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1 Introduction

When a celestial body collides with Earth’s surface,
the kinetic energy will be instantly transferred to the
target rock through so-called shockwaves. These shock
waves exert extremely high pressures to the surround-
ing material. Maximum shock pressures can reach up
to over 100 GPa at the point of impact (Stoffler 1971).
Depending on the level of pressure the shock waves
exerts on the target material, different levels of defor-
mation will be recorded in the target material. The
level of deformation can range from complete melting
and evaporation closest to the point of impact, to mi-
croscopic alterations in the crystal structure of individ-
ual mineral grains.

This paper focuses specifically on microscopic
features formed upon impact. They are especially in-
teresting since several of these shock metamorphic
deformation features can only be found in rocks that
have been exposed to high-energy shock waves, which
are only produced naturally by impact events. There-
fore some of these features have been excessively
studied (Stoffler & Langenhorst 1993; Grieve et al.
1995), originally because they could be used as proof
of an actual impact event (Stoffler 1971). Some fea-
tures have later proven to be useful when determining
the level of shock pressure exerted at different areas
within an impact crater. The aim of this study is to
investigate the occurrence of shock metamorphic fea-
tures in K-feldspars from the Siljan impact structure,
Sweden.

Microscopic deformation features created by shock
metamorphism in feldspars have not been as closely
studied as those found in quartz. One reason for this is
that feldspars are more prone to weathering and sec-
ondary alteration, which make them less durable than
quartz. Another reason is that quartz is uniaxial whilst
feldspars are biaxial, which in a purely optical way,
makes quartz easier to study. Further, quartz and feld-
spars are usually found together in the target rock of
most studied impact craters, which is yet another rea-
son to why feldspars have been largely overlooked
when it comes to detailed studies of shock metamor-
phic features. A majority of the studies of shock fea-
tures in feldspars has been carried out as laboratory
experiments (Stoffler 1974; Robertson 1975; Ostertag
1983 etc.). Gaining better knowledge of the way feld-
spars respond to different shock pressures will be use-
ful when studying rocks with a low quartz concentra-
tion and especially when focusing on extraterrestrial
material since they are essentially devoid of quartz.
Further studies will ultimately be a valuable addition
to the already well-known spectra of shock defor-
mation features in quartz.

2 Crater formation

When a large body strikes Earth, the high energy colli-
sion will affect a large volume of rock in the impact
area. The surface material near the point of impact will

be highly deformed and dislocated by the immense
forces released upon impact. The collision between a
large body and an even larger target results in the for-
mation of an impact crater. Impact crater formation is
a fast and continuous process. The process begins at
the moment the projectile reaches the target surface
and ends, according to Melosh (1989), “when things
stop falling”. The tremendous amounts of energy re-
leased when a large body collides with an even larger
target generate a complex assemblage of intermingling
forces resulting in extensive physical alterations of the
target and often complete destruction of the projectile.

2.1 Crater forming processes

The types of impact craters that will be discussed in
this chapter are those formed during collision with a
high-velocity projectile. These impact craters are
called hypervelocity impact craters, and should not be
confused with structures formed by smaller projectiles.
The behaviour of bodies travelling through the Earth’s
atmosphere varies depending essentially on the size
and constitution of the body (French 1998). A body of
a few meters or smaller, will not survive the forces
exerted by the atmosphere and will subsequently break
up and lose most of its original velocity. Upon impact
a smaller projectile will rarely travel faster than a few
meters per second (French 1998). These kinds of im-
pacts normally form relatively shallow depressions
with a diameter rarely exceeding the width of the orig-
inal impactor, which can often be found intact at the
bottom of the cavity (French 1998). On the contrary, a
more massive body, normally larger than 20m can, if
sufficiently coherent, survive the traverse through the
atmosphere without loosing much of its original speed.
Consequently, a large solid body will strike the target
surface with velocities exceeding 11km/s, resulting in
the formation of a hyper-velocity impact crater
(French 1998).

The formation of a crater begins almost instantane-
ously at the moment of collision (French & Koeberl
2010). The kinetic energy of the striking projectile is
transferred into the target rock whereupon transient
high-energy shockwaves are generated (French &
Koeberl 2010). These shockwaves will radiate in an
elliptical path from the point of impact through the
target rock with extremely high velocities, some times
up to 10km/s (French 1989). The wave’s amplitude
will decrease as it reaches further away from the point
of impact, degrading into a stress wave, (Fig. 1;
Melosh 1989) and finally transforming into a seismic
wave (French & Koeberl 2010). When the shockwaves
extend to the surface of the target rock, large amounts
of material will be launched from its original position
(French 1998), and is later deposited either back into
the crater as crater-fill breccias or as ejecta-debris at
various distances from the crater (French & Koeberl
2010). Although the immediate formation of hyper-
velocity impact craters is a continuous and extremely
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Fig. 1. Peak pressure- and deformation zones in target rock. Figure illustrating processes active during contact/compression
stage. Peak shock pressures are indicated by pressure isobars in the left-hand side of the figure. The right-hand side shows defor-
mation zones within the target rock. The area closest to the point of impact consists of melted and vaporized material. Further
out at shock pressures <50 GPa the shock metamorphism zone is found. Within this zone most shock-features are created. Fur-
ther out from the point of impact fractures and brecciated rocks are created. It is important to note that this is not the final stage

of the cratering process and the distribution of shock metamorphosed material will not remain in their original positions at the
end of the excavation stage. The dashed arrows indicate general paths for material movement during excavation where a large
part of the shocked target rock will be mixed and displaced. Figure modified from French 1998.

rapid process, the formation process is often split into
three stages (French 1998).

These stages called; Contact/compression, exca-
vation and modification, separate the different physi-
cal processes involved in the cratering process (Gault
et al.1968).

Below follows a short description the three stages of

crater formation. For an illustrated summary of the
crater formation process, see Fig. 2.

2.1.1 Contact/compression stage:

The contact/compression stage only lasts for a very
brief period, just a little more than a second for the
largest impacts (Melosh 1989). This primary stage is
initiated at the moment the striking body comes in
contact with the target surface and ends at the moment
the projectile is completely unloaded.

The dominating processes involved in this stage
are; the expansion of shockwaves, followed by the
release- or rarefaction waves.

As the incoming projectile reach the target surface,
the target material will be accelerated while the strik-
ing body will be decelerated (Melosh 1989). Given the
target is composed of solid rock, the striking body will
only penetrate about 1-2 times its own diameter into

the target (French 1998).

The great difference in velocity between the two
bodies will give rise to a system of shock waves.
These shock waves form at the boundary between
compressed and uncompressed material (Melosh
1989), and work to transfer the kinetic energy of the
projectile into the target rock (Gault et al. 1968).

Two separate shock wave fronts, generated at the
point of impact, will be travelling in nearly opposite
directions (Melosh 1989). Firstly one front will propa-
gate into the target rock in a crescent shaped path
(Fig.1,2), secondly another wave front will travel up
the projectile itself (Gault et al. 1968). The shock-
waves that were directed down into the ground will
compress the material at extremely high pressure in
the area closest to the contact point, normally leading
to melting and/or vaporization of the target material
(French 1998). The properties and nature of the com-
pressive shock wave are originally relatively simple.
However while advancing through a heterogeneous
target rock, the shock wave will be extensively altered,
becoming increasingly more complex and distorted
(Rinehart 1968).

As it radiates through target material the speed and
energy of the shock wave will be drastically reduced.
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Fig. 2. Formation of a simple impact structure. The illustration summarizes the three stages of
the crater forming process. From French 1998.



The energy loss is partly due to the dilution of the en-
ergy density when the wave spreads out over an in-
creasingly larger volume (Gault et al.1968). Energy is
also transferred to the target rock through acceleration,
heating and deformation (French 1998).

Since the pressure exerted on the target rock is
decreased with increasing distance from the impact
point, the area surrounding the point of impact will
consist of elliptical zones with varying peak pressure
levels, ranging from >100 GPa near the initial point of
impact to <2 GPa at the crater rim area (Fig. 1; French
1998)

The compressive wave front that moved up the
length of the projectile, subjecting the projectile mate-
rial to extremely high pressure (Melosh 1989), will
eventually reach the back end of the projectile. Upon
reaching the free surface at the very back of the body
the compression front will be replaced by a release- or
rarefaction wave. This rarefaction wave moves in the
opposite direction of the initial shock wave front
(Gault et al. 1968). Passing through the recently com-
pressed material of the projectile the rarefaction wave
will decompress the highly shocked material, which
will ultimately lead to the complete melting and/or
vaporization of the entire projectile (Melosh 1989;
French 1998).

When reaching the surface of the target rock, the
release wave continues in the path of the original
downwards-moving shock front, continuing to release
the target rock. The contact/compression stage is con-
sidered to end at the moment the release wave reaches
the surface of the target rock and the projectile is com-
pletely unloaded (Melosh 1989).

2.1.2 Excavation stage

During the excavation stage the target material within
the affected area is ejected from the crater due to the
combined forces of shock- and release waves (Gault et
al.1968). The transportation of material from the crater
area is the process responsible of forming the charac-
teristic depression connected to impact structures.

The excavation stage is initialized upon the arrival
of the rarefaction wave from the projectile to the origi-
nal contact point. At this time the projectile is com-
pletely unloaded, and does no longer play any part in
the crater forming process (French 1998).

Upon entering the target rock, the rarefaction wave
will continue to release the compressed material as it
enters the target rock, leading to melting and vaporiza-
tion of the areas exposed to the highest amount of
pressure (French & Koeberl 2010).

Additional release waves will be generated as up-
wards-directed shock waves encounter the ground sur-
face of the target rock (Melosh 1989). These rarefac-
tion waves have a downward direction and will vapor-
ize, melt, break or distort the target rock as they pass
(Melosh 1989). The level of deformation the target
rock will experience depends on what degree of shock
compression the material was initially exposed to (Fig.
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3; French 1998).

The excavation stage is mainly driven by two dom-
inating processes; the expansion of shock waves and
the excavation flow (Melosh 1989). Excavation flow
refers to the transport of material that is initiated dur-
ing this stage. The movement is driven by kinetic ener-
gy that is released when the rarefaction waves unload
the target material. The kinetic energy drives large
amounts of target rock outwards and upwards from the
impact zone. Ultimately, the excavation flow is the
mechanism that physically digs out the crater (Melosh
1989).

2.1.3 Modification stage

This final phase of the crater formation begins as the
excavation flow ceases and the newly formed crater
has reached its maximum diameter (Melosh 1989). In
crater modeling there is a supposed stage of balance at
the moment when the shock- and release waves no
longer affect the crater area, right before the modifica-
tion stage begins (French 1998).

The modification stage of the crater formation pro-
cess is driven by natural geological mechanisms like
gravity and rock mechanisms (French 1989). The
modification stage is most prominent during the mo-
ments closely following the end of the previous exca-
vation stage (Melosh 1989).

The gravitational forces and rock mechanics cause
collapsing of crater walls and material flow down the
sides of the crater (Melosh 1989).

There is no definite way to determine when the modi-
fication stage ends and normal geological processes
begins (French 1989).

The morphology of the final impact crater depends
largely on the constitution and composition of the tar-
get rock as well as the size, velocity and composition
of the impactor. Angle of impact and gravitational
circumstances also play a role in shaping the impact
crater. There are several different variations of impact
structures, such as; simple-, complex and multi-ring-
craters.

3 Shock metamorphism of rocks
and minerals

In the early 1960’s an earlier unknown form of rock
deformation, connected exclusively to impact sites,
was discovered. This type of deformation was found to
be generated by the high-pressure shock waves con-
nected to impact events and came to be called shock-
or impact metamorphism (Stoffler 1971).

Shock metamorphic features are the result of the
fact that the physical properties of rock material that is
introduced to shockwaves with amplitudes exceeding
the target rock's dynamic elastic limit, Hugoniot elastic
limit. The elastic limit will change upon release from
the highly elevated pressure- and temperature levels
(Stoffler 1971).
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The total range of shock pressure wherein permanent
shock effects can be induced in a mineral is deter-
mined by the mineral's individual elastic limit and its
specific melting point. For quartz the pressure range is
between 5 GPa to >50 GPa (Stoffler & Langenhorst
1993).

The highly rapid passage of the shock- and release
wave, generate extremely high strain rates, transient
stress conditions and temperatures that cannot be pro-
duced during normal geological processes. (French
1998).

As a shock wave spreads through the target rock it
loses energy. The peak pressure levels exerted on the
rock material will therefore lessen further from the
point of impact. For this reason the target rock within
an impact crater will experience different energy levels
and subsequently, different levels of deformation. The
area around the point of impact can be divided into
zones of different peak shock pressures, (Fig. 1).

Through field studies and laboratory experiments,
variations within some deformation features have been
connected to different levels of peak pressure (Fig. 3).
for a plot of common shock deformation features con-
nected to different levels of peak pressure.
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3.1 Impactites

The term impactite will in this paper will be used the
same way as in French 1998. Impactite refers to “all
rocks affected- or produced by, the shock waves and
other processes generated by hypervelocity meteorite
impact events” (French 1998).

Because of the many different forces and mechanisms
acting, to different extent, on a large volume of ho-
mogenous material, the final products of an impact
will be highly variable. The physical characteristics of
an impactite will differ depending on several variables
such as original lithology of the target rock, and
amount of pressure and temperature exerted on the
rock material. The different types of impactites will
form at varying locations and during different stages
throughout the crater formation process. The final dis-
tribution of various impactites is determines by the
mechanisms of the excavation flow and subsequent
modification (French 1998).

Impactites can be found inside (allogenic), around
(ejecta) or under (parautochthonous), an impact crater.
The allogenic rocks that can be found inside the crater,
and as ejecta outside the crater rim, are usually com-
posed of breccias and melts. Breccias found inside the
crater are usually complex collections of rock frag-
ments from various locations, with a largely varying



shock pressure history. The parautochthonous rocks
found underneath the crater floor are usually more or
less intact. Shatter cones and other shock metamorphic
features are typical features of these rocks (French
1998).

3.2 Shock metamorphic features
Traces of an impact can be found as a collection of
shock metamorphic features. The characteristics of
these features are determined by pressure level and
post shock temperature exerted on the specific mineral
in which the features were produced (French 1998).
Many of these deformation features, although formed
under extreme conditions are very similar to structures
formed during ‘normal’ geological processes and can
therefore not be used as proof of an impact event
(French & Koeberl 2010). However there are features
that have been found to form exclusively in connection
to high-pressure shock waves, making them unequivo-
cal proof of impact (Stoffler 1971).

Shock metamorphic features vary in form and size,
and can be found on both microscopic- as well as
megascopic scales (French 1998).

3.3 Megascopic features

Megascopic features are those that can be seen by the
naked eye. There is only one type of megascopic fea-
ture formed by the passage of shock waves, which can
be considered a sure proof of impact. These features
are called shatter cones (French & Koeberl 2010).

3.3.1 Shatter cones

In addition to being the single megascopic, impact
diagnostic, shock deformation feature, shatter cones
are also the only shock diagnostic feature that can be
formed by pressures as low as 2 GPa.

Shatter cones are made up of several sets of
curved, striations penetrating the target rock, creating a
cone-like pattern (Fig.4; French 1998). The size of a
separate cone can vary from millimetre- to meter scale
(French 1998). Shatter cones were the first types of
shock features proposed as a diagnostic criterion to
impact structures and still play an important role in
identifying new impact structures (French & Koeberl
2010). Since shatter cones form at a fairly large inter-
val of shock pressure, approximately 2 GPa to 30 GPa,
they can be found throughout a large volume of the
target rock (French 1998). Shatter cones are probably
formed as a direct result of the passing shock wave
(French & Koeberl 2010), however the exact mecha-
nisms behind the formation of shatter cones are not yet
completely understood (French 1998).

Shatter cones can be found in several types of
rocks and their morphology varies with different types
of host rocks (French 1998).

3.4 Microscopic features
On a microscopic scale, traces of impacts can be found
as a collection of microscopic deformation features.
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Centimeters

Fig. 4. Shatter Cone. Medium sized shatter cones in lime-
stone. Distinct striations diverging from individual cone

Shock effects that can be seen in a petrographic micro-
scope comes in forms of; selective mineral melting,
diapeltic glasses, mosaicism, and a collection of mi-
croscopic deformation features such as planar micro-
structures.

3.4.1 Planar structures

Planar structures is a collective term referring to planar
fractures and planar deformation features, PDFs, creat-
ed by shock waves. They form as a result of partial,
localized deformation of the host mineral. Classifica-
tion of planar structure is mainly based on shock fea-
tures in quartz (Stoffler 1971; Grieve & Stoffler 2007).
Planar structures are generally formed at shock pres-
sures ranging between >7 Gpa to 35 GPa, with PDFs
forming at about 10-35 GPa (Stoffler 1971).

3.4.2 Planar fractures (~5-8 GPa)

Planar fracturing is a plastic deformation feature that
has been observed in several types of shocked miner-
als (stoffler 1971). They can be seen as “more or less
irregular sets of parallel fractures” (Stoffler 1971).
Planar fractures usually have a relatively wide spacing,
often more than 20mm (Fig. 5; Stoffler 1971; Stoffler
& Langenhorst 1993) Planar fractures are formed at
shock pressures ranging from approximately 5-8 GPa
(French 1998). These features are possibly formed by
plastic and elastic shock and can therefore not be used
as sure proof of an impact event, even though they are
often found accompanied by unambiguous shock fea-
tures (Stoftler 1971).



Fig. 5. Planar fractures, PF. Planar fractures in quartz
grain. From French & Koeberl 2010.

3.4.3 Planar deformation features (~10-35
GPa)

Planar deformation features, or PDFs, are one of
the shock metamorphic features that are exclu-
sively formed by the passing of high-energy
shock waves. The uniqueness, frequent occur-
rence and easily recognizable nature of PDFs
have made them the most popular shock effect
used when identifying new impact structures
(French & Koeberl 2010). PDFs have been ob-
served in most important rock forming minerals
such as quartz, feldspars pyroxenes and amphi-
boles (French 1998). However, PDFs formed in
quartz have been studied to a much higher extent
and in greater detail than in any other mineral.
The reason for this is partly that the crystal struc-
ture in quartz is less complicated than those of
feldspars and amphiboles. Further, most studies
on shocked rocks has been carried out on solid
crystalline rock, which normally has a high oc-
currence of quartz, which in turn offers a quicker
and simpler way to determining an impact origin
(French 1998). Quartz is also a generally more
durable mineral, less prone to weathering and
associated secondary alteration, making it more
accessible for petrographic studies.

PDFs tend to form along specific planes
within the crystal lattice, by measuring the orien-
tation of the PDFs it is possible to tell the true
PDFs apart from other planar features (French
1998). In quartz, PDFs come in narrowly spaced
groups, or sets. PDFs in quartz are classified into
two types; fresh and decorated. The latter one is
formed by thermal annealing, which leaves the
PDFs hosting gas inclusions, or bubbles.

In this study similar structures found in feld-
spars will also be referred to as PDFs.

3.4.4 Deformation bands

Deformation bands were described by Stoffler
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(1971) as; “Any lamellar-shaped region in a crys-
tal whose orientation differs from that of the
crystal”. According to the definition of Carter et
al. 1964, the formation of deformation bands are
the result of lattice gilding during plastic defor-
mation. Given this definition, mechanical twins
and kink bands are both classified as deformation
bands.

3.4.5 High-pressure mineral polymorphs
(~10-15 GPa)

Mineral polymorphs such as coesite and dia-
monds are normally produced from endogenic
processes, deep within the Earth (>60km depth).
They can however also form in near-surface
rocks during impact events. During impacts,
quartz can begin to morph into coesite at shock
pressures just exceeding 2 GPa, and to stitshovite
at around 10-15GPa. Interestingly enough, during
normal geological deformation in the earths
crust, quartz requires only half the pressure to
convert into stitshovite (>12-15 GPa) than it does
to turn into coesite (>30 GPa) (French 1998).

3.4.6 Shock mosaicism

Shock mosaicism is an optical phenomena ex-
pressed as a generally chaotic extinction under a
petrographic microscope. Shock mosaicism is
caused by disorientation of the minerals crystal
structure. This feature is not diagnostic since
weaker forms of mosaicism can be produced by
normal geological processes (Grieve & Stoffler
2007).

3.4.7 Diapletic glass (~35-45 GPa)

Diapletic glasses most commonly forms from
feldspars or quartz as a result of shock pressures
exceeding 30 GPa (30-50 GPa) (French &
Koeberl 2010). It is an amorphous crystal phase
produced directly by the shock wave, without
preceding melting of the mineral (French & Ko-
berl 2010). Since there is no melting or flowing
involved, diapletic glasses normally have most of
the original minerals fabric and textures intact.
Diapletic glasses formed from quartz and feld-
spars can be recognized in a petrographic micro-
scope through their isotropic nature (French
1998)

3.4.8 Selective mineral melting(~35-45 GPa)

Selective mineral melting can often found in
close connection to the formation of diapletic
glasses, at the top end of the pressure range for
diapletic glass formation, approximately 45-50
GPa (French 1998).

Post-shock temperatures can reach up to well



over 1000°C which is above the melting point of many
common minerals. Minerals within the target rock will
respond to the shock pressure individually. Depending
to a minerals specific compressibility the post shock
temperature will alter from mineral to mineral, if the
temperature exceeds the one mineral’s melting point
that mineral will immediately melt. This individual
melting creates an unusual texture made up of melted
minerals next to non-melted ones.

4 Material & methods

This study is based on three samples of target rock
collected from different locations in the Siljan area.
The samples were prepared to thin sections and then
studied with a polarization microscope.

The focus of the study was to examine the general
appearance of the k-feldspars, potential occurrence of
shock deformation features and possible variations
between the different samples. The samples are de-
rived from areas within different peak pressure zones.
The shock zonation for the individual samples have
previously been established by Holm et al. 2011, based
on PDFs in Quartz.

4.1 Geological setting

The approximately 52km wide Siljan impact structure
is located in South-central Sweden. The structure can
be found at the border where the felsic intrusive
Transcandian Igneous Belt meets older Svecofennian
rocks (Hogdahl et al.2004). The central area mainly
consists of Dala-granites, however some mafic intru-
sive, extrusive magmatic and sedimentary rocks can
also be found within this area, for information of re-
gional geology of the Siljan area, the reader is referred
to; (Kresten & Aaro 1987), and (Hjelmqvist 1966).
The structure itself is heavily eroded which has lead to
the exposure of formerly deep-seated levels originally
located below the crater floor (Holm et al. 2011). The
structure has been dated to 377+ 2Ma (Reimond et al.
2005). For more detailed information about the geo-
logical setting of the Siljan impact structure the reader
is directed to the publication by Holm et al. 2011.

5 Results

Several microscopic deformation features were ob-
served in the studied samples. The majority of the de-
formation features were found in sample 66, the sam-
ple from the zone with the highest estimated pressure
range. Sample 51 was highly altered and no defor-
mation features could be positively identified.

The occurrences of shock metamorphic features in the
studied samples are summarized in Table. 1.

5.1 Description of samples

All the samples are composed of Jérna granite (Holm
et al 2011). Sample 21 is derived from an area very
close to where the Jarna granite meets the Siljan gran-
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ite (Kersten & Aaro 1987, Kresten et al. 1991), which
means that some variations in lithology not apparent
on the bedrock map (Kersten & Aaro 1987, Kersten et
al. 1991) is possible. All three samples contain varying
concentrations of the following minerals; k-feldspars,
plagioclase, quartz, biotite, hornblende, titanite and
opaques. A more detailed description of the studies
samples follows below.

5.1.1 Sample 66

Estimated pressure for this sample range between 15-
20 GPa (Holm et al. 2011). The sample has a generally
high concentration of feldspars. Approximately 85-
90% of the grains are feldspars and a majority of those
are k-feldspars. The level of alteration varies from
grain to grain, most plagioclase grains are highly al-
tered and can be easily recognized by their brownish
colour in uncrossed polarized light. Grain sizes vary
within the sample.

All quartz grains observed in the sample hosted PDFs.
The frequency of shock features within the k-feldspars
in this sample has been estimated to 90-100%, though
secondary alteration of the grain surfaces obstruct cor-
rect estimation.

5.1.2 Sample 21

Estimated pressure for this sample range between 10-
15 GPa (Holm et al. 2011). The minerals in this sam-
ple are affected by alteration, but in general to a lesser
extent than in sample 66. The thin section from sample
21 contains a much higher percentage of quartz than
sample 66 and most grains are in general much larger.
The k-feldspars are especially large and relatively few
in number, together the three largest k-feldspar grains
make up approximately 25% of the entire thin section.
In comparison the largest k-feldspar grain observed in
sample 66 approximately takes up a mere 5% of the
total surface.

5.1.3 Sample 51

Estimated pressure for this sample range between 10-
15 GPa (Holm et al. 2011). This sample is highly al-
tered to the extent that observation of any planar fea-
tures has been extremely difficult. The surface of the
feldspars is generally very dark brown. The original
twinning within the k-feldspars has been deformed,
making it hard to tell twin-features from possible
shock features. Grain sizes and mineral distribution
appears to be similar to that of sample 66.

5.2 Description of microscopic defor-
mation features observed

5.2.1 Deformation bands

Deformation bands have been observed in various
places throughout the thin section from sample 66.
They appear as relatively broad, white, band that can
be seen in both crossed— and uncrossed polarized light



Fig. 6. Microscopic shock deformation features in k-feldspar grain. Photomicrograph uncrossed polarizers. 100X
magnification. A. Deformation bands. B. Ladder texture. C. Long deformation features D. Planar deformation
features, PDFs. E. Alteration along the planes of orignal twinning.

(Fig. 6,7,8,9). Most observed deformation bands
are slightly crooked, although some almost en-
tirely straight “sets” has been observed. These
straight sets of deformation bands are generally
shorter and thinner than the curved type.

The deformation bands normally occur to-
gether, usually no less than 4 bands per “set”.
Within the sets the width of the bands vary be-
tween approximately 10-20 um, and spacing
between lines: 1-30 pm. The length of the bands
ranges from 100 up to approximately 700pm.
The more curved type of deformation bands fit
the description of deformation bands given by
Bunch 1968; “The deformation bands are narrow
and tends to pinch out”.

5.2.2 Planar deformation features, PDFs

The features referred to as PDFs in this study are
similar to PDFs found in Quartz in the way of
being very thin, short and closely spaced lines
that occur in sets of varying direction (Fig 6,9).
The PDFs found in sample 66 and 12 appear to
have brownish colour, this could be a result of
secondary alteration (French 1998).

The PDFs are often accompanied by the
“long planar microstructures” which is a very
common feature in this sample.

15

5.2.3 Ladder texture

A ladder texture is created through the combina-
tion of PDFs together with deformation bands or
original twinning (French 1998). The thinner,
more closely spaced lines of the PDFs positioned
in between two thicker, more widely spaced de-
formation bands or twinning at right angles to
each other, this create a features that resembles a
ladder (Fig.6). In this study both twinning and
deformation bands have been observed to create
ladder textures. In most places the PDFs have
been replaced by the feature referred to in this
study as long deformation features, LDFs (Fig. 6,
8).

5.2.4 Long deformation features, LDFs

Features much similar to the PDFs in regard to
spacing and width. LDFs are the most frequently
observed feature in sample 66. They occur
roughly in about 70 percent of the k-feldspars.
The most obvious difference between these fea-
tures and the PDFs are that they are much longer
than the PDFs, often stretching over the length of
an entire grain. The direction is normally con-
stant within a grain, though some variations have
been observed .

LDFs can be considered to come in sets of



internally more narrow spacing, yet all separate sets
normally share the same direction within a grain. The
banding can be somewhat wavy, in addition to discrete
changes in direction, the features can give a rather
chaotic impression. Individual lines are often abruptly
terminated, only to be replaced by another line in very
close connection. These features can be seen in both
crossed— and uncrossed polarized light. The LDFs do
not seem to be affected by the original twinning in any
way. Features occurring in the same direction as the
original twinning has been disregarded in this study.

5.2.5 Planar fractures

Described by Grieve & Stoffler 2007 as multiple sets
of planar fissures parallel to rational crystallographic
planes.

The structures observed in this sample appear to be
somewhat brighter than other features observed in the
same grain. The fractures observed do not come in sets
(sets meaning multiple groups of tightly spaced lines),
but rather as individual parallel lines occurring
throughout the entire grain (Fig. 8). The spacing varies
through the grain; typical spacing ranges between 50-
100 um. The fractures typically occur perpendicular to
the LSTS or PDFs. The length of the fractures ranges
somewhere between 100-150um, the width rarely ex-
ceed 10 um. These features are not very abundant but
have been observed in a number of grains.

5.2.6 V-Texture

No earlier references or analogues to this feature have
been found in earlier publicized studies. This features
which, in this study, will be referred to as “V-texture”
is composed of thin dark and light streaks, very much
resembling short deformation bands. The spacing and
thickness of the lines can vary within an individual “v-
feature”. The size of a single v-feature varies largely
from as small as 15um up to 500pum. The V-shape is
constructed of streaks trending in different directions,
terminating as they join at the apex of the “V” (Fig 7).
The spacing between the streaks varies between
around 15-20pm and the width of individual streaks
are usually 10pum.

Sample 66 Sample 21 Sample 51
Estimated pressure range 15-20 GPa 10-15 GPa 10-15 GPa
Shocked feldspars X X X
Percent shocked feldspar ~90-100% ~50- 60% Not observed

(or less)

Deformation bands X Not observed Not observed
Planar fractures X Not observed Not observed
LDFs X X Not observed
PDFs X X Not observed
Ladder-texture X Not observed Not observed
V-texture X Not observed Not observed

Tabel. 1. Summary of microscopic deformation features observed in samples. Estimated pressure range for each sample, features

observed in individual sample, percent of shocked feldspar in each sample.
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Fig. 7. V-texture and crossed deformation bands. Photomicrographs from sample 66. A. V-textures visible espe-
cially in the centre of the grain, very large ~ 500pm long features can be seen at the right side of the picture. 100X
magnification (uncrossed polars). B. V-textures can be observed at the right side of the picture 100X magnifica-
tion (uncrossed polars). C. Long deformation bands trending NE/SW and NW/SE crossing with apexes pointing
north. 100X magnification (uncrossed polars). D. Showing picture C taken with cross-polarized light. E. V-
texture can be seen in the grain centre, apexes pointing ENE. 100X magnification (uncrossed polars). F. Faint V-
textures can appears throughout the grain, apexes pointing North. 100X magnification (uncrossed polars).
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Fig. 8. Long deformation features, LDFs. Photomicrographs of k-feldspars from sample 66, 100X magnification uncrossed po-
lars. A. Very thin LDFs can be seen trending E/W stretching throughout the grain. B. LDFs Can be seen trending NW/SE, prom-
inent in the left side of the picture. Thickness varies throughout the grain, compare the lower right side to central parts. Features
very much resemble thin deformation bands. Short, narrow banding, possible PDFs, can be seen trending WNWY/ESE, just above
the fracture in the lower part of the picture. C. Slightly curved LDFs. Can be seen trending E/W in the centre of the image. Just
like in B, the banding varies in thickness looks very similar o deformation bands. The light features trending NE are most possi-
bly twin-related. In the lowest part of the picture NW trending very thin banding can also be seen, possible PDFs. D. Long de-
formation features trending NE/SW throughout the grain. Also thin, slightly curved deformation bands trending E/W can be
seen at the centre and lower part of the picture. E. Long deformation features trending E/W, “transforming” into clear defor-
mation bands in the lower part of the picture. PDFs, trending NE/SW in the lower left corner. Deformation bands trending N/S
on left hand side of picture, creating a ladder structure in combination with the LDFs. See Fig. 6. for larger image. F. LDFs
trending NE/SW, possible planar fractures, PFs, trending almost N/S.
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Fig. 9. Planar deformation features, PDFs. Photomicrographs of k-feldspars from sample 66. A. At least two sets of possible
PDFs, trending N/S and E/W. 100X magnification (uncrossed polars). From sample 21. B. Set of possible PDFs trending WNW/
ESE. 200X magnification (uncrossed polars). From sample 66. C. Trending NE/SW, SE/NW, NEN/SWS are three sets of possi-
ble PDFs in k-feldspar from sample 21. 100X magnification (uncrossed polars). D. Same grain as shown in figure B, taken with
crossed polars, 200X magnification. From sample 66. E. K-feldspar with multiple isolated sets of PDFs with slightly diverging
direction. Deformation bands trending NW/SE cab be seen at the right side of the picture. From sample 66 (uncrossed polars). F.
Possible PDFs can be seen at the right side of the image, trending NW/SE, long deformation features can also be seen trending
S/E in the lower part of the image. 100X magnification (uncrossed polars).
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Fig. 10. Deformation bands. Photomicrograph of k-feldspars from sample 66. 100X magnification. A. Very thick deformation
bands trending E/W, pinched out at the ends (uncrossed polars). B. Same features as in A, original twinning can be seen trending
NWY/SE (crossed polars). C. Thinner type, slightly curved deformation bands trending E/W (Crossed polars). D. Same features
as shown in C, rotated ~45°, deformation bands can be seen to extinguish (crossed polars). E. Thin deformation bands can be
seen trending E/W (uncrossed polars). F. Deformation bands trending E/W, the deformation bands are terminated abruptly in

connection to the light areas in the centre of the picture. Light areas appear to be connected to original twinning. (uncrossed
polars).
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6 Discussion

From studying the three samples from Siljan impact
crater it is clear that sample 66, which has been ex-
posed to a higher level shock pressure (15-20 GPa)
hosts a much larger number, and a greater diversity of
deformation features than sample 21 from the lower
shock level (10-15 GPa). Since this study only covers
three samples from the different shock levels the pos-
sibility that this difference might have been a coinci-
dence can not be disregarded. There are also some
variations in grain sizes of the granitic rock in sample
21 and 66, which could in some way be a contributing
factor to the difference in number of deformation fea-
tures observed. Sample 51 were unfortunately too
affected by secondary alteration to offer any possibil-
ity to observe any deformation features.

A challenging part of the study has been to identify
the different features observed in the samples. Earlier
publications of studies with focus on microscopic de-
formation features in k-feldspars are scarce, which
limits the possibility to compare observed features
with earlier findings. In this study the term “long de-
formation features” and “V-texture”, have been used to
refer to features for which no satisfying description
from earlier publications have been available.

The features referred to as “long deformation fea-
tures, LDFs” have many similarities to both PDFs and
some of the variations of deformation bands observed
in this study. Especially the thicker type of LDFs are
similar to the thinnest type of deformation bands and it
is possible that LDFs, or at least some of the features
referred to as LDFs could be variations of deformation
bands. It should also be noted that LDFs often occur
together with obvious deformation bands. However,
the LDFs have not been observed to extinguish or be
affected by the original twinning, which is not the case
for the deformation bands (Fig. 10; B,D,F).

There is also another uncertainty regarding the
deformation bands. The large variation in width and
general appearance might suggest that there might be
two different types of deformation bands, they might
even be considered as two separate features.

To be able to determine shock pressure regimes in
a target rock, based solely on microscopic shock fea-
tures in feldspars, further detailed studies are neces-
sary. The focus of these studies could include compari-
sons between shock-induced microscopic features in
feldspars and features created by tectonic deformation,
similar to the study based on quartz made by Vernooij
& Langenhorst (2005).

Further, studies of shock features in different types
of feldspars, such as the experimental study carried out
by Ostertag (1983), would broaden the field of appli-
cation and advance the accuracy of future interpreta-
tions. However without a detailed classification of
microscopic deformation features in feldspars the use
of information from experimental studies will be ag-
gravated by the sheer lack of common applicable ter-
minology. A description of some deformation features
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can be found in Stoffler 1971, where planar fractures,
mosaicism, deformation bands and planar elements are
introduced. However the description refers to features
found in a number of common rock forming minerals
and not specifically feldspars.

A more specified, feldspar-orientated, study would
be useful to create a satisfying and applicable classifi-
cation of microscopic shock deformation features cre-
ated in feldspars.

7 Conclusions

1. Microscopic shock metamorphic features have
been observed in k-feldspars from Siljan impact struc-
ture.

2. A larger frequency and diversity of shock features
was found in the sample assigned to shock pressure
levels ranging from 15-20 GPa than was observed in
the sample with shock pressures ranging from 10-15
GPa.

3. Some of the features observed in the samples
could not be linked to any deformation features men-
tioned in earlier publications. These features have been
referred to in this study as “Long deformation fea-
tures” and “V-texture”.

4. There is an uncertainty regarding the identifica-
tion of a majority of the features observed, due to a
lack of earlier detailed descriptions of shock defor-
mation features in k-feldspars, and feldspars in gen-
eral.

5. For future studies a detailed classification of
shock deformation features in various types of feld-
spars is necessary to correctly identify individual mi-
croscopic shock deformation features that can be ob-
served in a petrographic microscope.
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