopy coupled with element analysis system. The results (Fig. S3) show 263 

no oxide crystal except for alumina fine grains used in polishing, but Fe-Cr-Ni-Mn alloy 264 

grains in glass were detected additionally as relicts of sample container. 265 

RAMAN spectroscopy 266 

    Figure 4 shows Raman spectra. The starting tektite displays peaks of MB, D1, D2, 267 

~790 cm-1, ~900 cm-1, and ~1010 cm-1, which are very similar to those for Australite 268 

(Faulgues et al., 2001). The D2 band around 580 cm-1 becomes clear in TK2 and as a 269 

whole all the peaks shift slightly to a high wave number. The spectra from samples TK3 270 

and TK4 show strong D1 bands. For the powdered samples (TKP1 and TKP2), the peak 271 

around 1100 cm-1 becomes sharp and strong and the D2 band is enlarged remarkably in 272 

TKP1. Except for the strong 1100 cm-1 peaks, TKP2 is similar to TK4. These results 273 

correspond to the global structural changes in silicate networks. The D1 bands of TK3, 274 

TK4, and TKP2 at high pressures are clear relative to those of the others.  275 

XAFS measurements 276 
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    Figure 5 compares the measured Ti K-edge XAFS patterns of shocked samples 277 

calibrated by Ti foil pre-edge energy (4964.9 eV). Included are reference compounds of 278 

rutile (TiO2-r), anatase (TiO2-a),NaCl-type TiO, and corundum-type Ti2O3. The starting 279 

tektite consists of typical tetrahedral Ti4+ ions (Table 3) as characterized by the pre-edge 280 

features (Ackerson et al., 2020). All the patterns in Fig. 5, except for TK3 and TK4, are 281 

similar to that of the starting sample, and the pre-edge intensities for TK3 and TK4 are 282 

reduced greatly (Fig. 5b) after the normalization by the peak height at 5 keV. TKP1 is 283 

similar to TK2 in the pre-edge intensity, and TKP2 is rather similar to TK0 and TK1 284 

(Fig. 5b). The pattern for TK4 is completely different from the others and very similar 285 

to that of anatase. TK3 is intermediate between TK4 and the others (Fig. 5b).  286 

    Calculated Ti-O distances are listed in Table 3 together with the pre-edge peak 287 

position and relative intensity. The EXAFS is illustrated in Fig. S2. For the powdered 288 

samples (TKP1 and TKP2), the changes observed by Raman spectra are not clearly seen 289 

in the Ti local structure of the tektite samples. The structural changes in silicate 290 

networks by the Raman measurements differ from those seen in the Ti K-edge XAFS. 291 

TiO and Ti2O3 have very weak pre-edge peaks with lower energy positions than TiO2. 292 

DISCUSSION 293 

    We have performed shock-recovery experiments on a typical tektite and the 294 

recovered samples were investigated by XRD, Raman spectroscopy, and Ti K-edge 295 

XAFS methods. Our focus was on structural changes in a silicate glass by shock 296 

compression to constrain the formation conditions of various natural glasses formed by 297 

impacts such as tektites and impact glasses. 298 

Changes in silicate glass by impacts 299 
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    The calculated peak density based on the FSG Hugoniot indicates a monotonic 300 

increase in density with increasing peak pressure (Table 2), but the previous reports 301 

confirmed the presence of a maximum density around 25 GPa (Fig. S1) for various 302 

silica-rich glasses (Gibbons and Ahrens, 1971, Shimada et al., 2004, Manghnani et al., 303 

2011). These studies were based on refractive index measurements, XRD, and Raman 304 

spectroscopy methods, and the presence of the density peaks was attributed to the 305 

annealing during the adiabatic release process. When shock pressures are above 20 GPa, 306 

the post-shock temperatures are known to be high enough to anneal the densification 307 

(Gibbons and Ahrens, 1971). However, considering that the density change subjected to 308 

the annealing effects is associated mainly with the SiO4 tetrahedron linkage, it will be 309 

difficult to understand the structural changes in the post shock silicate glass based solely 310 

on the results with XRD and Raman methods. Therefore, further direct, local structural 311 

information of silicate glass is required to understand unambiguously the residual 312 

effects in the post shock silicate glass, when one evaluates the formation and quenching 313 

processes of natural glasses subjected to the residual effects. 314 

   The starting tektite displays a Raman pattern similar to those of FSG, australianite, 315 

indochinite, and obsidian (Faulgue et al., 2001). Raman data on the shock-recovered 316 

tektite reported in the present study are first of its kind, and there are seen significant 317 

changes in the peak intensity variation both at peak shock pressures and between bulk 318 

and powder samples. The most remarkable changes are seen in the powder samples at 319 

pressure ranges similar to those for the bulk. Faulgue et al. (2001) characterized natural 320 

glasses including tektites and impact glasses by Raman and IR spectroscopies. When 321 

one compares Raman data between our powdered samples and natural tektites, the 322 
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recovered powders are similar to two tektites of moldavite (Bohemia) and Cau-Ca 323 

valley (Columbia) with sharp peaks around 450 cm-1 and 1075 cm-1 (Faulgues et al., 324 

2001). These peaks are related to the Si–O–Si inter tetrahedral angle, and the frequency 325 

at 1000-1100 cm-1 was observed to be the largest in TKP1 that was quenched at a 326 

relatively low pressure and a high temperature. The broad band at 1000 cm-1 to 1600 327 

cm-1 is related to the substitutions of silicon by metals (e.g. Al). A comparison of 328 

Raman spectra between the bulk and the powder samples at similar shock pressures 329 

suggests that temperature effect is more important than pressure in affecting the tektite 330 

glass structure. It is noteworthy that powdered samples display characteristic Raman 331 

peaks affected by the high residual temperature due to the initial porosity and that they 332 

differ from those of the starting and recovered bulk samples. This suggests that some 333 

natural tektites were quenched rapidly from higher residual temperatures than those in 334 

the present experiments. 335 

    The variation in the D1 (~490 cm-1) and D2 (~600 cm-1) bands for TKP1 differs 336 

from the others, and is related to the four- and three-membered SiO4 ring vibrations, 337 

respectively. XRD and Raman data by themselves are insufficient to determine silicate 338 

glass structures unambiguously because there are different structural features among 339 

natural glasses (Faulgues et al., 2001) that are subjected to annealing in the glass 340 

formation process.  341 

Local structural changes around Titanium in glass 342 

    Ti in silicate glasses is present as various species. Ti-bearing silicate glasses 343 

obtained at high pressures showed a density increase with increasing pressure (Arndt, 344 

1983), but Paris et al. (1994) demonstrated no change in the Ti K pre-edge feature. 345 
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Although Ti K-edge has been used to determine the CN from the pre-edge position and 346 

intensity, it is not clear whether Ti K pre-edge feature is enough to distinguish species 347 

or not. It has been known that Ti can be present as Ti3+ as well as Ti4+ depending upon 348 

the formation condition and chemical composition. The pre-edge features for TiO and 349 

Ti2O3 are very weak as well as that of TiO2 (Fig. 5), although all of them are 350 

coordinated with six oxygen atoms. Therefore it is difficult to distinguish between Ti4+ 351 

and Ti3+ from a comparison of the pre-edge features if they coexist in natural glasses. 352 

When we take an average distance of Ti-O in silicate glass, the ionic radii of Ti with 353 

CN=6 are 0.605 Å, 0.670 Å, and 0.86 Å for Ti4+, Ti3+, and Ti2+ (Shannon, 1976), 354 

respectively. The previous Ti K edge XANES and EXAFS studies on some typical 355 

Ti-bearing crystals (Berry et al., 2007; Ackerson et al., 2020) reported the relationship 356 

between the coordination of Ti4+ and the average Ti-O distance. They summarized that 357 

the Ti4+-O distances for CN=6 and CN=4 are 1.96-2.085 Å and 1.804-1.835 Å, 358 

respectively. From XANES analysis, we determined the average Ti-O distances in 359 

shock-recovered silicate glasses (Table 3) and plotted them in Fig. 6 in comparison with 360 

those of some natural glasses (7 tektites, 2 impact glasses, and 2 volcanic glasses) 361 

reported previously (Wang et al., 2011 and 2013) as listed in Table S1. It may be seen 362 

in Fig. 6 that the present starting tektite (Tk0) and tektite samples from Wang et al. 363 

(2011 and 2013) are located in a range of Ti-O distance of 1.81-2.00 Å at a constant 364 

energy position near 4968 eV. When one compares the data between the present 365 

recovered samples (Table 2) and natural glasses (Table S1), two different trends are 366 

seen in Fig. 6. (i) A trend of having Ti4+ to TiO2 for the results on the present 367 

shock-recovered tektite samples as well as the volcanic glasses and impact glasses 368 
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(Wang et al., 2013). (ii) Another trend of having Ti3+ to Ti2O3 for natural tektites. The 369 

trend (i) can be explained simply by coordination increase of Ti4+. The latter trend (ii) 370 

cannot be explained by only Ti4+ and is indistinguishable in the plot of energy-intensity 371 

for Ti K pre-edge peaks (Ackerson et al., 2020). The present maximum experimental 372 

pressure was 35 GPa and achieved by the multiple shock reflection. Thus the 373 

temperature was not high enough to reduce Ti4+ into Ti3+. But a small amount of Ti3+ 374 

may be present.  375 

    Measured shock temperatures on soda lime glass, which is comparable to a similar 376 

silicate glass, indicated ~3000 K at 60 GPa and 5700 K at 110 GPa by a single shock 377 

wave (Kobayashi et al., 1998). Shock compressions without reflection may approximate 378 

natural impact conditions and the temperature will reach over 3000 K. Although the 379 

previous reports (Wang et a., 2011 and 2013) assumed all Ti4+ and explained by CN 380 

changes of Ti4+ only, the present plot (Fig. 6) displays distinct trends for Ti4+ and Ti3+. 381 

The recovered samples are located in trend (i) and indicate that the coordination of Ti 382 

atoms increases at high shock pressures. The two volcanic glasses (v1 and v2 in Fig. 6) 383 

display the 5-fold Ti4+ and one of impact glass (m2 in Fig. 6) show a deviation from the 384 

trend (i), but the reason is not clear either structural changes in Ti4+ or partial reduction 385 

to Ti3+. Simon et al. (2007) reported that Ti3+ has a large distribution coefficient 386 

between solid and liquid and can be concentrated into liquid during crystallization. Ti3+ 387 

may prefer to be in the quenched glass over the crystal state.   388 

Formation at extreme conditions 389 

    Moldavite is a tektite characterized by negligible water content and few vesicles 390 

and has been considered as originated at the time of the formation of Ries crater. 391 
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According to Engelhardt et al. (1987), the only lithology from which moldavites could 392 

have been formed is Middle Miocene sands, which formed a thin veneer in the Ries area 393 

at the time of the impact. Enrichments and depletions of individual elements in 394 

moldavites cannot be explained by fractional vaporization (Žăk et al., 2016). This was 395 

confirmed also by melting and evaporating experiments with sand samples (Konta and 396 

Mráz, 1975). Moreover, the negligible water content in moldavites and the scarcity of 397 

vesicles excludes the formation of moldavite melt by simple fusion of sands. In the 398 

expanding and ascending vapor liquid droplets are condensed in the quenching process. 399 

The color of moldavites is characterized by the composition and poverty in 400 

leachatelierite and bubbles (Bouška and Ulrych, 1984); brown ones are rich in Al2O3 401 

and total Fe, with low Fe2+/Fe, and poor in SiO2, and green ones are rich in SiO2 and 402 

poor in Al2O3 and total Fe with high Fe2+/Fe. This may suggest the brown moldavites 403 

were formed at relatively oxidizing conditions than the green moldavites. Oxygen 404 

fugacities (fo2) were measured for indochinites between 650 °C and 850 °C by Walter 405 

and Doan (1969) and a bediasite between 481 °C and 990 °C by Brett and Sato (1984). 406 

Application of an equation on Fe3+/Fe2+ ratios in natural silicate liquids depending on 407 

oxygen fugacity, temperature, and chemical composition (Sack et al., 1980) results in 408 

fo2 = 10-15.9 atm at 800 °C and 10-0.51 atm at 3000 °C, respectively, for moldavites with 409 

Fe3+/Fe2 = 0.10 (i.e. Fe2+/Fe = 0.91). These estimations may suggest that they were 410 

formed and quenched at very reduced and high temperature states. 411 

Cathodoluminescence (CL) of moldavites (Fritzke et al., 2017) distinguished between 412 

different shapes of green CL spectra in the matrix of the tektite glasses and blue color 413 

for lechatelierite inclusions (a pure silica-glass phase). The visible green CL emission is 414 
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caused by defects related to strong local disorder as well as Al-O--Al defects. The blue 415 

CL emission is activated by different types of lattice defects such as nonbridging 416 

oxygen-hole centers, self-trapped excitons, and oxygen deficiency centers. These 417 

defects can enhance to produce reduction in Ti at high temperatures and reduced 418 

conditions. 419 

Redox in silicate melts 420 

    The redox states of iron and titanium have been investigated in silicate melts using 421 

Mössbauer and optical absorption methods by Nolet (1980) and Schreiber et al. (1982). 422 

The silicate compositions were basaltic, relatively SiO2-poor, but the coexisting pairs of 423 

Fe2+ and Ti3+ in the melts or Fe metal and Ti4+ were recognized experimentally and 424 

theoretically. The coupling pairs were explained by the crystal-field absorption and the 425 

charge transfer transition. They concluded that Fe2+ and Ti3+ do not coexist under 426 

reduced conditions where metallic iron is stable in the silicate melts and that Ti3+ ions 427 

occupy the octahedral sites. The reaction may be represented by Fe2+ (in melt) + 2 428 

Ti3+(in melt) = Fe (solid) + 2 Ti4+ (in melt). This means the iron amount should be in 429 

excess of that of titanium in melts. The Fe2+ and Ti3+ may coexist in melts because the 430 

oxidation of Ti is considerably sluggish relative to Fe under some circumstances (Simon 431 

et al., 2016). The EPR study on Ti3+ in silicate glasses (Lombard et al., (2011)) revealed 432 

the presence of five-fold Ti3+ ions in the trigonal bi-pyramids that is intermediate 433 

between the square-based pyramidal and octahedral configurations.  434 

   As a network former, ferric iron Fe3+ must connect more tightly to other network 435 

formers (Si and Al). Ferrous iron Fe2+ is surrounded by dominantly non-bridging 436 

oxygens, which results in more ionic bonds to its neighbors, on average (Farges et al., 437 
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2004). Ti works as network former with CN=4 and CN=6 (modifier for the excess Ti) if 438 

SiO2 is not enough, and Ti with CN=4 disappears and becomes CN=5 in glasses as 439 

modifier. 57Fe Mössbauer spectroscopy of tektites (moldavite and australianite) 440 

(Rossano et al., 1999) indicated four- and five-fold ferrous irons without ferric iron. 441 

TiO2 plays complicated roles depending upon the concentration. This differs between 442 

crystals and glasses. Faulques et al., (2001) reported a difference in Raman patterns 443 

between tektite, impact glasses, and obsidian to suggest higher crystallinity in tektites. 444 

Recent nano scale observations, however, reveal heterogeneity in natural impact glasses 445 

(Golubev et al., 2018). Therefore we need further study to unravel the two trends as 446 

indicated in Fig. 6, but for our purpose to constrain the formation condition we can use 447 

the relation between the Ti-O distance and the pre-edge energy position. 448 

Variations in tektite formation conditions 449 

     Considering reduction of Ti at high temperatures, the distinct trends of Fig. 6 450 

suggest a significant variation of the formation conditions of tektites, especially for 451 

moldavite-green and other tektites. Previously their long average Ti-O distances 452 

determined by XAFS measurements were explained by 6-fold coordination of Ti4+ 453 

(Wang et al., 2011 and 2013), but the present study unravels the presence of Ti3+ in such 454 

glasses and indicates their reductive formation conditions. The reductive conditions can 455 

be relevant to the difference between some tektites and impact glasses. Tektites 456 

observed in wide fields are considered to have faster initial ejecta speeds than impact 457 

glasses found only near the impact sites. Fast ejecta speeds can help tektite precursors 458 

(melt and/or vapor) to bring up to low oxygen atmosphere with intense frictional 459 

heating by atmosphere in travel and may produce large amounts of tektites in 460 
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large-scale impacts. On the other hand, slow ejecta speeds may produce relatively small 461 

amounts of melts and suggests relatively mild impact conditions. According to 462 

numerical simulations (Melosh, 2011; Luther et al., 2019), the difference in the 463 

formation conditions can be explained in terms of the crater size and the ratio of 464 

impactor (projectile) to target (surface rock). Geochemical data of minor elements in 465 

tektites supports very low components of projectile because large crater formations 466 

involve interactions with significant amounts of deep rocks.  467 

    Recent mineralogical studies have indicated the presence of high-pressure minerals 468 

in some tektites (e.g. McCloy, 2019), supporting their experience not only at high 469 

temperatures but also at high pressures. Most of tektites and impact glasses containing 470 

the tetrahedral Ti4+ only, however, may suggest their different formation mechanisms 471 

from those formed at extreme conditions like green moldavites. They might have been 472 

formed from the Earth surface rocks melted by thermal pulses, associated with reactions 473 

in air near the Earth surface at the time of entry of hypervelocity projectile, and 474 

quenched after the thermal wave receded. The implication remains to be verified by 475 

further studies. 476 

IMPLICATIONS 477 

The structural changes in the shock-recovered tektite samples were investigated as 478 

a function of pressure through XRD, Raman, and XAFS measurements. In addition to 479 

the SiO4-tetrahedral network structures in the glasses, Ti local structures in the 480 

shock-recovered samples were compared with those of the reference crystals of TiO, 481 

TiO2, and Ti2O3 and the previous reports on tektites and impact glasses on the plot 482 

between Ti K pre-edge peak energy position and average Ti-O distance. Although the 483 
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experimentally-shocked tektites displayed an increase in coordination number of Ti ions, 484 

they did not duplicate the natural tektite features previously reported. Two distinct 485 

trends, however, were found in the plot regarding the presence of Ti3+ and Ti4+ in the 486 

natural silicate glasses, suggesting their different formation conditions. We conclude the 487 

following implications:  488 

1. Densification of tektite by shock compression is subjected to annealing in the 489 

release process, as reported by previous studies, but the local structures around 490 

Ti can be quenched in recovered samples (Fig. 6). Therefore, the Ti local 491 

structures in impact glasses are useful to estimate their formation conditions 492 

and impact scales.  493 

2. Some tektites like green moldavites may have been subjected to intensive 494 

heating by impact, probably more than ~3000 K and condensed from 495 

impact-produced plumes. Reduction to Ti3+ in melts may remain partially or 496 

totally in the quenched glass because the redox reaction in Ti is sluggish 497 

relative to that in iron. 498 

3. Impact glasses observed near impact sites also may be the quenched melts that 499 

are formed by relatively mild impacts without significant reduction, suggesting 500 

impact heating probably below ~3000 K.  501 

4. It is probable that some tektites and impact glasses with the tetrahedral Ti4+ 502 

only could be formed by the thermal wave near the Earth surface. 503 
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 708 

Figure captions 709 

Fig. 1. An illustration of our shock recovery experimental setup.  710 

Fig. 2. Impedance match diagram to estimate pressures at four impact velocities of case 711 

A for 0.899 km/s of Al6061 (3 mm thick), case B for 0.981 km/s and case C for 712 

1.386 km/s of SUS304 (2 mm thick), and case D for 1.400 km/s of W (2 mm thick). 713 
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(a) The first pressures are at points A1, B1, C1, and D1 and then the pressures 714 

increase stepwise with time as indicated by arrows at A1, C1, and D1, respectively. 715 

Case B is not illustrated. (b) Numbers of reflection is 3 to 4 at the middle central 716 

section of sample. Pressure reaches a peak at ~1.4 s and drops subsequently, as 717 

calculated by Autodyne code.   718 

Fig. 3. Comparison of X-ray diffraction patterns at 2 of 15-35 degrees for the starting 719 

tektite (TK0) and recovered samples (TK1, TK2, TK3, TK4, TKP1, and TKP2) by 720 

Cu Kradiation.  721 

Fig. 4. Comparison of Raman spectra for the starting tektite (TK0) and recovered 722 

samples  (TK1, TK2, TK3, TK4, TKP1, and TKP2). Line colors are same as in Fig. 723 

3. 724 

Fig. 5. Ti K-edge XANES spectra for the starting tektite (TK0) and recovered samples  725 

(TK1, TK2, TK3, TK4, TKP1, and TKP2) (a) and their expansions around 4.97 KeV 726 

(b). Reference materials are compared in (a). Intensity is normalized to the highest 727 

one for comparison. Line colors are same as in Fig. 3.  728 

Fig. 6. Relationship between the Ti-O distance and pre-edge position for Ti K XANES 729 

for the shocked tektites (TK0, TK1, TK2, TK3, TK4, TKP1, and TKP2), selected 730 

natural glasses (ti-t7 for tektites, m1-m2 for impact glasses, and v1-v2 for volcanic 731 

glasses), and references (TiO2 (rutile), Ti2O3 (corundum), and -TiO). Energy is 732 

calibrated by the Ti metal (4964.9 eV). Three widths for [IV], [V], and [VI] show 733 

energy rages of the corresponding coordination numbers (CN) of Ti4+ in measured 734 

silicate glasses (Ackerson et al., 2020), respectively. Arrows (1) and (2) illustrate 735 

trends of increasing CN for Ti4+ and Ti3+ in silicate glasses, respectively. Data for 736 
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tektites (t1 indochinite, t2 moldavite-brownish, t3 bediasite, t4 hainanite-rim, t5 737 

australite, t6 philippinite, and t7 moldavite-green), impact glasses (m1 suevite and 738 

m2 impactite), and volcanic glasses (v1 obsidian and v2 Kilauea volcanic glass) from 739 

Wang et al. (2011 and 2013) are listed in Table S1. TiO2 (rutile) from Table 3. The 740 

average Ti-O distances for Ti2O3 and TiO phases from Hwang et al. (2016) and 741 

Amano et al. (2016), respectively. Note two distinct trends to TiO2 for Ti4+ and Ti2O3 742 

for Ti3+ from the area of the tetrahedral Ti4+ (1.81-1.85 Å and ~4968 eV) with 743 

increasing the average Ti-O distance.  744 
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Table 1. 745 

Chemical compositions (wt %) of tektite used in the present study,  746 

compared with those of australite.  747 

 748 

  
Tektite  

(TK0) 

 

Thailande 

Average 

Australasian 

SiO2 73.92 72.3 70.70 ± 4.53 

TiO2 0.76 0.9 0.68 ± 0.15 

Al2O3 12.67 12.9 13.23 ± 2.42 

CaO 2.06 1.9 3.77 ± 0.96 

MgO 1.87 1.9 2.48 ± 1.31 

FeO 

Fe2O3 

4.39 

 

4.4 

 

4.64 ± 0.86 

0.64 ± 0.29 

MnO 0.09 0.1 0.10 ± 0.01 

K2O 2.44 2.5 2.03 ± 0.54 

Na2O 1.21 1.2 1.63 ± 0.89 

ZrO2 0.03          -     - 

Total 99.44        98.1 
 

Ref. This study Farges and Brown (1997) Glass (2016) 

    749 

  750 
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Table 2.  751 

Experimental conditions of shock recovery experiments on tektite (TK0) and calculated peak 752 

pressures, density, and post-shock temperatures. 753 

 754 

Sample 

(thickness, 

mm) 

Flyer 

(thickness, 

mm) 

Impact 

velocity 

(km/s) 

Peak states for Post-shock 

Temperature 

(K) 

Pressure 

(GPa) 

Density 

(g/cm3) 

TK1 (1.13) Al6061 (3) 0.899 10 2.68 440 

TK2 (1.14) SUS304 (2) 0.981 17 3.23 1170 

TK3 (1.17) SUS304 (2) 1.386 23 4.10 2100 

TK4 (1.17) W (2) 1.400 35 5.91 2140 

TKP1 (1.39) SUS304 (2) 0.671 13 - 1070 

TKP2 (1.63) SUS304 (2) 1.510 34 - 2390 

 755 

  756 
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Table 3. 757 

Summary of XAFS measurements of Ti K pre-edge peak for shocked sample and reference 758 

materials.  759 

 760 

Sample 
Pre-edge peak Ti-O distance 

(Å) 

R-factor 

(%)  Position (eV) Intensity (%) 

TK0 4967.9  50  1.844 (3) 0.1 

TK1 4968.0  52  1.841 (1) 9.7 

TK2 4968.5  42  1.844 (5) 2.1 

TK3 4968.5  34  1.913 (5) 0.3 

TK4 4969.7  12  1.965 (4) 0.4 

TKP1 4967.9  43  1.872 (3) 9.9 

TKP2 4967.9  49  1.8880 (8) 1.0 

     

Ti-foil 4964.9  - - - 

TiO2-rutile 4970.0  10  1.975 (3) 1.3 

Ti2O3-corundum 4967.4-4968.2   2.048 (15)  

-TiO   4966.9-4967.7  2.092  

 761 

The listed Ti K pre-edge positions were determined and the estimation of Ti-O distance is reliable if 762 

R-factor is lower than 10 % in the present XAFS study. The Ti-O distances for -TiO (NaCl-type) 763 

and corundum-type Ti2O3 are cited from Amano et al. (2016) and Hwang et al. (2016), respectively. 764 

 765 
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