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Abstract–Coesite has been identified within ejected blocks of shocked basalt at Lonar crater,
India. This is the first report of coesite from the Lonar crater. Coesite occurs within SiO2

glass as distinct ~30 lm spherical aggregates of “granular coesite” identifiable both with
optical petrography and with micro-Raman spectroscopy. The coesite+glass occurs only
within former silica amygdules, which is also the first report of high-pressure polymorphs
forming from a shocked secondary mineral. Detailed petrography and NMR spectroscopy
suggest that the coesite crystallized directly from a localized SiO2 melt, as the result of
complex interactions between the shock wave and these vesicle fillings.

INTRODUCTION

High-Pressure SiO2 Phases

Silica (SiO2) polymorphs are some of the simplest
minerals in terms of elemental chemistry, yet they are
structurally complex with over 30 stable or metastable
phases (Heaney et al. 1994). Two important polymorphs
found in impactites are the high-pressure, high-
temperature polymorphs coesite and stishovite. The first
of these, coesite, is thermodynamically stable above
500 °C and 2.5 GPa (Liu and Bassett 1986; Zhang et al.
1996; Fei and Bertka 1999). Crystallographically, coesite
has monoclinic symmetry, but typically forms
pseudohexagonal flakes when produced experimentally
(Coes 1953; Ramsdell 1955). Coesite can be
distinguished from quartz optically as it has a refractive
index of 1.59–1.604 and a density of 3.0 g cm�3,
compared to values of 1.54–1.55 and 2.65 for quartz.

The second high-pressure silica polymorph,
stishovite (Stishov and Papova 1961; Chao et al. 1962;
St€offler 1971) forms at higher pressure-temperature
conditions than coesite. Natural stishovite has only been
reported from meteorites and terrestrial impactities
(Ferri�ere and Osinski 2013), where it is thought to form
as a direct response to shock loading (St€offler 1971).

Although there is no direct observation of nonshock
stishovite in nature, a possible post-stishovite phase may
be a large component of subducting slabs and the core-
mantle boundary (Lakshtanov et al. 2007), and
stishovite likely occurs in the deep mantle if basaltic
slabs survive to depth. Additionally, two SiO2 phases
denser than stishovite have been identified in Martian
shergottites (El Goresy et al. 2001b, 2008).

Coesite was first produced experimentally (Coes
1953; Ramsdell 1955) and was subsequently identified in
natural materials from the Meteor Crater, Arizona
(Chao et al. 1960). Since then, coesite has been widely
known as a shock feature related to impact events,
although it also occurs in nonimpact rocks such as
kimberlites (Smyth and Hatton 1977), and as inclusions
within ultrahigh-pressure eclogites (Chopin 1984; Smith
1984). Because of these nonimpact occurrences, coesite
can only be diagnostic of impact events if found in
shallow crustal or surficial rocks and/or in a geologic
context that sufficiently rules out high-pressure
metamorphic conditions (French and Koeberl 2010).

Despite often being described as an impact product,
coesite has not been widely reported at terrestrial
impact sites, having been identified at only 30 of the 186
(17%) known craters to date (Fig. 1; Table 1).
Furthermore, descriptions and interpretations of
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formation conditions regarding impact-produced coesite
are commonly lacking. Of the 30 reports of coesite at
impact structures, only 8 (4%) of those provide detailed
petrographic context of the coesite (Table 1).

Coesite Formation Conditions

Many details of the quartz-coesite transformation
remain unclear. Particularly in the impact setting, two
remaining questions are (1) the role of melting and (2)
whether or not coesite can crystallize out of a melt or if
it forms as a solid-state transformation. In impact
settings, coesite is most commonly interpreted to have
formed via solid-state phase transformations that are
associated with diaplectic quartz (St€offler 1971; Kieffer
et al. 1976; St€ahle et al. 2008; Ferri�ere and Osinski
2013).

In some instances, impact-generated coesite is
interpreted to have formed at high pressure after
stishovite or a stishovite-like metastable phase (St€offler
1971; Kleeman and Ahrens 1973). This hypothesis is
based on observations made on samples taken at Ries
crater, where stishovite and coesite co-occur but the
coesite cuts across lamellar structures, which contain
stishovite. In this instance, coesite is thought to form
behind the shock front, via pressure release from a
stishovite-like phase (Dachille et al. 1963), or after
pressure release from a silica phase of short-range order
with four-fold coordination of Si (St€offler 1971).

Formation on pressure release may not be the only
way coesite can develop. For example, coesite in

terrestrial ultrahigh-pressure samples (i.e., eclogites) is
thought to form on compression, as supported by
in situ analyses of experiments at high pressure, which
capture the quartz-coesite transition before the sample
is released from high pressure (Perrillat et al. 2003).
When coesite forms on compression, the higher pressure
phase stishovite is not required. Additionally, the
quartz-coesite transformation conditions can vary
depending on porosity and water content of the rock. In
nonporous rocks, coesite formation requires pressures
of 12–45 GPa, whereas porous rocks may only require
7–8 GPa (Osinski 2007). It is worth noting, however,
that comparisons between static (e.g., eclogites) and
dynamic (impact) coesite formation may be complicated
because of sluggish kinetics of the reconstructive
transition.

Because of the common association of impact-
produced coesite with diaplectic quartz, the formation
of coesite in this setting may require slightly longer
shock pulses. Formation of coesite in association with
diaplectic quartz may be restricted to >30 GPa, which is
over 10 times greater than the pressure required in static
equilibrium coesite synthesis (De Carli and Milton 1965;
St€offler 1971).

Furthermore, it remains uncertain if coesite forms
only by solid-state processes or if it can also form as a
direct crystallization product of silica-rich melts at high
pressure. Synthetic coesite has only been produced in
the lab via solid-state experiments, and impact-produced
coesite is most commonly interpreted as a solid-state
transition. However, Chen et al. (2010), suggested that

Fig. 1. Structures with reports of coesite. Structures with reports of coesite that include petrographic context are shown in red
boxes. All are modified after L. Ferri�ere (http://www.meteorimpactonearth.com/meteorite.html). References used are listed in
Table 1.
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the granular coesite at the Xiuyang crater, China,
crystallized from a melt. Similarly, in a review of coesite
at the Ries crater, St€ahle et al. (2008) interprets two
petrographic types of coesite, one of which may have
formed from a melt, the other likely formed in solid-
state processes with either planar deformation feature
(PDF) formation or diaplectic quartz.

Identification of Coesite

Coesite can be identified optically in thin section,
and nonoptically through analysis of bulk samples by
techniques such as X-ray diffraction, Raman
spectroscopy, infrared spectroscopy or nuclear magnetic
resonance (NMR) spectroscopy. Optically, coesite is
most commonly distinguished by a high refractive index
(1.594) and its two morphologies: fine grained needle-
like crystals (Kieffer 1971; St€offler 1971) or as greenish
aggregates (a.k.a. “granular coesite”) (St€ahle et al. 2008;
Chen et al. 2010). The structure of coesite is monoclinic,
and the crystal system has been well defined by X-ray
diffraction analysis (Levien and Prewitt 1981; Smyth
et al. 1987).

Raman Spectroscopy

Raman spectroscopy is a technique that utilizes
inelastic scattering of monochromatic light to probe the
vibrational modes of materials, including low-frequency
crystal lattice modes. As such, this is a useful tool for
distinguishing among crystal structures, especially for
material of identical chemical composition such as SiO2

polymorphs and glasses. Raman (and micro-Raman)
spectroscopy has been used for identification of coesite
in both ultrametamorphic and impact rocks (Boyer
et al. 1985; El Goresy et al. 2001a; Ostroumov et al.
2002; Morrow 2007; Lu et al. 2008). Coesite exhibits a
strong peak at 521 Dcm�1, which is attributed to
symmetric Si-O-Si stretching mode. Additional
vibrational modes include strong bands at 269 and 176
Dcm�1 and slightly weaker bands at 425 and 355 Dcm�1

(Sharma et al. 1983; Boyer et al. 1985; Ostroumov et al.
2002).

Nuclear Magnetic Resonance Spectroscopy

Solid-state nuclear magnetic resonance (NMR)
spectroscopy is a technique that senses nuclear spin
transitions as a way of characterizing the local chemical
environment (Stebbins and Xue 2014). This technique is
particularly useful for analysis of amorphous material
because it is sensitive only to local environment and not
long-range order. Specifically for NMR, the peak
position, or chemical shift, of 29Si in silicates is

representative of the number and length of Si–O bonds,
the types of next-nearest neighbor atoms, and other
structural features such as Si–O–T bonding angles. The
peak width reflects the distribution of chemical shifts,
providing a measure of disorder, and the area under the
peak is proportional to the number of nuclei in that
local environment provided the spectra are acquired
under conditions that avoid differential relaxation
effects. In silicates, the 29Si chemical shift is most
strongly affected by coordination number. Increasing
the coordination number (i.e., increasing the mean
cation-oxygen distance) generally corresponds to
decreasing the chemical shift (Stebbins and Xue [2014]
and references therein).

Although not a routine analytical technique for
impactites, NMR spectroscopy has been used previously
for a few investigations of shocked quartz, coesite, and
impact-produced glasses (Yang et al. 1986; Cygan et al.
1990, 1992; Boslough et al. 1993, 1995; Fiske et al.
1998; Myers et al. 1998; Lee et al. 2012).

Lonar Crater, India

Lonar crater, India is a 1.8 km diameter crater
located in Buldhana district, Maharashtra state, India
(Fredriksson et al. 1973), situated within the Deccan
basalt flows. This crater has been well studied (Kieffer
et al. 1976; Wright et al. 2011) and is of particular
interest to planetary geologists because it is the only
easily accessible impact structure into only basaltic
rocks, making it an attractive lunar and Martian analog
(Maloof et al. 2010; Wright et al. 2011). Additionally,
the composition of the Deccan basalts is similar to the
surface type I spectral unit on Mars (Bandfield et al.
2000; Wright et al. 2011). The impact event is
geologically recent, 570 ka (Jourdan et al. 2011),
significantly younger than the 65 Ma target basalts.
Importantly, during the time between the formation of
the basalts and the impact event, there was significant
aqueous alteration to the basalts, filling many of the
basalt vesicles with zeolite, chalcedony, opal, and
quartz. While these amygdules are likely hydrothermal
in origin, their relationship with magmatic activity
would require precise geochronology, which would be a
challenge for these silica phases.

Here, we show that these secondary silica-rich
phases were also shocked during the impact, producing
coesite in a somewhat unusual location—only within
amygdules in the vesicular basalts.

SAMPLES

Shocked basalt, from maskelynite-bearing Class 2
through complete impact melts (aka Class 5), exists as
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clasts in a ~1 m suevite breccia (aka impact melt-
bearing breccia) (Kieffer et al. 1976). This unit overlies
a thicker lithic breccia unit at Lonar crater (Kieffer
et al. 1976; Wright et al. 2011). The three Class 2
shocked basalts (Kieffer et al. 1976) used in this study
were collected in early 2010 by S. P. Wright from a
suevite outcrop in the southern ejecta blanket, and were
not talus. Similar to other Class 2 shocked basalts with
aqueously-altered protoliths in Wright’s sample
collection, the three Class 2 shocked basalts examined
here contain decompression cracks suggested to be due
to a change in volume during compression and
decompression while remaining in the solid state
throughout (Wright 2013).

METHODS

Optical Petrography

We employed optical petrography techniques with
standard-thickness, doubly polished thin sections using
an Olympus BH2 petrographic microscope using 209
and 409 objectives. In a few instances, we also used
some slightly thicker sections (~60 lm) when there was
a concern about losing material during thin-section
making. Additionally, petrography was supplemented
by secondary and backscattered electron imaging using
a Focused Ion Beam (FIB) system, FEI Quanta 3D
FEG Dual Beam at NASA’s Johnson Space Center.

The FIB cross section/slice was prepared out of the
coesite+glass region using the FIB (model: FEI Quanta
3D-FEG Dual Beam, using a Ga+ Ion Beam) to
deposit Pt and to mill/sputter away material. The region
of interest (ROI) was precisely selected and a Pt
protective cap (35 lm L 9 2.5 lm W 9 2 lm thick)
was deposited to preserve the ROI during FIB milling.
After milling the front and back trenches the cross
section was thinned down to ~0.5 lm and both of the
faces of slice were polished using low ion beam currents
in the FIB. The cross section was then undercut (U-
shaped) to isolate from the bulk and when completely
cut, the thin section fell inside the cavity (formed by
front and back trenches). The sample was taken out
from the FIB chamber and transferred to the ex situ
lift-out station where a thin tip glass needle was micro
manipulated to fish out the FIB prepared slice,
translated and placed on a sample stub.

Micro-Raman Spectroscopy

We collected micro-Raman spectra of polished thin
sections in the Vibrational Spectroscopy Laboratory at
Stony Brook University. For our measurements, we
used a WiTec alpha300R confocal imaging system

equipped with 532 nm Nd YAG laser with 50 mW
nominal power at the sample surface and a
50 9 0.80NA objective with a spot size of 763 nm.
Raman images were acquired over a 175 9 175 lm area
with acquisition times of 0.1 s. Single spectra were
acquired with integration times of 60 s for coesite and
240 s for the glass.

Magic Angle Spinning Nuclear Magnetic Resonance

Spectroscopy

Silica vesicle fillings were separated from the host
basalt using the Selective Fragmentation (SelFrag)
electromagnetic separation instrument at Columbia
University’s Lamont-Doherty Earth Observatory. The
separated several filling of individual vugs was crushed
and ~1.5 mg of powder loaded into a 3.2 mm (OD)
ZrO2 rotor. The 29Si MAS/NMR spectra were obtained
with a 400 MHz (9.4 T) Varian Inova spectrometer
operating at 79.4 MHz and a spinning rate of 12 kHz.
We used 4 ls single-pulse excitation (p/2) and
relaxation delays ranging from 2 to 1000 s for a total of
142,000 (2 s) to 414 (1000 s) acquisitions. For some
experiments, the carrier frequency and short relaxation
delays (Yang et al. 1986; Myers et al. 1998) were
optimized for detection of signal from stishovite, but
none was observed. Clear evidence for differential
relaxation was observed in the spectra, but the limited
amount of sample precluded extending the relaxation
delays significantly beyond 1000 s, which required
nearly 5 days of acquisition time. An attempt to obtain
27Al MAS/NMR data was conducted at 130.3 MHz
(11.7T) and a spinning rate of 15 kHz using 1us pulses
(4.5 ls nonselective p/2) and a 2 s relaxation delay. No
stishovite signal was detected.

RESULTS

Coesite was identified in three shocked basalt
samples (LC09-253, LC09-294, and LC09-256). These
samples are all of shock class 2 following the
classification of Kieffer et al. (1976). In these samples,
plagioclase has been completely converted into solid-
state maskelynite but pyroxenes retain their
birefringence (as previously described by Jaret et al.
2015; Wright et al. 2011).

Hand-Sample Petrography

In hand sample, the area of interest occurs within
white amygdules (Fig. 2A). On polished slabs, two
phases are recognizable based on slight differences in
hue. In some instances, amygdules exhibit a milky rind
in addition to bright white centers.

Unusual occurrence of coesite 153



Thin-Section Petrography

In thin section, these two phases can be identified as
silica glass and coesite. The silica glass is isotropic in
cross-polarized light and in plane-polarized light lacks
flow textures. Texturally, the coesite aggregates have

two general morphologies (1) isolated individual
aggregates embedded within the glass (Figs. 2D–F), and
(2) a closely packed network of aggregates (Figs. 2B
and 2C). This coesite network commonly forms on the
edges of the vesicle, but occasionally occurs in the
center of an amygdule (Figs. 2B and 2D). Coesite

Fig. 2. Lonar coesite. A) Hand sample. Coesite occurs within the bright white amygdules (yellow arrows). Scale is in mm. B and
D) plane-polarized light images (slightly thicker than standard thin-section thickness) showing granular coesite within the
amygdule and as well as a rind of coesite at the edge of the amygdule (red arrow). C, E, F) Coesite is the green-yellow and
commonly forms granular textures. E) Granular coesite, which contains dark, amorphous carbon centers (blue arrow). F)
Granular coesite within SiO2 glass. Position of this image is marked by the box in (D).
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occurs as 30–40 lm high-relief, greenish-brown spherical
aggregates of smaller crystallites (Figs. 2E and 2F). In
some instances, coesite aggregates appear to be
nucleating around smaller crystallites. Additionally,
some granular coesite aggregates have opaque grains
(identified below as amorphous carbon) in the center of
the sphere (Fig. 2E).

Raman Spectroscopy

Micro-Raman spectroscopy was used to identify
phases within the silica vugs: crystalline coesite, an SiO2

glass, and a rare amorphous carbon phase. The

crystalline coesite is characterized by vibrational modes
showing peaks at 113, 173, 267, and 429 Dcm�1, and a
strong Si-O mode at D521 cm�1 (Fig. 3). The SiO2 glass
is characterized by a broad peak near 449 Dcm�1, and a
substantial drop-off in intensity at 494 Dcm�1 (Fig. 3).
Micro-Raman imaging with high spatial resolution
indicates that the aggregates of granular coesite are in
fact microcrystallites. Spectra acquired with spot size of
763 nm show both the broad peak near 449 Dcm�1 and a
strong peak at 521 Dcm�1, which is consistent with a mix
of coesite plus amorphous SiO2 (Fig. 4). In some
instances, granular coesite contains opaque grains in the
center, which display micro-Raman spectra indicative of

Fig. 3. Raman spectra of (A) coesite and (B) SiO2 glass.
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a carbon phase (i.e., amorphous carbon D and G bands
with peaks at 1360 and 1560 cm�1 (Fig. 5) (Ferrari 2007).

NMR Spectroscopy

NMR spectroscopy indicates that the vug silica
occurs in several distinct environments that likely
include crystalline and two amorphous phases. The
spectra (Fig. 6A) contain a main peak centered near
�112 ppm; a broad shoulder near �105 ppm; and
small, narrow peaks at �108.5 and �114.3 ppm. The
29Si chemical shift of the second broad peak,
�105 ppm, is consistent with a diaplectic silica-rich
glass. Based on the NMR results, we estimate that the
vug filling consists of 26% coesite, 52% fused silica, and
22% of the second amorphous phase, a densified
diaplectic silica glass (see Discussion section).

DISCUSSION

Importantly, interpretation of the SiO2 phases in
the vugs requires multiple techniques.

Optical petrography and micro-Raman spectroscopy
indicate two Si-phases: coesite+SiO2 glass. NMR
spectroscopy, however, indicates three phases: coesite
plus two different silica-rich glass phases. Although the
two SiO2 glass phases cannot be distinguished from each
other petrographically, they can be distinguished with
NMR based on different local chemical environments
indicative of different formation mechanisms.

NMR Spectroscopy

The 29Si NMR chemical shifts of the two narrow
peaks and their occurrence in near-equal intensity is

Fig. 4. Raman map (A) and spectra of SiO2 glass (B), coesite (C), and a mix of coesite+glass (D). Locations of spectra are
indicated by associated letters.
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consistent with previous results reported for crystalline
coesite (Smith and Blackwell 1983), and for coesite
present in the Coconino sandstone impactite at Meteor
Crater (Yang et al. 1986). A spectrum taken with a
1000 s relaxation delay (data not shown) is essentially
identical except for somewhat higher intensity of the
narrow peaks. A least-squares fit of the spectrum taken
at 100 s relaxation delay (Figs. 6B and 6C) yielded peak
positions for the two broad peaks of �105 and
�112 ppm and widths of 12.6 and 9.3 ppm FWHM,
respectively. These large peak widths indicate the signals
arise from amorphous substances.

Based on previous work we can propose assignment
of the main peak at �112 ppm to amorphous silica.
Numerous previous 29Si NMR studies of fused silica
yield a small range of chemical shifts near �112 ppm
(e.g., Oestrike et al. 1987; Mahler and Sebald 1995), but
with widths generally closer to 12 ppm FWHM (see
Malfait et al. [2008] for a summary). For a commercial
SiO2 glass, Mahler and Sebald (1995) report a chemical
shift of �111.8 ppm and width 9.5 ppm FWHM, values
similar to those we observe for the most intense broad
peak. In contrast, for quartz recovered from shock
experiments up to 38 GPa Fiske et al. (1998) report
chemical shifts higher (less negative) than �110 ppm.
The width of the peak from deformed quartz increases
with increasing shock pressure (Fiske et al. 1998) but is
smaller than for the peak at �112 for the present
sample. These comparisons indicate that the spectral
characteristics of the main peak at �112 ppm more

closely resemble those of fused silica than shock-
deformed quartz.

The 29Si chemical shift of the second broad peak,
�105 ppm, is consistent with either diaplectic silica-rich
glass or an alkali aluminosilicate glass. For quartz
recovered from shock experiments at pressures above
30 GPa, Fiske et al. (1998) observe a second peak at
higher chemical shifts that was assigned to diaplectic
glass, in addition to the signal from deformed quartz.
For example, quartz subjected to 33 GPa shock loading
yielded 29Si NMR peaks at �109.9 ppm for deformed
quartz and a broad shoulder at �107.8 ppm for
diaplectic glass. For 29Si NMR, higher (less negative)
chemical shifts correspond to smaller average Si–O–Si
bond angles, consistent with denser material. Fiske
et al. (1998) also report that a fused silica sample that
had been statically compressed to 18 GPa at ambient
temperature yields a 29Si chemical shift of �105.6 ppm,
consistent with the idea that densified silica-rich glass is
characterized by higher 29Si NMR chemical shifts.
Framework alkali aluminosilicate glasses can also yield
29Si NMR chemical shifts similar to that of the smaller
broad peak (Oestrike et al. 1987), for example,
�104.9 ppm for glass of approximately equimolar
albite-orthoclase-silica composition. In this case the
higher chemical shift compared to fused silica results
from Al substitution in the tetrahedra adjacent to and
corner-shared with the silicate tetrahedron. This overlap
of chemical shift ranges for different materials prevents
the nature of the second amorphous phase from being

Fig. 5. Raman map (A) and spectra of coesite with dark opaque centers (B). The centers are amorphous carbon, as indicated by
the D and G Raman bands.
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determined solely from its 29Si NMR chemical shift.
However, absence of a significant 27Al MAS/NMR
signal from the sample indicates that Al is not a major
component, thereby allowing us to rule out the
possibility of this being an aluminosilciate glass.

Estimation of the relative proportions of the three
detected phases is complicated by clear evidence for
differential relaxation effects between the crystalline
coesite and the amorphous phases. The coesite peaks
represent 3 � 1% of the integrated intensity in the
spectrum taken with a 100 s relaxation delay and
5 � 1% for that at 1000 s. This relative increase is
similar to, but somewhat smaller than the factor of two
increase observed by Myers et al. (1998) for coesite in an
NMR relaxation study of the Coconino sandstone. That
study found that complete relaxation of the coesite 29Si
NMR signal required ~20,000 s, and that at 1000 s the
signal had recovered to 22% of its equilibrium value.

Assuming the present sample exhibits similar relaxation
properties and that the amorphous phases are fully
relaxed at 1000 s, we estimate that ~26% of the Si occurs
in coesite. The smaller differential relaxation we observed
from 100 to 1000 s compared to Myers et al. (1998)
suggests that the relaxation rate is faster for the present
sample, in which case this estimate represents a maximum
value for the abundance of coesite. Relaxation rates are
highly dependent on the impurity concentration, so
accurate proportions require acquisition of fully relaxed
spectra that is impractical for the presently available
amount of sample. The ratio of integrated intensity of the
two broad peaks does not change appreciably from 100
to 1000 s of relaxation, giving values of 2.39 and 2.35.
This similarity suggests that both signals are nearly fully
relaxed at 100 s, because it is unlikely for separate phases
to yield nearly identical relaxation rates. Given these
estimates and caveats, we estimate that the vug filling
consists of 26 mole% coesite, 52 mole% fused silica, and
22 mole% of the second amorphous phase, interpreted to
be a densified diaplectic silica glass.

Texture and Formation Conditions

The coesite at Lonar exhibits an unusual texture:
concentration of granular coesite along preimpact
vesicle walls (as an apparent rind) and in densely
packed regions near or at the center of the SiO2 glass.
There are multiple possible explanations for this texture
(1) concentration of stress (or P, and T) at the edges
and center of the vug due to interactions between the
shock wave and the vesicle wall/vug, (2) nucleation of
coesite against the vesicle wall, and/or (3) impurities or
heterogeneities within the glass serving as a nucleation
point for coesite. The extreme heterogeneity among
vugs in these samples suggests it is likely that all three
possibilities are contributing to the texture of the coesite
at Lonar. Shock waves are known to refract when
passing through geologically complex materials and
there is likely a great contrast between the basalt and
vug (particularly if the filling is opalline silica).
Generally speaking, nucleation fronts are also common
—particularly along surfaces that serve as energy
minima for initiation of crystallization. Last, in these
samples, we see an uneven distribution of carbon phases
(Fig. 7), which suggest there is a heterogeneous
distribution of impurities, and these impurities are
frequently the site of nucleation of the coesite (Fig. 2E).

Our work highlights the importance of technique
when interpreting glass components within impact
samples. In impact settings, glass can be produced
in two ways—as a solid-state transformation (i.e.,
diaplectic glass) or as a fused glass. The formation
conditions of these glass types are different and there

Fig. 6. 29Si MAS/NMR spectrum of silica-rich amygdule,
showing the presence of peaks for coesite (narrow peaks) and
two amorphous phases (broad peak near �112 ppm and
broad shoulder near �105 ppm). A) Observed spectrum
acquired at a spinning rate of 12 kHz and a 100 s relaxation
delay for a total of 4176 acquisitions. B) least-squares fit of
the spectrum in (A) composed of four Gaussian peaks (C).
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are important geochemical and structural differences
between fused glass and a glass formed by solid-
state processes. As shown by our data, relying on
optical petrography or Raman spectroscopy alone may
not be sufficient to interpret exact formation conditions.

Coesite at Lonar is found only within former
amygdules of the basalts, suggesting the SiO2 precursor
phase was a preshock secondary phase. Preimpact
alteration and precipitation of secondary minerals
including zeolite, quartz, opaline silica, chalcedony, and
tridymite is common in the target Deccan basalts at
Lonar (Sukheswala et al. 1974). The presence of coesite

here represents the first direct observation of a
terrestrial shocked secondary mineral. Secondary silica
was suggested as the source for coesite within melt-
breccias at the Vredefort impact structure (Martini
1991), but direct petrographic evidence is lacking.

The presence of coesite in impact materials is often
used as an indicator of impact conditions, specifically
pressures and temperatures (e.g., French 1998). However,
in these specific samples, shock barometry may be
complicated by a series of factors. First, common
secondary minerals in the Deccan basalts at Lonar
include both opaline silica and quartz. Because all the

Fig. 7. SEM image (A) and map (B) of carbon-rich SiO2 glass and coesite.

Fig. 8. Focused Ion Beam slices of coesite+glass. A) Secondary ion image of polished slab. B) Transmitted light image of the
FIB foil mounted on a needle. In both instances the granular texture of the coesite is visible.
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SiO2 present in these samples has been transformed to
coesite+glass, it is not possible to determine the starting
preshock SiO2 phase. The specific starting phase likely
affects exact formation conditions. For example, it is
common for experimental studies of coesite to start with
amorphous SiO2 because synthesizing coesite from an
amorphous material rather than quartz is energetically
more favorable. Similarly, addition of Si-OH changes
formation conditions of coesite (Zhang et al. 2008), and
water content is known to change the conditions under
which coesite can form in impact settings (Osinski 2007).

Even if we assume that the coesite forms as a
replacement after quartz, the specific P-T conditions
remain unclear. Currently, there is debate as to how
coesite forms in impact settings—as either a solid-state
transformation (St€offler 1971; Ferri�ere and Osinski
2013) or as the crystallization from a melt (Chen et al.
2010). The texture of the coesite in these Lonar basalt
samples, particularly the isolated granular coesite within
the glass, is consistent with textures at the Xiuyan
impact structure, which Chen et al. (2010) interpret as
having crystallized from a melt. Also consistent with
this is the microcrystallites, which appear to be
nucleating (in some instances against a carbon phase;
Figs. 2E and 5). Secondary electron images in the FIB
show granular coesite is an aggregate of submicron
grains embedded within the glass. Textures of the
nanocrystallites suggest nucleation from a rapidly
quenched melt (Fig. 8).

Furthermore, our NMR data suggest at least one of
the glass phases is a fused silica glass, so interpreting the
coesite as crystallizing from a melt is not unreasonable
because our NMR results would seem to require that at
least one of the two SiO2 glasses is a melt product. This is
based on the lack of compositional difference between the
two detected amorphous phases.

Impact melt, however, is not consistent with the
bulk texture of this sample. This sample is classified as
shock Class 2 (Kieffer et al. 1976; Wright et al. 2011;
Jaret et al. 2015), defined by the presence of
maskelynite, which lacks flow texture. Importantly,
preservation of zoning in the maskelynite and the
presence of remnant anisotropy in the maskelynite
indicates that the plagioclase was transformed to glass
via solid-state transformations (Jaret et al. 2015).

We can reconcile this discrepancy between the SiO2

phases suggesting formation from a melt and bulk-rock
textures of the solid-state maskelynite by considering
the petrographic context of the SiO2 phases. In these
samples, coesite occurs only within preimpact
amygdules, and thus we interpret these as areas of
extremely localized melting associated with the vesicle.

Analysis of experimentally and naturally shocked
porous sandstones has shown that during shock,

collapsing pore space can cause localized increases in
pressure and temperature and can trigger local melting,
as suggested for the Coconino Sandstone at Meteor
Crater (Kieffer 1971). Similarly, at Vredefort, coesite is
associated with melt within pseudotachylite, and
interpreted to have formed due to local heating
associated with collapsing fractures during shock. Grain-
boundary interactions between the shock wave,
individual grains, and pore space cause localized
concentrations of stress (and pressure and temperature)
at grain margins, such that shock events in porous rocks
deposit more energy than in nonporous materials. The
samples from Lonar studied here are not exactly like
porous sandstones, but a similar process may occur due
to collapsing space within and adjacent to the vesicle.

The association of melt with high-pressure
polymorphs in impact settings may be more widespread
than previously recognized. Interestingly, at Bosumptwi,
some coesite inclusions in diaplectic SiO2 glass occur in
grains that are directly adjacent to melt (Morrow 2007),
and the coesite formation may indeed be tied to heating
from adjacent melt. A similar phenomenon occurs with
high-pressure feldspar phases in meteorites where those
high-pressure phases occur in association with melt
veins and pockets, as has been suggested for the
formation of tissintite (Walton et al. 2014).

At Lonar, the local melting is not associated with
fractures, but instead vugs, which may provide a new
opportunity to look for high-pressure phases. If
collapsing vesicles or concentration of stress as the
shock wave interacts with the vesicles and fillings
generate heat during shock, as suggested here, then one
might expect to find similar evidence of melt or high-
pressure phases in shocked vesicular meteorites or
terrestrial impacts into vesicular targets.

CONCLUSIONS

Here we present the first observation of coesite at
the Lonar crater and address its significance. Coesite is
confined to within former silica amygdules in the target
vesicular basalts. This work is also the first report of
high-pressure phases found in a shocked secondary
precipitate. The coesite occurs as 30–40 lm aggregates
of smaller crystallites, interpreted as having crystallized
directly from a melt. 29Si NMR results suggest the
coesite occurs in association with two distinct silica-rich
glass phases, one of which is a quenched melt (at low
P). Impact melting, however, is inconsistent with the
bulk-rock textures, which show no large-scale flow
textures and these samples contain maskelynite grains,
which preserve original igneous zoning, and infrared
anisotropy. We reconcile these discrepancies by the
petrographic context of the coesite and silica fused
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glass, which are confined only to the vesicles. Therefore,
we suggest extremely localized melting, caused by
collapsing vesicles during shock.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article:

Figure S1. 29Si MAS/NMR spectra of silica-rich
vesicle filling taken at different relaxation delays as
indicated. Spectra acquired with 4 us pulses (p/2) at a
12 kHz spinning rate for a total of 414 (1000 s), 4176
(100 s), and 142,704 (s) acquisitions.
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