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Abstract Shock-recovery experiments for obsidian and
its fused glass have been carried out with pressure up to
35 GPa. Structural evolution accompanying the shock
compression was investigated using X-ray diffraction
technique, Raman and infrared spectroscopy. The den-
sities of obsidian and its fused glass increased with
applied shock pressure up to �25 GPa. Densification
reached a maximum of 4.7 and 3.6% for obsidian and its
fused glass, respectively. The densification mechanism is
attributed to reduction of the T–O–T angle, and changes
in ring statistics in the structure. Density reduction
observed at greater than 25 GPa of applied shock pres-
sure is due to partial annealing of the high-density glass
structures brought by high post-shock residual temper-
ature. The density of fused glass is almost equal to its
original value at 35 GPa while the shocked obsidian has
a slightly lower value than its original value. Amorph-
ization of crystallites present in the obsidian due to
shock compression is probably the cause of the density
decrease. The structural evolution observed in shock-
compressed obsidian and its fused glass can be explained
by densification resulting from average T–O–T angle
reduction and increase of small rings, and subsequent
structural relaxation by high post-shock temperature at
applied shock compression above �25 GPa.
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Introduction

Studies on the structural changes of silicate glasses and
crystals undergone during shock-wave compression are
important in understanding the formation of tektite,
impactite, or diaplectic glass and in estimating the shock
pressure during a shock event. The mechanisms of
densification and relaxation during the structural evo-
lution of silicate glasses under dynamic compression can
be known through shock experiments. Several authors
have already investigated the structural evolution in
shock-densified SiO2 glass (Okuno et al. 1999; Shimada
et al. 2002), anorthite (CaAl2Si2O8) glass (Reynard et al.
1999) and albite (NaAlSi3O8) glass (Takabatake 2000).
It has been consistently reported in these studies that
densification of glasses increases rapidly with shock
pressure above 15 GPa and reaches a maximum at 24–26
GPa before undergoing a steep retrace at even higher
shock pressures. The densification mechanisms of the
glasses were attributed to the reduction of the T–O–T
angle with the formation of small rings of TO4 tetrahe-
dra.

Tektites are naturally occuring glasses scattered over
wide areas. Previous studies have identified the compo-
sitional and structural similarities of tektites and volca-
nic glasses (White and Minser 1984; Wright et al. 1984;
Heide et al. 2001). There has been no clear information
in previous studies regarding the origin of tektites,
making its possible origin controversial. Gibbons and
Ahrens (1971) reported an increase in the refractive
index of tektite glass by shock compression applied up to
13.3 GPa. The shock-wave equations of state for natural
rhyolite (Anderson et al. 1998) and basalt (Nakazawa
et al. 1997) have also been determined. Further shock
compression studies for silicate glasses with more com-
plex compositions are necessary to elucidate the for-
mation of tektites.

Based on X-ray diffraction technique and a quasi-
crystalline model, Hochella and Brown (1984) suggested
a modifier-cation-stuffed structural framework for
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rhyolitic glass. This proposed structural model, which
consists of six-membered rings of SiO4 and AlO4 tetra-
hedra with interstitial modifier ions, gained support
from Zotov et al. (1989). Okuno et al. (1998) attributed
the 9% permanent densification in volcanic glass
resulting from hydrostatic compression (4 GPa and
500 �C) to reduction of ring size in the framework
structure.

A detailed study of the structural evolution and the
densification mechanisms of volcanic glass with a com-
plex composition such as obsidian using shock com-
pression is performed in the present study. X-ray
diffraction, Raman, and infrared (IR) spectroscopic
techniques were used to investigate the structural chan-
ges in obsidian and its fused glass. Results in this study
are further compared with the structural evolutions dis-
cussed in previous studies. The influence of crystallites on
the shock behavior of obsidian is also considered.

Experimental

Specimen

Microscopically homogeneous obsidian from Krafla, Iceland, was
used in this study. A scanning electron microscope (SEM, Topocon
Alpha at 30 mA and 20 kV) with an energy-dispersive X-ray
(EDX) analyzer was used to analyze the chemical composition of
the obsidian. Several analysis points were selected and averaged.
The chemical composition of the obsidian is summarized in Okuno
et al. (1998) and shown in Table 1. The calculated CIPW norm
showed quartz (39.4 wt%), albite (33.8 wt%), orthoclase (16.6
wt%), anorthite (6.5 wt%), and other minerals in small quantities.

To determine the contribution of crystallites in the shock
behavior of obsidian, crystallite-free fused obsidian was prepared.
Obsidian blocks were placed in a Pt crucible heated by an electric
furnace to 1650 �C for 3 h and quenched in air to room tempera-
ture. The preparation of the crystallite-free obsidian was done
under ambient pressure.

Shock-wave experiments and density measurements

Shock-wave experiments were performed using a single-stage pro-
pellant gun, which has a 25-mm bore and 4-m length (Goto and

Syono 1984), at the Institute for Materials Research in Tohoku
University. The obsidian and its fused glass were cut into thin disks
(10 mm in diameter, 2 mm in thickness) and encased in a stainless
steel container. A stainless steel flyer hits the specimen container at
velocities up to about 1.6 km s)1. Shock pressures achieved, based
on estimates from the measured projectile velocities (i.e., imped-
ance matching method), were 16.3, 21.7, 24.3, 31.0, and 36.8 GPa
for obsidian, and 15.2, 19.4, 25.9, 30.9, and 35.1 GPa for the fused
glass. The precision of the estimated shock pressures is 0.1 GPa.
Obsidian specimens that have undergone shock pressures at 16.3
and 21.7 GPa, and the fused glass at 15.2 and 19.4 GPa shock were
powdered aggregates. The others recovered were semitransparent
blocks.

The differences in densities between samples that have under-
gone shock compression and the original samples were determined
by immersing the samples in a mixture of CH2I2 and acetone.
Measurements were repeated six times or more for each sample.

X-ray diffraction measurements

The X-ray diffraction measurements were performed using a four-
circle X-ray diffractometer (Rigaku AFC-7s) with MoKa radiation
monochromated by pyrolytic graphite. Scan step was set at 0.5 � in
2h range of 5–120 �, corresponding to 0.77–15.3 Å)1 in S ¼ 4psinh/
k. These diffraction data were used for the calculation of radial
distribution function. Powder X-ray diffraction measurements
(Rigaku RINT2200) with CuKa radiation were also performed on
shocked obsidian in the 2h range of 5–50 � with 0.01 �-step scan.
These data were used to estimate the quantity of crystallites in
obsidian.

Calculation of the radial distribution function (RDF)

The radial distribution function was calculated based on the
procedure employed by Marumo and Okuno (1984). The mea-
sured X-ray scattering intensities were corrected for polarization,
absorption factors, and Compton scattering factors (Levy et al.
1966). Compton scattering factors were calculated with the ana-
lytical formulas given by Hajdu (1971) and Pálinkás (1973).
Normalization was carried out by Krogh–Moe’s and Norman’s
method (Krogh–Moe 1956; Norman 1957). Atomic scattering
factors were taken from the International Tables of X-ray Crys-
tallography, vol. IV (1974). The composition of the obsidian used
for the calculation was simplified to Na0.332K0.154Ca0.060
Fe0.183Al0.606Si3.326O8.000.

The X-ray interference function S Æ i(S) was calculated from the
following expression,

S � iðSÞ ¼ S � Icohobs ðSÞ �
X

j

f 2
j ðSÞ

" #� X

j

fjðSÞ
( )2

;

where fjðSÞ is the atomic scattering factor of jth atom, and Icohobs ðSÞ
is the total coherent intensity per electron unit.

The radial distribution function RDF(r) is given by the fol-
lowing formula,
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S � iðSÞ sinðSrÞdS ;

where q0 is the number of formula unit per Å)3 and Kj is the
effective number of electrons for atom j.

Raman and infrared spectroscopy

Raman spectra were recorded by micro-Raman spectrometers,
LabRamHR800 (Jobin Yvon) of HORIBA Jobin Yvon and

Table 1 Chemical composition of the obsidian from Krafla, Ice-
land. (Okuno et al. 1998)

Composition Wt%

SiO2 76.17
Al2O3 12.27
Na2O 3.99
FeO*a 3.29
K2O 2.82
CaO 1.69
TiO2 0.30
P2O5 0.29
MnO 0.11
Cr2O3 0.06
NiO 0.01

Total 101.00

a FeO* represents total iron
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Ramanor T-64000 (Jobin Yvon) of Japan Advanced Institute of
Science and Technology. The 514.5-nm line (green) of the Ar+ laser
was used to excite Raman scattering, and the Raman light was
collected in the backscattering geometry. Spectra were accumulated
in the range of 200–1400 cm)1 with a band pass of 0.5 cm)1.

Observed Raman spectra were corrected for background, and
the temperature and frequency dependence of the first-order
(Stokes) Raman scattering (Long 1977; Piriou and Alain 1979;
McMillan et al. 1994) from the expression:

Icorr ¼ Iobsxðx0 � xÞ�4 1� expð�hx=kBT Þ½ � ;
where x0 is the wavenumber of the incident laser light (19435 cm)1

for the green Ar+ laser line), h is the Plank’s constant, x is the
Raman shift, kB is Boltzmann’s constant (1.36 · 10)23 JK)1), and
T is the absolute temperature (K).

The IR absorption measurements were performed by the KBr
micropellet method using FT/IR-610V (JASCO) equipped with a
KBr beam splitter and a TGS detector. Spectra were recorded from
400–5000 cm)1 with a band pass of 0.5 cm)1.

Results

Density

The density variations of the obsidian and its fused glass
with applied shock pressure are listed in Tables 2 and 3
and also plotted in Fig. 1. The densification of obsidian
and its fused glass increased rapidly with shock pressures
above �15 GPa and reached a maximum (4.7% for
obsidian; 3.6% for fused glass) at about 25 GPa. This is
followed by a rapid reduction in density at higher shock
pressures. At about 35 GPa, the density of fused glass
dropped to almost the same density as the unshocked
sample. The density of obsidian at 36.8 GPa is slightly
lower than the unshocked obsidian, and similar to that
of fused glass.

Table 2 Densities of shock-compressed obsidians

Shock pressure
(GPa)

Density
(g cm)3)

Densification
(%)

Unshocked 2.409(3) –
16.3 2.431(3) 0.91
21.7 2.503(4) 3.90
24.3 2.522(4) 4.69
31.0 2.436(10) 1.12
36.8 2.390(4) )0.79

Table 3 Densities of shock-compressed fused glasses

Shock pressure
(GPa)

Density
(g cm)3)

Densification
(%)

Unshocked 2.379(3) –
15.2 2.392(6) 0.55
19.4 2.458(2) 3.32
25.9 2.465(3) 3.61
30.9 2.388(7) 0.38
35.1 2.377(3) )0.10

Fig. 1 Density variations of an obsidian and its fused glass by
shock-wave compression. The gray lines are a guide for eyes

Fig. 2a–b S � iðSÞ curves for unshocked and shocked obsidian (a)
and fused glass. (b) Numbers represent shock pressures in GPa
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X-ray diffraction analysis

The interference functions S � iðSÞ is for obsidian and
fused obsidian are shown in Fig. 2a and b, respectively.
These curves are essentially similar in shape. Prominent
peaks in their RDF(r) curves (Fig. 3a, b) can be seen at
�1.6 and 3.1 Å. These peaks are attributed to T–O1
distance (T ¼ Si, Al) in a TO4 tetrahedron and T–T1
distance between neighboring tetrahedra, respectively.
The shoulder at around 2.6 Å is assigned to the

O–O1 pair within a TO4 tetrahedron, but can include
small contributions from (Na, K, Ca)–O1 pairs. Broad
peaks at 4.2 and 5.1 Å are attributed to T–O2 and
T–T2 pair distance of the dominant six-membered ring,
respectively (Hochella and Brown 1984; Zotov et al.
1989, 1992). The number of oxygen atoms around a
T atom was calculated to be 4.0 ± 0.2 from the area
under the first peak (r ¼ 1.63 Å) in the RDF(r) curves.
An average T–O–T angle of 147.0� ± 2.0� was
obtained for all the samples. These suggest that the
T atoms are tetrahedrally coordinated by oxygens in
the structures of both normal and shock-densified
obsidian and fused glass.

Analysis of Raman spectra

The Raman spectra of shock-densified obsidian and
fused glass are shown in Fig. 4a and b, respectively.
Typical broad bands are observed at 300–600, 800, and
1000–1200 cm)1 for both specimens. An additional
sharp band at around 670 cm)1 is observed only in
obsidian specimens.

The band assignments of Raman spectra are
explained based on the previous works on SiO2-rich
glasses (McMillan 1984; McMillan and Wolf 1995;
Okuno et al. 1999; Reynard et al. 1999). The broad band
centered at 490 cm)1 is attributed to the bending vibra-
tion of the T–O–T linkage in the tetrahedral framework.
A small contribution from the oxygen-breathing mode of
the four-membered ring of TO4 tetrahedra is possible,
which is generally located at 490 cm)1. The shoulder at
around 600 cm)1 in fused glasses is attributed to oxygen-
breathing vibration of the three-membered ring of the
TO4 terahedra. A corresponding shoulder also appears in
the lower frequency tail (550–600 cm)1) of 670-cm)1

band of the obsidian. The band at 800 cm)1 is assigned to
in-cage motion of silicon atoms in the highly polymerized
network. Furthermore, the band at 1000–1200 cm)1 is
attributed to antisymmetric T–O stretching vibration.
The strong 670-cm)1 band for obsidian can be attributed
to the crystalline parts (crystallites) of the obsidian, al-
though it cannot be clearly determined (Okuno et al.
1998). It should also be noted that there is a slight dif-
ference in the 1000 cm)1 band between the obsidian and
fused obsidian. The relatively sharp peak at 1000 cm)1 in
obsidian samples can also be due to crystallites. The
broad 490 cm)1 band in Fig. 4 shows a positive fre-
quency shift while the intensity of the 600-cm)1 band
varies with pressure above 25–30 GPa.

Analysis of IR spectra

The IR spectra of shock-densified obsidian and its fused
glass are shown in Fig. 5a and b. Three major bands can
be seen at 460, 780, and 1060 cm)1. These bands are
assigned to O–T–O bending vibration (460 cm)1), sym-
metric T–O stretching (780 cm)1), and antisymmetric

Fig. 3a,b Radial distribution functions for unshocked and shocked
obsidian (a) and funsed glass. (b) Numbers represent shock
pressures in GPa
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T–O stretching vibration (1060 cm)1), according to
Velde and Couty (1987). There are no significant dif-
ferences in the spectra between obsidian and its fused
glass, nor changes with shock pressure.

Discussion

Density variations with shock pressure

The density variations in obsidian and its fused glass with
shock pressure are shown in Fig. 1. Both specimens show
an increase in density and a subsequent reduction with

Fig. 4a,b Raman spectra for unshocked and shocked obsidian (a)
and fused glass (b) Note that these spectra are representative ones
among several data acquistitions. Numbers represent shock
pressures in GPa

Fig. 5a,b Infrared spectra for unshocked and shocked obsidian (a)
and fused glass (b) Numbers represent shock pressures in GPa
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respect to shock pressure. A similar trend in density var-
iation was observed in shock-compressed SiO2 and feld-
spar glasses (Arndt et al. 1971;Okuno et al. 1999;Reynard
et al. 1999; Takabatake 2000). The first regime in the
density variation involves an increase in density with
shock pressure up to 25 GPa, and is related to the densi-
fication of the structure. A second regime involves the
relaxation of the densified structure at even higher shock
pressure (>25 GPa) due to high residual temperature,
which is observed as the subsequent decrease in density.

Gibbons and Ahrens (1971) have previously reported
the variations in the refractive index of tektite glass
effected by shock compression up to 13.3 GPa. Below 4
GPa, the refractive index of the tektite glass does not
differ significantly with the unshocked glass. At 8 GPa,
the refractive index grew and reached a maximum at
13.3 GPa. The refractive index increase, designated
(n13.3-n0)/n0, was found to be 2.38%. In this expression,
n13.3 and n0 are the refractive indices for the 13.3-GPa-
recovered and unshocked glass, respectively. Although
the measurements made by Gibbons and Ahrens (1971)
span only up to 13.3 GPa, their results are qualitatively
consistent with the results in the present study.

The density variations in obsidian and its fused glass
with shock pressure are similar to those of silica (Okuno
et al. 1999), anorthite (Reynard et al. 1999), and albite
(Takabatake 2000) glasses. Figure 6 shows density dif-
ferences of shocked obsidian and its fused glass in
comparison with those obtained in previous studies. The
maximum densifications of shock-densified silica, anor-
thite, and albite glasses are 11.0, 2.2, and 4.2%,
respectively at shock pressure of �25 GPa. The differ-

ences in maximum densification could be due to the
differences in the original glass structure (Reynard et al.
1999). The maximum densification values of shock-
densified obisidian (4.7%) and fused obsidian (3.6%)
suggest that the structural features of obsidian and its
fused glass are similar to albite glass. This is consistent
with the CIPW norm minerals calculated for this
obsidian (i.e., albite + orthoclase = �50 wt%). Taylor
and Brown (1979) reported that alkali feldspar glasses
had ‘‘stuffed-tridymite-like’’ structure, which consisted
of six-membered rings of TO4 tetrahedra and interstitial
modifier cations (i.e., Na+, K+). These results further
suggest that the obsidian and its fused glass also have
‘‘stuffed-tridymite-like’’ structure with dominant six-
membered rings of TO4 tetrahedra and interstitial
modifier cations, which is similar to the suggestion of
Hochella and Brown (1984). The interstitial cations can
also hinder the puckering of the silicate framework and
lead to the differences in the maximum densifications.

Okuno et al. (1998) investigated the structural evo-
lution of an obsidian similar to the specimen used in the
present study under hydrostatic compression of 4 GPa
and 500�C. The reported permanent densification of
about 9% (2.63 gcm)3) is twice as great as the maximum
densification determined in this study despite a lower
pressure applied. The discrepancy in the densification
from shock- and static-recover experiments could be due
to the post-shock annealing and differences in the
duration of compression applied. According to previous
studies (Anderson et al. 1998; Okuno et al. 1999; Rey-
nard et al. 1999; Takabatake 2000), the post-shock
residual temperature of 900–1000�C can be estimated at

Fig. 6 Density differences
between shocked and un-
shocked specimens of obsid-
ian and fused glass as a
function of shock pressure.
The previous data for SiO2,
albite, anorthite glasses are
also compiled for compari-
son. Solid squares obsidian;
open squares fused glass;
gray squares SiO2 glass by
Okuno et al. (1999); open
circle anorthite glass by
Reynard et al. (1999); dark
gray diamond albite glass by
Takabatake (2000). Lines
are a guide for eyes
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�35 GPa for obsidian, which is equivalent to the glass
transition temperature of the obsidian.

Structural evolution in shock-densified obsidian
and its fused glass

RDF(r) cures in Fig.3 have similar shapes and the T–O1
distances for all samples are about 1.63 Å. This is close
to the average distance of the SiO4 and AlO4 tetrahedra
(Si–O= 1.61 Å, Al–O = 1.74 Å; Whittaker and Muntus
1970), and to the estimated distance from an empirical
equation by Zotov et al. (1989, 1992). The average T–O–
T angle of 147� is consistent with the previous works for
feldspar glasses (Taylor and Brown 1979a) and volcanic
glass (Okuno et al. 1996; Zotov et al. 1992). In addition,
the presence of peaks at about 4.2 and 5.1 Å indicates
the predominance of a six-membered ring in the obsid-
ian structure, which had been predicted by other authors
(Hochella and Brown 1984; Okuno et al. 1996, 1998).
Since no distinction can be made regarding pressure
variations in the RDF(r) curves, structural changes of
shock-densified obsidian and fused obsidian cannot be
determined from the RDF(r) curves.

The T—O distances and coordination numbers did
not change in the shock-densified obsidian and its fused
glass, consistent with the previous studies on silica and
feldspar glasses (Okuno et al. 1999; Reynard et al. 1999;
Takabatake 2000; Shimada et al. 2002). This indicates
that the TO4 tetrahedra in the structures are retained
after shock recovery and that the density variations of
shock-densified obsidian and fused glass cannot result
from the coordination change of the tetrahedral cations
(Si, Al). However, Meade et al. (1992), using in situ
diamond-anvil cell technique, found that the Si–O dis-
tance and the coordination number increased with
pressure up to 42 GPa. Anderson et al. (1998) pointed
out that a transition region mixed with low-pressure and
high-pressure phases existed in the range of 9 to 34 GPa
upon examination of the pressure–volume Hugoniot
data obtained for rhyolite. It implies that highly coor-
dinated T (T ¼ Si, Al) species, formed under shock state,
may revert to a four-coordinated configuration during
decompression (Gibbons and Ahrens 1971). The rever-
sion of the coordination state can occur due to post-
shock annealing.

Recent studies have interpreted the structural evolu-
tion of densified silica glass in terms of the first sharp
diffraction peak (FSDP) from X-ray structure factor
curves (Susman et al. 1990; Tan and Arndt 1999;
Shimada et al. 2002). Using the concept of quasi-lattice,
FSDP position (S1) can be associated to the averaged
cell dimension, dm (dm = 2p/S1), of medium-range
structural units (e.g., ring structure of TO4 tetrahedra).
Figure 7 shows the variation of FSDP position for
shock-densified obsidian and fused glass extracted by the
polynomial fitting procedure. The FSDP moves to
higher S values with shock pressure up to �25 GPa and
retraces to lower values with higher pressure. With

respect to FSDP and the average ring distribution of
TO4 tetrahedra, Susman et al. (1990) and Shimada et al.
(2002) insisted that the migration of FSDP position to
higher S in the densified glass indicated an increase in
the population of smaller rings (i.e.,three-, or four-
membered rings). The population of small rings in-
creased with applied shock pressure up to �25 GPa but
decreased at higher pressures because of the relaxation
due to high post-shock temperature (Okuno et al. 1999).

Shimada et al. (2002) observed a pressure-induced
maximum shift of 0.14Å)1 in the FSDP position for
shocked silica glass. In the present study, the maximum
FSDP shift is 0.08Å)1 for both shocked obsidian and
fused glass. The FSDP positions for unshocked obsidian
and fused glass (S1 ¼ 1.69Å)1 for both samples) were
found higher than for unshocked silica glass[1.56 Å)1,
re-extracted from i(S) of Shimada et al. 2002] and close
to albite glass (1.66Å)1). This suggests a larger amount of
small rings in the obsidian or rhyolitic glass than in the
structure of silica glass. It is also supported by the pre-
diction that the AlO4 tetrahedra energitic prefer to form
small rings (Kubicki and Sykes 1993; Sykes and Kubicki
1996).

Raman spectra for shock-compressed obsidian and
its fused glass also show clear pressure variations. For
obsidian, the frequency of the broad band at 490 cm)1

shows a positive shift (22 cm)1) from 484 to 506 cm)1

with increasing shock pressure up to 31.0 GPa, and
a subsequent reduction to 493 cm)1 at 36.8 GPa
(Fig.8). In the same manner, for fused obsidian a posi-
tive shift from 480 to 495 cm)1 with shock pressure up
to 25.9 GPa and a subsequent reduction to 486 cm)1 at
35.1 GPa are observed, as shown in Fig.8. This band is
assigned to the T–O–T-bending mode of the TO4 net-
work structure. Since this band is related to the average
T–O–T angle, a positive frequency shift with shock
pressure means a reduction of the average T–O–T angle

Fig. 7 The variations of FSDP position for obsidian and its fused
glass as a function of pressure
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(McMillan et al. 1984; Wolf and McMillan 1995).
Okuno et al. (1999) reported the corresponding band
shift for shock-densified silica glass to be 48 cm)1 (from
457 to 505 cm)1). The difference in frequency shift
between shock-densified obsidian, fused glass, and silica
glass is consistent with the difference in maximum
densification (obsidian 4.7%, fused glass 3.6%, and
silica glass 11.0%). Assuming that the frequency change
associated with the Si–O–Si bond angle reduction was
about 5.5 cm)1 per degree (Okuno et al. 1999), the
positive shifts of 22 and 15 cm)1 for obsidian and fused
glass correspond to the reduction in T–O–T angle by
4.0� and 2.7�, respectively. These values are reasonably
small to be examined by RDF analysis. It should be
noted that the frequency variations of this T–O–T-
bending mode (maximum at 31.0 GPa) do not seem to
be strictly correlated to density variations (maximum at
24.3 GPa) for shock-densified obsidian, although large
standard deviations observed at 24.3 and 31.0 GPa (Fig.
8) make that unclear. For fused glass, the frequency
variations of the T–O–T-bending mode follow the den-
sity variations. This difference in pressure response be-
tween obsidian and fused obsidian cannot be easily
explained. However, it may be influenced by the overlap
with the 670-cm)1 band in obsidian.

The IR band at 1060 cm)1 in both samples corre-
sponding to T–O antisymmetric stretching shifts to
lower frequency with increasing shock pressure to 20–25
GPa (Fig.9). This indicates a slight lengthening of the
T–O bond distance and gives indirect evidence for the
reduction of the mean T–O–T angle (Lasaga and Gibbs
1988; Murray and Ching 1989).

The pressure variation of the 600 cm)1 band intensity
is observed in Raman spectra. This variation is quite
unclear for obsidian due to the overlap with the 670-
cm)1 band. On the contrary, the intensity increase of the

600-cm)1 band at 25–30 GPa and the decrease at 35.1
GPa are observed for fused glass. This indicates the in-
crease of the three-membered ring during shock com-
pression of 25–30 GPa and the subsequent reduction due
to high post-shock temperature at higher pressure (Ok-
uno et al. 1999).

Tektites are theorized to form by shock compression
during a meteorite impact. Wright et al. (1984) reported
that obsidian and tektite have similar structural features
and differ slightly from silica glass with respect to
medium-range ordering, based on the results by neutron
diffraction analyses. White and Minser (1984) examined
Raman spectra of obsidian and tektite, and showed their
spectral similarity. These findings suggest that the
structure of tektite is similar to that of volcanic glasses
such as obsidian. Giuli et al. (2000) have recently shown
that Al atoms in tektite are tetrahedrally coordinated
based on the Al K-edge XANES spectra. Our results
also suggest that Al atoms are oxygen-coordinated in a
tetrahedral manner in all shock-recovered samples.
Based on the findings in the present study, tektites
possibly have experienced shock-melting under high
residual temperatures resulting from shock compression
above 35 GPa by meteorite impacts.

The structural evolutions of obsidian and its fused
glass during shock compression are summarized from
the above discussions as follows:

1. The density increase up to shock pressures of �25
GPa results from the shrinkage of the TO4 tetrahedral
framework structure (the reduction of T–O–T bond
angle), � and an increase in the small rings of TO4

tetrahedra (i.e., three- and four-membered rings);
2. Ahigh residual temperature promotes the relaxation

of the compressed network above 25 GPa (i.e., increase in
the average T–O–T bond angle and partial relaxation of
small rings), which results in density reduction.

Fig. 8 Frequency variations of the broad 490 cm)1 band in Raman
spectra as a function of shock pressure. Solid squares obsidian; open
squares fused glass. A polynominal fitting was used for extracting
band top positions. The fitting precision is within 2 cm)1. The error
bars mean the standard deviation from several spectra

Fig. 9 Frequency variations of the T–O-stretching vibration centered
at 1060 cm)1 in IR spectra. Solids squares obsidian; open squares
fused glass. The data points were extracted simply from the band top
positions. The error bars mean the standard deviation from several
spectra
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Pressure variation of crystallites

The prominent 670 cm)1 band in the Raman spectra of
natural obsidian (Fig. 4a) is not observed nor in that of
fused glass (Fig.4b), nor in other silicate glasses studied
by other authors (i.e., Okuno et al. 1999; Reynard et al.
1999; Takabatake 2000, etc.) Okuno et al. (1998) sug-
gested that this band possibly corresponded to the
presence of crystallites. It was also observed that the
intensity of this band decreased variably with shock
pressure above 25–30 GPa, which could be associated
with crystallite orientation. Tattevin et al. (1990) re-
ported that a distinct pressure response develops with
different crystal orientation.

Pressure-induced changes in the quantity of the crys-
tallites were investigated with powder X-ray diffractom-
eter using a CuKa radiation source. Diffraction profiles
obtained from CuKa radiation were more sensitive to
crystallites than when using a MoKa radiation source.
The X-ray diffraction patterns for shocked obsidian have
a broad peak at around 2h ¼ 23� associated with the
glass matrix in the obsidian structure (Fig.10). There are
two other prominent sharp peaks at 2h ¼ 29.9� and
35.1�, which can be due to crystallites. These peaks were
not observed in the diffraction patterns for fused glass.
Figure 11 shows the sum of the intensity variations of
these two peaks as a function of shock pressure These
figures show a rapid reduction in intenstiy and line
broadening of the two peaks above 25 GPa.

Lambert (1981) showed a rapid reduction in the
refractive indices of several silicate crystals due to
amorphization with shock pressure above 25 GPa. Since
the refractive index is correlated with density (Okuno
et al. 1999; Reynard et al. 1999), the density of the
crystalline phase decreases rapidly by shock compression

above 25 GPa and reaches the value of the amorphous
phase. These facts suggest that crystallites in the obsid-
ian begin amorphization by shock compression above 25
GPa. The observed lower density of shock-compressed
obsidian at 36.8 GPa (2.39 gcm)3) compared to the
unshocked obsidian (2.41 gcm)3) and close to fused
obsidian (2.38 gcm)3) can be explained by density
reduction of crystallites due to shock-induced amorph-
ization. Using the procedure of Zotov et al. (1989), the
predicted quantity of crystallites in the unshocked
obsidian (0.8 wt% with a precision of 0.1 wt%) was
reduced after shock compression of 36.8 GPa (0.3 wt%).
This prediction agrees qualitatively with a density gap
between unshocked obsidian and fused glass (D =
1.3%), and between the 36.8-GPa shocked obsidian and
the 35.1-GPa shocked fused glass (0.4%).

The present study has shown that obsidian and its
fused glass have essentially the same structural features
and undergo similar structural evolutions with applied
shock compression. The presence of crystallites only
contributes to the density of the obsidian.

Conclusions

The structural evolutions of obsidian and its fused glass
by shock-wave compression can be summarized as fol-
lows:

The densities of obsidian and its fused glass increase
with applied shock pressure up to about 25 GPa. The
maximum densification determined for obsidian and its
fused glass are 4.7 and 3.6%, respectively. These values
are close to the shock-densified feldspar glasses (2–4%).
This reflects their structural similarity. Modifier cations
in interstitial sites can prevent the large densification as
in silica glass.

Fig. 10 X-ray diffraction patterns of shocked obsidian with Cuka
radiation. Numbers represent shock pressures in GPa

Fig. 11 Intensity variations of crystallite peaks as a function of shock
pressure for obsidian. The vertical axis shows the percentage of the
crystallite peak areas with respect to total profile areas in 2h range of
10�–40�
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The pressure variations observed in the Raman
spectra of obsidian and its fused glass indicate that the
densification for shock pressure up to 25 GPa is mainly
due to the reduction of the average T–O–T angle with a
small contribution from an increase in the population of
small rings such as three-, four-membered rings.

Partial relaxation of the densified structure due to
relatively high residual temperature after shock-wave
compression above 25 GPa results in the decrease in the
densities of the obsidian and its fused glass.

At higher shock pressures (>25 GPa), crystallites in
the obsidian samples amorphize, which contributes to
the density decrease. The presence of crystallites can
influence the density variations; however, the small
amount present (about 0.8 wt% of unshocked obsidian)
did not significantly affect the differences in the struc-
tural evolutions of obsidian and its fused glass.

Findings of previous studies (Okuno et al. 1999;
Takabatake 2000) are also confirmed in this study. This
fact implies that the highly polymerized glasses have
essentially similar shock-densification mechanisms,
which can be slightly influenced by the existence of
interstitial cations and by the ring distribution in the
original structure.

Finally, our results also suggest that tektites have
experienced shock-induced melting and subsequent
rapid cooling with shock pressures greater than 35 GPa.
Further works may still be needed to establish the
structural relation between tektite and shocked obsidian.
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