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Abstract–Shock metamorphosed quartz grains have been discovered in a drill core from the central
peak of the Late Jurassic, marine Mjølnir structure; this finding further corroborates the impact origin
of Mjølnir. The intersected strata represent the Upper Jurassic Hekkingen Formation and underlying
Jurassic and Upper Triassic formations. The appearance, orientation, and origin of shock features in
quartz grains and their stratigraphic distribution within the core units have been studied by optical and
transmission electron microscopy. The quartz grains contain planar fractures (PFs), planar
deformation features (PDFs), and mechanical Brazil twins. The formation of PFs is the predominant
shock effect and is attributed to the large impedance differences between the water-rich pores and
constituent minerals in target sediments. This situation may have strengthened tensional/extensional
and shear movements during shock compression and decompression. The combination of various
shock effects indicates possible shock pressures between 5 and at least 20 GPa for three core units
with a total thickness of 86 m (from 74.00 m to 171.09 m core depth). Crater-fill material from the
lower part of the core typically shows the least pressures, whereas the uppermost part of the
allochthonous crater deposits displays the highest pressures. The orientations of PFs in studied quartz
grains seem to become more diverse as the pressure rises from predominantly (0001) PFs to a
combination of (0001), { 1011 }, and { 1122 } orientations. However, the lack of experimental data on
porous sedimentary rocks does not allow us to further constrain the shock conditions on the basis of
PF orientations.

INTRODUCTION
The Mjølnir impact crater is located in the Barents Sea
(Fig. 1) at a depth of 350 m; it is covered by about 50 m of
post-impact sediments. Its presence and configuration was
first noted during a geophysical campaign (Gudlaugsson
1993). The studies of core samples from an adjacent drill hole
into the ejecta blanket proved its impact origin (Dypvik et al.
1996; Langenhorst and Dypvik 1996; Dypvik and Attrep
1999). The Mjølnir crater is a 40 km wide circular structure
containing a central peak with a base diameter of 8 km and a
peak height of 250 m (Tsikalas et al. 1998a, 1998b). Crater
scaling suggests a transient crater diameter of 16 km (Tsikalas
1998a). The central peak is surrounded by a 4 km wide, 50 m
deep annular basin. This is, in turn, surrounded by a 12 km
wide disturbed and faulted outer zone (Fig. 1).

The crater was formed by a bolide impact into the paleoArctic sea in the early Berriasian (late Jurassic/early
Cretaceous times), the so-called Berriasiella Jacobi Zone
(142 ± 2.6 Ma) (Dypvik and Attrep 1999; Smelror et al.
2001). This wide epicontinental sea was 400 to 600 m deep,
dominated by partly hypoxic to anoxic depositional
conditions resulting in accumulations of dark grey, organicrich clays. Today, these clays constitute the main possible
source of hydrocarbon rocks in the Barents Sea.
Geophysical analysis (Gudlaugsson 1993; Tsikalas et al.
1998a, 1998b) and simulations of Shuvalov et al. (2002) have
indicated that the target area was crushed and structurally
disturbed to depths of more than 5 km. In addition to the
crater excavation and the production of huge amounts of
ejecta, powerful tsunami were generated by the impact.
Traces of ejecta have been discovered in core material from
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Fig. 1. Location of the Mjølnir structure in the Barents Sea. Drill hole 7430/10-U-01 positioned 30 km north-northeast of the crater is marked
in addition to the core recovered from inside the crater, drill hole 7329/03-U-01 (after Smelror et al. 2001).

the Barents Sea, sedimentary successions of Svalbard, and
possibly in the more remote regions of Nordvik (Siberia)
studied by Zakharov et al. (1993).
This study reports comprehensive data on shock
metamorphism of quartz grains from the target rocks,
retrieved from a 121 m long drill core that was recovered at
the edge of the central uplift. This so-called Mjølnir core
(7329/03-U-01) contains both impact-related sediments and
post-impact strata (Fig. 2). Since Mjølnir is one of the few
submarine craters discovered so far (Dypvik and Jansa 2003),
the study of the Mjølnir core provides insight into the impact
cratering process for an oceanic target. It also allows us to
assess the shock behavior of minerals, such as quartz, in wet,
porous sediments and sedimentary rocks. The latter is almost
completely unknown, as, to date, most of our knowledge on
shock features in quartz has come from studies of coherent
crystalline rocks and from shock experiments on single quartz
crystals (Hˆrz 1968; M¸ller and Defourneaux 1969; Gratz
1984; Gratz et al. 1988; Reimold and Hˆrz 1986; Huffman
et al. 1990; Huffman and Reimold 1996; Langenhorst et al.
1992; Langenhorst and Deutsch 1994; Langenhorst 1994;

Stˆffler and Langenhorst 1994; Grieve et al. 1996; French and
Short 1968; French 1998). The few shock studies on porous
sediments show that the shock behavior of quartz in such
rocks is distinctly different from that in crystalline rocks,
particularly with regard to the shock temperatures and the
preferential formation of planar fractures (PFs) rather than
planar deformation features (PDFs) (Kieffer et al. 1976;
Grieve et al. 1996; Kleinmann et al. 2001). The theoretical
treatment of the complex propagation and reverberation of
shock waves in granular quartz by Kieffer (1969) suggests
that a range of shock conditions could be recorded in nearby
grains in porous sandstones. Similar effects may occur in
quartz from wet submarine sediment targets.
STRATIGRAPHY
The 121 m long Mjølnir core (Figs. 1 and 2) contains,
from base to top, 83 m of allochthonous crater-fill breccia
(unit I), gravity flow deposits (units IIa, IIb, IIc), and postimpact shales and marls. The sediments of unit I comprise
highly deformed claystones and sandstones, exhibiting
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Fig. 2. Simplified sedimentological log of core 7329/03-U-01 (Dypvik et al. 2004a).

chaotic slump structures with folded and ruptured beds of
Triassic and Jurassic age (Dypvik et al. 2004a, 2004b). The
sediments of unit I probably slumped into the crater cavity
from the crater walls and the central uplift during and after the
impact. Initially, the modification of the transient cavity
proceeded subaerially, until the water displaced by the impact
rushed back into the crater (Shuvalov et al. 2002). These
currents further eroded and shaped the cavity, depositing huge
amounts of rock debris into the crater and onto the
surrounding platform. These deposits today form parts of the
so-called allochthonous breccia/conglomerate (subangular to
subrounded clasts).
The following units IIa, IIb, and IIc (0.9 m, 11.7 m, and

1.7 m thick, respectively) each display distinct textures and
sediment compositions (Fig. 2). Unit IIa is a homogeneous,
oligomict, matrix-supported conglomerate (clast sizes 0.2 to
2 cm) with a sandy clay matrix. It is overlain by the partly
matrix-supported,
partly
grain-supported,
clay-clast
conglomerate of unit IIb. Unit IIc is a clast-supported
conglomerate with a sandy matrix, composed of at least three
major beds. These sub-units are showing homogeneous to
fining upward developments and are separated by partly
erosional bases. The conglomerates were mainly deposited
from various gravity flows off the central uplift after the reestablishment of the sea level. The formation of this slump
complex is discussed in detail in Dypvik et al. (2004 a, 2004b).
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METHODS

Eighty samples were taken from throughout the core, and
thin sections from all samples were investigated using the
polarizing microscope (Sandbakken 2002). To determine the
crystallographic orientation of planar microstructures in
shocked quartz (Fig. 3), we mounted a Leitz four-axis
universal stage (U-stage) onto the polarizing microscope
(Phillips 1971; Nilsen 1995). The position of the optic axis
and the poles of the planar microstructures were recorded and
plotted on a stereonet (Robertson et al. 1968; Engelhardt and
Bertsch 1969; Langenhorst 2002). This method has been
strongly recommended by several authors (Hˆrz 1968;
Engelhardt and Bertsch 1969; Langenhorst and Deutsch
1994; Stˆffler and Langenhorst 1994; Grieve et al. 1996) and
involves a 3-D analysis, in which the measured orientations
are matched with rational poles to known planar deformation
features in quartz.
A pole was assumed to coincide with a rational
crystallographic plane if the measured plane lies within a 5°
diameter error ellipse centered on the pole to the rational
plane. This error corresponds to the accuracy of universal
stage measurements (Engelhardt and Bertsch 1969). Planes
that plot outside the 5° circle are regarded as unindexed. Since
some quartz grains show undulatory extinction and
sometimes mosaicism, the accuracy with which the planar
features can be measured may be slightly larger than ±5° for
these samples and may have resulted in erroneous indexing,
especially for the { 1011 } and { 1122 } planes, which have a
similar inclination to the c-axis. A comprehensive description
of the U-stage measurements and evaluation of such data is
given in Langenhorst (2002). The abundance of planar
microstructures plotting within rational crystallographic
orientations was plotted in a histogram as absolute frequency
(Figs. 4a and 5), as defined by Engelhardt and Bertsch (1969)
as Fhikl = qhikl/Q 100 (%), where qhikl is the actual number of
symmetrically equivalent planes observed in n quartz grains,
and Q is the total number of all sets of planar microstructures
observed in n quartz grains. For a better comparison of these
data with results from other investigations, the more familiar
plots of the angles between poles of planar microstructures
and the optic axis are also shown (Fig. 4b). These were
plotted as frequency percentage, which is basically similar to
the absolute frequency percentage mentioned above.
Transmission electron microscope (TEM) observations
were performed on seven samples with a Philips CM 20 FEG
TEM operating at 200 kV, at the Bayerisches Geoinstitut,
Bayreuth, Germany. Samples for TEM analysis were selected
on the basis of petrographic inspection of quartz grains. Thin
sections were mounted on 3 mm wide copper grids and then
ion-thinned to electron transparency with a Gatan DUOMILL
600. Finally, thinned samples were coated with a thin layer of
carbon (∼30 Å thick) to prevent charge problems. To
determine the crystallographic orientation of planar
microstructures, their planes were oriented edge-on to the

electron beam and the Miller indices were inferred from the
corresponding electron diffraction patterns.
RESULTS
Petrographic Analysis of Shock Effects in Quartz
The study of shock effects using the petrographic
microscope provides basic information on the distribution of
shocked quartz grains within the impactites and the degree of
shock metamorphism. Quartz grains containing planar
microstructures were observed (with different abundances) in
units I, IIa, and IIc (Fig. 2 and Table 1). The texture of planar
microstructures, the number of individual sets in each grain,
and their dominant crystallographic orientations differ among
the units (Table 1 and Fig. 5). On the basis of their different
thicknesses and spacings, two types of planar microstructures
were distinguished: i) PFs and ii) a type of a finer planar
microstructure, which resembles PDFs. However, the strong
hydrothermal overprint on these samples precludes an
unequivocal optical identification of the latter using normal
petrographic microscopy. The quartz grains commonly
display undulatory extinction, but they rarely exhibit the
patchy extinction behavior known as mosaicism.
The most abundant type of planar microstructures (the
PFs) appear as planar to sub-planar parallel optical
discontinuities, occurring as one to four sets per grain. The
individual PFs are 1–3 µm wide and usually have an irregular
spacing of 4 to ∼30 µm, with 10–20 µm being the most
common (Fig. 3). Planar fractures in the (0001) plane are
slightly broader and better developed than those of other
orientations. The PFs are typically discontinuous and only
rarely extend throughout the whole grain, but are usually
connected to a grain boundary.
Some types of narrower planar microstructures have a
blurred appearance in the petrographic microscope and may
represent strongly annealed PDFs. These microstructures are
optically observed in only a few grains and appear as narrow
(<1 µm), closely spaced (2–4 µm), planar to sub-planar, and
parallel to sub-parallel optical discontinuities (Fig. 3, arrows).
They usually occur between PFs, constraining their length to
about 10–40 µm. They are either oriented normal to or
inclined at, ∼45° to the PFs. These planar microstructures
may also appear independently of PFs in small clusters within
quartz grains.
The crystallographic orientation of PFs was determined
for 100 quartz grains from 27 thin sections (Table 1). The PFs
exhibit three dominant orientations: (0001), { 1011 }, and
{ 1122 }, with low frequency parallel to { 1012 }, { 5161 },
{ 1121 }, and { 1120 } / { 1010 } (Fig. 4). Note the different
dominant orientations of PFs for the three units: the (0001)
plane is by far the dominant orientation in unit I, whereas the
{ 1122 } and { 1011 } become increasingly abundant in units
IIa and IIc, respectively (Fig. 5).
In the unit I sandstones PFs were, on average, observed
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Table 1. Summary of U-stage measurements. In the 54 thin sections that were found to contain shocked quartz, 173 sets
of PFs were observed and 141 sets were indexed, leaving 18% unindexed planes.

Unit IIc
Unit IIa
Unit I

Samples
containing PFs

General abundance of
shocked grains (%)

Grains
measured

PF sets
indexed

Unindexed
planes (%)

11
5
11

2–5
1–2
<1–5

30
13
57

47
19
75

28
27
9

Fig. 3. Photomicrograph of a shocked quartz grain from unit IIc (sample from 74.05 m) with well-developed, irregularly spaced (4–20 µm)
PFs (∼1 µm broad) parallel to (0001). Two sets of thin (<1 µm) and closely spaced (2–4 µm) PDFs terminate towards the PFs (arrows) (planepolarized light).

in less than 1% of the grains (Table 1), whereas at some levels
the abundance was up to 5% (e.g., in samples 105.00 m and
100.70 m). Some of the fracture planes, especially in grains
from the lower part of unit I (below sample 132.63 m), are
poorly developed and may resemble ordinary fractures or
tectonic Bˆhm lamellae. In unit IIa, the abundance of quartz
grains with PFs is about 1–2%. They seem to be more subtle
(or less pronounced) than those in unit I and unit IIc. Unit IIc
contains the highest abundance of quartz grains with PFs
(Table 1) and the most convincing mosaicism. These samples
show the highest number of PF sets per grain (up to four sets).
The PFs are also more pronounced and more closely spaced
(5–15 µm is common) within each set than in the rest of the
core, and this unit contains all the finer PDF-like
microstructures (Fig. 3). PDFs are, however, generally too
weakly developed for their orientations to be determined in
the U-stage.

grains. In addition to the planar microstructures, most of the
quartz grains investigated contain sub-grain boundaries. The
dislocation density within the sub-grains is low to moderate,
commonly less than 1.6 × 1012 m−2, though reaching 4.3 ×
1013 m−2 in one sample from unit IIa.
TEM observations revealed that almost all the core
samples investigated (74.05, 74.20, 74.60, 88.10, 100.70, and
145.35 m) contain quartz grains with planar microstructures,
except for the sample from the lower part of unit I (145.35 m).
Due to strong post-impact modification, it is difficult to
unequivocally determine the original nature of some features.
On a descriptive basis, three different types of planar
microstructures can be distinguished in the TEM: a) PFs—
relatively wide, planar to sub-planar microstructures parallel
to (0001); b) PDFs—narrow, planar to sub-planar
microstructures parallel to { 1010 } and { 1011 } ; c)
mechanical Brazil twins parallel to (0001) (Figs. 6–8).

Transmission Electron Microscope Investigations of
Planar Microstructures in Quartz

Planar Fractures (PFs)

A TEM characterization was carried out to further
characterize the planar microstructures in the shocked quartz

The PFs were only observed parallel to the (0001) plane
in TEM (Figs. 6 and 7). They are unevenly distributed
throughout the grains and are normally spaced >2–4 µm apart.
The thickness varies, not only among PFs but also along
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Fig. 4. a) Histogram showing the crystallographic orientations of PFs in 100 quartz grains (141 sets, 18% unindexed planes) from core 7329/
03-U-01. The planes have been indexed using a template containing known planar microstructure orientations (from Engelhardt and Bertsch
1969). b) Histogram showing the angles (binned at 2°) between the c-axis and the poles to PFs. This figure presents similar data as Fig. 4a,
but also includes the unindexed planes. Note that the analyzed samples represent allochthonous material that represents a mixture of quartz
grains recording different degrees of shock.

them, from ∼0.05 to 0.5 µm. The wider parts of the PFs are
filled with small (0.05–0.5 µm) quartz crystals (Figs. 6 and 7)
that grew in a characteristic comb-like texture perpendicular
to the fracture walls. These crystals are well-developed and
idiomorphic, suggesting that the lamellae were once void
space (Figs. 6 and 7) and later filled by secondary
crystallization of quartz.
Planar Deformation Features (PDFs)

The PDFs were observed parallel to the { 1010 } and
{ 1011 } planes (Figs. 6 and 7). They are very thin (0.05–0.2
µm) and much more closely spaced (0.6–1 µm) than the PFs.
In contrast to most parts of the PFs, the PDFs are always

closed features and represent thin lamellae (Figs. 6 and 7).
Both the { 1010 } and { 1011 } PDFs almost exclusively
terminate at or towards the PFs to form “ladder” structures
(Figs. 6 and 7).
It is known from shock experiments that fresh PDFs are
amorphous lamellae (Langenhorst 1994). However, the PDFs
observed in quartz grains from the Mjølnir core exhibit
various degree of recovery. Most PDFs are completely
recrystallized and appear to contain a large number of tiny
dislocation loops (Figs. 6 and 7). Residual glass is only rarely
observed within PDFs, e.g., in the { 1011 } PDFs shown in
Fig. 7. These observations of variable recovery are in accord
with a previous TEM study on shocked quartz grains from a
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Fig. 5. Histograms showing the crystallographic orientations of PFs in quartz grains from unit I, unit IIa, and unit IIc. In the latter, note the
higher abundance of PFs parallel to { 1011 } and { 1122 } than those in (0001). Numbers of indexed PF sets in unit I, unit IIa, and unit IIb are
75, 19, and 47, respectively (9, 27, and 28% unindexed measurements).

Fig. 6. Bright field micrograph (TEM) of quartz from unit I (PDF/PF) (100.70 m). a) Two sets of planar microstructures are shown. The partly
open (0001) PFs terminate the thin, sub-planar, and sub-parallel { 1010 } PFs. A corresponding diffraction pattern (inset) was used to index
the planar microstructures. b) Microquartz (Qz) that has crystallized along an open part of the PF.

core drilled outside the crater into the ejecta layer
(Langenhorst and Dypvik 1996).
Brazil Twins

Mechanical Brazil twins parallel to (0001) were observed
in quartz grains from units I and IIc. The twins are perfectly
straight, very thin and sharp deformation lamellae (Fig. 8)
bound by two closely spaced (15–70 nm) twin planes
containing partial dislocations. The twins are discontinuous
and vary in length from 0.4–60 µm. The density of twins and
hence the spacing between them differ considerably (from 70
to >1000 nm). Brazil twins commonly seem to appear isolated

from other types of planar microstructures. In only one grain
Brazil twins were found found to coexist with less
pronounced PFs and some very poorly developed PDFs.
Apart from a few 15–70 nanometer-size fluid inclusions, the
Brazil twins are not decorated, and therefore could not be seen
using the petrographic microscope.
DISCUSSION
The characteristic morphology of the Mjølnir crater
(Gudlaugsson 1993; Tsikalas 1998a, 1998b), the severely
deformed rocks seen in core 7329/03-U-01, and most

1370

P. T. Sandbakken et al.

Fig. 7. Bright field micrograph (TEM) of quartz from unit IIc (74.05 m) showing in (a) both open and closed PFs (0001), together with sets
of PDFs in the { 1011 } plane terminating at PFs. b) Enlarged part of (a) with en echelon PDFs (arrows) expressed as extremely thin, bent,
and subparallel closed features terminating towards an open (0001) PF in the lower part of the image.

Fig. 8. Bright field TEM micrograph of quartz from unit IIc (74.20 m) showing (a) perfectly planar Brazil twins with (b) very sharp boundaries
of the twin lamellae. The twin boundaries contain abundant partial dislocations.

importantly, the discovery of PFs and amorphous PDFs in
quartz grains from a possible ejecta layer in the nearby core
7430/10-U-01 (Dypvik et al. 1996; Langenhorst and Dypvik
1996) provide evidence for the impact origin of the Mjølnir
crater. Our observations of planar microstructures in quartz
grains from core 7329/03-U-01 confirm Mjølnir’s impact

origin, provide insight into the formation of planar
microstructures for an uncommon impact into water-saturated
submarine sediments, constrain (though with some
uncertainty) the shock pressures imposed on the target rocks
during impact, and help interpret the origin of the sediments
filling the crater.
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Fig. 9. Stratigraphic distribution of shocked quartz in samples from core 7329/03-U-01. The range of shock pressures shown is derived from
calibration of shock pressures in crystalline rocks by shock experiments (Grieve et al. 1996) and should be considered as approximate shock
pressures.

Development and Alteration of Planar Microstructures in
the Submarine Mjølnir Target Rocks
The knowledge of the development of planar
microstructures in quartz is mostly based on observations of
experimentally and naturally shocked quartz grains in
crystalline, compact, low-porosity targets (e.g., Grieve et al.
1996). The most important effect that the wet, porous target at
Mjølnir apparently had is the predominance of PFs over PDFs
in shocked quartz grains. This observation is typical of
shocked quartz grains from porous targets or, more generally,
of rocks with large impedance differences between
constituent phases (Grieve et al. 1996). The dominance of PFs
may be largely attributed to the great difference in the
compressibilities of pores and grains in loose sediments and

porous rocks, resulting in large shear stresses or tensional/
extensional forces that can be accommodated mainly by
fracturing of the grains.
Extensional or tensional forces come into play during
either the compression or rarefaction of shock waves (Carter
1968). Since PFs truncate PDFs in the fashion of “ladder”
structures (Figs. 6 and 7; see also Goltrant et al. 1992), the
fractures must have formed before PDFs, i.e., the PFs were
already produced during the compression phase and could
then be opened during shock release. Similar features in
quartz were observed at the optical scale by Short (1968) in a
granodiorite subjected to highly explosive shock-loading of
7.5–15 GPa, where parallel open fractures (probably PFs)
contained a second set of planar microstructures between
them oriented en echelon to the major trend.
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These en echelon configurations and the existence of
mechanical Brazil twins may also indicate that, besides pure
tensional/extensional forces, shear must also have played a
role in the formation of planar microstructures. The presence
of basal Brazil twins in the quartz grains is very common in
shock settings (Langenhorst and Deutsch 1998) and is known
to be favored by very high strain rates and high deviatory
stresses in excess of about 4 GPa (Goltrant et al. 1992). In
contrast to growth twins, the boundaries of mechanical Brazil
twins are decorated with partial dislocations. The formation
and movement of these partial dislocations is an inevitable
consequence of the twinning operation, leading to a very
rapid shear-induced slip on the (0001) plane (McLaren et al.
1967).
Another effect of the wet Mjølnir target environment on
planar microstructures is that shock features in quartz from
the Mjølnir core seem to be more altered than usually
observed in shocked quartz, complicating the detailed
interpretation of planar microstructures. For example, the
presence of comb-textured microquartz inside the PFs
suggests post-shock hydrothermal activity and growth of
secondary quartz.
Available information on PFs is rather limited for many
impact structures because the emphasis has been on the
investigation of PDFs where these are present (French 1998).
Still, PFs similar to those observed in quartz grains from the
Mjølnir core have been described and crystallographically
indexed from several impact structures (e.g., Bunch and
Cohen 1964; Bunch 1968; Bunch et al. 1968; Carter 1968;
Robertson et al. 1968; Engelhardt and Bertsch 1969; Offield
and Pohn 1979), nuclear and chemical explosion sites (Bunch
et al. 1968), as well as laboratory shock experiments (Hˆrz
1968; Robertson et al. 1968; Wolfe and Hˆrz 1970). The
distribution of crystallographic orientations of PFs in quartz
from the Mjølnir core is consistent with those seen in other
impact craters, with a common maximum for the planes
(0001) and { 1011 }, and less abundance parallel to { 1122 }
and { 1120 }/{ 1010 }, and rarely along { 5161 } and { 1121 }.
The PDFs are distinctly altered and seem to contain a
large number of tiny dislocation loops that strain the crystal
lattice in the vicinity of these defects (Fig. 6). The formation
of these dislocation loops is a consequence of the
recrystallization of originally amorphous lamellae (Grieve
et al. 1996; Langenhorst and Deutsch 1998). Similar
recrystallization phenomena were described from quartz
grains in granodiorite from the Sedan test site, Nevada, USA
(Cordier and Gratz 1995) and quartz grains from K/T
sections, where water assisted the annealing of the PDF
structures (Goltrant et al. 1992).
As known from shock experiments (Gratz 1984;
Langenhorst 1994) and observations in naturally shocked
quartz (Stˆffler and Langenhorst 1994; Leroux and Doukhan
1996; Langenhorst and Deutsch 1998), the free dislocations
and those observed in sub-grain walls are, however, not
related to the impact event. In general, quartz deforms only

plastically, and perfect dislocations are only mobile in
the presence of water-related defects. This phenomenon is the
so-called hydrolytic weakening effect (McLaren 1991). Water
diffusion is, however, too slow to occur within the
microsecond to second pulse of a shock wave. Therefore, the
dislocations scattered in the quartz grains likely formed
during an earlier tectonic phase (possibly during the
Paleozoic continent collisions), before deposition in the
paleo-Barents Sea.
Shock Stages and Stratigraphic Distribution of Shocked
Quartz Grains in Core 7329/03-U-01
Due to the complex behavior of shock waves in porous
sedimentary rocks (Kieffer 1969; Grieve et al. 1996) and the
scarcity of experimental data on sedimentary rocks, the
estimation of shock stages can only rely on the shock
classification of crystalline rocks (Stˆffler 1971; Stˆffler and
Langenhorst 1994; Grieve et al. 1996). Our classification is,
thus, based on experimental data obtained on single crystal
quartz (e.g. Hˆrz 1968; Langenhorst and Deutsch 1994) or
crystalline rocks (e.g. Short 1966, 1968; Borg 1972; Reimold
and Hˆrz 1986). We have to emphasize here that the
application of these data to shocked quartz from the Mjølnir
core is certainly subject to large uncertainties, but a general
distinction between different shock stages should still be
possible. The pressure estimates should be considered as
lower pressure limits due to the suppression of PDFs in
porous sedimentary rocks compared to crystalline rocks
(Grieve et al. 1996).
The above-mentioned experiments on compact materials
show that PFs start to develop in shock stage I (Stˆffler 1971),
i.e., at pressures of about 5 GPa—just above the Hugoniot
elastic limit (Stˆffler and Langenhorst 1994). At some larger
pressures (>10 GPa) within shock stage I, PFs become
accompanied by an increasing number of PDFs until at shock
stage II (>35 GPa) the quartz is completely converted into
diaplectic glass. Diaplectic glasses have not been observed in
any unit of the Mjølnir core, suggesting that shock stage I is
the highest degree of shock metamorphism recorded by these
rocks.
In detail, unit I (Fig. 9) contains few and only poorly
developed PFs or ordinary fractures in the lower part of the
succession (below 132.63 m). If these are shock-generated at
all, they most likely formed at pressures below or around
5 GPa (shock stage 0). Quartz grains from the upper part (at
100.70 m) of unit I contain relatively few PDFs, Brazil twins,
and moderately developed PFs, which may coexist at a
pressure of about 10 GPa (see Stˆffler and Langenhorst 1994;
Grieve et al. 1996). Therefore, studied material in the lower
part of unit I may have originated from a deeper, unshocked
level in the target than its upper part. More strongly shocked
ejecta fallback from the excavated zone could also be mixed
into the unit I crater-fill breccia, as it probably slumped into
the crater during several succeeding events.
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In unit IIa no Brazil twins were seen, but PFs and PDFs
are more abundant here than in unit I. The PDFs were not
observed in the form of “ladder” structures, in contrast to the
other two units, but rather appear as more continuous, widely
spaced planes. Some of this material has probably
experienced higher peak shock pressures (∼5–15 GPa) than
most of unit I.
Unit IIc is distinctly different from the rest of the core,
containing the highest abundance of shocked quartz grains (as
well as the best developed) and the highest density of PFs
within each grain. PDFs, as well as Brazil twins, were also
observed. These quartz grains may reflect a wider range of
pressures, even exceeding 20 GPa. This conclusion is also
supported by the fact that only unit IIc contains shocked
quartz grains with a distinct irregular extinction pattern,
pointing to the highest shock pressures in the core.
Altogether, the distribution of shock effects throughout
the core (Fig. 9), with lowest shock levels in most of the
allochthonous crater-fill breccia (unit I) and slightly higher
shocked material above (units IIa and IIc), is consistent with
observations at other craters, for example, at the Ries (Hˆrz
et al. 1983), where the rocks of highest shock degree (e.g.,
suevite) lie on top of the less shocked fragmental Bunte
breccia. Surprisingly, we have not observed true impact melt
breccias with melt particles or lumps that would indicate a
very high degree of shock metamorphism. We can only
speculate that these rocks were either never formed, that
drilling was suspended at too shallow depth to reach them, or
that they were removed by erosion. Geophysical
investigations have not yet provided evidence supporting the
presence of a significant impact melt sheet.
CONCLUSIONS
Our investigations show that planar fracturing rather than
the formation of PDFs is the predominant deformation
mechanism in the sediments and sedimentary rocks inside the
Mjølnir impact crater. This may be largely attributed to the
great difference in compressibilities of the pores and sand
grains, resulting in large shear stresses that have been
accommodated mainly by fracturing. This effect may lead to
an underestimation of shock pressures, because current shock
barometers are based on experimental calibration data for dry
compact quartz, which develops PFs predominantly at low
shock pressures. The different shock features indicate
possible formation pressures between 5 GPa and 20 GPa. The
samples from the lower part of the core typically show the
lowest pressures, whereas the uppermost part of the
succession displays the comparatively highest pressures, a
development comparable to that of the well-known impact
formations of the Ries crater in Germany.
The orientation of PFs in studied quartz grains varies
with the degree of shock. This conclusion is derived from the
observed coexistance of PFs with PDFs and Brazil twins, and
the relative appearance of PFs. The PFs orientations change
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from (0001) dominant, via (0001) and { 1122 } dominant, to
{ 1011 }, { 1122 }, and (0001) dominant in the higher pressure
regimes.
Besides showing the complexity of shock metamorphism
in sedimentary successions, the present investigation also
demonstrates the importance of applying TEM techniques
when investigating planar microstructures. An investigation
of these samples based solely on optical observations would
only positively identify PFs, and the shock pressure estimates
would be limited to 5–10 GPa, as opposed to the 20 GPa that
can be interpreted from the PDFs confirmed by TEM
analysis.
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