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Evidence for a rosiaite-structured
high-pressure silica phase and its relation
to lamellar amorphization in quartz

Christoph Otzen 1,2, Hanns-Peter Liermann 2 & Falko Langenhorst 1,3

When affected by impact, quartz (SiO2) undergoes an abrupt transformation
to glass lamellae, the planar deformation features (PDFs). This shock effect is
the most reliable indicator of impacts and is decisive in identifying cata-
strophic collisions in the Earth´s record such as the Chicxulub impact. Despite
the significance of PDFs, there is still no consensus how they form. Here, we
present time-resolved in-situ synchroton X-ray diffraction data of single-
crystal quartz rapidly compressed in a dynamic diamond anvil cell. These
experiments provide evidence for the transformation of quartz at pressures
above 15 GPa to lamellae of ametastable rosiaite (PbSb2O6)-type high-pressure
phase with octahedrally coordinated silicon. This phase collapses during
decompression to amorphous lamellae, which closely resemble PDFs in
naturally shocked quartz. The identification of rosiaite-structured silica pro-
vides thus an explanation for lamellar amorphizationof quartz. Furthermore, it
suggests that themixed phase region of the Hugoniot curve may be related to
the progressive formation of rosiaite-structured silica.

Asteroid and comet impacts played a decisive role in the evolution of
the Earth including the formation of the Earth–Moon system1, the
delivery of today’s water2, catastrophic mass extinctions3, and poten-
tially the emergence of life4. Traces of impact events on Earth are
manifested by peculiar structural alterations in minerals, with amor-
phous lamellae in quartz playing the most fundamental role5,6. Quartz
is ubiquitous in the continental crust and is thus affected by almost
every continental impact. Its lamellar amorphization is a reliable indi-
cator and themost applied diagnostic tool in estimatingmagnitudes of
impacts.

High-pressure phase transformations of quartz, in particular the
phenomenon of pressure-induced amorphization, have thus been the
subject of intense research for more than half a century, employing
evermore sophisticated techniques to probe simulated impacts.While
the stable high-pressure polymorphic phases coesite and stishovite are
formed only in negligible amounts in shock processes, amorphization
is the dominant response of quartz under such dynamic conditions5,7,8.
This solid-state transformation occurs systematically through the

formation of planar deformation features (PDFs)9, i.e. amorphous
lamellae oriented parallel to rational crystallographic planes. The
abundance and thickness of PDFs increase over a pressure interval of
20–35 GPa until the entire quartz is converted into so-called diaplectic
glass5,10. This pressure interval coincides precisely with the mixed
phase regime of the Hugoniot curve, the region of peak shock states
where the compressibility of quartz suddenly increases11–13. The inter-
pretation of the mixed phase regime with PDF formation, however, is
uncertain, because the formation mechanism of PDFs is controversial
in itself.

Early formation models assumed that the glass either directly
formedduring compressionor as a reversionproduct of stishovite, the
stable high-pressure polymorph10–14. However, additional dynamic and
static experiments indicate that transitions to metastable high-
pressure phases can occur prior to or during amorphization and
thus may be related. In an early diamond anvil cell (DAC) study on
quartz, X-ray diffraction peaks of a metastable quartz II phase with an
unknown crystal structure were detected at 21 GPa and room
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temperature15. The formation of quartz II was later confirmed at similar
pressures, but it disappears at slightly higher pressures of 25–26GPa
and is replaced by a monoclinic P21/c phase16–18. In a recent in situ gas
gun shock compression study, X-ray diffraction peaks of another
metastable phase with defective niccolite (NiAs)-structure were also
reported in parallel to amorphization19. The disordered distribution of
Si cations in this hexagonal base structure can plausibly be explained
by suppressed atom diffusion into ordered positions due to the short
timescale of shock compression. If a high-pressure transition could,
however, occur through a diffusionless displacive mechanism, an
ordered Si distribution could be attained immediately. Such a
mechanismwasproposed to produce themonoclinic P21/c phase

20,21. A
diffusionless mechanism was also proposed in a recent density func-
tional theory (DFT) study resulting in Li2ZrF6-structured silica under
non-hydrostatic compression22.

Similar experimental results of both shock and static compression
techniques led to the suggestion that DAC experiments are a useful
alternative to simulate pressure-induced amorphization of naturally
shocked quartz23,24, although the timescales of both compression
approaches are very different. Pressures are commonly applied within
less than 1 µs in shock experiments (i.e., strain rates of 107 to 108 s−1)25,
while conventional DAC experiments are run for minutes to hours. We
note, however, that none of these techniques seem to be ideal to
simulate large-scale impact events, since the rise time of shock waves
in nature is up to milliseconds (i.e., strain rates ≥ 102 s−1), due to target
and projectile irregularities (lithological heterogeneities, pore col-
lapse, irregular projectile shape, etc.), while pressures last for
seconds26. Here, we have redesigned the experimental approach to
reproduce pressure-induced phase transformations of quartz to
metastable crystalline and amorphous states by means of controlled
rapid membrane-driven compression experiments in the DAC. The
structural changes were simultaneously monitored through time-
resolved in situ synchrotron X-ray diffraction. The membrane-driven
DACs permitted compression of single-crystal quartz at the timescale
of tens of seconds, which was sufficient to obtain good-quality dif-
fraction patterns (for details see Supplementary Information). The
experiments were performed under non-hydrostatic conditions at
room temperature on oriented quartz discs, covering the pressure
interval of the mixed phase regime.

Results
Time-resolved detection of phase transformations
Among the experiments with different orientations of quartz, the
uniaxial compression experiments along the [0001] direction — the

orientation with the highest symmetry of quartz — provides the most
comprehensive understanding of the transformation behavior of
quartz (Fig. 1). The compression along the c-axis of quartz is certainly
not the common situation in natural impacts, but the optimum
detection and interpretation of phase transformations occurring in
single-crystal quartz require the acquisition of the two-dimensional X-
ray diffraction patterns in a symmetrical orientation of the sample. At
pressures below 15GPa, the [0001] single-crystal diffraction patterns
represent the trigonal symmetry of quartz through distinct and broa-
dened diffraction peaks of prismatic planes (Fig. 1a). When increasing
pressure beyond 15 GPa, additional peaks of a high-pressure phase
occurred displaying clear crystallographic relationships to the quartz
peaks (Fig. 1b). The interplanar spacings of these additional peaks are
4.24, 3.71, 2.71, 2.12, 1.93, 1.73, and 1.55 Å at 26GPa. These spacings are
very similar to the spacings of 3.66, 2.66, and 1.48 Å reported originally
for quartz II and to the additional spacings of 2.0 and 1.87 Å reported in
the subsequent study27. On the contrary, the peak at 4.24 Å remained
unnoticed also in later studies16–18 but turns out to be essential for the
identification of the crystal structure. During decompression, the new
diffraction peaks fade gradually away.

The X-ray diffraction peak intensities of quartz and the high-
pressure phase have been evaluated and normalized to estimate the
proportions of the two coexisting phases during compression and
decompression (Fig. 2, Supplementary Fig. 1). The absolute intensity of
the main 10�10 quartz peak increases during compression up to 10GPa
and then fluctuates strongly. We observed this behavior also in
experiments on other materials and attribute it to the high non-
hydrostaticity causing strong crystal lattice distortions in the experi-
ments. At pressures above 15GPa, the intensity of themain 10�10 quartz
peak decreases significantly, while simultaneously diffraction spots of
a high-pressure phase appear. Their intensities increase up to the
maximum pressure of the experiment at 26GPa. The intensities of the
newpeaks decrease drastically upondecompression,whereas the 10�10
peak of quartz retains its intensity. Contrary to the structurally similar
framework silicate plagioclase, which is reported to recover partially
from the amorphous state28, we have thus no indication of such a
phase memory effect in quartz29.

The observation of these intensity variations points to the inci-
pient formation of the high-pressure phase above a pressure of 15 GPa
and its subsequent growth upon further compression to 26GPa at the
expense of the quartz. The high-pressure phase gradually vanishes
upon decompression from 26GPa, while an increase in diffuse scat-
tering background emerges as a broad ring in the low 2θ angle region
of 7–8°, which is interpreted as the diffuse scattering of amorphous

a b c

Fig. 1 | X-ray diffraction patterns of quartz single crystal compressed along the
[0001] direction. The single-crystal diffraction patterns (a) and (b) were collected
during compression at 10 and 25 GPa. Circular Debye rings correspond to the
polycrystalline gold standardused as a pressure calibrant. (c) represents a sketch of

the peaks of quartz (gray) and the high-pressure phase (colored) at 26GPa (cf. (b)).
The red, orange, and blue reflections refer to different orientations of the same
high-pressure phase within the quartz single crystal (cf. Figure 5).
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material (Fig. 3). Contemporaneously, the intensity of the 10�10 quartz
peak remains, however, constant until the sample is completely
decompressed. The plausible explanation for this behavior is that the
high-pressure phase is metastable and amorphizes upon decompres-
sion. Our quantitative evaluation of the transformations agrees with
the aforementioned earlier study, which regarded a metastable tran-
sition of quartz as an intermediate stage towards amorphization15.

Observation of amorphous lamellae in recovered samples
The conclusion that the metastable high-pressure phase amorphizes
duringunloading is corroboratedby subsequent transmission electron
microscope (TEM) observations of recovered sample discs. Thin foils
were extracted perpendicular to the (0001) surface of the single-
crystal discs by the focused ion beam technique, providing insights
into the subsurface structure of the specimens after the experiment.
Bright-field TEM images show the original quartz single crystal to be
crosscut by numerous amorphous lamellae with orientations (0001),
{10�12}, {10�13}, and additional ones that have been described for PDFs in
naturally shocked quartz5,30 (Fig. 4). Besides diffuse scattering, origi-
nating from the amorphous lamellae, the corresponding selected area
electron diffraction pattern reveals only diffraction spots that are
compatiblewith the quartz structure. There are no remnant diffraction
spots that could be attributed to the metastable high-pressure phase,
suggesting its complete breakdown to glass after decompression and
removal of the sample disc from the diamond anvil cell. An evaluation
of areas occupied by the glass lamellae versus those of crystalline
quartz substantiates the X-ray result that about 60% of the sample is
amorphous after decompression (Fig. 4). Since the glass formation is
correlated with the breakdown of the high-pressure phase (Fig. 2), we
conclude that the glass lamellae represent former lamellae of the high-
pressure phase.

Crystal structure of the metastable phase
Questions that remain are: (1) what is the crystal structure of the
metastable high-pressure phase and (2) what is its orientation rela-
tionship to quartz? To address these questions, the crystallographic
meaning of the interplanar spacings of the diffraction peaks attributed
to the metastable phase needs to be examined. Almost all crystal
structures of high-pressure phases (stishovite, CaCl2-type silica, sei-
fertite, etc.) with octahedral coordination of silicon can be simply
represented by an idealized hexagonal close-packed oxygen sub-
lattice, in which half of the octahedral sites are filled with silicon in

different ordering schemes20. The only exception is the defective or
modified niccolite (d-NiAs) structure, in which half of the octahedral
sites are randomly filled by silicon atoms. This most general descrip-
tion of the structure of high-pressure polymorphs possesses the space
group symmetry and dimensions of a perfect hcp lattice (P63/mmc)
with a = 2.563 Å and c = 4.112 Å31,32. This phase was reported to occur in
diamond anvil cells as well as shock experiments18,19,31,32 and it was
recently suggested to be the phase that forms in the mixed phase
regime of the Hugoniot curve19. The defective niccolite phase is his-
torically labeled to be Fe2N structured31,32. However, this comparison
may bemisleading because Fe2N has two polymorphs (ɛ and ζ) both of
which are not hexagonal since the octahedrally coordinated Nitrogen
is ordered22,33. The ζ phase possesses the orthorhombic seifertite (α-
PbO2) structure, while the ɛ phase exhibits the trigonal Li2ZrF6
structure.

The interplanar spacings determined fromour single-crystal X-ray
diffraction experiments are, in general, incompatible with spacings
expected for the hexagonal defective niccolite phase and any other
suggested high-pressure polymorph structure with octahedrally
coordinated silicon. In turn, all interplanar distances can be explained
by a derivative of the hexagonal close-packed structure with the c-axis
representing the normal ABAB stacking sequence and an a-axis
expanded by the factor of √3 compared to an ideal hcp cell (a = √3
ahcp = √3·2r). When taking the crystal ionic radius of oxygen, repre-
sentative of the size of oxygen atoms in crystal structures34 (r(O2−) =
1.22 Å), the 4.24 Å reflections can be assigned to the ABAB stacking
sequenceand thus the length of the c-axis of the unit cell (c = 4r·√(2/3)).
The 3.71 Å reflections may then be interpreted as the (10�10) spacing
and the 2.71 Å reflections as the (10�11) spacing. Taking all reflections of
the 0001 oriented diffraction pattern, we derive a unit cell with
a = 4.30(7) Å and c = 4.08(7) Å at 26GPa (Supplementary Table 1). The
relatively high errors in the lattice constants of thehigh-pressure phase
may be attributed to the heterogeneous stress field within the single-
crystal quartz, resulting from (1) the uniaxial DAC compression and (2)
the intrinsic distortion of the sample due to the extreme volume
change associated with the high-pressure phase transformation
(see Supplementary Information).

The afore-described indexing of reflections implies that the space
group symmetry of our high-pressure polymorph must be reduced
compared to the hcp base structure because the (0001) and (10�11)
would be absent in a perfect hcp lattice due to the presence of the 63
screw axis and the c glide plane. The general absence of systematic

Fig. 3 | Stacked relative X-raydiffraction intensities of backgrounds for various
times (t) and pressures (P) during loading (80–200s) and unloading
(200–360 s). The intensities display the difference of each background with
respect to the reference background at 80 s. It is visible that thediffuse background
intensity in the low 2θ region progressively increases due to the formation of
amorphous material.

Fig. 2 | Variation of the normalized X-ray diffraction intensities of the main
10

--
10 peak of quartz (Qtz) and of the additional diffraction peaks of the high-

pressure silica phase (Ros) at the approximate interplanar spacings of 4.2
(0001), 3.7 ð10--10Þ, 2.7 ð10--11Þ, and 1.7 Å ð10--12Þ. The plot additionally shows the
normalized sumof peak intensities for the high-pressure phase and the normalized
diffuse background intensities, representing the glass fraction.
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reflections also implies that the Bravais lattice is primitive. Further-
more, we observe that the intensities of the six 10�10 peaks alternate
every 60°, as is expected for right and left prisms of trigonal phases.
For MX2 compounds, there are only three trigonal subgroups of P63/
mmc fulfilling these symmetry requirements (P�31m, P�3m1, and P312),
but only for the P�31m space group (SG = 162) the a-axis displays a = √3
ahcp. In fact, the suspected P�31m space group and the expanded unit
cell are adapted by the Li2ZrF6 structure35, which has recently been
predicted in a DFT study to form under non-hydrostatic
compression22. In this structure, the cations are ordered in alternat-
ing layerswith occupancies of 1/3 and 2/3. It can generally be described
as a sheet structure where the layers with an occupancy of 2/3 are
made of edge-sharing six-membered Si octahedra parallel to the
(0001) plane. These dioctahedral (gibbsite-like) sheets alternate with
the layers of isolated Si octahedra that form corner-shared bonds to
the dioctahedral sheets above and below the layer (Supplementary
Fig. 2). The Li2ZrF6-type structure is not only isotypic with the afore-
mentioned ɛ-Fe2N phase but also with the antimonate mineral rosiaite
(PbSb2O4)

36. As the latter phase contains oxygen as anion, we propose
to consider the metastable high-pressure phase of silica as rosiaite-
structured.

Orientation relationship of rosiaite-structured silica to quartz
In addition to the information on the unit cell, our single-crystal X-ray
diffraction patterns provide insight into the geometrical relationship
between the quartz host lattice and the rosiaite-structured high-
pressure phase. A detailed look at the X-ray diffraction pattern at
26 GPa (Fig. 1b) reveals that the reciprocal directions defined by
reflections of the rosiaite phase coincide with those of quartz and
some of them (e.g., the 2.7 Å reflection) show a twin-like arrange-
ment. We note also that the indexing of additional reflections is not
compatible with a single orientation of the rosiaite phase but rather
points tomultiple domainswithdifferent orientation relationships to
the quartz host.

For example, there are six 0001 spots of the rosiaite-structured
high-pressure phase at 4.2 Å, which are in the same reciprocal direc-
tions as the six 10�10 spots of the single-crystal quartz. This means that
there are three orientations of the high-pressure phase 120° apart. For
each of these three orientations, the close-packed (0001) plane is
shared with one of the three sets of {10�10} planes of the host quartz.

In a similar way, the six 10�10 (3.7 Å) reflections of the high-
pressure phase can be assigned to an orientation relationship where
the c axes of the high-pressure phase and quartz coincide. Further-
more, one canexplain the twelve 10�11 (2.7 Å) and the twelve 10�12 (1.7 Å)
reflections each through three orientations of the high-pressure phase
with respect to the host quartz, where the reciprocal <11�20> directions
of both phases are parallel to each other. Altogether, we can assign all
reflections of the high-pressure phase to four principle orientation
relationships, in which the close-packed (0001) plane of the high-
pressure phase is parallel, perpendicular as well as inclined (at 61° and
75°) to the (0001) plane of quartz (Fig. 5, Supplementary Fig. 3).

Beyond the crystallographic orientation relationships, our eva-
luation of theX-raydiffraction patterns yields nodirect information on
the morphology and geometry of intergrowth of the rosiaite-
structured high-pressure phase with the quartz. It is however note-
worthy that the number of orientation relationships between quartz
and the high-pressure phase is basically equal to the number of major
orientations of amorphous lamellae in the recovered quartz sample
(Fig. 4). This supports our previous conclusion that crystalline lamellae
of the metastable rosiaite-structured phase may have formed within
quartz during compression, which then broke down to glass lamellae
during decompression.

Discussion
To understand the structural response of quartz to dynamic non-
hydrostatic loading, we performed rapid membrane-driven DAC
experiments on oriented single-crystal quartz with compression rates
of 0.5 GPa/s and simultaneously measured time-resolved in situ syn-
chrotronX-raydiffractionpatterns. Thebenefit of these experiments is
twofold: (1) the sequence of transformations within quartz could be
temporally resolved in the course of the experiments and (2) the
single-crystal diffraction patterns yield important information on the
symmetry and structure of the phases formed and their orientation
relationship to the host quartz.

In detail, our experiments provide evidence for the formation of a
metastable high-pressure silica polymorph at pressures above 15 GPa.
Based on the symmetry and lattice dimensions, we propose that the
phase possesses the rosiaite (PbSb2O6) structure

36, which is isotypic to
the ɛ-Fe2N and the recently proposed Li2ZrF6 phases but contains
exclusively oxygen as anion. Previous studies report in a similar pres-
sure range the occurrence of the so-called quartz II phase, whose
structure is unknown to date15,17,18,27. Although the important inter-
planar spacing of 4.2Å (c-axis for rosiaite) is not reported in these
studies, we speculate that the rosiaite-structured phase could be
indeed quartz II.

Furthermore, ourX-raydiffractionpatterns andTEMobservations
indicate that the rosiaite phase forms during compression as lamellae
in various crystallographic relationships to quartz. Since the phase is
metastable, it collapses to the amorphous state during decompres-
sion. The metastability of the rosiaite phase might be related to the
repulsive forces exerted by silicon cations in the dioctahedral layers of
its sheet structure whichmight limit its stability according to Pauling’s
third rule37. In these layers, SiO6 octahedra have three edges shared
with neighboring octahedra, while in the stable high-polymorphs
stishovite and seifertite, there are only two edges shared.

In terms of their appearance, thickness, and orientation, the
amorphous lamellae produced in our rapid DAC compression experi-
ments resemble closely PDFs in shocked quartz5,30,38,39. They are sharp
lamellar discontinuities with thicknesses at the nanometer scale and

(0001)

surface orientation
compression direction

(1010)
(1011)

(1013)(1012)

Fig. 4 | Bright-field transmissionelectronmicroscope (TEM) imageof recovered
quartz disc prepared by focused ion beam preparation. The image shows
abundant amorphous lamellae parallel to basal, rhombohedral, and prismatic
planes in quartz compressed along the c-axis (vertical in the image). The viewing
direction is along the [0�110] direction, i.e. vertical to the compression direction.
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are parallel to the basal (0001), rhombohedral {10�11}, and prismatic
{10�10} crystallographic planes. This resemblance is remarkable since
the strain rates in our experiments (10−2 to 10−3 s−1) are about four
orders of magnitudes slower than those of natural impacts. On the
other hand, deformation in well-established shock experiments (strain
rates: 106 to 107 s−1) is distinctly faster and also results in the formation
of amorphous lamellae10,40 at typical pressures of 25–30GPa. Thus,
quartz apparently reacts in a similar way over a wide range of strain
rates, which might be explained by the generally sluggish transfor-
mation kinetics of silica to stable high-pressure polymorphs. On the
contrary, a recent DFT study suggests that the metastable rosiaite
phase forms readily under non-hydrostatic conditions by a displacive
mechanism from quartz, which could thus instantaneously occur even
under very high strain rates22. From these considerations, we infer that
impact-produced PDFsmay be regarded as the amorphization product
of the lamellar-shaped metastable rosiaite phase.

The close resemblance of our experimentally produced amor-
phous lamellae to PDFs in shocked quartz may furthermore indicate
the relevance of our data for the interpretation of the Hugoniot
curve of quartz in that the mixed phase region of the Hugoniot
curve could basically reflect a mixture of quartz and the metastable
rosiaite high-pressure polymorph. In general, our observation of
amorphization occurring only during decompression disproves
earlier ideas that a dense glass forms directly during
compression10,41. According to our results, it is also unlikely that the
stable high-pressure polymorph stishovite is the phase that
accounts for the sudden density change in the mixed phase region.
The only in situ shock study on quartz arrives at the same conclu-
sions but reports the formation of the defective niccolite phase. It
has however to be noted that the two types of rapid compression
experiments, membrane-driven DAC versus gas gun, were per-
formed at different pressures, temperatures, and timescales. As the
crystal structures and densities of both phases, defective niccolite
(4.63 g/cm3 at 42 GPa) and rosiaite-structured silica (4.59 g/cm3 at
26 GPa), are very similar, an increasing amount of any of the two
high-pressure phases in the mixed phase region could readily
explain the abrupt jump in specific volume12,13,19. Here, we have
quantified the phase fractions during compression and thus we can
demonstrate this for rosiaite-structured silica by plotting the bulk
densities of our samples for various pressures in comparison to
shock Hugoniot data of single-crystal quartz12,42–45 and X-ray dif-
fraction results from the recent in situ gas gun study19 (Fig. 6).
Overall, our mDAC data match the progression of the pressure-
density Hugoniot curve in the low-pressure range from 5 to 26 GPa.

The sudden density increase, which marks the onset of the mixed
phase regime, is also at about 20 GPa but the densities of our DAC
samples in this regime (20–26 GPa) seem to be slightly higher than
those of shock-compressed quartz at given pressures. The reason
for this deviation could be indeed the difference in temperatures.
Our quartz samples are compressed at room temperatures, while
the temperatures of shock-compressed quartz in the mixed phase
region are commonly on the order of 300–500 °C10,12,40. The shock
gas gun data match well the Hugoniot curve at high pressures
between 40 and 65 GPa, where the shock temperatures are also
significantly enhanced and the phase transformation should be
completed19. Without further experiments exploiting comprehen-
sively the influences of pressures, temperatures, and strain rates on
the phase transformations, it seems difficult to conclusively inter-
pret the Hugoniot curve from the onset of the mixed phase region
to the very high-pressure regime. As the metastable rosiaite and
defective niccolite structures basically differ with respect to the
degree of silicon ordering at the octahedral sites, there could be, for
example, a continuous transition between the two phases, which
would be influenced by the varying temperatures along the Hugo-
niot curve.

Finally, our observation of a metastable high-pressure polymorph
of silica may generally shed more light on the phenomenon of
pressure-induced amorphization observed also in various other
material systems (e.g., ice46,47), which sometimes even do not develop
glass by rapid quenching of melt46. We speculate that the formation of
metastable crystalline phases could be one pathway for pressure-
induced amorphization of rapidly compressed materials at room
temperature. If the compression occurs, however, at a certain elevated
temperature, the metastable high-pressure silica phase may be regar-
ded as a precursor structure of stable high-pressure polymorphs, in
which diffusion of the silicon atoms into an ordered atomic config-
uration may be facilitated. Which of the stable high-pressure phases is
formed upon diffusion ultimately depends on the timing, heat, and
pressures introduced during the compression process and this might
unify the seemingly contradictory results concerning the formation
pressures and stability fields of high-pressure polymorphs under
impact conditions.

Fig. 6 | Pressure-density diagram displaying Hugoniot12,42, 43 and X-ray diffrac-
tiondata19 derived fromshockexperimentsonquartz incomparison todensity
data of hydrostatic diamond anvil cell (DAC) experiments55, 56 and to our rapid
compressed samples, which represent a mixture of quartz (Qtz) and the
metastable rosiaite-structured (Ros) high-pressure phase during compression.
The densities of the individual phases have been inferred from measured lattice
parameters and the proportions of the two phases were derived from Fig. 2.

Fig. 5 | Schematic depiction of the orientation of the (0001) plane of the
metastable high-pressure phase with respect to the quartz crystal with its a
and c axes. The orientation of this plane has been inferred from the indexing of
diffractionpeaks shown in the samecolors in Fig. 1c (see also Supplementary Fig. 3).
The exact orientation relationships between the rosiaite-structured high-pressure
phase (Ros) and quartz (Qtz) are: (0001)Ros // (10�10)Qtz and (10�10)Ros // (0001)Qtz,
(0001)Ros // (0001)Qtz and (10�10)Ros // (10�10)Qtz, (0001)Ros // (30�32)Qtz and (11�20)Ros
// (11�20)Qtz, and (0001)Ros // (30�31)Qtz and (11�20)Ros // (11�20)Qtz.
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Methods
Realization of compression experiments
For thepurposeofmDACexperiments,we have prepared thin sections
(thickness ~30 µm) from single crystalline natural quartz and coated
them with a thin layer of gold (thickness ~100nm) as an internal
pressure standard. Disc-shaped samples (diameter 130 µm) were pro-
duced from these thin sections using focused ion beam (FIB)
preparation48,49 and loaded into double membrane-driven diamond
anvil cells (mDACs)50 without a pressure transmitting medium.

The experiments with uniaxial compression and simultaneous
single-crystal X-ray diffraction were carried out at the Extreme Con-
ditions Beamline (ECB) P02.251 at the third-generation light source
PETRA III, DESY, Germany, using a monochromatic X-ray beam with
the energy of 25.6 keV (wavelength of 0.4843Å). The X-ray beam was
focused on an area of 8 × 3μm2 with a compound refractive lens sys-
tem. X-ray diffraction images were collected on a Perkin Elmer area
detector (PE XRD1621). The sample-detector distance and tilt of the
detector were calibrated using a CeO2 standard (NIST 674b). The
conversion of the diffraction images to one-dimensional diffracto-
grams was carried out with the software DIOPTAS52.

At the beginning of an experiment, the pressure was increased
carefully in small steps until signs of a shift or broadening of the dif-
fraction peaks indicated the start of compression. Immediately
thereafter, samples were compressed to the peak pressure of 26GPa
employing an average compression rate of 0.5 GPa/s. The peak pres-
sure was held constant for approximately 2min, followed by complete
decompression with the average rate of 0.3GPa/s. During the entire
compression-decompression cycle, diffraction images were collected
with an acquisition time of 2 s (Supplementary Fig. 1).

Transmission electron microscopy
For the investigations at the TEM, the recovered single-crystal samples
were prepared by the FIB technique using a FEI Quanta 3D FEG work-
station at the Friedrich Schiller University Jena49. In the sample center,
a section was cut perpendicular to the surface with a gallium ion gun
operated at an acceleration voltage of 30 kV and a beam current
between 0.1 and 30nA. The section was thinned and finally cleaned
using the acceleration voltage of 5 kV at the beam current of 48 pA,
resulting in a final thin sectionwith a size of approximately 20 × 10μm2

and a thickness between 100 and 200nm. Immediately after FIB pre-
paration, the sectionwas investigated using the FEI Tecnai G2 FEGTEM
operated with an acceleration voltage of 200 kV.

Evaluation of X-ray diffractograms
The evaluationof theX-ray diffractograms involvedfirst the removalof
thehighbackground,whichoriginates from theCompton scatteringof
the diamonds. The background was determined by a least squares
polynomial fit in each diffractogram using reference points that were
setmanually at local minima. Care was taken to use the same positions
of the reference points for a wide range of diffractograms, some
adjustment was however necessary due to the appearance/dis-
appearance and shift of diffraction peaks. Twelfth-order polynomial
functions were then fit to the reference points. The fitted functions
were finally subtracted from the measured diffractograms to obtain
the background-free diffractograms.

Using the software package LMFIT53, peak positions and inte-
grated intensities were obtained from single peak fits assuming a Voigt
distribution function for the peak shape. Pressures were calculated
from thepositions of the 111, 200, 220, 311, and 222diffraction peaks of
gold employing the third-order Birch–Murnaghan equation of state
parameterized in ref. 54.

The intensities of the quartz peaks vary strongly at the begin-
ning of the experiments and peaks broaden distinctly due to the
heterogeneous stress distribution developing during incipient
compression of the sample. Therefore, we scaled the intensity-time

curve of the 10�11 peak of quartz to a value of 1, when the intensity
variations stopped, i.e., before the transformation to rosiaite-
structured silica (Fig. 2). The normalized intensity of the 10�11 peak
of quartz thus provides a measure of the phase fraction of quartz in
the course of the experiment. Similarly, the intensity curve of the
high-pressure phase and the glass were scaled with multiplication
factors derived from images with the maximum peak and diffuse
background intensities, respectively. The scaled intensities of all
phases coexisting at a certain time during the experiments were
finally normalized to a value of 1 to provide information on the
phase fractions at every point during the experiment.

Data availability
Datasets for Figs. 2, 3, and 6 can be found in the Supplementary
Data. Source data are provided with this paper.

Code availability
The computer code used to generate the results reported in this study
is available from the corresponding author upon request.

References
1. Canup,R.M.&Asphaug, E.Originof theMoon in agiant impact near

the end of the Earth’s formation. Nature 412, 708–712 (2001).
2. Albarède, F. Volatile accretion history of the terrestrial planets and

dynamic implications. Nature 461, 1227–1233 (2009).
3. Bohor, B. F., Foord, E. E., Modreski, P. J. & Triplehorn, D. M. Miner-

alogic evidence for an impact event at the cretaceous-tertiary
boundary. Science 224, 867–869 (1984).

4. Osinski, G. R., Cockell, C. S., Pontefract, A. & Sapers, H. M. The
role of meteorite impacts in the origin of life. Astrobiology 20,
1121–1149 (2020).

5. Stöffler, D. & Langenhorst, F. Shock metamorphism of quartz in
nature and experiment: I. Basic observation and theory*.Meteoritics
29, 155–181 (1994).

6. French, B. M. & Koeberl, C. The convincing identification of terres-
trial meteorite impact structures: what works, what doesn’t, and
why. Earth Sci. Rev. 98, 123–170 (2010).

7. Stähle, V., Altherr, R., Koch, M. & Nasdala, L. Shock-induced growth
and metastability of stishovite and coesite in lithic clasts from
suevite of the Ries impact crater (Germany).Contrib.Mineral. Petrol.
155, 457–472 (2008).

8. Kieffer, S. W. Shock metamorphism of the Coconino sandstone at
Meteor Crater, Arizona. J. Geophys. Res. 76, 5449–5473
(1971).

9. Grieve, R. A. F., Sharpton, V. L. & Stöffler, D. Shocked minerals
and the K/T controversy. EOS Trans. Am. Geophys. Union 71,
1792–1792 (1990).

10. Langenhorst, F. Shock experiments on pre-heated α- and β-
quartz: II. X-ray and TEM investigations. Earth Planet. Sci. Lett.
128, 683–698 (1994).

11. De Carli, P. S. & Milton, D. J. Stishovite: synthesis by shock wave.
Science 147, 144–145 (1965).

12. Wackerle, J. Shock‐wave compression of quartz. J. Appl. Phys. 33,
922–937 (1962).

13. McQueen, R. G., Fritz, J. N. &Marsh, S. P. On the equation of state of
stishovite. J. Geophys. Res. 68, 2319–2322 (1963).

14. Goltrant, O., Leroux, H., Doukhan, J. C. & Cordier, P. Formation
mechanisms of planar deformation features in naturally shocked
quartz. Phys. Earth Planet. Inter. 74, 219–240 (1992).

15. Kingma, K. J., Hemley, R. J., Mao, H. K. & Veblen, D. R. New high-
pressure transformation in α-quartz. Phys. Rev. Lett. 70,
3927–3930 (1993).

16. Carl, E.-R. et al. High-pressure phase transitions of α-quartz under
nonhydrostatic dynamic conditions: a reconnaissance study at
PETRA III. Meteorit. Planet. Sci. 52, 1465–1474 (2017).

Article https://doi.org/10.1038/s41467-023-36320-7

Nature Communications |          (2023) 14:606 6



17. Haines, J., Léger, J. M., Gorelli, F. & Hanfland, M. Crystalline
post-quartz phase in silica at high pressure. Phys. Rev. Lett. 87,
155503 (2001).

18. Prakapenka, V. P., Shen, G., Dubrovinsky, L. S., Rivers, M. L. &
Sutton, S. R. High pressure induced phase transformation of
SiO2 and GeO2: difference and similarity. J. Phys. Chem. Solids
65, 1537–1545 (2004).

19. Tracy, S. J., Turneaure, S. J. & Duffy, T. S. Structural response of α-
quartz under plate-impact shock compression. Sci. Adv. 6,
eabb3913 (2020).

20. Teter, D. M., Hemley, R. J., Kresse, G. & Hafner, J. High pressure
polymorphism in silica. Phys. Rev. Lett. 80, 2145–2148 (1998).

21. Martoňák, R., Donadio, D., Oganov, A. R. & Parrinello, M. From four-
to six-coordinated silica: transformation pathways from metady-
namics.Phys. Rev. BCondens.MatterMater. Phys.76, 014120 (2007).

22. Tsuchiya, T. & Nakagawa, S. A new high-pressure structure of SiO2

directly converted from α-quartz under nonhydrostatic compres-
sion. J. Phys. Condens. Matter 34, 304003 (2022).

23. Hemley, R. J., Jephcoat, A. P., Mao, H. K., Ming, L. C. & Manghnani,
M. H. Pressure-induced amorphization of crystalline silica. Nature
334, 52–54 (1988).

24. Kingma, K. J., Meade, C., Hemley, R. J., Mao, H. K. & Veblen, D. R.
Microstructural observations of α-quartz amorphization. Science
259, 666–669 (1993).

25. Swegle, J. W. & Grady, D. E. Shock viscosity and the prediction of
shock wave rise times. J. Appl. Phys. 58, 692 (1985).

26. Melosh, H. J. Impact Cratering: A Geologic Process (Oxford Mono-
graphs on Geology and Geophysics; No. 11) (Oxford University
Press, 1989).

27. Kingma, K. J., Mao, H. K. & Hemley, R. J. Synchrotron X-ray diffrac-
tion of SiO2 to multimegabar pressures. High Press. Res. 14,
363–374 (1996).

28. Daniel, I., Gillet, P., McMillan, P. F., Wolf, G. & Verhelst, M. A. High-
pressure behavior of anorthite: compression and amorphization. J.
Geophys. Res. Solid Earth 102, 10313–10325 (1997).

29. Wentzcovitch, R. M., Da Silva, C., Chelikowsky, J. R. & Binggeli, N. A
new phase and pressure induced amorphization in silica. Phys. Rev.
Lett. 80, 2149–2152 (1998).

30. Grieve, R. A. F., Langenhorst, F. & Stöffler, D. Shockmetamorphism
of quartz in nature and experiment: II. Significance in geoscience*.
Meteorit. Planet. Sci. 31, 6–35 (1996).

31. Liu, L.-G., Bassett, W. A. & Sharry, J. New high-pressure mod-
ifications of GeO2 and SiO2. J. Geophys. Res. Solid Earth 83,
2301–2305 (1978).

32. Sekine, T., Akaishi, M. & Setaka, N. Fe2N-type SiO2 from shocked
quartz. Geochim. Cosmochim. Acta 51, 379–381 (1987).

33. Shiraki, K., Tsuchiya, T. & Ono, S. Structural refinements of high-
pressure phases in germaniumdioxide. Acta Crystallogr. Sect. B 59,
701–708 (2003).

34. Shannon, R. D. Revised effective ionic radii and systematic studies
of interatomic distances in halides and chalcogenides. Acta Crys-
tallogr. Sect. A 32, 751–767 (1976).

35. Müller, U. Symmetry Relationships Between Crystal Structures:
Applications of Crystallographic Group Theory in Crystal Chemistry
(Oxford University Press, 2013).

36. Strunz, H. & Nickel, E. H. Strunz Mineralogical Tables: Chemical-
Structural Mineral Classification System (Schweizerbart, 2001).

37. Pauling, L. The principles determining the structure of complex
ionic crystals. J. Am. Chem. Soc. 51, 1010–1026 (1929).

38. Langenhorst, F. & Deutsch, A. Shock experiments on pre-heated α-
and β-quartz: I. Optical and density data. Earth Planet. Sci. Lett. 125,
407–420 (1994).

39. Gratz, A. J., Tyburczy, J., Christie, J., Ahrens, T. & Pongratz, P. Shock
metamorphism of deformed quartz. Phys. Chem. Miner. 16,
221–233 (1988).

40. Gratz, A. J. et al. Shock metamorphism of quartz with initial tem-
peratures −170 to +1000 °C. Phys. Chem. Miner. 19, 267–288 (1992).

41. Panero, W. R., Benedetti, L. R. & Jeanloz, R. Equation of state of
stishovite and interpretation of SiO2 shock-compression data. J.
Geophys. Res. 108, 2015 (2003).

42. Fowles, R. Dynamic compression of quartz. J. Geophys. Res. 72,
5729–5742 (1967).

43. Ahrens, T. J. & Rosenberg, J. T. in Shock Metamorphism of Natural
Materials (eds. French, B. M. & Short, N. M.) 59–81 (Mono Book
Corp., 1968).

44. Marsh, S. P. LASL Shock Hugoniot Data (University of California
Press, 1980).

45. Grady, D. E., Murri, W. J. & Fowles, G. R. Quartz to stishovite: wave
propagation in the mixed phase region. J. Geophys. Res. 79,
332–338 (1974).

46. Machon, D., Meersman, F., Wilding, M. C., Wilson, M. &McMillan, P.
F. Pressure-induced amorphization and polyamorphism: inorganic
and biochemical systems. Prog. Mater. Sci. 61, 216–282
(2014).

47. Mishima, O., Calvert, L. D. &Whalley, E. ‘Melting ice’ I at 77 K and 10
kbar: a new method of making amorphous solids. Nature 310,
393–395 (1984).

48. Stierle, A., Keller, T. F., Noei, H., Vonk, V. & Roehlsberger, R. DESY
NanoLab. J. Large-Scale Res. Facil. 2, 1–9 (2016).

49. Langenhorst, F., Harries, D., Pollok, K. & van Aken, P. A. Mineralogy
and defect microstructure of an olivine-dominated Itokawa dust
particle: evidence for shock metamorphism, collisional fragmen-
tation, and LL chondrite origin. Earth Planets and Space 66,
118 (2014).

50. Sinogeikin, S. V. et al. Online remote control systems for static and
dynamic compression and decompression using diamond anvil
cells. Rev. Sci. Instrum. 86, 072209 (2015).

51. Liermann, H. P. et al. The Extreme Conditions Beamline P02.2 and
the Extreme Conditions Science Infrastructure at PETRA III. J. Syn-
chrotron Radiat. 22, 908–924 (2015).

52. Prescher, C. & Prakapenka, V. B. DIOPTAS: a program for reduction
of two-dimensional X-ray diffractiondata anddata exploration.High
Press. Res. 35, 223–230 (2015).

53. Newville, M., Stensitzki, T., Allen, D. B. & Ingargiola, A. LMFIT: non-
linear least-square minimization and curve-fitting for Python.
Zenodo https://doi.org/10.5281/ZENODO.11813 (2014).

54. Fei, Y. et al. Toward an internally consistent pressure scale. Proc.
Natl Acad. Sci. USA 104, 9182–9186 (2007).

55. Scheidl, K. S. et al. Extending the single-crystal quartz pressure
gauge up to hydrostatic pressure of 19 GPa. J. Appl. Crystallogr. 49,
2129–2137 (2016).

56. Andrault,D., Angel, R. J.,Mosenfelder, J. L. & LeBihan, T. Equationof
state of stishovite to lower mantle pressures. Am. Mineral. 88,
301–307 (2003).

Acknowledgements
We acknowledge DESY (Hamburg, Germany), a member of the Helm-
holtz Association HGF, for the provision of experimental facilities. Parts
of this research were carried out at PETRA III and we would like to thank
Rachel Husband and Nico Giordano for their assistance in the beamline
operation at P02.2, the Extreme Conditions Beamline. We acknowledge
the use of the FIB dual beam instrument granted by BMBF (5K13WC3, PT-
DESY) and thank Satishkumar Kulkarni, Arno Jeromin, and Maxim
Bykov from the DESY nanolab for FIB cutting of sample discs. F.L. is
indebted to the Deutsche Forschungsgemeinschaft for funding the FIB
and TEM facilities at the University of Jena (Germany) via the Gottfried-
Wilhelm-Leibniz programme (LA 830/14-1) and also acknowledges the
financial support by the Carl Zeiss foundation within the 2019 pro-
gramme “CZS breakthroughs”. We are also grateful to Mike Lippold for
the preparation of thin sections of quartz aswell as to DennisHarries and

Article https://doi.org/10.1038/s41467-023-36320-7

Nature Communications |          (2023) 14:606 7

https://doi.org/10.5281/ZENODO.11813


Kilian Pollok for assistance for FIB preparation of sample discs
and recovered quartz samples at the University of Jena (Germany).

Author contributions
All authors conceived the study; C.O. and F.L. performed the X-ray dif-
fraction experiments and TEM investigations; C.O. evaluated and
visualized the data, and all authors contributed to the interpretation of
the data. F.L. wrote and revised the manuscript with the participation of
H.P.L. and C.O. C.O. wrote the Supplementary Information with con-
tributions by F.L. and H.P.L.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36320-7.

Correspondence and requests for materials should be addressed to
Falko Langenhorst.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36320-7

Nature Communications |          (2023) 14:606 8

https://doi.org/10.1038/s41467-023-36320-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Evidence for a rosiaite-structured high-�pressure�silica phase and its relation to�lamellar amorphization in quartz
	Results
	Time-resolved detection of phase transformations
	Observation of amorphous lamellae in recovered samples
	Crystal structure of the metastable phase
	Orientation relationship of rosiaite-structured silica to quartz

	Discussion
	Methods
	Realization of compression experiments
	Transmission electron microscopy
	Evaluation of X-ray diffractograms

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




