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ABSTRACT
The study of α-quartz and α-cristobalite ballen in rocks from 16 impact structures
(Bosumtwi, Chesapeake Bay, Chicxulub, Dellen, El’gygytgyn, Jänisjärvi, Lappajärvi,
Logoisk, Mien, Popigai, Puchezh-Katunki, Ries, Rochechouart, Sääksjärvi, Ternovka, and Wanapitei) shows that ballen silica occurs mainly in impact melt rock and
also in suevite, and more rarely in other types of impactites. Ballen α-cristobalite by
itself was observed only in samples from the youngest craters studied here (at Bosumtwi and El’gygytgyn), but it occurs in association with α-quartz ballen in impactites
from structures with intermediate ages (from ca. 35 to 120 Ma); thus, our observations suggest that α-cristobalite ballen are back-transformed to α-quartz with time.
Transmission electron microscope observations show that α-cristobalite and α-quartz
ballen have similar microtextures and are formed of several tiny angular crystals with
sizes up to ~6 µm. The observation of toasted α-quartz ballen, notably at the Popigai
impact structure, further supports the notion that toasting is due to vesicle formation after pressure release, at high post-shock temperatures, and, thus, represents
the beginning of quartz breakdown due to heating. Our investigation increases the
number of impact structures at which ballen silica has been found to 35.
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INTRODUCTION
Ballen silica, with either α-quartz or α-cristobalite structure,
consists of more or less spheroidal, in some cases elongate, bodies,
similar in appearance to grapes, with sizes from <10 to ~200 µm,
which interpenetrate each other or abut each other (Fig. 1; cf.
Ferrière et al., 2009a). Ballen quartz and cristobalite occur in diaplectic quartz glass (Bischoff and Stöffler, 1984), lechatelierite
inclusions (Carstens, 1975), or as independent clasts in impactites, mainly in impact melt rock but also in suevite and in other
types of impactites (Fig. 2; Table 1).
Ballen silica was first reported by Holst (1890), in samples
from the Mien crater (note that at this time, the Mien structure was
not considered a meteorite impact crater). Ballen were observed
in impactite samples for the first time in 1968, in samples from
the Clearwater twin impact structures (McIntyre, 1968). Subsequently, ballen silica was reported in rocks from a variety of
impact structures, e.g., from Deep Bay (Short, 1970), Tenoumer
(French et al., 1970), Ries (Engelhardt, 1972), and others (for a
review, see Ferrière et al., 2009a). However, detailed observations were rarely provided. Carstens (1975) concluded that the
ballen texture represented pseudomorphs after cristobalite that
had replaced lechatelierite initially formed by shock-induced
thermal transformation of quartz. A few years later, Bischoff and
Stöffler (1984) proposed that ballen represent recrystallized diaplectic quartz glass that had undergone the transition to cristobalite and then to α-quartz. Three types of “ballen quartz” were
recognized by Bischoff and Stöffler (1984) based on optical
characteristics: ballen with optically homogeneous extinction,
ballen with different crystallographic orientations, and ballen
with intraballen recrystallization.
Recent investigations by Ferrière et al. (2009a) have indicated five types of ballen silica: α-cristobalite ballen with
homogeneous extinction (type I); α-quartz ballen with homogeneous extinction (type II), or with heterogeneous extinction
(type III), or with intraballen recrystallization (type IV); and
chert-like recrystallized ballen α-quartz (type V). In addition,
ballen with a “toasted appearance,” somewhat similar to that
described for quartz grains in impactites (e.g., Whitehead et
al., 2002a), were reported from the Popigai (Whitehead et al.,
2002b), Wanapitei (Dressler et al., 1997), and Dhala (Pati et al.,
2008) impact structures. Ferrière et al. (2009a) also reported
the occurrence of tiny coesite inclusions in α-cristobalite ballen
from the Bosumtwi crater, and the presence of phyllosilicates
between individual ballen.
Ballen silica is considered to be the result of back-transformation from shock-induced states (e.g., Carstens, 1975;
Bischoff and Stöffler, 1984; Ferrière et al., 2009a), and, thus,
it can be used as an impact-characteristic criterion. The presence of ballen also provides some indirect constraints on peak
temperature in the rocks during the impact, which has to exceed
~1200 °C (according to annealing experiments by Short [1970]
and Rehfeldt-Oskierski [1986]), and also on shock pressure,
which has to exceed ~30–35 GPa (pressure of formation of dia-

plectic quartz glass; e.g., Stöffler and Langenhorst, 1994; Huffman and Reimold, 1996).
Here, we report new observations on ballen quartz and ballen cristobalite from 16 different impact structures (Table 1),
obtained with optical and transmission electron microscope
(TEM) studies, as well as micro-Raman measurements for the
identification of the different polymorphs of silica. This work
was performed with the purpose of providing petrographic properties of ballen from several different impact structures and to
further characterize the microstructure of ballen silica, with the
aim of better understanding their formation mechanism.
MATERIALS AND METHODS
Several hundred thin sections of impactite samples, mainly
impact melt rock and suevite, from 25 impact structures (i.e.,
thin sections from Dieter Stöffler’s collection [Museum für
Naturkunde, Berlin] and from Christian Koeberl’s collection [University of Vienna]), were studied by optical microscopy, in both transmitted and reflected light, looking for ballen
silica. When the presence of ballen silica was detected in any
of the investigated samples (see Table 1), thin sections were
selected for further investigations, using micro-Raman spectroscopy and scanning electron microscopy (SEM), following
the methods described by Ferrière et al. (2009a). Transmission
electron microscopy (TEM) was done on a focused ion beam
(FIB) foil cut across two ballen (one ballen of α-cristobalite
and α-quartz structure) occurring within a silica inclusion from
the Mien impact structure (sample Mien_02-b); the focused ion
beam foil was prepared following the method described by Wirth
(2004). The TEM study was conducted using the same method as
reported in Ferrière et al. (2009a).
RESULTS AND DISCUSSION
In addition to the 31 impact structures listed by Ferrière et al.
(2009a), from which ballen silica has been reported, ballen were
observed and characterized in impact melt rock from the Logoisk

Figure 1. Photomicrographs (A–D; in plane-polarized light) and backscattered electron (BSE) images (E–F) of ballen silica. (A) Ballen αquartz (type II) with varied ballen sizes (smaller ones on the lower side
of the photograph) in a diaplectic quartz clast in a glassy impact melt
rock from the Wanapitei crater (Canada). (B) Elongate, ovoid (crescent) to roundish α-cristobalite ballen in impact melt rock from the
Popigai crater (sample F002_16–98). (C) Ballen α-quartz (type IV)
in a lechatelierite clast in impact melt rock from the Puchezh-Katunki
crater (sample PL94166). (D) Silica inclusion in impact melt rock
from the Sääksjärvi crater (sample 77332Sa_8) with large α-quartz
ballen (type II) size variation. (E) Ballen α-quartz in a lechatelierite
clast in a fine-grained melt matrix (impact melt rock sample B100–898 from the Popigai crater). (F) Enlarged part of the general view in E
showing the typical pattern of ballen silica in the SEM. Dark spots in
E and F correspond to pore space.
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Figure 2. Photomicrographs (all in plane-polarized light) of ballen quartz in different petrographic contexts. (A) General view of melted silica
clasts (mostly lechatelierite) in a fluidal-textured glassy matrix (sample RD_01, from Mien crater). (B) Enlarged part of A showing a clast
with a core that displays typical ballen quartz (type IV) and margins made of feldspar glass. (C) Ballen quartz in a lechatelierite clast in finegrained melt matrix of impact melt rock from Mien crater. Note the occurrence of a darker (brownish) halo surrounding the clast of ballen
quartz (sample Mien-02). (D) Clast of ballen quartz (center left) in a silicate melt fragment from the lower sorted suevite of the Chicxulub
crater (sample Yax-1_808.87 m).

(ballen of types I, II, and III) and Puchezh-Katunki (ballen of
types III, IV, and V) craters (Fig. 1C; Table 1). The presence of
ballen silica has also recently been described in impactites from
the Roter Kamm crater (Hecht et al., 2008) and from the Suvasvesi South crater (Schmieder et al., 2009); however, the exact
type of ballen was not mentioned by the authors of these works.
Note that the presence of ballen silica has not been reported
for several known impact structures, but this does not force the
conclusion that ballen silica does not occur in rocks from these
impact structures. It is possible that ballen silica was not searched
for in samples from these impact structures, or that no typical ballen silica host rocks (i.e., impact melt rock and suevite; Ferrière et
al., 2009a) were recovered from these impact structures.

Using optical microscopy and micro-Raman analysis
(Fig. 3), the characterization of the different types of ballen silica
was possible for ballen occurring in impact melt rock from the
Dellen (types I–IV), Ternovka (types III and IV), and El’gygytgyn
(type I) structures, in cryptocrystalline melt breccia from the Jänisjärvi (types III and IV) and Sääksjärvi (types II–V) structures,
and in glassy impact melt rock from the Wanapitei (types I–V)
structure (Fig. 1; Table 1). In all these cases, individual ballen
have a sharp rim, clearly visible with the optical microscope or
the SEM (Fig. 1), with the notable exception of ballen from the
Ternovka (also known as Terny) structure, which are hardly visible with the optical microscope, possibly because of a lack of
phyllosilicates between individual ballen. The size distribution of
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Figure 3. Micro-Raman spectra of different silica phases characteristic of ballen silica (A–B), or associated with (C–
E) ballen silica. Note that the numbers
denote peak positions in cm–1 and that
the Raman intensity is given in arbitrary
units (a.u.). (A) Typical α-quartz spectrum of an individual ballen (type IV)
from the Puchezh-Katunki crater (sample PL94166). (B) Typical α-cristobalite
spectrum of an individual ballen from
the El’gygytgyn crater (sample G12).
(C–D) Spectra of minute intraballen
inclusions, similar to the one displayed
in Figure 4, in α-cristobalite ballen
from the Bosumtwi crater (from Ferrière et al., 2009a). (C) α-cristobalite +
coesite spectrum (sample LB-44B) and
(D) coesite + α-quartz + α-cristobalite
spectrum (sample LB-44B2). The characteristic and unique coesite bands are
marked with an asterisk. (E) Spectrum
of a zircon grain embedded in ballen
α-quartz (type III) from the PuchezhKatunki crater (sample PL94166).
Note that identical α-quartz and/or αcristobalite spectra (A–B) were obtained
for ballen from most of the other impact
structures investigated in this study.

Ballen quartz and cristobalite in impactites
ballen, from inclusion to inclusion (i.e., diaplectic quartz glass or
lechatelierite inclusion), is also highly variable for samples from
all investigated impact structures, ranging from inclusions with
ballen of homogeneous size to inclusions with a large ballen size
variation (see Fig. 1). This observation is in agreement with the
previous findings of Ferrière et al. (2009a).
Surprisingly, no coesite inclusions were observed within
α-cristobalite ballen (type I) from any of the newly investigated
impact structures, and, thus, the observation of tiny coesite inclusions within α-cristobalite ballen from the Bosumtwi structure
(Fig. 4; Ferrière et al., 2009a) is so far unique. It is likely that,
with time, coesite inclusions in materials from older structures
could have been transformed back to α-quartz. The Bosumtwi
structure is, at 1.07 Ma age, the youngest of the impact structures

A

B

Figure 4. Photomicrographs (in plane-polarized light) of α-cristobalite
ballen with minute inclusions of coesite (sample LB-44B2 from the
Bosumtwi crater). (A) Two tiny “greenish” inclusions (white arrows)
of coesite ± α-quartz of ~8 µm size. Typical spectra of these inclusions
are presented in Figure 3. (B) Several minute inclusions of coesite ± αquartz are present within individual ballen (white arrows).
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investigated in our studies (see Table 1), and already in some
of these minute inclusions of coesite, the presence of α-quartz
has been detected with micro-Raman spectroscopy (Fig. 3D).
The only other samples in which ballen of only type I have been
observed are from the El’gygytgyn crater, which, at ca. 3.5 Ma, is
the second-youngest impact structure investigated in the present
study. No intraballen coesite inclusions were detected in samples
from this structure; however, only a limited number of thin sections was available for study.
Interestingly, cristobalite ballen (type I) were observed
together with ballen quartz (types II and III), in the same inclusions, in impact melt rocks from the Wanapitei and Popigai
impact structures (Fig. 5). No preferential geometric arrangement of the occurrence of cristobalite ballen together with ballen
quartz was observed, and cristobalite ballen can occur in some
inclusions preferentially within peripheral areas, but it can also
be concentrated in the center of silica inclusions in other cases.
This association has previously only been reported from a few
samples from the Mien crater (Ferrière et al., 2009a). Two processes can explain those observations: the α-cristobalite ballen
are back-transformed to α-quartz with time, and/or, because
ballen are rapidly quenched, the conversion of α-cristobalite to
α-quartz is locally inhibited.
Our optical microscopic observations additionally show
that some of the ballen α-quartz from the Popigai crater displays a “toasted appearance” (Fig. 5). Interestingly, ballen
α-cristobalite occurring in the same inclusions is not “toasted”
(Figs. 5C–5D). “Toasted” ballen α-quartz was also observed for
the first time in impactites from the Rochechouart, Sääksjärvi,
and Ternovka craters (Table 1). Regarding ballen from Sääksjärvi and Ternovka craters, the toasting is less pronounced than,
for example, in ballen from the Popigai structure. A vesicular
texture somewhat similar to that in typical toasted quartz (see
Whitehead et al., 2002a; Ferrière et al., 2009b) was observed
in toasted ballen using the SEM. Thus, the orange-brown to
grayish- to reddish-brown appearance of toasted ballen is probably caused by an increase in light scattering due to the presence
of numerous vesicles in toasted ballen α-quartz. The hypothesis by Whitehead et al. (2002a) that toasting of quartz is related
to recrystallization of planar deformation feature (PDF) glass
is unlikely in the case of ballen, because PDFs usually do not
occur within ballen silica. The presence of relics of PDFs in ballen silica has only been described from experimentally produced
ballen (Rehfeldt-Oskierski, 1986), and some rare cases of PDFs
in α-quartz associated with ballen were observed by Pati et al.
(2008) in clasts in impact melt rock of the Dhala structure. The
new hypothesis for toasted quartz formation, by Ferrière et al.
(2009b), namely, that toasting represents the beginning of quartz
breakdown due to heating, and that it is caused by vesicle formation after pressure release at high postshock temperatures, seems
to be supported.
A zircon inclusion was observed and characterized within
a ballen α-quartz (type III) grain in impact melt rock from the
Puchezh-Katunki crater. This inclusion shows a typical zircon
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Figure 5. Photomicrographs of toasted α-quartz and α-cristobalite ballen in impact melt rock from the Popigai crater (sample B99_7–98).
(A) Plane-polarized light and (B) cross-polarized light views of toasted ballen α-quartz. (C) Plane-polarized light and (D) cross-polarized
light views of toasted ballen α-quartz (type II) associated with α-cristobalite ballen (type I) in the same lechatelierite inclusion.

Raman spectrum (Fig. 3E; note that the diagnostic band at
~1007 cm–1 is cut off). Diagnostic bands for reidite at ~840 and
880 cm–1, as well as the prominent baddeleyite band at ~475 cm–1,
are not present. Similarly, Wittmann (2006) reported the presence of ZrSiO4 grains, with planar microstructures, intergrown
with ballen silica in impact melt rock from the Popigai crater.
However, no specific pressure or temperature constraints can be
determined based on these observations.
The TEM investigations of ballen silica in impact melt rock
from the Mien crater (see Fig. 6) confirm that α-cristobalite ballen are composed of numerous tiny individual crystals, as already
reported by Ferrière et al. (2009a) for ballen α-cristobalite from the
Bosumtwi crater. However, individual crystals of α-cristobalite
from the Mien crater have sizes up to ~6 µm (Fig. 6), whereas
a maximum size of ~2 µm was observed for individual crystals in ballen from Bosumtwi. Similar to the microstructure of
α-cristobalite ballen, α-quartz ballen of type III are composed of

numerous tiny crystals (of α-quartz) with sharp angular contacts
between them. Abundant tiny defects in the α-quartz ballen are
also observed (Fig. 6). The contact zone between the investigated
α-quartz and α-cristobalite ballen is marked by the presence of
fibrous material (i.e., phyllosilicates; Fig. 6), which probably
precipitated in interstices between individual silica ballen or
resulted from the aqueous alteration of glass phases, as previously observed between α-cristobalite ballen from Bosumtwi
(see Ferrière et al., 2009a).
Finally, as shown in Table 1, and as already mentioned by
Osinski (2007), it appears that ballen silica does not occur in
impactites derived exclusively from sedimentary rocks. However,
we cannot exclude this as a biased observation because impact
melt rock (and also suevite) is generally rare (if not lacking) in
impact structures formed exclusively in sedimentary target rocks.
Because silica ballen are three-dimensional features resulting
from cooling and contraction, and because the cooling rate is
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Figure 6. Optical photomicrographs (A–B; in plane-polarized light) and transmission electron microscope (TEM) bright field images
(C–D) of ballen silica in impact melt rock from the Mien crater (sample Mien-02). (A) Photomicrograph showing ballen quartz and cristobalite in a lechatelierite clast in a fine-grained melt matrix. (B) Enlarged part of the general view in A showing the exact location of the focused ion beam (FIB) preparation of the TEM foil. Note that the two ballen in contact are made of different polymorphs of silica; the lower left
one is of α-quartz (Qtz), and the other one is of α-cristobalite (Crs). (C) General view of a part of the prepared TEM foil showing a portion of
the α-cristobalite ballen with a large α-crystal (in dark) and the contact zone between ballen quartz and cristobalite (visible on the lower-left
side of the photograph). (D) Enlarged part of the general view in C showing fibrous material (i.e., phyllosilicates) that fills the space between
the two ballen (arrows set the limits of ballen). Note the twin lamellae of the α-cristobalite crystal and the tiny defects in the quartz crystal.

somewhat different for sediment-derived impact melts and for
melts generated from crystalline targets (see, e.g., Osinski et al.,
2005), it cannot be excluded that the cooling rate can influence
the development of ballen silica. Further annealing experiments
and detailed petrographic observations of the resulting features
should be conducted in the future.

CONCLUSIONS
Altogether, the following observations from this study confirm that α-quartz ballen are the result of back-transformation of
β-quartz and/or α-cristobalite with time: (1) α-cristobalite ballen occur together with α-quartz ballen in the same inclusion,
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(2) similar microtextures are revealed by TEM for α-cristobalite
and α-quartz ballen, and (3) α-cristobalite ballen occur only in
the “youngest” impact structures. However, if α-cristobalite ballen were rapidly quenched, the conversion of α-cristobalite to
α-quartz may be inhibited. The observation of toasted α-quartz
ballen further supports the idea that toasting is due to vesicle formation after pressure release, at high post-shock temperatures,
and, thus, it represents the beginning of quartz breakdown due
to heating. Our investigations also indicate that rocks from many
more than the 35 impact structures currently known to contain
ballen silica may contain this phenomenon. It would be of great
interest to correctly document these features in more craters
to clearly determine the formation conditions of α-quartz and
α-cristobalite ballen. Future work should concentrate on studies
of the youngest known impact structures.
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