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ABSTRACT.

Impact diamonds were found in several impactites from the .Ries crater,
Germany including fallout and fallback (crater fill) suevites. a glass bomb, impact melt
rock and shocked gneiss. These diamonds formed two distinct grain size populations:
50-300 um apographitic, platy aggregates with surface ornamentation and etching that
were observed using optical and scanning electron microscopy and 5-20 um diamonds
which displayved two different morphologies identificd using transmission electron
microscopy and selected area electron diffraction. These 5-20 pwm grains comprised
apographitic. platy grains with stacking faults, etching and graphite intergrowths
together with elongate skeletal grains with preferred orientations to the individual
crystallites. Thermal annealing of stacking faults and surface features was also detected.

Stepped combustion combined with static mass spectrometry to give carbon
isotopic analysis of individual diamonds, graphite and acid-residues indicate that the
primary carbon source is graphite. This graphite was found to be ""C-depleted with
respect to simifar samples from the Popigai impact crater.

The admixture of presumably carbonate derived carbonaceous material is
suggested to account for the ""C-cnriched 8''C compositions encountered in whole-rock
suevites known to include carbonate melts.

On the basis of morphology. mineralogical associations, diamond/graphite ratios
and carbon 1sotopic compositions three possible formation mechanisms for impact
diamonds are suggested: fast. high temperature conversion of graphite following the
passage oi‘ the shock wave, a vapour phase condensation or growth within substrate
minerals or an orientated stress field and the incomplete transtormation of a mixture of
amorphous and crystalline graphite. Further more exotic mechanisms such as
intermediary carbyne phases cannot be discounted.

Impact diamonds, 1-5 pm in size. were also identified in suevite residues and a

black matrix [ithic breccia from the Gardnos impact crater. Norway. The carbon isotopic

Jennifer I Abbott ABSTRACT




compositions are in agrecment with previous measurements of whole rock samples with

a4 small "C-cnriched component probably representing diamond.
P P yep g
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CHAPTER 1. INTRODUCTION AND BACKGROUND.
%

The processes and products of impact cratering through asteroid and cometary
impacts have been extensively studied. Modern theories on impact cratering largely
developed from work published by Shoemaker (1960, 1963) based on investigations of
the Barringer Meteor crater, Arizona. Shoemaker was the first to link the geological
structure of Meteor crater with cratering mechanics based on observations of the Teapot
Ess nuclear explosion crater (Melosh, 1989).

Over 150 terrestrial craters have been identified to date and some of these have
been extensively investigated including, Chicxulub (Hildebrand et al., 1991 ),
Chesapeake Bay (Poag et al., 1994), Ries (Von Englehardt, 1995) and Popigai
(Masaitis, 1994). Figure 1.1. shows the distribution of the known terrestrial impact

craters.

Figure 1.1. The location of known impact craters (1992 data). Illustrating bias towards

North America and Australia. (Grieve and Pesonen, 1996).
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The distribution is apparently concentrated in the northern hemisphere and
Australia because these are regions of old stable cratons and the areas most
systematically searched (Grieve and Pesonen, 1996).

Impact cratering has shaped the surface of rocky bodies in the Solar System,
following the condensation of interstellar dust and planetary accretion. The surfaces of
many of the planets and satellites have been extensively restructured by cratering, for
example one hypothesis for the origin of the Earth and the Moon is that it was formed
by the impact of a Mars-sized planetisimal with the proto-Earth, (Hartmann and Davies,
1975, Newson and Taylor, 1989). The crust on the far side of the Moon is thicker which
may be related to the redistribution of crustal material by giant impacts (Jones, 1999).
The high elevation of the southern hemisphere of Mars compared to the northern
hemisphere has been attributed to redistribution of the crust as a result of the formation
of the Hellas impact crater (Smith et al., 1999). Infalling material may have helped shape
the terrestrial atmosphere by the dispersal and introduction of volatiles (Melosh, 1989).
Studies of the cratering history of the Moon provide evidence of asteSoid and cometary
impacts in near-Earth space back almost to the formation of the Solar system, and so
therefore the terrestrial cratering rate. The proximity of a satellite such as the Moon is
important as the cratering rate through the Solar System varies with proximity to the

asteroid belt (Yones, 1999).

1.1. THE LUNAR AND TERRESTRIAL CRATERING RECORD.

The cratering record of the Earth 1s biased towards younger and larger craters on
stable cratonic regions due to a high level of geological activity (Grieve, 1997). The lack
of an atmosphere and weathering on the Moon means that craters are well preserved.
Observations of the Moon have provided an almost complete record of the near-Earth
impact history (McEwan et al., 1997). The lunar highlands are near-saturated with
craters which have an average age of 3800-4300 Ma. This provides evidence for near

Earth cratering from close to the formation of the solar system at 4500 to 3900 Ma, the
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period of heavy bombardment and then up to the present day (Jones, 1999). Figure 1.2.
illustrates the impact cratering rate for the Earth-Moon system; the peak in this cratering
rate represent the period of late-heavy bombardment. The terrestrial cratering rate has
been calculated as 5.6 £ 2.8 x10""km™ a” for structures over 20 km in diameter

(Grieve, 1986).
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Figure 1.2. Cratering rates of the Earth-Moon system (Jones, 1999).

Impact craters have two main forms, simple and complex. Figure 1.3 shows the
simple-complex transition for the Earth, Moon, Mars and Mercury. The transition
between simple and complex craters has been observed to scale inversely with the
gravitational acceleration of the planet (Melosh, 1989; Pike, 1988). Thus the transition
occurs at 10 km on Mercury and between 2 to 4 km on the Earth when the gravitational
pull of the planet results in collapse of the simple crater structure forming complex rings
and domes (Melosh, 1989). Further data from the Mars Orbiter Laser Altimeter
indicated that the transition occurs at 8 km x0.5 km on Mars (Garvin and Frawley,

1998}
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Simple craters are generally small in size and form bowl like depressions with
little detailed structure. This type of crater is formed by high speed impact and typifies

the craters found on the Moon and Mercury (Melosh, 1989).
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Figure 1.3. Crater diameter and gravitational acceleration (g) at the simple to complex

transition on the Earth, Moon, Mercury and Mars (Melosh, 1989).

Possibly the best example of a simple terrestrial crater is the Barringer Meteor
crater, Arizona, that was formed by the impact of a 3-4 x 10° t (45-50 m diameter) iron
meteorite called Canon Diablo (Roddy and Shoemaker, 1995). Roddy and Shoemnaker
(1995) also suggest that the impactor originated from a collision in the main asteroid
belt (0.5 by), fragmenting the Fe-Ni core of an asteroid which collided with the Earth
50,000+3000 yr ago.

Gravitational collapse produces more complex crater forms such as central

uplifts, terraces and ring faults. These are illustrated by the lunar crater Theophilus a
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102 km diameter crater which displays a series of terraces and central peaks up to 3 km
in height, Melosh. (1989). Currently one of the largest known craters on the Earth is the
Chicxulub crater which was identified using seismic exploration techniques (Hildebrand
Aet al.. 1991) and is associated with the KT boundary layers (Alvarez, 1980). Vredefort
and Sudbury impact craters may be larger.

Much of the interpretation of the mechanics of cratering and crater forms has
been based on astronomical observations of the Moon and other planets. Hydrocode
modelling using computer simulations of impacts has been used to demonstrate the
potential influences of different factors. Hydrocode simulations of Chicxulub {Pierazzo
et al., 1998) have been used to model changes in the atmosphere, especially in CO,, S

and H,O as a result of the impact and its effects on the target rocks.

1.2. ASTEROIDS AND COMETS.

The objects which create impact craters are asteroids and comets. The asteroids
and comets which could impact the Earth are known as near Earth objects (NEOs), these
are primarily short-term comets and asteroids. There are also less frequently
encountered long-period comets. Over 400 NEOs have been identified (Lupishko and
Dimartino, 1998).

Asteroids are primarily derived from the asteroid belt between Mars and Jupiter
and the Edgeworth-Kuiper belt (EKB) and may emerge due to resonant phenomena
(Morbidelli and Gladman, 1998). Collisional fragmentation of asteroids within the
asteroid belt may also result in the ejection of material into unstable orbits and 10% of
the short-period comets could be supplied by Trojan asteroid collisions (Marzari et al.,
1997). Collisions within the EKB are sufficient to replenish the short term comets
(Davis and Farinella, 1997),

Comets encompass the long-period comets with orbits greater than 200 years of
which 1000 are known and over 180 short-period comets with orbits of less than 200

years (Jones, 1999). Long period comets appear at random and are uniformly
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distributed (Weissman, 1997). The main source of short period comets is the Qort
cloud where there are an estimated 10" comets (Farinella and Davies, 1996). Many
comets are passed from the Oort cloud by galactic perturbations through the planetary
system and into Earth-crossing orbits (Napier and Clube, 1997; Valtonen et al., 1995).
Comet showers may be triggered by perturbations of the Qort cloud by massive
nterstellar clouds (Stothers, 1998), the Solar Systems osciliation perpendicular to the
galactic plane (Matese, 1995; Shoemaker, 1990} and the passage of Suns through the
cloud (Weissman, 1996). From extraterrestrial *He found in pelagic limestones it has
been suggested that a comet shower occurred over a 2.5 Ma period covering the
formation of the Popigal (35.7 Ma) and Chesapeake Bay ( 35.5 Ma) impact craters
(Farley et al., 1998). Pertodicity in the impact cratering rate 1s a controversial subject
with suggested increases in the cratering rate as a resudt of periodic variations in comet
and asteroid ejection, {rom 30-500 Myr (Rampino, 1997; Rampino and Haggerty, 1996;
Matese et al., 1995). Analysis of the known terrestrial cratering rate has not shown
evidence of such events (Fernandez, 1992; Montanari, 1998).

The nature and size of the impactor, comet or asteroid has a great influence on
the size of impact crater produced. Comets impact at much higher velocities than
asteroids; the mean impact velocity of a long period comet is between 56-58 km s
(Weissman, 1997) whereas asteroids impact at between 17-20 km s (Steel, 1998). The
peak shock pressures generated by impactors of the same radius varies with
composition in the order of iron > stony > ice (Kieffer and Simonds, 1980) as a result
of density differences.

Geochemical evidence has indicated that the majority of impactors are chondritic
especially in the case of large craters, suggesting a greater role for comets in large

craters (Grieve and Pesonen, 1996),
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1.3. EXPERIMENTAL CRATERING.

Experimentally generated craters such as those produced by nuclear explosions
(Polansky and Ahrens, 1994), the NASA Ames vertical gun range (Shultz and Gault,
1982) and two-stage light gas gun (Taylor et al., 1997) have been used to calculate the
pressures and temperatures produced by impacts, atmospheric effects and crater scaling
relationships. These experiments operate on a variety of scales; light gas gun
experiments produce small-scale craters (cm-scale) often to test materials such as
samples of the LEO remote sensing platform (Taylor et al., 1997).

Shock recovery experiments have been used to calculate the pressures and
temperatures required to produce the observed shock features found in quartz (Stotfler
et al., 1975), quartz and feldspars (Huffman et al., 1993} and a variety of other materials
(Stoffler, 1972). As well as the production of gases such as CO, (Martinez et al., 1995)
and SO,/SO, (Yang and Ahrens, 1998) from shocked rocks.

Experimental simulations of impacts have been used to determine the influence
of the velocity and mass of the impactor (Giblin, 1998). Hypervelocity impact tests
using simulated comet and asteroid material were performed at the Air Force Arnold

Engineering Development Centre SI Range Facility, USA (Tedesci et al., 1995).

1.4. ATMOSPHERIC EFFECTS.

An asteroid of 1 km diameter has an average impact velocity of 20 km/s ' with a

kinetic energy (KE) of 4 x 1027 ergs (Jones and Kodis, 1982). A significant proportion
of this energy would be deposited in the atmosphere, although the majority would be
exchanged with target rocks (Jones and Kodis, 1982). Ahrens and O Keefe (1987)
investigated the interaction of a 10 km bolide with the atmosphere and calculated that
8% of its energy would exchange with the atmosphere during its passage. Following
impact with the ground, vapour, melt and solid ejecta thrown from the crater would
transfer an additional 40% of the energy to the atmosphere (Ahrens and O’ Keefe,

1987). As the meteorite passes through the atmosphere it will punch a hole in the upper
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atmosphere which 1s then filled with an upward inward flow field carrying vapour, melt
and fragmented rock or dust (O’Keefe, 1982). This ionized gas cloud expands
explosively behind a spreading curtain of ejecta forming a toroid which dissolves as it
ascends (Schultz, 1982). Expansion of the vapour plume or fireball associated with the
impact may result in widely distributed ejecta, for example the KT boundary clay forms
a 3 cm thick globally distributed layer (Hildebrand, 1993).

Large impacts could result in the distribution of tektites and fine grained ejecta
across a wide arca by entrainment in the upper atmosphere. Calculations indicate that an
impact the size of the KT event would only affect 4 column of atmosphere up to 50 km
in radius and only 7% of the ejecta and vapour would escape from the upper atmosphere
(Newman et al., 1999). A chondritic asteroid would need to be >250 m in diameter in
order to produce a vapour plume capable of carrying material into the stratosphere
(Kring et al., 1996).

Computer models of impacts have also been used to calculate the effects of
vaporised target rocks on the composition of the atmosphere. Pierrazzo et al., (1998)
calculate that an impact on the scale of Chicxulub would result in a maximum increase
in atmospheric CO, of 40 % and that the most important component would be sulphur
combined with water. Shock vaporisation experiments of anhydrite showed that an
impact on the scale of the KT event would yield 0.5 to 2 x10"g of SO, and SO,

resulting in a model global cooling effect of 10°C (Yang and Ahrens, 1998).

1.5. SHOCK METAMORPHISM.

The shock waves produced by an impact, shock metamorphose the target rocks
to varying degrees but are rapidly attenuated by distance (Simmonds et al., 1976).
Shock metamorphism is the process whereby a series of irreversible changes occur in
rocks and minerals subjected to pressures above their Hugoniot Elastic Limit (HEL})
{Sharpton and Grieve, 1990). These include structural dislocations (kink bands, planar

deformation features), shatter cones and high pressure mineral polymorphs. The type
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and extent of thesc changes depends on the shock pressures experienced, as the degree
of shock metamorphism increases with increasing pressure and temperature (P/T)
conditions. The HEL represents the critical shock pressure at which a solid yields under
the uniaxial strain of a plane shock wave (Stoffler, 1972), where the stress reaches a
limiting value between plastic and brittie deformation. HELs vary considerably between
different rock types and minerals, for example granodiorite at 4.5 Gpa (Borg, 1972),
basalt at 5 Gpa (Nakazawa et al., 1997) whilst quartz may have a HEL in the range of
4.5-14.5 Gpa depending on the ortentation of the crystal (Duvall and Graham, 1977).

Le Chateliers Principie states that when an external force is applied to an
equilibrium system the system adjusts to minimise the effects of the force. One way in
which this is accomplished is by the formation of high pressure mineral polymorphs.
The formation of high pressure minerals results in a reduction in rock volume {(Riedel
and Karato, 1997) associated with the higher density and smaller crystal form of high
pressure phases. For instance, the formation of diamond from graphite results in a 50%
reduction in molar volume (Anthony, 1999) and the density of SiO, increases from 2.63
g/em’ to 2.93 g/cm’ in coesite and 4.23 g/cm’ in stishovite (Stisffler, 1972). Increased
pressure conditions will eventually result in rock melt or vaporisation (Kieffer and
Simonds, 1980; Rodonot, 1994),

The high pressure polymorphs of quartz. coesite and stishovite (Coes, 1953)
have been used extensively as indicators of shock metamorphism (Melosh, 1989) and
they are considered to be among the best-known indicators of shock in quartz-rich

rocks (Gilmour, 1998). Coesite, which has been found around the rims of the Ries

crater is formed at temperatures of 450 to 800 ©C and pressures in excess of 38 kbar
and stishovite at 130 kbar and >1200 °C (Deer et al., 1992). Table 1.1 summarises the

shock indicator phases and associated conditions of formation.
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Table 1.1. Summary of shock features and formation conditions. (After Graup, 1990).

Shack Pressure Post shock Shock effects Occurrence
stage {Gpa) lemnperature (at the Ries crater)
'C)
A% >80 >3000 Vaporisation -
v 80)-60 3000-1700 Complete melting of rocks Suevite
m 60-45 1700-900 Selective fusion of quartz and feldspar | Suevile

glass, thermal decomposition of

amphibole, pyroxene, biotite.

] 45-35 900-300 Diaplectic glasses of quartz and Suevite
feldspar. Coesite and stishovile. Polymict breccia

Deformation lamellae and kink bands. (Bunte Breccia)

I 35-10 300-100 Diaplectic crystals with planar Sucvite
deformation features. Planar elements | Polymict breccia
and kink bands. (Bunte Breccia)

0O 10-1 100-0 Fracturing of minerals, Kink bands, Suevite, Bunte
planar elements and shatter cones. Breccia, megablocks.

1.5.1. General shock effects.

The products of shock metamorphism (table 1.1) form a rough series through
increasing pressure and temperature conditions. Shatter cones are a relatively low
pressure feature which form conical structures generally orientated towards the centre of
the crater and were first observed from the Kentland structure (Dietz, 1947; 1959). Kink
bands are a common feature observed in layered minerals such as graphite, biotite and
feldspars. They are most commonly reported from biotites, as the result of crystal
gliding along the basal plane with external rotation of the crystal lattice (Stéftler, 1972).

Planar deformation features (PDFs) are formed with increasing shock pressures
and may be observed in minerals such as quartz, micas and feldspars and were first
described in quartz from the Clearwater Lake structure, Indiana, USA (MclIntyre, 1962).
PDFs are themselves an internal structure resulting from the shock transformation of
the crystal lattice, forming sets of intersecting parallel lamellae. There are four different
forms of PDF: (1) bands of dislocations, (2) lamellae with different proportions of

amorphous silica, (3) brazil twin lamellae and (4) serrated ladder structure parallel
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lamellae (Goltrant et al., 1992). Their formation may result from shock pressures
between 15-35 Gpa (Martinez and Aginner, 1998). Goltrant et al., (1992) proposed a
model where discontinuities are formed in certain structural planes by the movement of
atoms towards energetically more favourable positions and predicted an increase in the
density of PDFs with shock intensity. Theoretical calculations have shown that at
pressures >10 Gpa the energy of the shock front is released by the nucleation of
amorphous and increasingly compressible zones whose growth is driven by the
propagating shock front (Goltrant et al., 1992).

Diaplectic glasses or maskelynite, i.e. glass that is formed in the solid state by
shock induced melt, not melting due to temperature increases, are also used as shock
indicators. Diaplectic glasses occur as shock induced solid state transformations in
quartz, plagioclase and alkali-feldspars, as the reversion products of corresponding high
pressure phases during pressure release (Stéffler, 1972). Under high pressures (>25
Gpa) PDF consist of superheated melt which forms diaplectic glass following
quenching (Langenhorst, 1994).

High pressure mineral polymorphs have been described from a number of
craters, for example the high pressure forms of quartz (i.e. coesite and stishovite) in
rocks from the Ries crater (Chao, 1967), Vredefort (Martini, 1978) and Haughton
(Martinez et al., 1993). The high pressure form of plagioclase (jadeite) forms at
pressures >150 Gpa (Stiffler, 1972) and has been found at the Ries crater (James,
1969). Diamonds may be formed by the shock compression of carbon to high
pressures and temperatures, yielding metastable diamond on quenching (Erskine and

Nellis, 1991). This is discussed in greater detail in section 4.8.

L.6. CLASSIFICATION OF IMPACTITES (with particular reference to the
Ries crater).
The nature and type of impactites (rocks affected by impact) which are formed

by asteroid or comet impact vary according to the composition of the target rocks. The
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target stratigraphy may be sedimentary, igneous, metamorphic or a combined sequence
for example, sedimentary cover overlying an igneous and metamorphic basement such
as the Ries (Horz et al., 1983). Relatively dry metamorphic and crystalline basement
rocks will tend to result in the formation of impact melt sheets and dikes, whilst targets
composed of sedimentary rocks overlying a crystalline basement will tend to result in
the formation of lithic impact breccias with glass associated with minor impact melt
(Kieffer and Simmonds, 1980). The explosive expansion of vapour derived from
hydrous minerals, devolatilised by high pressure and temperature conditions, and pore
waters incorporated in sedimentary rocks, increases the dispersion and fragmentation of
melt (Kieffer and Simmonds, 1980).

Impactites may be classified into two broad subheadings, proximal and distal
with numerous sub-classifications. Figure 1.4 shows a suggested classification scheme
for impactites with their location in relation to the crater (Stoffler and Grieve, 1996).
Proximal deposits occur around the site of impact whereas distal deposits may occur
globally, for example, the KT boundary clay or up to several 100 km from the site of
impact. The Ries tektites, known as moldavites illustrate this and are found up to 400
km from the Ries crater (Bouska, 1994). There are a considerable number of different
terms used in the literature to describe impactites many of which are local terminology;

the suggested classification scheme was intended to simplify this terminology.

1.6.1. Proximal impactites.

Proximal impactites include cataclastic breccias, lithic impact breccias, and
impact melt rocks. Cataclastic breccias are rocks which have been detormed by shearing,
granulation and pervasive microfracturing by the movement of rocks relative to each
other as a result of impact generated shock waves, post impact re-bound and ring
faulting movements. The Nordlingen 1973 drill core in the Ries crater, Germany
(Stoffler, 1977 and Chao, 1977) revealed cataclastic breccia dikes below the transient

crater floor and within the fractured basement rocks (Stoffler et al., 1977).
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Similar structures were found in the 1992 drill core of the Kalkkop impact crater,
Eastern Cape Province, South Africa which contains cataclastic breccias within the
basement rocks (Reimold et al., 1998). As well as injection dikes of lithic impact
breccias (Reimold et al,, 1992).

Lithic impact breccias are breccias formed by the shock fragmentation of the
target rocks but do not contain impact melt glass. An example is the Bunte Breccia from
the Ries crater which is predominantly (90-95 vol%) composed of sedimentary rock
fragments (Horz et al., 1983) and was derived from the shallowest levels of the target
stratigraphy (Stoffler, 1973). The lithology represents the main excavation and ejection
stage during the crater formation as it comprises over 90 vol% of the total ejecta blanket
{Horz, 1982).

Suevite is a term local to the Ries crater that is used to describe a lithic impact
breccia with glass. Suevites contain fragments of crystalline and sedimentary rock,
variable percentages of aerodynamically formed glass bombs and fragments with a
finely comminuted matrix of the same composition (Masaitis, 1994). In the case of the
Ries, the rock is predominantly derived from basement rocks which underlie a thin
sedimentary sequence (Horz et al., 1983). The bulk composition of the suevite glasses 1s
consistent with the proportions of crystalline rock clasts within the suevite, indicating
that the glasses originated from the shock-fusion of a similarly composed basement
(Von Englehardt, 1997). Lithic impact breccias are described from a number of other
impact craters, for example Popigai (Masaitis, 1994; 1998 ), llyinets (Gurov et al.,
1998}, Chicxulub (Claeys et al., 1998) and Gardnos (Andersen and Burke, 1996). Lithic
impact breccias may be deposited within the crater itself or form part of the ejecta
blanket outside the crater structure.

Impact melt rocks may be subdivided into 3 sub-groupings on the basts of their
clast content (Stottler and Grieve, 1996). Impact melt rocks occur at the Popigai impact
crater where they are termed tagamites and consist of a glassy or crystalline matrix with

fragments of the target rocks and minerals (Masaitis, 1994). Large volumes of impact
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melt may result in the formation of melt sheets or lenses, for example Lappajiirvi
(Kukkonen et al., 1992) and Sudbury (Grieve et al., 1991). Thick impact melt sheets and
lenses tend to be found near the centre of impact craters although they may form
discrete deposits within the ejecta blanket outside the crater cavity. Impact melt rocks
from Polsingen quarry, Ries have been re-interpreted as high temperature suevites,
abnormally rich in melt which recrystallized at higher temperatures than normal suevite
(Von Englehardt and Graup, 1984).

All these impactites may occur as layered deposits within the crater, ejecta
blanket or as dikes within the crater floor. Depending on the nature of the target
stratigraphy they are all commonly polymict except in cases of single lithology targets

(Stffler and Grieve, 1996).

1.6.2. Distal impactites.

These represent the deposits which are found at some distance from the impact
crater and may be subdivided into shocked melt and unshocked air fall deposits (fireball
layers). Target material which has been vaporised by the impact event may be ¢jected to
form tektites, microtektites and mikrokrystites.

Tektites are glass bodies, often with unusual forms and textures which are found
in groups or strewn fields. These are defined on the basis of radiometric dating and
geographical proximity (Bouska, 1994). Table 1.2. lists the principal tektite groups and
fields, although there are considerable subdivisions within some of these groupings. For
instance the Indochinite group includes Javanites, Philippinites, Thailandites, Billitonites

and Malaysianites (Bouska, 1994).
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Table 1.2. Principal tektite groups and localities.

Tektite group|[ 1] Location[1] Associated crater Age (Ma)[1]
Bediasites and North American Strewn Field - Chesapeake Bay{?2] 35
Georgianites inc. Texas, Georgia, Cuba,

Barbados, Caribbean Sea, Gulf ol
Mexico.
Moldaviles Central European Strewn Field. Ries 14.7
5. Bohemia, S-W. Moravia.
Urengoites Novyi Urengoi, W, Siberia. Unknown 24
Trehizites Zamanshin crater, N. Kazakhstan. Zamanshin[ 3] 0.8t to 1.1
Ivory Coast Tektites, | Ouelle region, Ivory Coast. Botsumtwif4] 1.1
Ivorites
Australasian Tektites | Australia and Tasmania. Unknown 0.78
Indochinites S-E. Asia. Unknown 0.69
Libyan desert glass[5] | W. Desert. Egypt. Aerial burst 29

[11. Bouska, (1994). [2]. Poag ct al. (1994). [3]. Bouska et al. (1981). [4]. Koeberl et al. (1994). [5].
Wasson and Moore, (1998).

Tektites have been the source of considerable debate with two main schools of
thought, the lunar volcanic theory and the terrestrial impact theory. The lunar volcanic
theory suggested that tektites are lunar volcanic glass ejected by volcanic activity
(O Keefe, 1976, 1985; 1994). This was modified with many of the textural and
structural features of tektites and their association with impact events explained by
volcanic ejection from small icy Moons such as To, Callisto and Triton (Izokh, 1997).

This theory has now been largely discounted in favour of the terrestrial impact
theory, where tektites are formed from impacts on Earth and represent melts of surficial,
predominantly sedimentary rocks {Koeberl, 1994). The Ries moldavites have been
attributed to melting and vaporisation of surficial sands by the approaching impuctor on
the basis of their geochemical compositions and melting experiments ( Von Englehardt
et al.. 1987). Similar geochemical and isotopic evidence has been used to link the
Chesapeake bay impact crater with the North American strewn field (Mchugh, 1998;
Glass, 1998) and the Bosumtwi crater, Ghana with the Ivory Coast tektites (Taylor and

Epstein, 1966; Koeberl et al., 1998). Libyan desert glass (LDGs) have a close
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compositional relationship with mature sandstones from the Jurassic-Cretaceous Nubia
group (Barrat et al., 1997) and may be the result of an aerial burst analogous to the
Tunguska event (Wasson and Moore, 1998).

Microtektites are glassy bodies (<lmm in diameter) which occur within widely
distributed layers often in deep sea sediments. Spherical, transparent and colourless
microtektites with a similar composition to the North American microtektites are found
in the Ocean Drilling Project (ODP) Hole 6898 and represent distal ejecta from the
Chesapeake Bay impact crater (Glass and Koeberl, 1999).

Microkrystites are sand-sized spherules of silicate melt which have been found
assoctated with the KT boundary layer (Smit et al., 1992) and in a 2.54 Ga layer in the
Hammersley Group, Western Australia (Simonson et al., 1998). Microkrystites are
smaller than tektites/microtektites, do not show splash forms and may represent re-
condensed material from the vapour cloud (Smut, 1992).

Microspherules, such as microtektites and microkrystites form widely dispersed
distal deposits due to their small size which allows dispersion through the atmosphere
and thus further atield from the source crater. They are commonly associated with
shocked guartz and grains of spinel, e.g. in upper Eocene sediments from Massignano,
Italy (Pierrard et al., 1998).

Distal deposits of diamond from the Popigai impact crater (yakutites) can be
found over 400 km from the centre of the crater forming a strewn field of diamonds
(Vishnevsky et al., 1997) similar to those formed by tektites.

Airfall beds are most notably described from the KT boundary (Alvarez et al.,
1980). These globally distributed deposits are associated with high iridium
concentrations (Alvarez et al., 1980; 1992}, fragments of shocked quartz (Bohor et al.,
1984), spinels (Alvarez et al., 1980) and diamond (Gilmour et al., 1992; Hough et al.,
1995b). The KT boundary clay is also associated with a global soot layer from the

combustion of biomass within impact generated wildfires (Wolbach et al., 1990a).
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1.7. CARBON.

Carbon is unique in the number and complexity of compounds it is able to form,
clemental carbon posesses 3 bonding states: sp’, sp® and sp hybridisation (Kudryavtsev,
1999). Carbon can occur as (1) diamond (the sp™ allotrope of carbon), (2) graphite (the
sp” allotrope), (3) fullerenes {sp*/sp’ mixed), (4) carbynes (sp¥/sp’ mixed and
hybridized). (5) soot, (6) complex organic polymers, (7) hydrocarbons and (8)
carbonate minerals. As well as carbide minerals such as silicon carbide (SiC). The
crystalline structure of five of the allotropes of concern: diamond, londsdaleite, graphite,
fullerenes and carbyne are illustrated in figure 1.5.

Diamonds can exist and be formed in a wide range of environments, such as
meteorites, impact craters, gas-phase experimental reactions and from a wide range of
carbon based source material (e.g. coal, carbynes, hydrocarbons and fullerenes). This
has opened new fields of research and many questions concerning the actual

formational constraints on diamond and other high-temperature or high-pressure carbon

phases.

1.7.1. Diamonds in meteorites.

Diamonds were first found in vreilites such as the Novo Urei meteorite
(Yerofeev and Lachinov, 1888) and Goalpara (Urey et al., 1957) as well as irons, such as
Canyon Diablo (Foote, 1891), ALHA-77283 (Clarke et al., 1981} and Chuckwalla
(Clarke et al., 1994). The diamond is often found in association with lonsdaleite
(Hanneman, 1967; Clarke, 1994) and has been attributed to shock synthesis from
graphite (Abee) or soot (Novo Urei) (Fisenko et al., 19953).

Presolar grains such as diamond and silicon carbide found in primitive
meteorites are the carrier phases for anomalous noble gas signatures such as Xe-HL
{Lewis et al., 1987). The formation of these grains has been attributed to shock

synthesis from precursor carbon material by collisions of the parent meteorite
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throughout its history as well as relict presolar interstellar diamonds, which may be
formed by gas-phase reactions. Comparison of microwave assisted chemical vapour
deposition (MWCVD), hot filament assisted CVD (HFCVD) and shock-produced
diamonds indicated that the most likely model for the formation of diamond found in

ureilites was a vapour growth model (Matsuda et al., 1991; 1995).

1.7.2. Diamonds associated with impacts.

Diamonds were initially reported from the Popigai impact crater (Masaitis,
1972) and subsequently from the Ries crater (Rost et al., 1978), the KT boundary layer,
(Carlisle and Braman, 1991; Gilmour et al., 1992) and a number of other European
craters (Vishnevsky et al., 1997).

Diamonds 1n the Popigat impact crater, Siberia are found within shocked gneiss
clasts In tagamites (impact melt rocks) and suevites (impact breccia with glass)
{Masaitis. 1993). These diamonds display forms and characteristics suggestive of direct
transformation from graphite by shock (Masaitis, 1993; 1995; Koeberl et al., 1997).

Diamonds containing lonsdaleite were reported from the Otting and Bollstadt
suevites of the Ries crater (Rost et al., 1978) as polycrystalline aggregates up to 300 pm
in size. Many of the diamonds are polycrystalline aggregates showing characteristics
indicative of the shock transformation of graphite similar to those from the Popigai
impact crater. However, nanometre (< 6 nm) diameter diamonds in association with
silicon carbide have also been reported from the Ries crater and are considered to be the
result of a CVD-like formational process (Hough et al., 1995c¢).

The polytypes of diamond are analogous to the various polytypes of silicon
carbide (S1C) and the two end-member polytypes, 3C (cubic diamond) and 2H
{hexagonal lonsdaleite) are well known. A further intermediate polytype 6H has been
identified in vapour deposited diamond powder, and further polytypes 4H, 8H, I5R

(rhombohedral) and 21R are predicted (Spear et al., 1990). The structure of polytypes
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4H. 6H, 8H, 10H, 15R and 21R have been calculated by replacing the silicon atom in
SiC with carbon (Phelp et al., 1993).

Carbonado is a form of diamond which occurs as porous polycrystalline
aggregates composed of single crystallites up to 250 gm in diameter. They are notably
found 1n placer deposits in Carnot-Berberati and Ouadda-N’dele in the Central African
Republic and Bahia, Brazil (Master, 1997}, North Yakutia, Sayan and the North Russian
platform (Kaminsky et al., 1978) and have clear crustal mineral associations (Smith and
Dawson, 1985). Several theories for the formation of these aggregates have been
suggested, including;

(1) impacts (Smith and Dawson, 1985) on the basis of their crustal 8°C and 8''N
isotopic ratios (Shelkov et al., 1994; 1995),

(2) the effects of radiation on organic matter, a mechanism similar to that found to
produce diamond in coal (Kaminsky et al., 1987; Ozima and Tatsumoto, 1997),

(3) hgh-pressure growth and sintering over a long period achieving thermal equilibrium
boundary structures (Chen and Van Tendeloo, 1999)

(4) meteoritic, and formed through solar or presolar processes (Haggerty, 1996).

De et al., (1998) found a close genetic relationship between Brazilian and
Central African carbonados proposing their formation within a united landmass during
the late Archean. Carbonados from Brazil and Central Africa do not contain londsdaleite

unlike impact diamonds but may have SiC inclusions (De et al., 1998).

1.7.3. Graphite associated with impacts.

Graphite commonly occurs in metamorphic rocks as well as carbonaceous and
iron meteorites, Most natural graphite is a mixture of two different configurations, 2H
hexagonal graphite and 3R rhombohedral graphite. Rhombohedral graphite may form
up to 30% of the graphite structure as the individual crystals increase in size (Shi,
1996). Small-scale structural and compositional heterogeneities may be retained

depending on the degree of crystallinity and maturity (Rietmeijer, 1991)
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Natural graphite may be metamorphic graphite formed from regional or contact
metamorphism of organic matter, or fluid-deposited graphite from carbon which has
been mobilised by fluids and then reprecipitated (Luque et al., 1998). During prograde
metamorphism, oxygen, hydrogen and nitrogen are released from orgamic matter and the
residual carbon atoms become increasingly ordered (Grew, 1974, Itaya, 1981; Buseck
and Huang, 1985). The nature of the precursor carbon, e.g. aromatic structures with
hexagonal benzene ring structures, greatly affects the ease of graphitisation and degree
of structural order attained (Buseck and Huang, 1985). Amorphous forms of carbon
and carbon biack are now seen to be poorly crystalline forms of graphite rather than
another carbon allotrope (Kudryavstev, 1999). Anthracite and bituminous coals have
been converted to graphite using simple shear at temperatures up to 900 °C and
pressurcs of | Gpa indicating that strain energy provides the majority of the activation
energy required for graphitisation {Bustin et al., 1995).

Graphite has been found to show low-level shock features common to other
layered minerals such as biotite, for example kink bands (Stoftler, 1972). These shock
structures may become preserved in impact diamonds subsequently formed by direct
shock transtormation (Valter, 1986).

Crystalline and poorly crystalline graphite is believed to be the main carbon
source for impact diamonds found at the Popigai crater (Koeberl et al., 1997). Graphute
occurs within Archean crystalline basement rocks which form part ot the target area.
Many of the impact diamonds recovered show inherited hexagonal platy graphitic

structures (Koeber] et al., 1997).

1.7.4. Fullerenes and soot associated with impacts.

Fullerene (C) is a complex carbon molecule with the form of a truncated
isohedron, which was discovered from experiments involving the laser vaporisation of
graphite (Kroto et al., 1985). Pure C,, crystallises in cubic close-packing (c.c.p) and

hexagonal close-packing (h.c.p) structures which form a series of phase transitions
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corresponding to different degrees of molecular structural disorder (Van Tendeloo et al.,
1993) with h.c.p and c.c.p domains separated by stacking faults (Blanc et al., 1996).
These structures form a homogenous solid state polymerisation phase transformation
with increased temperature (Marques et al., 1996). Kroto et al., (1985) postulated that
the stability of the molecule meant that it could be a major constituent of circumsteliar
shells and interstellar dust. Since then fullerenes have been found in a variety of
terrestrial environments.

Fullerenes have been reported in the carbon-rich mineral shungite (Buseck et al.,
1992), fulgurite (Daly et al., 1993), the KT boundary layers (Heymann et al., 1994;
1996; 1998), the carbon-rich layer in the Sudbury impact crater (Becker et al., 1994) and
the Permo-Triassic boundary sections (Chijiwa et al., 1999). Fullerenes and fulleranes
have also been detected in meteorites such as Allende where they are considered to be
the products of gas-phase reactions (Becker et al., 1994; Becker and Bunch, 1997).
Fullerenes have been detected in a tiny impact crater on the Long Duration Exposure
Facility (I.DEF) and may have originated from a chondritic impactor or have been
produced in situ by the impact (Di Brozolo et al., 1994).

There is still some controversy regarding the formation or origin of fullerene at
impact sites and its relationship with the other carbon allotropes such as diamond,
carbyne (chaoite) and graphite. However, a number of arguments have been proposed
which include wildfires (Wolbach et al., 1990a) and the pyrolysis of meteoritic organic
matter and synthesis in the impactor with the fullerene surviving the impact event
(Gilmour, 1999). Kroto, (1991) showed that fullerenes can form from the incomplete
combustion of organic material (trees and plants) containing unsaturated hydrocarbons.
Fullcrenes are synthesized experimentally by the laser vaporisation of carbon (Kroto et
al., 1985; Taylor et al., 1990) and can be transformed to diamond by shock compression
and rapid quenching (Sekine, 1992; Hirai et al., 1995).

Soot, 100-300 A spherical carbon particles attached in necklace like chains

{Harris and Weiner, 1985), has been reported from at least |3 KT boundary layer sites
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and is used as evidence for widespread forest fires (Gilmour et al., 1989) and may be
formed from the incomplete combustion of organic matter in a mechanism similar to
that of C,, (Kroto, 1991). The carbon isotopic composition (8"°C -25.8 %) indicates the
main carbon source was terrestrial vegetation (Wolbach et al., 1990b). Soot is another
form of carbon which can be experimentally transformed into diamond under conditions

of high pressure (Donnet et al., 1997).

1.7.5. Carbynes associated with impacts.

The carbyne chaoite, a high temperature chain-structure polymorph of carbon,
was found within graphite in fragments of shocked basement gneisses from the Ries
crater (El Goresby and Donnay, 1968). Chaoite has different mineralogical
characteristics to graphite and was considered to be a product of the shock
transformation of graphite via a similar mechanism to diamond (El Goresby and
Donnay, 1968). Carbynes are triply bonded chain allotropes of carbon stable between
2600 K and 3800 K (Whittaker. 1978).

Carbynes were subsequently found in graphite in meteorites, for example
diamond-graphite aggregates in uretlites (Vdovsykin, 1972), within complex impact
diamond grains containing lonsdaleite and disordered graphite from the Popigai impact
crater (Vishnevsky and Palchik, 1975) and the Allende meteorite (Hayatsu et al., 1980).
They are also found in terrestrial graphite from Sri Lanka and California (Whittaker,
1979) and marble from the Santa Resa mountains, USA (Whittaker and Kintner, 19835).
Although Rietmeijer (1991) reanalysed graphite from Sri Lanka and determined that the
carbyne domains represented distorted pre-graphitic C-(H, O, N) material.

It has been suggested that chaoite and other carbynes may form an intermediary
stage in the transformation of graphite to diamond {Whittaker, 1978; Hermann, 1994).
Whittaker. (1979) proposed that the Ries chaoite may pre-date the impact, occurring
naturally in graphite within the basement gneisses, although it should have been

transformed to diamond. Graphite may be shock compressed to a carbyne form which
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then collapses back into the diamond structure after the passage of the shock front
(Heimann, 1994). Borodina et al., (1996) produced nanocrystalline cubic diamond from
the shock loading of amorphous carbyne films. Further experimental evidence has
indicated that shock pressures of <5 Gpa with no thermal activation can transform
carbyne to diamond through the cross-linking of periodically arranged sp-hybridized

short chains (Heimann, 1999).

1.8. IMPACT DIAMOND OCCURRENCES AND CHARACTERISTICS.

Diamonds have been identified and described from several impact structures to
date including Popigai (Masaitis et al., 1972), Ries (Rost et al., 1978), Kara (Koeberl et
al., 1990), Puchezh-Katunki (Marakushev et al., 1993), Zapadnaya (Masaitis, 1993},
Ilyinets and Obolon (Gurov et al., 1995), and the K-T boundary layer (Carlisle and
Braman, 1991; Gilmour et al., 1991 ).

Some characterisation of impact diamonds has been made; Vishnevsky et al.
(1997) published a comprehensive review of impact diamonds which provides access 1o
Russian data. Table 1.3 summarises the current data available for diamonds from the
published literature.

The structural features of impact diamonds together with mineral associations
indicates that there are a wide range of possible sub-classifications including
paramorphs of graphite or coal formed by direct transformation, skeletal aggregates
formed by ctching or a restricted carbon feedstock, nano-diamonds formed by shock,
explosion, vapour condensation or homogenous nucleation.

From table 1.3 a number of comparisons can be made, primarily the association
of cubic diamond with lonsdaleite (which is the high pressure hexagonal polymorph of
diamond that can be identified using single grain x-ray analysis). The impact diamonds

themselves are commonty small (1-500 pm), porous, microcrystalline aggregates of
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<6 nm-Ipm crystallites. These are often coloured as a result of numerous inclusions,

such as graphite (black) and nitrogen (yellow) (Valter et al., 1992) and apographitic with

the preservation of the original graphite morphology (Masaitis. 1994).

Table 1.3. Summary of the characteristics of impact diamonds.

Crater Lithology | Size/colour | Morphology | 8"C (%) | % Londs Comments
Rics Suevite 2-300 pm Large plates | -16 0 -22 yes Entergrowths of
[1.2.3] grey and skeletal SiC and diamond

aggregates aggregates
with SiC
Ries [4.5] | Glass 50-300 um Plates, 26 to -16 yes -
yellowish scales,
aggregates etched
Popigai Suevile - Ageregates, | -12t0-18 5-60 include CO,
|6.7,8] apographitic | -10 0 -17
Popigai Gneisses 0.1-1.3 mm | Aggregates -12to-17 5-60 -
19.10. 111 vellow/grey
Agoregales
Karu [ 12] - red/orange Preferential -23 10 -24 low Coal as carbon
orientation source
Zapadnaya, | Suevite 0.4-0.5 mm . - 5-10 and -
Obaoion, colourless- 40-50
[yinets yellow/
[12] black
Sudbury Onaping 100nm-pm | Friable, - <30%: -
[13] tonmation crystallites | aggregates.
in aggregates { corroded
Lappujiirvi | Suevite 100nm-1um | Tabular, - <30% Primary graphite
113 14] crystalliles | aggregates twins, strong
in aggregates corrosion
Tunguska | Peat 15 pm Anhedral -25 - 8" N=0 %
[15]
KT Fireball 6 nm-30 wm | Near cubic -1t to -19 - -
[16,17] layer
{1]. Hough et al. (19954a), [2]. Hough et al. (1995¢), |3]. Rost et al. (1978), [4]. Abbott et

al. (1996; 1998a; 1998Db), [5]. Siebenschock et al. (1998). Schmitt et al. (1999). [6].
Koeberl et al. (1997), [7]. Grieve. {1994), [8]. Masaitis and Shrafranovsky, (1994). {9].
Vishnevsky et al. (19953, [10]. Shelkov et al. (1998). [11]. Masaitis et al., (1998). [12].
Ezersky, 1982, Gurov et al. (1995) [13]. Langenhorst et al. {1998). [14]. Langenhorst et
al. (1999). [15]. Hough et al..(1995d), [16]. Hough et al. (1995b: 1997). [17]. Gilmour
et al. (1992).

Figure 1.6 illustrates the range in the carbon isotopic composition of these

diamonds, the main feature is the wide range of values obtained.

The isotopic composition of the diamonds vary within and between localities

depending on the nature of the precursor carbon, e.g. diamonds from both Kara and
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Tunguska are isotopically lighter than those from the KT fireball layer as the carbon
sources are different. The diamonds from Kara have been ascribed an origin from coal
in the basement rocks vaporised by the impact (Ezersky, 1982; 1986). The source of

carbon in Tunguska was not directly identified, although poorly crystalline
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Figure 1.6. Summary of impact diamond 8'C compositions.

[1]. Shelkov (19973 [2]. Koeberl et al. (1997) {3]. Grieve (1994) [4]. Masaitis and Shrafranovsky,
(19943 |51. Hough et al. (1995¢) [6]. Hough et al. (1997) {7]. Gilmour et al. (1992) [8]. Vishnevsky ct
al., (1995) |9]. Hough et al. (1995d)

graphite or amorphous carbon is the most likely source (R. Hough, Pers. Comm.).
Nano-diamonds (< 6 nm) from the KT fireball layer may be derived from graphite
known to exist in samples of the Chicxulub drill core (V. L. Sharpton (1997}, Pers.
Comm.), with a possible contribution from end-member mixing with carbonates which
form a significant proportion of the Chicxulub target stratigraphy (Sharpton et al,,
1996). The Ries diamonds are similarly suggested to be the result of mixing between
carbonate rock and basement graphite matertal (Hough et al., 1995¢).

Diamonds {rom the Popigai crater have apographitic morphotogies with
inherited graphite twinning (Masaitis, 1995; Koeberl, 1997) and are perhaps the best

examples of direct graphite-diamond transformation. It has however, been suggested
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that carbynes may form an intermediary phase during this transformation (Whittaker,
1967; Heimann, 1998). Alternatively the variation may indicate the heterogeneous nature
of the source material,. Note that the carbon stable isotopic composition of metamorphic
graphite is highly heterogeneous in composition. Graphite is formed from the
progressive metamorphism of organic matter and thus initially inherits its stable isotopic
composition. During prograde metamorphism the degree of crystalline maturity in the
graphite increases and is associated with a carbon fractionation of around 3%¢ (Scheele
and Hoefs, 1992) due to isotopic equilibrium with carbonate minerals during
metamorphism (Ameth et al., 1985). Further graphite heterogeneity may be the result of
changes in tluid compositions (Duke and Rumble, 1983).

Clearly characterisation of the carbon isotopic composition of potential local
source lithologies and the shocked fragments incorporated in the suevite host rock is
required in order to attempt to constrain both the source lithologies and formational

mechanisms.

1.9. STABLE CARBON ISOTOPES.

Stable carbon isotope ratios are used extensively to characterise and constrain
carbon sources and to some extent formational processes.

The stable isotopic ratio of carbon, *C (98.89%) and *C (1.11%) is determined
by measuring the ratio of 'C/”C. Results are presented using the standard delta

notation (8) as,

Equation 1.1 8 *C = ( (’C/'*C )sample - (' *C/"°C) standard ) x10° %c
C/1*C standard

Standard normalisation is commonly to the Pee Dee Belemite (PDB) standard,
with aboratory standards normalised against this. Thus a sample with §°C = -1 7% is

depleted in "°C by 1.7% relative to the PDB standard.
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For the stable isotopes. such as "C"*C, 0’0 their chemical properties are
determined by their atomic number, thus isotopic ratio differences and variations are due
to mass differences and so vibrational energy of the atoms. This is especially important
in the light elements where the ratio of the mass differences are higher and thus

variations in the 1sotopes more likely to be apparent (table 1.4).

Table 1.4. Mass differences for light stable isotopes.

Isotopes Mass difference
'‘HiH 172
“C/MC 1712
HN/N 1714
QM0 2/16

Fractionation is caused by any process inducing the isotopic ratios in different
phases or regions to differ. These processes include equilibrium fractionation, non-
equilibrium chemical processes and physical processes.

For equilibrium fractionation, the fractionation factor (¢t) can be calculated
theoretically. however due to uncertaimy in much of the thermodynamic data. this is
gencrally impractical and the values are determined experimentally. or by calculations
based on natural systems which are assumed to be in equilibrium. The size of the
fractionation factor (¢¢) at specific pressure and temperature conditions (P/TY determines
the degree of tractionation possible in a given process or reaction. Although the effects
of pressure {3 fuctor - reduced isotopic partition function) on equilibrium isotopic
fractionation is small, it does produce isotopic shifts at high pressure and theoretically
graphite will be enriched in "'C compared to diamond under cquivalent P/T conditions
{Polyakov and Kharlashina, 1994).

Non-equilibrium chemical processes arc commonly kinetically driven, when an
cquilibrium is not maintained. The strength of bonds in compounds will vary due (0

molecular vibrations; for example, the ""C-O bond is weaker than the "'C-O bond due to
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the hugher energy of the lighter isotope, therefore in kinetic processes "C will be
tractionated from C which will be concentrated in the residue. Thus, chemicat
processes such s biological activity can fractionate *C from "'C, for example organic
matter is usually depleted in "C with negative delta values, relative to the dissolved
carbonate (mainly HCO™) in the aceans which has a 8°C value of ~ 0%
Photosynthesis concentrates "*C in organic matter and depending on the biological
pathway employed, organic carbon is in general depleted in *C compared to oxidised
carbon or carbonates. The observed isotopic heterogeneity of graphite has been
attributed to changes in fluid compositions with time (Duke and Rumble, 1983).
heterogeneity in the original precursor carbon (with isotopic equilibrium being achieved
alongside crystalline maturity) (Buseck and Huang, [985), or variable crystalline
maturity and isotopic equilibrium with metamorphic decarbonation of carbonate
mincrals ( Arneth et al.. 1985). It has been observed that the values of 8" °C in associated
schists and marbles in the Panumint Mountains, California. was controlled by the
relative proportions of calcite and graphite (Bergfeld et al., 1996).

Physical processes such as vapour-liquid fractionation will depend on the
difference in vapour pressure between the lighter and heavier isotopes. Incomplete rapid
evaporation or volatilisation may enrich the vapour in C leaving a “C-rich residue.
Detailed mineralogical studies of shocked carbonate bearing impactites trom the
Haughton crater, Canada indicated that decarbonation outgassing of CO, occurred in the
centre of the crater and a significant proportion of this back-reacted with reactive
residual oxides (CaO and MgQ) to provide an associated carbon {ractionation (Martinez
et al., 1994), Shocked calcite at the Ries is believed to have formed under both reducing

and oxidised conditions from CO,, O, and Ca within a vapour plume (Miura., 1995).

1.10. SUGGESTED FORMATION MECHANISMS.
A number of mechanisms have been proposed for the formation of the diamond

associated with impact processes. The initial mechanism which satisfies a lot of the
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textural and structural evidence from impact diamond samples is a mechanism of direct
transformation (Masaitis, 1995). Subsequently a CVD-like vapour phase mechanism
was proposed to account for an observed association with silicon carbide and fine-
grained textural features (Hough et al., 1995¢). Experimental synthesis of diamonds has
produced additional suggestions regarding the exact mechanisms of transformation.
These are outlined briefly within this section and discussed in greater depth in
subseqguent chapters.

Apographitic, hexagonal and platy diamond structures, which have been
observed in many impact diamond examples ( Vishnevsky, [997), are used as evidence
for the direct shock transformation of graphite to diamond. The mechanism for the
transformation of minerals to their high pressure phases involves the formation of a
denser more compact crystalline form in order to minimise the high shock pressures
experienced during the impact event. There arc a4 number of different mechanisms
proposed for this transformation {De Carli, 1967; De Carli and Jamieson. 1961; De
Carlt. 1998: Chomenko et al., 1975) operating over a variety of pressure and temperature
conditions, Carbynes have been suggested as an intermediate phase in the shock
transtormation of graphite to diamond (Whittaker. [978: Heimann, 1998). In addition
fullercnes (Epanchintsev et al., 1995: 1997). soot (Donnet et al., 1997;
KohseHoinghaus. 1998) and hydrocarbons (Matsumoto et al., 1982} can be
transtormed to diamond experimentally.

The observed association of impact diamond with silicon carbide. both as
intergrowths and separate crystals from the Ries crater suevites together with their fine-
grained and skeletal structures led to the suggestion of a chemical vapour deposition
(CVD) like mechanism (Hough et al.. [995¢). CVD methods for the growth of synthetic
diamond involve the nucleation and condensation of diamond from an ionised gas
feedstock containing the required elements. Techniques which employ a silica substrate
produce diamond associated with silicon carbide (Stammler et al., 1997). As the carbon

15 deposited it reacts with silica atoms evaporated from the substrate (<1000 °C)
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forming silicon carbide, as the amount of carbon increases relative to silica, diamond is
formed. The skeletal, fine-grained structures of the impact diamonds found associated
with silicon carbide indicated that they may have formed as a result of rapid
condensation and growth within a vapour phase (Hough et al., 1995¢) or from a limited
carbon source as observed in natural diamonds (Shafranovsky, 1964). Langenhorst et
al. (1999) suggest that extensive corrosion and etching might result in the formation of
skeletal structures in diamond formed by the shock transformation of graphite.

The mechanisms and conditions of impact diamond formation, whether via direct
transformation or a CVD-like mechanism, will be closely linked to the physical and
chemical conditions created by the impact event. Shock ejection and vaporisation of the
target rocks is expected to produce an upwardly expanding cloud of vaporised rock,
dust and fragments of shocked rocks and minerals (O’ Keefe, 1982). The temperature
and pressure of this cloud or fireball would be highly heterogeneous and change
depending on the degree of adiabatic pressure-release, following escape from the
transient crater and the amount of cold, admixed fragments. The proportions of ionized
plasma in the vapour cloud may be highly complex due to the interactions of jetting,
entrained fragments and internal shear-heating of the projectile and target (Schultz and
Gault, 1979). The tireball could provide the necessary feedstock elements for CVD with
the combustion of carbon leading to the formation of increasingly reduced chemical
conditions and possibly an undersaturation in carbon. Localised areas of the plume may
even be hot enough for the formation of plasma-like hot ionised gas. Laboratory
experiments generating hypervelocity impact produced plasmas indicated temperatures
of 4500 K and charged particle densities of 10° to 10" ions/fcm™ with low angle impacts
producing enhanced vaporisation and self-luminous ionized clouds (Crawford and

Schultz, 1991,
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1.15. OBJECTIVES.

This work initially focused on samples from the Ries crater, Germany, which
was chosen because of good exposures of the different impact lithologies. The samples
were fallout suevites (polymict impact breccia with glass), tallback suevite, impact melt
rock. lithic impact breccia, shocked granite and basement rocks. Previous work on the
Rics crater investigated mineralogical. compositional and structural characteristics and
has been used to delimit the impact processes, dynamics and extent of shock (Von
Englehardt et al., 1997). Thus, a detailed investigation of the carbon isotopic
composition of the target lithologies, impactites and individual mineral components such
as diamond. graphite and silicon carbide, has been undertaken with the aim of
correlating the compositions of the source rocks with diamonds found in the fallout
suevite.

The initial stages mvolved prolonged acid demineralisation of the whole-rock
samples to obtain resistant residues. Morphological characterisation of the residue
minerals was undertaken using microscope techniques. such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) in order to identity
the minerals present (zircon, graphite, diamond. silicon carbide etc.). This electron
microscopy study aiso provided textural and structural evidence for possible shock
related deformation of the minerals, for example stacking faults and twinning. Impact
diamonds were detected in and 1solated from acid-denuneralised residues of several
samples, such as tallback suevite, gneiss and impact melt rock which had not previously
been studied in this manner.

The whole-rock samples were analysed for buik carbon stable isotopic
compositions using dynamic mass spectrometry in order to characterise the tsotopic
composition of the Ries impact rocks from around the crater. This was accompanied by
a detwiled investigation into the isotopic composition of the resistant residue components

using stepped combustion combined with high resolution static mass spectrometry.
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A sceond study involved samples from the Gardnos impact crater, Norway.
Small samples of impactites and target rocks from the crater were acid demineralised
using a microwave assisted reaction system (MARSS5™). The residues were analysed
using TEM in order to characterise the composition of the carbon within the rocks.
Graphite was identified in a number of samples and diamond in suevite and black matrix
lithic impact breccia. Further samples were prepared for solvent extraction and gas

chromatography mass spectrometry.
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CHAPTER 2: PETROGRAPHIC DESCRIPTIONS AND
EXPERIMENTAL TECHNIQUES.

2.1. INTRODUCTION.

This chapter contains descriptions of the samples which were selected for
analysis and their petrography, followed by details of the experimental techniques
employed. These techniques aimed to investigate the mineralogical and isotopic
composition of carbon in the whole-rocks, extracted lithic fragments and individual
minerals. The samples and localities used are described below.

Whole-rock samples, extracted lithological fragments, glass and sampies from
the Nérdlingen 1973 drill core (N-73) (Stoftler, 1977 Chao, 1977) were analysed tor
their carbon stable isotopic compositions, The samples were susequently acid
demineratised o leave o resistant residue in order to separate individual carbonaceous
components. These demineralised samples (herein called residucs) were analysed for
their carbon stabie tsotopic compositions as were extracted single grains of diamond
and graphite. The residues were studied at various stages throughout the
demineralisation using a petrological microscope, scanning electron microscope (SEM}
and transmission electron microscope (TEM).

A suite of samples trom the Gardnos crater were demineralised using a
microwave accelerated reaction system Mars5™ (CEM Corporation). Following this.
amorphous and graphitic carbon was removed using chromic and perchloric acids and
the samples analysed using TEM and stepped combustion combined with static mass
spectrometry. Additional samples of graphite from the Lappajirvi impact crater were
analvsed using static mass spectrometry combined with stepped combustion for carbon
stable isotopes.

The actd-demineralisation procedures have been developed over a number of
vears at the University of Chicago (Lewis et al., 1975: Lewis et al., [987; Amari et al..

1990) and within the Planctary Sciences Research Institute (Russell et al.. 1990;
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Gilmour et al., 1992). The method is capable of producing very clean residues of hi ghly
resistant materials such as diamond and silicon carbide, through the removat of less
resistant carbonates and silicates. The procedure is described in detail in section 2.3.
2.2. RIES CRATER SAMPLE DESCRIPTIONS [48°51’N, 10°29’E].

The samples from the Ries crater are representative of the difterent impact
Jithologies present, including highly shocked impact breccias, lithic impact breccias
(Bunte Breccia) and variably shocked crystalline basement material. The sample
localities are illustrated in section 3.1,

Eleven individual samples were studied (table 2.1)

Table 2.1 Ries samples and localities.

Sample Locality Sample type Sample
abbreviation
Faltout suevite Otting quarry Lithic impact brecciu 005
with glass
Fallout suevite Seelbronn guarry Lithic impact breccia SBS
with glass .
Part of a glass Otting quarry Tmpact melt glass 0QGB
bomb
Bunte Breccia Aumiihle quarry Lithic 1mpact breccia BB
Impact melt rock Polsingen quarry 7 High temperature PIMR
suevite
Gneiss Aumuhle quarry Gnelss AQG
Unshocked gpected | Itzingen quarry Friable granite ITZ
granite
Fallbuck suevite Nordlingen dnll core Lithic impact breccia NC343
1973 (N-73) (343, 20 my. | with glass
Fallback suevite N-73 (384, 07-14 m) Lithic impact breccia NC384
with glass
Fallback suevite N-73 (494, 64-86 m) Lithic impact breccia NC494
with glass
Basement N-73 {1059, 10-25 m) Unshocked crystalline NCT059
basement

The N-73 material was provided by Protfessor D. Stoftler, Institut tiir
Mineralogie, Berlin and the fallout samples provided by Professor D. Stotfler and Dr.
R. Hough, PSRI, Milton Keynes. The terms suevite and Bunte Breceia are local Ries
terms for hithologies better described respectively as a polymict impact breccia with

glass and a lithic impact breccia which does not contain melt particles. Suggested
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terminology to encompass the wide range of local impactite terms (Stotfler and Grieve,
1996) was discussed in section 1.6,

The samples and localities described below comprise of a range of impact
lithologies from around the crater itself. Descriptions of the tocalities and lithologies are
derived from Chao, {1978). Delailed descriptions of the various impact lithologies may
be found in Horz et al. (1983), Von Englehardt, {1990). Von Englehardt et al. (1995)
and Von Englehardt, (1997).

2.2.1 Otting quarry, fallout suevite (0QS).

The Otting quarry is a relatively large outcrop (24 m thick) of suevite (impact
breccia with glass) to the north east of the inner crater rim and is underlain by Malm
limestone and Bunte Breccia. The exposure in the quarry comprises of fresh
unweathered suevite contaning vesiculated glass bombs and basement rock fragments
exhibiting all stages of shock metamorphism. Samples from OQS were used to date the
impact event. to 14.8 £ 0.7 ma using "Ar/*K (Gentner et al., 1963) and to 15.0 0.1
ma using "' Ar/"'Ar (Staudacher et al., 1982). ‘

[n hand specimen the sample is a Jarge block. approximately 40 by 22 ¢m in size
with a greenish grey/white groundmass of altered glass with fragments ol rock and
minerals. Figure 2.1 is a photograph of a cut block of suevite from the Otting quarry
and shows glass and lithic fragments within a fine-grained grey matrix. The
groundmass is most likely chloritized and composed of clay minerals such as
montmorillonite replacing altered glass as described by Von Englehardt (1997).

The sample includes two large elongated black glass bombs. the largest of which is
about 15 cmuin length and has a highly inegular upper margin in comparison to the

smooth lower margin (figure 2.2).
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Figure 2.1. Photograph of a 7.5 cm by 7.5 cm cutblock of suevite from OQS. Scale

shown by ¢m scale ruler in the bottom right corner.

Underlying suevite
groundmass

Scm | Infilled vesicle

Figure 2.2. Sketch of a glass bomb within OQS groundmass. Showing empty and infilled
vesicles, foliation of small vesicles and glass around fine grained margin and irregular

structure.

The form of this bomb is reminiscent of the bowl shaped glass bodies described
by Von Englehardt et al. (1995). Inclusions and vesicles within the glass appear to

follow the finer grained margins of the bomb and indicate exsolution of a gas phase due
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to pressure release and cooling (Von Englehardt et al., 1995). The number of vesicles
varies from about 5 to 60 vol% in different glass fragments and bombs and may be
filled with secondary mineralisations such as chalcedony, montmorillonite, calcite or
zeolites (Von Englehardt et al., 1995). Chilling of the glass as it was ejected results in
the formation of finer grained chilled margins.

The groundmass contains many smaller glass fragments which are often
vesicular and as with the larger bombs these vesicles may be filled with secondary

mineralisation. Some lithoclast fragments have visible glass rims, this is illustrated in

figure 2.3.
Vesicular vitreous .
glass fragment. m . % \
e -
iy I )
o ! @ LM -
""'M‘ @ Sedimentary fragment

Crystalline fragment

with thin glass rim. :
s A

Vesicular glass

with thin glass rim.

Sedimentary fragment
with fractures.

-

bomb {ragment.

Figure 2.3. Sketch of a section of Otting glass suevite, showing small glass bomb

fragments (black). sedimentary fragments and crystalline fragments with thin glass rims,

2.2.2. Otting quarry, glass bomb (OQGB).

The primary glass sample used was a part of the largest glass bomb yet
recovered from the Otting quarry (by D. Stoffler). The original sample was
approximately 30 cm in length and composed of black, highly vesicular vitreous glass.
These vesicles were mainly devoid of infilling mineralisation. Examination in thin
section revealed a streaky layered internal structure with numerous inclusions of
crystalline fragments and vesicles (figure 2.4). The brown coloration of schlieren

reflects increased concentrations of iron, magnesium and calcium or water oxidation
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(Von Englehardt et al., 1995). The bomb is illustrated in figure 2.5 which is a
photograph of part of the sample showing a ropy-like texture and the irregular surface

coating of the suevite groundmass.

Vesicle

Fine scaled
irregular layering.

Crystalline
material

Figure 2.4. Photomicrograph of Otting quarry impact melt glass. Showing streaky
layered structure, inclusions of crystalline material and vesicles. Magnification x5. (Field

of view 20 mm).

Figure 2.5. Photograph of part of a 7 by 6 ¢m glass bomb from the OQS. Scale shown by
cm scale ruler in the bottom right comer.

2.2.3. Seelbronn quarry (Aufhausen), fallout suevite (SBS).

[§S]
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The Scelbronn quarry (also known as Aufhausen) is a smaller suevite quarry to
the south east of the inner crater rim, possibly sampling a different part of the basement
during formation.

In hand specimen this sample is approximately 10 x 20 ¢m in size and
comprised of two layers. One layer 1s composed of very fine grained, light grey material
containing mica, small crystal fragments and small lithoclastic fragments. Whilst the
other layer is coarser in texture, containing a higher percentage of glass and lithoclastic
fragments. Very little groundmass is discernible. The colour is a dark grey dominated
by black glass fragments. The suevite contains several rock fragments, approximately
half of which are crystalline although highly altered and fine grained, the other
fragments appear to be highly altered sedimentary fragments. The degree of alteration
and clay mineralisation in these samples makes the exact lithological composition of the
fragments difticuit to determine.

The tmpact melt glass inclusions are dark and almost black in colour with a
slightly vitreous lustre although only small fragments are present (0.5 to 2 cm)

compared to the larger bombs within the OQS sample.

2.2.4. Auhmiile quarry, Bunte Breccia (BB).

The Auhmiile gquarry locality consists of Bunte Breecia underlying faliout
suevite and is located at the northern crater rim. Bunte breccia is a term used to describe
the Bunte Triimermasser deposits which form a near continuous ejecta sheet around the
crater (Chao et al,, 1978). This polymict lithic impact breccia 1s composed of primarily
sedimentary derived fragments and unconsolidated local material (Von Englehardt,
1990).

The sample is illustrated in figure 2.6 which shows the fine grained layering. In
hand specimen the sample is a highly friable black, fine grained rock. The sample has a
clear foliation or bedding on a very fine scale with a vitreous sheen to the surfaces.
Although the Biinte Breccia is predominantly a massive deposit, localised lineation

textures may be found along contacts {Horz et al., 1983). The fine grained matrix also
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includes small fragments of sedimentary rock, which are the same blue-black colour as

the groundmass and so hard to distinguish. These were detected when the sample was

ground for acid demineralisation.

Figure 2.6. Photograph of BB (2.5 cm by 1.5 cm)from Aumiihle quarry. Scale given by

mm divisions on ruler in the bottom right corner.

2.2.5. Polsingen quarry, impact melt breccia (PIMR).

Polsingen quarry is located to the east of the crater and comprises of a red
impact melt breccia. The breccia has a fine grained matrix consisting of glass containing
crystalline rock fragments, the red colour is the result of hematite alteration within the
rock (Chao et al., 1978). The locality was re-interpreted as a high temperature suevite,
abnormally rich in melt which recrystallized at higher temperatures than normal suevite
(Von Englehardt and Graup, 1984).

Figure 2.7 is a photograph of the hand specimen showing the red oxidised
colour, a number of lithic fragments and the vesicular glassy texture of the groundmass.

In hand specimen the sample has a fine grained red-grey matrix with a vesicular or
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pitted texture, it includes several large lithoclastic fragments which are highly altered and
either rounded or very irregular in form. The matrix is distinct from that of the suevite
samples in that it is composed of glass rather than polymict fragments of glass, rock and
minerals. The distinct greenish colour amongst the red matrix may represent

chloritisation of the sample.

Figure 2.7. Photograph of PIMR (5.5 by 4.2 ¢m). Scale given by ruler in bottom right

corner.

2.2.6. Itzingen quarry, granite (ITZ).

The quarry at Itzingen is a sand/gravel pit exploiting variably shocked, highly
altered and friable granitic material, which was ejected from the crater during the impact
event. The basement below the target area originally comprised of Variscan granitic
intrusions overlying a deeply inclined Pre-Variscan gneiss complex underlying a thin
sedimentary cover (Graup, 1978).

The sample is illustrated in figure 2.8 and in hand specimen the rock is friable,

coarse-medium grained and composed of quartz, pink and white feldspar with mica and

Jennifer I Abbott Chapter 2 43




black opaque minerals. The larger white feldspar crystals contain mica and/or opaque

inclusions.

Figure 2.8. Photograph of granite from ITZ (3.5 by 3 cm). Scale given by cm scale ruler

in the bottom right corner.

2.3. NORDLINGEN 1973 DRILL CORE.

Three drill cores have been placed in the Ries crater area, these include
Deiningen, Nordlingen 1973 and an industrial hole (1001). The Nordlingen 1973 drill
core has been described by a number of authors (Burberger, 1974; Jankowski, 1977;
Stoffler, 1977); Stahle and Ottemann, 1977) and much of the work is summarised in
Von Englehardt and Graup, (1984). The core was located approximately 4 km north cast
of Nordlingen and this location was selected on the basis of geophysical evidence to be
halfway between the inner crater ring and the outer crater ring (Chao, 1977). The drill
core reached a depth of 1206 m, approximately 600 m into the crystalline basement. The
specimen descriptions below are based on hand specimen examination of the core

material samples.
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2.3.1. Brecciated crystalline basement 1059, 10-25 m depth (NC1059).

This segment of core is a relatively fresh, medium to fine grained crystalline
rock. The dominant colour is a pink-red and the sample probably represents shocked
granite, comprising of areas of fine grained brecciation and coarser areas with a

surrounding textural lineation. The photograph of the sample (figure 2.9) illustrates the

fine grained nature of the sample.

Figure 2.9. Photograph of brecciated basement NC1059 (10 by 6 ¢cm). Scale given by c¢m

scale ruler in the bottom right hand corner.

2.3.2. Suevite 494, 64-86 m depth (NC494).

This sample has a red-brown colour in comparison to the Seelbronn suevite or
Otting suevite which are both grey in colour, possibly related to variatioins in the extent
of weathering oxidation and iron content. The sample is cross cut by a large elongated,
pitted and vesicular glass bomb with a lineation of inclusions along its margins. The

bomb comprises about 10 vol% of the total sample. Lithic inclusions comprise of 2 to 3
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cm fragments of target material, one of which has a visible thin glass rim. The
groundmass includes approximately 40 vol% of small (20 to 60 mm) crystalline
fragments and altered glass. The photograph (figure 2.10) shows an elongate glass
bomb amid the red-brown groundmass which contains numerous angular lithic

fragments.

Figure 2.10. Photograph of suevite NC494. (8 x 3 cm).

2.3.3. Suevite 384, 07-14 m depth (NC384).

This sample had a similar orange-red-brown colour as above. The majority of
the sample was composed of highly devitrified and altered glass fragments, although a
few may be altered sedimentary fragments and no black vitreous glass was evident. The
sample was vesicular and included crystalline basement rock fragments which were
relatively fresh and about 0.5 to 1 cm in size or smaller. Figure 2.11 is a photograph of
the sample showing altered glass or lithic fragments as well as other less altered lithic

fragments amid the fine grained groundmass.
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Figure 2.11. Photograph of suevite NC384 (7 by 5 cm. scale given by cm scale ruler in

the bottom right hand corner.

2.3.4. Suevite 343, 20 m depth (NC384).

This is a relatively small section of core compared to the other samples which is
similar to the suevites described above but less porous or friable. The sample includes a
large (3-4 cm) fragment of crystalline material (possibly gneiss) with a glass rim,
Smaller crystalline basement fragments and devitrified glass are also present. One small
(20 to 30 mm) fragment is similar to the brecciated crystalline basement sample
described in 2.2.6 and thus probably represents granite. Figure 2.12 shows the sample
with numerous altered and pitted fragments which may be altered glass or lithics. A

single large lithic fragment can be seen at the top of the sample.
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Figure 2.12. Photograph of suevite NC343 (11 by 9.5 cm). Scale given by cm scale ruler

in the bottom right hand corner.

2.4. GARDNOS AND LAPPAJARVI IMPACT CRATERS.

2.4.1. Gardnos impact structure. [60°40’N 9°00°E].

Located 125 km north-west of Oslo, Norway the Gardnos impact structure is
approximately 4.5 km in diameter and was formed on a crystalline metamorphic
amphibolite facies target (French et al., 1996; 1997) which may have been overlain by
shales. The target rocks comprise of granites, granitic gneisses with minor amphibolite.
metagabbros and quartzite. Impactites consist of fractured and blackened quartzites,
lithic breccias and melt bearing breccias (French et al., 1992).

High pressure carbon phases such as diamond have yet to be detected in the
Gardnos impactites or shocked target material. The impactites do however, show
anomalously high carbon contents in excess of those present in the target rocks. The
carbon stable isotopic composition of the impactites and target rocks ranges from 8"°C

values of -28.1 to -31.5 %e (French et al., 1997).
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A selection of whole-rock samples of impact breccia and suggested shale target

material from the Gardnos impact structure, Norway were provided by Dr. B. French,

Smithsonian Institute (USA). The eight samples provided are detailed in table 2.2.

Table 2.2. Gardnos samples and characteristics.

Sample Number Locality Characteristics
Lithic breccia 120 | Dokkelvi River, Granitic gneiss inclusions up to
{subcrater rocks) Tunnel Dump., several cm i size in black massive
matrix.
Bascment rocks 129 | Dokkelvi River, Highly fractured. with clasts of
(quartzites, Tunne! Dump darkened guartzite in dense massive
shocked, fractured, black matrix.
black and
carbon-bearing)
Melt bearing 133 | Ddokkelvi River, Typical dark green suevite breccia
suevite breccias above suevite with black glassy inclusions
fbasement contact (fladen).
Melt bearing 137 | Flatdalselvi River, Dense dark green suevite with somc
suevite breccias Im above contact mafic inclusions.
suevite/basement
Black shales {64 | Fagernes-Bjorgo Alum shale (Cambr-Ordovician).
highway, 5 km E Crumpled black shale below
of Bjorgo overthrust Proterozoic guartzite.
Black shales 169 Road cut 2 km S Biri shale (Proterozoic) Dark black
of Biri, W side fissile shale, highly folded and
Lake Mjosa. contorted. Assoc. Birl hmestone
and limestone breccia
Black matrix 178 | NE Dokkelvi River { Non-typical , contains numerous
lithic breccia quartz clasts, rare black clasts in
very dense black matrix
Melt matrix 179 | Dokkelvi River Typical, massive dense green rock

impact
melt breccias

with scattered clasts up to 2-4 cm.
in aphanitic matrix with greasy
lustre.

2.4.2. Lappajirvi impact crater.

The luke Lappajirvi impact crater, western Finfand is a 23 km diameter 80 Ma

clongated basin within Proterozoic gneisses and acid-intermediate rocks overlain by

Quaternary sediments (Langenhorst et al., 1999). The structure of the crater and

impactites hves been extensively investigated using geophysical techimiques and a

number of boreholes (Pipping and Lehtinen, 1992; Elo et al., 1992). The impactites

present include farge volumes of impact melt (Henkel and Pesonen, 1992), impact melt

breccias (Kirniite) and suevite breccias (Pipping and Lehtinen, 1992). Diamonds from
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the suevites and impact melt rocks have a tabular form and surface striations inherited
[rom precursor graphite (Langenhorst et al., 1998; 1999).

Samples of isolated impact diamonds and graphites from the Lappajirvi impact
crater were provided by Professor S. Vishnevsky. Russian Academy of Sciences. The
samples consisted of alkali fusion extracted diamonds and graphite residues from which
mdividual diamonds and graphite grains were selected and analysed for carbon stable

isotopes.

2.5. SAMPLE CRUSHING AND PREPARATION.

Crushing of the samples prior to acid digestion was required in order to increase
the surface arca of the samples, and thus facilitate faster dissolution of the minerals. The
samples were crushed manually. to eliminate the possibility of contamination by
erinding powders icarbides) common in the rock crushing labs. All the samples for the
acid digestion were crushed manually and only samples for whole-rock XRF and bulk
carbon isotopic analysis were crushed mechanically and ground to a very fine powder

(10 gm}. using an agate tema barrel.

2.6, ACID DEMINERALISATION.

Three different actd demineralisation techniques were employed:
(1) conventional demineralisation using a series of increasingly corrosive acids. (2) a
microwave assisted demineralisation system and (3) high pressure and temperature
bombs. Each method has its merits and tackles different problems associated with the
demincralisation of heterogeneous samples. Conventional demineralisation is prolonged
compared to microwave dissolution but much larger samples can be processed. The
microwave process involves considerable cleaning of the sample vessels as does the

high pressure bomb technique.
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2.6.1. Conventional acid demineralisation.
The acid demineralised residues were prepared following the schematic
iltustrated n figure 2.13. The procedures for the preparation of solutions are described

n appendix 1.

Figure 2.13. Summary of acid demineralisation stages, Duration of steps depends on the

nature of the individual sample.
( Dilte HCI )
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Distilled water x 3
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-~ Dnsnbled water x 3
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The technique separates resistant phases such as diamond and silicon carbide
from other minerals within the samples although resistant zircon and metal stlicates
require considerable acid treatment for removal. The acid dissolution involves
increasingly concentrated applications of hydrochloric acid (HCI) to remove carbonates,
hydroftuoric / hydrochloric acid 10:1 to remove silicates, HCI to remove neo-formed
tluorides, chromic acid (CI‘EO;’) to remove organic carbon and fuming perchloric acid
(HCIO,) to remove graphitic carbon. To illustrate the prolonged rature of the digestions

appendix 2 summarises the procedure for a glass sample.
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The initial stage of the acid digestion involved covering the samples with dilute
HC1in 300 ml teflon bombs. This often resulted in a strong reaction producing CO,
gas. Suevite samples were more likely to display strong reactions than crystalline or
olassy matertals because of the higher proportions of carbonate minerals in the rock.
The acid reacts rapidly, progressing through yellow-orange and finally a dark orange-
red colour indicating reaction of the acid with minerals within the sample. After the
sample ceased to react appreciably, increasingly concentrated HCl was used (up to 12
M) at 100 °C. When the sample appeared free of carbonates, disaggregated and showed
no reaction to HCI the next stage was started.

Using a mixture of 10 M HF and 1 M HCI dissolves silicates within the
samples and further disaggregates the residue. The production of neo-formed fluorides
(insoluble fluorides formed from the reaction of HF with carbonates) may be avoided
by extensive HC1 application prior (o this stage. yet usually some fluoride formation is
unavoidable and these are removed using repeated cycles of concentrated HCL and heat.
The formation of fluorides was particularly problematic in fallout suevite samples
compared to the glass and core samples, due to differences in their carbonate contents.

Non-crystalline and organic carbon is removed from the samples using chromic
acid ar 70-100 “C. Oxidation of carbon in the sample results in the chromic acid
changing from orange to a blue or black colour.

Perchloric acid is used to remove crystalline graphite, by fuming the samples at
100-110 "C until the samples are white-grey. Perchloric acid is a strong oxidising agent
that requires a wash down fume cupboard facility.

The application of concentrated hydrofluoric acid (48 %) to the samples is a
final stage to remove resistant zircon crystals. Samples were heated to 120-150"C on a
hot-plate in 15 ml tetlon bombs for several weeks.

Analysis of the Seelbronn suevite residues under the SEM indicated the
persistence of zircon and some metal silicates. representing etched mineral residues.

Removal of metal silicates was achieved using hot concentrated nitric acid at 70-100 °C
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for several days. Nitric acid reacted strongly with the samples, visibly reducing the dark
colour and amount of metal silicates. This was confirmed using the SEM.

At several stages through the digestion technique the residues were weighed in
order to attempt to calculate the percentage of diamond in the original samples (table

2.3).

Table 2.3. Residue weights and percentage of original sample weight,

Sample Original weight (g) | Residue weight {g) Y% of sample
remaining
Otting glass bomb 1| 149.75 0.0026 0.0038Y
Otting glass bomb 2 39.30 0.0027 0.001061
Seelbronn suevite | 100.53 0.0151 0.0132
Seelbronn suevite 2 94 80 0.0109 0.0103
Nordlingen core 494 162.08 0.0308 (0.0499

2.6.2. Microwave assisted dissolution.

The microwave accelerated reaction systernt MARS 5™ (CEM Corporation)
allows the treatment of samples at high temperature and pressure. The dissolution
system uses microwave energy to heat samples because water and acids rapidly absorb
microwiave encrgy and the elevated temperatures cavse rapid dissolution of the samples.
The system comprises of a 1200 W microwave, microwave transparent high
pressure/temperature acid-resistant teflon bombs with explosion proof kevlar juckets,
and a control vessel with a sapphire thermowell. The system can accommodate [2
vessels at a tine with g maximum of 3 to 4 g of sample per vessel.

The vessels must be clean, dry and free of particulate matter prior to use as
drops of liquid or particles will absorb microwave energy. resulting in localised heating
and possible damage to the vessels. For similar reasons, acids such as concentrated
sulphuric or phosphoric acids cannot be used as they will heat beyond the melting point
of the vessels. The samples are covered with approximately 12 mil of HEF/ HC1 (1¢:1) to

remove silicates and 5 ml of HCI to remove carbonates and neo-formed fluorides.
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The microwave 1s computer controlled with the temperature and pressure of the
samples constantly monitored through the control vessel and displuyed on the computer.
Individual cycles are programnmed into the control panel or a pre-programmed cycle is
used.

The protocol used for the Gardnos samples involved gentle heating for 5
minutes to 100 Psi and 100 °C to create a good seal on the vessels. Then 5 minutes to
the maximum pressure and temperature for digestion {300 Psi and 200 °C) which was
maintained {or 10 minutes before cooling to <50 Psi and <60 °C. A further 1-2 days in
HF/HCI removed all silicates and zircons.

The main problems associated with the microwave digestion technique are the
formation of fluorides and cleaning the vessels after use. Fluorides and organic carbon
matertal clings to the inside and base of the bombs although the addition of nitric acid to
the samples can reduce this problem. The bombs are cleaned by scrubbing and
prolonged sonication at 50 "C in a water bath. The bombs can then be rinsed with

distilled H 0 and dried prior to use.

2.6.3. High pressure bombs.

Six samples were treated with a mixture of concentrated HF and nitric acid
(HNO.) in high pressure bombs at 180 °C for 1-2 weeks. This technique proved highly
effective in increasing the rate of removal and digestion of resistant zircon grains
although similar results were obtained from microwave digestion. The size of the bombs
meant that only small samples could be accommodated and so would not be suitable for

processing large amounts of rock.

2.6.4. Additional sample preparation techniques.

A number of the samples contained a high proportion of zircon grains with two
morphologics, highly bircfringant crystals and cloudy polycrystalline grains. As shock
tormed and shock deformed zircons have been reported by Bohr et al. (1993). it was

decided to replicate a zircon etching technique to look for planar deformation features
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(PDFs). Etching of zircon using a hot concentrated alkali such as sodium hydroxide
(NaOH) should preferentially attack PDF and cracks within the grains.

Heated sonication using a water bath was attempted in order 10 specd the
dissolution of neo-formed fluorides. This generally resulted in drawing out organic
carbon matterial from within the sample and coating the insides of the bombs. which
proved very difficult to remove. It was decided that prolonged exposure to hot HC1 was

the best solution for neo-formed fluorites.

2.7. CARBON STABLE ISOTOPIC ANALYSES.

The samples were analysed for carbon stable isotopes as bulk whole rock
samples. extracted lithic fragments. acid demineralised samples as well as single
diamonds. graphite and silicon carbide picked from the residues. Mass spectrometry
analyses were performed using two systems: a static mass spectrometer for high
resolution stepped combustion analyses (Wright and Pillinger, 1989; Prosser et al..
1990) and a STRA dynamic mass spectrometer for bulk carbon analyses.

Bulk carbon stable isotope measurements were made on whole-rock samples
and extracted lithic and glass fragments prior to demineralisation. Following
demineralisation stepped combustion analyses were performed on the residues as well

as selected diamond. graphite and silicon carbide grains.

2.7.1. Whole-rock carbon stable isotopic analyses.

The samples were weighed into 2x3 mm quartz buckets in a ¢lean room and
covered with baked copper oxide (CuQ) powder to supply oxygen for the combustion
of carbon in the samples. The CuO powder and buckets were pre-baked at 1000 "C
overnight to reduce the carbon blank. The 2x3 mm buckets and samples are then placed
in 4x6 mm guartz buckets and sealed vsing a blow torch whilst at a vacuum pressure of
at least 107 torr. These were then heated at 1000°C for 10-12 hours.

The gases produced by the combustion process (mainly CO,) were cracked into

an evacuated glass extraction line for the cryogenic separation and collection ol CO..
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frozen to approximately -196 °C on to a cold finger using a dewar of liquid nitrogen
(LLN,) with non-condensable gases pumped away. The CO, was released using a dewar
of pentane slush at -135 °C and measured on a capacitance manometer baritron and the
carbon yield calculated. The samples were then transferred to a SIRA dynamic mass

spectrometry system. (Appendix 4).

2.7.2. Stepped combustion carbon analyses.

Stepped combustion analyses were initially performed using the semi-automated
static mass spectrometer system MS86 which uses a SIRA 24 analyser (Wright and
Pillinger, 1989; Prosser et al., 1990). Samples of graphite, diamond and bulk samples of
acid-resistant residues were analysed. Stepped combustion enables detailed analyses,
contaminant removal and selective combustion of different carbonaceous materials
(Wright and Pillinger, 1989). Combustion of a sample through a series of increasing
temperature steps, ranging in increments from 100 or 200 °C down to 10 "C steps,
depending on the resolution required, enables highly detailed analysis of separate
components.

Samples were loaded into platinum buckets pre-baked at 1000 °C, weighed and
transferred to the MS86 extraction system for analysis and evacuated (10° to 107 torr)
before the analyses start.

The glass line furnace is cooled to 200 °C and the CuO to 650 °C for 10
minutes to resorb the released oxygen then to 450 °C to reduce the carbon blank, the
overnight blank is then pumped away. CuO wire is used to provide oxygen for the
combustion of carbon in the samples. Reference gas samples are also run to check the
mass spectrometer precision before the sample is loaded.

The evolved gases from each temperature step (30 minute duration) are purified
cryogenically using liquid nitrogen and transferred to the mass spectrometer capacitance
manometer with the release of CO, monitored by the computer. The system measures
20 points on the release profile and if they are all within 1 % the gas is isolated from the

glass line. The gas is then frozen down on a cryotrap at approximately -196 “C for 10
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minutes, before non- condensable gases are pumped away. Once the mass of gas has
been caleulated. the system selects one of 6 sequences for splitting the gas (o a suitable
mass (2-4 ng) for the mass spectrometer. After the sample has been run the system
automatically selects an appropriate bleed time for the continual bleed reference gas and
runs this through the mass spectrometer, this is followed by a second aliguot of
reference gas to fine tune the mass balance and the results calculated and tabulated.

There are two reference gas systems used, the first operates on a continval bleed
systen, with low levels of gas bleeding continuously from the reference bulb with a
8"°C -39 %c. This enables the gas to be collected for a calculated period of time to
accumulate enough to balance the sample mass before release to the mass spectrometer.
The sccond reference gas operales on a fixed system and is used to check the isotopic
composition of the first reference gas. This has a carbon isotopic composition of 8"°C =
+0.71 %e.

Carbonate standards are run to check the precision of the mass spectrometer.
The standard PSU3 uses a single tiny grain of the powdercd carbonate with an expected
8"°C of -3.45 % and the main gas release is at 600-700 °C.

Furnace blanks and overnight blanks are taken from the turnace after coolting of
the CuO. the blank is generally around | ng of carbon and 8'°C = -25 % . The isotopic
composition of the blank is generally not measured only the mass ot CO, evolved to
cnsure 4 fow level of carbon contamination. Blanks are reduced by cycling the CuO at
600 10 950 °C to combust carbon species (Wright and Pitlinger. 1989). prebaking the

platinum buckets and maintaining the glass line vacuum. {Appendix 5).

2.8. OPTICAL AND ELECTRON MICROSCOPY.

The samples from the Ries crater were studied at several stages through the acid
demincralisation reatments, using optical and a scanning electron microscopy (SEM).
This enabled the progress of the demineralisation to be monitored and changes in the

chemistry and mincralogy of the sample to be noted. Further into the demineralisation
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procedure, the samples become clean enough and disaggregated cnough to allow
analysis using transmission electron microscope (TEM) techniques.

The three microscope techniques (optical, SEM and TEM) have their own
advantages and disadvantages. Each technique provides a differcat view of the samples,
tor example the SEM provides elemental and morphological data whilst the TEM
provides mineralogical and structural information. This is relatively simplified as the two
techniques provide images of the samples in distinetly different ways and different

scales of magnification revealing further detail,

2.8.1. Petrological microscope.

Optical analysis of the samples enabled the selection of smalt dianond grains
and a photographic record of the samples progress through the acid demmeralisation
stages, providing a quick, simple way fo check the composition of the samples and the
structure of the grains within the residues. In addition a visval record of the diamonds
found within the sumples is important if they are subsequently combusted for isotopic
analysts,

The microscope used was a Zeiss (D-7082) Universal Microscope with
magnifications from x 5 to x 40, capable of transmitted and retlected light and o MC100
camera attachiment. Photographs of the samples or individual grains within the samples
were tiken using the MC100 camera attachment loaded with tungsten filament Kodak
cold skide film.

The residues were analysed at several stages throughout the acid dissolution
process in order to note changes in the composition and morphology of the residual
grains. The initial analysis of the samples followed the silicate digestion stage
(HE/HC1). this proved difficult as the samples contained contamination from fluoride
salts and amorphous organic material and were thus difficult to observe. Far better
results were found when the samples were studied under the optical microscope after the
tuming perchloric (HCIO,), chromic and advanced HF/HCI stages, when organic

material and fluorides were climinated. Thus samples were checked under the
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petrological microscope following the acid treatment stages for clarity, in that they were
free of amorphous acid salts and for large diamonds (50-100 um). If the samples
appeared contamination-free they were stored in the glass petri-dishes ready for electron
microscope analysis. The samples were cleaned of acid residues or salts by repeated
washes with distilled H,O. This was necessary as not only is the presence of acid salts
within the sample hazardous to health (moisture from skin contact could produce HF
acid) but fluoride and chloride salts could become volatilised under the electron beam
and damage the equipment. Analysis of the samples under the petrological microscope

also becomes difficult if the sampie is tull of acid salts.

2.8.2 Scanning Electron Microscope (SEM).

The SEM was located in the Material Science electron microscopy suite at the
Open University and comprised a Jeol JSM-8201 with a Kevex Delta 4 system and a
yuantum detector for energy dispersive X-ray spectroscopy (EDS) and elemental
analysis of the samples. Scanning electron microscopes form an image of the samplc in
a cathode ray-tube synchronised with an electron probe as it scans the surface of the
sample (Rochow and Rochow. 1978). Interaction of electrons with the sample, produces
x-rays. characteristic of the displacement of shell electrons in the sample atoms. Thus
the energy released is untque for each atomic number and therctore. unique to each
element (Lawes, 1987, This is substantiated by ensuring all the characteristic lines of an
clement are matched with those generated by EDS. EDS can then be used to detail the
clemental composition of grains within a sample or vartations in composition within
individual grains, and based on these a tentative suggestion of the mineralogical
composition of the grain can be presented.

Samples of the residues were loaded onto carbon sticky tabs on aluminium
Cambridge-type studs by pressing the stud gently onto the sample in a glass petri dish.
The carbon tabs are readily dissolved in acetone and so an individual sample can be
retricved, this ts important for small residues and when individual diamonds were

studied.
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Unfortunately the SEM and EDS system can only elemental data on the grains
studied and not a mineralogical or crystallographic identification. Although grains with
relatively simple compositions such as zircon and rutile can be tentatively identified.
Figure 2.14. shows an example of an EDS scan for a mineral identified as zircon.

Some elemental percentages can be obtained using standards but this is not
quantified. Thus, samples were mainly imaged using the SEM and carbon grains

studied for their morphology.

SRR LNIVERSITY
Figure 2.14. EDS scan showing spectrum emission lines for Zr, Si and O. Unlabled bar

represents the cursor.

For certain analyses where the sample was insulating, charging of the sample
made observation difficult but could be reduced in three ways.
(1) Using a carbon or gold coating, e.g. with the zircon samples when looking for
structural features. The coating materials used are chosen based on their good
conduction, chemical inertness, good secondary electron emission, small grain size and
ease of production (Lawes, 1987). The problem with carbon- or gold-coating is that the

L'Ukili]"lg cannot be removed.
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(2) Charging can also be reduced by using a lower accelerating voltage. although this
can decrease resolution and detail of the image.

(3) Using the back scattered detector but back scatter secondary electrons may only
provide an tmage if the insulating layer is small enough that electrons can penetrate 10 an
underlying conducting layer (Rochow and Rochow, 1978).

The diamond anaiysed using SEM (figures 3.4a and 3.9a-b) was studied using
back scatter and cathodoluminescence, due to charging of the sample.

Cathodoluminesce is a technique which i1s commonly employed to study natural
and synthetic diamonds. An electron beam is used to excite carriers in the sample and
the subscquent recombination processes give rise to intrinsic and extrinsic luminescence
cttects. These emissions are however, limited to the surface layers of the sample due to
the restricted penetration depth of the electron beam (Clark et al., 1996). The
tuminescence observed has a strong dependence on temperature, diamond growth
sectors and electron beam density (Clark et al., 1996). The cathodoluminescene
technique available was performed at room temperature, producing images in black and
white. The images show features and structures in the diamond sample which are not
apparent under normal SEM imaging or backscatter electron imaging.

For the purposes of this study there are 3 carbon polymorphs to be
distinguished: this cannot be accomplished at present using the SEM. Structural detail
of the crystal fattice is required which is obtained using selected arca electron ditfraction
patterns (SAED) from a transmission electron microscope (TEM).

Although the SEM is unable to distinguish between the carbon allotropes of
concern namely diamond, graphite and SiC it is able to provide detailed images of the
morphology structures and textures observed in the grains. The SEM however is unable
to provide crystallographic evidence such as a diffraction pattern to identify the different
polymorphs. The usc of electron back scattered diffraction (EBSD) is unfeasible as the
mineral grains do not have a flat surface (R. Hough, Pers. Comm.). nor are they suitable

for producing polished sections.
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2.8.3. Transmission Electron Microscopy (TEM).

Detailed observation of the samples and mineralogical identification of the
carbon phases was achieved using a Jeol 2000FX microscope with a Kevex Detector
Delta 4 system and Quantum detecior for EDS analysis, in the electron microscopy
suite at the OU. The TEM allowed the analysis of much finer material and resolution at
a much smaller scale, plus selected area electron diffraction (SAED) allows the
mineralogical identification of phases. The TEM provides an image from electrons
which pass through the sample and is projected onto a florescent screen. thus the
thickness of the samples is vitally important.

A sample of the individual residues were loaded onto copper grids coated with a
holey carbon film as a suspenston in water or isopropanol using a disposable glass
pipette. The grid was loaded into the TEM in a single tilt sumple holder.

Carbon grains or grains with interesting morphologies were analyscd using
EDS and identified from their elemental composition and SAED diffraction patterns.
Identified grains were photographed along with sufficient SAED diffraction patterns.

Mcasurement of the SAED patterns using the negatives provides confirmation
of the composition of the grains on the basis of the spacing between spots and rings in
the pattern. The different carbon polymorphs and silicon carbide have differcnt

characteristic d-spacings (listed in table 2.4).
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Table 2.4, Characteristic d-spacing for carbon polymorphs and silicon carbide (SiC).

Polymorph Radius (mm) d-spacing Angstrom (A)
Graphite 5.99 3.35
Diamond 9.74 2.06

Londsdaleite 9.24 2.17
Carbyne 44 87 0.447

a-Si1C 7.99 2.51
B-S:C 7.96 2.532

An equation using the camera constant is used 10 calculate the d-spacing in

angstroms (Equation 2.1).

Equation 2.1. (2.006/R) = d-spacing (A)

R = radius in mm. 2.006 = camera constant.

The camera constant 1s obtained for each TEM using standards, To index ring
patterns the diameter of the rings is measured and converted to the interplanar d-spacing
using the camera constant then the values are compared to the standard values of the
substance concerned (Andrews et al., 1971).

SAED patterns may be hard to interpretate as 1t has been found that flakes of
sheet silicate minerals and quartz may combine with graphite to give carbyne d-spacings
(Smith and Buseck, 1981: 1982). However experiments by Gilkes and Pillinger (1999)
indicated that distinct carbyne diffractions can be obtained. SAED patterns can be used
to contirm the identification of a grain on the basis of structural information and to
characterise further structural features namely twinning, polycrystallinity. stacking faults
and layering.

Images of the samples and pictures of the ditfraction patterns are essential
records of the analysis of the sample. Photomicrographs are obtained under vacuum on

preloaded P800S Agta 23D56 6.5x9 ¢m film.
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For TEM analysis sample grains need to be of a certain thickness. to enable the
¢clectron beam to penetrate the sample. Thick samples can be electron thinned to slowly
strip away layers of the crystal structure and thin the sample. Alternatively the edges ol
grains can be analysed although this introduces the problem of selectivity,

The usc of the TEM in examining shocked material, reveals many more features
than previously described at much finer scale. More numerous PDF can be detected
using the TEM rather than conventional optical microscopy (Goltrant et al., 1992). The

full list of TEM and SAED is contained in appendix 3.
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CHAPTER 3. IMPACT DIAMONDS IN THE RIES CRATER I: REGIONAL
AND LITHOLOGICAL DISTRIBUTTONS IN FALLOUT IMPACTITES.

3.1. INTRODUCTION.

One of the main aims of this thesis is to investigate variations in the
morphology, isotopic composition, type and amount of carbon within the Ries crater
impactites. Each suevite from the Ries crater is characterised by a particular abundance
pattern of crystalline rock types and shock metamorphism stages (Graup, 1981). With
this in mind, samples of the impactites from different sites around the Ries crater were
selected and demineralised as detailed in section 2.6. This included two fallout suevite
breccias (lithic impact breccia with glass) from the Seelbronn and Otting quarries which
lic on opposite sides of the crater (figure 3.1). This could reveal variations in carbon
stable 1sotopic compositions and degree of shock due to sampling of different paits of a
heterogencous basement. Further samples of impact melt glass, impact melt rock, lithic
impact breccia (Bunte Breccia), shocked granite and shocked gneiss were also prepared
and analysed. Samples from the Nordlingen core 1973 (N-73) are referred to where
appropriate but are mainly discussed in chapter 4.

The carbon content of whole-rock samples from around the Ries crater, can be
used o trace lithologies containing the most carbonaceous material, that in furn may
have contributed to the formation of impact diamonds. This carbon may be graphiie as
in Popigai (Masaitis, 1995}, coal as in Kara (Ezersky, 1982; 1986}, carbynes (El Goresy
and Donnay, 1968; Whittaker, 1978 and Heimann, 1994), a combination of graphite and
carbonates (Hough et al., 1995¢} or amorphous and organic carbon. Separated fractions
of glass and lithological fragments were extracted from these impactites wherever
possible and their carbon contents and stable isotopic compositions determined. Further
carbon stable isotopic measurements were made for acid-demineralised residues of the

Ries samples as well as extracted graphite and diamond grains.
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Figure 3.1. Schematic map of the Ries crater showing sample localities, Nordlingen
and Nordlingen drill core 1973.

Scanning and transmission electron microscope techniques (SEM and TEM)
were employed to study the morphological and crystal structures of the grains within

the residues.
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The morphology, mineralogical and carbon isotopic compositions are discussed
here with reference to the geographical distribution of the impactites and individual
components of these impactites. These results will be compared with those from the
N-73 core together with a discussion of the possible diamond formation mechanisms in

chapter 4.

3.2. REGIONAL AND GENERAL GEOLOGY OF THE RIES CRATER.

The Ries impact structure 1s a 25 km diameter. 15 Ma (Gentner and Wagner,
1969) crater that excavated through sedimentary cover rocks and into the underlying
crystalline basement: the depth of excavation is estimated to be in ¢xcess of 4 km (Von
Englehardt. 1984). Figure 3.1 illustrates the basic structure of the crater and shows the
sample localities used.

The target rock stratigraphy (figure 3.2), summarised in Chao et al. (1978)
comprises of a crystalline basement of pre-Variscan metamorphic rocks (350 Ma) such
as orthogneisses., paragneisses and intruded Variscan magmatics (330 Ma) including
araphite-bearing gneisses.

This basement sequence 1s overlain by Permian (286-245 Ma) sandstones and
shales deposiled in a series of sedimentary basins which is in turn overlain by terrestrial
Triassic sediments (245-208 Ma) (sandstones and shales) with a widespread marine
transgression in the mud-Triassic (Keuper). A Jurassic (208-146 Ma) marine
transgression depositing bedded and reef limestones was followed by continental
sedimentation in the Cretaceous (146-65 Ma) (shaly coals, sandstones) with widespread
crosion in the Tertiary period (65-1.8) and the impact event occurring in the Higher
Tortonian, around 15 Ma (Gentner and Wagner, 1969). The crater was subsequently
tilled with fresh water lacustrine sediments, carbonates and sulphur-rich shales until the
mid-Miocene. During the Quaternary period, uplift and erosion led to the exposure of
the impact lithologies around the crater rim and formation of the present day

topography.
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Figure 3.2. Pre-impact stratigraphy of the Ries crater area. Adapted from Von Englehardt

{1990,

The impact lithologies are varied but three main divisions may be identitied on
the basis of the lithological fragments they contain as well as the degree of shock
metamorphisim. Extensive work has been carried out on the impact deposits and has

been summarised in a review by Von Englehardt, (1997).

3.2.1. Moldavite tektites.

Tektites from the Ries are prescerved as the Central European strewn field and
found up to 350 km from the Rics crater. These glassy. lustrous and often bright green
samples have been shaped by their passage through the atnosphere and subsequent
fragmentation as well as alteration within the host sediments (Bouska. 1994). They are
believed to have formed from surficial Miocene sands transformed to glass by the fore
shock-wave of the Ries impact (Von Englehardt et al.. 1987; Meisel. 1997). The tektites
commonly have etched and ornamented surface structures which have been attributed to
intense hot plasma attack for between -3 seconds during their formation (David, 1972).
Subsequently, cxperimental and field evidence has shown that pyramidal surface
structures may be formed by alkaline conditions in clay-rich sediments and pitting by

acid conditions in sandy gravel deposits (Bouska, 1994}. A demineralised sample of a 4
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¢ piece of Moldavite glass failed to reveal any acid resistant mineral inclusions such as

zircon. diamond or graphite (R. M. Hough. Pers. Comm.).

3.2.2. Bunte Breccia (Lithic impact breccia).

The Bunte Breccta (Bunte Triimmermassen) 1s a lithic impact breccia which
comprises > 90 vol% of all the impact deposits at the Ries crater (Horz, 1982) and
forms a near continuous curtain of ejecta underlying the patchy suevite deposits (Chao
et al., 1978). The breccia 1s 90-95 vol% sedimentary in composition but includes
fragments of all the rock types in the Ries stratigraphic column (Horz et al.. 1983). The
sedimentary fragments show no signs of shock. indicating that the sedimentary column

was not affected by shock pressures > 10 Gpa (Von Englehardt, 1990).

3.2.3. Suevite {Polymict impact breccia with glass).

Approximately 92 suevite localities have been rdentified in and around the Ries
crater area and were described in detail by Chao et al. (1978). The suevites exhibit all
degrees of shock metamorphism; glass drop spherules in the groundmass give 600 ©C
thermoremnant temperatures with an initial treezing at 2000 9C. This attests to high
temperature deposition conditions (Graup, 1981). High pressure mineral phases such as
coesite and stishovite, along with shock deformation features such as deformation
lamellae. kinkbands and planar deformation features, indicate shock pressures < 35-45
Gpa (Graup, 1990). The impact glass in the suevite is attributed to the shock fusion of
aneisses at pressures in excess of 60-80 Gpa (Von Englehardt, 1997). The suevite may
be divided into fallout suevite, deposited in 1solated areas up to 10 km beyond the crater
rim {Von Englehardt et al., 1995) and fallback suevite which fills the crater cavity.
Fallback suevite is distinct from fallout suevite in that it contains less glass (under 5 %
compared to 15 vol9) and no aerodynamically shaped bombs just smaller isometrically

shaped bodies (Stotfler et al.. 1977).
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3.3. OCCURRENCE AND DISTRIBUTION OF DIAMOND AND GRAPHITE
IN IMPACT PRODUCED ROCKS OF THE RIES CRATER.

Diamonds were identified in suevite und glass samples from the Otring and
Seelbronn quarries (Abbott et al., 1996) as individual grains observed within the
residues using optical microscopy and on a finer scale using transmission electron
microscopy (TEM). Diamonds were also found in shocked gneiss from the Aumiihle
quarry and in an impact melt rock/suevite from the Polsingen quarry. Diamonds were
not detected in a residue from the Bunte Breccia sample. Table 3.1 lists the grains

{graphite. diamond. rutile and silicates) found in the samples throughout the analyses.

Table 3.1. Composition of grains from SEM and TEM analysis of acid resistant residues.

Sample SEM TEM
Composition Composition
0OQGB Zircon, Al-Fe-Mag-silicates. rutile Graphite and diamond
graphite. diamond.
0QS /i Graphite and diamond
SBS Zircon, Al-Fe-Mg-silicates, rutile. Cr- | Graphite and diamond
Fe-Mg-spinel, graphite.
PIMR n/a Graphite and diamond
AQG n/a Graphite and diamond
BB 1/ Graphite and rtile

The general structure of the underlying basement rocks was extrapolated by
Graup (1981) and is shown in figure 3.3, This illustrates how the basement composition
and structure vary across the target area. indicating that there may be detectablc
differences in the abundance and form of diamonds within the impactites depending on
which lithologies they are primarily derived from. Radial variation in the distribution of
diamonds has been identitied at the Popigai crater (Masaitis, 1998) but has yet to be

identified at the Ries (Schmitt et al., 1999).
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Figure 3.3. Structure and lithology of the pre-impact basement, Ries crater (After Graup,

1978).




3.4. MORPHOLOGICAL CHARACTERISTICS OF IMPACT DIAMONDS
AND GRAPHITE FROM THE RIES CRATER.

A wide range of shock-derived structures have been observed in minerals such
as quartz (Horn et al., 1981). zircon (Kamo et al., 1996) and diamond (Koeberl et al.,
1997) in impact lithologies, such as lithic impact breccias with glass and individual
components of these e.g. gneiss. Similar features were identified in diamonds, zircon
and graphite from various sites around the Ries crater. These were observed with the
aim of determining whether there are any variations in these structures or the degree 1o
which they arc developed within the different sites and how these might relate to the
shock histories of the respective lithologies.

A number of diamonds were identified in the residues using a petrological
microscope (figure 3.4). These diamonds are distinguishable from the rest of the
residue by their morphology, colour and high birefringence. The examples shown in
figure 3.4, taken from the Otting quarry glass residue (OQGB) are between 150 and
300 pum in size. yellow-white in colour, pseudohexagonal with surface cross-hatching,
distinet striations and fractures with small black graphite inclusions, strong
birefringence and second to third order interference colours. Figure 3.4a. shows rotation
of the stacked tayers relative 1o the basal plane of the precursor graphite structure. The
form of these diamonds mirrors those reported (rom the Popigai impact crater which
also show hexagonal morphologies, lamellar structures and graphite flake inclusions
(Koeberl et al., 1997). Which are predominantly yellow in colour. a feature considered
to be the result of lonsdaleite within the diamond structure (Valter et al., 1992) and
display strong birefringence (up to 0.025), possibly related to strain within the
crystalline structure {Koeberl et al., 1997). Table 1.3. summarised the characteristics of

many of the impact diamonds described to date.
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Figure 3.4. Optical microscope photomicrographs of diamonds from OQGB residues. (a)
Yellow-white triangular layered diamond (plane polars). Surface shows linear cross-
hatching features. (b) Layered white diamond (crossed-polars). (c) Layered white

diamond (plane-polars). Surface shows parallel linear hatching.

Structural defects in minerals related to the passage of shock waves during an
impact event have characteristic forms. Shock produced impact diamonds are
considered to be unequivocal indicators of past impact events (Langenhorst et al.,
1999). Microscope investigations of these impact diamonds can show structural and
morphological characteristics indicative of shock (e.g. kink bands) or vapour phase
formation mechanisms. Lesser degrees of shock may induce crystallographic

dislocations in minerals such as kink bands, mechanical twins and deformation bands
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known as extinction bands (Stoftler, 1972). Shock metamorphism of graphite in the
elastic wave may result in the formation of kink bands, parallel to graphite |0001] and
planar fractures parallel 1o graphite {1120] prior to the transformation to diamond
during shock-front propagation (Valter and Yerjomenko. 1996). This has been used to
explain inherited features seen in diamond-lonsdaleite paramorphs from Popigai,
Zapadnaya, Terny and llyinets (Valter, 1986; Valter and Yerjomenko, 1996).

The images shown in the subsequent sections illustrate the varicty of structures
which may be observed. These include layering, a crystallographic feature of graphite
which may be preserved in shock derived diamonds, linear features, etching and pitting.
skeletal grains, polycrystalline grains, twinning and stacking faults. Some of these
features have been described from other impact craters {Rost et al., 1978: Hough et ald.,
1995¢: Masaitis, 1994; Koeberl et al., 1997 and Langenhorst et al., 1999) and are
compared with features observed in this study. The observed features and their variation
throughout the crater are discussed (sections 3.4) and subsequently compared with the
results from the N-73 drill core in chapter 4. These observations combined with
mineralogical associations and shock metamorphism histories are used to suggest which

mechanisms of impact diamond formation might account for the known features.

3.4.1. Layered grains (<5 - 300 pum).

Many of the carbon grains observed under the SEM showed clear layered
structures which were observed both parallel and perpendicular to the c-axis of graphite.
The side view of a sample from the Seelbronn quarry residue (figure 3.5) shows three
primary layers and within these a number of less distinct finer layers. These features
may be an artefact of slight compositional changes within certain layers, changes in the
degree of crystallinity or orientation of the plates. Small-scale chemical and structural
heterogeneities such as rotational layer disorder can persist in graphite depending on the
degree of crystallinity and maturity (Rietmeijer, 1991}. This is due to the gradual release
of oxygen. hydrogen and nitrogen from organic matter during graphitisation (Grew.

1974: Ttaya, 1981; Buseck and Huang, 1985).
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Figure 3.5. Scanning electron microscope image of a layered carbon grain from the SBS
residue. The image shows 3 clear primary layers marked by high relief. with finer

secondary layers. [x1,500, 15 kV].

Layered structures show a number of forms. simple layering as shown in ligure
3.5 or more complex layering as illustrated by grains in the OQGB residue (figures
3.6a-b). These layers appear to be graphitic but are disturbed and curled. a form
reminiscent of partially combusted carbon material such as wood or paper. the sample
also shows the additional feature of two sets of linear decoration (discussed in section
1.3.2).

Planar graphitic fragments believed to exist in carbon vapours curl up in order to
minimise dangling bonds resulting in the formation of fullerenes (Zhang et al., 1986)
when exposed to high temperatures in the order of > 4000 K (Robertson et al.. 1992:
Ugarte, 1992). So these curled layers (figure 3.6a) may reflect a less extreme reaction of
the carbon material to elevated temperatures, 800-1200 K (Robertson et al.. 1992)

msulficient to result in the combustion, melting or vapourisation of graphite (= 4000 K).
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Figure 3.6. (@) Scanning electron microscope image of a carbon grain from the Otting
glass bomb residue with two sets of planar features at 60°. [x1.300. 15 kV]. (b) High
magnilication scanning electron microscope image of surface planar features on a

layered carbon grain from the Otting quarry glass bomb residue. [x3. 300, 15 kV].
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Layered structures were observed at a much finer scale using the TEM. Figure
3.7. shows a very clongate (10-15 pm), narrow (1-1.5 wm) diamond from the gneiss
residue from the Aumiihle quarry with a number of layers which can be seen at the
margins with numerous short black parallel stacking tault lamellac. Many of the
diamonds found show a number of different plates on the SAED patterns representing
individual overlying layers with stacking rotation or misorientation.

The layering in these diamonds is a relict crystallographic structure inherited
from the precursor graphite. Layering in graphite is an intrinsic crystallographic feature
of the mineral, this simple horizontal layering may however be distorted by the effects of
a low degree of shock metamorphism. The obvious preservation of this graphitic
structure along with hexagonal and planar structures strongly suggest that the diamond
results from the direct transformation of a graphite precursor. Therefore any proposed
diamond formation mechanism for crystals with these morphologies must preserve the
pre-existing cryvstal structure yet allow recrystallisation as polyverystalline diamond. This
excludes mechanisms involving a liquid or gaseous phase with the growth of diamond
from a carbon feedstock or via diffusion. but requires rearrangement of the carbon

bonds.
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Freure 3.7, Bright field transmission electron microscope (BFTEM) image of an clongate.

avered diamond from the Aumiihle quarry gneiss. [x10 k. 200 kV. scalebar 500 nm|.

3.4.2. Linear orientation features in layered and skeletal grains
(= 5-300 um).

These have a number of forms, from narrow parallel to sub-parallel lines. cross-
hatched parallel to sub-parallel lines, ridges and fractures. Figure 3.6a-b shows close-up
images of two sets ol continuous linear planar features intersecting at 60" on the surlace
ol a layered carbon crystal from the Otting quarry glass residue. Figure 3.8b shows a
diamond grain from the Seelbronn quarry suevite residue under the SEM, the sample
shows clear layering and a lincar surface ornamentation along the long axis of the grain.
Lincar structures have also been observed in the skeletal diamonds (section 3.4.4) from
the Seelbronn suevite (figure 3.13a-b), where the individual crystallites within the
diamond appear to show a lincar orientation along the long axis ol the sample. This can

olten be seen on SAED patterns as a streaking ol the individual spots.
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Figure 3.8. (a) SEM image of a carbon grain from the Seelbronn quarry suevite residuce
showing linear surface textures orientated along the Tong axis and needle like projections.
[x 1100, 10 kV]. (b) SEM image of etching and pitting ol a layered carbon grain from
the Otting quarry glass bomb residue. Elongate etch pits are visible on subsurface layers

of the grain. [x1.900. 15 kV].
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Skeletal diamonds form narrow needle like structures in contrast o platy,
layered structures. Skeletal diamonds do not show clear layered or apographitic
structures rather they are composed of numerous individual crystallites (< 1 um)
forming fine grained necedle-like structures. Many of the blocky diamonds also show
faint linear structures representing individual crystallites with preferred orientations.

‘The features may represent palimpsest or relict features (Valter et al., 1992)
inherited from the precursor carbon or PDFs akin to those documented in shocked
guartz and zircons (Mclntyre, 1962; Goltrant et al.. 1992: Bohor et al.. 1993) or.
Inherited palimpsest structures suggest a mechanism involving direct transformation
without the destruction of the pre-existing structure. In contrast lincar structures
representing the preferred orientation of crystaliites may have been formed as a direct
result of the formation mechanism. This 1s discussed in further detail in section 3.4.4.

with reference to skeletal structures which show strong preferred orientations.

3.4.3. Pitting and etching features in layered and skeletal grains (< 5-300 pm).
A form of etching which was observed in a carbon grain from the Otting quarry
glass bomb residue under the SEM. 1s shown below in figure 3.8b. These structures are
chstinet from any seen in the planar graphitic grains in other samples. The pits can be
seen not only 1n the surface layer but also in subsurtace layers and do not show the
saine orientation throughout. Rather, they appear to follow varying orientations which
may be rclated Lo the orientation of the particular plane or variations in the structurai or
compositional nature of the samiple e.g. the degree ol crystallinity or graphite maturity.
Surtuce etching of the samples appears to occur at all scales. from coarse
structures (5-20 um) which follow fractures, to nanometre scale stractures (10-30 nm).
Surface etching pits on diamond can be observed in the examples shown in figures
3.9a-h. The diamond from the Otting quarry glass bomb (OQGB-D1) was white-yellow
in colour under the optical microscope. 300 pm in size and triangular with pitting and
fractures on two scales. Etched fractures cut across the layered steucture of the sample

and at a higher magnification small etching pits were observed which sometimes formed
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in lincar trails across the surface of the grain. The cathodoluminescence image (figure
3.9b) showed no zonation just faint structural differences and areas of graphite. The
etching structures are similar to those seen in a diamond from the Seelbronn quarry
suevite {figure 3.10a) which shows linear features afong the long axis of the grain,
fayering and a linear trail of ovoid etching pits beneath a remnant of another layer which
were not parallel to the axial foliation. Suggesting the preferential ctching of a structural
weakness that is not parallel to the preferred orientation of the crystallites and is not
visible under the SEM.

A high magnification image of OQGB-DI (figure 3.10b) illustrates not only the
{ine lincar ctching structures but also trregular surface eiching pits a few nm in diameter.
which give the sample a granular texture. Very fine-scaled (5-20 nm) etching on the
OQGB-D1 sample is illustrated below in figure 3.11a. The figure shows an area from
the hottom centre of the sample which has a granular texture, where ctching may reveal
polyerystallinity in the diamond (removing individual crystallites) or the removal of re-
graphitisation features. Similar corrosion and etching was reported for diamonds from
Lappiijarvi which show surface structures attributed to the removal of individual
crystallites (Langenhorst et al., 1999). However OQGB-D1 was extracted from the
residue tollowing the HCI/HF stages alone and had not been exposed to chromic or
fuming perchloric acid which would remove graphite coatings. Thus the structures are
more hikely to be the result of ¢tching, for example by hot alkali gases such as OH-. Na
and K (Vishnevsky and Raitala. 1999). silicate melts (Langenhorst et al.. 1999) or the
removal of regraphitisation coatings formed during the impact. Therefore it is
considered that they do not represent features attributable to the acid digestion process

itself,
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Figure 3.9, (a) SEM backscattered electron image of a layered diamond extracted from
the Otting quarry glass bomb (OQGB-D1) showing clear layering and surface ctching.
5

[X250. 15 KV]. (b) SEM cathodoluminescence image OQGB-D1 showing individual

layers and dark arcas representing graphitic inclusions or remnant twins. [x250. 15 kV].
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Figure 3.10. (a) High magnification SEM image of elongate carbon grain from the SBS
residue showing surface lineation, layering and etch pits. The etch pits follow a linear
trend across the main linear feature. [x2.300, 10 kV]. (b)y SEM backscattered electron
image of OQGB-DI1 showing linearly distributed etch pits and finer scale surface etching

features. [x2.700. 15 kV].
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Freure 3.11. (1) SEM backscattered electron image of surface etching features on
OQGB-DI. [x5.500. 15 kV]. (b) Cathodoluminescence SEM image OQGB-D1 showing
limear cross-cutting surface etch pits and needle like etched margins on several layers.

[x700. 15 kV].
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The surface stractures shown in figure 3.11b are similar to the features seen in
figures 3.9a-b.

Figure 3.12a shows an etched and corroded blocky diamond with a strong sub-
paradlel linear trend across the grain. These linear structures may represent stacking
faults or ridges of diamond crystallites in preferred orientation. This may represent
etching of an apographitic diamond (Langenhorst et al., 1999} or the incomplete
transtormation of a mixture of graphitic and poorly graphitic amorphous carbon to
sraphite.

Pitting features may be the result of etching through oxidation and partial
combustion of carbon during or atter diamond formation by highly charged ionised
guses within the impact firecball (Vishnevsky and Raitala, 1999). Post-lormation
eraphitisation, when temperatures remain high (£ 2000 K) following diamond
formation. or preferential etching of material along structural plancs or less crystaliine
areas during acid treatments may also cause etching and corrosion. Shock induced
disruption of the crystal lattice in isolated areas may result in the formation of less
crystalline areas, which would be more susceptible to impact assoctated etching or acid
attack. Diamond is extremely nert and not aftected by any acids or chemicals. except
those which act as oxidising agents at high temperatures, < 700-1300 K (Field. 1992)
which is well in excess of the temperatures used during the acid digestion process {30-
120 °C). As noted previously the diamond (OQGB-D1) showing etching structures
(tfigure 3.9-3.11) was not exposed to chromic or perchioric acid or temperatures > 30-60)
°C. Other samples which show etching were exposed to perchlorie acid (120°C) and
miy show some reaction to ionised acid (H,0") in solution which can remove small
diamond particles from diamond films by reaction with surface H™ (Gi et al., 1995).
Perchloric acid will remove amorphous carbon and poorly graphitic carbon and reveal

graphitisation etching structures.
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Figure 3.12. BETEM image of an etched blocky diamond from the Otting quarry suevile.

[x20 K. 200 KV, scalebar 200 nm].

This may idicate that the diamond is a product of the incomplete transformation of
araphite or incomplete secondary graphitisation of diamond. Etching features do not on
their own provide evidence for the mechanisms of transformation but may highlight
other structural features that do. (for example, preferred orientations in crystallites within
alarger polyerystalline sample. which suggests orientated growth due to nucleation in an

orientated stress field. see section 3.4.5).
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3.4.4. Skeletal grains (< 5-15 ym).

Skeletal diumond structures were observed in many of the samples in this study.
The example shown in figures 3.13a-b from the Seelbronn suevite appears 1o be
composed predominantly of cubic diamond although small areas near the tips of the
needles also show graphite diffraction maxima (inset SAED). Similar skeletal structures
were observed in the OQSR (figure 3.14a-b) and in diamond and diamond/S1C
intergrowths (Hough et al.. 1995c¢).

The inset SAED patterns support the interpretation of the features secn in the
bright-field images. The patterns show polycrystalline ring patterns and a linear
orientation 1o the smeared spots, representative of a preferred orientation to the
crystallites or crystal detects such as stacking faults. This is evident in the linear skeletal
structure along the long axis of the grain with the needie like projections following this
orientation.

The needle-like structures are extremely delicate in appearance and may be as
fine as a few nm in diameter. Figure 3.15a tllustrates this with an image of a fine grained
1-3 nm elongate needle protrusion from a larger (2-5 wm) diamond grain from the

OQGBR. A further example from the Seelbronn suevite (figure 3.15b)
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Figure 3.13. (a) BFTEM image showing skeletal polycryvstalline diamond from the SBS. with marked linear orientation of crvstallites alone the

long axis of the grain. Inset SAED shows diamond at 2.06 A. [x25 k, 200 k V. scale bar 500 nm]. (b) BFTEM image showing same sample with

nee

the long axis. Inset SAED shows diamond at 2.06 A and

3.35 AL [x25 k. 200 kV, scale bar 200 nm].

graphite at




GOT Y 0F 2]y 90°T puowr

Ip sA0L

Is

Juiu g ARgRRss TAY GUT Y 08 %] oErWI W L4g uonmaijiuseu garH ¢q) [wau QQz 1wgaess TAY

VS 12su] aiaans woenb SUnI0) 2yl 0L PUSILTIP PAYIIA PUR [RIS[aY$ JO 287w INF 144G () +1°¢ 251

S&G ¢1F

(q) i BURRZ NBYX N6 Ba7 féed (v)

39

Chapter 3

Jenntler [ Abbott




Noqqy [ Iojruuf

¢ 10deyn

06

(a)

Figure 3.15. (a) BFTEM image of skeletal diamond from the Otting quarry glass bomb. [x 80 k, 200 kV. scalebar

diamond from the Seelbronn quarry suevite with needle-like skeletal margins highlighting the linear orientation of

sclaebar 200nm]
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20 nm]. (b) BFTEM image of

crystallites. [x 20 k., 200 kV.




shows a series of 20 nm skeletal needles along the cdge of a much larger (3-6 L)
grain.

Skeletal structures were observed in impact produced diamond and described by
Hough et al. (1995b) from the study of very fine grained crystals under the TEM. These
grains were found associated with diamond, stlicon carbide and diamond/silicon carbide
intergrowths and used to propose a CVD like mechanism for the formation of skeletal
impact diamond {Hough et al.. 1995b). The examples shown in this thesis did not
appear to contain silicon carbide. The structures were predominantly polycrystalline
with a preferred orientation to the individual crystallites.

The extremely fine grained and delicate structures of some of these needle-like
projections may represent remnant diamond following the removal of another
surrounding crystal such as graphite or a non-carbon substrate. Skeletal mantle-derived
diamonds are believed to be abnormal crystalline forms produced by insufficient carbon
{for the normal growth of crystals, characterised by one-direction ordering along [111],
imperfect structure and a high percentage of amorphous phases (Shafranovsky, 1964).

Skeletal structures with a preferred orientation of the individual erystallites or
linear structures do not appear to have preserved an original graphitic morphology.
Extensive corrosion and graphitisation seen in diamonds trom Lappijdrvi. Finland was
suggested as an cxplanation for skeletal diamond structures (Langenhorst et al., 1999).
Yet there are distinet structural differences between apographitic and skeletal diamonds.
Etched and corroded apographitic diamonds were seen (chapter 4) but still preserve
remnant graphitic structures. The skeletal diamonds described in this study and by
Hough et al. (1995b) display no apographitic structures.

Theretore the mechanism of transformation appears to involve the destruction of
the precursor phase structure and the growth of individual crystallites along a dominant
axis which may represent the direction of minimum pressure (Kerschhofer et al., 1998)
with crystal growth being limited in the principal compressive stress direction. The
transformation of a mixture of graphitic and poorly graphitic carbon could produce

skeletal diamond from the transformation of graphitic carbon alone. From the skeletal
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textures of some very fline grained diamond crystals observed in the Ries crater samples
(Hough et al.. 1995b) it has been suggested that this form of impact diamond may be
due to very rapid growth from {eedstock 1ons in a plasma or within the structure of other
minerals (Dr. R. Hough. Pers. Comm.} using pre-existing grain surfaces as a substrate.
Fine grained Skcletal crystal structures can be formed by shock. Rapid growth textures
with fine grained radiating structures have been observed for vapour generated SiC
formed by conically converging shock-wave techniques (Yamada and Tobisawa. 1990).
The structure ot these crystals s very similar to that shown in a diamond {rom the
OGGBR (figure 3.15a) and does not appear to be the result of etching

Another possibility that should be considered is that these skeletal structures
may have tormed as a result of the acid digestion process itself either through the
removal of a substrate mineral or the clustering together of nano-crystalline diamond.
Although these structures are very delicate and fine grained they appear to be robust and
as such it 1s hard to suggest a mechanism, such as surface charging by which nano-
crystallites could adhere to each other with safficient strength to retain their structure
during SEM and TEM investigations. This indicates that the primary mechanism
involved is one of growth from a carbon feedstock with multiple nucleation sites
torming diamonds which have not inherited any of the structural characteristics of the
precursor carbon. Alternatively, as with the polycrystalline grains described in section
3.4.5. these structures may have formed from the nucleation of individual diamond
crystallites within the precursor structure, Experimentally shock synthesised diamonds
are predominantly small, polycrystalline and do not preserve the structure of the

precursor carbon phase (De Carli. 1995).

3.4.5. Polycrystalline grains (< 5-300 um).

The majority of impact diamonds are polycrystatline with individual grains up to
(0.2-1 em in size and composed of individual crystallites 0.1-5 pm in diameter (Masaitis.
1998). Rarely single crystal diamonds are also reported (Gurov et al., 1995). Individual

nano-diamonds from Chicxulub are £ 6 nm in diameter (Gilmour et al., 1992). The
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diamonds seen in this study ranged in size from < 3-300 um and were exclusively
polycrystalline. no single crystal diamonds were detected.

The texture is akin to the granular polyerystalline texture described for shock
zircons in section 3.4, The sample illustrated in figures 3.13a-b is a polycrystalline
diamond from the Seelbronn suevite residue, the diamond has a clear linear orientation
along the long axis with necdle like projections and structures. The SAED pattern
shows a polyerystalline ring structure and streaking along the diamond 2.06 A spots.
This streaking may be the result of microtwins in the structure of the diamond
(unresolvable at these magnificattons) or stacking faults, Surface textures on a very fine
scale (<1 pm) observed using the SEM {figure 3.11) may represent the surface
expression of polycrystalline structure,

Polycrystalline diamonds have been described by Langenhorst et al. (1996) as
aggregates commonly found in tagamites (impact melt breccias) from Popigai and
suevites from Ries. formed of 1 pm crystallites containing numerous stacking faults
paradlel to the (110} crystallographic plane. Langenhorst et al, (1996) suggest that
diamonds with these morphologies may have formed by a CVD-like process as
deseribed by Hough et al. (1995b). Koeberl et al. (1997) found that all impact diamonds
from Popigai are polverystalline with an annealed thin film surface attributed to a period
of high temperature during formation. The properties of diamond from the Popigai
impact crater are dependent on their high density of crystalline defects (Masaitis, 1998).
The properties of nano-diamonds have been considered experimentally by Saha et al.
(1998) who found signilicantly different structurat, physical and chemical propertics
including strain. distortion. roughness and dislocations. Thus. polyerystailine diamonds
may hold proportionally higher degrees of crystalline dislocations and detects in the
torm of stacking faults. These defects can provide contributions to the required
activation cnergy which can enhance the growth kinetics of the new phases such as
araphite (Green, 1992).

Polycrystallinity may represent the replacement of precursor graphite by nano-

diamonds crystallising rapidly from numerous nucleation sites, such as stacking taualts
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within the graphite structure during phase transformation. A similar mechanism is
proposcd for the high pressure phase transformation of olivine (Kerschhofer et al..
1998). Alternative mechanisms may include the rapid crystallisation of diamond nuclei
from feedstock gases via a CVD-like process (Hough et al., 1995¢) or the shock
comminution of precursor graphite prior to the graphite-diamond transformation
resulting in inherited polycrystalline textures (Vishnevsky et al., 1997). The structure of
flattened volume xenomorphic impact diamonds from Popigai has been attributed to
mosalc {ragmentation of graphite during shock wave transformation (Vishnevsky et al.,
[997). Progressive comminution of pre-graphitic carbon subjected to experimental
shock pressures up to 59.6 Gpa. produced characteristic polycrystalline ring patterns
{(Rietmeijer, 1995). Polycrystalline diamonds take three main forms: (1) apographitic
platy diamonds preserving a graphite morphology, (2) volume xenomorphic grains with
sugary textures and blocky structures and (3) skeletal diamonds with a preferred
orientation and no obvious mherited graphitic structures. These structures indicate that
the transformation mechanism may involve a vapour or hiquid phase and the destruction
of the pre-cursor carbon structure or the divect transformation of communited graphite
to diamond preserving the pre-existing graphite structure as well as a polycrystalline
shock induced structure.

In addition the preservation of polycrystallinity and structural defects such as
stacking faults indicates that the diamonds were quenched and did not experience a
period of high temperature (= 2000 K sutficient to annecal these defects or induce

graphitisation.

3.4.6. Diamond/graphite intergrowths.

Shock produced diamonds may contain graphite as inclusions. flakes or surface
coatings. The black colour of some of the diamonds from the Popigai impact crater has
been attributed to an impurity of graphite (Valter et al.. 1992). This is an important
feature with reference both to the structures observed in shock and impact produced

diamonds, the possible formation mechanisms and post formation processes.
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Many of the SAED patterns for diamonds found in the impactites show
characteristic graphite spots (3.35 A) and commonly areas of the samples will show
predominantly cubic diamond SAED patterns with isolated areas of graphite (figure
3.13b). Studies of graphite maturity have shown that SAED patterns can be used 1o
distinguish between poorly crystalline and highly erystalline graphite (Buseck and
Huang, 1985). The sample shown (figure 3.13b} show strong diamond diffractions with
faint residual graphitc which appears to be crystalline (i.e spots appear in the SAED
rather than faint or diffuse ring patterns). Buseck and Huang. (1985) showed that as
graphite maturity increases, electron diffraction patterns show increasing numbers of
rings, decreased diffuseness and in well crystallised graphite, discrete spots. The SAED
pattern (figure 3.13b) shows diamond and graphite with streaking of the diamond spots
through the (111) spots indicating a polycrystalline texture with a preferred ortentation
o the crystallites. Following perchloric acid treatment many of the samples revealed
detailed skeletat structures where graphite may have been removed. Skeletal structures
were not seen in the diamond from the Aumiihle gneiss residue which revealed
predominantly elongate layered structures, with thick. short stacking faults and poor
resolution of detail (figure 3.7a-b).

Diamond/graphite intergrowths may be the result of two processes. post shock
graphitisation of diamond or the incomplete transformation of graphite to diamond.
Shock produced diamond from the martensitic transformation of graphite by shock
compression of the crystal lattice from a sp” to sp’ configuration is only stable at the
high pressures {30 (o 50 GPa) at which it was formed, rapid pressure loss combined
with elevated temperatures results in regraphitisation (Donnet et al., 1997). Thus, impact
diamonds are metastable after the passage of the shock front. Rapid cooling or
quenching of impact produced lithologies enables the metastable preservation of
diamond (Masaitis. 1998). This requires cooling to < 1000 K (De Carli. 1995) and will

he discussed in section 4.6.3.
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3.4.7. Stacking faults.

Stacking faults appear as distinct dark lamellae under the TEM. Figure 3.16a-b
shows examples of these structures trom the OQGBR and PIMR. The insei SAED
pattern (figurc 3.16a) gives a clear diamond reflection. The second example (figure
3.16b) shows stacking faults in a diamond composed of numerous layers from the
Polsingen quarry. At the margins of the crystals, short, black and cross-hatched stacking
Cault lamellae of variable orientation can be seen. Polsingen quarry was originally seen
as an impact melt rock, which was reinterpreted as an abnormally melt-rich, high
temperature suevite, which cooled over a longer period and recrystallized at higher
temperatares than normal suevite (Von Englehardt and Graup, 1984). Diamonds in this
locatity are therefore likely to be extensively re-graphitised or etched. Stacking faults
were also observed in diamond from the Aumiihle quarry gneiss (figure 3.7a-b). The
best developed stacking faults were seen in samples {rom the OQGB. although some
examples were found in the SBS residue.

Two torms of stacking faults could be distingnished in the demineralised
samples and may appear in the same crystal.

(11 Very densely distributed, narrow black lamellae with variable sub-parallel
orientations and cross-hatching. Predominantly observed in the Otting quarry gluss and
Scelbronn suevite.

(21 Sparsely distributed, short, thick black lamellae with near constant sub-parallel
orientations and some cross-hatching, may be wavy in form and were predominantly

observed in Aumiihle gneiss. Seefbronn suevite and Polsingen high temperature suevite.
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Figure 3.16. (a) BFTEM image of dense stacking fault features in diamond crystal from the Otting quarry glass bomb. Inset SAED shows

diamond 2.06 A. [x 15 k, 200 kV, scalebar 500 nm]. (b) BFTEM image of stacking faults in a diamond grain from the Polsingen quarry impact

melt rock. Inset SAED shows diamond 2.06 A [x 60 k. 200 kV, sclaebar 200 nm].




Stacking fault features have been described in a number of diamonds from other
impact craters, such as Popigai (Koeberl et al., 1997) and in experimentally grown
diamond thin films (Nistor et al., 1997). microwave-assisted CVD (Badzian and
Badzian, 1996) and shock transformation diamonds (Yusa et al., 1998). Koeberl et al.
(1997 described lamellar structures in the Popigai diamonds which could represent
stacking faults or microtwins within an intergrowth of a cubic phase with a lameHar
phase or defect.

Stacking faults may occur in crystals during growth, deformation or phase
transformations where they form a break in the normal stacking sequence (Sebastian
and Krishna, 1987). Shock deformation induced stacking faults may occur in graphite
on the basal planes due to the weak (Van der Waals-type) interlayer bonding (Kelly and
Groves, 1970}, These may be inherited by diamonds formed by subsequent shock
transformation. Growth faults may result from the incorrect addition of a layer during
layer by layer growth and deformation faults form when two parts of a crystal slip past
cach other along the basal plane (Scbastian and Krishna, 1987). The merging of grains
in polycrystalline CVD diamond may introduce a high number of dislocations and
mechanical stress {Michler et al., 1998) and experimentally grown diamond on
substrates have been shown to accommodate interfacial stress between the diamond and
substrate by twins and stacking faults (Kim, 1997). The strong covalent bonding of
diamond atoms renders dislocations immobile at low temperatures and the faults
advance along low energy crystallographic planes following thermal activation (Kelly
and Groves. 1970). Stacking faults in apographitic diamonds (figure 16b) may represent
inhcrited, deformation or growth structures. High resolution transmission electron
microscope (HRTEM) analysis is required in order to distinguish between these
different forms of stacking faults. The extent to which these features are developed is
variable, e.g. figure 16a shows well defined stacking faults whereas tigure 3.7a-b from
the Aumiihle gneiss shows much simpler structures. This may be a reflection of the
temperature conditions experienced with the Aumiihle sample experiencing post

deposition annealing. Alternatively the mechanism of diamond formation may be
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reflected in the density of stacking fault structures developed, if the density of defects in
polyerystalline vapour growth diamond excceds that in shock transtormed diamond.

Stacking faults within a mineral may be a result of shock displacing the normal
crystal lattice 1n order to accommodate passage of the shock {ront, with large numbers
of stacking faults forming behind the shock front (Pujols and Botsard, 1970). This is
akin to a mechanism described tor the formation of amorphous silica layers in PDF in
quartz which have been attributed to the crystallographic structure of the mineral
adpusting to accommodate the passage of the shock front (Goltrant et al., 1992}, Similar
mechanisms may help explain the formation of stacking fault structures in impact
diamonds. The variation in the orientation of stacking faults in figure 3,104 suggests
that if these structures are shock propagated then the direction of principal stress was
vartable. The impact shock wave 1s highly heterogeneous as it passes through a target
material which is variable in its properties and composed of multiple intersecting
surfaces. This results in highly variable peak shock conditions from the interaction of
the shock wave with phase or grain boundaries and free surfaces (Stélfler, 1972). Thus
individual crystals have their own specific pressure and temperature histories dependent
on their textural relationship to adjacent crystals. PDFs have been shown to show a
strong relation to the orientation of the shock propagation relative to the crystal
orientation {Stéftler. 1972} as the Hugoniot elastic limit (HEL) of quartz varies
depending en the orientation (Duvall and Graham, 1977).

Alternatively variations in the orientation of these features may represent either
different diamond plates or layers. each with a ditferent orientation relative to rotation
between connected layers (Koeberl et al.. 1997).

Stacking faults appear to indicate either the adjustment of the crystal lattice to the
shock wave during direct transformation to diamond (hence representing sites of
nucleation for the daughter polytype). or they may be growth structures formed during
the nucleation and growth of diamond from a gaseous or liquid carbon feedstock. Pre-
existing or shock-propagated stacking faults and other defects in the precursor carbon

phase may increase diamond formation and subsequent growth by contributing to the
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required activation energy, thus reducing the transformation temperature (Salje, 1985} or
also by assisting diffusion (Morris, 1980). Detailed HRTEM studies of these structures
may be able to evaluate the type of stacking faults involved and hence which

mechanisms may be the most likely.

3.4.8. Twinning.

Microtwinning is a common feature in impact diamonds; these may be inherited
features, for example, graphtte twins or formed by shock. Diamonds from Popigai show
thin lamellae which could represent stacking faults or microtwins (Koeberl et al., 1997).
Detatled examination of microtwins requires the use of high resolution transmission
clectron microscopy (HRTEM).

The diffruction patterns of many of the samples show double reflections
indicating more than one diamond plate or twinning.

Twinning in diamond may be either growth twins, for example contact and
penetration twins or detormation twins. Growth twins form readily during diamond
agrowth as a simple rotation around the bond direction from the usual staggered diamond
configuration to a lonsdaleite configuration (Tamor and Everson, 1994}, Duaring CVD,
growth chemistry can be tine-tuned in order to minimise twin formation {Tamor and
Everson. 1994) suggesting that natural vapour deposition might be characterised by a
wide range of twin morphologies. Deformation twins on diamond [1 H ] have been
described following plastic deformation at room temperature (Mao et al., 1979). During
phase transformations twinning may accommodate the mterfacial stress between the
parent and daughter phases (Bales and Gooding, 1991). Thus, depending on the nature
of the twins (as determined using HRTEM) the mechanism or mechanisms of

transformation may be more easily indicated.
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3.4.9. Summary of diamond occurrence, structures and morphology.

The amount of diamond that was observed in the samples varied (section 4.6.2);
in general the suevite and glass samples yielded significant amounts when studied under
the TEM. The Polsingen and Aumiihle samples contained considerably less diamond
and a limited range of morphological features. Table 3.2, summarises the features that
were observed and their predominance in the samples. An arbitrary scale was used in
order to assign & weighting to the individual features observed in the residues. Features
which were primarily observed occurred in up to 80 % of the grains analysed,
commonly observed features in up to 50 % and occasionally observed structures in up

to 10 % of the grains.

Table 3.2 Summary of (eatures observed in diamonds from ejected impactites from the

Ries crater.

Sample Stacking | Poly- Layered | Twinning | Skeletat | Etched | =z
faults crystalline . ' L J

Otling quarry NN VY NV N VYN N 30

glass bomb . ‘ ‘ .

Otting quarry VY VA V R VY v 30

suevite o . ‘ . o ‘

Seelbronn NAN NN v 'R VY v 20

Suevite .

Polsingen VN - N - - - 2

impact melt

rock . ‘ B

Aumiihle VY v YEN) — - — ol

gneiss

v = Occasionally observed, ¥ vV - commonly observed. Vv - Primarily observed.
- = Feature not detected.
z = Estimated nomber of diamond samples observed using optical and TEM

MHCTOSCOPY.

The structures which have been described and discussed provide some evidence

for the necessary requirements of a diamond formation mechanism. The most obvious
is inherited layering and hexagonal forms which suggest a direct transformation
mechanism rather than a liquid or vapour phase mechanism. Table 3.3 summarises the
requirements of transformational mechanisms on the basis of the observed structures

and their interpretations.
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This is discussed in greater detail in section 4.7 where the evidence derived from
the morphological and isotopic characteristics of the lallout and fallback lithologies is
compared with the mincralogical associations and the various transformation

mechanisms which have been proposed.

Table 3.3. Transformation mechanism requirements for observed structures,

Structure Primary Secondary | Mechanism requirements
structure structure
Stacking X X Direct transformation or growth
fauvits
Poly - X X Direct transtormation or growth.

crystalline

Layered X Direct non-destructive transformation

Twinning X X Direct transtformation or growth

Skeletal X Growth structure or partial trunsformation
Etched X Partial transformation. re-graphiisation or

exposure to hot reactive gases

The only obviously primary structure is graphitic layering. Stacking faults,
polycrystallinity and twinning may be inherited primary structures or secondary
structures. Detatled high resolution transmission electron microscopy (HRTEM) is
required in order to distinguish these structures. Skeletal and etched structures are both
secondary features formed either by the mechanism of formation or corrosion of the

diamonds.

3.5. SHOCK FEATURES IN ZIRCONS.

Shock teatures in zircons have been described by Bohor et al. (1993) and a
rough sequence of structures was established according to the degree of shock (table
3.4). Shock featares in zircons have many similarities to those cxhibited by shocked
quartz such as PDFs and zircon is considered to be more suitable for the detection of
shock features in older eroded impact structures due to its resistance to weathering

(Kamo ct al., 1996). Experimental shocking of zircons (Reimold et al., 1998) provides
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some numerical constraints on the conditions required to produce the observed series of
shock features (table 3.4). The zircon samples analysed were extracted from the PIMR
which has been reinterpreted us an anomalously melt-rich high temperature suevite (Von

Englehardt and Graup, 1984).

Table 3.4, Shock features and expertmentally derived shock conditions in zircon. [1].

Bohor et al. (1993). {2]. Reimold et al. (1968).

Stage | Shock feature - Shock feature - Experimental Shock
natural zircons [ 1] experimental shock [2] pressure (GPa)[2]
I PDF Pervasive microcleavage and 20
dense dislocation patterns
[l PDF/Granular texture | Scheelite structure phase with 40
PDF in relict areas, PDF {320}
orientation
M| Granular Scheelite structure phase, PDF 60
(polycrystalline formed in zircon at shock front
[exture)

3.5.1. Sample preparation and results.

Cloudy and clear zircon crystals were collected and etehed with a soluuion of
NaOH at ca. 70 °C for 1.5-2 hours following the procedure outlined in Bohor et al.
(1993) then observed under the SEM. The samples were gold coated in order to allow
observation of the surface features without surface charging problerns.

The zircons were predominantly euhedral with occasional fractures and areas
with a granular material texture. Figure 3.17a shows an irregularly formed crystal with
ctched and broken margins: the fractures crossing the grain are not linear and appear to
radiate from the base of the grain. The second example (figure 3.17b) is a large euhedral
crystad amid much smaller zircon cyystals. This also shows non linear {ractures and
cracks with areas where the smooth surtace of the grain has been removed revealing a
granular interior, This granular texture may indicate polycrystallinity and therefore be a

shock cttect, which is supported by the milky white texturcs seen under the petrological
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microscope. Two smooth pits in the erystal surface may represent crystal defects
(shown at high magnification in figure 3.18).

These zircon samples do not appear to show the distinctive shock features
observed by Bohor et al. (1993) and Kamo et al. (1996), although fracturing of the
crystals may represent a low degree of shock alteration (<10 Gpa). Irregular fractures
arc observed over a wide range of shock pressures and at pressures below that of the
HEL they may be the only residual effect apparent (Stiffler, 1972). The zircons do
show granular internal structures indicating shock pressures of 40-60 Gpa, although
this 1s at odds with the lack of planar surface teatures. One possibility is that the crystal
surtaces have been annealed obliterating these features, requiring temperatures close to
the melting point of zircon (< 2550 "C) which corresponds to shock pressures in the
range 60-80 Gpa, This temperature may have been less due to the polycrystalline
structure which has a greater surface area and might therefore require lower
temiperatures to induce surface melting. The reinterpretation of the PIMR as a high
temperature suevite 1s in agreement with the suggestion of annealed surface films.
Anncaled surface films have also been observed in diamondg from the Popigal impact

crater (Koeberl et al., 1997).
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(b)
Figure 3.17. (a) Gold coated SEM image of zircon from PIMR showing linear fractures
and crumbled margins. [x1.000, 17 kV]. (b) Large grain from same sample showing

surface pitting and crystal defects. [x450, 17 kV].
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Figure 3.18. High magnification SEM image of zircon grain from the Polsingen quarry

mpact melt rock showing crystal defects and fractures. [x2.000. 17 kV].

3.6. STABLE ISOTOPIC COMPOSITION OF CARBON IN RIES IMPACT
ROCKS.

ulk carbon stable isotope analyses of a variety of samples (rom the Ries crater
were made with the intention of constraining the composition of the carbonaccous
material and thus indicate possible carbon sources for diamond.

The samples analysed comprised fallout suevites, a glass bomb. Bunte Breccia,
variably shocked granite and 3 fall-back suevite samples from the N-73 core, plus
basement material from the core. In addition samples of glass and lithic fragments
(sedimentary and crystalline) were isolated from the matrix of the fallout suevites using
a geological hammer and chisel and analysed separately. It should be noted that not all
ol the samples analysed were eventually found to contain diamond and these samples
were analysed purely in order to characterise the stable carbon isotopic composition of
the target rocks and impact lithologies and provide comparison with those samples

-

which were diamond-bearing (section 3.3/4.3).
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The variation in §"C for the bulk samples (table 3.5) shows that the fallout
suevites are enriched in "C relative to graphite, indicating the incorporation of more
oxidised forms of carbon such as carbonate. The fallback suevites are less "C-enriched
indicating a higher proportion of basement-derived reduced carbon, such as graphite. By
comparison the lizingen quarry sample is depleted in '“C and has a low carbon content
possibly indicating the presence of a graphite component. This will be discussed in
further detail 1n section 3.8.2. The [tzingen quairy represents an ejected mass of variably
shocked and altered granite derived from the shallow levels ot the Ries basement, which
forms a minor component in ejected glass and suevite (Stoffler, 1977). The Seelbronn
suevite samples vielded “C-enriched isotopic ratios with a high carbon content possibly
indicating a greater carbonate component. This is in agreement with hand specimen
investigations of the lithic fragment populations within the impactites, which show the
fallout suevites contain more sedimentary material and the fallback suevites more

basement material relative to the proportions of each in the target (Stoffler. 1977).

Table 3.5. Whole-rock bulk carbon isotope compositions, Ries crater.

Samples 0 C o G Carbon content
(Wt )
Otting Quarry Suevite -11.90 0.039 1.57
Sccibronn Quarry Suevite -7.89 (.023 3.88
Nardhngen Core 1059 -13.99 0.022 .12
Nordlingen Core 494 -18.23 0.016 0.13
Nordlingen Core 384 -13.94 0.019 (.43
Nérdingen Core 343 -15.39 0.020 0.4]
[tzingen Quarry -25.03 0.017 0.02
Bunte Breceia -10.07 0.020 1.89
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3.6.1. Otting quarry suevite samples.

Bulk carbon analyses for samples of whole-rock. glass and lithic fragments
from the Otting quarry suevite are shown in table 3.6 and indicate that the rock isa
mixture of "C-enriched lithic material (possibly sandstonc, marl. chalk or limestone in
composition) and “C-depleted basement material and glass fragments.

The samples of the large glass bomb (OQGB) from the Otting quarry (as
opposed to small glass fragments extracted from the suevite) are highly “C-depleted
and associated with lower carbon contents. This may be due to the non-bomb extracted
glass fragments containing a higher proportion of groundmass contamination or
alternatively more admixed carbonate-derived material indicating, heterogeneous carbon
stable 1sotopes in melt glass. However, chemical analyses of tektites (moldavites) and
glass hombs and fragments from the Ries crater has shown that their compositions are
homogenous indicating rapid comprehensive mixing (Von Englehardt, 1972: See et al.,
1998}. Intuitively this would suggest that the isotopic compositions might also be

homogeneous and well-mixed.

Table 3.6. Bulk carbon isotopes. Otting quarry suevite.

Samples Type " C o +0 Carbon content
(wt%)
Whole-rock Sucvite -11.90 0.039 1.57
Glass Bomb -28.07 0.015 ().04
Glass Bomb -27.91 0.017 0.02
Glass IFragment 1511 0.013 0.15
Glass Fragment -15.10 0.031 0.12
Glass Fragment -12.27 0.012 0.41
Glass Fragment -13.14 0.015 0.32
Lithic Basement -20.95 0.082 0.37
Lithic sedimentary -11.85 0.017 4.07
Lithic Sedimentary -11.53 0.010 1,15
Lithic Sedimentary -10.45 0.014 351
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Lithic fragments extracted from the suevite show a range of isotopic
compositions and carbon contents. Three of these samples were sedimentary in
composition {¢haiky and fine grained). and the other appeared (o be crystalline in hand

) - N 13 - . .
specimen and had a much more “C-depleted isotopic composition compared to the

other lithic fragments and was probably a fragment of basement rock.

3.6.2. Seelbronn quarry suevite,
In comparison with the samples from the Otting quarry suevite, the Seelbronn

stuevite is enriched in "C (table 3.7).

Table 3.7. Bulk carbon isotopes. Seelbronn quarry suevite.

Samples Type 07C o *0 % Carbon
Whole rock Suevite -7.89 3.020 388
Whole rock Suevite =775 (.023 3.63
Glass Fragment -10.62 (0.020 0.72
Lithic Sedimentary -5.19 0.012 0.29
Lithic Sedimentary b.95 0.010 2.49
Lithic Sedimentary 2.38 0.015 2.94
Lithic Basement -9.20 0.008 2.94

The whole-rock 8"C compositions are “C-enriched in comparison with the the
Otting quarry whole-rock samples. this may be due to the ""C-enriched sedimentary
fragments (- 8.1 to 2.4 %¢) compared with the fragments [rom the Otting quarry (-10.5
to -11.9 % ). This may suggest that the rock was derived from a shallower level in the
target area introducing a greater proportion of sedimentary and carbonate hthologies and
wlower proportion of basement material and associated reduced carbon. Graphite 1s
formed from chemically reduced organic carbon material. which is usually depleted in
"C producing negative 8'°C values (8" C = -30 to -20 %¢). Whereas chemically
oxidised carbonate material is generally enriched in *C. This was discussed in section
1.9. The carbon stable isotopic composition indicates a greater carbonate component

enriching the rock in “C, this correlates with recent observations of primary carbonate
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impact melt within suevites located to the south and south-west of the Ries crater
(Graup, 1999). The Seclbronn quarry was located to the south-west of the crater
compared to the Otting quarry which lies to the north-east (Map 3.1) and yielded only a
single example of carbonate meli {Graup, 1999). Post-impact processes e.g within the
subsequent crater lake may have complicated the 8"C compositions through the

formation of secondary carbonate cements.

3.7. CARBON STABLE 1ISOTOPIC COMPOSITIONS OF RESIDUES.

Stepped combustion analyses have been used extensively to provide detailed
information about the stable carbon isotopes '“C/"C of carbonates, demineralised
restdues and individual diamonds (Wright and Pillinger, 1989; Prosser et al.. 1990). The
use of incremental temperature steps enable the differentiation of the carbon allotropes
and even grain size variations between samples (e.g. Ash et al.. 1987). The technique
used was described in detail in section 2.7.2.

The primary mechanism proposed for the formation of impact diamonds from
the Ries and Popigai craters is a direct shock transformation from graphite derived from
hasement gneisses (Masaitis, 1995). In order to relate the isotopic compositions of
saimples from the Ries crater. such as diamonds (Hough et al.. 1995¢: Abbott et al.,
1996 1998a: 1998b and this study) and silicon carbide (Hough et al.. 1995¢) to this
hasement derived graphite, samples of graphite were also extracted from the residues.
Isotopic studies of graphite from Popigai (Masaitis et al., 1990: Shelkov. 1997),
Lappajiirvi and the Ries (this thesis) indicates that graphite has a highly diverse carbon
isotopic composition (section 3.7.2), therefore diamonds of varying carbon isotopic

composition may have formed from a graphite feedstock.

3.7.1. Stepped combustion analyses of acid residues.
Although attempts were made to extract diamond and graphite grains from the
acid-demineralised residues this often proved difficult and bulk analyses were

performed using a small random selection of grains. The samples were composed of
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diamond with minor graphite as deduced by the TEM observations. Zircon may also
have been present although these were not detected by the TEM and would reduce the
overall carbon yield. Zircons tend to cluster towards the edges of the TEM grids and
become charged by the electron beam.

Results from the siepped combustion of a sample from the OQS residue are
shown in figure 3.19. The carbon yield per °C (ppm/'C) is plotted along the left hand
side of the graph as « histogram and the 8"°C values along the right hand side of the
eraph as a line with error bars. The OQS residue shows a single carbon release at 700
C with a 8"°C of -22 % which most likely represents the combustion of diamond. The
total carbon yield was 27.6 wi % with the peak release representing 85.3 % of this. This
sample was not found to contain S1C. It has been shown (Ash et al.. 1990) that the
combustion temperatures of diamond are dependent on the grain size due to variations
in the surface area, with imm diameter diamonds combusting at around 800-850 °C and
1-10 nm diamond at 500 "C. In samples composed ot a distribution of different grain
sizes the exothermic combustion of diamond may result in the combustion of larger
crystallites at lower temperatures. Russell (1992) showed that for mixed grain stze
fractions the combustion of smaller crystallites promoted the lower temperature
combustion of the coarser grained fraction. As these residues may contain a mixture of
diamond gram sizes the maximum temperature at which they combust may not be a

wholly reliable ndicator of the maximum grain size due to co-combustion processes.
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Figure 3.19. Stepped combustion analysis of an acid-demineralised residue OQS (sample

weight = 24.2 ug). £ 8"'C = -22.5 % and X carbon yield = 27.6 wt%.

The residue from SBS (figure 3.20) shows a gradual increase in carbon yield
from 600 “C to a peak at 800 “C and subsequent sharp decease in yield. The total
carbon yield was 96.9 wt % with the peak yields (750 - 900°C) representing 92.8 % of
this. Carbon vyields below 450 -500 °C have a 8'C from -25 to -26 % representative of
organic contarination most probably from sample handling. The carbon stable isotopic
is relatively stable (-16.8 10 -17.2 %c) across the peak yield temperatures, representing a
plateau, The experiment reveals the combustion of either variably sized diamond

crysiallites or the gradual combustion of a relatively large diamond.
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Figure 3.20. Stepped combustion analysis of an acid-demineralised SBS (sample weight =

2ug). ¥ 8'C =-17.0 %.. ¥, carbon yield = 96.9 wt %.

1.7.2. Graphite carbon stable isotopic composifions.

The carbon isotopic compositions of a number of graphite grains were measured
using static mass spectrometry combined with stepped combustion. This allows a
comparison of these compositions with those of the impact diamonds, silicon carbide
(Hough et al., 1995¢) and whole rock samples. The two examples in figures 3.21a-b
were black grains with a graphite (hexagonal, platy) morphology extracted from acid-
demineralised residues prior to the perchloric acid stage. These two stepped combustion
profiles for graphite (figures 3.21a-b) show yields at temperatures expected tor
graphitic carbon.

Figure 3.21 shows a graphite analysis from the Seelbronn quarry suevite
residues (SBS). The peak combustion yield occurs at 500-600 °C with a 8"°C of -19.9
%c. The SBS graphite (figure 3.21) has a total carbon yield of 68.4 wt % with the peak

release representing 82.4 % of this. The 8"°C of the low-temperature and high-
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temperature carbon releases range from -31.7 to -24.1 %. whilst the peak release at 550-

600 °C has a 8"°C of -19.0 %e.
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Figure 3.21. Stepped combustion analyses of graphite extracted from the acid-
demineralised residue of the SBS (sample weight = 2 pg). 3. §°C = -19.9 %cand ¥

carbon yield = 68.4 wtd.

The following example (figure 3.22) shows a stepped combustion plot for a
{fragment of crystalline graphite from the OQGB residue. This sample was extracted
from the residue following sample disagregation by concentrated HCI but prior to the
HF/HCI, chromuce or perchlorie acid stages. The main carbon yield 1s at 700°C and
represents 88 % of the total carbon yield (50.4 wt%). The carbon stable isotopic
composition is as expected for graphite (8"°C -29 to -19 %¢) and the high temperature of
combustion may relate to the size of the graphite fragment ( weight) or degree of

crystallinity.
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Figure 3.22. Stepped combustion analysis of graphite extracted from the acid-
demineralised residue of OQGB (sample weight = 18.4 ug). ¥ §°C = -25.2 % and carbon

vield 50.4 wt%.

The rclease of carbon at a single 50 °C temperature step indicates that the
combustion of the sample was rapid and complete once activated. This suggests that the
graphite may have been shielded by a heat annealed surtace layer allowing rapid
combustion when temperatures sufficient to remove this film were obtained. An
annealed surface would probably represent a lower surface area therefore, requiring
higher temperatures in order to combust compared to a polycrystalline sample
composed of 2 Ium crystallites. Annealed surfaces have generally been described in
diamond samples rather than graphite. It is debateable whether graphite grains could
form annealed surfaces.

The 8“C composition of the two samples range from -19.9 % in the SBS to
-25.2 %c in the OQGB. This may reflect the heterogeneous nature of the basement
graphite composition, alternatively some graphitic carbon within the samples may

represent re-graphitised impact produced diamonds. If impact diamonds are not rapidly
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quenched to <1000°C they are rapidly regraphitised (De Carli, 1995) this is also
observed in vapour deposited diamond. This would incorporate any carbon stable
isotopic components derived from the mixing of graphite and carbonate sources as
suggested by Hough et al. (1995b) producing graphite enriched in "C.

The stable carbon isotopic composition of graphite depends on the isotopic
composition of the precursor organtc matter and the extent of fractionation during
metamorphism. Several mechanisms may fractionate graphite during metamorphisin
including approximately 3 %c due to the removai of “C from the dehydrogenation loss
of CH, (Peters et al., 198 1a; 1981b}. Also high temperature exchange between organic
matter and sedimentary carbonates associated with the release of "'C-rich CO, during
decarbonation (Valley and O’ Neil, 1981) with a A{cc-gr) of up to 3.3 and 7.1 %¢
(Arneth et al., 1985). Calcite- graphite exchange fractionation may account for an
isotopic shift from ~ -23 1o -28 % in unmetamorphosed to greenschist facies rocks to
approximately -2 to -12 % in amphibolite facies rocks and -2 to -5 %¢ in granulite facies
rocks (Arneth et al.. 1985).

The graphite analyses (figure 3.23) from both Shelkov, (1997) and Masaitis et
al. (1990) are for samples from the Popigai crater, Russia, indicating that in comparison
the graphite from the Ries crater basement rocks is depleted in "C. The analysis of
graphite from the Lappajirvi impact crater is also enriched in "C compared to the
graphite from the Ries. These variations may reflect different organic matter sources,
metamorphic basement assemblages and different metamorphic histortes between the
two target areas. This will have an affect on the isotopic composition of any diamonds
derived from these graphite sources.

The results {figure 3.23) indicate that the stable carbon isotopic composition of
graphite is heterogeneous, this variation is likely to be much wider with a larger scale of
analyses. The compositional range of graphite in nature ranges from -30 to -20 %c when
derived from organic material, to -1 to -3 %. when equilibrated with carbonate-bearing
rocks (Scheele and Hoefs, 1992; Arneth et al., 1985), this indicates that a vapourised

carbonate component may not be required to produce the ""C-enriched isotopic
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compositions suggested for vapour growth impact diamonds (Hough et al., 1995¢).
Although. this depends on the isotopic composition of the graphite in the basement and

the range seen here is predominantly “C-depleted.

@ Lappajirvi

Popigai 1]

Popigai |2]
.

Ries

13
) C(PDB)%“

Figure 3.23. Comparison of graphite stable carbon isotopic compositions from
Lappajirvi and Ries (this study), with Popigai [1]. Masaitis et al. (1990); {2]. Shelkov

(1997).

3.7.3. Diamond carbon stable isotopic compositions.

A polyerystalline diamond picked from the acid-demineralised residue of the
OQGB (figure 3.4b) was step combusted to establish its carbon release profile and
carbon stable isotopic composition (figure 3.24). The peak carbon yields represent
80.1 % of the total carbon yield. The plot shows a clear carbon release from 700-900 "C
with a peak at 800 to 850 °C, representing the combustion of the main body of the

diamond with little to no carbon release after 900 °C. The carbon stable isotopic
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composition was stable across the main carbon yield, varying from 8"C of -26.4 to -

26.7 %ec. The size of the crystal (50 um) results in a relatively high temperature release.
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Figure 3.24. Stepped combustion analysis of diamond from the OQGBR (sample weight

=2 ug). ¥ 8"'C = -26.6 %e. Y, carbon yield = 87.1 wt%.

3.7.4. Silicon carbide.

Although silicon carbide was observed in one of the demineralised residues,
isolation of 1ndividual crystals or a concentrate proved impossible. A sample of OQS
containing blue and green silicon carbide from previous Ries crater studies (Hough et
al., 1995¢) were provided by Dr. R. Hough. The stepped combustion plot for the sample
is shown in figure 3.25. The sample appears to be a mixture of diamond, silicon carbide
and a low temperature amorphous yield. The silicon carbide crystal itself begins to
combust af the 1300 °C temperature step and is probably only partially combusted. The
limited temperature range of the furnace limits the duration at which the sample can be
held at 1300°C. Individual temperature steps are normally 30 minutes in duration but

the 1300 °C step was extended to 60 minutes. The average carbon isotopic composition
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of the sample was -24.2 %« and the silicon carbide had a 8"°C of -27.5 %.. The low

temperature steps probably represent graphite and diamond.
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Figure 3.25. Stepped combustion analysis for an acid-demineralised residue OQS
containing <50 pm silicon carbide crystals (sample weight = 2 pg). ¥ 8"'C = -24.2 %e. X

carbon yield = 70.8 wt‘.

The composition of the residue and SiC release is in keeping with the overall
composition of the Otting quarry residue and graphite within the Ries crater impactites.
Indicating that the carbon source for SiC formation may also be graphite as suggested
for the impact diamonds. The mechanisms for SiC formation are discussed in detail in

chapter 4.
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3.8. SUMMARY AND CONCLUSIONS.

The evidence presented here from the study of the morphological structure and
carbon stable 1sotopic composition of the Ries crater fallout impactites is discussed
below. This information is discussed in greater detail in chapter 4 where comparison
will be made with the fallback impactites and shock metamorphism data in order to
combine this with the carbon phase diagram, known carbon polymorphs and suggested

dramond formation mechanisms.

3.8.1. Morphology and structures.

The morphological structures described in this chapter may be seen in shock-
produced diamonds (Vishnevsky et al., 1997; Koeberl et al., 1997) and to some extent
other minerals, such as zircon (Bohor et al., 1993) and quartz (Stoffler, 1977),

Under the TEM the samples displayed many of the characteristic features of
impact diamonds such as dense distributions of stacking faults in multiple orientations,
twinning, polycrystallinity. layering, etching and linear surface ornamentations. The
combination of the various formatton mechanisms for stacking faults. twinning and
polverystailinity may allow some interpretation of the conditions required in terms of
shock pressures and temperatures during and post impact and also the precursor carbon
material itself.

Many of the impact diamonds show etched features which may lie along
fractures, planar dislocations or areas of other intergrown minerals removed by acid
treatments, Holes of variable size and density were observed on some diamonds from
the Ries crater described by Rost et al. (1978} and attributed to solution. other diamonds
in their study did not show these features. The removal of graphite intergrown within
diamond by fuming perchloric acid oxidation may result in the formation of skeletal
structures, fissures and fractures. Finely detailed surface structures such as pitting,
observed at high magnification on the surface of diamond under the SEM may be the
result of etching of the diamond by silicate melts (Langenhorst et al., 1999) or reactive

gases (Vishnevsky and Raitala, 1998) or the removal of secondary graphitisation coats.
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The environment of formation and the presence of a highly ionised vapour of silicate
rock, combined with highly reducing conditions could result in hot gas phase reactions
dissolving and etching the diamond surfaces.

The majority of impact diamonds are considered to be formed from the direct
transformation of graphite (Masaitis, 1972; Langenhorst et al., 1999}, This is based on
their inherited textures, isotopic compositions and the prevalence of graphite in the target
rocks. The preservation of inherited features can include crystal form, twins, growth and
aggregates of the primary graphite (Valter and Yerjomenko. 1996). Some impact
diamonds, termed Togorites are considered to have formed from the direct
transformation of coal, most notably from the Kara impact crater, Russia (Ezersky,
1982: 1986). The resulting diamonds are porous, black-brown in colour and show
palimpsest biogenic textures (Grieve and Masaitis, 1994). The mechanism for this direct
transformation is debated and several potential formation paths have been proposed,
these are discussed in chapter 4.

The majority of impact diamonds are polycrystalline (Koebertl et al., 1997),
although two single crystal diamonds were described from Czechosiovakian impact
deposits by Gurov et al. (1995). Polycrystalline grains are formed from numerous
individual £ | pm crystallites, which gives a granular texture when observed under high
magnification using the TEM. These crystallites are described as being irregular to
rounded in form, although they may be elongated (L.angenhorst and Masaitis, 1996)
which may give rise to the reported preferred orientation of many polycrystalline
diamond aggregates (Vishnevsky et al.. 1995). Nano-diamonds < 6 nm were found in
K/T houndary layers (Gilmour et al., 1992) and could represent individual crystallites
found in polycrystalline diamonds. The origin of the polycrystalline texture may be a
result of the shock transformation, with the nucleation of numerous individual
crystallites (Kerschhofer et al., 1998) or an inherited pre-shock structure. Experimental
shock studies in natural graphitic carbon revealed progresstve comminution in response
to shock pressure up to 59.6 Gpa (Rietmeijer, 1995). Similar results were reported by

Zhuck et al. {1997} with crystallite sizes of the order 0.1 to 1 um. Therefore,
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polycrystallinity from the comminution of samples may be an inherited pre-
transformation shock effect similar to shock-produced kink bands observed in diamond
tormed from graphite (Valter and Yerjomenko, 1996).

Comparison of polycrystalline structures associated with preferred orientation of
crystallites and high stacking fault and dislocation densities in diamonds may be made
during experimental shock-induced polymorphic transformations in olivine
(Kerschhofer et al., 1998). The results suggest that in larger crystals (60 pm) the
polymorphic transtormation may occur by intracrystalline nucleation of the high
pressure phase at the intersection of stacking faults and dislocations. Smaller grains
(<10-20 um) appear to form by nucleation on the grain boundaries (Rubie and
Champness. 1987; Boland and Lieberman, 1983). Interaction of these two mechanisms
may resuit in the formation of polycrystalline aggregates of the high pressure
polymorph with a possible preferred orientation of the crystallites as a result of the
principal compressive stress direction (Kerschhofer et al., 1998). Strong preferred
orientations are seen in diamond, lonsdaleite and graphite in the ALHA77283 and
Canon Diable meteorites (Clarke et al., 1981). This olivine phase transformation
mechanism is not martensitic but suggests ways in which structural characteristics such
as preferred orientations and high stacking fault densities may be explained. The shock
transformation of poorly crystalline and amorphous carbon material within an orientated
stress field could result in the formation of loosely aggregated diamonds and skeletal
structures where only the graphitic carbon is transformed.

The etfect of stacking faults on the selected area electron diffraction pattern
(SAED) of diamond obtained by TEM has been used as one possible explanation for
the commonly reported presence of lonsdaleite, with stacking faults considered as
internal surface interfaces, related to the energy difference between hexagonal and cubic
diamond structures (Stoneham, 1992). The existence of lonsdaleite is controversial,
although many authors state that the presence of hexagonal (lonsdaleite) and cubic
diamond 1s a necessary feature to prove a shock origin for diamonds found in shock

produced lithologies (e.g. Valter, 1996). Lonsdaleite 1s determined by single grain x-ray
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analyses which measure the bulk strain and are low resolution (mm to pm) in
comparison to TEM and SAED studies (nm to um). High resolution transmission
electron microscopy (HRTEM) is required in order to distinguish the nature of the
stacking faults. A correlation may be seen between the presence of extensive stacking
fault features in individual nanometre sized diamond crystallites and the occurrence of
lonsdaleite. Diamonds transformed from graphite by laser-heated diamond anvil celi
techniques contain numerous stacking faults and the lack of lonsdaleite in the SAED
patterns was used to suggest that the stacking faults were not present due to lonsdaleite
(Yusa et al., 1998). The percentage of lonsdaleite with the cubic phase of diamond has
been observed to decrease with increasing crystallite size (Valter and Yerjomenko,
1996), this is interpreted as the result of increased duration of the quasistatic phase of
pressure behind the shock wave which is greater for larger impact craters. Thus, a higher
percentage of lonsdaleite may be observed in diamonds from smaller impact craters.
Lonsdaleite can only be made from highly ordered crystalline graphite (De Carli, 1995}
suggesting that the degree of graphite maturity in the target rocks may also be
important.

Solid state structural phase transformations involve a change in the stacking
sequence of Jayers without altering the structure of the layers. SiC phase
transformations may commence with the random insertion of stacking faults (Sebastian
and Krishna. 1984}). The irregular insertion of stacking faults may occur 2-3 layers apart
and nucleate randomly (Fujita and Ueda, 1972), as the transformation progresses the
retlections of the second phase predominate and the first phase fades out. The end
product is disordered, containing numerous faulis because as the second phase grows
the various nucleation sites meet at faulted interfaces (Sebastian and Krishna, 1984).
This might be expected to produce a mixture of different polytypes within single grains.
SiC polytypes of several types were observed in fine grained skeletal aggregates
(Hough et al., 1995c¢) and this is also indicated by recent Raman studies (Dr. R. Hough,
Pers. Comm.). Thus a correlation may be seen between the predominance of stacking

faults in impact diamonds and the formation of the high pressure polymorph. These
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stacking faults and/or defects may be heat annealed or graphitised {1000-2000 K)
during post formation processes depending on the conditions experienced. The
presence of different diamond polytypes other than 3C (cubic diamond) and 2 H
{lonsdaleite) within defect-rich impact diamonds has not been confirmed.

To conclude. the features observed in impact diamonds are intrinsic structural
and crystallographic defects. These may be inherited from a precursor material such as
graphite or formed as a direct result of shock wave interaction with the new diamond
crystal lattice. Shock deformation of graphite prior to the formation of diamond has
been detected as a relict feature in impact diamond itself (Valter and Yerjomenko, 1996).
In combination these structures can pinpoint some of the features of the shock
transformation of carbon material such as graphite, coal or amorphous carbon to
digmond. The controversy between a primarily shock transformation of carbon material
10 diamond or a contribution from vapour condensation and growth of diamond is hard
to resolve. The evidence suggests that larger diamond grains found within impact
lithologies are formed by the transtormation of carbon to diamond in the solid state,
whilst skeletal, polycrystalline diamonds may have formed via another process such as

CVD. Several mechanisms have been suggested for this and are discussed in chapter 4.

3.8.2. Carbon stable isotopes.

The bulk carbon isotopic analyses of the OQS and SBS and individual
components within these impactites support geochemical evidence previously used to
suggest the formation of glass in suevites from the vapourisation of a mixed gneiss
complex up to 1 km below the Ries crater target area (Von Englehardt, 1995).

Thus, the carbon isotopic composition of the suevites represent a mixture of
predominantly basement-derived graphite and shallow level sedimentary rock-derived
carbonate. Carbonate-rich rocks occur within the sedimentary cover sequences (figure
3.2) which overlie the target area, including over 350 m of limestones and marls of the
Jurassic Upper Malm (Chao et al., 1978). The variation in the whole-rock carbon stable

isotopic composition of the various Ries crater localities sampled is shown in figure
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3.26. The 8"'C composition of the glass bomb from the Otting quarry suevite ( - 28.1
to -27.9 %¢) indicates a predominantly and possibly exclusively, derivation from
basement material containing graphite with little or no admixture of sedimentary carbon.

Figure 3.26 illustrates how the Seelbronn suevite and its individual components
are enriched in"*C compared to the Otting quarry suevite and its components. The

correlation between carbon contents and §'"°C is illustrated in figure 3.27.
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Figure 3.26. whole-rock carbon stable isotopic composition of Ries crater samples

including extracted glass and lithic fragments.
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Figure 3.27. Plot of 8''C versus carbon content (log wt% C) for the whole-rock samples

(OQS. SBS. ITZ. PIMR. BB and extracted glass and lithic fragments).

The correlation between increasing carbon content and "“C-enrichment in these
samples can be accounted for by increased carbonate contents. The "'C-depleted low
carbon content samples are the glass bomb samples, and the 8'°C compositions
correlate well with the 8"C composition of graphite from the Ries samples (-27 to -20
%) suggesting that the carbon content of these samples is of graphitic origin.

The 8"°C variations between suevite localitics may be indicative of a different
lithological sample suite for the sedimentary and crystalline fragments within the suevite
representing either a different part of the basement (figure 3.3) or a diffcrent
stratigraphical level. This enrichment in "'C relative to the basement component may
indicate an enrichment in carbonate. The chemical compositions of various suevites
supports this as the reported CaO wt % of the Seelbronn suevite is 4.09 compared to
2.97 wt % in the Otting suevite (Von Englehardt and Graup, 1984). Petrographic
examination of suevites from around the Ries crater has indicated an increased
proportion of primary carbonate melt within the suevites concentrated to the southwest

and east of the crater (Graup, 1999). The source of this carbonate s believed to be the
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Malm limestone present only in the south and eust of the target area at the time of
impact, with the exception of isolated outliers to the north (Graup, 1999). The
distribution of this carbonate melt component within the suevites corroborates the
evidence which can be drawn from the carbon stable isotopic compositions. This is
complicated by the presence of up to 40-50 % of crystalline calcite (Graup, 1999) within
the suevite groundmass formed by post-impact hydrothermal deposition or cementing
(Von Englehardt et al., 1995). This would introduce a "*C enrichment depending on the
proportions of calcite cement within the whole rocks analysed and lithic fragments.
Analyses of acid-demineralised residues (e.g. Seeibronn) where calcite has been
removed by HCl indicate that a "'C- enrichment persists which cannot be accounted for
by post-impact calcite cements.

Although the 8"°C of the Otting quarry glass is depleted in *C compared to the
eraphite and basement material analysed, it is possible that incomplete combustion of
graphite and carbon during the impact explosion and crater plume formation, may have
caused further enrichment of '“C in any residual carbon. The glass is formed from the
condensation of vapourised or melted basement rocks shocked to 60-80 Gpa. These
may have experienced some degree of evaporation and condensation related to kinetic
isotopic fractionation with *C being concentrated in the vapour phase foltowing
evaporation/vapourisation and thus in the glass condensate. During CVD-like
deposition of diamond, graphite and diamond may preferentially incorporate “C and
"'C respectively due to the formation of *C-graphite from "*CH, icaving a "CH,
residue to form H-CH, and "“C-diamond (Ash, 1990).

The isotopic composition of graphite within the suevites and the target area
basement rocks supports the idea that large (30-2300 pm) impact diamonds formed

through the shock transformation of graphite to diamond.

3.8.3. Mechanisms for transformation.
Comparison between the morphological, structural and stable carbon isotopic

compositions of the diamond and graphite from the Ries crater impactites will be made
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in chapter 4. A consideration of the potential transformation mechanisms suggested by
experimental diamond production, structural characteristics and carbon phase

associations will also be presented.
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CHAPTER 4. IMPACT DIAMONDS IN THE RIES CRATER II. AN
INVESTIGATION OF THE NORDLINGEN 1973 CORE: WITH
COMPARISON TO FALLOUT IMPACTITES AND A DISCUSSION OF THE
MECHANISMS OF DIAMOND FORMATION.

4.1. INTRODUCTION.

A number of impact craters have been investigated using drill cores, e.g.
Chicxulub (Hildebrand et al., 1991), Lappajirvi (Kukkonen et al., 1992), Ilyinets (Gurov
et al., 1998), Gardnos (Naterstad and Dons, 1994) and Ries (Stoffler et al., 1977: Chao,
1977). Three cores have been drilled in the Ries crater area: Deiningen drill hole. an
industrial hole 1001 and Nérdlingen 1973 (N-73). This study used samples from the
Nordlingen 1973 (N-73) core.

The N-73 core was located approximately 4 kin NE of the town of Nordlingen
(section 3.1), the site was selected (o lie halfway between the inner crater ring and outer
crater rings on the basis of geophysical evidence (Chao, 1977). The drill core reached a
depth of 1206 m, penetrating through shallow level crater lake sediments, layered
suevites and crystalline material before reaching the basement gneiss from 602 m o
1206 m. For a detailed description of the drill core see Burberger, (1974); Jankowski,
(1977), Stoffler et al. (1977) and Stahle and Ottemann, (1977). The drill core not only
provided samples of the impactites and basement rocks but also a considerable amount
of geophysical data which has been used to interpret the deep structure of the crater
(Pohl. 1977). These measurements included electrical resistivity. neutron porosity index,
bulk density and gamma radiation (Pohl et al., 1977).

The results from analyses of the core samples are discussed separately from the
other Ries samples because the study is the first of its kind to undertake detailed carbon
isotoptc analyses of these samples. The structure and lithologies of the N-73 drill core
are discussed first in order to place the samples in context (section 4.1.1), this is
followed by a detailed discussion of the morphology and structure of the diamond

found in some samples (Abbott et al., }998b). The distribution of these structures (e.g.
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stacking faults, polyerystallinity, etching and layering) within the Ries crater samples
will also be discussed. The isotopic composition of the core samples is then discussed
with a comparison of these samples with those described in chapter 3. This is followed
with an evaluation of possible formation mechanisms proposed, with reference to the
observed structures, carbon stable isotopic compositions, carbon polymorphs and

diamond concentrations.

4.1.1. Lithology of Nordlingen 1973 core.

The core, illustrated in figure 4.1 can be separated into three basic units
comprising post-impact Miocene lacustrine sediments (263-314 m), fallback suevite
(polymict impact breccia with glass) (331-602 m) and fractured, brecciated basement
rocks (602-1206 m). The fallback suevites (table 4.1.) may be further subdivided into a
graded unit (314-331 m), high temperature suevite (331- 525 m) and low temperature
suevite (525-602 m) (Chao, 1977). Remnant magnetisation carried by magnetite in the
high temperature suevite indicates cooling from >600 "C, whereas in the low temperature
suevite, iemperatures below 250 °C are indicated by maghemite (Pohl, 1977). Melted
iutile and magnetite indicate that formation temperatures were in the range of 1100-
1800 °C (Stahle and Ottemann, 1977) with glass from within the suevites indicating
peak shock pressures of 60-80 Gpa and temperatures > 2000 °C.

The proportions of the different rock fragments within the suevites varies with
depth. The core suevites contain mainly lithic fragments derived from the basement
gneiss complex and very few sedimentary rock fragments from the vpper 700 m of the
pre-impact target stratigraphy (Stoffler, 1977). Suevite and dike breccias in the core are
strongly deficient in limestone from the upper part of the pre-impact stratigraphy,
whereas the fallout suevite and especially the Bunte breccia has an excess of limestone
(Stoftler, 1977). This is supported by the carbon stable isotope data presented in this

thesis (see 3.5/4.5).
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Figurc 4.1. Schematic illustration of drill core Nérdlingen 1973, After Chao, (1977).

{m)
263 Lake sediments,
33 Sorted suevite
High temperature suevite,
433
505
525

Low tempcrature sucvite,
62 Crater cavily, base of {allback breccia.
630 Compressed zone.

700

Bascment crystalline rocks
:};2 Zone of expansion, with injection dikes.
1206

Table 4.1, Classification of Niordlingen 1973 drill core (N-73) suevites.

Unit Depth (m) Characteristics
[ 314-331 | Graded unit fine grained, near glass free upper layer (314-323

m} with mica flakes in horizontal orientation and a lower glass

rich coarse grained layer (323-33 Im) (Jankowski, 1977).

1l 331-525 | Suevite with strong magnetisation (Pohl, 1974} containing
some large blocks of basement rocks. High temperature
suevite (Chao, 1977).

111 525-602 | Suevite with very low magnetisation and a low glass content.

Low temperature suevite {(Chao, 1977).

4.1.2. Shock metamorphism in N-73.

The N-73 core provides a near continuous profile through the failback suevites
and crystalline rocks to a depth of 1206 m. The degree of shock metamorphism
throughout the core was found to vary with depth as well as within individual
subdivisions of the crater suevite and basement (Stoffler et al., 1977; Von Englehardt
and Graup, 1977). Each suevite from the Ries crater was found to be characterised by a
particular abundance pattern of crystalline rock types and shock metamorphism stages

(Graup, 1981). The fallback suevites contained much less material of the high shock
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stages with the crystalline rock fragments showing lower degrees of shock (5-15 Gpa)
compared 1o the fallout suevites (30-60 Gpa) (Stahle and Ottemann, 1977).

Diagnostic shock features in the core samples include intergranular
microfractures in quartz and hornblende, kink bands in chlorite and biotite, twin lamellae
in calcite and mechanical twins in plagioclase (Chao and El Goresy, 1977), shatter
cones, shocked quartz (Stoffler et al., 1977) and high pressure mineral polymorphs such
as diamond (Abbott et al., 1998b and Schmitt et al., 1999),

The occurrence of some of the reported shock structures were found 1o decrease
with depth. The proportion of the total quartz which is shocked decreases with depth in
the suevite below 380 m (Stoffler, 1977). The intensity of shatter cone fractures also
decreases with depth and these are associated with small striated shear joints from
outward movement due to the passage of shock waves in the upper part and by dykes
which may show schlieren indicating lateral movement (Von Huttner, 1977). There is
also a decrease in the intensity of deformation from 506-667 m and from 667-1206 m
where all rocks show level ) metamorphism, indicating shock pressures < 10 Gpa,
decreasing to | Gpa at 1206 m (Von Englehardt and Graup, 1977). Variations in the
occurrence of these features have been used to determine the structure of the buried
impactites (Stotfler, 1977).

The amount and form of melt glass within the fallback suevite differs quite
significantly from that in the fallout suevites. Failback suevites tacks aerodynamically
shaped bombs and the glass is comprised of small irregular fragments (Von Englehardt
and Graup, 1984). Within the fallback suevites the percentage of glass decreases from
t5-67 vol% in the upper sections to 0-40 vol% from 380-525 m, with no glass apparent
below 525 m (Stoffler, 1977). There is no direct decrease with depth as the graded unit
(unit I} comprises a near glass-free upper layer, with a glass-rich lower layer (Von
Englehardt and Graup, 1984). The overall glass content is estimated to be 28 vol% in
fallout suevites and 2-16 vol% in fallback suevites (Von Englehardt and Graup, 1977).
The lower glass content may be due to the formation of zeolites, analcite and

montmorillonite at the expense of glass (Stahle and Ottemann, 1977).
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4.1.3. Structure and geophysical preperties of N-73.

Measurements of the geophysical properties of the N-73 profile revealed a low
variation in seismic velocity, absorption, electrical resistivity, density and porosity within
the suevites but a high degree of variation within the crystalline basement (Pohi, 1977).
The results indicated that brecciation extends to a depth of 5-6 km and 20 km in
diameter, although the degree of fracturing may also decrease with depth (Pohli, 1977).

The suevite within the crater (figure 4.2) is not believed to have been emplaced
as a single unit, rather that emplacement occurred in several stages (Stoffler, 1977). The
unit I suevite (314-331 m) coarsens with depth indicating that the material settled back
into the crater cavity from the impact ejecta cloud (Jankowski, 1977). The underlying
suevite, unit I (331-525 m), has been interpreted as a fallback formatton and partially
slumped from the crater rim. Unit IIT (525-602 m) is intercalated with basement rocks
and 1s interpreted as a ground surge into a fractured and disrupted basement. The floor
of the transient crater at 505-602 m is disrupted by intercalations of suevite and the
lower basement and cut by dike breccias (Stoffler, 1977). The present crater form
results from the collapse of a transient crater of 2-2.5 km depth followed by uplift of the
basement due to rebound and rim faulting after the excavation stage (Stoffler, 1977).

The crystalline basement (table 4.2) revealed a number of features which can be
used to interpret the core samples and crater structure. The basement from 602 to 1206
m is a complex structure containing dyke breccias of shocked material, suevite and
atlochothonous basement layers. The crystalline sequence in the core profile is not
autochthonous but is composed of a series of disconnected slices where the rocks now
located below 670 m slid down from near the original crater rim underneath more highly

shocked rocks (Von Englehardt and Graup, 1977).
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4.2. HAND SPECIMEN DESCRIPTIONS.

The samples of core were provided by Professor D. Stéffler and comprise three
suevites from the 343 m (slumped material), 384 m (fallback), 494 m (fallback) sections
and a basement rock from the 1059 m section. These suevites all fall within the second
unit of the core from 331 to 525 m depth, which makes them “high temperature suevite
with strong magnetisation and including some large blocks of basement material”
(Stoffler et al., 1977).

The four core samples each 10 cm diameter and 10 to 15 ¢m in length having
been cut in half parallel to the core axis to form semi-circular cross sections (i.e. 400 to
700 g in weight). A high degree of alteration such as clay mineralisation and oxidation
in the samples made the identification of small fragments within the groundmass
difficult, often only the freshest fragments could be identified. This was previously
observed by Stahle and Otternann, (1977) who reported that the glasses in crater suevite
were almost completely decomposed or transformed into secondary minerals. The
samples were all highly resistant to fracturing and far less friable than the quarry
suevites, indicating that they were fresher and less weathered compared to the fallout
suevite samples. The samples were described in detail in chapter 2 and are summarised

in table 4.3.
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Table 4.3. Summary of characteristics of the N-73 core samples for this study.

Sample type Depth Sample Samnple characteristics

(M) no
Suevite- high 343,20 NC343 | Fragment of gneiss with glass rim within
temperature'’! groundmass, possible granite fragment.

(Slumped™)

Suevite- high | 384,07-14 | nC3g4 | Red-brown colour, high percentage of

temperature!’

. altered fragments, fresh crystalline
(Slumped"™')

fragments <0.5-1 cm.

Suevite- high | 494, 64-86 | NC494 Brown colour, single elongated vesicular
temperature'"

glass fragment, 1-2 cm lithic fragments,
(Fallback'™)

red alteration.

Basement rock | 1059, 10-25 | NC1059 | Medium-fine grained, pink-red crystailine
rock. Fine grained brecciated areas.

[1] Chao, (1977), [2] Stoffler, (1977).

4.3. OCCURRENCE AND DISTRIBUTION OF IMPACT DIAMONDS AND
GRAPHITE IN IMPACT PRODUCED ROCKS AND SHOCKED BASEMENT
MATERIAL.

Acid demineralised residues of the samples were produced following the
procedures described section 2.6. The chemical and mineralogical compositions of the
residues were comparable to those of the fallout suevite samples analysed (table 4.4).
Scanning electron microscope analyses of the residues revealed that the core suevites
contain zircon (ZrS10,), rutile {Ti0,) and graphitic carbon. Transmission electron
microscope analysis of the residues identified graphite and diamond { Abbott et al.,
1998b} similar to that previously found in fallout suevites (Rost et al., 1978; Hough et
al., 1995c¢) and glass (Abbott et ai., 1996; Siebenschéck et al., 1998). Diamonds were
not detected in the basement sample NC1059. As mentioned, these suevite samples are
tfrom within the high temperature suevite formation, the implications of this for the

preservation of shock formed diamonds is discussed in section 4.6.1. Differences in the
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isotopic composition and the morphological structure of the diamonds found within

these samples are the subject of the discussions to follow,

Table 4.4. Composition of acid resistant residue, N-73 samples.

Sample Composition

SEM TEM
NC343 Zircon, rutile, graphitic carbon diamond, graphite, zircon
NC384 Zircon, rutile, Al-silicates, diamond, graphite.

graphitic carbon

NC494 Zircon, rutile Al-silicates, diamond, graphite.

graphitic carbon.

NC1059 Zircon, rutile Al-silicates. -

Under the optical microscope the residues were composed of visible zircon
crystals together with black carbon clusters or tlakes and in samples 343 and 384 in
particular several small diamonds (50-100 pum). The NC494 sample contained a higher
proportion of dark coloured material in comparison to the other two core suevite
samples with a higher proportion of rutile (TiO,) and aluminium silicates. This is

comparable to the composition of the Seelbronn quarry fall out suevite residue.

4.4. MORPHOLOGICAL CHARACTERISTICS OF DIAMONDS AND
GRAPHITE IN IMPACT PRODUCED ROCKS AND SHOCKED
BASEMENT.

The core samples contained two allotropes of carbon, namely graphite and
diamond. The features exhibited by these minerals were similar to those observed in
grains from the fallout suevite residues. These features included stacking faults,
layering, skeletal needle-like features, twinning and etching. In addition, blocky grains
were also apparent and even best observed in the core sample residues. Layering is most
likely an inherited feature from the precursor carbon material (Masaitis, 1972, 1994 and

section 3. 4.1), whereas skeletal, blocky and etched features may be related to the
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precursor material, conditions of formation or post impact effects. Stacking faults may
be inherited structures or a result of the conditions of formation, variations in the degree
ol shock, variations in the degree of structural ordering or formed at polytype or

compositional boundaries.

4.4.1. Layering.

The carbon observed in the samples under the scanning electron microscope
{SEM) was generally of two forms, platy layered crystals and twisted fractured crystals
with surface lineations. These are illustrated in figures 4.2a-b. The example shown in
ficure 4.2a is an irregular rounded grain from NC384 which was approximately 150 um
in diameter, platy in plan view and ornamented with linear surface features. These are
picked out by the high relief of smaller crystals sticking to the surface (most likely
zircons). Figure 4.2a illustrates a carbon grain amid smaller zircon crystals from
NC494. The grain appears to be twisted and fractured and shows distinct linear
structures along the long axis, which are ropy and irregular in texture. Figures 4.3a-b
show two examples of layered crystals from NC343, with at least 11 clear layers along
the length of the crystal. Each layer shows stacking faults in varying orientations. The
layers also vary in thickness although they average about Ipum thick, and some appear to
grade into others. Figure 4.3b shows a close-up of this layering. Figure 4.4b shows a
fayered grain from NC343, the layers are similar to those shown in figure 4.3a-b but
show variable thickness and orientations indicating oftset of the original graphitic

layering.
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(a)

8066 10KV X750 10Mn HD39

(h)

Freure 4.2. SEM images of (a) platy carbon grain from NC384 with surface lineation
features highlighted by small zircon crystals, [x 400, 10 kV]. (b) carbon gram Irom

NC494 showing surlace lineation. [x 750, 10 kV].
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Layering appears to be most well developed within the diamond samples from
NC384. This layering probably represents a remnant graphite feature although, the
samples which are cut across the layers are unusual (figure 4.4a) in that the primary
plane of weakness would be expected to follow the crystallographic layering. The
existence of these layers indicates that the original crystal structure of the precursor
graphite has been preserved and that the mechanism for diamond formation must take
this 1nto account.

The most likely mechanism is one that does not involve the destruction of the
crystal lattice but rather the direct transformation of the graphite structure to that of

diamond whilst preserving palimpsest graphite structures.

4.4.2. Stacking faults.

As the examples shown in figures 4.3a-b illustrated, stacking faults are a
comimon feature of the diamonds found in these suevite residues. Figures 4.5a-b show
these features at a higher magnification revealing greater detail of the structures. The
saniples are both finely layered diamonds from NC384.

The example in figure 4.4b from NC384 shows several thin diamond plates or
layers with several overlapping sets of stacking faults. These sub-parallel dark lamellae
can be seen to vary in orientation between the individual layers of the diamond. The
stacking faults intersect at an angle of about 60° and 90” and fractures in the sample
intersect at 60", Changes in the orientation of the stacking faults form a roughly
triangular structure. Alternatively at the base of the image vertical stacking faults can be
seen to fade into a visually amorphous region and reappear with a diagonal orientation.
This amorphous region is not composed of amorphous carbon and may represent' a
region where structural featores such as stacking faults have been annealed. This
structure is bound on one side by an apparent fracture, possibly due to the removal of
associated graphite indicating that there had been graphitisation along structural defects.
The inset selected area electron diffraction (SAED) pattern shows a cubic diamond

structure with diffuse rings indicating polycrystallinity.
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Again the stacking faults appear to be most well developed in samples from
NC384. The NC384 sample was the best in terms of the amount of diamond present
and the clarity of the structure of the diamonds, the other samples contained less
obvious features. The blocky diamond illustrated in figures 4.6a-b from NC494 does
show faint stacking faults at high magnification.

The formation of stacking faults was discussed in detail in chapter 3 and as in
the fallout impactites the stacking faults show two morphologies:

(1) very densely distributed, narrow black lamellae with variable sub-parallel orientations
and cross-hatching; seen in NC384.

(2) sparsely distributed, short, thick black lamellae which may be wavy in form. Seen in
NC384 (commonly cross-hatched), NC494 (poorly developed) and NC343.

Stacking faults may be an inherited feature developed on the basal graphite plane
or representative of the particular transformation mechanism. Stacking faults are
primarily observed in diamonds which preserve relict graphite morphologies such as
layering. which indicates a direct transformation mechanism. The stacking faults may be
developed during the transformation. Skeletal diamonds are predominantly
polycrystalline and do not show well-developed stacking fault features indicating a

difference in thewr formational mechanism and conditions of formation.

4.4.3. Etching.

Blocky crystals which were identified as diamond and graphite intergrowths
using the thinner margins of the grains (in order to obtain SAED patterns) were found
predominantly in NC494. These are distinct from the skeletal diamonds seen in the fall-
out suevites (0OQS and SBS) in that their morphology suggests remnant graphitic
structure. The example shown in figure 4.5a is representative of several grains which
were seen in this sample. These are blocky grains with areas of etching, this blocky
form was only observed in the fallback suevite samples( NC343, NC384 and NC494).
The sample shown in figure 4.5a is a euhedral grain from NC494 with areas of etching

and stacking faults visible at the top of the image. The image shows an irregular surface
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structure with a distinet linear ornamentation running across the image parallel to the
main trend seen in the lower magnification image. These may represent ridges of
crystallites with preferred orientations similar to those seen in skeletal diamond (figures
3.13a-b and 3.14a-b). The small grain size of the crystallites makes this difficult to
determine. Further treatment of the samples using fuming perchloric acid revealed the
skeletal fine grained structures shown in figure 4.5b. The sample (NC384) has a sub-
parallel linear trend to the etching or skeletal structure, possibly highlighting areas where
intergrown graphite has been removed by the oxidation with fuming perchloric acid.
The diamonds in the fall-back suevite samples were found to be larger and
thicker than the examples extracted from the other Ries residues. The approximate
thickness of the grains can be determined from optical microscope observations and the
appearance of the diamond plates under TEM. Thick grains (figure 4.5a) are distinct
from thinner samples (figure 4.4b) although this is generally in the order of a few pum.
This may be an artefact of the extent of the acid digestion process, in that intergrown
graphite or poorly crystalline diamond aggregates are still in coherent structures within
the fall-back suevites. Alternatively diamonds formed from the shock transformation of
coal are described as porous and blocky in structure, (Ezersky. 1982; 1986) indicating
that the nature of the precursor carbon material can have a strong influenpe on the
diamond form. Thus, it is possible that these blocky diamonds may have formed from
less crystalline graphite or have been etched by the action of hot alkali gases
(Vishnevsky and Raitala, 1998). This indicates that the blocky structure could be a true
feature of the diamond formation process and a residual feature of the precursor

material.

4.4.4. Skeletal form.

Skeletal needle-like structures were observed in diamonds from NC384 (figure
4.6). Previous analyses during this study had shown blocky morphologies with
associated graphite and cubic diamond on the SAED patterns. Following further

perchloric acid treatment the graphite was completely removed leaving the structures
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shown in figure 4.5b. The elongate skeletal diamonds which were found in the fallout
suevite samples from the Otting and Seelbronn quarries were not observed in the NC-73
fallback suevite samples. This is unlikely to represent a feature of the acid digestion
process as all the samples were treated in the same way. This is therefore, as discussed
in chapter 3 more likely to represent an etching feature during diamond formation or
growth of the diamond crystallites within a directional pressure tield and in conditions
of limited carbon saturation. The skeletal structure shown in figure 4.5b contrasts
strongly with the skeletal structures described in section 3.4.4. The grain in figure 4.5b
appears to be etched and corroded along remnant graphitic layering. The skeletal
polyerystalline diamonds (figures 3.13-3.14a-b) do not show remnant apographitic
structures suggesting that they were not formed by extensive corrosion and etching of

shock transformed diamond as suggested by Langenhorst et al. (1999).

4.4.5. Twinning.

Streaking of the spots on SAED patterns, which is thought to be characteristic of
twinning, was not frequently seen in the diamonds from the core samples. Samples
NC343 and NC384 did show some double reflection SAED patterns indicating
reflections from twinned crystals. Figures 4.3a-b shows SAED patterns for an elongate
layered diamond crystal; the diffraction spots indicate that the sample was
polyerystalline, with double reflections (streaking through the spots indicates the
possihility of twinning). These may be inherited features - for example diamonds from
Popigai show graphitic twins (Koeberl et al., 1997) - or they may be growth or
deformation structures.

The twinning in these diamonds (NC343 and NC384) may be either growth
twins, such as contact and penetration twins or deformation twins, As mentioned in
chapter 3 growth twins form readily during diamond growth and natural vapour
deposition might be characterised by a wide range of twin morphologies. Deformation
twins on diamond (1 11) have been described following plastic deformation at room

temperature (Mao et al., 1979). During phase transformations twinning may
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accommodate the interfacial stress between the parent and daughter phases (Bales and
Gooding, 1991). In the case of the diamonds from the Ries the transformation would be
from graphite to cubic diamond.

Detailed examination of microtwins requires the use of high resolution
transmission electron microscopy (HRTEM) which indicate whether the siructures arc a
result of shock transformation or growth from a vapour phase. Daulton et al. (1996)
compared structures in nano-diamond from meteorites, CVD and detonation products,
determining that the ratio of different twin structures, dislocations and the presence of
londsdaleite could indicate the transformation mechanism to be either martensitic or
homoepitaxial growth. Table 4.5. Summarises the criteria they used and their

conclusions.

Table 4.5. Nano-diamond microstructures [from Daulton et al., 1996].

Structure Detonation CcvD Meteoritic
Dominant MT linear non-linear slightly non linear
Linear MT/non-linear MT 2.72 0.36 0.87
Star-twins/twins 0.04 0.23 0.09
Interpretation Anisotropic Isotropic growth Isotropic growth
growth
Twins/single crystal 2.48 1.28 1.25
Interpretation Fast growth rate
Dislocations Present Not observed Not observed
Interpretation Martensitic Homoepitaxial growth | Homoepitaxial
process growth
Polymorphs Lonsdaleite Possibly Lonsdaleite Lonsdaleite
approximate size <78 A <12 A <17 A

MT = Multiple twin.

Detailed high resolution transmission electron microscope (HRTEM) studies of
nano-diamonds from the Allende and Murchison meteorites (Daulton et al., 1996)
indicated that there are significant differences between the structures formed by shock

synthesis compared to vapour deposition (Table 4.5). Shock-produced diamonds were
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dominated by anisotropic, rapid growth rate features produced by solidification or
transformation behind a planar shock front (Daulton et al., 1996). CVD-produced
diamonds on the other hand showed structures characteristic of isotropic growth
conditions. Linear multiple twins and dislocations indicate fast martensitic anisotropic
growth whereas CVD growth structures are predominantly isotopic and non-linear with
a higher ratio of single crystal structures and fewer dislocations.

In the case of meteorite impact this situation is further complicated by the fact
that CVD processes will be dominated by shock-induced vapourisation producing a
combination of shock and vapour phase structures. The pressure and temperature
conditions as well as the degree of carbon saturation will be highly variable suggesting
the formation of many different structures in vapour deposited diamond, e.g. Tamor and
Everson, (1994) suggest that natural vapour deposition might be characterised by a wide

range of twin morphologies.

4.4.6. Summary of diamond occurrence, structures and morphology.

The diamond concentration observed in the suevite samples from the NC-73
drilt core was approximately the same as that seen in the Seelbronn and Otting suevites.
The concentrations were calculated using stepped combustion carbon yields and are
discussed in section 4.6.2. Previous investigations of 25 NC-73 samples (shown in
figure 4.2) has suggested that there 1s significantly less diamond within the fallback
suevites compared to the fallout samples (Schmitt et al., 1999) although the fallback
suevite units investigated here were not included within that study.

The development of structural features within the diamonds studied was variable
(table 4.6). The weightings for the individual features were allocated as described in
chapter 3. Diamonds from NC494 were coarse, blocky and graphitic and did not show
well developed stacking faults, layering or skeletal features suggesting thermal
annealing. Diamonds from NC343 and NC384 clearly displayed multiple layering,
stacking faults and polycrystallinity. Skeletal elongate structures as seen in the fallout

suevites were only observed in diamonds from NC384.
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Table 4.6. Summary of features observed in diamends from N-73. Ries crater.

Samples [ Stacking | Poly- Layered | Twinning | Skeletal | Etched | z
faults crystalline

NC343 VIV v WY Ry = - 7

NC384 | VvV & SRy v & =20

NC494 v = v = - WS

V = Occasionally observed, v ¥ - commonly observed, YNV - Primarily observed.
- = Feature not detected.
Zz = Estimated number of diamonds observed.

These structures (e.g. stacking faults and twinnning) may indicate the
requircments for the diamond formation mechanisms. It has been suggested that impact
diamonds are mainly formed {rom the martensitic transformation of precursor carbon
such as graphite (Masaitis, 1994) or coal (Ezersky, 1992; 1986) or through a CVD
mechanism from a carbon feedstock possibly derived from graphite and carbonates
(Hough et al.. 1995¢). Studies of the structural characteristics of CVD and detonation
produced diamonds with meteoritic diamonds indicated that the nature of structures
such as twinning and defects could indicate which mechanism of formation was the
most likely (Daulton et al., 1996). Similarly the structures described in chapters 3 and 4
may indicate which mechanism or combination of mechanisms is required. This will be
discussed in section 4.7 with reference to the shock pressures and temperatures

experienced and the other carbon polymorphs present at the Ries crater.

4.4.7. COMPARISON OF THE DISTRIBUTION AND FREQUENCY OF
STRUCTURAL AND MORPHOLOGICAL FEATURES FROM A VARIETY
OF RIES CRATER IMPACTITES.

A wide variety of structural and morphological features can be identified in
impact diamonds including stacking faults, twinning, polycrystallinity, layering. skeletal

structures and etching. The possible causes and occurrences of these structures were
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discussed in sections 3.3 for the fallout impactites and 4.3 for the fallback impactites.
From the relative frequency in which these features were observed and the extent to
which they are developed in the various samples an arbitrary weighting may be applied
(tables 3.2 and 4.6). To illustrate this diamond grais from the OQS exhibited a wide
range of features which varied in their predominance, e.g. there were more stacking
faults than layering. In comparison diamonds from the NC494 suevite showed few
features such as stacking taults and had mainly etched and blocky features. The
distributions and frequency of features being observed is also dependent on the amount
of diamond available for observation. The suevite samples provided the most diamond
grains per TEM grid, averaging 15 to 40 grains and the Polsingen and Aumiihle
samples vielded far less, averaging only 1-5 grains.

The relative distributions of these features (stacking faults, twinning,
polycrystallinity, layering. skeletal and etching) between the samples is illustrated in
figure 4.6 by showing barcharts of the features for each locality and the location of the
localities around the Ries crater. The two suevite samples, Otting and Seelbronn may be
compared quite closely as they comprise similar lithologies. The PIMR represents a
mass of anomalously high-temperature suevite which cooled and recrystallised over a
longer period of time (Von Englehardt and Graup, 1984) and it is perhaps to be
expected that relatively few impact diamonds were detected in the residues and that these
samples showed relatively few structural features. This may represent high temperature
annealing or graphitisation. Similarly the AQG represents a variable shocked ejected
mass of basement material in which diamond has been tentatively identified. further
analysis of this sample is required to confirm this as only a single grain was detected.

The fallout and fallback suevites may be compared with more confidence as a
large selection of grains were available for analysis under the TEM in each of these
samples following perchloric acid treatments. Diamond samples with clear layering were
detected in the NC384 and were comparable to those observed in the fallout suevites.
There does not appear to 4 be a variation with depth in the features seen in the fallback

suevites. As described in section 4.2. the structure of the suevite deposits within the
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crater is not straight-forward, but complicated by the intermingling of fallback units and
slumped units (table 4.3). NC494 represents faliback material whilst NC384 and
NC343 probably represent slumped material from the inner crater ring (Stéffler, 1977).
Thus the two slumped suevites may have more in common with fallout suevite than the
fallback section. This is not directly apparent from the distribution of structural features
{figure 4.6) although NC494 appears to show a limited range of features which may

indicate thermal annealing of structures such as stacking faults and twinning.

4.5. CARBON ISOTOPIC COMPOSITION OF DIAMONDS AND GRAPHITE
FROM THE NORDLINGEN 1973 CORE.

The samples were analysed for bulk carbon stable isotopic values and for
detailed isotopic profiles using stepped combustion combined with static mass

spectrometry. These analyses were all performed as described in chapter 2.

4.5.1. Bulk carbon isotopic analyses.

Bulk carbon analyses of the four core samples, were performed using bulk
combustion and a static mass spectrometry system. The results are summarised below
in table 4.7. and appear to show no discernible trend with depth, e.g. as a result of

different carbon sources from different depths in the pre-impact target stratigraphy.

Table 4.7, Summary of bulk carbon isotopic measurements of N-73.

Sample Type O Coppmy *+G % Carbon
NC343 Suevite -15.4 0.020 0.41
NC384 Suevite -13.9 0.021 0.43
NC494 Suevite -18.3 0.013 0.13
NCT059 Basement -13.9 0.018 0.12

The fall-out impactites show a reversed stratigraphy with material derived from
depth (suevites) overlying material derived from shallow levels (Bunte Breccia). The

lack of a trend with depth is hardly surprising considering the limited number of
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samples available, the complexity of shock metamorphism and the structure of the
basemnent itself. The isotopic values encompass a relatively narrow range from
8"C =-13.9 10 -18.2 % and are all from whole-rock samples of core suevites and
basement rock.

Interestingly the basement rock sample from NC1059 had a light carbon stable
isotopic composition compared to NC494 and NC343, similar to that of the core suevite
384 m and a low carbon content that is similar to that of the 494 m section. Separate
analyses of lithic fragments and glass fragments from these samples was not possible

due to the highly competent nature of the samples.

4.5.2. Stepped combustion carbon isotopic analyses.

Acid demineralised residues of the core samples were analysed as bulk samples
{a small random selection of grains) and as individual grains of diamond and graphite
picked from the residues (pror to the perchloric acid stage). Wherever possible
diamond grains identified in the residues were extracted and stored in clean dry glass
petri-dishes for subsequent stable isotopic analysis.

The selection of grains was necessarily random due to the small size of the
grains within the residues even under the optical microscope (50-300 um). The
composition of the residue at this stage had been confirmed as diamond using the TEM
with minor zircon and highly crystalline graphite. Diamond, stlicon carbide and highly
crystalline graphite are the only carbonaceous phases likely to survive the acid digestion
procedures. Figure 4.7 illustrates the stepped combustion profile of a selection of

random grains from NC384R.

Jennifer I Abbott Chapter 4 153




4000

T T I , 10
3500 1
-15
2000 |
;:,
= 235 »
= W0 20
35
s 2000 b
£ 1500 1.7 25
o [’_”/gg ]/’
1000 b
- 30
500 T = -26.55%
0 I L L ' . -33
0 200 400 600 800 1000 1200

Temperature (°C)

(o) 'HOD 3,8

Figure 4.7. Stepped combustion analysis of acid demineralised residue from NC343

{sample weight = 20 pg). X 8"°C = -26.6 %c and X, carbon yield = 88.3 wt %.

Carbon contamination from handiing of the sample or platinum bucket is

removed by a 200 °C cleaning step prior to the stepped combustion. The total carbon

yield was 88.3 wt % and the peak yield corresponds to 70.6 % of this. The sample

shows a main carbon release at 600 “C with only carbon blank releases above 700 “C.

The average carbon isotopic composition for the sample is —26,55 %..

The carbon stable isotopic composition of the other two crater suevite samples

trom the N-73, are shown in figures 4.8 and’4.9.
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Figure 4.8. Stepped combustion analysis of acid demineralised residue NC384 (sample

weight 6.4 ug), X 8'°C = -25.4 % and X, carbon yield = 45.5 wt %.

Figure 4.8. shows a single carbon release at 600 “C and 700 °C that probably
represents fine grained diamond in the NC343 m residue. The total carbon yield was
45.5 wt % with the peak yield representing 77.6 % of this. The total carbon 1sotopic
composition §"°C = -26.6 %, which does not vary across most of the stepped
combustion. although the 700°C yield is slightly enriched in “C. This value closely
matches the other 1sotopic analyses for the core samples, with the exception of the
sample from the 494 m section which is discussed below.

The sccond example (figure 4.9) is from the NC494 and has a more c:ompiicated
stepped combustion profile. The profile shows two separate carbon releases with the
first release at 600 °C probably representing the combustion of graphite or fine grained
ciamond and comprises 16.2 % of the total yield of 50.3 wt %. A further release at 800

to 1000 "C represent coarser grained diamond or silicon carbide, comprising of 81 % of
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the yield. The isotopic composition of the sample varies quite markedly with
temperature ranging from 8"'C = -19.2 %o at 600°C, -22 %o at 800 °C. -12 % at 900 °C
and -17.9 %o at 1000 °C, with an average carbon isotopic composition of —17.9 %.. The
M-shaped isotopic profile is characteristic of many other diamond bearing residues e.g.
Otting guarry suevite residue (Hough et al., 1995c) and residues from the Brownie

Butte fireball layer, Berwind canyon ejecta layer and Mimbral Ir-rich layer (Hough,

1996).
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Figure 4.9. Stepped combustion analysis of acid demineralised residue from NC494

(sample weight = 4.6 pg). ¥ 8°C = -17.9 %¢ and X, carbon yield = 50.3 wt %.

The 6"°C (-17.9 %) of the NC494 residue contrasts with the other analyses and
compares most closely with the SBS samples and implies that different carbon sources
or a single carbon source with heterogeneous stable carbon isotopes may have
contributed to the sample compositions. Fall-back suevites contain less sedimentary
material than the fali-out suevites (Stéffler, 1977), but the *C-enriched carbon stable
isotopic compositions of the SBS and NC494 residues suggest the admixture of

carbonates.
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The variation in carbon yields and §"'C of NC 494R (figure 4.9) indicates either
a multiple phase combustion within a single release or the combustion of a single phase
(diamond) with varying grain sizes. The low temperature yield (600°C) may represent
graphite as it combusts more readily than diamond although the isotopic composition
8"°C of -19.2 %« is relatively enriched in "C compared to the average composition of
graphite. The high temperature vields may represent the combustion of diamond with
silicon carbide with the exothermic combustion of diamond allowing the SiC to combust
at lower temperatures than expected. SiC may be expected to combust at temperatures
outside the range of the furnaces at approximately 1350°C, although this is again
dependent on grain size (e.g. Russell, 1992). Co-combustion with diamond may allow

lower temperature combustion.

4.5.3. Graphite.

Samples of graphite were extracted from the residues wherever possible prior to
the chromic and fuming perchloric acid treatment stages. These samples may in fact be
graphite and diamond mixtures as examination under the TEM indicated that many of
the graphite grains \;ere in actual fact intergrowths of diamond and graphite. The grains
were biack under the optical microscope and were chosen with the least number of
additional grains attached, for example many of the black grains appeared to be coated
by clusters of zircons and or diamond.

These two stepped combustion profiles are both samples of 100-200 pm
graphite extracted from the NC494 m section residues. Figure 4.10 has a total carbon
yield of 18 wt % with the peak yield representing 91.4 % of this. This low carbon yield
indicates that the sample was not very pure and may have contained zircon or other non-
carbonaceous components. The second example (figure 4.11) has a peak yield of
70.7 %. with high carbon yield below 400 °C representing organic contamination or
amorphous carbon. Both profiles show clear carbon releases at 500-600 °C, and

comparable total isotopic compositions of — 26.2 to -25.4 %c representing the 8"°C of

graphite in this residue. The isotopic composition of graphite from the core samples

Jennifer I Abbott Chapter 4 157




also compares well with the composition from similar samples extracted trom the fallout
suevite samples. These features and those of the other core samples will be discussed in

section 4.6.1.
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4 Figure 4.10. Stepped combustion analysis of a graphite grain from NC494 (sample

weight = 68 pg). ¥ 8"C =-26.2 %c and X carbon yield = 18 wt %.
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Figure 4.11. Stepped combustion anflysis of a graphite grain from NC494 (sample

weight = 21 ug). ¥ 8''C = -26.6 % and ¥ carbon yield = 49.4 wt %.

The samples (figures 4.10 and 4.11) combusted within the temperature range at
which graphite is typically combusted (from 400-500 “C). The tow carbon yields
suggest that the grains identifed as graphite (using optical microscopy) from the NC494
residue were not pure. The carbon yields from 500-800 “C may represent the
combustion of diamond-graphite intergrowths. The grain size of these intergrowths
within the sample would control the temperature of combustion. Thus the grain size of
the sample is obviously important and the separation of nano-diamond scale grains from
graphite becomes problematic as these fine-grained diamonds will combust at much

lower temperatures, approximately 500 to 600 "C.

4.5.4. Diamond.
Although, all of the crater suevites were found to contain diamond when

observed under the optical and transmission electron microscopes, these diamonds were
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very small (50-150 pm). Attempts were made to pick out diamond grains from the
residues for isotopic analysis. Several diamonds were transferred from the residues to
clean dry glass petri-dishes but from here it proved difficult to transfer & sample to a
platinum bucket for isotopic analysis. However, a single small diamond (ca. 125 pm )
grain from NC384 was successfully extracted and loaded for stepped combustion
{figure 4.12). This diamond had the form of a half-crystal with a pseudo-hexagonal
platy structure,

The isotopic composition of the sample as given by the values from the main
carbon peaks is very even and the average 8"'C = -26.9 %c. The high temperature release
(700-900 °C) comprises 92 % of the total yield, and the low temperature release (625-
675 °C) only 3 %. The carbon appears to be released in two stages, the smaller earlier
release at 675 °C could be attributed to the combustion of a thin skin layer on the
diamond. with total diamond combustion by 800 "C. Thin amorphous film coatings on
polycrystalline diamonds were described on impact diamonds from the Popigai impact
crater (Koeberl et al., 1997), these were attributed to a brief exposure to a high
temperature environment. Similar structures were observed in shocked zircons from
high temperature suevites (section 3.5). This could also be attributed to the change in

step size trom 50 to 100 °C above 700 °C.
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Figure 4.12. Stepped combustion plot for a diamond from NC384 residue (sample

weight =4 pug). ¥ 8"°C = -26.9 % and X, carbon yield = 106 wt %.

The carbon i1sotopic composition (26.9 %) of the diamond from NC384
compares well with the diamond from the OQGB residue (-26.6 %) (figure 3.24). The
values also closely match those obtained for samples of graphite from the Ries samples
(- 25.2 to -26.6 %) with the exception of graphite from the Seelbronn suevite (-19.9 %c)
and contrast with previously published values for acid-demineralised Ries crater
samples which had a reported 8"°C of -16 to -17 %c and were mixtures of diamond and

silicon carbide (Hough et al., 1995¢).

4.6. COMPARISON OF CORE SUEVITE (FALLBACK SUEVITE) WITH
FALLOUT SUEVITE SAMPLES.

Variations in lithology and shock stages between fallout and fallback suevites
have been described in detail within the literature (Chao et al., 1977; Stotfler, 1977;
Stahle and Ottemnann, 1977). From the studies described above and in previous chapters
there are a number of features that contrast the two types of suevite with each other. This

1s additionally complicated by the fact that the fallback suevite is partially composed of
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material which slumped in from the tnner crater ring (Stétfler, 1977). Nevertheless the
fallout sucvite appears to have been tormed from material excavated from shallower
levels of the target area and contains a higher percentage of sedimentary material and

granite from the shallower stratigraphic levels,

4.6.1. Stable isotopic composition of fallout and fallback suevites.

The variation in the stable carbon tsotopic composition of the NCsamples is
illustrated in figure 4.13. This shows the structure of the core, based on data from
Stéffler et al. (1977), bulk whole-rock 8°C isotopic compositions and the carbon
conients. The samples show no clear trend with depth, which is to be expected given the
limited sample size. There is a reverse correlaton of the 8°C with the carbon contents.
The higher carbon content is associated with ""C-depleted isotopic values. The basement
sample (NC1059) has aless '“C-depleted carbon isotopic signature than might be
expected (- 13.9 %e), this is likely to be the result of heterogeneity within the structure of
the basement. The lower parts of the core and basement of the crater is known to be
composed of allochthonous layers which slumped inwards filling the original transitory
crater cavity {Von Englehardt and Graup, 1977). This transient crmer' is calculated to
have been 12-13 km wide and up to 2, 800 m deep (Von Englehardt et al., 1995).
Detailed analyses of the structure of the N-73 drill core and the Ries crater impact
lithologies indicates that the fallout lithologies formed trom specific levels of the

shocked basement, forming a reverse stratigraphy (St6ffler, 1973),
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Figure 4.13. Carbon contents (%) and stable carbon isotopic values with depth for N-73

whole-rocks. residues and extracted diamond and graphite samples.

The range of 8"°C in diamond from the Ries crater impactites is from
-16 to -27 % (Hough et al., 1995¢ and this study) indicating either heterGgeneity in the
composition of the source carbon, or isotopic fractionation during diamond formation.
Direct transtormation from graphite to diamond should not result in isotopic
fractionation unless the transformation is <100 % and diffusion can occur.
Investigations of the isotopic fractionation between hydrocarbon gas and CVD
generated diamonds has shown an isotopic fractionation of 2-3 %c (Derjaguin and
Fedoseev, 1994) which is insufficient to produce the observed range in compositions.
Isotopic exchange between graphite and carbonate minerals during the metamorphic
evolution of the basement target rocks could generate the observed heterogeneity in the
1sotopic composition of the parent graphite (-13 to -26) (figure 3.23) and therefore, in
any diamonds derived from this source. The carbon isotopic composition ol graphite

from the Ries crater reported in this thesis ranged from -26 to -19 % , suggesting that
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differences in the composition of the graphite and graphite precursor carbonaceous

material 1s the main factor involved.

4.6.2. Diamond abundances within Ries crater impactites.

Fallback suevite appears to contain as much diamond as the fallout suevite
matcrial, the estimated amount of diamond within these impactites is shown in table 4.8,
These estimated concentrations are subject to errors due to sample losses during the
acid demineralisation process as well as weighing errors, hence values should be taken
as general limits. The concentrations were calculated from the carbon yield from acid

demineralised residues and the known weight of the residues.

Table 4.8, Estimated diamond concentrations in Ries crater impactites,

Sample Diamond yield Reference
(ppm)
0Qs : 0.59 This thesis
SBS 0.85 This thesis
NC494 1.14 This thesis
NC384 1.52 This thesis
Otting quarry suevite 1-2 Hough et al. (1995¢)
Fallout suevites 0.06-0.7 Schmitt et al'j {1999)

The diamond concentrations determined herein range from 0.6 to 1.5 ppm which
correlates with the concentrations determined by Hough et al. (1995¢). Diamond
abundances between 0,06 and 0.7 ppm were found by Schmitt et al. (1999) for fallout
suevites from the Ries crater with concentrations in the fallback suevite estimated to be
much lower. They analysed 25 samples from the N-73 drill core and only detected
diamond in a glass poor sample from 568,30-60 m depth (R. Schmitt, Pers. Comm.).

This suggests that there may be considerable heterogeneity in the abundance of
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diamond within the core suevites due to differences in source carbon concentrations,
shock histories and most importantly thermal histories. The diamonds from the NC494
and PIMR residues show evidence of thermal annealing implying longer periods at
higher temperatures than the other suevite samples. This may also reduce the abundance
of diamond in the residues by allowing greater graphitisation and so destruction of
diamond.

The impact diamonds are predominantly found in suevites and the individual
components of suevite such as glass (Rost et al., 1978; Abbott et al., 1996;
Siebenschock et al., 1998) and crystalline fragments (El Goresy et al., 1999; Schmitt et
al., 1999). Impact melt glasses may contain variable proportions of crystalline rock
fragments (Stoffler and Grieve, 1996). Thus the diamonds within Polsingen may have
originated from within crystalline fragments embedded in a fine-grained crystalline
matrix (Von Englchardt and Graup, 1984). Impact diamonds ilave been' found in-situ
within shocked gneiss fragments from both the Popigat and Ries impact craters
(Masaitis, [994. El Goresy et al., 1999). Schmitt et al. (1999} suggest thatthe main
carrier of diamond in the Ries crater are glass bombs with the source for the diamonds
being graphite bearing gneisses. The higher concentration of crystalfine material within
the fall-back suevites suggests that these lithologies should contain equivalent or greater
amounts of diamond. The lower concentrations of glass within the fall-back suevites has
been attributed to replacement by zeolites, analcite and montmorillonite (Stahle and
Ottemann, 1977) and the original abundance of glass within the fall-out suevites 1s
difficult to calculate. The secondary minerals are all relatively low temperature (<500 °C)
and formed under conditions in which diamond should survive (section 4.6.3).

Aside from the different populations of impact diamond within the Ries crater,
the data described in the previous sections indicates several points. Firstly that the
dizmonds in the fallback suevites (NC343, 384 and 494) are similar in structure and
morphology to those detected in fallout suevite samples. Secondly, that the stable carbon
isotopic composition of diamond from the core samples is comparable to those from the

fallout suevites.
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Using the diamond concentrations caleulated above (table 4.8) and an cstimated
araphite concentration it is possible to caleulate ratios of graphite to diamond
transformation ratios. The lower limit on the concentration of graphitc within the
impactites may be taken from figure 4.14 using the average 8"°C of the "C-depleted
araphite samples analysed (-26 %c) and the intersection with the carbon concentrations.
An alternative value can be taken using the §''C composition of graphite from the

Seelbronn gquarry (-19.9 %e).
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Figure 4.14. Carbon concentrations (log %) for whole-rock Ries crater impactites and

mdividual components (appendix 4) versus carbon stable isotopic composition (%e).

The OQS graphite composition yields an approximate value of 200-830 ppm.
Using the heavier composition given for the SBS graphite {(8"C -19.9 %¢} a graphite

concentration of approximately 500-1667 ppm is estimated. Using the estimated
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diamond concentrations of 0.6-2 ppm (table 4.6), the ratio of graphite to diamond can be
calculated as between 500:1 for 500 ppm of graphite and 1000:1 for 1000 ppm of
graphite.

There are obvious uncertainties in the concentration of diamond and graphite
within these impactites due to weighing errors as well as heterogeneity within the
impactites. The values do indicate that the degree of transformation from graphite to
diamond may be highly variable and that the majority of graphite does not transform to
diamond. This suggests that the average temperatures and pressures experienced are
insufficient for complete transformation and that localised conditions may be important.
The distribution of shock indicator structures and minerals which have been used to
characterise the shock history of the Ries crater impactites also highlights this
heterogeneity (Stoffler, 1972; Stoffler et al., 1977). This is discussed ;n further detail in
section 4.6.3.

[t is interesting to note that the initial calculations of a graphite dianfond ratio
(500: 1) coincides with the ratio calculated for the transformation of carbyne t.o diamond
duc to slow reaction rates (Whittaker, 1978). The carbyne chaoite was identified within
shocked graphite in the basement gneisses at the Ries crater (El Goresby and Donnay,
1968). The possible relationship between graphite, diamond and carbyne is discussed in
greater detail in section 4.8.2.

The ficlds delimited for individual components (suevite, glass, basement material,
sedimentary fragments and Bunte Breccia) on figure 4.4 show mixing from "'C-
enriched sedimentary material with high carbon contents and “C-depleted glass and
basement samples with low carbon contents. This supports the hypothesis that the
isotopic compositions of the suevites and diamonds might be derived from a vapourised
graphile bearing basement with variable amounfs of "C-enriched sedimentary
carbonate. The BB, which is known to be composed of primarily sedimentary derived

fragments (Von Englehardt, 1990) lies within the sedimentary fragment field.
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4.6.3. Heterogeneity of shock stage distribution, diamond morphologies and
associated P/T conditions within Ries crater impactites.,

It has been determined that each suevite is characterised by a particular
abundance pattern of crystalline rock types and a distinct frequency distribution of
shock metamorphic stages (Von Englehardt and Graup, 1984). The variation in the
distribution of crystalline and sedimentary rock fragments between the different
impactites and the variation in the shock stages experienced by these different target
lithologies can be seen in table 4.9. This illustrates the heterogeneity present in the
impactites and in the distribution of shock metamorphic conditions experienced. This
heterogeneity may explain the high ratio observed between relict graphite and impact
diamonds (presumed here to be derived from this graphite) present at the Ries crater.

The high pressure/temperature polymorphs and shock structures within the Ries
crater impactites that have been used to determine the shock stages and conditions.,
experienced are shown in table 4.10. This illustrates how the structures and minerals
within the lithologies preserve different shock histories. The rocks form combinations
of different shock stages in different proportions. The volumes of crystatline and
sedimentary material affected by different shock stages is shown in table 4.11.

The distribution in shock stages shows that sedimentary material was not
shocked above 45-60 Gpa and the majority was shocked at < 10 Gpa. Crystalline
material experienced all stages of shock up to > 100 Gpa although again the majority
was shocked to < 10 Gpa. This low shock material 1s predominantly located within the
Bunte Breccia and lithic impact breccias. The amount of graphité-bearing crystalline
rock shocked to conditions sufficient to produce diamond is limited. Only small
volumes of carbonate rock would have been vapourised and available for incorporation
into diamond feedstocks as suggested by Hough et al. (1995¢). The presence of
catalysts, e.g. carbonates, may reduce the pressures and temperatures at which diamond
can form (Burns and Davies, 1992).

The observed heterogeneity in the ratio of graphite to diamond transformation as

well as the distribution of shock indicator phases and structures suggests that the target
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Table 4.10. Characteristic shock features and shock produced minerals within Ries crater

impactites.
Mineral/structure | Pressure Temperature | Shock Reference
(Gpa) ("C) stage

Shatter cones 1-10 Gpa 100 °C Stoftler (1972); Stoffler
et al. (1977)

Kink bands 10-45 Gpa 100-300 "C Stiffler 1972; Stottier et
al. (1977)

PDF 15-35 Gpa 200-300°C 1 Stoftler (1972); Stottler
et al. (1977)

Coesite 30-50 Gpa 450-800 °C I-11 Shoemaker and Chao
(1961); Chao (1967)

Stishovite 15-40 Gpa 1200 °C [-TT Shoemaker and Chao
(1961); Chao (1967)

Dhaplectic glass 25-35 Gpa 1200-1500 "C | II-111 Stoftler (1972); Stoffler
et al. (1977)

Jadeite >150 Gpa v James (1969)

{plagioclase)

Silicate melt 100 2500°C v Grieve et al. (1996)

CaCO, melt >42 Gpa I-11 Graup (1999) ,

Table 4.11. Estimated volumes of crystalline and sedimentary rock clasts exhibiting each

shock stage.

Shock stage Shock pressure | Crystalline Sedimentary ‘ Total (km’)
(Gpa) (km?) (km*)

Vv >100 3.54 3.54

v 100-60 1.54 1.54

11l 60-45 1.03 0.02 1.05

Il 45-35 1.28 - 0.03 [.31

| 35-10 11.4- 0.12 11.52

O <10 ST.0 67.5 118.5
From Von Englehardt and Graup, {1984).
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rocks were themselves shocked heterogeneously. There are distinct gradations to the
degree of shock experienced by the target rocks according to their proximity to the point
of impact (Von Englehardt and Graup, 1984). This is illustrated by figure 4.15 which
shows isobars for the shock front and the zones of decreasing shock effects.

In addition it has been suggested that highly variable peak shock pressures and
temperatures may be generated by pre-existing heterogeneity and variable structure
within the target rocks (Stoffler, 1977). The interaction of shock waves with grain
boundaries, pore spaces, fractures and faults may cause localised hot-spots and areas of
elevated pressure and/or temperature. It has been suggested by De Carli, (1967, 1979,
1995) that diamond may be formed in hot spots; observations of diamond found in-situ
within shocked graphites at the Ries crater have been attributed to this mechanism (El

Goresy et al., 1999). This is discussed in greater detail in section 4.8.
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Figure 4.15. Deep burst model of the formation of the Ries crater. OR2 is the crater
radius at surface, BR! the radius at basement/sediment boundary, OJ the penetration depth
of the projectile and OP the maximum depth of the crater. Dashed lines represent isobars
(Gpa) with zones of decreasing shock eff'ects (V-0). [From Von Englehardt and Graup,
1984).
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4.6.4. Preservation of diamond in fallout and fallback suevites.

Impact diamonds are primarily believed to be present predominantly within
basement gneiss and derived from graphite (Masaitis, 1994 and El Goresy, 1999).
Diamonds have also been found within impact glass (Rost et al., 1978; Abbott et al.,
1996; Siebenschock et al., 1998; Schmitt et al., 1999). This glass is primarily derived
from vapourised and melted basement gneiss (Von Englehardt and Graup, 1984) at
temperatures between 1300 to >3000°C (Von Englehardt , 1997). 1t should be noted
that the glass may contain small fragments of highly shocked but un-melted crystalline
rock which may in turn contain diamond. The low concentration of gneiss {fragments
within the glass (< 0.1 wt%) suggests that the concentration of diamond in these
fragments would be anomalously high in order to account for the observed abundance
of diamond in the glass (~ <1 ppm). The amount of crystalline fragments within the
alass is difficult to determine due to post deposition secondary mineralisation. This
suggests that the impact diamonds are located within the glass itself and not exclustvely
within crystalline fragments.

Glass fragments and bombs found within the fallout suevite were brittle at the
time of thetr deposition indicating a rapid decrease in temperature due to pressure
release from 80 Gpa (Von Englehardt and Graup, 1984). This may have aided in the
preservation of the diamonds due to quench cooling. Apatite and sphene fission track
annealing indicate minimum temperatures in excess of 500 °C in the Otting quarry
suevite and 2350 °C for the core suevites (Pohl, 1977). The diamonds found in the N-73
core during this study were obtained from samples of high temperature suevite, so called
because of >600 “C thermoremenant magnetisation tempex:atures {(Pohl, 1977).

The concentration of impact diamonds in tagamites and suevite from the
Popigai crater, Russia have been found to vary radially from the centre of the crater
depending on the original concentration of precursor graphite, superimposed shock
zonation and the character of ejectio;a (Masaitis, 1998). Further heterogeneities in the
concentration of diamond were linked to the extent of melt contamination by cooler

clasts and fragments resulting in localised quench cooling (Masaits, 1998). The mixing
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of cold unshocked fragments into melt can rapidly decrease the temperature and cause
local to total quenching which may occur in less than 100 seconds (Kieffer and
Simonds, 1980). No distribution trends have yet been identified in the Ries impactites
(Schmitt et al., 1999 and this study).

Many of the impact diamonds found during this study and those described in
the literature show evidence of corrosion and etching (Rost et al., 1978; Masaitis, 1998)
and diamonds from the Popigai impact crater show etched honeycombed textures,
graphite coatings and dissolution and corrosion patterns (Masaitis, 1998). The
extraction technique used to obtain the Popigai diamonds is an exothermic alkali fusion
technique involving temperatures >833 K. This is significantly greater than the
temperatures employed to demineralised the samples described in this study (section
2.6) and may result in etching and corrosion of the diamonds. In addition post
formation graphitisation or hot alkali gases such as OH-, Na and K in high temperature
(< 2000°C) impact melt (Vishnevsky and Raitala, 1998) may produce etched features.
The impact diamonds from the Ries were frequently found to have graphite coatings.

Experimental calculations of the graphitisation of diamond indicate that the
complete conversion to graphite requires 1 Ma at 12, 273K or | Ga at 1273 K (Pearson
et al., 1995). Although extremely rapid graphitisation can also occur. Within an mmpact
event the graphitisation of diamond may be expected to follow that observed in
experimental shock transformation experiments which require the immediate quenching
of products in order to obtain diamond (Bogdanov et al., 1995; Epanchintsev, 1995;
Hirai et al., 1995). Similarly in CVD diamond synthesis quenching may be required to
prevent reverse graphitisation (Rao et al., 1995). Explosion synthesised nano-diamonds
comprise a diamond core within a graphite shell, the result of regraphitisation when
pressure drops sharply but temperatures remain high (Donnet et al., 1997). Diamond 1s
rapidly transformed to graphite at temperatures = 1000 K in the presence of free oxygen
(Vishnevsky and Raitala, 1998). The spontaneous graphitisation of diamond occurs at >
2000 K forming a stable diamond-graphite interface at 1000 K (De Vita et al., 1996).

Therefore cooling of high-temperature diamond-bearing impactites to betow 1000 K
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would inhibit further graphitisation and preserve diamonds within a graphite core.
Spontaneous graphitisation and explosive disintegration of diamond at > 2000 K
forming diamond fragments with graphite coatings was observed by Andreev (1999)
where the temperature of reaction was dependent on the density of defect structures. A
similar process may explain the fragmented diamond structures often seen in the suevite
samples, where a hexagonal structure is only party preserved (e.g. figure 3. 4).

Removal of the graphite coatings revealed diamond within previously black,
sooty grains and clusters of grains. This may also expose the detailed structure of a
diamond surface with etched pits and margins where preferential graphitisation may
have occurred in areas with high concentrations of defect structures. Ma et al. (1991)
found that during polytype transformations the nucleation of the second phase tended to
occur along defect structures.

As mentioned in the introduction to this chapter the samples from the core
sections provided all fell within the second unit of the core as classified by Von
Englehardt and Graup, (1984). Comparison of the results obtained for these samples
with samples from the other units of fall-back suevite would be an interesting study.
Schmitt et al. (1999) fou.nd diamond in a single section of core from a suite of 25 core
samples. The evidence suggests that diamonds are preserved in this unit of high
temperature suevite and it would be interesting to compare this with samples from the
low temperature material, together with detailed information concerning the cooling

histories.

4.7. IMPACT DIAMOND FORMATION.

The range of mechanisms used experimentally to produce diamonds from a
variety of different types of carbon has greatly expanded the field of knowledge
concerning diamond formation. Correspondingly the mechanisms proposed to produce
diamonds during meteorite impacts has increased (table 4.12). These mechanisms
operate in a variety of ways and at variable pressures and temperatures. The aim of this

section is to consider whether differences in these formational conditions, the observed
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structures found within natural impact diamonds and the types of associated carbon
polymorphs can be used to indicate which mechanisms are the most likely to have
occurred. The predomnant carbon source which has been considered is graphite,
whether through direct transformation or via a vapour growth model. In addition, some
of the proposed mechanisms and natural observations are suggestive that other carbon
forms may be important for example, coal (Ezersky, 1982; 1986) and carbynes
(Whittaker, 1978; Heimann, [994).

Each of the proposed mechanisms may be expected to produce diamonds with,
to some extent, characteristic structural features and/or mineralogical associations. For
example, inherited structures or diamond associated with SiC or carbynes. The pressure
and temperature requirements for these mechanisms are varied but in addition some of
the mechanisms require specific carbon precursor structures, e.g. porosity, crystailinity
and orientation, or the addition of other elements such as silicon.

Table 4.12. Possible mechanisms for the graphite-diamond transformation.

Mechanism Ref Pressure and temperature
Ultrafast annealing of glassy carbon. [1] >35 Gpa, > 2000 K
Martensitic shear transtormation of 3-R [2] >35 Gpa, > 2000 K
graphite.
Hot spot transtormation of disordered [3] > 35 Gpa, > 3000 K
carbon,
Shock-transformation of well-crystallised 4] ~ 5 Gpa, ~ 1000 K

graphite (quasi-martensitic).

Carbon self diftusion. [3] Anomalous diffusion rates
Synthesis from carbyne intermediates. {6] < 5 Gpa, > 2600 K
Chemical vapour deposition on 4H-a¢—S1C. {7] Ambient, ~ 1200 K
Homogenous nucleation CVD. [8] Ambient, 2000 K

[1]. De Curly (1967); [2]. De Carli and Jamieson (1961); [3]. De Carli (1979, 1998); 14).

Chamenko et al. (1975); [5]. Heimann (1999): [6] Stoner et al. (1992) [7]. Frencklach et
al. (1989), Buerki and Leutwyler (199a; 1991b) and Howard et al. (1990).
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The pressure and temperature phase diagram for the carbon polymorphs

diamond, graphite and carbyne is shown in figure 4.17 alongside the line for the onset

of irreversible shock metamorphic effects in granitic rocks (Grieve et al., 1996) and the

line for the shock synthesis of cubic diamond.

The stability fields for the various polymorphs do not exclude the persistence of

different polymorphs outside thetr fields of stability due to the kinetic inhibition

imposed by the high activation energies required for reactions (Bundy et al., 1996).

Thus, diamond can persist metastably outside its stability field and similarly graphite

and carbyne could exist outside their stability fields.

4.7.1. Morphological requirements of diamond formation mechanism.

The structures which have been observed in the diamonds from the Ries crater

during this study are detailed in table 4.13. together with an interpretation of the

structures with regards to possible formational mechanisms.

Table 4.13. Transformation mechanism requirements for observed structures,

Structure Primary | Secondar | Mechanism requirements
y
Stacking faults | X X Direct transformation or growth mechanism
Polycrystalline | X X Direct transtormation or growth mechanism
Layered X Direct non-destructive transformation
Twinning X Direct transformation or growth mechanism
Skeletal X Growth structure or partial transformation/
growth mechanism
Etched X Partial transformation, re-graphitisation or

exposure to hot reactive gases

Jennifer [ Abbott

Chapter 4 i76




(6R61) "APUNYG WO "$YI0F INUME UE $192)2 21ydIoweIaw Yooys J[QINIAA3MI JO JaSUO aY) PUR PUOLITIP JO 8182

annuadwal amssaid ayy smoys os[y “sprary pinbil pur anodea ‘puoweip taudqies sanydedd Suimoys wead

(M) ainjeiedws |

0009 000S 000V 000¢ 000¢ 0001 0

iodep

auAquen alydein

————

HETTTH .

—— -

e =
e —

PUOWEIP 21Gn0 jo sisayiuAs yooyg

JIF TN |

s oyaisiondidt 10 19SU0O

Lx1al 0y

puowei(

(BLG1) YENIYM pUP
JIuAs 320Us Ay} d0) SUOLIIPUOD

wip aseqd uogey gy ansig

000

00

10 .
5
3
&

’ £
(g
[®

o0 D
)

001

0001

\77

Chapter 4

Jennifer 1 Abbott




Laycred structures in these diamonds are most likely to be inherited features
from the precursor graphite, whilst skeletal and etching structures are secondary
structures not inherited from the precursor. The remaining structures are less conclusive
without detailed HRTEM.

Stacking faults are generally considered to be a secondary feature formed either
during direct polytype transformations (Sebastian and Krishna, 1984), behind a shock
tront (Pujols and Boissard, 1970) or during rapid crystal growth (Saha et al., 1998).
Thus these features may be detected in diamonds which preserve the precursor carbon
polymorph morphology and within phases where the precursor and precursor structure
have been destroyed either by vapourisation or diffusion. Polycrystalline structures may
form from the direct transformation of a polycrystalline precursor whether through pre-
impact processes or shock comminution of a single crystal (Rietmeijer, 1995) or from
the nucleation of numerous individual crystallites within a precursor grain or
independent substrate (Hough et al., 1995¢). Twinning may be an inherited feature
preserved by direet transformation or formed during the formation of 4 new crystal
structure during a reconstructive mechanism as growth or deformation twins (Tamor
and Everson, 1994; Mao et al., 1979).

Skeletal structures with a preferred orientation to the individual crystatlites
appear o be the result of the removal of graphite or other substrate material, crystal
growth from a limited carbon feedstock (Shrafranovsky, 1964) or within a orientated
stress fteld. Etching appears to be a predominantly secondary structure although
graphite grains with etched structures were observed using the SEM. The etching of
diamond grains appears to show two forms, the removal of graphite or poorly crystalline
material from the diamond structure forming needle-like structures and surface etching
forming pits and vugs. The formation of graphitic carbon appears to be pervasive
throughout the grains whereas the surface features may represent corrosion of diamond
by reactive gases (Vishnevsky and Raitala, 1998), or hot silicate melts (Langenhorst et

al., 1999),
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4.7.2. Polytype and mineralogical associations.

The type of diamonds found in the Ries crater impactites together with other
carbon polymorphs and carbide minerals (SiC) must be taken into account when
considering the possible formational mechanisms and conditions which may have
occurred during the impact. Table 4.14 summarises the forms of carbon that have been
detected at the Ries crater and in some instances at other impact craters.

The various polytypes and mineral associations such as diamond/SiC
intergrowths are formed at different pressure and temperature conditions and require
certain conditions for their formation. Large diamond plates found within the impactites
are generatly platy and apographitic preserving graphite morphologies. The conditions
experienced by the Ries crater impactites lie within the field of diamond formation at the
expense of graphite whilst still preserving graphite structures (De Carli, 1998). Single
crystals of the 4 H a-SiC polytype indicate that pressures and temperatures must have
been in the range of 2000-2500 K (Jepps and Page, 1983) with a4 mechanism for
tormation that must have involved either a liquid or vapour phase, or the rapid diffusion
of carbon and silicon. This may have occurred during the impact event using carbon
derived from graphite or possibly as a back reaction between diamond and/or graphite
and silicate vapour. Silicate glass and chaoite within the impactites indicates that
temperatures 2500-3000 K occurred which is sufficient to produce a liquid or vapour
phase. The aggregates of 0—SiC and B-SiC indicate that the conditions must lie or have
passed through those suitable for the formation of both polytypes. Alternatively,
conditions may have been such that one formed at the expensc of the other and

preserved a remnant of the parent polytype.
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Table 4.14. Carbon in the Ries impact rocks.

Component Ref | Form Size {um) | Morphology
Large diamond [TT | Cubic < 300 White. platy. graphite-
plates. like pseudomorphs
Large Si1C. [1] | Hexagonal @-5i1C <100 Blue/green crystals
4H polytype
SiC aggregates. [I] | B-SiC and o-51C <1 Single crystals within Si1C
including 4H aggregates
Skeletal diamonds. | [1] | Cubic 0.01-2 lath shape polycrystalline
aggregates
Dramond/SiC., [1] | Epitaxial <1 Nanometre-scale
intergrowths intergrowths
Graphite. [T] | hexagonal <1 Euhedral and Anhedral
graphite crystals
Carbyne” [21 Flakes within shocked

graphite

[1]. Hough et al. (1995c). {2]. El Goresy and Donnay, (1968).

Skeletal diamonds do not preserve graphitic morphologies and appear to have

formed (a) within an orientated pressure field produced by the passage of the shock

tront. (b) from a vapour as a condensate or (¢) within a substrate material. It is possible

that the skeletal dinmonds represent remnant diamond-graphite intergrowths where the

graphite has been etched away. However, as discussed in sections 3.4.2 these grains do

not appear to preserve graphite morphologies and are distinct from etched grains which

do. Intergrowths of diamond with silicon carbide support the idea of a vapour phase in

order to incorporate Si into the diamond structure. Alternatively, the diffusion of Si into

carbon may occur at high temperatures and this may be enhanced by defect structures

{Morris, 1980). The existence of graphite indicates that the distribution of shock

conditions was insufficient to result in wholesale diamond formation and the majority of

eraphite (section 4.6.2) was preserved. However, graphite in the Ries crater impactites

(which has not been transformed to diamond) could represent re-graphitisation of

impact diamonds or the shock-graphitisation of poorly crystalline pre-graphitic carbon.
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Hirai et al. (1995) simultaneously formed diamond and crystalline graphite from poorly
crystalline graphite.

The evidence for carbynes at the Ries crater is limited to one documented
occurrence (El Goresy and Donnay, 1967). The formation conditions for carbyne
involve temperatures > 2600 K and, depending on the polytype, relatively low pressures,
The existence of this white coloured mineral within shocked graphite indicates that
localised temperatures were sufficient to produce carbynes yet pressures were
insufficient to produce diamond. The distribution of shock pressures and temperatures
has been shown to be heterogeneous within the impactites (section 4.6.3). The carbynes
may actually pre-date the impact event since they have been found in graphite from
around the world (Whittaker, 1979, Whittaker and Kintner, 1985), Alternatively they
may be formed during the impact by the vapourisation (Whittaker and Kintner, 1985) or
high pressure transformation of graphite (Kleimann et al., 1984). The existence of
carbyne at the Ries has been questioned due to the ready transformation of carbyne to
diamond at high pressure (Whittaker, 1978; 1979). It has already been determined that
the distribution of shock pressures and temperatures was highly heterogeneous and the
majority of material experienced only low grade shock metamorphism, suggesting that
pre-cxisting carbynes may not have experienced conditions sufficient to produce
diamond. The slow kinetics of the carbyne-diamond transformation also produce a
transformation ratio of 500:1 (Whittaker, 1978; 1979), further evidence that not all

carbyne would form diamend.

4.8. MECHANISMS OF IMPACT DIAMOND FORMATION.

The association of impact diamonds with various proportions of lonsdaleite, (the
high pressure hexagonal polymorph of diamond) led to the suggestion that these
diamonds could be produced by impact shock waves (Masaitis et al., 1972). These
shock waves would transform pre-existing graphite in the target rocks into diamond.
Diamond found in-situ in graphite bearing gneissose basement rocks has been used to

support this theory (Masaitis, 1994 El G;)resy et al., 1999). There are several potential
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mechanisms for this transformation, derived from experimental diamond synthesis
through shock loading experiments (De Carli, 1967, De Carli and Jamieson, 1961: De
Carlt, 1998; Chomenko et al., 1975).

An alternative theory for the formation of these impact derived diamonds is via a
mechanism of chemical vapour deposition (CVD). This process may involve the
condensation of SiC in a reducing environment which is followed by the formation of
intergrown diamond and silicon carbide and, finally, diamond (Hough et al., 1995¢) as
observed in CVD deposition of diamond on silicate substrates (Zang et al., 1991; Stoner
el al., 1992),

The experimental investigation of the shock, explosion and vapour synthesis of
diamond from a variety of precursor materials has indicated that the possible
formational mechanisms for impact diamonds may be significantly more complex and
involve intermediate phases such as carbyne (Whittaker, 1979; Heimann, 1998) or SiC

(Zang et al., 1991 Stoner et al., 1992; Lannon et al., 1995).

4.8.1. Direct transformation.

The direct transformation of diamond by fast diffusionless kinetics is supported
by the observations of inherited morphological features from the precursor carbon, such
as kink bands and twinning (Masaitis, 1974) and hexagonal morphologies from
graphite. During a dissolution and nucleation phase transformation or formation
mechanism these inherited structural characteristics would be lost, whereas solid state
transformations maintain the size and shape of the parent phase (Baronnet, 1992).
Martensitic transformations are correctly applied to the formation of a martensite from
the quench cooling of metals, which form the polymorph phase as a result of cooling. A
less rigorous definition may be applied to direct-transformation polymorphism as a
result of shock loading if this mechanism is fast, irreversible and non-diftusive. If
sufficient activation energy is provided by high pressures and temperatures associated
with an impact shock wave or shear stress from an impact shock wave then the phase

transformation can occur. Contributions to produce the required activation energy may
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be provided by high defect densities allowing the transformation to occur outside the
required stability field and therefore enhance the growth kinetics of the new phase
(Green, 1992),

One of the first reported diamond syntheses by dynamic shock pressure was by
De Carli and Jamieson (1961) producing small (<10 m), black diamonds from simple
lattice compression of 3R (rhombohedral) graphite along the c-axis. Pure hexagonal
graphite did not yield diamonds (De Carli and Jamieson, 1961). However no correlation
was seen between the amount of 3R graphite used and diamond yields (Morris, 1980).
As natural graphite is composed of only 5-15 % rhombohedral graphite (Fahy et al.,
1986) this would also limit the amount of diamond that could be formed in a natural
impact event. Fast martensitic graphite to diamond transformations were observed by
Erskine and Nellis (1991) who reported transformation times of 1 ns at 30 Gpa when
shocked along the c-axis. Their results suggested that the orientation of pyrolytic
araphite greatly affected the phase change behaviour and ease of transformation. This
has been shown to form lonsdaleite if shocked along the c-axis (Tielens, 1990),
suggesting that only correctly orientated graphite would transform to diamond and
should generally be associated with londsdaleite. The lack of correlation between
graphite orientation and diamond yields together with the observation that yields were
strongly dependent on temperature led to the development of other theories for the

mechanism of transformation.

4.8.2. Ultrafast annealing.

Firstly ultrafast annealing of glassy carbon by high shock temperatures was
suggested by De Carli (1967) following an initial collapse of the graphite lattice at high
pressures. This forms a glass like structure with short range order of the carbon atoms
in the diamond configuration. This is similar to the mechanism proposed by Pujols and
Boisard (1970) where stacking faults are formed behind a shock front producing a
defect saturated solid with the structural characteristics of a glassy phase. Such a

mechanism, which involves the total destruction of the graphite lattice and formation of a
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glassy intermediate phase, would result in the total destruction of any pre-existing
structural characteristics and result in no inherited features. The majority of shock
synthesised diamonds are cubic, polycrystalline and display no inherited structural or
morphological features (De Carli, 1995). Hirai and Kondo (1991) produced cubic
diamond from shock quenched 3R graphite shocked along the c-axis that occasionally

displayed hexagonal morphologies.

4.8.3. Hot spot formation.

A correlation was noted between the degree of crystallinity of precursor graphite
and diamond yield prompting the suggestion of a hot spot mechanism (De Carli, 1967:
1998).When porous material is shock compressed the material immediately around the
collapsed pores is shock-heated to much higher temperatures than matenal further from
pores (Williamson, 1990). Diamonds <5 um in size have been found in-situ associated
with biotite and graphite in shocked gneisses from the Ries crater {De Carli et al.. 1999).
As less than 5% of the available graphite contained diamond the transformation was not
complete and transient hot spots at >10, 000 k and < 30 Gpa were proposed to explain
the observed distribution. Vapourised carbon gas can also be formed inside
heterogeneously heated porous material, these pore spaces are collapsed by high
pressure increasing the vapour pressure and resulting in nucleation of diamonds
assoclated with carbynes indicating that the temperatures reached within the hotspots
must have exceeded 3200 K (Kletman et al., 1984; Kleiman 1990). This mechanism
provides thermodynamic selt-cooling due to adiabatic expansion and the admixture of
cooler surrounding material (De Carli, 1995).

Compression of porous material could result in the orientation of pore spaces
perpendicular to the direction of principal compression. This orientation of pore spaces
combined with hot spots associated with pore collapse may result in the nucleation of
diamond crystallites parallel to the compressed pores producing a crystallites with a

preferred orientation.
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4.8.4. Carbon self-diffusion.

It contrast to hot spot formation a mechanism involving carbon self-diffusion
was proposed whereby anomalously high diffusion rates can be achieved by the
formation of extremely high densities of defect structures tollowing the passage of the
shock front (Chomenko et al., 1970). As pressure is increased the graphite becomes
increasingly unstable forming transitional states, vacancies and allowing increased
atomic migration. Diffusion assisted diamond nucleation and growth was also
suggested by Morris, (1980) after consideration of the shock hugoniots of diamond and
graphite. No correlation is seen between shock pressures and diamond yield which
appears to be controlled by temperature, suggesting a thermal diffusional reconstructive
mechanism (Morris, 1980). There is a correlation between high defect structure
densities in nano-crystalline and shock produced diamonds which indicate that density
defects may contribute to the energy required to overcome the activation energy barrier
of diamond formation and so reduce the temperatures and pressures required.

Recent data indicates that two processes occur at pressures greater than 20 Gpa:
(1) a relatively slow graphite to diamond transformation which is localised in defect
structure zones and (2) highly orientated graphite transformation to a diamond-like
phase with fast (Hs) martensitic kinetics and is reversible (Zhuk et al.. 1997). Thus
different pressure and temperature regimes can be identified, high pressure/low
temperature (HP/LT) conditions without quenching forming diamond flakes and
HP/HT hot-spot conditions with quenching by surrounding material (De Carli, 1979;
1998).

The main problem appears to be the lack of experimentally shocked diamonds
displaying morphologies and structures inherited from the precursor carbon material.
This may be because greater diamond yields are achieved using poorly crystallised
graphite and carbonaceous material or because natural conditions have not been
successfully reproduced. Highly ordered graphite shocked to = 15 Gpa, 2 1300 K
forms polycrystalline, apographitic diamond (De Carli, 1998) whereas porous

disordered carbon formed = 3000 K in hotspot conditions (De Carlt, 1979; 1998) do
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not preserve precursor structures. Indicating that the clearly apographitic coarse grained
diamonds found in impact craters formed from highly ordered graphite at or around 15

GPa.

4.8.5. Carbynes.

The field of material sciences has given rise to a further model for the
transformation of graphite to diamond. Unlike the direct transformation model it is
suggested that linear carbon allotropes, carbynes, could form intermediary stages in the
transformation (Whittaker, 1978; Heimann, 1994).

Carbyne (chaoite) was identified within shocked graphite in the basement
gneisses at the Ries crater (El Goresby and Donnay, 1968). Carbynes are the
thermodynamically stable allotropes of carbon at very high temperatures and can be
formed by bond splitting within the planar graphite layers (Heimann, 1994). This
suggests that carbynes or carbyne-like carbons may form precursor phases during the
transformation of graphite to diamond, with the collapse of the carbyne structure to
diamond after the shock front passes (Whittaker, 1978; Heimann, 1994). The
persistence of carbynes within shocked graphite which has not been transformed to
diamond may be explained by the fact that the conversion rate of carbyne to diamond is
approximately 500:1 (Whittaker, 1978). This would mean that only a single carbyne
grain out of 500 would be converted to diamond. Alternatively the persistence of
carbynes may be a result of localised hot-spot conditions due to the heterogeneity of
shock and only a proportion of the grains experiencing the required conditions tor
transformation. The transformation of graphite to carbynes requires high temperatures 2
2600 K due to a shift to triple bonding and graphite dissociation into chains (Whittaker,
1978). I this is followed by a high pressure pulse, carbynes may be transformed to
diamond (Kleiman et al., 1984; Heimann et al., 1994).

This mechanism requires approximately a 100 ps period of high temperature,
followed by a 10 ns period of high pressure. In a natural meteorite impact event the

shock-induced pressure increase is associated with, and followed by, a temperature
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pulse which is in contrast to the conditions required for carbyne formation. High fore-
wave shock temperatures from the approaching bolide may result in the vapourisation of
surficial sediments and ground cover (depending on the age of the impact) which could
potentially provide carbon for carbyne condensation. This would again have to be
complete and available for shock compression in a very short time.

In contrast Borodina et al. (1996) found that the carbyne to diamond
transformation involves two stages: fast martensitic compression and cross-linking at
the shock front to produce carbyne crystals followed by a longer period at high
temperatures to form diamond. With low diamond yields due to the low rate of
transtormation (Whittaker, 1978) and/or subsequent graphitisation. Such a mechanism
is more readily envisaged within a natural impact event where the high pressure pulse of
the shock front 1s followed by a period of relatively high temperatures. Rapid quenching
to < 1000 °C is required if the diamonds are to survive the pressure pulse. Rapid
quenching is required for all the mechanisms of impact diamond formation. Masaitis,
(1998) suggests the admixture of relatively cool unshocked target material during
transportation leading to the preservation of diamond in the central parts of large melt
sheets. Carbynes produced by pressure synthesis (€ 56 Gpa) form platy single crystals
which are commonly apographitic (Kleimann et al., 1984, Kleimann, 1999). Whether or
not the transformation of graphite to diamond proceeds via high temperatures and then
shock compression or shock compression, or vice versa will affect the potential for the
preservation of relict precursor morphologies. A mechanism involving the vapourtsation
of graphite forming carbynes between 2700-3000 °C (Whittaker, 1978) is unlikely to
preserve relict textures. This suggests that apographitic diamonds may be formed from

graphite via an intermediary carbyne phase.

4.8.6. Fullerenes.
Although attempts to detect fullerenes within Ries crater impactites have yet to
be successful they have been found associated with the K-T boundary layers (Heymann

et al., 1994), the Sudbury impact crater (Becker et al., 1994), Permo-Triassic boundary
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sections (Chijiwa et al., 1999) and meteorites (Becker et al., 1994; Becker and Bunch,
1997). Fullerenes may be transformed to diamond under experimental conditions by
shock compression and rapid quenching (Sekine, 1992; Hirai et al., 1995). Although it
is unlikely that fullerenes could be generated by vapour combustion processes and
subsequently converted to diamond by high pressure during a single impact event. The
association of diamond with SiC (Hough et al., [995¢) indicates that gas-phase
reactions may be important in the formation of diamond (the discovery of fullerenes

may substantiate this).

4.8.7. Catalysts.

Impact experiments using carbonates (Rietmeijer, 1999) have produced graphite
trom high temperature reducing vapours, and chaoite/hexagonal diamond (londsdaleite)
from oxidising vapours, indicating a complex interrelationship between the spatial,
temporal and compositional structure of the vapour plume. The carbonates may also act
as catalysts for diamond formation. However this mechanism can be discounted for
some of the Ries diamonds where the carbon isotopic composition indicated that the
carbon source was primarily graphite.

Diamonds can be spontaneously crystallised from carbon sotutions in atkaline
carbonate melts i.e. (Na,Mg(CQ,),-graphite and NaKMg(CO,),-graphite at 8-10 Gpa
and 1700-1800 °C (Litvin et al., 1999}, Wang et al. (1996) found that the addition of
particles of B-SiC, crystalline graphite and C,, to carbon/solvent alloys resulted in the
heterogeneous nucleation of diamond on the surfaces of the particles. Similar processes
could occur during an impact event where all the necessary elements are available
including carbonate melts. Carbonate melt glasses have recently been found alongside
silicate melt glass in suevites to the south and west side of the Ries crater, formed from
the shock vapourisation and melting of carbonate rocks (Graup, 1999). This indicates
that there was more shock melting of the sedimentary cover sequence than previously

reported. However, impact diamonds are found in suevites that do not contain a lot of
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carbonate melt, ¢.g. OQS. This suggests a carbonate catalysis mechanism is not the sole
mechanism responsible for the formation of impact diamonds.

Molten transition metals (group VIII) are used commercially as solvents and
catalysts for diamond growth (Burns and Davies, 1992). This suggests that the
pressures and temperatures required for impact diamond formation may vary depending

on the chemical composition of the trace elements within the carbon feedstock.

4.8.8. Vapour deposition related mechanism.

Natural associations of diamond and silicon carbide have been noted tor the
Ries crater suevite (Hough et al., 1995.¢) and 1t was proposed that a mechanism similar
to CVD operated in the impact-generated fireball and led to the condensation of nm to
um diamond crystallites. A similar mechanism has also been proposed for the formation
of some interstellar diamonds, formed by stellar condensation as a metastable phase
where the first solid phase to condense would be carbon and although graphite is stable
and diamond metastable the energy differences are very minor {Lewis et al., 1987).
Fullerenes in the Sudbury impact crater and K/T boundary layers indicate that vapour
phase reactions may be important {Becker et al. 1994; Heymann et al. 1994).

The SiC found 1n the Ries crater impactites occurred as hexagonal o-SiC 4H
aggregates with B-SiC and intergrown diamond and SiC (Hough et al., 1995¢)
indicating an intimate co-relationship. Diamond can be produced by CVD using a
silicon substrate and this also results in the formation of SiC as an intermediary layer
which is gradually replaced by diamond (Zang et al., 1991, Stoner et al., 1992; Lannon
et al.. 1992). B-5iC has a lattice constant between those of Si and diamond which may
promote the crystallisation of diamond by forming a buffer layer between the two lattice
structures (Von Munch and Wiebach, 1994).

The two different SiC polytypes have different stability tields which indicate
different formational conditions (figure 4.18). This is additionally complicated by the
effect of impurities which may stabilise certain polytypes (Jepps and Page, 1983). Cubic

B-SiC and 2H-SiC are formed between 1, 500-2, 000 °C whereas hexagonal o-SiC (4H,
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6H and 8H) are higher temperature polytypes (Yamanda and Tobisawa, 1990). This
suggests that a range of temperatures must have operated during diamond and SiC
condensation which would be expected from a heterogeneous ionised gas plume that
has insufficient time to homogenise by mixing. Alternatively cubic SiC shows a marked
preference for metastable formation and will be the first polytype to condense from a
vapour or melt; this may subsequently convert to hexagonal 4H or 6H by phase
transformations (Heine et al., 1991). The phase transformations are observed to be

accompanied by increased densities of stacking faults and twinning (Jepps and Page,

[983).
=
=2
St
S
=
=l 3C >
=
o
<
E
5 g
= 2
=S 2H 6H
v o=
zZ s
s g
2 15R -
4H SH
1000 1500 2000 2500 3000 3500

Temperature (°C)

Figure 4.17. Stability diagram for the SiC polytypes showing B-SiC (3C and 2H) and «-

SiC (4H. 6H, 8H and 15R) with temperature [adapted from Jepps and Page, (1983)}.

Diamonds associated with silicon carbide imply that diamond and SiC formed
either from a vapour phase onto a silicon-rich substrate, or diamond was deposited onto

SiC which formed due to the reaction of vapourised silicon with carbon in an ionised

Jennifer I Abbott Chapter 4 190




vapour. During CVD the gas phase is commonly 2000°C with a cooler substrate 1000
°C to encourage condensation (Klages, 1995). SiC and Si metal can also be formed
directly from shock vapourised SiH,-CH, through homogenous nucleation, forming Si
at 1100-1600 °C and B-SiC at 1600 °C (Carmer and Frenklach, 1989).

Langenhorst et al. (1999) suggest that extensive corrosion and graphitisation
seen in diamonds from Lappijirvi (Finland) could produce skeletal diamond structures.
They also suggest that SiC could be formed by the carbothermic reduction of SiC at
>1550-1750 °C or through the reaction of silica rich impact melts with apographitic
diamonds. The temperature range suggested falls within the field for the 3C and 2H §3-
SiC polymorphs and towards the field of 4H and 6H «-SiC (figure 4.17). At the
suggested temperatures or the temperatures at which silicates exist as a melt (= 2000
°C), apographitic diamonds would be subjected to rapid graphitisation. In addition the
discussion of the structure of skeletal diamonds (sections 3.4.4. and 4.4.4) emphasised
the distinct structural differences between apographitic and skeletal diamonds. Etched
and corroded apographitic diamonds were seen but still preserve remnant graphitic
structures. The skeletal diamonds described 1n this study and by Hough et al. (1995¢)
display no apographitic structures.

Small grain-sized, defect-rich SiC can also be made by annealing C, fullerene
films on Si for 25 minutes at 900 °C and 100 minutes at 800"C (Moro et al., 1997). In
addition diamonds can be made from C,, at 12.5 Gpa and 900 °C (Brazhkin et al.,
1997). This indicates that whilst SiC could be produced from fullerenes (formed by the
vapour combustion of carbonaceous material) by post deposition annealing during the
cooling of impactites whereas the formation of diamond requires high pressures.

Diamonds can also form via substrate-free homogenous nucleation in the vapour
phase (Frencklach et al., 1989; Buerki and Leutwyler, 1991a: 1991b; Howard et al.,
1990). Conditions must be such that the formation of graphite at the expense of
diamond is inhibited; in experimental conditions this is generally achieved by the

gasification of graphite by hydrogen (Derjaguin et al., 1994).
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4.9. CONCLUDING DISCUSSION.
4.9.1. Diamonds in fallout and fallback suevite.

Suevite impactites from the Ries crater are found to contain diamonds in the
rangeof 0.5-300 pm. These were found in the OQS and SBS and 3 sections of fallback
suevite from the N-73 core (Abbott et al., 1998b). Diamonds were also found in glass
scparates from the OQS (Abbott et al., 1996; 1998a) as well as in the PIMR (high
temperature suevite) and AQG. These additional discoveries substantiate the previous
identification of diamond in faliout suevite from the Otting quarry (Rost et al., 1978;
Hough et al., 1995¢) and glass separates (Rost et al., 1978; Siebenschock et al., 1998:
Schmitt et al., 1999)

These diamonds showed morphologies and structures common to impact
diamonds from the Ries crater (Rost et al., 1978) and other impact craters (Ezersky,
1982; 1986: Masaitis and Shafranovsky, 1994; Gurov et al., 1995). These structures and
mineralogical associations may indicate whether or not they are formed by direct shock
transformations or a mechanism similar to CVD.

Variations in the distribution of the diamonds within the N-73 core relative to the
variations between the different suevite units in the core, cannot be determined from this
Jimited set of samples. Investigations by Schmitt et al. (1999) using a much larger
sample suite detected diamonds in only one section of the N-73 core and suggest that
the core suevites contain a lower concentration of diamond than the fallout suevites.
However it was not made clear how many of the 25 samples selected for analysis had
been investigated. The three fall-back suevite samples investigated in this study

contained diamond.

4.9.2. Morphological structures of Ries crater diamonds from fallout and
fallback impactites.

The featurcs observed indicate that there are a possible three distinct formational
mechanisms: (1) a direct transformation preserving palimpsest structures, {2) vapour

phasc mechanism resulting in skeletal structures with strong preferred orientations and

Jennifer [ Abbott Chapter 4 192




(3} the incomplete transformation of a mixture of amorphous and graphitic carbon.
Evidence for each of these transformation mechanisms can be observed in the
diamonds. The large (< 300 um) diamonds detected using optical microscopy
observattons of samples generally show structural characteristics suggestive of direct
transformation of graphite, whereas the diamonds observed using TEM show struciural
features suggestive of direct transtormation, vapour phase growth and incomplete

transformation.

4.9.3. Mineralogical associations and heterogeneity.

The carbon polymorphs graphite, carbyne, diamond and the mineral §iC are all
found in the Ries crater impactites, the varied formation and stability conditions for
these phases could be seen as contradictory. The inherent heterogeneity of impactites
due to the interaction of shock waves with structural boundaries and porosity (Stoffler,
1977} together with the variation in shock conditions away from the point of impact may
be used to explain these apparently contradictory formational conditions.

Impact experiments can yield several carbon polymorphs such as carbyne
(chaoite), graphite, diamonds (Derjaguin et al., 1994), disordered carbon and soot.
Carbonates and a variety of different elements may have a catalytic effect on the growth

ol diamond

4.9.4. Carbon stable isotopic compositions.

The carbon stable isotopic compositions of the fallback suevite residues and
extracted diamonds and graphite lie within the fields found for fallout samples.

The fallback suevite residues, graphites and diamond show a distinct cluster of
values around 8"C -25 to -26.5 %o. The main exception being the residue from the 494
m sample with a 8"°C of -17.8 %e. This value is more comparable to those from the
Seelbronn quarry suevite samples (discussed in chapter 3) and the results by Hough et
al, (1995¢). The graphite samples from the N-73 core have similar isotopic values to the

graphite samples taken from the fallout suevites, indicating a degree of homogeneity in
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the carbon isotopic compositions of basement graphite. The graphite from the 494 m
section js also comparable to those from the fallout suevites (8"°C = -26 %) suggesting
that the residue contains a "C-enriched component probably representing diamond.
This indicates the possible admixture of carbonate-derived material as suggested by
Hough et al. (1995c¢).

The &'*C of the graphite and residues is also comparable to that of the diamond
sample analysed as well as the diamonds from fall-out suevites. Indicating that it is not

inconsistent that the carbon source for these diamonds was graphite in composition.

4.9.5. Carbon sources, mechanisms and processes.

The primary carbon source identified during detailed investigation of the
individual components within the Ries crater impactites {principally suevites) 1s graphite.
A "“C-enriched component derived from the admixture of vapourised of molten
carbonates is also suggested by the 8"°C composition of samples from the SBS and
NC494.

The morphology of the diamonds identified using optical microscopy suggest
inherited apographitic features. The martensitic transtormation of graphite to diamond at
high pressures (< 60 Gpa) has been suggested to account for inherited graphite
morphologies (Masaitis et al., 1972), However, there are additional mechanisms which
can produce apographitic features which cannot be discounted. e.g. intermediary
carbynes (Kleimann et al., 1984 Kleimann, 1999).

The grains investigated using TEM include apographitic and skeletal orientated
morphologies together with etching and corrosion. This indicates that vapour phase
mechanisms and the partial transformation of carbonaceous material possibly within
shock induced hot spots in a porous medium may have occurred.

The etching features indicate that diamond grains were exposed to corrosion by
hot reactive gases or melts. The formation of amorphous carbon and graphite coatings

prior to quenching could also produce these etched features. Incomplete transtormation
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of graphitic carbon to diamond could produce the skeletal grains which preserve
graphitic morphologies,

The heterogenecous distribution of shock metamorphism and impactites found
associated with impact craters highlights the heterogeneous distribution of pressures
and temperatures which must exist during an impact event. The shock pressures
experienced may vary on the mm to cm scale (Melosh, 1984). Providing the necessary
pressure and temperature conditions for a range of diamond formation mechanisms.

The main conclusion from the investigation of the morphology and features of
the impact diamonds found during this study together with an appraisal of the potential
mechantsms for transformation indicate that there is evidence for a range of possible
mechanisms that could have a role in the nucleation and growth of impact diamonds
forming from intermediary allotropes. Restricting the formation of impact diamonds in
terrestrial impact craters to a single mechanism of transformation ignores the complexity
of the phase transformations and reactivity of the different allotropes of carbon. A
particular example might be the experimental conversion of organic compounds and
carbon-hydrocarbon mixtures which may be converted to fine grained (<1 nm) diamond
at high pressures (9.5 to 15 Gpa) and temperatures { 1300-3000 °C). Including peanut
butter which was converted to diamond at 15 Gpa and 2000 °C (Wentort, 1965).
Highlighting the fact that diamond can be formed from almost any carbonaceous

precursor and at widely varying pressures and temperatures.
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CHAPTER 5. GARDNOS IMPACT CRATER: A PRELIMINARY
INVESTIGATION OF ITS CARBON CHEMISTRY.

5.1. INTRODUCTION.

The Gardnos impact structure (900-400 Ma) is located in Norway 125 km
Northwest of Oslo and 9 km north of Nesbyen, Buskerud (Dons and Naterstad, 1992;
Naterstad and Dons, 1994). The structure is 5 km in diameter, roughly circular in
outline, exposes the original crater floor and crater-fill breccias and has been described
in detail {Dons and Naterstad, 1992 French et al., 1995; 1997).

The Gardnos structure 1 intriguing in that the impactites contain anomalously
high amounts of carbon averaging 0.5 to 1.0 wt %, which is 5-10 times higher than that
of the metamorphic target rocks and higher than typical carbon levels in impactites from
other craters (French et al., 1995; 1997). The 8"°C of the impactites range from -28.1 to
-31.1 %, plus the possible presence of a carbon-rich shale overlying the metamorphic
target sequence suggests that the carbon source may have been biologically derived
organic matter (Dons and Naterstad, 1992; French et al., 1997). However the unshocked
metamorphic target rocks contain signiticantly less carbon than the shocked
metamorphic target rocks and impactites suggesting the introduction of carbon material
during the impact event (French et al.. 1997}, Mechanisms for the introduction of
carbon inchude the pervasive admixture of carbon-rich shale (Dons and Naterstad, 1992,
French et al., 1995) or hydrothermal mobilisation of carbon followed by emplacement
(French et al., 1997). Black shale fragments are found within the impact breccias
(Anderson and Burke, 1995). The nature of the carbon material, which was presumed to
be umorphous was not determined by French et al. (1997). Carbonaceous material in
shocked guartzites from the Gardnos structure was determined to be poorly crystalline
with graphitic inclusions (Anderson and Burke, 1995).

The inpactites are complicated by post-impact greenschist facies Caledonian

metamorphic over-printing (400 Ma) and although graphite inclusions and carbon-rich
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fractures are tound in the shocked quartzite breccias (Anderson and Burke, 1996) this
graphite may have been produced by metamorphism.

This thesis has identified graphite within the shocked impactites and two
possible carbon source rocks, the Biri and Alum shales. As well as diamond within two
suevite breccias and a black matrix lithic impact breccia. The shale samples were
investigated in order to determine if these lithologies could account for the increase in
carbon content documented for the impactites compared to the unshocked target rocks
(French et al., 1997). The samples were demineralised using HF:HCI to remove silicate
and carbonate minerals and allow the identification of amorphous, organic and graphitic
carbon using gas chromatography mass spectrometry (GC-MS). Splits of these
residues were further treated using chromic and fuming perchloric acids in order to
investigate the resistant carbon phases using transmission electron microscopy (TEM)
and stepped combustion combined with static mass spectrometry for carbon isotopic
analysis.

A suite of Gardnos samples were investigated for soot as well as their carbon
content (W. Wolbach and S. Widicus. IWU. unpublished data), the full list is contained

in appendix 7.

5.2. GEOLOGICAL BACKGROUND AND STRATIGRAPHY.

The age of the Gardnos crater is poorly constratned to between 900 and 400 Ma
on the basis of pegmatites dated to 900 Ma and Caledonian metamorphic overprinting
from 400 Ma (Naterstad and Dons, 1994), French et al. (1995) suggest a formation date
around 650 Ma. The 1.7 Ga target rocks were metamorphosed between 1500-1700 Ma

(Proterozoic) and again at 400 Ma during the Caledonian orogeny (French et al.. 1997).

5.2.1. Target rocks.
The basement rocks are composed of fine- to medium-grained granitic gneisses
with minor amphibolites and quartzites (Dons and Naterstad, 1992; French et al., 1995)

which have been brecciated and fractured by the impact event.
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The off-structure shales which have been suggested as a potential carbon sousrce
are the Biri shale (late Proterozoic) (French et al., 1997) and Alum shale {Cambro-
Ordovician). The Biri shale was obtained 2 km south of Biri, approximately 50 km from
the Gardnos structure and the Alum shale from 5 km east of Bjorgo. The Biri shale is
part of the Late Precambrian Biri Formation which comprises organic-rich limestones
and shales deposited in a shallow marine basin in Southern Norway (Tucker, [983).
These shales do not outcrop at the Gardnos structure at the present day but are believed

to have overlain the metamorphic sequence at the time of impact (French et al., 1997).

5.2.2. Impactites.

The crater was investigated by drilling a 400 m core in the northwest side of the
crater (Naterstad and Dons, 1994) which penetrated sedimentary clastic rocks, melt
bearing breccias and highly brecciated basement rocks including Gardnos breccia. The
core did not reach unshocked basement rocks. The impactites comprise shocked and
crushed quartzites, lithic brecctas, melt-bearing breccias (suevite) and melt matrix
breccias (impact melt rock) forming small irregular bodies within the suevite (Dons and
Naterstad, 1992; French ct al., 1995; 1998). A geological cross-section through the
crater showing the location of the Banden drill core, central uplift and extent of
impactites is shown in figure 5.14a, the structare of the drill core 15 illustrated in figure
5.1b. The lithic breccias include the Gardnos breccia which forms discontinuous bodies

within the fractured basement and black matrix lithic breccias.

5.2.3. Shock metamorphism.

Shock metamorphic effects are limited in the basement rocks and are mainly
confined to the impactites. The central uplift (figure 5.1a) forms an exception as it
experienced maximum shock pressures from 20-35 Gpa (Robertson and Grieve, 1977,
Grieve et al., 1981). Diagnostic shock effects are mainly observed in the crater fill

breccias such as the melt-bearing suevites, black matrix breccias and meit-bearing

Jennifer [ Abbott Chapter 5 198




(a)

A B
I e e s e Estimated Surface of Crysatline Rocks at Time of Impac
. 1 \ - - — T e T e R e
: Branden Central /
T A Drill Hole A
1 & : X 3 % ‘ss'f v 3
054 ~o c l;:m' : 7
! ~ - 1
o
(km}
Elevartion Core
(m.a.s.l.} Depth {m)

683 —prmmep———— (}

400 ~{5°570 5.
; o'.a'o.oé-'—300

300 o
~ 400

oo.:t_,o'o-?:?‘

e o P lm P ?
Y@
+ + + 4
+ + + 4+
+ o+ o+

(b}
Figure 5.1. (a} Schematic cross-section through the Gardnos impact crater. (b) Schematic
stratigraphic section through the Branden drill core. (1) Crater-fill sediments, mainly
grey-black sandstones, large fragment breccia. (2) Suevite with impact melt breccia (large

wave symbols). (3) Gardnos breccia. (4) Basement rocks. [Adapted from French et al.

(1997)].
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breccias. These comprise planar deformation features in quartz and feldspar, glassy
fragments, melted feldspars (French et al., 1997), kink bands in biotite, melted biotite
(Naterstad and Dons, 1992; French et al., 1995) and maskelynite (French et al., 1995).
Planar deformation features in quartz are seen in <l % of clasts and have a {1013} (w)
orientation diagnostic of shock (French et al., 1995; 1998}, The planar deformation
features and fractures may include methane-bearing fluid inclusions (Dons and
Naterstad, 1992) which were formed during Caledonian (400 Ma) metamorphism
(Anderson and Burke, 1995). These shock metamorphism structures indicate that the
degree of shock metamorphism ranges from stage 1 to IV (table 5.1). The degree of
shock metamorphism decreases with depth from silicate melt in impact melt rocks and

suevites to fracturing and brecciation in the underlying basement rocks.

Table 5.1. Range of shock metamorphism features from the Gardnos impact crater. From

Naterstad and Dons (1992); French et al. (1995; 1997) and Graup, (1990).

Structure Pressure (Gpa) Temperature Stage
("C)

Fracturing and granulation 1-10 0-100 0
Kink bands in biotite 1-10 0-100 O
Planar deformation features 10-45 100-900 I-11
in quartz
Melted feldspars and biotite 45-60 900-1700 11
Silicate melt glass 45-80 400-3000 HI-1vV

5.2.4. Samples.

Eight samples each averaging 150 g, from the Gardnos structure were provided
by Professor B. French and are described in table 2.1. These samples are part of a
larger collection from the Gardnos structure and surrounding area which
comprise basement gneisses, black guartzites, local black shales and impact deposits

such as lithic and suevite breccias.
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The samples were ground to a powder using an agate pestle and mortar, 4 g of
cach sample was treated using microwave assisted dissolution in HF:HCI, following the
procedure described in section 2.6.3 to obtain an acid-demineralised residue. Following
dissolution, the samples were treated with HF:HCI to remove any residual zircons and
HCl to remove neo-formed fluorttes. Approximately a third of each sample was treated
with chromic acid at 70 °C to remove amorphous carbon and then a further third of this
sample was treated with fuming perchloric acid at z 1 10°C to remove crystatline
graphite. Aliquots of the original demineralised samples were retained for GC-MS
analysis and the perchloric and chromic acid-residue aliquots for transmission electron
microscopy (TEM) and carbon stable isotope analysis using stepped combustion

combined with static mass spectrometry.

5.3. CARBONACEOUS COMPONENTS INCLUDING DIAMOND IN
GARDNOS CRATER IMPACTITES.

The demineralised samples were studied using a petrographic microscope as
detailed in chapter 2. The high carbon content of these samples and overall black colour
made the identification of minerals particularly difficult. This was compounded by the
overall fine-grained nature of the samples (typically 5-50 pm). Individual zircons within
the residues were considerably smaller (10-50 pm) than those observed in the Ries
crater samples (150-500 pum), Diamonds were observed in the G133 suevite residue but

due to their extremely small size (<30 wm) they could not be extracted.

Table 5.2. Mineralogical composition of carbon phases in Gardnos crater samples.

Sample no Lithology Graphite Diamond
Gle4d Alam shale X -
G1e9Y Bin shale X -
G137 Suevite X X
G133 Suevite X X
GI78 Black Tithic breccia X X
G120 Lithic breccia X -
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The samples were analysed using the TEM following the HF/HCI stage of the
acid demineralisation (table 5.2). This initial analysis indicated that the suevite and black
lithic breccia samples (G137, G133 and G178) contained diamond as well as highly
crystalline graphite. The grains identified as graphite produced SAED patterns with
strong spots and no diffuse rings or streaking. The SAED pattern suggests that the
graphite was crystalline or highly crystalline. Studies of graphite maturity have shown
that SAED patterns can be used to distinguish between poorly crystalline and highly
crystalline graphite as graphite maturity increases (Buseck and Huang, 1985). Electron
diffraction patterns show increasing numbers of rings, decreased diffuseness and in well
crystailised graphite, discrete spots (Buseck and Huang, 1985). Many of the grains
identified as cubic diamond showed clear apographitic, platy morphologies, the SAED
patterns of these grains however showed no indication of graphite or londsdaleite.

Diamond was identified within the G137 and G133 demineralised residues as
well as the black matrix lithic impact breccia G178 and graphite was detected within all
of the samples. Following perchloric acid oxidation at 120°C the presence of diamond
and highly crystalline graphite was confirmed by TEM/SAED. This distribution is in
contrast to that found at the Ries crater where diamonds are found in suevite and suevite
components but not within lithic breccias (Schmitt et al., 1999). The shales represent
unshocked potential carbon sources in the pre-impact stratigraphy of the Gardnos

structure and do not outcrop in the vicinity of the impact crater at the present day.

5.4. MORPHOLOGICAL FEATURES OF GRAPHITE FROM GARDNOS
IMPACTITES.

The range of morphological structures observed in the graphite grains was
limited when compared with those found in carbon grains at the Ries crater impactites.
The majority of the grains had strong hexagonal, platy structures and were typically very
small in size (0.4 to 5 um), confirming the characteristics noted from the optical analysis

of the residues which were < 5-50 um in size compared to <150-500 pm in the Ries
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crater residues. The SAED patterns of graphite varied from clear spot patterns indicating
a high degree of crystallinity to more diffuse ring patterns suggesting less crystalline or
polycrystalline material. The degree of crystallinity in graphite can be estimated from the
SAED patterns with clear spot patterns indicating high crystaliinity and diffuse ring

patterns less crystalline (Buseck and Huang, 1985).

5.4.1. Hexagonal, platy structures.

Hexagonal and platy structures were the most common morphology observed in
these graphite grains. The individual layers are stacked parallel to the basal plane and
rarely appear to show rotation of the layers. Figure 5.2 shows a very small (400 nm)
hexagonal graphite crystal from the G137 suevite residue which appears to be
composed of 2-3 individual layers.

From the SAED patterns of many of these samples the graphite spots are clear
and distinct indicating a high degree of crystallinity. In contrast, some graphitic samples
observed were less crystalline and had diffuse ring patterns rather than spots.

The morphologies of these hexagonal and platy graphite grains are very similar
to those of the apographitic diamonds identified within the Ries crater samples (this
study} and those reported from other impact craters such as Popigai (Koeberl et al.,

1997} and Lappajirvi (Langenhorst et al., 1999).

5.4.2. Stacking faullts.

Stacking faults were detected in the graphite grains observed in all the Gardnos
samples. Figure 5.3b shows a platy, layered carbon grain from the G169 shale samplé
which was identified as graphite (inset SAED). The SAED pattern shows double
retlections indicating several overlapping thin plates. Information concerning stacking
faults in graphite is limited within the available literature, as this sample has not been
subjected to impact-related shock these stacking faults are likely to be the result of

growth or metamorphic deformation.
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These stacking faults are similar to those observed in impact diamond from the
Ries crater samples suggesting that stacking faults may be inherited structures. However,
there are a number of different stacking fault configurations which can occur which

cannot be distinguished without the use of HRTEM.

5.5. MORPHOLOGICAL FEATURES OF DIAMOND FROM GARDNOS
IMPACTITES.

The structures observed in the diamond grains detected in suevite G137 and a
black lithic breccia (G178 were similar to those observed in the graphite examples

o«
discussed above.

5.5.1. Hexagonal, platy structures.

The diamond grains observed using the TEM generally had platy, horizontal
graphitic layering structures representing stacked plates (figure 5.3a) inherited from the
precursor graphite. Double reflections on the SAED patterns support this observation.
These layers occasionally show rotation around the axis of the basal plane and fractured
margins representing either the breakage of the diamond crystals or the removal of
graphite coatings. The sample shown in figure 5.3b shows two distinct layers with a
horizontat offset between them; the grain is rounded in form although an elongate
hexagonal structure is suggested possibly indicating corrosion of the grain.

Again these hexagonal apographitic morphologies are similar to those seen in the

Ries crater samples (this study) and other impact craters.

5.5.2. Etching.

Etching was not well developed in these samples although the margins of some of
the platy layered samples may be the result of corrosion or fracturing. The highly
irregular margins of a platy diamond grain from the G137 suevite (figure 5.4) appear to

show evidence of some etching. The lack of etched structures compared to the Ries
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Figure 5.4, BETEM image of a platy, corroded diamond from G137, Stacking laults show
different orientations between the individual diamond plates [x 30 k, 200 kV]. Inset SAED

shows diamond 2.06 A.

crater samples suggests that the corrosion of the Ries impact diamonds is not the result
ol the acid treatments as both sets of samples were treated with the same acids. The
MARSS5"™ system used to demineralise these samples achieves temperatures of < 300 "C
which is 150-200 "C more than the temperatures that the Ries samples were exposed to.

This should be more corrosive than the conventional demineralisation yet less etching

[eatures were observed.

5.5.3. Stacking faults.
Stacking faults were well developed in the samples and were similar to those

observed in the Ries crater impactites comprising numerous thin black lamellae. Figure
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5.4 shows a diamond from the suevite G137, The diamond is approximately 1.5 um in
size. composed of atleast 6 individual plates. The stacking faults can be seen in both the
surface plate and several subsurface plates, forming a cross-hatching pattern intersecting
at approximately 60°, indicating the different orientations of the plates. This feature was
also observed in the Ries crater impact diamonds. The stacking faults in figure 5.4a and
5.5 are less than 10-nm apart emphasising the high density of these defect structures.

As in the case of the Ries crater impactites stacking faults may be inherited
erowth, deformation structures or the result from the growth of diamond at the expense
of graphite. The observation of stacking faults in graphite grains indicates that these may
be inherited features although the stacking faults observed in the diamond grains were
more defined. HRTEM is required in order to identify the type of stacking faults that
occur in these grains and so the possible formation mechanisms.

As in the impact diamond grains observed in the Ries crater samples these
samples appear to show two different types of stacking faults: short thick black lamellae

and narrow sharply defined black lamellae.

5.5.4. Polycrystalline textures.

None of the diamond grains observed under the TEM showed polycrystalline
morphological structures similar to those observed in the Ries crater samples. The SAED
pattern for the diamond shown in figure 5.4 has diffuse diamond spots indicating a
degree of polycrystallinity. The lack of obvious surface polycrystalline structures
suggests that the diamonds may have annealed surfaces although the obvious stacking
fault structures suggest that this is unlikely. As these diamonds are 0.4-1.5 um in size
they are likely to be composed of only a few crysiallites. The crystallites in
polycrystalline diamond are reported to be 0.1-1 um in size (Langenhorst et al., 1998)
whilst individual diamonds from the K/T boundary layers are = 6 nm (Gilmour et al.,
1992). This suggests that the Gardnos diamonds may be composed of around <1-100

crystallites hence the lack of clear polycrystalline SAED patterns.
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5.5.5. Summary of morphological features.

The diamonds from these samples (suevite G133, G137 and black matrix lithic
breccia G178) are predominantly platy, layered grains with apographitic to graphitic
hexagonal morphologies. Skeletal structures observed in the Ries crater impactites
(Hough et al., 1995c; this study) and preferred orientation structures were not seen in
these residues. This suggests that the primary mechanism for diamond formation was the
direct shock transformation of graphite. However, the carbon source within the pre-
impact stratigraphy 1s difficult to determine due to post-impact metamorphism (400 Ma)
to the greenschist facies (Naterstad and Dons, 1994) which may have increased the
degree of crystallinity in the graphite samples. As a significant proportion of the carbon
in the samples ts composed of poorly graphitised or amorphous carbon the contribution

towards diamond formation from this carbon source must be considered.

5.6. CARBON STABLE ISOTOPIC COMPOSITIONS OF GARDNOS
IMPACTITES AND ACID DEMINERALISED RESIDUES.

Acid demineralised residues from this study were analysed for carbon stable
isotopic compositions using stepped combustion combined with static mass spectrometry
in order to identify individual compoenents and variations in the isotopic composition of
these components. Bulk whole-rock carbon stable isotopic compositions were obtained

from French et al. (1997).

5.6.1. Bulk whole-rock carbon stable isotopic compositions.

Whole-rock stable carbon isotopic analyses of the Gardnos samples indicated a
relatively narrow range from 8'"°C = -28.1 to -31.5 %o (French et al., 1997). On the basis
of the isotopic composition of the impactites (depleted in “C by 3 %e relative to the
basement rocks), Tucker (1983) suggested that biologically fixed carbon derived from

local shales may have provided the carbon for the observed concentration increases.
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5.6.2. Carbon stable isotopic composition of acid demineralised residues.

Two of the demineralised residues were analysed by stepped combustion
combined with static mass spectrometry. One prior to perchloric acid (G137) and one
following perchloric demineralisation (G178-P)

{Appendix 35).

Transmissfon electron microscope analysis of both samples indicate the presence
of diamond and highly graphitised carbon. Using stepped combustion two components
were detected in the G137 suevite residue with markedly different isotopic compositions

(figure 5.5).
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Figure 5.5. Stepped combustion analysis of G137 suevite acid-demineralised residue

(sample weight = 14.3 pg). ¥ 8''C = -29.6 %c and X carbon yield 17.8 wt%.

The low temperature release from 300-500 °C has a 8°C of -30.5 %c which is in
the same range as the bulk isotopic compositions (French et al., 1997). The high
temperature release from 650-800 °C had a §"°C of -24 %c which is enriched in "*C by

3.9 %c relative to the bulk compositions. The minor high temperature (> 600 °C)
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component released by the residue would effectively be swamped by the greater low
temperature yield in a bulk experiment. In addition the bulk experiment samples were not
demineralised and may contain carbonate or amorphous carbon material which has been
removed by the actd digestion process and chromic acid treatment in this study. The low
total carbon yield (17.8 %) indicates that the sample was not pure and probably contained
resistant zircons.

Following fuming perchloric acid oxidation at 110 °C for 4 days to remove more
resistant carbonaceou's components such as graphitic carbon, a sample of a black lithic
breccia G178-P was analysed by stepped combustion. The results (figure 5.6) show 2-3
carbon releases and markedly variable 8"°C ranging from -27 to -32 %c. The low
temperature release from 300-400 °C ranges in 8"°C from -27.6 to -31.2 % whereas the
high temperature release at 650 °C has a 8"°C of -32.5 %.. The averaged 3"°C
composition was for the sample -28.8 %c. These values are again within the range of

those determined for the whole-rock samples (French et al, 1997).
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Figure 5.6. Stepped combustion analysis of G178-P acid-demineralised residue following
perchloric acid treatment (sample weight = 17.6 pg). Y. 8"°C = -28.9 % and X carbon yield

= 16.4 wt%.
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The carbon stable isotopic compositions (§"°C) of the small high temperature
rcleases range from -24 to -32.5 %c. Again the total carbon yield was low (16.4 %)
indicating an impure sample. The difference in carbon vield between G137 and G178-P
(18.6t0 16.4 %) is relatively small suggesting that amorphous carbon (which would be
removed by perchloric acid) was not a significant component in the G137 sample.

The average carbon stable isotopic compositions of these two samples (G137 and
G178) are relatively similar, 8"'C -29.6 to -28.9 %. but variations of over 7 %¢ exist
within each residue.

The two-stage releases (low temperature and high temperature) possibly suggest
that the sample is composed of two main carbonaceous components, graphite or poorly
crystalline graphite (low termperature) and diamond (high temperature). This is
complicated by the low temperatures of the two releases. The graphite samples from the
Ries crater combusted at between 450 and 550°C and the diamonds at 650-900 °C.
These Ries crater samples were between 150 and 300 pum in size. It has already been
noted that the grain size of the Gardnos residues (graphite, zircon and diamond) was
distinctly finer than that of the Ries crater residues. The influence of grain size on
combustion temperatures was investigated by Ash et al. (1990) whose results indicate
that [-10 nm diamonds combust at around 500 °C and 1 mm diamonds at 800-850 °C.
Distinguishing between crystalline graphite and diamond can be difficult using stepped
combustion plots.

Therefore. although the TEM/SAED analysis indicates that diamond and graphite
are present in these samples and the 178 sample was vigorously oxidised using fuming
perchloric acid the two releases may represent mixtures of poorly crystalline graphite and
amorphous carbon (low temperature release) and crystalline graphite and < | pim
diamonds (high temperature release). The stepped combustions do suggest two different
carbonaceous components and further demineralisation, TEM and stepped combustion

investigations are required in order to clearly identify the components.
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5.7. DISCUSSIONS.

Crystalline graphite and poorly crystalline amorphous carbon material was found
in altl of the Gardnos samples studied. Diamond has been identified in the two suevite
samples and a black matrix lithic breccia. These diamonds occur at low concentrations

and are predominantly fine-grained and apographitic in structure.

5.7.1. Carbon composition and sources.

The Gardnos impact structure has experienced post-formation Caledonian
greenschist facies- metamorphic overprinting (Naterstad and Dons, 1994). The
temperatures and pressures (350-550 °C, 0.2-1 Gpa) were sufficient to convert some
organic carbon to graphite.

During prograde metamorphism, oxygen, hydrogen and nitrogen are released
from organic matter and the residual carbon atoms become increasingly ordered (Grew,
1974 Ttaya, 1981: Buseck and Huang, 1985). The transformation of organic matter to
graphite can occur between 300-500 °C (Ruland, 1968) and the degree of crystallinity
and size of cry:;talliles imcreases with metamorphic grade. but graphite can form in the
chlorite zone (Buseck and Huang, 1985). The nature of the precursor carbon for
example, aromatic structures with hexagonal benzene ring structures greatly affects the
case of graphitisation and degree of structural order (Buseck and Huang, 1985). Small
scale structural and chemical heterogeneity including rotational layer disorder persists at
relatively Jow degrees of graphitisation (Rietmeijer, 1991).

Graphite inclusions and carbon-rich fractures found in shocked quartzite breccias
from the Gardnos structure (Anderson and Burke, 1996) indicate that a proportion of the
carbon content is graphitic and crystalline. The metamorphic overprinting makes it
difficult to determine the structure of the precursor carbon material which would have
been available for the shock transformation to diamond. The metamorphic overprinting
occurred within the Caledonian orogeny (400 Ma) (Naterstad and Dons, 1992; French et

al., 1998) which would have affected the shales to an equivalent degree. Therefore
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graphitic carbonaceous material would also have been produced from organic material
within the shales.

The stable carbon isotopic composition of graphite depends on the isotopic
composition of the precursor organic matter and the extent of fractionation during
metamorphism. Several mechanisms may fractionate graphite during metamorphism
including approximately 3 %o due to the removal of “C from the dehydrogenation loss of
CH, (Peters et al., 1981a; 1981b). Methane-bearing fluid inclusions found in PDF within
the blackened quartzites (Naterstad and Dons, 1992; Anderson and Burke, 1995) formed
by reaction between sol-id carbonaceous material and aqueous metamorphic fluids
(Anderson and Burke, 1995). This suggests that the carbon stable isotopic composition
of the graphite and carbonaceous matertal within the Gardnos impactites may have been
enriched in “C up to 3 %« compared to any impact diamonds formed prior to the
Caledonian metamorphism.

The metamorphic overprinting makes it difficullt to determine whether the shales
contained graphite at the time of the impact. The impact diamonds may therefore, be
derived from either amorphous carbonaceous material or graphite derived from the
basement rocks underlying the shales.

The discovery of sub-micron impact diamonds within suevites and lithic breccias
from the Gardnos impact crater confirms the suggestion by Vishnevsky and Raitala,
(1998) that impact diamonds can survive greenschist facies metamorphism,

The Gardnos impactites show a broad range of whole-rock carbon contents.
Figure 5.7 shows the average carbon contents (wt %) for the different impactites and
potential carbon sources (basement rocks). The carbon content 1s variable between the
different lithologies and indicates a clear 10-fold variation in carbon contents (French et

al., 1995; 1998).
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Figure 5.7. Average carbon contents (wt %) for Gardnos impactites and target rocks. [Data

[rom French et al., 1997].
The total carbon and soot contents of the sample suite were provided by W.
Wolbach and S. Widicus, IWU (unpublished data) and those results for the samples

used in this study are shown in table 5.3.

Table 3.3. Carbon content and soot for Gardnos structure samples. Data from W, Wolbach

and S. Widicus. IWU. (unpublished data).

Sumple no | Original mass Total C Error Soot Error
(g) (ppm) (+ppm) (ppm) (+ppm)

Basement rocks: black shales, off structure.

164 2.56444 55000 1000 5100 800

169 225117 7200 700 5400 700
Melt-bearing suevite breccia.

133 237714 2100 100 30 40

137 2.26706 16000 1000 1100 100
Black matrix lhthic breccia.

178 2.46650 26000 1000 200 600
Gardnos lithic breccia. subcrater rocks.

120 2.45246 3200 200 8 9
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The high errors for some of the samples (178, 120 and 133) indicates that soot
cannot be confirmed in all the samples. The presence of soot in the melt-bearing suevite
137 could indicate that fires and combustion of carbon material may have been an
important process during the impact event. The existence of soot in the unshocked shales
164 Alum shale (Cambro-Ordovician) and 169 Biri (Proterozoic) is problematic unless
these rocks accumulated carbon from fires during their deposition and formation. The

material identified as soot may be poorly crystalline carbonaceous material or kerogen.

5.7.2. Diamond yield and carbon-diamond transformation ratios.

Assuming the carbon yield for stepped combustion steps 2 600 °C to be from
diamond in the two samples analysed (G137 and G178, then the diamond yield from
G137 was 0.02 % and for the G178 0.009 %. The amount of graphite in the samples is
harder to calculate, although again the carbon yield for the stepped analyses may be used
as a rough measure and give graphite:diamond ratios of 8:1 and 17:1 respectively. This is
clearly an overestimate as a great deal of the carbon in the samples would have been
removed by the chromic and fuming perchloric acid treatments. In addition many of the
whole-rock samples have very high carbon contents composed of or;ganic: and
amorphous carbon as well as graphite. The original carbon prior to metamorphic
overprinting may well have been predominantly amorphous and poorly crystalline,

subsequently matured to graphite.

5.7.3. Morphological features of diamond.

The predominant feature of the diamonds found in these samples is a strong apo-
graphitic morphology with numerous individual plates often associated with dense
distributions of stacking faults. These stacking faults may represent inherited features or
represent pre-transformation deformation as suggested to explain kink bands in apo-
graphitic diamonds (Valter, 1986, Valter and Yerjomenko, 1996). Alternatively these

stacking faults may represent growth or deformation structures during the diamond
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formation. The relative lack of structural features in the diamonds from these samples
may indicate that post-formation annealing has taken place or simply be a reflection of

the limited number of samples observed.

3.7.4. Graphite formation: shock metamorphism or greenschist regional
metamorphism.

This study has identified graphitic carbon within the shocked Gardnos impactites
as well as within off-structure unshocked shales (this study) which were proposed as
potential carbon sources (French et al., 1997). These shales are located off-structure in
that the do not occur at the crater at the present day but are believed to have overlain the
metamorphic target rocks at the time of impact. The target rocks have experienced two
episodes of metamorphism, firstly between 1500-1700 Ma and secondly following the
impact at 380-400 Ma (Naterstad and Dons, 1994). Both of these episodes could have
resulted in the formation of crystalline graphite from pre-existing organic matter. Raman
spectra of this carbonaceous material indicates formation from metamorphic
recrystallisation of biogenetic carbon in the greenschist facies (Anderson and Burke,
1995). The concentration of carbon within the unshocked target rocks s low (figure 5.7)
ranging from 0.22 to 0.05 wt % (French et al., 1997) indicating that only small
percentages of carbon were introduced at the time of formation (pre-1100 ma). The
shales which are suggested to have provided the observed increase in carbon
concentrations in the impactites (French et al, 1997) are Proterozoic (Biri) to Cambro-
Ordovician (Alum) in age (590-505 Ma). Indicating that the Alum shale experienced a
single metamorphic event (400 Ma) and may not have existed at the time of the impact
which is poorly dated (900-400 Ma).

Graphitisation of poorly crystalline and amorphous carbonaceous matertal can
also be achieved during shock metamorphism, as shock experiments producing diamond
and crystalline graphite indicate (Hirai et al., 1995). Shock graphitisation should produce
material inheriting the structure of the precursor carbon or very fine-grained material.

Graphitisation during metamorphism proceeds through the development of increasingly
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large crystallites, crystal lengths and crystalline perfection over time (Buseck and Huang,
1985). During a brief shock event the formation of layge, highly orientated crystals is
unlikely. Polycrystalline material with diffuse ring patterns on the SAED were observed
in the graphite samples as well as material with spot patterns indicating a range in
crystallinity or a mixture of single crystal graphite and polycrystalline shock comminuted
material. Progressive coﬂnninution of pre-graphitic carbon subjected to experimental
shock pressures up to 59.6 Gpa, produced characteristic polycrystalline ring patterns
(Rictmeijer, 1995). The observation of dense distributions of stacking faults within the
graphite and impact diamonds could suggest disordered shock formation. However the
stacking fault structures were also observed in graphite from the unshocked off-structure
shales, indicating that their formation is the result of growth or regional metamorphism.
HRTEM is required in order to distinguish the type of stacking faults involved.

The evidence Sdggests that graphite was produced from organic material during
both periods of regional metamorphism and polycrystalline textures due to shock
comminution may have been produced by the impact and preserved in crystalline
graphite. The degree of crystallinity within the graphite was probably increased by the

impact event and subsequent Caledonian metamorphism.

5.7.5. Diamond formation mechanisms.

The shock conditions (P/T) experienced by the Gardnos impactites during the
impact event range from 1-80 Gpa and 0-3000 °C (table 5.1} with the majority of the
impactites experiencing low degrees of shock. The suevite samples contain impact melt
glass indicating peak pressures and temperatures of 60-80 Gpa and 900-3000 °C
respectively. The black matrix fithic breccia contains quartz and feldspar crystals
displaying PDF indicating peak shock conditions of 10-45 Gpa and 100-900 °C. These
conditions lie within the field for diamond stability (figure 4.16) as well as those required
for the suggested diamond formation processes (Table 4.8).

From the TEM/SAED analysis the graphite within these samples is on average

well crystallised. This crystalline maturity may have been enhanced by greenschist facies
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metamorphism during the Calcdonian (400 Ma) and it is difficult to determine the
original carbon composition at the time of impact. The structures of the diamonds that
were seen under the TEM were strongly apographitic, displaying layering paralle] to the
basal plane and pseudo-hexagonal to hexagonal morphologies. This indicates that the
carbon available for shock transformation was graphitic. In addition shock
metamorphism by the impact event may have resulted in the graphitisation of poorly
crystalline amorphous carbon material. Shock transformation experiments using
amorphous and poorly crystalline carbon resulted in the formation of diamond and
graphite (Hirai et al, 1995). Shock metamorphism of pre-existing graphitic carbon may

also produce structural features such as polycrystallinity.

5.7.6. Preservation of diamond.

As in the case of the Ries and other impact craters the preservation of diamond
formed by shock transformations (=35 Gpa and 23000 K} requires rapid cooling to <
1000 K in order to inhibit re-graphitisation (De Carli, 1995). The small size (0.4-5 pm)
of these diamonds may be due to the size of the pre-existing graphite crystals within the
target rocks or represent relict cores from re-graphitisation processes. The regional
metamorphism had a maximum of 400-500 °C and 4-7 kbar representing greenschist
facies conditions. Vishnevsky and Raitala, (1998) determined that impact diamonds can

survive regional metamorphism.

5.8. CONCLUSIONS.
5.8.1. Carbon compositions.

Graphitic carbon has been identified using optical observations and TEM/SAED
in four samples of shocked impactites from the Gardnos impact struéture as well as
within two shale samples (this study) proposed as potential carbon sources for a
documented increase in carbon content between the unshocked metamorphic target rocks
and shocked impactites (French et al., 1997). In addition 0.4-5 um diamonds have been

identified using TEM in two suevite samples and a black matrix lithic impact breccia.
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The concentration of diamond within the suevite and black matrix lithic impact

breccia was estimated at between 0.02 and 0.009 % respectively.

5.8.2. Carbon stable isotopic compositions.

The bulk whole-rock isotopic compositions 8"°C range from -28.1 to -31.5 %
(French et al., 1997) indicating that these samples contain a "C-enriched component,
which appears to be the diamond grains. The 8"°C the high temperature release (possibly
diamond) found within these samples was -24 %. in G137 suevite and between -26 to -
32.3 %c in G178-P black matrix lithic breccia. The isotopic composition 8"°C of the low
temperature release (possibly graphite) was -30.8 % in G137 suevite and -29.9 10 -31.3
Yec in G178-P black matrix lithic breccia.

The overall carbon stable 1sotopic compositions are within the range for marine
organic material as suggested by French et al. (1997). The §'°C of diamonds from the
Ries crater impactites {this study) are "C-depleted compared to those used to suggest
that the 8"°C of carbon in the Gardnos samples was not derived from diamond (French et
al., 1997). The results of this study indicate a wider range of carbon stable isotopic
compositions in impact diamonds as well as the presence of diamond within the Gardnos

impactites.

5.8.3. Diamond formation mechanisms.

The shock pressures and temperatures experienced by the Gardnos impactites
which contained diamond were within the field of diamond stability and formation. The
structural characteristics of the diamonds indicated that the primary mechanism of
formation was one of direct transformation with the preservation of inherited graphite
morphologies. Diamonds displaying characteristics suggestive of a vapour growth

formation or formation trom amorphous carbon material were not obszrved.
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CHAPTER 6. CONCLUDING REMARKS AND
FURTHER WORK.

6.1. DIAMOND FROM THE RIES CRATER.

1. Diamonds were found in glass bombs from the Otting quarry suevite (Abbott et al.,
1996: 1998a), as well as in whole-rock suevites from the Otting quarry, Seelbronn
quarry and Polsingen quarry and gneiss from Aumiihle. These discoveries of impact
diamonds have been subsequently confirmed in other localities of the Ries crater
{Siebenschock et al., 1998). Three sections of suevite from the N-73 drill core were
found 1o contain diamond (Abbott et al., 1998b) and have been subsequently confirmed

in a further section of the core (Schmitt et al., 1999).

2. Following acid demineralisation the residues were found to contain 50-300 um size
diamonds visible under the petrological microscope. this was confirmed using
transmission electron microscopy (TEM) and selected area electron diffraction (SAED)
and where possible stepped combustion in order to distinguish individual carbonaceous
components. The hexagonal polymorph of diamond, londsdaleite was not detected using
TEM and SAED. TEM allowed examination of the grains at a much higher resolution
than bulk x-ray analyses that have been used previously to estimate londsdaleite
contents within impact diamonds. The lack of londsdaleite in the SAED from the impact
diamonds in this study suggest that stacking faults may contribute to the occurrence of

londsdaleite using X-ray analysis.

3. The diamonds from the Ries crater identified during this study were of two distinct
morphologies:- apographitic displaying inherited structural features and skeletal
polycrystalline diamonds with preferred orientations. Morphologically they displayed

characteristics common to previously described impact diamonds (Vishnevsky et al.,
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1989). Apographitic diamonds were found in the OQS, OQGRB, SBS and N-73 core
sections NC343, NC384 and NC494.

5. The apographitic diamonds were observed under the petrological microscope (50-300
um) and TEM (5-20 pm). They were predominantly platy and composed of numerous
(2-7) individual plates with hexagonal morphologies. Many of the examples observed
using the petrological microscope displayed high birefringence (second to third order
interference colours) indicative of internal stress and strain {Masaitis, 1993). Other
examples were coated with black soot-like deposits. Surface structures inciuded parallel
and cross-hatched lineations that may represent twinning (Masailtis et al., 1990; Valter et
al.. 1992; Koeberl et al., 1997; Langenhorst et al., 1999) or stacking faults on the
idividual plates.

Under the TEM the samples showed well developed stacking faults, evidence of
twinning and polycrystallinity. The individual plates were often offset with fractured or
corroded margins. Fine scaled etching of grain surfaces (<1 pm) could represent the
removal of individual crystallites (Langenhorst et al., 1999) or the expression of

polycrystalline textures.

6. Skeletal structure diamonds were only observed under the TEM and were smaller in
size (<5-20 um) than the apographitic diamonds. Structurally these diamonds were
predominantly polycrystalline aggregates of cubic diamond with pronounced preferred
orientations. The preferred orientation of individual crystallites along the long axis of
the grains suggests growth in a preferred direction possibly perpendicular to the
principal stress direction. Individual needle-like protrusions from these grains were

< 10 nm thick, suggesting individual crystallites of < 10 nm thickness. Skeletal

diamonds were observed in the OQS, OQGB, SBS and NC384.
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7. Skeletal structures observed in NC384 were distinct in morphology from skeletal
grains with a preferred orientation. These skeletal grains appear to represent layered
apo-graphitic diamond-graphite intergrowths.

It has been suggested that extensive corroston and etching of apographitic
diamonds within melts could produce diamonds with skeletal morphologies from
apographitic diamond (Langenhorst et al., 1999). This appears to be the case for the
skeletal structures observed in NC384 but not the distinctive skeletal diamonds from the
fallout suevites and glass. These skeletal grains do not show any apparent remnant
graphitic structures or morphologies, rather they represent fine-grained (1-20 nm)
crystallites with a pronounced preferred orientation. Preferred orientations have been
observed in impact diamond, lonsdaleite and graphite in the ALHA77283 and Canon
Diablo meteorites (Clarke et al., 1981) and impact diamonds from Kara (Gurev et al.,
1995). @

The conditions suggested for the production of skeletal diamonds as a result of
extensive corrosion and etching within impact melts (Langenhorst et al., 1999) can be
estimated {0 be between 1700-3000°C, at shock stage IV -V. Diamond rapidly
graphitises at temperatures 1000-2000 K and the preservation of impact diamonds
requires rapid cooling to < 1000 K (De Carli, 1995). Graphitisation and the removal of
these graphite or amorphous carbon coatings ts suggested to result in skeletal
structures. As indicated the skeletal grains preserve no apographitic structures unlike the

heavily etched grains from the 384 m section of the N-73 core.

8. The morphology of the diamond found in the Ries crater samples suggests that at
least three possible mechanisms have been involved in the formation of the observed
diamonds. The larger (< 300 mm) platy, apographitic diamonds most likely formed
from a direct phase transformation from graphite. With the rarer skeletal diamonds
forming from either a vapour phase deposition mechanism or the imgomplete
transformation of a mixture of poorly graphitised and graphitic carbon within an

orientated stress fieid.
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These morphological observations support the idea that the very complexity of
carbon chemistry and impact related chemistry is such that a single mechanism for
diamond formation is unlikely. The readiness with which carbon materials of all types
can be converted into diamond supports this idea. The distribution of shock
metamorphic conditions within the Ries crater that have been documented in detail in the
literature indicate that the conditions for the various mechanisms of diamond formation
clearly exist. The formation of other allotropes of carbon such as graphite, carbynes,
tulterenes and carbon minerals such as silicon carbide are also possible. Restricting the
formation of impact diamonds to a purely martensitic solid-state transformation
{Langenhorst et al., 1999) ignores the various mechanisms by which diamonds have
been produced (De Carli, 1967, 1979; De Carli and Jamieson, 1961) as well as
suggested mechanisms, intermediary phases (Chomenko et al., 1975; Heimann, 1999)
and chemical vapour deposition (Irencklach et al., 1986; Buerk: and Leutwyler, 1991a;

1991b; Howard et al., 1990).

9. The whole-rock bulk stable carbon isotopic compositions of the fatlout and fallback
suevites, shocked gneiss, basement rocks and individual components extracted from
these lithologies suggest compositions derived from the admixture of different
proportions of carbonate and graphitic carbon. The correlation between "“C enrichment
and carbon contents indicates that between 500 and 2000 ppm of carbon in the
impactites is composed of graphite. Additional carbon is derived from carbonate-
bearing sedimentary cover rocks. The SBS is enriched in "*C compared to the OQS and
this is attributed to a higher proportion of sedimentary and carbonate rocks derived from
shallow levels in the target stratigraphy.

The N-1973 drill core samples are depleted in “C compared to the failout
suevites and contatn 2 fower concentration of carbon suggesting that the carbon within
these suevites was predominantly derived from graphite-bearing basement rocks.

Variations in the carbon content and 8"C can be attributed to pervasive calcite cements.
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10. Stepped combustion combined with static mass spectrometry analyses of acid
demineralised residues and extracted graphite, diamonds and SiC indicate that the
primary carbon source for the diamonds was graphite. The 8"C composition of
graphite from these samples is depleted in “C compared to graphite analyses from
Popigai impact crater (Masaitis, 1992; Shelkov, 1997), indicating that the graphite in the
Ries is cither less mature and therefore possibly less crystalline or has undergone less
isotopic exchange with carbonate minerals within the basement rocks.

The 8"C values of individual diamonds extracted from the residues range from
-26.6 to -26.9 %c. These compositions lie to the "“C-depleted end of the range of
araphite 8"*C compositions (-19.9 to -26.6%c). The bulk residue analyses encompass a
8"°C range from -17.0 to -26.5 % again lying within and slightly beyond the range of
oraphite 8"°C compositions. The “C-enriched graphite analyses (-19.9 %) was from
the SBS which also yields ""C-enriched bulk measurements suggesting a greater
carbonate component and a contribution from "“C-enriched graphite relative to the other
samples. This is complicated by the "C-enriched bulk 8"C results for NC494 (-17.9
%c). Graphite extracted from NC494 is "*C-depleted suggesting that this suevite
contains either a higher proportion of carbonatc material derived from shallow levels in
the basement or a greater proportion of post formation calcite cement. This section of
the core (NC494) is part of a unit of suevite believed to comprise a fallout deposit that
settled directly into the crater cavity in contrast to slumped material (NC343 and

NC384) from the inner crater rim (Stoffler, 1977).

11. The concentration of diamond in the Ries crater impactites can be estimated from the
carbon yield of the residues and original sample mass. The concentrations range from
0.1-1.7 ppm, with graphite-diamond transformation ratios varying between 500:1 and
1000:1. This can be attributed to the heterogeneous distribution of shock metamorphic
pressures and temperatures experienced by the target rocks. In addition these ratios

suggest that the mechanisms involved do not result in complete graphite transformation.
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6.2. THE GARDNOS CRATER.

I. Impactites from the Gardnos structure are characterised by elevated carbon contents
relative to the pre-impact target rocks (French et al., 1997). The mineralogic composition
of this amorphous carbon was not determined by French et al., (1997) and was therefore
investigated during this study. All of the samples investigated were found to contain
graphitic carbon distinguished under the TEM by characteristic SAED patterns. In
addition the evidence strongly suggests that the two suevite samples and one black

matrix breccia contain small (0.4-5 pm) apographitic diamonds.

2. The diamonds were detected within suevite and a black matrix lithic breccia using
transmission electron microscopy and selected area electron diffraction. The small size
of these diamonds (£ 0.7-5 um) when observed under the TEM and the fine-grained
nature of the residues under the petrological microscope was distinctive when compared

to residues from the Ries crater which were much coarser.

3. The diamonds displayed strong hexagonal, platy morphologies and stacking faults.

The small grain size prevented clear observation of the structures.

4. The §"°C isotopic composition of the whole-rock Gardnos samples ranges from
-28.1 to -31.5 % {Koeberl et al., 1997) a slightly wider range than observed in the
residues used in this study -28.9 to -29.6 %.. The diamond fractions from the stepped
combustion profiles (> 600 °C) have 8"°C values ranging from -24 to -32.5 % which lie
outside the range of compositions for the whole-rock analyses. This apparently
sugeests the incorporation of both “C-enriched and “C-depleted components that have

not yet been identified.

5. This study has identified graphitic carbon within the shocked Gardnos impactites as
well as within off structure unshocked shales (this study) which were proposed as

potential carbon sources by French et al. (1997). The target rocks have experienced two
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episodes of metamorphism, firstly between 1500-1700 Ma and secondly following the
impact at 380-400 Ma (Naterstad and Dons, 1994). Both of these episodes could have
resulted in the formation of crystalline graphite from pre-existing organic matter. It is
known that certain forms of organic material, e.g. aromatic structures with hexagonal
benzene ring structures, greatly affect the ease of graphitisation and degree of structural
order attained compared to other forms (Buseck and Huang, 1985).

Graphitisation of poorly crystalline and amorphous carbonaceous material can
also be achieved during shock metamorphism, as shock experiments producing
diamond and crystalline graphite indicate (Hirai et al., 1995). Shock graphitisation
should produce material inheriting the structure ot the precursor carbon or very fine
grained material.

The evidence suggests that graphite was produced from organic material during
both periods of regional metamorphism. The polycrystalline textures due to shock
comminution may have been produced by the impact and preserved in crystalline
graphite. The degree of crystallinity within the graphite was probably increased by the

impact evenl and subsequent Caledonian metamorphism.,

6. The shock conditions (P/T) experienced by the Gardnos impactites during the impact
event range from 1-80 Gpa and 0-3000 °C with the majority of the impactites
experiencing low degrees of shock. These conditions lie within the field for diamond
stability as well as those required for the suggested diamond formation processes.

From the TEM/SAED analysis the graphite within these sumples is well
crystallised. This crystalline maturity may have been enhanced by greenschist facies
metamorphism during the Caledonian orogeny (400 Ma) and it is difficult to determine
the original carbon composition at the time of impact. The structures of the diamonds
that were seen under the TEM were strongly apographitic, displaying layering parallel to
the basal plane and pseudo-hexagonal to hexagonal morphologies. This indicates that
the carbon available for shock transformation was graphitic. In addition, shock

metamorphism by the impact event may have resulted in the graphitisation of poorly
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crystalline, almost amorphous, carbon material. Shock metamorphism of pre-existing

graphitic carbon may also produce structural fecatures such as polycrystallinity.

7. When compared with the Ries crater samples, the Gardnos impactites contain
significantly more black amorphous and graphitic carbon. The concentration of
diamond appears to be significantly less than that of the Ries crater, which may be a
reflection of the fine grained nature of the material or connected with the size of the
crater itself. Though there is no clear correlation between the distribution and size of

impact diamonds and the size of the crater that they are associated with.

6.3. FURTHER WORK.

1. High resolution transmission electron microscope (HRTEM) analyses of the
diamonds from the Ries and Gardnos impact craters is required in order to determine
the nature of the observed stacking fault and twinning structures. Identification of
structures characteristic of graphite, growth or deformation would enable the

determination of the predominant formation mechanisms,

2. Further transmission electron microscope analyses of Ries crater impactites with the
aim of identifying carbynes and other carbon polymorphs including the diamond

polymorphs such as 4H and 6H.

3. Transmission electron microscope analyses of graphitic carbon to identity the degree

of crystalline maturity.

4. The selection of further diamonds and if possible SiC from the Ries crater impactites
for analysis using SEM and stepped combustion combined with static mass

spectrometry.
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3. In-situ observation of impact diamonds in shocked graphite bearing basement

samples.

6. Gas chromatography mass spectrometry and solvent extraction analyses of HF:HCI
demineralised Gardnos impactites is required in order to identify the composition of
amorphous and organic carbon material. Although graphitic carbon has been identified

using the TEM the majority of the carbon material is poorly crystalline and amorphous.

7. Further stepped combustion combined with static mass spectrometry analyses of
Gardnos impactites in order to confirm the results presented here and characterise the

remaining samples.
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APPENDIX. 1. SOLUTIONS.

1. Preparation of dilute hydrocloric acid for carbonate digestion.

Reagents.
Apparatus.

¢

Procedure for the preparation of 250ml of desired molarity.

Hydrochloric acid 37%.

2 x 250 mi glass measuring cylinders.

500 ml glass reagent bottle or 250 ml polyproylene wash

bottle.

In a fume cupboard.

1. Measure out required amount of HCI, see table into a glass measuring

cyclinder (Tablel.1)

2. Measure out required ammount of distilled water into a separate cylinder.

3. Pour the water into a reagent bottle.

4. Add the HC} to the water.

Table 1.1. Dilution measurements for HCI.

Molarity ml HCI ml H,0
1 21 229
2 42 208
3 63 187
4 83 167
3 104 146
6 125 125
7 146 104
8 167 83
9 187 63
10 208 42
11 229 21
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2. Preparation of hydrofloric acid/hydrochloric acid for silicate digestion.
Reagents. Hydrofluoric acid (48 %).
Hydrochloric acid (37 %).
Apparatus. 500 ml polypropylene measuring cylinder.
50 ml glass measuring cylinder.
500 ml non-drip polypropylene reagent bottle.
Procedure to make 50(: ml of 10M HF/1M HCI.
Prepare in fumecupboard.
1. Measure 173 ml of HF into a 500 ml polypropylene measuring cylinder.
2. Measure 42 ml of HCl into a glass measuring cylinder.
3. Add the HC! to the HF.
4. Pour 285 ml of distilled water into a polypropylene reagent bottle with a
non-drip dispensing system.
5. Add the HF/HCI mixture to the water in the reagent bottle, replace the cap and

swirl gently to mix. Allow to cool.

3. Preparation of chromic acid.
Reagents. Sulphuric acid (conc).
Sodium dichromate.
Apparatus. 500 ml beaker.
50 ml glass measuring cylinder.
500 ml polypropylene measuring cylinder.
Teflon rod.
Procedure to make 500 ml of chromic acid.
In a fume cupboard.
1. Measure 49 ml of sulphuric acid into a 50 ml glass measuring cylinder.
2. Measure 451 mi of distiiled water into a 500 ml polypropylene measuring

cylinder.
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3. Pour water into 500ml glass beaker and add 49 ml of sulphuric acid.
4. Weigh 19.5 g of sodium dichromate and slowly add to acid mixture in
beaker whilst stiring constantly. Mixture will generate heat.

5. Allow o cool, do not use hot.

4. Preparation of pentane slush.
Reagents. Pentane
Liquid nitrogen
Apparatus. 250 mi dewar.
500 ml dewar.
Glass stirring rod.
Procedure.
In fume cupboard.
. Add 15-20 ml of pentane to a 250 mi dewar.
2. Slowly add liquid nitrogen and stir with glass rod.
3. Continue until white fuming ceases and mixture begins to freeze. Mix
well to form a stift mush.
4. Cover with aluminum foi] and store in fume cupboard when not required, add

more liquid nitrogen when required.
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APPENDIX 2. EXAMPLE ACID DIGESTION - OTTING QUARRY GLASS

BOMB.

14/12/1995 | Glass crushed o a granular powder using clean, baked agate mortar and pestle.
Care taken (o remove cream/white suevite coating on margin of bomb. Weighed
out approximately 150 g. Average of 4 = 149.745 g using electronic balance.
Transferred quantitatively to Teflon bomb. Dilute HCI (0.2 M) added slowly,
until bubbling subsides and filled. Bomb placed on hotplate at 70 "C.

15/12/1995 | Drained, filled 6M HCI and placed on hotplate. Poor reaction to dilute acid, indicates
low carbonate content.

8/01/1996 HC! drained, replaced with distitled water (H,0). Allowed to scitle and fresh
H,O added.

9/01/1996 H,0 drained. HF:HCI added. Placed on hotplate (70 "C).

11/01/1996 | Samples checked and agitated. After reaction HF:HC] samples drained and replaced
with fresh HF:HCl.

12/01/1996 | Sample agitated. Placed on Hotplate (70 °C).

15/01/1996 | Sampie drained after cooled. H,{) added. Allowed to settle. Drained. HF:HCI added

and placed on hotplate (70 °C). No evidence grey fluorites.

16/01/1996

Drained, H,0) added. Gel-like deposit forming between glass and acid - silica?. Sample

allowed to scttle, Drained refilled with H,0. Acid was becoming yellow = reacted.

17/01/1996 Sample drained, filled H,0 and allowed to settle. Drained again. Gel-like subslance
gone. Re-filled with HF/HCI, placed on holplate.

18/01/1996 | Acid yellow in colour with gel-like substance on surface of sample. Drained and washed
with H,0 twice. Drained and filled with 6M HCI, placed on hotplate (70"C) overnight.

19/01/1996 | Drained. filled fresh 6 M HCL, placed on hotplate.

22/01/1996  t Drained. filled H.0. Allowed to settle and drained. Replaced with HF:HCI, placed on
hotplate.

25/01/1996 | Sample drained, filled H,0, allowed to settle. Drained and filled 6 M HCI. placed on

hotplate.

26/01/1996

Drained, filled 6 M HC, placed on hotplate.

29/01/1996 | Drained, filled H.0, repeated.

30/01/1996 | Drained, filled 6M HCI. placed on hotplate.

31/01/1996 | Drained, filled d.H,0. Drained filled HF:HC), placed on hotplate.

01/02/1996 | Agitated, left on hotplate.

02/02/1996 | Drained, filled H,0, placed on hotplate.

05/02/1996 | Drained, tilled H,0). Gel-like “silica” precipitate present at base of bomb. All black
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powdered sample gone, very little sample remains, hard to establish through cloudy

precipitate. Drained, filled 6 M HC and placed on hotplatc. Developed strong vellow

colour.

06/02/1996  § Drained. filled H,0. Very litde residue remains, No strong colour (i.e.; organics).
Some colloidal Gel. Once settled drained and filled 6 M HCI and placed on hotplate.

07/02/1996 | Drained. filled H,0,. Drained filled HF/HCH, placed on hotplate,

08/02/1996 | Drained, filled H.0.

12/02/1996 | Drained. transferred to glass petri-dish, evaporated dry.

13/02/1996. | Samples washed with H20, x2, left to dry.

14/02/1996 | When dried. studied under petrological microscope. Sample consists of zircon. graphite,
and at least 2 diamonds c. 100-300 yum.

15/02/1996 | Transferred to disposable plastic petri-dish. left to dry.

16/02/1996 | Dry weight petri-dish (z=8) = 16.097320.0002 g.

1l

Petri-dish + residuc (2=6) 16.10842 ¢
Residue = 112 mg

Left over weekend to dry = 32mg

17/06/1996

Residue washed with Hy(). transferred 10 centrifuge vials. Centrifuged with H,0
repeatedly. Centrifuged with 6 M HCI, 2,500 rpm and drained. Washed with H,0 x2.

Transferred to glass petri-dish. Checked under petrographic microscope.

Chromic acid stage.

09/09/1996 | Transfereed to 15 ml Teflon bomb for chromic acid stage.
10/9/1996 Made up chromic acid, as per protocol sheet.

17/09/1996 | Filted chromic acid, placed on hotplate.

02/10/1996 | Acid changed.

06/11/1996

Drained, washed. After several weeks at 70-80 "C in chromic acid. sample appears

unchanged, no change in acid colour.

Fuming Perchloric acid stage

20010171997

Sample studied under petrographic microscope. cleaner, stitl a lot of zircon graing and
possibly polyerystalling graphite/graphite coated diamond clusters. Photographed.
Samples transferred from glass petri-dish to 15 ml Tetlon bomb for fuming perchloric

and Cone HF (150 'C) stages. along with a number of other samples.

21011997

Samples drained of H,0, left damp and a few drops of HCIO, added. Following
protacol outlined in chapter 2 section samples were heated at 100-150"C until fumed

dry. 4-5 hours. [ power cut |.

22/01/1997

Re- application of HCIQ,, fumed 5-6 hours.
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2370171997

Samples drained and washed with H,0,

27/01/1997

Samples washed H.0.

Conc HF stage- High pressure bombs,

01/09/1997 | Several samples were transferred (o high pressure metal bombs., Otting Quarry Glass
homb sample 2 was treated and sample | retained in case of problems. The samples
were covered in Conc HE, 6 M HCl and a few drops of HNO,,

05/09/1997 | Samplcs in oven at 180 “C.

12/0901997 | 3 samples removed, including Otting quarry glass bomb. Allowed to cool.

19/09/1997 | Removed from borab casings, drained and transferred to washed 15 ml Teflon bombs.

22/09/1997

Samples drained and filled with H20. repeated x4.

26/09/1997

Samples transterred to clean, dry glass petri-dishes and left to dry in fume cupboeard.

Pipeties flushed with H,QO into matching sample petri-dish.

OL/10/1997

Samples ohserved under petrelogical microscope.
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APPENDIX 3. TRANSMISSION ELECTRON MICROSCOPE BRIGHTFIELD
AND SELECTED AREA ELECTRON DIFFRACTION IMAGES.

27/06/97 Otting quarry glass bomb residue.

Number Comments noted

I Carbon grain.

2 SAED 4 sec.

3 SAED § sec.

4 Large carbon crystal with needle like extensions.

5 Large carbon crystal showing constructive interference.
6

7 SAED

8 SAED

9 SAED

10 SAED

I SAED

12 Constructive interference near thin margins, centre too thick
13 Constructive interference near thin margins, centre too thick
t4 Constructive interference near thin margins, centre too thick
i5 Constructive interference near thin margins, centre oo thick
i6 Bottom right of ¢rystal - cross-hatched stacking faults
17 SAED 4 sec

18 SAED 8 sec

19 Needle like projection left side

20 Pic

21 SAED - polverystalline

22 SAED

23 Needle-like crystals

24 SAED 4 sce

25 SAED 8 scc

26 SAED 4 sec

27 SAED 8 sec

28 Pic

29 Large crystal with constructive interference

30 SAED 2 sec

31 SAED 4 sec

32 SAED 8 sec

33 Platy layered carbon grain

34 SAED 4 sec

35 SAED 8 sec

36 SAED 4 sec

37 SAED 8 sec

38 Top right side of small layered carbon crystal

39 SAED 4 sec

40 SAED 8sec

41 SAED 4 sec

42 SAED 8 sec

43 Pic

44 SAED 4 sec
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45 SAED 8 sec

46 Plaly carbon crystal

47 Platy carbon crystal

48 SAED 2 sec polycrystalline

03/11/97. Nordlingen core 384 m section residue.

Nutnber Comments noted

1-14 large fibrous carbon grain

15 Skeletal ncedle like grain

16 Skeletal needle like grain

17 Skeletal needic like grain

18 SAED 2 sec

19 SAED 4 sec

20 SAED & sec

21 Laree tibrous carbon grain

22 Large fibrous carbon grain

23 SAED 4 sec

24 Large fibrous and fracturcd carbon grain
25 SAED 4 sec

26 SAED 8 sec

27

28 Needie like crystal layrs

29 SAED tip of needle

30 SAED

3 Large carbon grain

32 Large carbon grdin

33 Large carbon grain

34 Needle like crystal

35 Rectangular fibrous crystal

36 Pic

37 SAED

38 SAED

39 Thinner carbon crystal with constructive interference
3} Pic of saume

41 SAED

42 Pic of whole crystal

43 Skeletal polycrystalline crystal
44 SAED - skeletal area

45 SAED

46 SAED - Polycrystalline arca '
47 SAED

48 fayered and fractured carbon grain
49 SAED

50 SAED

51 Pic needle like elongate grain
52 SAED

53 SAED

54 SAED

35 SAED
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05/12/97. Seelbronn suvevite residue.

Number Comments noted
1 SAED
2 Polycrystaltine carbon grain
Carbon grain with short fat stacking Taults
3 SAED 2 sec
4 SAED 4 sec
3 SAED ¥ sce
6 Thin large playty grain- constructive interference, and SF
7
8 Pic
Y
10} SAED 8 sec
11 SAED 4 sec
12 SAED 2 sec
13 Irregular layered grain, SE. SAED 2 sec
14 SAED 4 sec
15 Elongate fractured grain. SAED 4 sec
16 Platy elongate carbon erain. SE. SAED 4 sec
17 SAED 2 sec
18
19
20 Pic
21 ILong thin fibrous carbon grain. SF
22 SAED 2 sec
23 SAED 4 sec - faint inner spots (graphile)
24 SAED 2 sec
25 Pic
20 Needle like carbon grains. SAED 2 sec
27 SAED 4 sec
2% Pic
29 Thin irregular carbon grain SAED 4 sec
30 SAED 2 sec
31 Pic
32 large fractured layered curbon grain. SAED 8 sec
33 SAED 4 sec
34 Pic
35 Pic
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05/12/97. Nordlingen core 384 m section residue.

Number Comments noted

37 large layered crysial, some SF. SAED 4 sec
38 Fibrous and fractured

39 layered grain with SF. SAED 4 sec - graphite
40 SAED 2 sec

41 Fractured carbon grain with SF

42 SAED 2 sec - diamond

43 SAED 4 sec

44 Pic

45 Large carbon grain strong SF

46 Sf

47 SAED 2 sec

48 SAED 2 sec

49 SAED 2 sec

50 Pic

10/12/97, Nordlingen core 494 m section residue.

Jennifer I Abbott

Number Comments noted (mislabled 1 = 16)
1 (16) large opaque carbon grain SAED 2 sec
217 SAED 2 sec
3 Overall pic
4 Closeup pic
5 SAED 2 sec
6 Smaller opaque carbon grain SAED 2 sec
7 Pic
8 Pic
9 SAED 2 sec
10 Small carbon grain SAED 2 sec
11 Pic layered, platy needle like extensions
[ SAED 2 sec
19 Eloneate carbon grain fractured
20) Elongate metal silicate grain
21 SAED 2 sec
22 Rectangular carhon grain SAED 2 sec
23 Close-up pic
24 Pic
25 Large carbon grain
26 SAED
27 Pic
28 Large carbon grain SAED 2 sec
29 Pic ctched opgague carbon grain
30 SAED 2 sec
31 SAED 2 sec
32 Small carbon grain SAED 2 sec
33 SAED 2 sec
34 Closeup pic etched platy carbon grain with SF '
35 SAED 2 sec - faint graphite - diamond
36 Trregular carbon grain SAED 2 sec - diamond
37 Pic etched blocky
Laree carbon grain { no. 28). SAED 2 sec
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39

Pic

40

SAED 2 sec

10/12/97. Nordlingen core 384 m section residue.

Number Comments noted

12 Elongate carbon grain with SF

13 Pic

14 SAED 2 sec

15 Pic

16 SAED 2 sec

17 Pic

41 (52) Small elongate irregular grain, SF SAED 2 sec

42 Pic elongate fractured carbon grain

43 Close-up pic SF

44 SAED 2 scc

45 Small cluster of lath like crystals Pic

46 Pi¢

47 SAED 2 scc

43 SAED 2 sec

49 Elongate carbon lath SAED 2 sec

50 Pic

51 targe carbon grain similar to 494 m layered, etched faint SF
SAED 2 sec

52 SAED 2 scc

53 Pic

54 Plc

12/12/98. Seelbronn suevite residue.

Number

Comments noted

Eiched carbon grain

Poor resolution carbon grain

SAED 2 scc polyerystalline faint graphite

Better focus pic (2) SF

Lo b |l pra {—

Overall grain

o>

Platy carbon grain, needle like extensions, SF

~d

SAED 2 sec - overexposed

oG

SAED 2 sce

S

Polycrystalline cluster

10

SAED 2 sec

11

SAED 2 sec

12

SAED 2 sec

13 (14

Skeletal blocky grain

14 (15)

Closeup pic

15 (16)

SAED 2 sec

16 (17)

Skeletal grain SAED 2 scc
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15/01/98. Otting quarry glass bomb residue.

Number Comments noted

| Large graphitic carbon grain

2 SAED 2 sec - graphile

3 Pic

4 Pic

5 SAED

6 Irregular carbon grain needle like areas, SF
7 SAED mainly diamond very faint graphite
8 Close-up SF

9 Pic

10 SAED

11 Pic

12 Sinall hexagonal layered grain. SAED - kikuchi like lines
|3 Pic o/all grain

L4 SAED

L3 large crystal, SF and needle-like extensions
{3 Close-up SF

i7 SAED

i Cluster fine grained needles (Ca + Myg)

19 Very thin carbon sheet, SF, Kikuchi. SAED
2() pic

21 Elongate layered carbon grain, SF. SAED
22 Pic

23 Overali grain

24 SAED

25 SAED

26 Thin carbon platy grain, SF

27 SAED - diamond

28 Blocky lavered grain SE SAED

29 Pic

30 Closeup SF

19/03/98. Nordlingen core 343 m residue.

Number Comments noted

E () SAED diamond

2{1) Rectangular platy grain. SF. multiple layers

3 Pic

4 Closeup pic

3 Skeletal grain. necdle fike edges, thick interior. SAED
6 Pic overall grain

7 closeup pic

8 SAED

9 large layered grain, needle like extensions pic top right
10 Pic top left

11 pic bottom left

12 pic bottom right

13 Pi¢ closeup

14 Centre

15 SAED

16 Small skeletal carbon Erain
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17 SAED

i3 Layered carbon grain. SAED possible twinning
19 closcup pic

20 Overall pic

21 Skeletal etched carbon grain. SAED
22 Pic

23 large skeletal grain. SAED

24 SAED

25 Pic

26 Twinned carbon grain SAED

27 Pic

24/03/98. Seelbronn suevite residue.

Number Comments noted

| Polycrystalline carbon cluster SAED - graphite
2 Pic

3 Pic

4 Cloudy grain some clear SF and layering

5 Overall pic

6 Closeup SF

7 SAED - diamond polycrystalline

8 large grain, kikuchi, twin (1), needle like margins
9 Close-up pic

10 SAED

1 SAED

12 Skeletal elongate etched grain

13 Skeletal grain

14 close-up

15 SAED - diamond

16 SAED

17 Skeletal grain

18 close-up

19 cilose-up

24/03/98. Nordlingen 343 m section residue.

Number Comments noted

20 Metallic dark opaque grain SAED

21 Pic

22 Small grain SAED - diamond

23 Pic

25 Platy erain ncedle like projections

25 SAED

26 Skeletal clongate grain, polyerystalline. SAED
27 Pic

28 Opagque grain SAED

29 Large layered grain, ncedle like fringes, fibrous. SAED
30 Pic
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22/04/98. Otting quarry suevite residue.

Number Comments noted

Skeletal grain

SAED 2 sec

Picas 1

SAED 4 sec

Qverall pic of carbon grain, SF

SAED (on SI)

Closeup pic

SAED of 9

Wl | & e e | —

Overall pic grain

Close-up pic

—_ =
-

SAED

I~

Skeletal polycrystalline grain

Pic

i [oe

SAED
15 Pic

16 Large carbon grain - SAED

17 Pic

18 Skeletal carbon grain

19 SAED

20 Pic

30/05/98. Bunte breccia residue.

Number Comments noted

Hexagonal graphilic structure carbon grain

SAED - diamond

Pic

Pic elongate rutile?

h | e | —

Platy carbon grain SAED
0 Pic

30/05/98. Nordlingen core 384 m residue.

Number Comments noted

7 Skeletal grain with faint SF
8 SAED - diamond

Y Blocky fractured carbon grain
1(} Eiched structure with SF

11 SALD

12 SAED

13 Close-up pic

14 Small grain. SAED

15 Elongate fractured grain, SF
16 Closc-up image

17 SAED - diamond
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Polsingen impact melt rock.

Number Comments noted

6 Layered grain, SF. SAED
7 Pic

8 Large grain SF/skeletal

9 close-up pic SF

10 SAED

11 overull pic

12 Carbon grain with SF. SAED
13 Pic

14 pic

15 Overall- pic

Aumiihle Gneiss

Number Comments noted

16 Elongate layered grain with faint ST. SAED
17 Pic

18 Pic

19 SAED - 2 plates. diamond

20 SAED

21 Pic close-up

22 Blocky carbon grain. SAED

23 pic

11/05/99. Gardnos 137 residue.

Number Comments noted

Hexagonal graphitic structure platy grain. SAED

Pic

Plc

Similar grain. SAED
pic

_pic

SAED. faint kikuchi lines

XA A e |2 | —

SAED

=

SAED
10 Pic

11 SAED

12 ic
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11/05/99. Gardnos 164,

Number Comments noted
13 SAED - 2.06

14 Plc

23 SAED - 2.06

24 Pic

25 SAED - 2.06, 3.34
26 Pic

27 Plc

11/05/99. Gardnos 133.

Number Comments noted
15 SAED - 2.06, 3.34
16 Pic

17 SAED - 2.06

18 Pic

19 SAED - 2.06

20) Pic

21 SAED - 2.06

22 Pic

13/05/99. Gardnos 178 residue.

Number

Comments noted

SAED - 2.06

Pic

Hexagonal platy grain, SAED - 2.06 minor graphie

Pic

SAED

O LA| da| ] B —

SAED

22/06/99, Gardnos 137 residue,

Number

Comments noted

TIrregular layered carbon grain. SAED

SAED
Pic

SAED

Luvered graphitic structure grain. SAED

Pic

Very small pseudo-hexagonal grain 2-3 lavers. SAED

H | fen | e | -

Pic

WO

Possible rutile. SAED

—
oy

Pic

Elongate, layered grain with SF. SAED

o)

3

o

SAED
Pic

=

Pic
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22/06/99. Gardnos 169 residue.

Number Commenits noted

i5 Triangular layered grain SF
16 SAED

17 SAED

18 Pic

19 SAED

20 Pic

22/06/99, Gardnos 178 residue.

Number Comments noted

21 SAED

22 Pic

23 Elongate, SF and cross-hatching (layers)
24 SAED

25 SAED

26 SAED

27 Pic

28 Very large polycrystalline grain. SAED - diamond
29 Pic overall grain

30 Pic close-up

31 SAED - coarsely polycrystalline diamond
32 Rounded low relief grain. SAED

07/07/99, Gardnos 178 residue.

Number Comments noted

Pic platy grain SF

Pic close-up

SAED

Pi¢ large grain dense SF layered

SAED

o |~ | |un | W

Pi¢ hexagonal platy layered grain

9 Pic etched and corroded grain

10 SAED

11 Pic elongate layered grain

12 SAED
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APPENDIX 4. WHOLE ROCK CARBON STABLE ISOTOPES.

4.1. Table of bulk 3"C stable isotopic ratios for whole rock Ries crater samples.

All sample bulk analyses dynamic mass spectrometer (STRA).

Sample a"C (PDB) %Carbon
Otting Quarry Suevite
Glass (bomb) -28.072 0.038
Glass (bomb) -27.909 0.020
Glass -15.110 0.152
Glass -15.089 0.117
Glass -12.265 0.410
Glass -13.144 0.317
Whole Rock -11.902 1.5373
Lithic (basement) -20.945 0.368
Lithic (sedimentary) -11.847 4.067
Lithic (sedimentary) -11.529 1154
Lithic (sedimentary -10.445 3.503
Seelbronn Suevite
Whole rock -7.890 3.880
Whole rock -7.752 3.630
Glass -10.625 0.722
Lithic (basement) -8.191 0.287
Lithic (sedimentary) 1.950 2.490
Lithic (sedimentary) 2.384 2.939
Lithic (sedimentary) -9 198 2.944
Ndrdlingen Core
Nordlingen Core 1059 -13.987 0.121
Nordlingen Core 494 -18.229 0.130
Nordlingen Core 384 -13.941] 0.430
Nordlingen Core 343 -15.387 0.406
Others
Itzingen Quarry -25.032 0.024
Bunte Breccia -10.066 1.893
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APPENDIX 5. STEPPED COMBUSTION COMBINED WITH STATIC MASS

SPECTROMETRY.

5.1. MS319. Otting quarry suevite residue.

T¢C) | C(ng) 8YC (%) x5 (%c)
200 118.89 -29.19 0.47
500 762.23 -25.18 0.45
600 38.87 -15.29 0.41
700 { 5699.35 -22.01 0.31
800 13.65 -18.09 0.39
90K} 41.29 -23.69 0.45
1200 8.71 -25.89 0.39

5.2. MS343. Otting quarry suevite SiC.,

TO C {ng) 8C (%) *8 (%e)
200 112 -28.4 0.4
400 787 -25 0.4
600 186 -24.8 0.3
800 260 -19 1.2
1000 18.1 -25 0.1
1200 214 -25.6 0.4
1300 32.6 -27.4 0.2

5.3. MS355. Otting quarry glass bomb. Diamond.

TCC C {ng) 0 °C (%) +5 {%r)
200 334 -28 1
300 3%.9 -26.8 0.3
400 20.9 -249 0
500 13 -25.6 0.5
550 174 258 0.3
600 7.2 -28.8 0.2
650 24 2649 0.2
700 22 -255 04
750 68.5 -26.5 0.6
800 691 -26.4 0.1
850 808 -26.7 0.1
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90}) 10.3 -301 0.4
950 227 -27.4 0.5
1000 1.52 =263 0.4
1200 7.6 -28.% 0.5

5.4. Otting quarry glass bomb. Graphite. 1.

T C (ng) 8"°C (%) *5 (%o)
400 100218 -26.55 0.25
800 2605.86 -26.8 0.5
1200 2166.88 -27.95 0.15

5.5. MS344, Otting quarry glass bomb graphite. 2.

T{C) C (ng) 3°C (%) %5 (%e)
200 169 0 0
250 46.2 0 0
300 46.2 0 0
350 54.2 -26.2 0.1
400 376 -27.8 0.4
450} 37 -27.1 0.3
500 19.4 -28.2 1.1
550 15.6 -24 1.1
600 10.7 -31.2 (1.5
650 131 -28.5 0.1
700 8163 -25.1 0
300 115 -24 0
850 55.3 -23.9 1.1
900 35.9 -24.3 0.8
1000 31.7 -25.9 0.3
1100 18.3 -28.6 0.4
1200 27.6 =27 0.8
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5.6. MS345, Otting quarry Silicon carbide.

TCO C (ng) "C (%) +8 (%)
200 112 -28.4 0.4
404} 787 -25 0.4
600 186 -24.8 0.3
300 260 -19 1.2
1000 18.1 =25 0
1200 214 -25.6 0.4
1300 32.6 -27.4 0.2

5.7. M§345. Seelbronn quarry suevite graphite.

T(C) C (ng) &"C (%0 45 {Fo)
200 81.58 -28.03 0.39
400 32.00 -31.73 0.39
500 106.05 -19.02 0.39
600 112781 -19.02 0.35
700 2.84 25.2 0.61
800 7.57 -25.86 0.45
900) 6.41 -24.39 0.43
1 200) 4.55 -24.14 0.45

5.8. MS318. Seelbronn quarry suevite residue.

TO C (ng) 8"C (%) +5 (%)
200 54 -27.6 ¢
300 56 -26.6 0.2
350 26.2 -26.5 0.1
400 232 -25.8 0.2
450 I8.2 254 0.4
500 12.5 -26.6 0.1
350 14.4 -21.7 0.4
600 43 -18.4 0.3
650 193 -17.8 0.5
700 368 -16.7 0.3
750 1010 -16.8 0.2
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800 3260 -16.7 0.3
850 6846 -16.6 0.2
900 6893 -17.2 0.1
950 502 -17.4 .4
1000 7.81 -21.3 0.3
1100 4.48 =229 0.3
1200 4.67 -23.6 0.3

5.9. MS 276. Nordlingen core 343. Residue.

T(C) C (ng) 8BC (Fo) +5 (%o)
200 i81.2 27.46 0.14
600 1601.7 -26.6 0.16
650 3155.34 -26.96 0.17
700 3911 -26.2 0.17
800 251.63 26.23 0.18
9N} 3.9 -12.26 0.25
1200 3.8 -24.66 0.20

5.10. MS267. Nirdlingen core residue 384.

T(C) C {ng) 8"C (%) +5 (%)
200 94.69 -26.08 0.21
300 109.2 -25.6 0.23
400 1.34 -27.87 0.25
500 98.81 -25.2 0.2
600 42924 -25.7 0.18
706 4053.2 -25.14 0.18
00 935.12 -26.25 0.21
900 10.510 -24.58 0.21
1000 2.48 -26.02 0.23
1200 4.23 -25.62 (.21
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5.11. MS293, Nirdlingen core 384, Diamond.

TCO C(ng) 3"C (%e) +5 (5he)
200 71.82 27,99 0.17
400 £17.3 -23.46 0.2
500 26.67 225 0.22
550 8.19 24,24 0.21
600 28.23 2230 0.22
625 81.08 -24.67 0.22
650 126.43 -26.98 0.19
675 95.85 -26.62 0.18
700 874.7 -26.78 0.19
800 1177.3 -26.44 0.23
900 4129 -27.29 0.21
1200 1.55 -30.68 0.34

5.12. Nordlingen core 494 residue.

T(C) C {(ng) 8Y°C (%e) =8 (%c)
200 3.604 -21.87 (.51
400 70.82 -29.68 0.48
500 10.84 -21.71 0.46
600 369.67 -19.23 0.48
700 2.86 -14.74 0.52
800 434.51 -22.64 0.68
900 577.10 -11.9 0.52
1000 819.0 -17.92 0.5
1200 (.02 -48.07 2.75

5.13. MS346. Nordlingen core 494 graphite. 1.

T(C) C (ng) 813C (%e) +5 (%)
400 84.6 -26.6 0.3
000 11535 -26.2 0.6
7O 471 -25.4 0.4
800 233 -26 0.5
1000 149 -26 0.6
1200 142 -26.2 0.4
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5.14. MS347. Nordlingen core 494 graphite. 2.

T(C) C (ng) 8''C (%) +s (%e)
400 2746 -27.4 0.6
500 4371 -25.4 0.4
600 2961 -25.4 0.4
800 160 262 0.6
1200 130 -26.4 0.3

Non Ries samples.

5.15. MS323. Lappijarvi graphite.

TC) C (ng) B (%) +5 (%)
200 223.39 -24.73 0.49
1000 787.72 -18.62 0.46
1200 9.79 -15.35 (.489

5.16. MS396. Gardnos 137. Pre-perchloric.

T ('C) Cng) 0 (%a) 8 (%oo)
200 72 -29.91 0.5
300 202 -29.59 0.26
400 928 -30.50 0.28
4560 821 -30.80 0.25
500 138 -30.81 0.26
550 47.46 -26.63 0.26
600 36.93 -25.22 0.25
650 46.07 -24.06 0.26
700 79.58 -24.01 (.3
750 1001135 -23.96 .26
800 65.16 -24.23 0.28
200 284 -23.41 0.26
1200 20013 -2592 0.29
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5.17. MS398. Gardnos 178. Perchloric.

T ("C) C{ng) & (%) +5 (%)
200 119.17 -294 0.27
300 742 -28.55 0.26
350 955 -27.98 0.26
400 231.5 -29.94 0.27
450 312.35 -30.99 0.28
500 239.69 -31.32 6.27
350 78.10 -29.34 0.27
600 29.29 -26.61 0.26
650 87.32 -32.33 0.29
700 47.06 -27.71 0.28
750 6.61 -31.24 (1L.28
8O0 7.78 -22.53 (.28
900 7.33 -22.39 0.25
1200 9.24 -22.76 0.26
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APPENDIX 6. GARDNOS CARBON AND SOOT CONCENTRATIONS.

Data from W. Wolbach and S. Widicus, IWU, 1997, (unpublished data).

Sample

Original rock

mass (g)

Total C
(ppm)

Error (ppm)

Soot (ppm)

Error {(ppm)

Basement rocks (quartzites, shocked, fractured,

black and car

bon-bearing)

129 2.35474 1260 500 550 520

143 2.03032 600 700 80 700
Basement rocks: Black shales (off structure, potential carbon sources. target rocks)

164 2.56444 55000 1000 5100 800

169 2.25117 7200 700 5400 700

170 2.24192 4800 600 2900 600

171 2.42848 27000 20060 16000 2000
Gardnos crater: Gardnos lithic breccia (subcrater rocks)

120 2.45246 3200 200 8 9

121 2.54749 1500 200 8
Gardnos crater: Black matrix lithic breccias.

126 2.52514 21000 1000 1000 600

176 245272 930 470 30 430

178 2.46650 26000 1000 200 600
Gardnos crater: melt-hearing suevite breccias.

133 2.37714 2100 100 30 40

137 226706 16000 1000 1100 100

175 2.50408 100 500 70 500
Gardnos crater: Melt matrix (impact melt) breccias.

179 2.48521 480 30 140 20
Gardnos crater: Sedimentary fill above glassy breccias (black, carbon-bearing)

160 2.38759 32000 2000 22000 2000
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