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structure, and the quartz samples enabled an approximation of different shock-zones and the craters original size. In 

this study, the potential shock-metamorphic effects in the mineral zircon are investigated through scanning electron 

microscopy (SEM). The samples originate from the Siljan impact structure and are of Järna-granite type. All 

samples contained planar microstructures, and some of these are assumed to be PDFs based on observations of so-

called decorations in the lamellae. The nomenclature on shock-features in zircon is not well established and needs 

further discussion. However, the findings in this study are in most cases comparable to findings of microstructures 
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För att kunna fastställa om en misstänkt nedslagsstruktur verkligen bildats genom ett meteoritnedslag så används så 

kallade chockstrukturer som planar deformation features (PDFs) och i vissa fall planar fractures (PFs) som indika-

torer. Tidigare studier har visat att kvarts och kalifältspat från nedslagsstrukturen Siljansringen innehåller bland 

annat PDFs. I denna studie har zirkon från samma lokal undersökts genom svepelektronmikroskopering (SEM). 

Resultatet visade att samtliga prover innehöll zirkon med planar microstructures, och några av dessa kan möjligtvis 

klassificeras som PDFs. Nomenklaturen för chockstrukturer i zirkon inte lika väletablerad som för kvarts vilket 
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rar visar dock att dessa är jämförbara med de från Siljansringen.  
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1. Introduction 
When you look up at the moon at night, you will im-

mediately see that the surface is scarred with impact 

craters. These constitute an excellent record of the 

impact rate on the moon through geological time. In 

contrast, only a handful impact structures are pre-

served and still observable at the surface of the Earth. 

For example, no Archean or Hadean-age impact struc-

tures have been confirmed even though the cratered 

surface of the moon shows that the early Earth must 

have gone through the same bombardment (Cavosie et 

al. 2010 and references therein). To date, around 190 

craters have been identified, and most of them by us-

ing shock-metamorphic features in minerals as indica-

tors. These features enable identification even when 

the impact structure itself is heavily eroded. They can 

be developed either by the shock-wave produced when 

a meteorite hits the surface, or during post-impact re-

lated events (French 1998).  

 At the end of the Devonian, approximately 380 Ma 

years ago (Jourdan & Reimold 2012), a meteorite 

struck present Dalarna County in Sweden and formed 

the Siljan impact structure. This is Europe’s largest 

verified impact structure, with an estimated size of 52 

km in diameter (Holm et al. 2011). Earlier studies by 

Holm et al. (2011) have shown that sampled bedrock 

from the Siljan impact structure contains shock-

metamorphosed quartz grains with planar deformation 

features (PDFs) and planar fractures (PFs), recording 

pressures up to 20 GPa. The study also shows that the 

most strongly shocked quartz grains are located in the 

center of the structure, and that the distribution of 

shocked quartz enables an estimation of the original 

diameter of the crater.  

 Svahn (2014) continued the study of shock-

metamorphic features in minerals from the Siljan area 

during her bachelor’s thesis, and observed shock-

metamorphic features in K-feldspar, with the greatest 

frequency and diversity in samples where pressures 

have been within the range 15-20 GPa.  

 

1.2 Purpose of this study 
The aim of this study is to (1) investigate the occur-

rence of any shock-metamorphic features in the miner-

al zircon and (2) compare these features with the pre-

vious findings of PDFs and PFs in quartz from the 

Siljan crater area and other studies on shock-

metamorphosed zircon.  

 This is done by examining zircon grains from three 

samples from the Siljan impact structure in scanning-

electron microscope (SEM), where surface- and interi-

or structures in zircon grains are evaluated. The expec-

tation is, based on earlier studies by (Leroux et al. 

1999;  Wittmann et al. 2006;  Erickson et al. 2012) to 

find PFs or parallel microstructures.  

 Few studies of shock-metamorphic features in zir-

con have been made, and the prospect with this study 

is to gain better knowledge of zircon-behaviour at high 

pressures. In the long run this could enable further use 

of zircon in impact-related contexts, not only in geo-

chronology but also as an impact-indicator along 

shocked quartz with PDFs.  

 

2. Crater formation 
The following paragraphs are based on French (1998) 

pp 17-22.  

In this study, the term impact-crater refers to a hyper-

velocity impact crater - a structure formed by a cos-

mic projectile large enough to remain intact when trav-

eling through the Earth’s atmosphere. When striking 

the ground surface, it has maintained its original cos-

mic velocity (~>11km/s) and therefore generates in-

tense shock-waves at the point of impact. These pres-

sures can reach several hundred GPa, and are unlike 

any rock-deforming geological processes normal on 

Earth (e.g. tectonic and metamorphic processes).  

 The crater-forming process is generally divided 

into three steps: contact and compression, excava-

tion and modification (Fig 1).  The first stage begins 

when the projectile hits the ground surface and trans-

fers an enormous amount of kinetic energy to the tar-

get rocks. The shock-waves generated lose energy as 

they travel away from the point of impact and general-

ly this result in a circular pattern of different “shock-

zones”. These can be identified by planar microstruc-

tures in quartz that can be correlated with shock-

pressure. Each shock-zone is characterized by a range 

of peak pressures and the shock-metamorphic effects 

apparent in the rocks.  

 Near the impact rim, velocities drop to about 5-8 

km/s and the shock-waves alter to elastic or seismic 

waves which generates shock-pressures at about 1-2 

GPa. At this level the pressure does not produce any 

permanent deformation in the rocks, but it may gener-

ate fracturing, faulting etc. These effects can be hard to 

distinguish from those produced by normal geological 

processes.  

 The contact- and compression stage does not last 

longer than a few seconds for large projectiles, and 

less than a second for smaller meteorites. This is the 

only stage where the projectile itself plays a major 

role, and when the rarefaction wave (or release wave) 

has reached the front of the projectile the actual crater 

excavation is due to the shock-waves expanding in the 

bedrock.   

 The two following crater forming stages describe 

the actual excavation of the crater, where the crater is 

formed by hemispherical shock-waves expanding from 

the impact point and through the target rocks. This 

complex process results in a symmetric excavation 

flow surrounding the center of the new structure. The 

material moves differently depending on location, re-

sulting in a bowl-shaped depression in the target rocks.  

When the crater has reached its maximum size the 

modification stage begins, and the immediate part 

where major changes occur lasts approximately a cou-

ple of minutes depending on the size of the projectile. 
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Figure 1 Illustration showing the three major stages during crater formation. Modi-

fied from French (1998) 
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Symptomatic for this stage is rock modification by 

factors such as gravity and rock mechanics rather than 

stress produced by shock-waves.  Examples include 

uplift and collapse in and around the rim, erosion and 

sedimentation. This could go on for a very long time 

and the modification stage do not have a definite end.  

 Impacts are near-surface processes; deformation is 

greatest close to surface and weakens with depth, but 

shock-effects may extend a few kilometres below 

ground. The crater is often filled by younger sedi-

ments, burying the original structure.  

 

2.1 Identification of impact craters 
The identification of shock-effects in minerals is one 

diagnostic feature when to confirm a suspected impact 

structure. These specific shock features only form dur-

ing extreme pressure and heat in association to meteor-

ite impacts. The nomenclature for shock features in 

quartz is well-established, and two structures that are 

commonly associated with impact are  PFs 

(crystallographically controlled planar fractures) and 

PDFs (planar deformation features) (Erickson et al. 

2012). Studies of shocked quartz have been widely 

used as an indicator within the field of impact crater-

ing, since quartz do not form cleavage under tectonic 

stress conditions (Timms et al. 2012). During the early 

1960s a criteria for establishing the impact origin of 

suspected impact structures was to identify the trans-

formation to high-pressure polymorphs. Still, the for-

mation of coesite from quartz, and in rare cases redeite 

from zircon may be used as indicators since none of 

these minerals are known as a result of e.g. a volcanic 

eruption or other geological processes where pressure 

and/or temperature can be high. However, e.g. coesite 

may form at great depths (with a static pressure of  >2 

GPa) and later be transported and found at the surface 

(French 1998).  

 

3. Shock-metamorphism in min-
erals 

In order to understand the process of shock-

metamorphism in minerals, it is helpful to first review 

the basics of shock-wave physics. At the point of im-

pact, a shock wave is built up by an almost discontinu-

ous jump between two stress levels. High pressure is 

built up at the shock-front and this “boundary” moves 

at supersonic velocity. The material that is engulfed by 

the shock-front moves behind it in a lower velocity; 

this is a so-called high-speed material flow which a 

characteristic of shock waves. Another characteristic is 

the residual heating (or waste heat) of the shocked 

material that derives from the pressure release that 

takes place after shock compression (Forbes 2012). 

 A way to illustrate a shock wave and its implica-

tions on a material is by the Hugoniot curve (Fig 2). It 

describes the yield conditions for elastic behavior in 

different materials with pressure (P) on the y-axis and 

specific volume (V) on the x-axis, and defines the lo-

cus of all shock states that are possible for a given ma-

terial. It is important to note that the Hugoniot line do 

not represent the actual path followed by a material 

during a shock-event and data for each different miner-

al or material is obtained by experimental studies 

(Stöffler 1972).  

 As seen in Fig 2, the material is compressed along 

the Raleigh-line (line V0-A) until it reaches the final 

state A, P1, V1 (peak shock) and is thereafter decom-

pressed along the adiabat line. The area between those 

lines represents the waste heat from the shock process 

(Forbes 2012) . The Hugoniot curve can be divided 

into regions where different deformation processes 

takes place, most importantly the elastic and the plastic 

region (Bischoff & Stoeffler 1992). The Hugoinot 

elastic limit (HEL) marks the transition between elas-

tic and plastic behavior of a material exposed to a 

shock wave.  

 Based on release adiabat data, it is possible to pre-

dict the products of a mineral shocked to various states 

along the curve. Stöffler & Langenhorst (1994) have 

correlated shock stages on the Hugoniot curve for 

quartz with release states at zero pressure, and based 

on this correlation established two pressure regimes 

and their typical shock-induced planar microstructures: 

 
Low Pressure Regime (quartz is still crystalline)  
 Planar fractures and PDFs (parallel to low in-

dex crystallographic planes)  

 Decorated and non-decorated PDFs  

 
High Pressure Regime (amorphous phases of quartz, in 

combination with crystalline polymorphs)  
 High-pressure polymorphs (e.g. coesite for 

quartz) 

 Liquid and vapor  

 Diaplectic quartz glass (amorphized quartz)  

 

 

Figure 2 A generalized Hugoniot diagram. Modified from  

Stöffler (1972) 
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Experimental studies have shown that PDFs most 

commonly are parallel to low Millers indicies (MI), 

and some general orientations are {1013}, {1012}, 

{1011} and (0001). These orientations give an indica-

tion of peak shock-pressure in natural samples, as 

PDFs parallel to e.g. {1013}occurs at pressures of 10-

12 GPa and {1011} within a range of  5-10 GPa 

(Dressler et al. 1998).  

 
3.1 Formation of PDFs and PFs 
PDFs form when a mineral is exposed to a high-

temperature and pressure increase that causes melting. 

The higher shock-intensity of the impact shockwave, 

the higher temperature and greater chance of localized 

melting in the mineral. When cooling, the melt will 

revert to glass (Goltrant et al. 1992). It’s more difficult 

to explain why these melts do occur in straight and 

specific crystallographic planes, Goltrant et al. (1992) 

suggests that the reason for PDFs in quartz might be 

that a particular formation process would favour amor-

phization in specific (101n)-planes, e.g. due to instabil-

ity of the shear moduli of quartz in some planes. With 

increasing pressure, the energy of the Si-O-Si bonds 

decreases in these planes and they are more easily bro-

ken, leading to a disorganization of the atoms and thus 

the formation of amorphous silica lamellae. This for-

mation process is driven by the front of the shockwave 

and takes place very rapidly. The explanation behind 

the thin and narrow PDF lamellae can be depicted as 

in fig 3, where the shock-front moves at supersonic 

velocity and represents a sharp boundary between a 

region of unshocked material and a region of shocked 

material that contains amorphous lamellae.  

 In some phase boundaries incompatibility between 

crystal lattices can be relaxed by misfit dislocations 

that are regularly spaced in the boundary, such as with 

the exsolution lamellae of clinopyroxene in an ortho-

pyroxene matrix. In the case of PDFs, the phase 

boundary moves too fast for the incompatibility be-

tween the lattices on either side of the shockwave to be 

fitted in a regular manner. The only way to match 

these two regions, behind and in front of the shock-

wave, is the growth of thin and denser amorphous la-

mellae at the shock front i.e. PDFs. In figure 3, the 

unshocked material has a unit surface and a height of 

N lattice planes with a repeated spacing a. This can be 

compared to the shocked material with N lattice 

planes, with a spacing a´<a due to elastic compression 

of the shocked material. If combined with the denser 

amorphous phase, in the figure represented by na´´ 

where n is the number of compressed lattice planes in 

the lamellae, the following relation between the two 

regions on either side of the shock-front can be de-

scribed as  

 

 

 

As shown by Goltrant et al. (1992) this formula is used 

for setting up an expression of the system’s energy, 

and results in the following conditions between the 

variables of interest: 

 

 

  

 

 

where E is the variation of the Gibbs energy per unit 

volume. As E must depend on maximum temperature 

and pressure, the conclusion is that the density of the 

PDFs should increase with shock-pressure (Goltrant et 

al. 1992). These kinds of fresh amorphous lamellae are 

found in unaltered impact-craters as the Barringer me-

teor crater and in experimentally shocked samples 

(French 1998). For a more detailed explanation of PDF 

formation and concluding equations, please read the 

publication by Goltrant et al. (1992).  

 In altered and metamorphosed quartz-samples, the 

amorphous material in the PDFs has recrystallized 

back to quartz, and the lamella instead contains fluid 

inclusions visible as tiny bubbles or “decorations”. 

The crystallographic orientations are however pre-

served and the resulting feature is so called decorated 

PDFs (French 1998). These bubbles probably forms 

during water-precipitation at a post-shock thermal 

event (Goltrant et al. 1991).  

 In the nomenclature for impact-structures in quartz, 

PFs are described as sets of open parallel fractures, 

cleavage or cracks that develop at the lowest shock-

wave pressure ranges (~5-8 GPa). They are usually 

more widely spaced than PDFs in quartz grains, and 

cleavage similar to these fractures can occur in quartz 

from non-impact settings. Because of this, PFs in 

quartz are not used independently as an impact criteri-

Figure 3 Development of PDFs. Picture shows two re-

gimes with unshocked material in front of the shock-wave 

and shocked material behind the shock-wave.  Amor-

phous lamellae grow at the shock front (na’’). Modified 

from Goltrant et al. (1992) 
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on but can be used as an impact-indicator along other 

impact related features (French 1998). Engelhardt & 

Bertsch (1969) describe planar fractures as open fis-

sures, or fissures filled with secondary minerals, ar-

ranged in a wider and more irregular pattern than 

PDFs. Both PDFs and PFs tend to concentrate along 

corners and grain boundaries, and do not have to pene-

trate the entire grain (Engelhardt & Bertsch 1969) 

 

4. Zircon (ZrSiO4) 
Zircon (ZrSiO4) belongs to the tetragonal crystal sys-

tem and is an accessory mineral in sedimentary, igne-

ous and metamorphic rocks, though most common in 

igneous rocks with a quartz saturated composition 

(Hoskin & Schaltegger 2003). It is known to contain 

trace elements such as uranium and thorium since 

these can substitute for Zr4+ and Si4+, and the presence 

of radioactive mother isotopes enables geochronologi-

cal dating according to the U-Pb method (Harley et al. 

2007;  Davis et al. 2011).  

 The durability of zircon crystals and their ability to 

withstand erosion, and further their capability to incor-

porate trace elements is mainly due to the crystal struc-

ture, where various minerals that are isostructural with 

zircon can take T- and A-site cations within its general 

formula ATO4. These include for example silicates, 

vanadates and phosphates, all belonging to the zircon-

group of minerals (Finch & Hanchar 2003).  

 

4.1 Previous studies of microstructures in 
zircon 

It is relatively easy to determine the orientations of 

planar deformation features in quartz because of its 

uniaxial optical character. Other benefits include its 

transparency and lack of cleavage (Bohor et al. 1993). 

However, in old and eroded impact craters as the 

Vredefort Structure, crucial features in quartz may be 

absent due to post-impact thermal and hydrothermal 

processes (Leroux et al. 1999). 

 According to Leroux et al. (1999), shock-effects in 

zircon such as granular (or “strawberry”) textures and 

planar features are classified as shock features. Granu-

lar textures in zircon result from shock-induced amor-

phization, and is represented by zircon crystallites in a 

ZrSiO4 matrix (Wittmann et al. 2006). Other shock-

induced deformation features include planar micro-

structures such as dislocation patterns and interpene-

trating micro-cleavage (in this paper referred to as 

PFs) (Leroux et al. 1999). However, Leroux et al. 

(1999) state that the true nature of these planar features 

is poorly understood.  

 In an experimental study by Leroux et al. (1999) 

zircon was shock-deformed at 20, 40 and 60 GPa in 

order to establish in which pressure range these differ-

ent deformation effects are produced. At 20 GPa, they 

observed micro-cleavage, and observations of disloca-

tions in glide configuration indicated plastic defor-

mation. These micro-cleavages are developed during 

the compression stage and form due to shear stresses 

and occurred mainly in (100) planes.  

 At 40 GPa, parts of the sample was transformed 

into a scheelite-type structure (denser crystal structure, 

in zircon referred to as reidite) and were observed in 

some grains that had not yet been transformed. 

 At 60 GPa, the entire sample was transformed to 

the scheelite-structure phase, and cross-cutting showed 

that PDFs were formed in the zircon-structure before 

the phase change took place.   

Figure 4 (left) Stability ranges of shock features in zircon (modified from Wittmann et al 2006) and (right) Shock-deformation 

mechanism map (modified from Timms et al 2012) 

file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_10#_ENREF_10
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_7#_ENREF_7
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_7#_ENREF_7
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_7#_ENREF_7
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_15#_ENREF_15
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_13#_ENREF_13
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_5#_ENREF_5
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_9#_ENREF_9
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_2#_ENREF_2
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_18#_ENREF_18
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_18#_ENREF_18
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_26#_ENREF_26
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_18#_ENREF_18
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_18#_ENREF_18
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_18#_ENREF_18
file:///G:/Egna%20dokument/JosefinM_kandidatarbete.docx#_ENREF_18#_ENREF_18


12 

 Based on the experimental shock-studies of zircon 

behaviour (Leroux et al. 1999), in combination with 

data on relative proportions of shock microstructures 

in zircon from different sites within crater formations, 

Wittmann et al. (2006) compiled a diagram showing 

stability ranges of shock features in zircon with post-

shock temperature on the y-axis as a function of shock 

pressure (fig 4). Noteworthy is that the transition from 

zircon to reidite and the formation of planar micro-

structures starts at approximately 20 GPa. The transi-

tion to reidite is complete at 52 GPa, where instead 

amorphization (structural breakdown) and granular 

aggregates are observed.  

 As mentioned in the publication by Timms et al. 

(2012), the pressure-temperature diagram by Witt-

mann et al. (2006) implies an approximate linear rela-

tion between post-shock temperature and shock-

pressure. Timms et al. (2012) thus continued the dia-

gram with the pressure and temperature plotted over 

time, resulting in an approximate schematic “shock-

deformation mechanism map” (Timms et al. 2012) for 

zircon (Fig 4). The loops drawn on the diagram repre-

sents hypothetical turns by a zircon grain in different 

locations, based on temperature and pressure in specif-

ic timeframes during an impact event. If PFs are to be 

impact-related, this requires tensile or shear stress and 

high strain rates during a very short timeframe, possi-

bly less than a few seconds. The diagram also suggests 

that one zircon grain can develop several different 

microstructures related to one single impact-event, 

which could be important when describing grains with 

overprinting sequences of microstructures and further 

enables identification of several events during one 

single impact.  

 Erickson et al. (2012) found that zircon grains from 

the Vredefort dome structure contained PFs in seven 

orientations; {010}, {100} and {011} and four orienta-

tions of {112}. These were identified by correlating 

external and internal microstructures of the grains. In 

zircon-samples from the same location they also iden-

tified so called micro-twins. These generally occur 

oriented with a 65º rotation about <110> and consist of 

several parallel sets of thin lamellae (Fig 5 and Fig 6). 

Timms et al. (2012) found micro-twins in lunar zircon 

that was formed simultaneously with PFs in (112), as a 

shear response to compression or extension.   

 Zircon survive as a shocked mineral at pressure 

ranges up to ~20 GPa where it transforms to its high-

pressure polymorph reidite; a diagnostic of impact. Its 

tetragonal structure is similar to that of zircon, but its 

density is increased ~10% compared to zircon.  

 The polymorph reidite was first reported from 

high-pressure experiments by Reid & Ringwood 

(1969), and pressure-ranges where it remains stable 

has since then been established. Reidite reverts to zir-

con above ambient pressure at 1200°C (Kusaba et al. 

1985).  

 Naturally formed reidite has only been reported 

Figure 6  Schematic illustration showing the formation process of different microstructu-

res. Modified fromTimms et al. (2012) 

Figure 5 Image showing various crystallographic orientat-

ions in zircons with a) PFs b) PDFs c) reidite lamellae and 

d) micro-twin lamellae. Modified from Timms et al. (2012)  
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from a handful sites globally, where all have been rela-

tively young impact craters (<36 Ma) (Cavosie et al. 

2015). It was found among e.g. tektite glass, shocked 

quarts, coesite and stishovite at the Eocene Chesa-

peake Bay impact site (Wittmann et al. 2006). Cavosie 

et al. (2015) suggests that if identified, natural occur-

rence of reidite in ancient Hadean zircons may provide 

evidence of early impact-events on Earth.   

   

5. Geological setting 
The Siljan impact structure is approximately 52 km 

wide and located in Dalarnas län in South-central Swe-

den. The bedrock in the area is made up by crystalline 

rocks, mainly Dala-granite of Järna and Siljan types 

(Fig 7), superimposed with Ordovician and Silurian 

sediments. For a more detailed description of the re-

gional geology the reader is referred to the publication 

by Holm et al. (2011). 

 Heavy erosion has changed the morphology of the 

formation, which has led to exposure of levels that lied 

below the original floor of the crater. Silurian and Or-

dovician sediments are preserved in the circular de-

pression, now filled with lakes (Siljan and Orsa lake), 

that together forms the so-called Siljan Ring. The area 

within the circular depression consists of crystalline 

rocks, and is the only remnant from the central plateau 

that formed after the collision (Holm et al. 2011).  

 

6. Materials and methods 
This study is based on three rock samples, collected 

from different locations in the Siljan area (fig 7). The 

rock samples were crushed into fine-grained powder 

using a sledge hammer and a swing mill. Water was 

added and the sample loaded to a Wilfley-Holman 700 

water-shaking table in order to separate heavy miner-

als, following the method by Söderlund & Johansson 

(2002). From the resulting sample, magnetic minerals 

were removed with a magnetic pencil and zircons were 

handpicked from a petri dish using a pipette under a 

binocular microscope. The quality and size of the zir-

con grains varied within the samples, and the most 

euhedral ones were picked for imaging. About thirty to 

fifty grains were picked from each sample and mount-

ed on coal tape. 

 To describe shock-metamorphic surface features of 

the zircon grains, backscatter electron (BSE) - and 

secondary electron (SE) imaging was carried out with 

a Hitachi 3400N scanning-electron microscope (SEM) 

at the department of Geology, Lund University, Swe-

den. A second SEM-analysis was made after all grains 

were cast in epoxy and polished to mid-plane to ex-

pose a cross-section within each grain. The purpose of 

the second analysis was to establish internal features, 

such as PFs. All three samples were evaluated and 

characterized from their significant shock-features and 

are presented in this report.  

 

6.1 Previous studies 
Holm et al. (2011) have previously examined PDFs in 

quartz from the Siljan area. Shocked quartz grains 

were used to determine the shock-center of the Siljan 

impact structure based on PDF findings in quartz 

grains from different shock-zones.  

 Based on the distribution of shocked quartz the 

original diameter of the eroded crater could be estimat-

ed to 90 km. 

 

6.2 Samples 
All samples were collected by Sanna Holm-Alwmark 

& Carl Alwmark and described in  Holm et al. (2011). 

Sample 54 is collected from the surface and the 

Hättberg-samples are obtained from a drill–core at 5 

m and 451 m respectively; these are referred to as 

sample 5 and sample 451 (Table 1). 

 

 
 
 
 
 

Figure 7 Map showing the Siljan impact structure. Pink area 

indicates bedrock of Järna-granite type. Blue dots indicate 

locations for sample 54 and the Hättberg-samples (Modified 

from Holm et al 2011) 
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7. Results 
This section includes shorter descriptions from each 

sample of some of the grains that contain planar mi-

crostructures. SEM-analysis showed that all samples 

contained grains with planar microstructures (Table 2). 

Statistics on potential microstructures is also included 

in Table 2. These are zircons that contain microstruc-

tures, but where an impact-related origin could not be 

established. Sample 54 had the highest rate of PMs in 

total, where approx. 27% of the grains showed one or 

more sets of PMs. However this sample included more 

grains than the other two - 55 respective to 32 and 33 

for sample 5 and 451.  The result from the second 

SEM-analysis is that most polished midsections did 

not show any planar microstructures, but a few grains 

contained vague interior planar features. Orientations 

of planar microstructures have not been determined; 

however in cases where the c-axis is distinguishable it 

is possible to assume plane-orientations in (100), (010) 

and (001).  

 SEM-images of all individual grains not included 

in this section and images of the polished grains from 

the second SEM-analysis can be found in Appendix A. 

 

7.1 Sample descriptions 
Figure 8 and 9 shows examples of grains were the an-

gles of observed PM-sets were measured. Grain 54_1 

(Figure 8) and grains A, B and E  (Figure 9) intersects 

the c-axis at approximately 65º . Grains C and D inter-

sects the c-axis at approximately 34º . 

 

7.1.1 Sample 54 

Several zircon grains from sample 54 contained planar 

microstructures; images of seven zircons with planar 

microstructures (PMs) from sample 54 are described in 

this section.  

Zircon 54_1 is about 50 µm and has at least 4 sets of 

intersecting planar microstructures. These are all locat-

ed in one corner of the crystal. One larger fracture is 

cutting through some microstructures (Figure 8). 

Zircon 54_6 has a size of approximately 30 µm and 

appears to be a part of a larger grain. Two intersecting 

sets of planar microstructures are visible in the right 

corner of the grain, even though the surface is rough 

and full of small marks (Figure 10). 

Zircon 54_10 is approximately 50 µm and appears to 

be a part of a larger grain. Two sets of distinct planar 

lamellae with possible decorations or “bubbles” are 

observable at its surface. Some planar lamellae seem 

to be deformed or “creased” (Figure 11). 

Zircon 54_31 is 70 µm and have two observable sets 

of non-intersecting planar microstructures, one of the 

Sample no 
Zircon grain size 

(µm) 
Colour of zircon 

grains Comments on rock sample 
54 45 to 140 µm 

Yellow- to transparent 
Rock-sample is of Järna-granite type, red in colour. Medium to 

coarse-grained. 

Hättberg       

5 30 to 75 µm, with a 

few exceptions 

where grain size 

was approximately 

100 µm 

Transparent 

Rock-sample is of Järna-granite type and attained from a drill 

core, 5 metres below surface, light red to grey. Medium to 

coarse-grained. 

451 

50 to 140, with a 

few grains reaching 

up to a size of ap-

proximately 170 µm 

Transparent- to yellow 

Rock-sample is of Järna-granite type and attained from a drill 

core, 451 metres below surface, red in colour. Medium to coarse

-grained. 

First SEM-analysis      

     Number of visible sets (%)* 

Sample 

no. 
Number 

of grains 
Approx. min.-

max. size (µm) 
Confirmed planar 

microstructures (%) 
Potential microstruc-

tures (%) One set Two sets or more 

54 55 45-140 27 29 47 53 
5 32 30-100 22 6 57 43 

451 33 50-140 18 27 67 33 

       

*in grains with confirmed planar microstructures     

       

Table 1 Sample descriptions 

Table 2 Showing results including for example number of grains with confirmed planar microstructures.  
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sets run perpendicular to the c-axis (001) (Figure 11).  

Zircon 54_48 is a relatively euhedral grain with visi-

ble crystal faces, and a size of about 60 µm. It has two 

observable sets of planar microstructures, one of 

which cuts through fractures that are running perpen-

dicular to the lamellae (Figure 11).   

Zircon 54_14 the observable part of this grain includes 

both interior and a small fraction of the surface. One 

set of planar microstructures is visible both at the sur-

face and within the grain (Figure 11). 
Zircon 54_11 and zircon 54_30 are two examples of 

grains that contain some form of parallel lineation, but 

this lineation differs from the other planar microstruc-

tures observed; they are generally shorter and some-

times slightly curved. No surface is visible on grain 

54_11, but lineation (presumably along the c-axis of 

the grain) might indicate planar microstructures. Grain 

54_30 contains one set of parallel structures in the 

lower left corner of the image, running perpendicular 

to the c-axis (Figure 12). 

Zircon 54_40 has one set of very distinct planar mi-

crostructures, approximately 30º to the c-axis. The 

grain is about 60 µm, with a smooth surface and visi-

ble crystal faces. At least two fractures run through the 

grain, and cuts through the lamellae (Figure 12).  

 

7.1.2 Sample 5 

22% of the zircon grains from sample 5 contained pla-

nar microstructures, which is a lower quantity than for 

sample 54. Images of two zircons with planar micro-

structures and one with potential planar microstruc-

tures from sample 5 are described in this section. 

Zircon 5_13 is a sub-rounded grain with a size of 55 

µm (measured along c-axis) and some visible crystal 

faces. It contains one set of planar microstructures that 

run close to perpendicular to the c-axis. The structures 

are observable as vague parallel lines. The surface 

contains marks and/or voids from several inclusions 

(Figure 13). 

Zircon 5_30 is a rounded grain with visible crystal 

faces. It is about 50 µm with several fractures that are 

aligned in the same orientation. One set of planar mi-

crostructures is observable perpendicular to these frac-

tures. (Figure 13) 
Zircon 5_15 is approximately 50 µm measured along 

the c-axis. No clear surface is observable. Parallel line-

ation is visible within the grain, aligned with its c-axis 

(Figure 14). 

 

7.1.3 Sample 451 

18% of the grains from the drill-core sample obtained 

at 451 meters contain planar microstructures. Images 

of three zircons with planar microstructures and one 

with potential planar microstructures from sample 451 

are described in this section.  

Zircon 451_7 is a 50 µm, fragmented grain with one 

visible set of planar microstructures (Figure 15). 

Zircon 451_18 is an elongated grain, approximately 

70 µm along its c-axis. It contains two sets of planar 

microstructures, both about 40º to the c-axis. One 

elongated inclusion, dark in color, cuts the grain per-

pendicular to the c-axis (Fig 10). 
Zircon 451_28 is 50 µm with distinct crystal faces. A 

pyramid-shaped “top” indicates that it is a part of a 

larger grain. The grain contains planar microstructures 

perpendicular to its c-axis. These structures are dark in 

colour and have a homogenous spacing. The lamellae 

appear as straight lines, however many of the separate 

lines are “shaky” as a result of former inclusions or 

decorations. (Figure 15) 
Zircon 451_23 appears to be a fragment of a larger 

grain, where the part visible in the image shows the 

interior of the grain. It contains parallel marks in dif-

ferent orientations; some of them appear to be parallel, 

but none are continuous through the grain (Figure 15). 

Fig 8 A) Zircon grain with added lines visualizing angles for 

all sets. The average value is 65º. B) Close-up on the PMs. 

(SEM-imaging) 

54_1 A 

54_1 B 
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Figure 9. Zircon grains with added lines 

showing angles of several sets of PMs. For 

A, B and E the average value is 65º. Picture 

C and D has an average value of 34º. (SEM-

images) 

Sample 54 

A B 

C D 

E 

54_6 

Figure 10 Zircon grain 54_6, second image shows magnification of PMs. (SEM-images) 
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Figure 11 Showing grains 10, 31, 48 and 14. Right column shows magnification of PM-sets. (SEM-images) 

54_10 

54_31 

54_48 

54_14 
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Sample 5 

Figure 12 Zircon grains 11 and 30 show potential PMs. Grain 40 contains one distinct set of PMs. (SEM-

imaging) 

Figure 13 Zircon grains 13 and 30. Right column shows magnification of PMs. (SEM-imaging) 

54_11 54_30 

54_40 

5_13 

5_30 
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Sample 451 

Figure 14 Grain 15, right column show magnification of linear structures.  

Figure 15 Showing grain 7 and 28. both containing PMs.  

Grain 23 contains small marks, some of them are parallel.  

5_15 

451_7 451_28 

451_23 
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8. Interpretation and discussion 
8.1 Sample discussion 
Sample 54 had the highest rate of euhedral grains, with 

fewer dusty grains. This is also a potential factor that 

could account for the difference in quantity of shocked 

grains between the samples, since grains with a heavi-

ly eroded surface gave little to no information about 

surface-structures: it could not be ruled out these 

grains initially had planar structures at the surface. 

 SEM imaging showed that the interiors of the 

grains were fairly smooth and that several grains con-

tained fractures. These fractures were in most cases 

not parallel and where parallel lineation was observed 

these were visible as vague bright lines and appeared 

only in a minor part of the grain. 

 For the majority of the zircons, orientations of the 

planar microstructures were not identified. In some 

cases the c-axis was distinguishable and orientation 

could be determined to (100), (010) or (001), but fur-

ther analysis is required. This could be done either by 

using EBSD or by using an u-stage. Erickson et al. 

(2012) found that PFs in (100) and (010) were among 

the first microstructures to develop in shock-

metamorphosed zircon. They also found that c-axis 

parallel planar fractures sometimes were absent in pol-

ished sections, suggesting that they may anneal rapid-

ly. 

 As shown in the map (fig 16) both the Hättberg-

samples and sample 54 lies within the estimated 

shock-range of 10-15 GPa (Holm et al. 2011). Since 

the shock-pressure decreases with depth, this is not 

accurate for sample 451. However, it gives an indica-

tion of what kind of shock-metamorphic structures you 

could expect to find in the zircons from the different 

sample locations. Zircons with lamellae interpreted as 

decorated PDFs was observed in both sample 54 and 

sample 451; this would indicate a relatively high 

shock-pressure (Wittmann et al. 2006). See further 

discussion on this matter in section 8.2.  

 The nature of the found lamellae differs, in zircon 

54_1 and 54_40 they are vague, and resembles PDFs 

that only are observable at the surface, grain 54_48, 

54_6 and 54_10 seems to have deeply “etched” lamel-

lae that resembles fractures. Figure 12 shows examples 

of two grains with parallel features, however it’s un-

clear if they are impact-related or not: grain 54_11 

does not have a visible grain surface, but some linea-

tion is visible within the grain. Zircon 54_30 has paral-

lel features in the lower right corner, these appear as 

lighter streaks and are possibly impact-related.  

 

8.2 Origin of microstructures found in 
Siljan 

Using the term PDFs when describing planar micro-

structures in zircon is controversial. Earlier publica-

tions have referred to parallel structures in zircon as 

either PDFs or in some cases simply as PFs or parallel 

microstructures. Erickson et al. (2012) suggest that the 

term PDF should only be used when describing 

quartz- or zircon (ZrSiO4) grains with amorphous la-

mellae, and claims this have not yet been identified in 

any naturally shocked zircon. Amorphous lamellae in 

zircon was reported by Leroux et al. (1999) in grains 

that were experimentally shocked at pressures of 40 to 

60 GPa. Findings of PDFs in lunar zircon was report-

ed by Timms et al. (2012), based mainly on weakened 

EBSD bands in their zircon samples, interpreted as an 

amorphous phase. Erickson et al. (2012) criticized this 

deduction, claiming that their evidence does not elimi-

nate other explanations for the weakened EBSD 

bands, and suggest that it also could be a consequence 

of elevated concentrations of lattice defects. They fur-

ther propose that all planar microstructures at the sur-

face of or in the interior of the zircon grains should be 

referred to as PFs if they do not fulfil the traditional 

criteria’s for PDFs in quartz. In their publication they 

do not mention decorated lamellae as an equivalent to 

amorphous lamellae when defining and determining 

PDFs. Wittmann et al. (2006) do however report find-

ings of PDFs in zircon from the Chicxulub crater, and 

describe these as decorated.  Decorations in shocked 

minerals occur due to post-shock annealing of the 

amorphous phase, and preserves the original orienta-

tion of the amorphous lamellae (French 1998). When 

to use the term PDF or not seems to be a matter of 

definition, and based on publications by e.g. Holm et 

al. (2011) and Wittmann et al. (2006) decorated lamel-

lae will be referred to as PDFs in this report.  

 In most previous studies, PFs in zircon have been 

visible both at the surface of and in the interior of the 

grains (Cavosie et al. 2010). In this report, the ob-

served parallel microstructures in the zircon grains 

were initially assumed to be PFs and not PDFs, and a 

Figure 16 Map over the Siljan crater area. Pink area indi-

cates bedrock of Järna-granite type, blue dots show locations 

for sample 54 and the Hättberg-samples. Black lines show 

the different estimated pressure-ranges (Modified and based 

on Holm et al 2011) 
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second analysis of each shocked grain was made to 

support this fact. However, very few of the polished 

mid-sections of the grains did show any parallel frac-

turing. 

   

The unexpected result by the second analysis provides 

three potential scenarios regarding the origin of the 

observed parallel microstructures at the surface of the 

grains: 

 

Scenario 1, the described microstructures are PDFs 

The pressure range at Siljan location 54 is estimated to 

10-15 GPa (Holm et al. 2011), and according to exper-

imental studies by Leroux et al. (1999) and the P-T 

diagrams by Wittmann et al. (2006);  Timms et al. 

(2012) PDFs in zircon form when shock-pressure is 

approximately 30-40 GPa. It should be noted that ex-

perimental studies are not always analogous to natural 

events (Stöffler 1972;  Langenhorst 2002;  Sharp & 

Decarli 2006). In nature both pressure and temperature 

tend to be heterogeneous, and according to Stöffler 

(1972) strain rates and peak pressure duration tend to 

lower the minimum peak pressure for the development 

of shock effects in natural impact processes. No ap-

proximations of shock-pressures at Hättberg location 

have yet been made. Stöffler (1972) also writes that 

the crystallographic orientation of the mineral in rela-

tion to the shock-front influences which planar struc-

tures are formed. For example, (0001)- planar defor-

mation structures in quartz will not develop if the 

shock front is parallel to (0001).  

 Sample 54 and 451 contains grains with parallel 

microstructures that are assumed to depict decorated 

lamellae (grain 54_10 and 451_28), if interpreted as 

this, it indicates that some of the grains contain PDFs.  

 

Scenario 2, the described microstructures are PFs 

This was the initial expectation and is supported by the 

“low” pressure range (10-15 GPa) at location 54 and 5, 

and previous publications where the authors have used 

the term PFs to describe similar structures (e.g.Cavosie 

et al. 2010). This original assumption was complicated 

by the results from the second study where all grains 

were cast in epoxy and polished to mid-plane for fur-

ther analysis in SEM. Very few of these grain interiors 

contained planar microstructures even though PFs 

were identified on their surfaces. It was possible to 

identify parallel structures in approx. 5 grains per sam-

ple when evaluating the second study (e.g. fig 14); it’s 

unclear whether these are actual PFs. One grain dis-

plays distinct fractures that seem to be mended and 

filled. In his study, Cavosie et al. (2010) describe PFs 

within some zircons as “conspicuous” parallel to 

slightly curved fractures.  

There is a chance that some of the grains were cut and 

polished along the PF-planes, but it’s highly unlikely 

that this would be the case for all grains.  

 

 

 

Scenario 3, the described microstructures are neither 

PDFs nor PFs 

Since the described microstructures in this study are 

parallel and in some cases appear in several sets, they 

are presumed to be a result of an impact-event and 

could be referred to as parallel microstructures, which 

is a more vague term to describe similar structures. 

The formation process of these structures is in this 

scenario unknown and needs further evaluation. An 

approximation of the pressure range at the Hättberg 

location 451 could possibly shed some light on this 

matter. 

 The proposal by Erickson et al. (2012) to refer to 

all planar microstructures in zircon as PFs could po-

tentially be applied, however the general criterion that 

these fractures also should be visible within the grains 

must be discarded.  

 There is also a possibility that some of the micro-

structures are microtwins. These could be produced 

along PFs during low pressure (Timms et al 2012). 

 Based on descriptions of micro twins in zircon  by 

Leroux et al. (1999) & Davis et al. (2011), and the fact 

that a majority of the grains where angles between 

grain boundaries were possible to measure turned out 

to be ~65º, there is a possibility that some PMs are in 

fact micro twins (Figure 5D and Figure 6E). Since 

these can develop along PFs at low-pressure ranges (5-

20 GPa) it is likely that they would exist in the Siljan 

samples. Holm et al 2010 observed mechanical  Brazil 

twins in quartz samples from the Siljan impact struc-

ture. These occurred mainly outside the central part of 

the impact structure. 

 

Further studies 

It would be interesting to determine the orientations of 

the parallel microstructures in this study and compare 

these to earlier findings by Timms et al. (2012) and 

Leroux et al. (1999). It would also be interesting to 

investigate if the high-pressure polymorph reidite oc-

curs in any of the zircon samples, for example with X-

ray diffraction (XRD). This could support a theory of a 

possible higher shock-pressure at locations where the 

zircons contain decorated lamellae, e.g. location 54.  

PMs occurring in 65º angles were measured rela-

tively late in this study, with the result that they were 

not properly investigated. These structures suggest that 

some  PMs might be classified as micro twins. Since 

the Siljan quartz samples (Holm et al 2010) contained 

several grains with Brazil twins, this hypothesis should 

be further looked in to.  

 

Summary of discussion 

Several findings of planar microstructures in zircon 

grains have been discussed. Contradicting views on 

the nomenclature for shock-metamorphic features in 

zircon makes it difficult to classify these structures 

along e.g. quartz, where the nomenclature is well es-

tablished. Some microstructures found in this study are 

supposed to be PDFs, based on decorations in the la-
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mellae. Other planar lamellae could either be regarded 

as PFs or PMs. It was not possible to determine crys-

tallographic orientations for the PMs, however, meas-

urements of sets that were facing the camera during 

the SEM-imaging and had visible c-axis revealed that 

most of them had sets with boundaries of 65º. This 

could suggest that these structures are micro-twins. To 

prove this, the grains would need proper measure-

ments.  

 

9. Conclusions 
1. Different types of planar microstructures have been 

observed in zircon grain samples from the Siljan im-

pact structure. A classification of these structures 

based on comparisons with previous studies on shock-

metamorphosed zircon have been suggested. 

 

2. The found microstructures varied in morphology; 

the ones that contained decorated lamellae are believed 

to be PDFs.  

 

3. Few grains contained visible interior PFs.  
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12. Appendix A 

SEM-images of mid-sections (polished grains) 

Sample 451 

Sample 5 
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Sample 54 
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SEM-images from sample 54 

Sample 54_2  

 

Sample 54_3 Rounded grain, no visible PMs. 

One major fracture  

going from right to left. Vain-like structures. 

Sample 54_4 No visible PMs Sample 54_5 Relatively euhedral crystal. Distinct 

“fracture” perpendicular to c-axis. 

Sample 54_7 Linear marks, light in colour, in 

several directions. 
Sample 54_8  

Sample 54_9 Euhedral crystal shape, one major 

fracture ranging from left to right. 

Sample 54_12  
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Sample 54_13  Sample 54_15 Black dust covering the surface. 

No visible PMs.  

Sample 54_16 No visible PMs. Relatively  

euhedral. 

Sample 54_17 Several  small fractures in various 

orientations. 

Sample 54_18 

 

Sample 54_19 Lineation at the surface. At least 

one set of PMs, possibly more.  

Sample 54_20 

 

Sample 54_21 Rounded grain. Large parallel frac-

tures at upper half. Fractures in various orientations 

covering surface.  
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Sample 54_22 

Rounded fragment with a rough surface. Light 

streaks in the center. 

Sample 54_23 

Sample 54_24 

 
Sample 54_25 

Sample 54_26 Sample 54_27 

Relatively euhedral crystal, left part damaged. 

Several fractures and signs of zoning 

Sample 54_28 
Sample 54_29 

Snowball shaped. No distinct c-axis. Several frac-

tures in various orientations, some of them possibly 

conchoidal fractures. 
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Sample 54_32 Sample 54_33 

Sample 54_34 

Potential PMs visible at far left corner of the grain 

fragment. 

Dusty surface, some minor fractures. 

Sample 54_35 

Relatively euhedral crystal. No visible PFs, one 

larger fracture perpendicular to c-axis 

Sample 54_36 
Sample 54_37 

Sample 54_38 
Sample 54_39 
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Sample 54_41 Sample 54_42 

Sample 54_43 

Poor resolution. Not possible to establish any 

surface structures. 

Sample 54_44 

Sample 54_45 Sample 54_46 

Sample 54_47 

Euhedral crystal. Few fractures, one ranging 

along c-axis. 

Sample 54_49 

Exposed interior of grain. No visible PMs 
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Sample 54_50 Sample 54_51 

“Pinch-marks” all over grain surface. 

Sample 54_52 Sample 54_53 

Sample 54_54 Sample 54_55 
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SEM-images of sample 5 

Sample 5_1 
Sample 5_2 

Sample 5_3 Sample 5_5 

Dark inclusion 

Sample 5_6 
Sample 5_7 

Very fractured surface, no visible PMs 

Sample 5_8 

Small, relatively euhedral grain 

Sample 5_9 
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Sample 5_10 Sample 5_11 

Sample 5_12 Sample 5_14 

Sample 5_16 

PMs almost perpendicular to c-axis  

Sample 5_17 

Sample 5_18 Sample 5_19 
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Sample 5_20 Sample 5_21 

Sample 5_22 Sample 5_23 

Image shows interior zoning. No visible PMs 

Sample 5_24 Sample 5_25 

Sample 5_26 

Some major fractures but no PMs. Dust covering 

1/3 of surface. 

Sample 5_27 

Distinct striation, somewhat curved. Possibly 

conchoidal fractures. 
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SEM-images from sample 451 

Sample 5_28 Sample 5_29 

Sample 451_1 Sample 451_2 

Several fractures aligning with c-axis.  

Sample 451_3 Sample 451_4 

Sample 5_32 Possibly two sets of PMs. 
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Sample 451_5 Sample 451_6 

Sample 451_7 Sample 451_8 

Sample 451_9 Several small fractures Sample 451_10 

Sample 451_11 Sample 451_12 
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Sample 451_13 Sample 451_14 

Sample 451_15 Sample 451_16 

Sample 451_17 Sample 451_19 

Sample 451_20. PMs perpendicular to c-axis. Sample 451_21 
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Sample 451_22 Sample 451_23 

Sample 451_24 Sample 451_25 

Sample 451_26 Sample 451_27 

Sample 451_29 Sample 451_30 
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Sample 451_31 Sample 451_32 

Sample 451_33 
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