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Summary

The theory of cometary panspermia is tested innthlee of two reported falls in Tissint, Morocco
on July 18, 2011 and in the central province ofoRparuwa, Sri Lanka on December 29, 2012.
Samples of the Tissint and Polonnaruwa stones wsturdied using a variety of laboratory
procedures and equipment including ICP-OES, GC-B8EM, EDAX, CHN, FTIR, Raman
Spectroscopy, XRD and Optical Spectroscopy.

Results of Tissint show the presence of severdlB¥bpyrite grains rimmed by a layer of reduced
organic carbon with graphitisation levels consistefth other Martian meteorites. A complex
precursor carbon inventory is demonstrated witrkgesperatures ~ 25 and elemental ratios

typical of high volatility bituminous coals.

A theoretical model of the ecology of arsenic omlyedars is then developed and discussed
involving microbial reduction of Fe-oxides. This gothesis is shown to be supported by SEM
observations of spherical chains of pits, with nmaipgies distinct from abiotic alteration features
but closely comparable to biologically mediated nmstructures created by Fe- and S-oxidising

microbes.

The contribution of core-mantle grains to mid-IR igsion features is then modelled using
extinction and scattering efficiencies for compespheres based on the Guttler extension of the
Mie formulae. Results show that kerogen-pyrite igailosely adhere to observed 9-13um emission

characteristics observed in the Trapezium nebula.

Results of studies on Polonnaruwa show a highlpy®ISi-K-rich, Al-depleted, amorphous melt
enclosing trace (commonly <l1lum) anorthoclase, @lb@northite and quartz. Bound,®H <
0.03wt% indicates origin from hypervelocity impac®EM analysis revealed several fossil

microorganisms similar to acritarchs, hystrichogphend diatoms.

Geologic age of the stones is determined by N/@mtoatio depletion that indicate the presence of
embedded fossil remains that date back to at +€¥2 Ma. Triple oxygen isotope analysis provide
values ofA*O = - 0.335 withs'’O = 8.978 + 0.050 andf®O = 17.816 + 0.100 that is shown to be

consistent with non-terrestrial sources.

Results are seen to substantially support the yhefarometary panspermia.



Extended Summary

In 1981, F. Hoyle and N.C. Wickramasinghe propdbed comets provided an ideal vehicle for the
distribution of life throughout the cosmos and #imr advanced the theory of cometary panspermia.
To this day it offers a powerful unifying hypothedor a substantial body of otherwise disparate
scientific data that collectively imply a cosmictts®y for the origin of life. The theory directly
opposes the prevailing ‘Primordial Soup’ hypothdsiat has held sway since the late 1920s in

which abiogenesis takes place on a primitive Eacthin abiotic organics and liquid water.

The prediction that cometary dust, and by implaatinterstellar dust, would be organic in nature
has now been established and is almost univeraaigpted. However these observations are still
interpreted by many scientists as evidence of @bpoe-biology. Concurrent work on stratospheric
sampling of interplanetary dust particles (IDPsy(8rownlee, 1978; Ladt al, 1996; Harriset al.,
2002; Narlikaret al, 2003; Wainwrightet al., 2004; 2008; Rauét al, 2010a; Walliset al. 2002;
Miyake, 2009) however shows evidence of undenidlidyogical structures as well as embedded
diatom frustule fragments (Wainwriglgt al., 2013a; 2013b). Further work on microfossils in
meteorites show similar results (Claus and Nag$119963; Pflug, 1984a, 1984b; McKay al.,
1996, 2009; Hoover, 2005, 2009, 2011). These ddve been consistently challenged on the
grounds of terrestrial contamination or the limidas of morphology as an unequivocal means of
life detection (Anders and Fitch, 1962a, 1962b,4t¥6tch and Andres, 1963a, 1963b; Fitthal.,
1962; Garcia-Ruiz, 1999).

While these criticisms have prevented a convergeffickinking among investigators in favour of
the unequivocal detection of life in non-terredtréatefacts, the matter continues essentially
unresolved. The McKay (1996) findings of an ancidatrtian biota in ALH84001 faced intractable

complications from its ~13,000 year stay in Antiaat

The objective of this study is to test the theofycometary panspermia in the light of a unique
opportunity that has been provided by two everds llave taken place during the past three years.
The first of these occurred on July 18, 2011 whmresal eyewitnesses observed a brilliant yellow
fireball over the Oued Dréa Valley East of Tata,rdmo at 2:00 AM. In October 2011 nomads
found a 47g pale grey stone encased in a fregteging black, glassy fusion crust in a remote area
of the Oued Draa watershed 48km SSW of the villafjeTissint, Morocco (29 28.917'N,
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7°36.674'W). Early analysis of the recovered meteagvealed it to comprise of a depleted picritic
shergottite of Martian origin similar to EETA79001Ahe minimal level of terrestrial alteration of
Tissint has been confirmed by Aoudjehatal, (2012) via stepped combustion mass spectrometry
that show total C abundances of 173 ppm wish’@ = —26.6 %o and 12.7 ppm nitrogen with total

8N = — 4.5 %o supporting the view that much of Tig'si organic material is of Martian origin.

The second event occurred during the last weekeafebhber 2012 in the skies above the Central
Provinces of Sri Lanka. Several eyewitnesses ilNitregh Central District of Polonnaruwa reported
seeing a bright yellow fireball that turned grearitdravelled across the sky at approximately @8:3
PM on December 29, 2012. The inferred NE to SWettayy was determined from numerous
eyewitness observations. The green fireball wasrteg to disintegrate with some luminescent
fragments falling towards the ground in the villagieAralagonwila (7°46'0" N and 81°10'60" E)
about 35 km south of the ancient town of Polonnaru&v number of stones were immediately
recovered from the ground in the vicinity of Arabagvila. The events were heavily covered on Sri
Lankan TV networks and included interviews with lggists from the University of Peradeniya,
Sri Lanka.

The Tissint Martian Meteorite (Olivine-Phyric Shergottite)

Five fragments of the Tissint Martian meteorite evetilised in these studies. Sample verification
was by measurement of elemental partitions detexanusing Inductively Coupled Plasma Optical
Emission Spectrometry. These quantities were tlwenpared with analogous values reported by
independent teams and found to closely accord puthlished data. Sampling heterogeneity was
investigated using optical and SEM petrographialissl on two 30pum thin sections and one
polished thick section prepared at the School athEand Ocean Sciences at Cardiff University.
This analysis revealed no significant variationlithic or mineralogic structure or composition.

Contamination screening was undertaken using 3kEW! $nvestigation prior to experimental

procedures to ensure that all components were fagdrenthe meteorite and contained no foreign

lithic, mineralogic or precipitated components.

SEM and EDAX analysis of freshly cleaved surfaceshiown to reveal the presence of several 5-
50um spherical carbonaceous structures. Thesehamaaterized as smooth immiscible spheres
with curved boundaries. Low energy (15KeV) electtmam attenuation together with 2-D x-ray
elemental mapping is then used to identify elementbilised during the attenuation process.
Analysis of EDAX spectra together with derived axicbmpositions are used to show increases in

S and Fe with stoichiometric ratios consistenhviAeS (pyrite). The detection of sulphide grains

Vii



rimmed by a layer of reduced organic carbon, prestio reported in carbonaceous chondrites,
chondritic IDPs (Rietmeijer and Mackinnon, 1985;879 and primitive chondritic meteorites
(Tagish Lake) (Nakamura et al., 2002) is discus$bd.formation mechanisms of similar structures
found in terrestrial environments, including Protyic and Ordovician sandstones in Canada
(Nardi, 1994) and hydrothermal calcite veins inbcaniferous limestones in central Ireland

(Lindgrenet al.,2011) is also considered.

The question of contamination and origin of theusres is investigated using Raman
spectroscopy. Raman spectroscopic signatures anerkto reflect a range of factors including
metamorphic grade and crystallinity. These are adtarised by a ‘disordered’ graphitic band
known as the D-band together with an associatedkfed’ band known as the G-band. Resolution
of the spectra show G-band peak parametegs(cni') = 1577 + 0.3 with associatde (cm?) =
130 + 0.1 and corresponding D-band pérk (cmi') = 1349 + 0.3 and, (cmi*) = 220 +0.7. It is
shown that the D-band intensity/G-band intensityap®eter of R1 =g /I ¢ = 0.915 + 0.038
indicates a level of graphitisation consistent vaitimparable Martian meteorites. R1Hd4 against

I'b (cm?) band parameter plots of the carbonaceous coatingsshown to imply a complex
precursor carbon inventory comparable to the pssgucarbon component of materials of known

biotic source (plants, algae, fungi, crustacearakgryotes).

Estimated peak metamorphic temperatures are themaaed using the method proposed by Huss
et al, (2006). These are shown to correlate to firdeowith chondrites from all classes on a trend
determined by a second order polynomid £0.95) PMT ¢C) = 931-5.10 ¥, x cnt + 0.0091 x
I'v? x cnf ~ 250°C suggesting a possible link with the hydrotherpeecipitation processes
responsible for the formation of similar globuldserved in hydrothermal calcite veins. It is furthe
shown that theQ ¢ (cm?), I's (cm?), Q p (cm') and I, (cm?) parameters imply a level of
crystallinity and disorder of the carbon consistefith carbonaceous material recovered from a
variety of other non-terrestrial sources, ruling contamination as an explanation for observations.
Elemental ratios of CI, N, O and S to C are showbd typical of high volatility bituminous coals
and distinctly higher than equivalent graphite deads. It is concluded that the carbonaceous
component of the structures were of biological iarignd represent a previously observed and

hypothesised affinity between aqueous organic cedna pyrite.

The potential for humic substances to influenceréux state and the complexation of arsenic (As)
thus shifting As partitioning in favour of the stuphase is then considered. SEM and EDAX are
used to identify the presence of enriched arseamigains in one polished 30pum thin section and one

polished thick section of Tissint. Once identifi@Bman spectroscopy is then utilised to constrain
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the observed mineral phases. Results identify ttesemce of a relatively rare secondary iron
arsenate-sulphate mineral named bukovskyite %,@&>"0,)(S°'0,)(OH)*7(H:0) - found in a
shock melt vein of the Tissint Martian meteoritisTis the first observation of this mineral in any

meteorite.

It is hypothesised that the mineral formed whermtigncentrations of aqueous, He(lll), SQ and
AsO, were maintained for long periods of time in miareieonments created within wet subsurface
Martian clays. It is noted that the abiotic forroatiof bukovskyite on Earth is characterised by the
presence of substantial quantities of arsenopyti@ supply the required As for mineral
crystallisation. The presence of arsenopyrite wais noted in the samples in any abundance.
However, the observation of trace bukovskyitéimlogical processes, most notably in biologically
induced mineralisation Marque al., (2006) is considered. The observation of iron raate and
arsenate-sulphates, together with trace bukovskiitderruginous bacterial accretions in acidic

mine waters in France is further considered (Labéral.,1996).

A theoretical model of the ecology of As on earharsl is then developed and discussed. This
model involves the microbial oxidation of Fe®ith concurrent release of sequestrated As. The
availability of aqueous As{s considered to have been complemented by diszolby-products

of the microbial reduction of Fe-oxides influendmddissolved organic matter.

This hypothesis is shown to be substantially sujgploby SEM analysis of a 15um spherical
structure comprising of a carbonaceous outer ogatiith an inner core of Fg$pyrite). SEM is
used to examine the interface between the pyritk aiganic coating and shown to reveal the
presence of spherical pits, and chains of pitsh wibrphologies distinct from abiotic alteration
features. The pits and channels are shown to haslastered, geometric distribution, typical of
microbial activity, and are closely comparable toldgically mediated microstructures created by
Fe- and S-oxidising microbes in the laboratory.SEhmicrostructures are interpreted as trace fossils

resulting from the attachment of bacteria to thetpysurfaces.

The role of carbonaceous coated pyrite grainses farther investigated in a wider astronomical
setting. A computer routine for calculating extioat efficiencies for composite spheres based on
the Guttler extension of the Mie formulae is uélis The optical properties of a variety of degraded
kerogenous materials together with comparable patensifor crystalline pyrite are taken from the
literature. Spectral observations of the interatethedium are then compared with the theoretical
curve derived in the model. Results show that cawemrganic carbon/pyrite grains closely adhere

to observed interstellar features and may playt@alrrole in observed extinction features.



The Polonnaruwa Stones

Eight fragments of the Polonnaruwa stones wereyaedl in these studies. Bulk chemical
compositions were determined using Inductively Ged@Plasma Optical Emission Spectrometry.
Crystalline phases were assessed using X-ray diffra techniques carried out on a Philips
PW1710 Automated Powder Diffractometer. Amorphobsge transitions were investigated by
Infrared spectroscopy using a Perkin-Elmer Spect@inspectrometer equipped with Perkin-
Elmer’s Universal Attenuated Total Reflectance (ATRIit. Petrology was investigated by optical
and SEM petrographic analysis with in situ minef@mistry determined by analytical SEM at the
School of Earth and Ocean Sciences, Cardiff Unityers

Results of studies show the Polonnaruwa stonesmpiise of a highly porous (~80-90% porosity)
Si and K-rich, Al-depleted, amorphous melt enclgsinnumber of euhedral and subhedral mineral
grains (1-10um, commonly <1um) with elongate toaerjishapes. Minerals included anorthoclase,
albite, anorthite and quartz. FTIR analysis of @ stretching vibration and H-O-H bending
vibration modes characteristic of the main IR bah@®660 cnt are shown to infer a bound,®
abundance of <0.03wt% and in line with the findimdBeran and Koeberl (1996) it is concluded
that the stones originate from hypervelocity impactl are inconsistent with glasses of volcanic

terrestrial origin.

SEM analysis is used to show the presence of defemsil microorganisms similar to acritarchs
and hystrichospheres, as well as several diatostules consistent with benthic and planktonic

pennates of epipelic and epipsammic type, covexingde range of evolutionary history.

Terrestrial contamination is ruled out on the badishree separate lines of investigation. Firstly,
gas chromatography—mass spectrometry is used to she absence of biologically relevant
organic compounds (amino acids) composed of amiNéiZ) and carboxylic acid (-COOH)
functional groups that would be expected from thesence of recently living organisms. These
include Glycine, Glutamic acid, Alanine, Valineolne and Aspartic acid that are ubiquitous to all
life on Earth. Secondly, EDAX elemental analysisi$®d to show permineralization of fossils by
comparison of elemental abundances in the bodyattezhed substrate, and the neighbouring
substrate. Finally, visual inspection of the SEMagias is used to confirm the presence of multiple
examples of biological structures embedded or fusedthe sample substrate. Further images show
structures biologically anchored to their surromgdi with numerous examples of partially
degraded and damaged diatom frustules. The regatts interpreted as evidence that the observed

biology was indigenous to the Polonnaruwa stones.



The geologic age of the stones is investigatedhgy N/C atomic ratio depletion rates of the
embedded biological structures. These were foure to 0.0064 as indicated by the 0.5% detection
limit of nitrogen by the EDAX apparatus. Thesseostare shown to be consistent with the
completion of diagenesis and comparable to coalkarogen in ancient microfossils. In particular,
these values are shown to accord well with 300{@a0anthracite (atomic N/C = ~0.007) but also
shown to fall within the range of Precambrian miossils (540 Ma to 4.6 By) where N/C atomic
ratios are reported in the range of 0.0015-0.03s&hresults were further supported by thermal
CHN elemental analysis that showed N/C atomic satmnsistent with precambrian microfossils. It

was concluded that the fossil remains date batdaat ~300 Ma.

Examination the interface between the amorphoussgdad rougher substrate phases characteristic
of biological colonisation are shown to reveal evide of microbial pitting consistent with diatom
and cyanobacteria dissolution of glass. This olsEmw demonstrates occupancy and biological
activity within the substrate over an extended qubrof time. It is concluded that the biological
microorganisms represent the late stage colonisatiaan existing substrate and are comprised of

entirely fossil remains.

The non-terrestrial origin of the stones is detaadiusing triple oxygen isotope analysis conducted
in the stable isotope laboratory at the UniversityGottingen, Germany. Results of this analysis
provide values ofA'’O = - 0.335 withs'’O = 8.978 + 0.050 and'®0 = 17.816 + 0.100. These
values are discussed and shown to be consistéamhaiit-terrestrial sources (e.g. Meta-C chondrites
such as B9704 and Y86789 - Claytnal., 1999) but fall outside comparable values for trial

rocks.

An attempt to reconcile the triple oxygen isotopsults with anthropogenic origin is discussed but
shown to be inconsistent with observations. Theyestijon that the porosity (between 80-90%) of
the Polonnaruwa stones makes them too fragile tav&uatmospheric re-entry based on current
canonical models is also considered. These motiels $ragile meteorites suffering catastrophic
fragmentation at high altitude unless the bolideespwas unusually low or is protected against
thermal shock by vigorous ablation. The effectatofiospheric entry are considered on the basis of
kinetic energy loss through deceleration and almaiin accordance with the literature (Baldwin,
1971; Bronshten, 1983; Melosh, 1989). Starting with equations of motion for an incoming
bolide (Landau and Lifshitz, 1959) it is shown thRatvival dependance critically relates to the heat

of ablation{ of the meteor body and the cross sectional aréi@eahcoming bolide.
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Applying the physical properties of the Polonnarwst@nes (i.e. high silica glass) it is shown that
when vapourised they form both the gaseous dicaiemonoxide in highly endothermic reactions

such that the heated solid dioxide softens anddariquid layer which vapourises and injects the
gaseous dioxide, the monoxide, and the oxygen timtogaseous boundary layer, thickening the
layer (Steg and Lew, 1962). It is shown that tHeatfof the above is to distance the dissociated
gaseous hypersonic boundary layer from the boliglfase decreasing the heat flux to the surface.
Results of modelling demonstrate that the Polonmarstones would certainly survive atmospheric

re-entry. These arguments are seen to be intyito@rect. The Polonnaruwa stones comprise of an
amorphous silica matrix with ~90 % porosity. Edthermal protection systems developed for the
space shuttle program comprised of a matrix ofasigjlass of ~ 94% porosity while a 10cm cube of

the material could readily be crushed in one hand.

Results of the Tissint meteorite study are intégur@s providing substantial evidence in support of
the presence of a past Martian biota. The studseen to overcome many of the criticisms of
previous work (McKayet al., 1996; 2009) that centred on possible terrestpatamination or the
shortcomings of morphological identification. Sianly, the Polonnaruwa study supports the
findings of a host of previous investigators on etemy material including Claus and Nagy (1961),
Pflug (1984), Zhmuet al.,(1997) and the more recent work of Hoover (19908 2011). As such

it is seen to provide substantial support for theyle-Wickramasinghe theory of cometary
panspermia.
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Chapter 1

Evidence for Panspermia

11 EARTH-BOUND ABIOGENESIS

After more than a century of scientific researdig greatest biological enigma of all time — the
origins of life — remains essentially unresolvedr Fmore than two millennia, and well into the mid-
19" century, the old Aristotelian doctrine of spontame generation held sway. Based on the
precept that the ordinary formation of living orgams could routinely and spontaneously arise
from inanimate matter, the theory took more tham taundred years of persistent scientific
argument to finally dislodge - Francesco Redi ir68,6Pier Antonio Micheli in 1729, John

Needham in 1745, Lazzaro Spallanzani in 1768, JoBejestley in 1803 and Charles Cagniard de
la Tour and Theodor Schwann in 1837 - (Levine anérg& 1999). Throughout this period,

systematic challenges to the prevailing doctrinet meavy resistance from observers who
interpreted such things as fleas appearing fron, doaggots from decaying flesh and even the
seasonal appearance of mice from the clay of theddi unequivocal empirical evidence in support

of the incumbent philosophy.

The matter was eventually settled by Louis Paste@859. By boiling meat broth in a swan neck
flask he demonstrated a causal link between thsepoe of microbial spores in the air and the
apparent generation of life in the culture. Theliogtions of the discovery were encapsulated in the
dictum later enunciated by PasteurOmne vivum e vive- all life from antecedent life. The
acceptance of this empirical fact however, ledhe obvious question of origin. If life always
derives from antecedent life in a causal chain, ghestion naturally arises as to when this

connection ceased.

Consideration of this problem led swiftly to thartsfer of interest from the old doctrine of
spontaneous generation to an idea first introdirtedWestern Philosophy by Aristarchus of Samos
(310-230 BC) - that of panspermia (seeds of lifergwhere). The idea quickly attracted some
influential scientific thinkers of the day. In HI871 presidential address to the British Assoaiatio
for the Advancement of Science, Lord Kelvin stdtedve must regard it as probable in the highest

degree that there are countless seed-bearing neestones moving about through space. If at the
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present instant no life existed upon this Eartte ench stone falling upon it might, by what we

blindly call natural causes, lead to it becomingezed with vegetation”.

These early ideas were later synthesised more eathgin a short paper by Nobel Laureate Svante
Arrhenius (1903), and then later in his book eadittWorlds in the Making’ (1908). Arrhenius
demonstrated by experiment the survivability ofdsesubjected to temperatures of nearly zero
degrees Kelvin, which coupled with calculationstha effects of starlight radiation pressure on
spores led him to argue that living particles cdubdsuccessfully propelled from one star system to
another. The idea attracted swift opposition, and924 Becquerel (1924) mounted an attack on
Arrhenius’ views based on the perceived damageeacti/ation of bacteria that would inevitably
result from the action of ultraviolet radiation. & httack was widely accepted and has been used as

a one-line disproof of the concepts of panspernaaynimes since.

We know now, of course, that the strident claimsBefcquerel were wrong. From the 1940s
onwards the emerging science of microbiology begamveal a world of microorganisms capable
of withstanding extremes of temperature and presssr well as extraordinarily high doses of
ultraviolet and ionising radiation. Froimyperthermophileghat thrive in high-temperature, high-
pressure oceanic thermal ventsQieinococcus radioduranthat repair radiation damaged DNA
through single-stranded annealing and homologocsnmbination, research consistently revealed

that some microorganisms were surprisingly spacdyha

Later work by Dombrowski (1963) demonstrated thaility of a strain of spore forming bacteria
(similar to bacillius circulan3 trapped in Permian age (254-271 Mya) NaCl salstats. Hoover
and Pikuta (2012) extended this time frame by redog viable spore forming bacteria from the
interior of Sylvite and Halite crystals of age ~03hillion years. Nonetheless, the effect of
Bacquerel's intervention at the time was to diaténtion from the theory of panspermia and open
the way for the acceptance of a newly reformulatecsion of the old doctrine of spontaneous

generation called the ‘primordial soup’ theory.

The ideas behind the ‘Primordial Soup’ theory wiarenally consolidated in the late 1920s when it
was first proposed by Oparin (1953) and Haldan@2%)19Here, the primitive Earth atmosphere
comprised of a reducing mixture of methane, hydnpgenmonia and other compounds. The energy
to dissociate these molecules was provided by siti@violet and lightening, and the radicals thus
formed recombined through a cascade of chemicaliozes to produce biochemical monomers

such as amino acids, sugars and nucleotide basasahich life subsequently arose.
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Within decades of the emergence of the “Primor@alp” theory the viability of the Oparin-
Haldane chemistry was illustrated with the groungking experiments of Miller and Urey (1959).
Simple organic compounds were successfully syrdbdsin an experiment that replicated the
presumed conditions of primordial Earth; a gaseosture of CH, NHs; H, and HO was
circulated in a flask, subjected to electric disgea and the mixture continuously filtered for high
molecular weight compounds. Trace quantities oflogically relevant organics were detected
(glycine, alaninep-aminobutyric acid and others). Similar experimewere repeated by others
who altered the source of energy that initiated rhigture into free radicals thus altering the
propagation mechanisms and subsequently the pmsodeaetiing to a whole host of relevant

molecules such as adenine, ribose and deoxyribose.

The success of the Miller-Urey experiments oridinkdd to the conviction that it was only a matter
of time before the next step from biochemical moamnto life could be demonstrated in the
laboratory. Despite over half a century of contohedfort however, this goal has proven stubbornly
elusive, and it is now generally accepted thatgat from chemicals to self-replicating biology
must progress through a sequence of organisatgieps of ever-increasing complexity. By the
early 1960s, gaining insight into the likely proses affecting the first of these steps becamela hig

priority for biologists.

Early work by Bernal (1951) had already considete prebiotic replication of complex organic
molecules on mineral surfaces. The catalytic agtiof such mineral complexes had been utilised
for some time in the petrochemical industry, buthey late 1950s, its potential importance in nature
attracted increasing interest. Bernal's attentiad heen drawn to clay minerals and particularly to
the smectite and montmorillonite type of expandgigy minerals that permit intercalation of
exchangeable cations and polar molecules as ipggdaforming an integral part of the crystal
structure. Extensive work then followed that dentitied the efficiency with which clay mineral
surfaces lower the activation energy for reactietwleen organic molecules and in 1966 Cairns-
Smith (1966) proposed the “Clay World” hypothesigalving an inorganic clay system serving as

a primitive informational template.

A number of alternative mechanisms for the traositof organic molecules have since been
proposed. All of these contain a complex chemiatiide as the first template in the progression to
life such as the "RNA-World Hypothesis” (Woese (IB6Gilbert (1986)). Here, nucleotides

polymerise into random RNA molecules that leadutwaomously self-replicating macromolecules

(ribozymes) without the need for an intermediargyene (Orgel, 1968 and Crick, 1968).
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Similar mechanisms such as the “PAH-World Hypotsiesuggest that layers of complex poly
aromatic hydrocarbons (PAH’s) form the lattice stame. This hypothesis is of interest to
discussions on mechanism because of the identisi@nde between layers of PAH’s and nucleic
acids within RNA (0.34nm) (S.N Platts, 2005). Otkentenders of prebiotic development include
the “Iron-sulphur World” (Wachterchauser, 1990) ahd “PNA (Peptide Nucleic Acid) World”
(Bohler et al, 1995). The progression from thesterinediate systems to protogene systems
possessing prescriptive information for evolutiand finally to DNA-protein-based cellular life

however, remain to this day in the realm of spdmneor hypothesis.

At about the time the “Clay World” hypothesis wastfattracting interest however, a contribution
to the enigma of the origins of life was to comenfrastronomers who had been working for over
three decades on the high priority problem of aamnsing the composition of cosmic dust particles.
These particles occupy the immense voids betweerstirs of the Milky Way, and appear as a
dense cosmic fog capable of obscuring the lighttisthnt stars. Of interest to astronomers was that
the physical and chemical characteristics of th& duains in these clouds appeared to be roughly
the same irrespective of the direction they wergeoked. Of further interest was that the total mass
of interstellar dust in the galaxy required neallythe available C, N and O in interstellar spaxe

be condensed in the grains, and was about thres tioo large for the grains to peedominantly

composed of the next commonest elements Mg and Si.

1.2 INTERSTELLAR GRAINS

During the early 1960s the prevailing theory oriigtellar grains was that they comprised of dirty
ice particles that had nucleated and grown in #mudus clouds of interstellar space. The first
reliable signs that this was incorrect came wite gmoposition that graphite grains were being
formed in the atmospheres of carbon stars (HoyteVditkramasinghe, 1962). This led scientists to
search for a grain model that agreed with availadeote sensing data. Initial research centred on
the absorption and scattering properties of the tthas resulted in the extinction of light from ita
and the subsequent re-emission of the absorbedtiadiin the infrared. At the time (and until
1965) reliable data on the extinction of starligitcosmic grains was constrained to the %25 <

2.9 um wavelength range, and appeared to be comprisedoo$traight line segments intersecting
atA™ = 2.3um, with the near ultraviolet contribution havingoaiba 30 percent lower gradient than

that at the longer wavelength (Nandy 1964).

This observation was consistent with the hypothekisbsorption by graphite or graphite core-ice

mantle grains (Nandy and Wickramasinghe, 1965)al#dut this time, the further discovery of an
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extinction feature at 2200 A (Stecher, 1965) that broadly matched ptiedis for small spherical
graphite particles led to the conclusion that casgnains were both refractory and carbonaceous
and the prevailing paradigm was that the dust largemprised of either graphite, composite core-

mantle grains of graphite and water-ice (or predamily water ice).

During the years that followed, a number of obséons were made that somewhat disrupted this
thinking. Despite considerable effort, a significabsorption feature near grh for crystalline ice

of in excess of 30,000 chn(Bertieet al, 1969) was in wild disagreement with observatiataa
and in many cases suggested a mass fraction aardnof water ice grains of no more than about
1 part in 700.

Furthermore, the advent of observations in theanefil led to the discovery of a 16n spectral

feature in the Trapezium Nebula that was more stersi (though only approximately) with the
spectral characteristics of silicates. Initial engs focused on a graphite-silicate grain mixture
(Hoyle and Wickramasinghe, 1969) though the amairgilicate required to produce observed

spectral features contradicted, by orders of magdeitcosmic ray abundance data.
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Figure 1.1 Shows the observed flux from the Trapezium NeljbEtarestet al.,1975a, b) compared to
(left panel) the behaviour of a silicate sample pasing of moon rock heated to Rsand (right panel)
the behaviour of biological grains at a temperatfré75K. Normalisation of the curve is to F = 6 x 10
%W cmi? st ath = 9.5um (Hoyleet al., 1982).
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Over time, details of the interstellar extinctiamee improved in accuracy while the fith spectral
feature, observed in a number of astronomical ssrdefied explanation by silicate materials

alone.

This situation did not improve with time. Astronarai data was gathered for a wide range of
wavelengths, from 3@um in the infrared, through the near infrared amslblé spectrum, and on

into the ultraviolet. As new data steadily accurteda grain composition models that fitted one
aspect of the data were readily shown to be inradidtion of other aspects. It soon became
apparent that the problem of constraining the caitipm of cosmic dust was proving to be
remarkably intractable. However, in 1974 anothassl of materials comprising of the four
commonest elements of carbon, nitrogen, oxygen lgmfogen were recognised as a potential

alternative — namely organic materials (Wickramgise 1974).

Initial investigations into the possible role of lyoeric type organics were immediately

encouraging. Previous comparisons of the obserkeddf the Trapezium Nebula with silicate

grains were greatly improved with comparative peedns for a polyformaldehyde grain model

(Wickramasinghe, 1974), and still further improvied using the properties of polysaccharides
(Hoyle and Wickramasinghe, 1977).
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Figure 1.2 (Left panel) shows the visual extinction of sgili normalized toAm = 0.409 af.™® = 1.62
pum? and Am = 0.726 at* = 1.94pm™ (Nandy, 1964) together with the calculated extinrcicurve
utilising classical Mie theory for hollow bacterigtains comprised of organic material with refraeti
index n = 1.4 with 60% vacuum cavity caused by the remofdree water. The size distribution of
terrestrial spore-forming bacteria as given in thistogram in the right panel is used for grain
distribution sizes.
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It further transpired that a large class of aromatblecules, (e.g. quinoline and quinozoline) also
exhibited a broad absorption feature centred2200 A that for the previous decade had been
attributed to graphite. Furthermore, the spectrseskral infrared sources associated with molecular
clouds indicated the presence of a possible ahienrfgature near 3.4m. These included the BN
Nebular (Gillett and Forrest, 1973), CRL 2591 (Meand Soifer, 1974), NGC 2264IR and CRL
490 (Merrill, Russell and Soifer, 1976), OH 01-4®¥ickramasinghe and Allen, 1980) and the
galactic centre source IRS 7 (Soifer, Russell ardrifi 1976; Wickramasinghe and Allen, 1980;
Allen and Wickramasinghe, 1981).

The spectrum of GC-IRS7 was of particular intetesstause this source revealed a highly detailed
absorption profile extending over the wavelengthice 2.9< A < 3.8 um that was indicative of
combined CH, OH and NH stretching modes. Previaggeastions concerning the nature of the
material included carbonaceous compounds (Knac®é7)l a polysaccharide model (Hoyle and
Wickramasinghe, 1977) as well as various chemigattional groups bound at reactive sites on

carbon grains (Duley and Williams, 1981).

In 1982 Hoyle and Wickramasinghe extended theirenlaions of the Trapezium Nebular to
include an analysis of the GC-IRS7 spectrum. By manimg a laboratory acquired spectra of the
desiccated bacteriutd. Colithey used a simple modeling procedure to demorsamaexceedingly
close point-by-point match to astronomical datarothe entire GC-IRS7 2.& A < 4.0 um
waveband (figure 1.3) (Hoylet al, 1982). This led them to conclude that a largetioa of
interstellar dust was spectroscopically indistispable from freeze-dried bacterial material (in

combination with their degradation products).

At about the same time, two scientists with NASAd@ard Space Flight Centre had been
attempting to synthesise organic residues with dantiinfrared signatures near the gm and 9.9
pm absorption wavelengths in accordance with thoserwed in GC-IRS7 and OH 01-477 (Moore
and Donn, 1982). Here a gaseous mixture +NH;+CH, was deposited onto a low temperature
(20K) aluminium mirror to form a filmx 5 um thick and the ice irradiated with 1 MeV protofke
total amount of energy absorbed was estimated gxbavalent to that absorbed by the outer layers
of a comet in the Oort cloud in ~210° yr. The infrared spectrum of the residue for 26< 15

pm was then measured.

Moore and Dunn reported close adherence to thenaabénterstellar absorption feature in the 3.4
pm region. By way of anote added in proothey further maintained that the spectrum of the

laboratory-synthesised residue matched closelydh& Coli and that since these were the input
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parameters utilised in the Hoyl al., (1982) theoretical model, it followed that thebiatically
generated residue would similarly match, and ak swas a much more plausible candidate for the

3.4 um absorption feature than dried microorganisms.

This observation however, did not stand up to dbjecscrutiny. By photographically enlarging
Moore and Dunn’s key figure to a scale sufficiembbtain transmittance values to one and a half
decimal accuracy, Hoyle and Wickramasinghe (198#)mared the spectra for laboratory measured
E.Coli with that of the laboratory-synthesised residugosFantial variance between the spectra was
apparent, calling into doubt the validity of Moased Dunn’s statement. Subsequent claims by
Kroto (1983), suggesting that an acyclic sesquetieepalcohol named Farnesol exhibited spectra
similar toE. Coliwere similarly examined and shown to be inaccujidts/le and Wickramasinghe,
1984).
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Figure 1.3The observed flux from GC IRS7 shown as dots frdlemAand Wickramasinghe (1981) for
the spectral range 29\ < 3.8um and from Willneret al., (1979) for the 3. A < 13 um range. The
solid line is the calculated flux of dried diatoreaas organisms (Hoykt al.,1982).
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Figure 1.4 (Upper left) shows infrared spectrum of the labomatresidue of Moore and Donn, (1982)

compared to the spectrum of IRS 7 for 2 < 15um. (Upper right) shows similar comparison for OH

01-477 for wavelength region 3.23A < 3.70pum (Moore and Donn, 1982). Bottom left panel shows
comparison of observed reflective flux from GC IR&mpared to predictions for bacterial model
(Hoyle et al., 1982). Bottom right panel shows a comparison betwthe transmittances measured for
E.coli (Solid curve) Moore and Donn sample B (dasberve) and Farnesol (dot-dash curve) normalised
to correspond at minima of 3dn (Hoyle and Wickramasinghe, 1984).

After many decades of enquiries into the compasitid interstellar dust, attention inevitably

returned to the possibility that life had a cosmi@in. Such considerations had previously been

entertained on purely probabilistic grounds, wheegly calculations suggested astronomically

small a priori Earth-bound probabilities for randomly obtainidg trequired set of enzymes for

even the simplest living cell. These alone suggesitat Earth as life’'s place of origin could be

safely ruled out and was more clearly rooted ingpatially and temporally vaster expanse of the

universe. These early arguments have persisted hand now been more comprehensively

augmented by Abel and Trevors (2006) and Abel (208% suggest that within the framework of

Big-Bang type cosmologies, naturalistic protogesrenfition faces almost insuperable difficulties.
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13 COMETARY PANSPERMIA

Until the early 1980s, previous attempts to devdlop fundamentally philosophical concept of
panspermia into an entirely coherent scientificdthipsis had been largely unsuccessful. Arrhenius
had argued that electromagnetic effects lifteddréatcells from the gravitational potential wetis
their planets and dispersed them through spacédyadiation pressure of stars. For sub-micron
sized particles, he demonstrated that the radigtiessure could be substantial, and that particles
could attain speeds of ~100 km/s, thereby travgrdia distances between interstellar gas clouds in
~100,000 years. A number of difficulties arose wifits model however, not least the requirement
for expelled grains to overcome the radiation pres®f encountered stars, and in the end even
Arrhenius had to admit that the available mechasifmdefeating this problem alone would render

the transfer of living material by interstellar gpermia at best a rare event.

However, while the potential for bacteria to suevithe harsh conditions of space had been
repeatedly demonstrated, the immense power of fi@ateplication also began to bear on viability
arguments. Given appropriate conditions, a singlgdysium with a doubling time of two to three
hours would generate a population of“&fspring in four days occupying a total volumeaofew
cubic centimetres. Four days later, that volumeldiincrease to the size of a small swimming pool
and just four days after that to the size of thalitéeranean Sea. Given an appropriate supply of
nutrients, it would take just sixteen days forragke bacterium to grow to a mass comparable to that
of a molecular cloud like the Orion Nebula (HoyleaNickramasinghe, 1999). Nonetheless, it was
recognised that bacteria continually exposed tavilllet and ionising radiation in the open regions
of interstellar space would inevitably be subjectiegradation and eventual destruction culminating
in the release of free organic molecules and palgmEhe hypothesis that interstellar space was
populated with a significant fraction of viable b&x@al cells was accompanied by an inevitable

component of decay within the model itself.

The link between the formation of comets from istellar dust, the suitability of their physical
composition as potential incubators of microbitd,liand their dynamical behaviour as subsequent
distributors of that life remains at the heart bé ttheory of cometary panspermia. The sheer
numbers of comets more than compensates for thparant inconsequentiality when considered in
isolation. The present-day Oort cloud contains sa@@ billion individual comets and their total
mass is comparable to the combined masses of theglanets Uranus and Neptune (3¢ With
about 1" dwarf stars in the galaxy, the total mass of canyetnatter is somewhere in the order of

~10%g, close to the mass of all interstellar grains.

10
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The theory of cometary panspermia proposes thetsiallar matter contains a minute quantity of
viable biological material distributed by a prevéageneration of comets. As new star systems form,
comets condense, first in the cooler outer regim®)lting in the assimilation of a small quantfy
these viable microorganisms. Radiogenic heatingntaiis a warm liquid interior within the comet
for the large part of a million years, providingegdate time for the surviving fraction of interktel
microbes to replicate and fill a substantial volufreetion of the comet. As a stellar or planetary
system develops, collisions between cometary bodbsslt in the expulsion of a fraction of
regenerated bacteria back into interstellar spacaintaining a density distribution of fresh
biological particles. A fraction of comets wouldsalbe deflected into the inner regions of the
system and would release quantities of bacteria tawrying microorganisms to the inner planets.
As new stars and star systems form, the whole gyaiinues, thus producing and distributing an

on-going supply of biologically viable entities.

The theory of cometary panspermia predicts a caulsah that falls within the scope of modern
scientific observations, and as such, should betively easy to establish or disprove. Firstly, if
comets do indeed serve as incubators of biologn ihfollows that a significant component of
their total mass fraction would comprise of organiand that some element of this organic
component would be expelled into the surroundingcsep This implies thatometary grains are
organic in nature. Secondly, the large-scale distributdérsuch a component into the interstellar
medium would imply that a proportion of interstelthust particles are either biological, or comprise
of the degradation products of biology resultingnirlong periods of radiation exposure and the
inevitable break-up of high molecular weight orgamholecules. This would mean that a
component ofinterstellar dust particles are organic in natur@hirdly, the continuing input of
cosmic material to Earth implies thaanspermia is an ongoing processontinually adding
biological and organic material to the Earth’s gstsm. Fourthly, the presence of large-scale
reservoirs of organic material in interstellar ddstm which planetary systems are subsequently
formed, implies the widespread distribution of bgp} within our own neighbouring solar system

bodies, the presence of which would be includedéteoritic material accumulated on the surface.

1.4 THE ORGANIC NATURE OF COMETARY GRAINS

At the time the theory of cometary panspermia was proposed, cometary grains were believed to
largely comprise of silicates and water-ice. Thaswvin sharp contrast to the implications directly
arising from the theory itself. The first confirn@at of a cometary dust composition similar to

organics came with the detection of a Bush emission feature in the dust from comet Halley

(Wickramasinghe and Allen, 1986). This was latanfitmed by independent observations (Danks

11
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et al, 1986; Knacket al, 1986; Basst al, 1986; Tokunagat al, 1987) though quantitative
comparisons of the entire data set was difficue o differences in telescope aperture size and

spectral quality (Wickramasingtet al., 1987).

These observations however, did demonstrate carerin the detection of a broad emission
feature over the wavelength interval 3.28. < 3.6 um. Features in the 3.28 A < 3.3um
waveband region were normally associated with ti¢ &omatic bond while features in the 2.4

< 3.6 um waveband were known to be characteristic of dog@olids with further specific
absorptions and emissions at 3186 normally attributed to the aliphatic bonds (CiHl)saturated

hydrocarbons.

Predictions for a biological model involvirig Coli heated to 320K for the wavelength 28 < 4

pm showed close adherence with the observed datawhilst there was no dispute as to the
generalconclusion that these must originate from the qugmtion of functional groups involving
CH, it was argued that the fit, in itself, was aainique indicator of the presence of bacteriaak
hoped however, that the matter would be settledhieydirect analysis of comet dust that was
carried out on board the Giotto spacecraft. Hewst garticles from comet Halley impacted an on-

board mass spectrometer at speeds of ~30 km/se{kisd Krueger, 1987).
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Figure 1.50bservational data for dust from Comet Halley (Wéckasinghe and Allen, 1986) compared
to predictions for (left panel) abiotic and (rigignel) biological model involving.Coli heated to 320K.
(Wickramasinghe, 2002).
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Analysis of the masses of break-up products shoavéatge fraction of the grains to be organic
“CHON" particles with compositions that includedntpchain hydrocarbons and nitrogenated

polyaromatic molecules.

Though these molecular structures were fully caestswith the break-up of bacterial cells, this
was initially rejected because the break-up mdtelic not show evidence of the biologically
important element phosphorus. However, it was duiakgued that the molecular ion-mass spectra
of Kissel and Krueger (1987) did indicate plausibtambinations of P with other elements. The
break-up of phosphorus groups (as in DNA) could! lea possible mass peaks corresponding to
PG;" (79), PQ" (63) or PO (47) rather than 'P(31). The further claim that mass peaks
corresponding to two other biologically significaéments Na and K were too low for biology was
also challenged. Although cultures of freeze-duedetative bacteria may be ~100 times richer in
Na and K, it was argued not to be the case forienitstarved bacteria nor for spores (Hoyle and
Wickramasinghe, 1993).

Since the exploration of comet Halley, new infrasggectra of cometary dust has consistently
shown close adherence with predictions for an ocgaiological grain model. Furthermore,
growing evidence that the composition of cometargtds very similar to that of interstellar dust

has also been mounting.

Spectral features near 19, 24, 28 and 34 um olbévéhe ISO (Infrared Space Observatory) have
been attributed to hydrated silicates in a numibgratoplanetary disks as well as in comet Hale-
Bopp (Matsuoka et al., 2011; Crovisier et al., )99@ both cases, it has been shown that the
contribution of hydrated silicates (establishedhfrihve principal infrared bands) can only make up a
few percent of the mass of the dust, the remaibdarg largely organic (Wickramasinghe, 1967).

This is consistent with the observed infrared ftuxve of comet Hale-Bopp, obtained by Crovisier

et al., (1997) when the comet was at a heliocedtsiance of 2.9 AU.

The dashed curve in Figure 1.5 shows predictiona foixed culture of microorganisms containing
about 20% by mass in the form of diatoms. The mhigher mass absorption coefficient within the
absorption bands of olivine dust contributes 10%ntmss in this model. Similarly, thetardust

mission to comet Wild 2 launched in 1999 capturadtdrom the tail of the comet in blocks of

aerogel.
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Figure 1.6 Spectral profile of the emission feature in coni¥tdalley, Willson 1987 VII, Bradfield 1987
XXIX, Okazaki-Levy-Rudenko 1989 and Borsen-Metcéffrooke et al., 1991) for the wavelength
interval 3.1< X < 3.7um. In each case the continuum was subtracted angdimts normalised. Solid
curves represent proposed models involving batignéns (Festoet al.,1993).
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Figure 1.7 Showsthe infrared radiation from Comet Hale-Bopp at dduelntric distance of 2.9 AU as
observed by Crovisier et al. (1997) (solid linepather with (dashed curve) normalized spectrum
calculated for a mixture of a bioculture, contagniabout 20% by mass in the form of diatoms, and
olivine dust. The olivine is assumed to have a &napire of 175 K and the bioculture a temperatidire o
200 K corresponding to a mass fraction of about di¥tne (Hoyle and Wickramasinghe, 1999).

Unfortunately, the mission and experiments werarnza in the decade that preceded the launch at
a time when cometary microorganisms were entirdgmissed as a reasonable possibility.
Consequently, the procedures utilised for particiection would not have allowed the survival of
intact cells with particles impacting the aerogeh@ initial speed of ~6km/s and excavating a track

along which break-up debris was deposited.

Subsequent analysis showed that along the traekdearange of organic molecules including the
amino acid glycine was discovered. The presendetdroaromatic molecules rich in N and O is a
plausible indicator of degraded biomaterial, bigldgeing particularly rich in such structures.
Further evidence of fragments with atomic masssugiteater than 2000, consistent with the
presence of pyrrole, furan sub-structures and gemmiwere also found. The subsequBeep

Impact mission to comet Temple 1 involving a high speagdct that crashed and ruptured the
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comet’s surface similarly found evidence of wated @ range of organics as well as, for the first

time, clay patrticles.
15 THE ORGANIC NATURE OF COSMIC GRAINS
From the 1990s onwards a range of high resolutiraried spectra were obtained from a variety of

astronomical sources, and interest again returméget broad emission feature over the wavelength
3.28<A<3.6pum.

[
@)
@]
Qo
a w
O
o,
=
(9]
=
@
(o]
».
= |
[{=]
2
b S
=1
=
=
T,
c 2
D
«Q
[a5)
o
)
d o
2
e
|

3.0 2.2 3.4 3.6 3.8 3.0 3.2 3.4 3.6 3.8
Wavelength (um) Wavelength (um)

Figure 1.8 (Left Panel)Normalised absorption profiles for the five galadtifrared sources GC IRS 6E,
IRAS 05341, IRAS 04296, CRL 2688 and NGC 2023 far tvavelength interval 3.8 A < 3.8 um.
(Right Panel) Spectra of coals of varying degreedegradation (a) being the closest to desiccated
bacteria. The various spectra for coal are clasetdi the observed absorption profiles for the sdve
galactic infrared sources.
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Several spectroscopic observations taken from GE6R, IRAS 05341, IRAS 04296, CRL 2688
and NGC 2023 showed coincidence with similar spscwpic observations made of comets
P/Halley, Wilson, OLR, Bradfield and P/Brorsen-Madfqsee Figure 1.6).

However, unlike the spectroscopic observationshefgeveral comets examined that demonstrated
some degree of concurrence in the absorption featiiose of distant infrared sources exhibited a
degree of variation. These features were quickdyiified as being indicative of the degradation of
biology, with coals of increasing biodegradationviding excellent fits to all sources. Figure 1.8
shows infrared sources over the 3.0 < 3.8 um wavelength region together with corresponding

spectra for increasingly degraded coals.

By the late 1990s attention turned to the extendsb emission (ERE) of interstellar dust that
showed up as a broad fluorescence emission bandlweangé.5000A —17500A. Of particular
interest was that EREs were observed in dark nebattila, 1979), planetary nebulae (Furton
and Witt, 1992), HIl regions (Sivan and Perrin, 39%nd in extragalactic systems (Perrin, Darbon
and Sivan, 1995; Darbon, Perrin and Sivan, 1998wabk as in high latitude cirrus clouds
(Szomouru and Guhathakurta, 1998).

Here, an optical spectroscopic survey was fouriddinde a broad peak 26000A consistent with

PAH type organic grains. Competing models base@mission by compact PAH systems were
generally unsatisfactory. Hexa-peri-benzocoronenene of a class of compact polyaromatic
hydrocarbons was discussed extensively in the ramtmal literature but it displayed an

inconsistent match in terms of the width and céntaaselength of its fluorescent emission. Hoyle
and Wickramasinghe (1996) and Wickramasinghal (2002) argued that it was unlikely that these
would be forming in the very low density - high raibn intensity conditions, and suggested
instead that the feature may represent infallingn@rdial planets, breaking up and releasing
organic compounds. This phenomenon was a selfstem$i explanation on the basis of
fluorescence of biological chromophores (pigmenésy. chloroplasts and phytochrome. Figure
1.10 shows the normalised excess flux over scafferontinua from Furton and Witt (1992) and
Perrin et al., (1995) together with the fluorescence spectrumhexa-peri-benzocoronene and

relative fluorescence intensity of spinach chloasps at a temperature of 77K.
During the same period it was also observed tHedred emissions of the Antennae galaxies some

63 million light years away were found to match taeoratory spectrum of anthracite (Guill@s

al., 1999), this being a product of biological (baet@rdegradation. Later, Caltaldo, Keheyan and
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Heyman (2002) demonstrated that aromatic distdlaie petroleum, another biological product,
exhibited correspondences with the astronomicélisif infrared bands (DIBs) as well as #2475

A ultraviolet extinction feature. By the turn ofetimillennia, thé.2175A band feature had also been
identified in the lens galaxy of the gravitatiofeths SBS0909+532 which has a redshifz 6f0.86
—some 7 to 9 billion light years away (Moégal.,2002).

Normalised extinction excess

0 1 1
4 5 6

Wavelength 1/ (um™") Wavelength 1/A (um=")

Figure 1.9(Left Panel) Observations for the galaxy SBS09@B2 (Mottaet al.,2002). Dots represent
total extinction from which an underlying bactesahttering component has been subtracted. So&d li
is the normalised absorption coefficient of an emde of 115 biological aromatic molecules
(Wickramasinghe 2010). Right Panel - same, bubiorgalaxy.

Bituminous  Anthracite

UIBs PPNe Algae Grasses

coal coal
3.2 3.2 3.8 - 3.8 3.8
- 34 3.4 3.4 3.4 3.4
6.2 6.2 6.C 6.1 6.2 6.2
- 6.S 6.€ 6.€ 6.€ 6.€
- 7.2 7.2 7.2 7.2 7.2
7.7 7.7 - 7.€ - -
- 8.C 8.C 8.C - -
8.€ 8.€ 8.€ - - -
11.2 11.2 11.2 11.1 11.t 11.2
- 12.2 12.1 12.0¢ 12.2 12.t
- 13.2 - - - 13.2

Table 1.1.Distribution of central wavelengths (micron) of aligion bands in astronomical sources
(UIB and PPNe) and in laboratory samples derivethfbiolmaterial (Rauf and Wickramasinghe, 2010)
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Figure 1.10 (Upper points) show normalised excess flux ovettedng continua (Furton and Witt,
1992; Perriret al, 1995) (Lower) the fluorescence spectrum of headbenzocoronene (right) shows
the relative fluorescence intensity of spinach aiptasts at a temperature of 77K (solid line) witile
dashed curve shows the relative fluorescence ityestsphytochrome.

Comparison of the data points and the theoretigalecfor biological aromatics showed a realistic
explanation of an absorption feature in a galaxated at a redshift of z = 0.83. This was an epoch
when the universe was nearly half its present sedfigure 1.9 shows tHe=2175A absorption
feature associated with SBS0909+532 (Mettal., 2002) together with the normalised absorption

coefficient of an ensemble of 115 biological ardmatolecules.
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Figure 1.10alSO SWSO01 spectra of the young PN IRAS 21282+50%0Dthe PPN IRAS 07134+1005,
showing various aromatic C—H and C—C stretchinglsmdling modes at 3.3, 6.2, 7.7, 8.6, and {fn3
Figure from Kwok (2009).

By the turn of the millennia, further infrared esitn studies of ISO SWSO01 spectra of the young
Planetary Nebula IRAS 21282+5050 and the ProtopdapeNebula IRAS 07134+1005 (Kwok,
2009) show the distribution of unidentified infrdréands (UIBs) between 3.3 um and 22 pm
comparable to major IR absorption bands in laboyateodels of organic terrestrial origin (Rauf

and Wickramasinghe, 2010a).

Though these nebular are specific in source, mestnt studies of UIBs for a large number of
galactic and extragalactic sources obtained udiagSpitzer Space Telescope (Snathal., 2007)
show a 3.3 um to 22 um range distribution thatingoat identical in wavelengths from differing

emission sources and that is broadly independesnnbient conditions.
Whilst inorganically formed PAHs remain the favadinmodel for the UIBs, no truly satisfactory

agreement with available astronomical data has fdmubeen shown for abiotic PAHs (Hoyle and

Wickramasinghe, 1991). This is a particularly sesigproblem since it is the starlight energy
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absorbed in the ultraviolet band that is re-emitiedJIBs in the infrared, meaning that the set of

UIB emitters and the 2175 A absorbers need by ségds be one and the same.

1.6 ONGOING PANSPERMIA

The continuing input of cometary material to Eanths first investigated in the 1970s by D.E.
Brownlee and his colleagues (Brownlee, 1978). Heigh velocity IDPs were recovered from the
stratosphere using U2 aircraft flown at high aftéuthat passed large quantities of lower
stratospheric aerosols over adhesive mediums. D&swere generally in the form of highly
porous, fluffy aggregates of siliceous dust werenthdiligently separated from terrestrial

contaminants.

Analysis of the IDPs revealed evidence of a rarfgeeavy organic molecules of complexity and
diversity approaching those recently reported i@ Burchison meteorite (Clemegt al,1993).

Furthermore, a number of micron-sized carbonacesbustures were also identified within the
recovered particles with morphologies strikinglyngar to known microorganisms. Figure 1.11
shows a micron-sized carbonaceous structure reed\fesm one of Brownlee’s particles compared

to an iron-oxidizing microorganism found in the @um cherts of Northern Minnesota.

Nonetheless, it was generally acknowledged thairibthods utilised in this study suffered from the
obvious problem of terrestrial contamination aslvesl breakage of fragile particles striking the
collecting medium at ~200 ni'sHowever, recovery of high velocity IDPs from thatosphere
persisted as a viable field of enquiry becauseBaghs tenuous air at ~100 km gradually slows
down particles of size < 10@m while still smaller ones (< 2m) are only moderately heated
given favourable density and entry zenith angle u{€mn and Wickramasinghe, 2003).
Consequently, such particles would lose volatilgsrbtain more complex organics taking weeks to

months to descend below the stratosphere.

The early experiments of Brownlee were repeatednduthe 1990s onwards, this time using
sterilized cryogenically cooled pumps lofted inbe tstratosphere on balloons. Early flights reached
heights of ~30 km while subsequent flights attaitesights of 40-45 km (Lakt al., 1996).
Particulate matter was extracted by passing thepoessed stratospheric air through sterilised
micropore filters. In January 2001 pristine comgtduist was aseptically collected using cryoprobes
at heights of 41km (Harrist al.,2002; Narlikaret al.,2003; Wainwrightet al., 2004). Analysis of
the recovered material showed a range of pristartbonaceous cometary dust particles bearing

morphologies similar to bacterial fossils. In peutar, morphological similarities to cocoidal and
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Figure 1.11. An organic particle in a Brownlee clump (left pgneompared to a terrestrial bacterial
fossil found in the Gunflint cherts of Northern Misota (Hoylet al., 1985)

rod-shaped bacteria were noted by several invéstgyéHarriset al, 2002; Wainwrighet al, 2008;
Rauf et al, 2010a). In a few instances eviderafefimbrae and biofilm appeared to corroborate a
biological interpretation, and in all cases EDAXalses showed high C abundances (Wadltsal.,
2006; Wainwrightt al, 2008).

A number of examples of acritarchs were also idiextiwithin the IDP collection (Walligt al.
2002; Miyake, 2009)Acritarchs are organic-walled microfossils foundtémrestrial sedimentary
rocks and represent the remains of archaea, tmctedukaryotes. They possess diverse shapes and
forms and have been identified in pre-Cambrianrsedis dating from 3.2 Bya as well as being
present in sediments of more recent times. Figur2 ¢hows a selection of SEM images exhibiting
diverse structures and coatings including a peatiicrobial fossil, two spherical IDPs resembling
the Orgueil acritarchs (Wallist al.,2002) and a possible acritarch showing a toratiall similar

to that found in Tagish Lake (Raeff al.,2010b).

Further investigations pointed to the possible gmes of viable microorganisms in the samples.
Figure 1.13 shows a confocal microscope image ofump of cocci from the 2001 collection
flourescing under the application of a carbocyartye that detects DNA molecules (Hareisal,
2002) indicating the presence of viable but noturable microorganism. The height of 41 km from
which the collections were made is arguably todHigy lofting a 1@m sized clump of bacteria
from the surface leading to the conclusion that streictures encountered clearly represented

infalling cometary dust.
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Figure 1.12.(Upper left) Putative microbial fossil in stratbepic aerosols (Harrist al.,2002). (Upper
right and lower left) Spherical IDPs resembling ®egueil acritarchs (Walligt al., 2002) on 0.4%um
micropore cellulose acetate filter with gold cogtinmage by Philips XL-20 scanning electron
microscope. (Bottom right) Possible acritarch simgwtoroidal shell similar to that found in Tagish
Lake (Raufet al.,2010)

These experiments were again repeated in 2013 wibatioon borne stratospheric sampling device
was launched from Chester, NW England on 11 JuldZBVainwrightet al.,2013a). The sampling
drawer was opened for 17 minutes during the adeetteen 22,026m to 27,008m after which it
returned to Earth undamaged and intact by paracRuevious control flights confirmed that the
particles recovered had been aseptically collectedny of which were shown to have an
undeniably biological origin when examined undescanning electron microscope. Further large
particles, including one of size ~3@dn included seemingly biological filaments embedidethe
mineral surface. Of further interest was the recpwé an inorganic particle-mass of approximately
60 um width.
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Figure 1.13 (Upper left) shows a clump of individual siliceofibres while (upper right) shows a large
(3 um diameter by 2Qum long) fibre with a smaller fibre attached. (Bottdeft) shows a clump of
putative cells fluorescing under confocal microscafter application with carbocyanine dye. (Bottom
right) shows 0.um microfiber membrane stained with nucleic acid slyewing fluorescence.

Examination of this particle revealed the presesfcan embedded diatom frustule fragment, with
characteristic regularly spaced non-rounded holes fibulae. This fragment differed from a
previously recovered frustule in that it was nofreely existing particle and Wainwriglet al.,

(2013b) concluded that the particles must havdraigd in an aquatic environment.

The widely accepted view (Rosen, 1969) is thatigladg of size greater than jim cannot be
transported from the surface of the Earth, throtightropopause, and into the stratosphere other
than by an exceptionally violent volcanic eruptidn. particular, the isothermal temperature
between about 15 and 25km is an almost insupebatsteer to upward transport mechanisms while
the rapidly rising temperature at higher levels esathe stratosphere almost impervious to particles

from lower regions (Bigg, 1984).
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Figure 1.14. (upper left) shows a large particle mass isoldtedh the stratosphere showing microbial
filaments, some of which show branching, (uppehnt)ig diatom frustule (possibly a Nitzschia species
captured on a stub from a height of 25km in thatssiphere, (bottom left) an inorganic rich particle
mass (approximately 60 micron across) and (botight)rdetail from the bottom left corner of parécl
mass; note regularly spaced diatom fibulae. Phaxtdscaptions from Wainwriglat al.,(2013a, b and c)

Nonetheless, Wainwrighdt al., (2013) paid particular attention to other possitlechanisms for
both Earth lofting and infalling from commerciar@aft or orbiting space stations but eventually
concluded that the particles recovered in theireerpents most likely arose from the infalling of
cometary dust particles from space.

1.7 COSMOLOGY AND COMETARY PANSPERMIA
While the theory of cometary panspermia providesticle for the distribution of the seeds of life,
it also somewhat disrupts the commonly acceptedold-dark-matter cosmological theory

(ACDMHC) based on thdeans (1902) linear theory of acoustic gravitationstability. In this
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model, stars are produced by gas, and planetsrirate produced from stars. A natural corollary of
the principals of panspermia follows from the dation of life from antecedent life in a causal
chain, leading to the question of how life natyradirose within the framework of cometary
panspermia, and how the large-scale transmissianicrfobial information between planets then
took place. Early attempts to explain this centmd the probabilistic advantage gained by
transporting the originating processes, whatevey tmay be, to a cosmic environment, and
cometary panspermia was thus framed within accepatin-Haldine chemistry. Nonetheless, the
large-scale transmission of microbial informatioretviieen planets within the prevailing

cosmological model was somewhat hampered by théahbildy of feasible mechanisms, since the
collision time between planets of different stafs @alaxy is roughly a billion times the age o th

present universe.

The currently accepted-cold-dark-matter cosmological theory arises frdma principles of fluid
mechanics where, in the early days, strong sincpliibns were necessary that have continued to
this day. In particular, it was assumed that thedf in the early universe were frictionless,
irrotational, linear and ideal. In effect, the Jegi902) linear theory of acoustic gravitational
instability reduced the problem of gravitationastability of a nearly uniform ideal gas to one of
gravitational acoustics. This was done by lineartyiation stability analysis (neglecting
turbulence) of the Euler fluid momentum equatiomsgecting viscous forces), and assuming the

densityp only as a function of pressure (the barotropiciaggion).

To reconcile the equations with the linearisedisiolhless Boltzmann’s equations and the resulting
Poisson’s equation for the gravitational poteniialyas necessary to assume the density was zero.
The critical wavelength for stability is the Jedersgth scale L.given by Ly = Vs/ [ pG % whereVs

2 is the

is the speed of soungd,is the density, G is Newton's gravitational constand [pG ]
gravitational free fall time. If we consider thedslen arrival of a perturbation mass M(0) with scale
L<< L; within the structure of a motionless fluid of ctard densityp at time t=0, the mass M(t)
will increase as M(t) = M(0) exp [Gt’] unless viscous, turbulent, diffusion or othercks arise

to prevent the exponential growth (Gibson 2000Y. 50, mass moves towards or away from the
origin depending on the sign of the differentiabr Ppositive values, a sudden increase in density
occurs near the origin and mass builds up. Hydtiostguilibrium is established as local pressure
increases to balance gravity. Density and temperahecreases and hydrodynamic effects become
relevant. For negative values, a void appears atotigin as density decreases and propagates
radially outwards as a rarefication wave, limitgdthe speed of sound, and mass moves radially

away due to gravity.
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It follows from Newton’s law of gravity the radiaklocity v; ~ - GM(0)t/F* so the mass flow is
given byd/dt M(t) = - p4nr® v, = 4npGM(t)t. The diffusion velocity is D/L for diffusiwy D at

distance L and the gravitational velocity ispG)*?

. The Schwarz length scale is when the two
velocities are equal and is given byol= [ D* / pG [¥“. The viscous Schwarz scale is the length
scale at which viscous forces per unit volumpeyl(®) match gravitational forcepiGL?) and is

given by Lsy = [yv/pG |2
The turbulent forcesp6**L¥%) match the gravitational forces at the turbulectivgarz scale, that is,

, Wherey is the rate of strain andis the kinematic viscosity of the fluid.
Lsr = £¥2[ pG P wheree is the viscous dissipation rate of turbulent kinenergy.

Only the Jeans 1902 criterion that gravitationalctre formation cannot occur for scales less than
the Jeans length scalg is used in the standard cosmological model. Vianat of density are
assumed unstable at length scales larger thdutLstable for smaller scales. Because the speed o
sound in the plasma epoch after the big bang igynd# speed of light, the Jeans scale for the
plasma is always larger than the scale of causatesdion (L4=ct), where c is the speed of light
and t is the time since the big bang, so no graeital structures can form in the plasma. Because
of this it was necessary to introduce cold darktengCDM) and to assume it was collisionless, like
neutrinos, with a very large diffusivity D so theg Lsp scale during the plasma epoch exceeded the

scale of causal connection.

In 1996, prompted by emerging observations thagyssigd that major modification of tidecold-
dark-matter cosmological theory was required, Gib$b996) reworked the original theory to
include the effects of viscosity, diffusivity andraified turbulent transport mechanisms, and
proposed the Hydro-gravitational-dynamics (HGD)meokgical model (Gibson, 2005, 2004, 2000,
1996, Gibson and Schild 2007a, 2007b, 2002, anddSahd Gibson 2008). In this cosmology,
primordial planets formed at z = 1100 , t =%19in protoglobularstarcluster clumps are the ssurc
of all stars and the dark matter of galaxies. Thacept of “dark energy” arising from the

commonly accepted-cold-dark-matter ACDM) cosmological theory is no longer compatible.

Almost immediately after Gibson’'s HGD predictioms 1996, the presence of these trillion-plant-
clump PGCs were independently identified by Sc{ii@96) as the dark matter of galaxies from the
intrinsic twinkling frequency and brightness vanas between galaxy-microlensed quasar-images
adjusted for their time delays. From Schild’s datzan be inferred that “rogue planets” are indeed
so abundant that they could account for a largaifna of the much debated “dark baryonic matter”
— the missing mass of the galaxy (Gibson 1996; @itend Schild, 2009). Estimates of the total
number of planets in the galaxy, in particular gogpulation of unbound, “free-floating” planets,

have been upwardly revised over the past decadui(@uwal,2011; Cassast al,2012). Cassaeat
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al (2012) estimate ~ 1bexoplanets in the galaxy and Suenial (2011) have argued for a similar

number of unbound planets.

A fraction of the planets condensing from globulister-mass clumps coalesce into massive stars
that end as supernovae producing heavy elememt§@L at a very early stage. The bulk of the
primordial planets envisaged in the Gibson-Schiidoty constitute a universal total of 10
planetary bodies with interiors that remain warnd &quid for millions of years. It is within this
set of “connected” primordial planets that it haset argued that life originated in the early
Universe (Gibson, Schild and Wickramasinghe, 2010).

After the lapse of a further few million years, tbiaiverse cools below the freezing point of H
permitting extensive mantles of solid hydrogendia (Wickramasinghet al.,2010). Such frozen
planets, containing an accumulating complementeaf/i elements and life, are the building blocks
of galaxies and stars that form at later cosmobigipochs (Gibson, 1996). In summary, it can be
seen that the results of this independent work esstgg plausible, internally self-consistent vehicle
for the theory of cometary panspermia and the wsigif life within the accepted Oparin-Haldine

chemical theory for abiogenesis.

1.8 MICROFOSSILS IN METEORITES

The first investigations into organic microstruesiin carbonaceous chondrites arose in the early
1960s. Claus and Nagy (1961) had been workingiogebic hydrocarbons in the Orgueil CI1
chondrite and suspected that organic compoundgeandus to the meteorite were more consistent
with those reported in ancient rocks rather thazeme terrestrial sediments. This led them to
microscopically examine grains of the Orgueil amdnla CI1 chondrites that had been crumbled in
water and glycerol and placed on glass slides. ilar of organic microstructures were found with
morphologies resembling known terrestrial spedddeast one further structure was identified that
was morphologically dissimilar to any known terriedtmicroorganism (Claus and Nagy, 1961,
1963). Independent studies carried out at varialsorhtories soon confirmed, or partially
confirmed, the findings (Reimer, 1961; Staplin, 29Ralik, 1962, 1963 and Cholnoky, 1962). In
particular, a sample of Orgueil taken from the mgte collection at the British Museum was
examined by Ross (1962) who described what he titot@ be indigenous microstructures of
biological origin. Further studies of the Mokoiarlmanaceous meteorite (Biggs and Kitto, 1962)
found what were thought to be indigenous, stainabtzostructures while Timofeev (1962) found

fossilised microorganisms in the Mighei carbonasechondrite.
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The conclusions reached by Nagyal., 1962 attracted bitter controversy and criticismimngarily
from their chief protagonists, E. Anders and Fchritvho had consistently argued that biogenic
hydrocarbons (and the microstructures) were thaltre§ contamination by terrestrial organics and
pollen (Anders and Fitch, 1962a, 1962b, 1964; Fitetl Andres, 1963a, 1963b; Fitehal., 1962).
While this theory was later dismissed conclusivieyytwo leading microfossil and pollen experts
(Rossignol-Strick and Barghoom, 1971) the ‘contation by pollen’ argument eventually
defeated the findings and it is now widely beliewkdt the microorganisms detected arose from

terrestrial contaminants.

We know now, of course, that the strident claim&it¢h and Anders were wrong. The indigenous
nature of complex organic compounds in CI1 choerdrivas eventually settled by Martiesal.,

(2008) when measured Carbon isotope ratios folhamiand related chemicals, including the RNA
component uracil, established that they were noteafestrial origin. Subsequent work on the
Murchison meteorite by Schmitt-Koppliet al., (2010) identified about 70 amino acids in the
meteorite sample, while a potential 50,000 or morigjue molecular compositions, and possibility

millions of distinct organic compounds, are alsoutht to be present (Matson, 2010).

Nonetheless, the effect of the controversy wasetiogsly undermine future investigations into

microstructures in meteorites. Nearly 40 yearg Jabhe 1999 ESA Exobiology Science Team Study
report revealed the extent of residual prejudiceards this type of scientific research. This was
most succinctly reflected in the concluding statet®eon the issue: ‘It should not be considered
unscientific to indulge in detailed characterizatf the organic matter in carbonaceous chondrites
from the point of view of Exobiology (Nagt al, 1961) but as already stated this is almost aotabo

area’.

Nearly two decades later the problem of microbi@sfls in carbonaceous meteorites was re-
examined by Hans D. Pflug with special attentiomtpgoaid to avoid the criticisms of earlier work
(Pflug, 1984a, 1984b). Here, a thin section (< 1nom)he Murchison meteorite was placed on a
membrane filter of 0.0um pore diameter and exposed to HF and HCL vapauhis wayin situ
demineralisation was achieved, the mineral compoipeing removed though the pores of the filter,
leaving carbonaceous structures indigenous to #teante in-tact. Particular attention was paid to
the preparation of the thin sections to avoid o§lcontamination. Examination of the membrane
filters after demineralisation revealed a wealth rabrphologies with distinctive biological
characteristics. Figure 1.15 - panels (a) to (show a range of examples identified in the study
together with comparable known terrestrial micramigms such as rod-shaped bacterial type

structures.
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Figure 1.15 show a range of microstructures recovered from Nhechison, Orgueil and Allende
carbonaceous chondrites by Pflug (1984a,b). Pajel(l§) and (d) show characteristically biological
structures in the Murchison meterorite with (eft limage) showing a similar structure correspondimg

a modern iron-oxidising microorganismpedomicrobiumand (e —right image) showing a rod-shaped
structure recovered from the Murchison meteoritegared to similar bacterial microorganisms found
in ocean sediments and the atmosphere. (c) Anrefesticrograph of a structure resembling a clump of
viruses found in the Murchison meteorite. The inskows a modern influenza virus displaying
remarkable similarities in structure and form te futative clump of fossil viruses.

similar to microorganisms found in ocean sedimeanits in the atmosphere together with structures
remarkably similar to a well-known bacteriypedomicrobium In consideration of the potential
issue of terrestrial contamination, Pflug obserileat the structures were found closely connected
to the meteorite minerals and were either inclugledrystals or embedded in the hydrosilicate
matrix having been impregnated or encrusted withirle also observed that many specimens of
the same morphology occurred in the rock, and veerebundant as to represent a substantial
proportion of the meteorite organic matter, an olagén that was entirely inconsistent with local

contamination.
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A little over a decade after Pflug’s initial findjs were published the subject of microfossils in
meteorites again emerged but this time in the fofra press conference by NASA announcing the
possible detection of bacteria-like fossils in &iken Hills Martian meteorite ALH 84001 (McKay

et al., 1996). The structures, revealed under scanningrefe microscope, were between 20-100
nanometres in diameter, similar in size to theoa¢tanobacteria, but were smaller than any known
cellular life at the time of their discovery. McKand his team argued that micrographs of the
structures indicated that they were both intergramnd embedded in the indigenous material in a

manner that was inconsistent with the idea of strigd contamination.

In support of this early work McKagt al. (2009) have more recently reported studies ofriiate
biofossils (carbon-associated ‘biomorphs’) in aiddial Martianmeteorites Nakhla and Yamato-
593. These results however continue to be chaltenigeparticular by the conclusions of other
studies that demonstrate a number of abiotic digsttion processes that produce microstructures
with morphologies strongly resembling living micrganisms (Garcia-Ruiz, 1999). This has led to
the commonly held belief that morphology alone @dnipe used unambiguously as a tool for
primitive life detection.

This paradigm was challenged however by the workHobver (2005). Here, Environmental
(ESEM) and Field (FESEM) Electron Microscopy invgations on CIl1 carbonaceous meteorites
yielded a range of images of large complex filareeaimbedded in freshly fractured internal

surfaces of the stones.

Figure 1.16 Shows an electron microscope image revealing chtairctures in a meteorite fragment of
ALH84001 with morphological features consistentwiting organisms (McKagt al., 1996).
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Figure 1.17.FESEM images showing a variety of filaments presentarbonaceous chondritgg)
micro structure in the Orgueil meteorite showingeted filaments (diameter ~ 1 to 2./B) with
apparent heterocysts interpreted as morphotyp#seofyanobacteriur€alothrix (b) living filament of
Calothrix sp. with a diameter ~ 08m and a basal heterocyst from the White River, \Wggbn. (c)
micro structure in the lvuna CI1 meteorite filaménB «m diameter) with dark lines marked ‘C’, EDS
data of the filament sheath at spot 1 shows biegeldments N and P (<0.5%). It is enriched in C
(13.1%) as compared with nearby meteorite matrix’ @) at spot 3(d) low magnification (1000X)
image from the Orgueil CI1 meteorite showing depspulation with several different types of
embedded filaments and electron transparent shaatt{e) high magnification (6000x) image of sheath
in (d) (Hoover, 2005; 2009; 2011).

Hoover concluded that observed filaments exhibrezbgnizable features, such as size, location
and arrangement of internal cells within sheatla$ Were diagnostic of known genera and species
of filamentous trichomic cyanobacteria and othiehtymic prokaryotes.

Furthermore, studies of living and fossil cyanobsaat exhibited morphologies (uniseriate and

multiseriate, branched or unbranched, isodiametritapered, polarized or unpolarized filaments
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with trichomes encased within thin or thick extérslaeaths) similar to the filaments found in the
meteorites. Closer inspection revealed the presehspecialized cells and structures that are used
by cyanobacteria for a range of biological proces$seluding reproduction (baeocytes, akinetes and
hormogonia), nitrogen fixation (basal, intercalamy apical heterocysts), attachment (pili or
fimbriae) or indicative of oscillatoria type locotimn (escaped or coiling hormogonia and flattened

and coiled empty sheaths).

Figure 1.17 shows a selection of FESEM images (Hod®005) of a variety of filaments present in
the Orgueil and Ivuna CI1 carbonaceous chondrifesrostructures of tapered filaments (diameter
~ 1 to 2.5um) with apparent heterocysts (interpreted as mayples of the cyanobacterium

Calothrix) are shown with comparative images of living fiams ofCalothrix.

The initial report by Hoover (2009; 2011) met whfiter controversy that soon extended to the
Editor of the Journal who had passed the papepdblication. Amidst the furore of NASA press
conferences, accusations, resignations and coaoteisations, the observation that Hoover's work
did not rely on morphology alone, but included aalgsis of elemental abundances associated with
the microstructures examined, was somewhat lose @éneral consensus of opinion among
scientists now is that the broad claim that micgaoisms have been found in meteorites has not

been conclusively resolved on a proof-positive $&si either side.

1.9 CONCLUSION

The value of a scientific theory ultimately liesita ability to make testable predictions. Proof or
falsification of those predictions is at the hazrthe process by which science ultimately converge
on an objective truth. The theory of cometary pensja made several explicit predictions during
the early 1980s. In the years that have followedhstantial evidence from astronomy, biology,

geology and meteoritics has amassed in suppanbsetpredictions.

The organic nature of cometary grains and intdestelust in now almost universally accepted,
though the prevailing paradigm still asserts (with@roof) that this implies the operation of
prebiotic chemical evolution on a cosmic scale.deuce of ongoing panspermia has also grown
over the years and is now in sharp focus as nuraestvatospheric experiments are both planned
and underway. Again, the detection of biochemicedlgvant material in IDPs and micrometeorites
hitting the upper stratosphere is interpreted adeexe of residual prebiotic chemical components,

while undeniably biological structures are intetpdeas evidence of surface lofting.
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The nature of the organic component in meteoritsssimilarly advanced in support of panspermia.
The indigenous nature of these components, paatiguin the carbonaceous chondrites, has been
unambiguously established by carbon isotope arsabfsextracted xanthine and uracil (Martits

al., 2008) as well as the subsequent unambiguous figatibn of about 70 amino acids in
Murchison itself (Schmitt-Koppliret al., 2010). Furthermore, Matson (2010) suggests anpate
50,000 or more unique molecular compositions, amdsibly millions of distinct organic

compounds, may also be present in Murchison.

The presence of microfossils in non-terrestrialenats remains controversial. The identification of
biological morphologies relies on an element oéiiptetation, and the difficulties arising from this
are also reflected in the opposing views on andemeéstrial biota (Pflug, 1967; Altermann, 2001,
Walsh 1992; Brasiegt al.,2006; Buik, 2001; Sugitani, 2007; Javaux, Marshall Bekker, 2010).
However, more recently, the use of refined anadyficocedures have again supported the presence

of biological material in some remarkably anciemnéfacts going back to ~4bya.
Nonetheless, the theory of cometary panspermiairagd, after 35 years of rigorous debate, to

provide a powerful unifying theory for a collectioof otherwise unconnected and disparate

scientific data from a range of disciplines.
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Chapter 2

Carbonaceous Core-Mantle Structures in the TissinMartian Meteorite
2.1 INTRODUCTION

The detection of polyaromatic hydrocarbons (PAH}ha Martian meteorite ALH84001 sparked
the debate as to the presence of a possible Maitiaa (McKayet al., 1996). These PAHs were
found on fractured surfaces containing carbonas&sdand were claimed to be similar to those
formed during the thermal decomposition of bactenmtter. Together with the discovery of
bacteria-like morphologies, this led to the earbndusion supporting the presence of ancient
Martian life in ALH84001. Despite nearly two decadef subsequent work however, this early

hypothesis has neither been validated nor disproved

The problem of contamination of ALH84001 by terrizdtcarbon during its ~13,000 years in
Antarctica remains an intractable complicationl (1898) found that most of the organic carbon in
ALH84001 was terrestrial, with livé'C, while the small remaining inventory may indeealé
originated from Martian organics, but may also hesme from occluded carbonate grains. Beida
al., (1998) found that the amino acids in ALH84001 eearly terrestrial. During the many studies
that have followed, McKay's original hypothesis hbsen relegated to one of a number of
competing explanations ranging from high-tempegtghock (Scott, 1999) to cold abiotic

groundwater (McSween and Harvey, 1998).

The problem of contamination by terrestrial orgamiaterial makes the search for indigenous bio-
signatures in meteorites inherently problematidiité/e conclusions of origin frequently result in
lengthy and unresolved scientific debate. Tisdifrocco) represents a rare opportunity to study a
fresh Martian basaltic rock that has been subjettemhinimal terrestrial contamination. It is the
fifth observed fall of its kind, the others incladiChassignyin Marne, France in 1815 (Dunite, ~4
kg), Shergottyin Bihar, India in 1865 (Basalt ~5 kgNakhla in Alexandria, Egypt in 1911
(Clinopyroxenite, ~10 kg) andagamiin Katsina, Nigeria in 1962 (Basalt ~18 kg). Theaenples
however, while collected within relatively shortripels of time, have certainly been exposed to

terrestrial organic contaminants during storage.

The minimal level of terrestrial alteration of Tirgshas been confirmed by Aoudjehaeteal, (2012)

via stepped combustion mass spectrometry that shiahC abundances of 173 ppm with'2C =
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Figure 2.1. (Left Panel) The size-distribution of fragments thne strewnfield with corresponding
locations (Ibhiet al., 2013). (Right panel) a fragment of the Tissint eoeite (BM.2012,M1) of mass
~1.1kg exhibiting a black fusion crust with glosslvines. Photograph: Natural History Museum,
London.

—26.6 %o and 12.7 ppm nitrogen with tofN = — 4.5 %o supporting the view that much of
Tissint's organic material is of Martian origin. khis study the results of Scanning Electron
Microscopic analysis of five samples of the Tisdidrtian Meteorite are reported. Results show
the presence of pyrite grains rimmed by thin layargoorly graphitised carbon characterised as

immiscible globules with curved boundaries withie substrate.

Sulphide grains rimmed by a layer of reduced oma&airbon have previously been detected in a
variety of astronomical sources including carbonasechondrites, chondritic IDPs (Rietmeijer and
Mackinnon, 1985; 1987) and primitive chondritic emites (Tagish Lake) (Nakamuet al.,
2002). Similar structures have been found in thalaggcal record in Proterozoic and Ordovician
sandstones from Canada (Nardi, 1994) and in hydrothl calcite veins from Carboniferous
limestones in central Ireland (Lindgrenal.,2011). The affinity between Fefyrite) and organic
matter has been examined extensively in the litezain view of its potential as a mechanism for
bringing organic molecules close enough to intenastg the surface of pyrite as a substrate (Tessis
et al.,1999; Codyet al, 2000; Pontes-Buarquesal.,, 2001; Cohret al, 2001; Hatton and Rickard,
2008).

2.2 FALL HISTORY
Several eyewitnesses observed a brilliant yelloebfll over the Oued Dréa Valley East of Tata,

Morocco at 2:00 AM on July 18, 2011. Two sonic bsomere heard across the valley as the bolide
turned green and split into two parts. In Octoli&t?nomads found a 47 g pale grey stone encased
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in a fresh, glistening black, glassy fusion crustiiremote area of the Oued Dréa watershed 48 km
SSW of the village of Tissint, Morocco (298.917'N, 736.674'W). Much larger stones (up to 987
g) were later found near the El Ga'idat plateausandller stones were collected from the El Aglab
mountains. The inferred NW to SE trajectory wasedatned from eyewitness observations and
accords well with the distribution of stones asokered from the strewn field that extends at least
15 km from the west-north-west to east-south-easéering an area of approximately 60 %rin
total, a mass of approximately 17kg has been reedvéo date, with the largest fragments
measuring between 0.1 to 2 kg, clustered to théhseast of the strewn field. The vast majority of
the fragments comprised of many thousands of smgflinters. The larger of the specimens are

now preserved at the Natural History Museums indam(UK) and Wien (Austria).

2.3 EXPERIMENTAL SAMPLES AND ANALYTICAL METHODS

Five fragments of the Tissint meteorite were usedhis study of mass 0.960g, 0.963g, 1.030g,
1.270g and 0.966g. In order to preserve the irttegfithe samples, preparation of the SEM stubs
was carried out under laboratory conditions withexénce to protocols necessary to minimize the
risk of contamination from local sources. A CirdtdaVLF650E laminar flow clean air unit was
used during all preparations with the samples reimgiin their original containers until they were
placed inside the cabinet. All aluminium stubs autting tools were placed inside the cabinet,

sterilized using ethanol and left to dry under flimwseveral hours.

Several control samples were similarly preparedhftbe olivine rich Dolerite thought to contain
similar mineralogy to Tissint. In addition, samplefsthe Murchison and Dhofar meteorites were
also prepared in the same sitting and using thee gan@cedures and protocols outlined above. In
order to utilize as much of the sample as possilieised fragments were collected inside a
sterilized clear plastic container. Advantage o #hesive nature of the carbon tape was then
taken by using it to collect as many pieces as ipes®nto a single stub. This allowed the
examination of several dozen small fragments omglesstub. In order to exclude contamination
from coating, the samples were first inspected atezh Features of interest that could be shown to
exist prior to a coating event were recorded andped so that some samples could then be coated

with gold in order to take advantage of higher hatsmn imaging possible under high vacuum.
Between sessions the samples were stored insid&the container used for transporting the subs

and left under laminar flow. Whenever it was nosgible to maintain power to the cabinet the

samples were stored inside a hard wall clean Iatwyréocated in a facility nearby. Whilst no direct

37



Chapter 2: Tissint Core Mantle Structures

contact was possible with any artefacts inside finidlity the benches were nevertheless sterilized

using 3M’'s HFE solution.

One polished 30um thin section (section A - 15 xn@®), one unpolished 30um thin section
(section B -16 x 19 mm) and one polished thickisactl6 x 21 x 3mm) were also prepared at the
School of Earth and Ocean Sciences at Cardiff Usitye

Optical microscopy was conducted using an RM-1P@lanising light microscope with 360°

rotating analyser. Image capture was via a 9M pikegital trinocular camera unit processed by
View7 PC software for output to hard drive. Scagnilectron Microscopy (SEM) was conducted
using the FEI (Phillips) XL30 FEG ESEM (Environmah&canning Electron Microscope) FEG
(Field Emission Gun) at the School of Earth and @c&ciences at Cardiff University. The unit
incorporates a secondaglectron detector (SE), a back scatter electroecti®t (BSE) and a

gaseous secondary electron detector (GSE). It ledsoan Oxford Instruments INCA ENERGY
(EDX) x-ray analysis system. Image recording is&i8ONY video graphics printer or digital by

processing image frames in a 16 bit framestore coengor output to hard drive.

Whole rock chemical analysis of aliquots of a gmhumomogenised powder of the sample
fragments were carried out using a Perkin Elmer[®™Miew Optima 5300 Inductively Coupled
Plasma Optical Emission Spectrometer. Calibrati@s Wwased on the analysis of reference rock
powders USGS DTS-1 (dunite), USGS BCR-2 (basald) ANRT BR (basalt). 50 mg aliquots of
the samples and standards were dissolved in amAraar Multiwave 3000 microwave digestion
unit in high-pressure, high temperature PTFE @@l vessels (210°C, 8 bar). Samples were first
dissolved in mixtures of concentrated high-puritida HF, HNQ and HCL. The procedure utilised
does not allow the content of Boron to be deterohineecause the element is added when the

mixture is neutralised by the addition of Boric éci

High resolution Raman spectra were analysed faglecgon of carbonaceous domains identified
during SEM studies. These were acquired using asRaw inVia microRaman system at the
School of Chemistry, Cardiff University, UK. The iunwas fitted with a research grade Leica
analytical microscope (10x, 20x, 40x and 100x diojes) and a 514.5 nm Ar laser line. Data
processing was via the Wire2 software applicatmndata output to hard drive. Spectroscopy was
performed on both polished and unpolished 30umiaects well as freshly cleaved surfaces at
room temperature with spectra collected through Xfi@x objective. Spectra were analysed to

ensure commonality between the various carbonagamuponents being studied
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Table 2.1 — Experimental Samples

Mass
Sample (mg) Sourcé Description”
Experimental Samples
T960/001 420 T960 ~ 1.5 mm interior fragment farliision on sections A, B and C
T960/002 388 T960 ~ 2 mm interior fragment for SEM studies at SES-CU
T960/003 121 T960 powder from aliquot Aused for ICP-OES
T963/001 326 T963 ~ 1.2 mm interior fragment for inclusion on sectok B and C
T963/002 515 T963 ~ 1.8 mm interior fragment for SEM studies at SB$-C
T963/003 98 T963 powder from aliquot Bused for FTIR
T103/001 281 T103 ~ 1.0 mm interior fragment for inclusion on sectdk B and C
T103/002 467 T103 ~ 2 mm interior fragment for SEM studies at SES-CU
T103/003 252 T103 powder from aliquot €used for ICP-OES
T127/001 412 T127 ~ 1.5 mm interior fragment for inclusion on sectdk B and C
T127/002 732 T127 ~ 3 mm interior fragment for SEM studies at SES-CU
T966/001 - T966 ~ 4 mm interior fragment for SEM studies at NASASKNC
Control and Comparative Samples
D288/001 - Olivine-rich Dolerite

® Source Code: Internal fragments of Tissint Meteositeighing. T960 (0.960g); T963 (0.963g); T103
(1.0309); T127 (1.270g) and T966 (0.966g). Samplgxplied by Michael Farmer, Tucson, AZ, USA

® Description Code: SES-CU — School of Earth anda@c8cience, Cardiff University; NASA- MSFC -
Marshall Space Flight Centre, NASA

Aliquot A — Two interior fragments and dust weiglia combined 121mg taken from sample T960.

4 Aliquot B — One fragment and dust from interior ghing a combined 98mg taken from sample T963.
°Aliquot C — Dust weighing a combined 252mg takemfrsample T103.

24 CONTAMINATION SCREENING

The ubiquitous nature of organics on Earth posssrimus problem to the study of biomarkers in
meteorites. Previous work on the nature and orgfimrganic carbon detected in non-terrestrial
sources has routinely been compromised by the stiggeof terrestrial contamination (Claus and
Nagy, 1961; Naget al, 1962; Pflug, 1984; McKay, 1996; Hoover, 2005)isTproblem is further
exacerbated by the possibility of contaminatiorsing during storage. Studies on a chip of the
Murchison meteorite kept in a sealed sterile comtafor 12 years between SEM imaging sessions
revealed the presence of invasive and extensivgafucontamination (Steelet al., 1999). One
suggested solution to this problem involves theliegiion of a rapid screening mechanism to
ensure that all experimental samples are free fromtamination prior to the onset of experimental

analysis (Steelet al.,1999).

All five fragments of the Tissint meteorite utilésén this study were first screened for evidence of
the presence of terrestrial contaminants. This wasertaken by examining the textural,
mineralogical and chemical characteristics of tloaas to ensure that all components were parental

to the meteorite matrix and contained no foreighidj mineralogic or precipitated components.
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Results of optical, scanning electron microscopgM$ and Inductively Coupled Plasma Optical
Emission Spectrometry were then compared with phbli data (Irvingt al.,2012; Aoudjehanet
al, 2012; Steeleet al, 2012). Further SEM surface screening was unkiemtat 3KeV for micron
sized terrestrial microorganisms prior to invedimaat 20 KeV. A complete list of samples utilised
in the study is detailed in Table 2.1.

2.4.1 Overall Petrology

Figure 2.2 (a) shows an optical light micrograptseétion A (polished 30um thin section) in plane
polarised light (offset nicols). The interior ofetlsample can be seen to comprise of a fine-grained
(pale grey) matrix of pyroxene, with enclosed sul-to mm-sized pale yellow olivine macrocrysts
and amorphous plagioclase (maskelynite) grains. éfaos micron sized fractures were observed,
some breaching both olivine macrocrysts and neigtibg pyroxene phases (figure 2.2 b).
Inclusions of maskelynite were characterised by atm@ockets that were absent of cleavage,
intragranular cracks or shock-induced fractureslevtgdjacent phases exhibited evidence of
pervasive shock (figure 2.2 (c)). Evidence of graacture and subsequent release into the liquid
maskelynite was also found. Figure 2.2 (c) showsfoegment of pyroxene situated in the centre of
a maskelynite pocket that had clearly fracturednftbe periphery and been set afloat as shown in
figure 2.2 (d).

Offshoots of maskelynite commonly filled neighbagyishock induced fractures in adjacent phases
of pyroxene and olivine. These offshoots generaligurred as long, smooth, thin and irregular
branches that were occasionally interconnected.yMudfshoots also exhibited expansion cracks
radiating from the parental grains. This indicatest they were formed by injection of the dense
plagioclase melt after formation of the shock-ingllifractures and not through a pre-shock process
of igneous crystallization. Results of shock experits on a grabbo similar to the Shergotty
meteorite (Engelhardit al., 1970) suggest that melting and vesiculation ofjiplelase occurs at a

shock pressure of about 60 to 80 GPa.

Olivine inclusions occurred as macrocrysts of ug.@mm in size and microphenocrysts < 0.5mm
in size, though our samples were relatively smabg§0g, 0.963g, 1.030g, 1.270g and 0.966g) and
are probably not representative of the bulk specin@nly one large macrocryst of size ~1.2mm
was sampled in the 1.27g fragment. Olivine macsisryvere zoned from the core and exhibited
thin ferroan rims against the bulk matrix togethgth small chromite inclusions. Evidence of
patchy zoning was apparent in pyroxenes contaiamtigppyroxene cores, pigeonite and subcalcic

augite.
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Figure 2.2. Micrographs of section A (polished 30um thin sat)iin (a) plane polarised light with
crossed nicols (offsets), (b) plane polarised Jigby and (d) backscatter SEM image (Px — pyroxene;
Msk — Maskelynite). Note the way the pyroxene fislafits the contours of the phase interfaces.

All observations closely matched reported studiesttee Tissint meteorite (Irvingt al., 2012;
Aoudjehaneet al,2012; Steelegt al, 2012) and no foreign lithic or mineralogic compats could
be detected.

2.4.2 Mineral Chemistry

Mineral chemistry was determined by measurememerhental abundances using the Analytical
Scanning Electron Microscope (A-SEM) at the SchaobEarth and Ocean Sciences at Cardiff
University. The A-SEM comprises of an LEO (Camball&360 Electron Microscope, an Oxford
Instruments INCA ENERGY X-Ray analyser and an Oaftmstruments INCA WAVE X-Ray
analyser. Calibration was via standards which ihetuSiQ for O-K, Al,O; for Al-K, MgO for Mg-
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K, SiO, for Si-K, GaP for P-K, Orthoclase for K-K, AgCIrf&l-K and Wollastonite for Ca-K. For

the other elements (Na, P, Ti, and Mn) K factorsenestimated using standard calibration curves.

Both the larger olivine macrocrysts and smallerviné microphenocrysts showed similar
composition with no difference between large andlsorystals. Most exhibited thin ferroan rims
at interfaces with adjacent phases, while some@derzones also appeared along fractures within
the interior of olivine crystals. Figure 2.3 (apsls a backscatter SEM image of section C showing
zoned olivine crystals with adjacent phases of migsite while figure 2.3 (b) shows a single

olivine crystal with ferroan outer rim against tpi@undmass and tiny chromite inclusions.

Results of the spot analysis of twelve sampledligine (core and rim), pyroxene and maskelynite
show close correlation with those reported in therdture. Table 2.2 shows average oxide
representations for EDAX measurements taken froenrittm and core of twelve sampled olivine
crystals together with data for sample pigeonitggite and maskelynite. Similar compositions

reported by Aoudjehanet al.(2012) are also presented for comparison.

2.4.3 Low kV SEM Screening

The use of low kV SEM imaging in detecting the prese of contaminating organisms has been
examined previously by Steed¢ al.,(1999). Figure 2.3 (e) shows a SEM micrograph bfi84001
taken at 3 KeV compared to (f) the same image takds KeV where the organisms detected have
reduced to the level of indistinct marks on the&fame appearing as interesting mineral phases. All
samples utilised in this study were first scanne8 KeV after mounting on aluminium stubs. No
microorganisms were detected on any of the sampledysed. To avoid the possibility of
subsequent contamination only globules detectetidrsession including contamination screening

were utilised in this study.

2.5 BULK CHEMISTRY

Whole rock major and trace element compositionthefTissint meteorite were determined by ICP-
OES and are presented in Table 2.3. Comparati\e fdatn Aoudjehaneet al., (2012) together
with data for Dhofar 019 (Taylor, 2002) and typicampositional data for basaltic shergottites, ol-
bearing shergottites and lherzolitic shergottites also included. Data for the basaltic shergattite
included Shergotty, Zagami, Los Angeles, Queen #teixa Range 94201, Elephant Moraine (EET)
A79001B (Meyer, 1998; Warrest al, 2000).
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Figure 2.3 (a) Backscatter SEM micrograph of polished 30him $ection (section A) showing olivine
microphenocrysts with ferroan rims at interfacehwidjacent phases, (b) single olivine crystal il
chromite inclusions (c) optical micrograph in plape@arised light showing an array of crystals with
amorphous melt inclusions and radiating fractucgsb@ckscatter SEM micrograph of core from (c), (e
and f) SEM backscatter micrograph of bacterial @onhation of ALH84001 shown with (e) 3KeV and
(f) 15 KeV (micrographs from Steet al, 1999).
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Table 2.2
Representative compositions of Olivine, Pyroxened shocked isotropic plagioclase (Maskely:
grains in Tissint together with comparative composs of maskelynite taken from the literature

Olivine: Pyroxene: Maskelynite:
S1, S2-Rim: S3, S4-Cores5, S6-Pigeonite, S7, S8-Augite S9, S10 — Study, S11, S12 - Lit

S1 Sz S3 S4 S5 S€ S7 S8 S9 S10 S11 S12

SiO, 3455 354 38.37 39.21 5400 494 5047 4899 51.14 55.8851.8! 56.78
AlL,O; 0.03 003 003 005 056 09 081 092 3007 27.1230.3 26.42
Na,O 0.05 0.0z 001 001 o0.06 0.06 0.08 019 372 499 34z 5.13
MgO 17.37 2297 37.82 40.22 21.37 188 16.11 1441 0.07 0.08 0.13 0.05
K;0 0.00 0.0C 000 000 001 OO 0.00 0.03 0.05 0.48 0.0¢ 0.50
CaO 034 034 024 023 349 46 1177 1297 1321 9.9013.6¢ 9.90
FeO 4732 418 2399 21.02 1937 2711 19.61 20.23 0.65 0.65 0.6t 0.68
TiO, 0.05 00C 000 000 007 ®4 019 109 0.03 0.07 0.0¢ 0.08
MnO  0.79 082 049 033 049 ® 038 069 0.03 0.03 0.0¢ 0.02
NiO 0.00 001 022 0.18 0.00 0.0C 0.00 0.00 0.00 0.00 0.0C 0.00
Cr,0; 0.04 04 022 021 047 09 049 017 O0.01 0.01 0.01 0.00

Total 100.54 1014Z 101.39 101.46 99.89 994 99.11 99.69 98.98 99.2100.2: 99.56

Cations =4 Cations =6 Cations = 8
Si 1.018 1.00¢ 1.130 1.002 2.008 1.941 1.876 1.904 2.346 2.5312.37¢ 2.562
Al 0.001 0.001 0.001 0.002 0.0250.037 0.036 0.042 1.639 1.4591.65¢ 1.416
Na 0.003 0.001 0.001 0.000 0.004 0.00¢ 0.006 0.004 0.331 0.4380.30¢ 0.449
Mg 0.763 0.97( 1.661 1.532 1.184 0.90¢ 0.893 0.835 0.005 0.0050.00¢ 0.003
K 0.000 0.00C 0.000 0.000 0.000 0.00C 0.000 0.000 0.003 0.0280.00z 0.029
Ca 0.011 0.01 0.008 0.006 0.139 0.20¢ 0.469 0.540 0.649 0.4800.671 0.479
Fe 1.166 0.99(C 0.591 0.449 0.602 0.88¢ 0.610 0.658 0.025 0.0250.02¢ 0.026
Ti 0.001 0.00C 0.000 0.000 0.002 0.01¢ 0.005 0.032 0.001 0.0020.001 0.001
Mn 0.002 0.02( 0.012 0.007 0.0150.02: 0.012 0.023 0.001 0.0010.00: 0.001
Tot 2.982 2.99¢ 3.404 2998 3.980 4.02¢ 3.907 4.050 5.000 4.9705.04¢ 4.966

S1, S2 taken from rim of olivine crystal, S3, SKeta from core. S5, S6 taken from sample pigeonite,
S7, S8 from Augite inclusion. S9, S10 taken frormgle maskelynite compared to S11, S12 of
maskelynite taken from Aoudjeharet,al. (2012).

Data for Ol-bearing shergottites included Dar ahiG®aG) 476, DaG 489, and EETA79001A
(Meyer, 1998; Zipfekt al 2000; Folco et al., 2000) and for the Iherzolgiergottites, Lewis Cliff
88516, Allan Hills A77005 and Yamato-793605 (MeyE398).

Whole rock chemical compositions for the sampletuited in this study show close correlation to
corresponding data from Aoudjeham,al., (2012). Of particular note was the consistencyhef

Ti, Fe, Mg, Ca and P abundances indicating thatntaén mineral components were present in
previously reported abundances. While some degfeeompositional variation was expected,
particularly in view of the small size of the exjpeental samples and the consequential variations

in the presence of the larger olivine macrocrystsevidence of the presence of foreign lithic,
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Table 2.3
Chemical composition of Tissint in comparison wither shergottites.
Basaltic Ol-bearing Lherzolitic

Tissinf Tissinf  Dhofar 018  shergottite$  shergottites  shergottite's
SiO, 45.89 45.52 48.0-51.4 45.8-50.6 43.1-45.4
TiO, 0.67 0.63 0.594 0.73-1.98 0.35-0.70 0.35-0.44
Al,O3 6.24 4.86 6.72 5.70-13.4 4,19-5.85 2.32-3.45
Cr,0O3 - 0.41 0.574 0.01-0.20 0.63-0.83 0.84-1.03
FeO 21.01 21.15 17.93 17.0-21.4 16.1-18.5 19.7-20.9
MnO 0.52 0.52 0.461 0.41-0.52 0.39-0.49 0.44-0.51
MgO 17.51 17.06 14.61 3.53-9.28 14.6-19.4 23.7-27.7
CaO 6.16 6.53 9.27 10.0-11.5 7.42-7.83 3.35-4.25
Na,0O 1.35 0.72 0.677 1.20-2.17 0.51-0.80 0.35-0.59
K-0 0.00 0.02 0.053 0.04-0.03 0.03-0.04 0.02-0.03
P,Os 0.46 0.48 0.401 0.48-1.50 0.32-0.49 -
SO - - 1.15 - - -
Total 99.80 - 99.77 - - -
Li 3 2.18 2.86 2.2-5.6 2.6-4.5 1.3-1.6
Sc 35 - 31.2 43-59 28-37 21-25
Y, 205 194 175.1 103-380 171-230 132-202
Cr 3000 3042 3417 96-1389 4290-5700 5672-6900
Co 40 58.1 44.5 24-51 43-51 63-72
Ni 225 269 65.3 20-83 128-300 250-370
Cu 6 13.8 9.54 11-139 7-80 5-80
Zn 63 63.0 62 54-130 49-85 47-90
Ga 36 12.05 10.21 14-30 8-14 6-9
Rb - 0.376 0.49 0.1-14 0.9-6.9 0.17
Sr 32 34.78 363 35-80 40-87 8-30
Y 9 14.91 6.78 10-28 8 5.7-6.2
Zr 24 23.14 17.4 41-97 8-90 10-19
Nb 2 0.28 0.3 0.7-22 0.13 0.5-0.6
Ba 2 3.54 194 25-80 <48 2.3-6
La <1 0.315 0.24 0.4-5.3 0.1-0.5 0.2-0.3
Ce - 1.16 1.45 1.6-13 0.4-1.7 0.9-1.1
Pr - 0.237 0.11 0.7-0.9 - 0.13
Nd - 1.63 0.69 2.4-11 0.6-1.2 0.8-1.1
Sm - 1.07 0.48 1.2-3.4 0.4-0.8 0.3-04
Eu 2 0.503 0.2 0.5-1.2 0.2-0.4 0.1-0.2
Gd 13 1.85 0.99 1.6-4.3 1 0.4-1.1
Th 2 0.364 0.2 0.4-0.9 0.2-0.3 0.1-0.2
Dy 3 2.38 1.3 1.7-6.1 1.4-2.2 0.6-1.3
Ho <1 0.504 0.27 0.6-1.3 0.3-0.5 0.2-0.3
Er <1 1.48 0.81 - 0.9 0.3-0.7
Tm <1 0.204 0.12 0.2-0.4 0.1-0.2 0.08-0.12
Yb 2 1.30 0.81 1.4-3.5 0.8-1.2 0.4-0.5
Lu 3 0.190 0.12 0.2-0.5 0.1-0.2 0.06-0.08
Hf <2 1.01 0.48 1.9-3.4 0.4-1.0 0.4-0.6

& Chemical composition of Tissint as determined ®p4OES (This Study)

® Chemical composition of Tissint (Aoudjehaeéal.,2012).
¢ Dhofar 019 (Taylor, 2002).

4 Range data from Meyer (1998) and Wareeal., (2000) for Shergotty, Zagami, Los Angeles,

Queen Alexandra Range 94201, Elephant Moraigd JA79001B

° Range data from Meyer (1998); Ziptstlal (2000) and Folco et al. (2000) for Dar al Gana@®) 476, DaG

489, and EETA79001A

"Range data from Meyer (1998) for Lewis Cliff 8852@an Hills A77005 and Yamato-793605
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mineralogic or precipitated components were folfatiations in some trace element abundances,

(e.g. Gd) were interpreted as arising from samgtieigrogeneity.

2.6 SEM RESULTS

Several 5-50pum globules and plates were observethanSEM images. Some of these were
embedded in the rough substrate of loosely aggedgatroxene grains, while others were unbound
and appeared to have been dislodged during théufiag process. The presence of a pool of
macromolecular carbon (MMC) within both carbonakebgles and the host pyroxene have been

previously reported in the martian meteorite ALH82@McKay, 1996: Stephaset al 2003).

Steeleet al., (2006) conducted Raman microprobe imaging andtsgledata acquisition of a cross
section of one globule in ALH84001 and found a clampstructure comprising of a core of
carbonate, hematite and magnetite followed by anesite rich carbonate shell bounded by an
outer rim of hematite, magnetite and magnesite.s@hghells were found to contain layers of
macromolecular carbon at both the centre and penypbf the globule that was determined to be

organic carbon indigenous to ALH84001.

Initial observations of the globules located in 8EM images suggested the presence of either a
hollow core or a more complex heterogeneous composiln particular, structures were readly
damaged due to expansion by heating of the elediemm at the point of capture while other
structures displayed evidence of expansion whefestda to high vacuum. Figure 2.4 (a) below
shows a ~25 um carbonaceous disk-shaped struanvedeled in the pyropxene substrate while
figure 2.4 (b) shows structural deformation at temtre of the disk following EDAX capture.
Similarly, figure 2.4 (c) shows a 10um carbonaceegg-shaped globule shown here unbound in

the rough substrate of loosely aggregated grains.

The ‘egg cracking’ visible under higher magnificaiti(d) occured as a result of expansion of the
gold coated globule when the SEM chamber was stdgelo high vaccum. Expansion features
were commonly localised (see figure 2.5a) indigasome level of compositional heterogeneity or
the possible presence of an offset void or othetusion. Common voids were found in the
pyroxene substrate and were characterised by esvitithe loosely bound unabraded angular rock.
More geometrically spherical voids were commonhia tenser amorphous phases. Figure 2.5 (b)
shows a typical cavity in the pyroxene groundmalssgewiigure 2.5 (d) shows a number of spherical
voids surrounding a larger sub-rounded cavity.pppesars probable that globules were dislodged

from such cavities during fracturing.
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30um

Figure 2.4 (a) 25 um carbonaceous disk-shaped structure deelein the pyropxene substrate (b)
same structure but showing structural deformatiahe centre of the disk following EDAX capture (c)
an unbound 10um carbonaceous egg-shaped globwar(® structure as (c) but after gold coating and
exposure to high vacuum in the SEM chamber.

High magnification examination of one globule témgy suggested the presence of an enclosed
mineral core. Figure 2.5(c) shows an unbound 8umboreceous globule on a pyroxene
groundmass base. Local variations in the curvedday are visible at points marked by arrows A
and B. A further feature (marked by arrow C) intksaa concave distortion matching the apparent
shape of the enclosed grain. Further features rddolearrow D indicate the presence of small
(~200nm) voids within the enclosed grain.

To further elucidate the composition of the enalbseneral core a low energey (15KeV) electron
beam was used to attenuate the surface of onenaarbous globule at 4 points on its surface and at
one point on the surface of a neighbouring glob&l@-D x-ray elemental map was then acquired

in order to identify the presence of elements niedxl during the process.
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Figure 2.5(a) Shows localised structural deformation of priQglobule after gold coating and exposure
to high vacuum in the SEM chamber, (b) shows acgimavity in the loosely bound unabraded angular
rock substrate while (d) shows more geometricgtligesical voids common in the denser amorphous
phases, (c) an unbound 8um carbonaceous globutgrorene groundmass. Note the indentiations in
the curved boundary marked by arrows A and B a$ asla concave distortion at C matching the
apparent shape of the enclosed grain togetehrsnitdl (~200nm) voids in the surface of the enclosed
grain.

Figure 2.6 (a) shows the two globules selectedemti) shows a high magnification image of the
same globules with arrows marking the points adratation of the carbonaceous mantle by 15KeV
electron beam. Inserts (ii) to (xii) show resultgle 2-D elemental x-ray map corresponding to C,
O, Mg, Si, S, Ca, Ti, Al, Cr, Mn and Fe respectyvdhsert (d) shows a 2-D elemental map for
Carbon (red) overlaid by Sulphur (yellow). It camadily be seen from the position of arrows
showing surface weakening in (c) and the corresipondetection of S in the vicinity of the
weakened points in (d) that sulphur was releasedglthe attenuation process. Images were taken
at NASA Marshall Space Flight Centre using a Hit&&3700N Field Emission Scanning Electron
Microscope fitted with Secondary Electron (SE) deieand Back Scatter Electron (BSE) detector.
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Figure 2.6 (a) SEM micrograph of two carbonaceous globuldscsged for surface attenuation by 15KeV
electron beam together with (b) high magnificatroitrograph of the globules (i) SEM contextual imaxe
the same with arrows marking the points of atteionabf the carbonaceous mantle. Inserts (i) td Gtiow
2-D elemental x-ray map corresponding to C, O, Big,S, Ca, Ti, Al, Cr, Mn, Fe respectively. (Lowéc)
high magnification image of the upper globule shawifi) above after attenuation (d) shows 2-D eletak
map for Carbon (red) overlaid by Sulphur (yellolNpte in particular the arrows showing surface weakg

in (a) and the corresponding detection of S invibimity of the weakened points in (b).
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Figure 2.7 (a) Back scatter SEM micrograph of 40um unboundbar@aceous globule arits free
movement within the SEM chamber to a new restingjtipm in (b). (¢) GSE micrograph of the same
globule following acquisition of elemental data B§KeV electron beam and (d) same globule after
repeated exposure to beam showing general degraddtthe globule including flattening in shape and
apparent damage to the carbonaceous coating asraytlie point of beam capture.

Figure 2.7 (a) shows a backscatter SEM microgrdpd selected globule using the FEI (Phillips)
XL30 FEG ESEM at the School of Earth and Oceanrfseie at Cardiff University. The unbound
nature of this globule is demonstrated by its moeeinwithin the SEM chamber from the position

shown in (@) to a new resting position in (b).

Figure 2.7 (c) shows a GSE micrograph of the sdoteute following acquisition of elemental data
and consequential damage by the 20KeV electron b#amas noted that repeated use of the
electron beam failed to penetrate the carbonacewugle to a greater depth indicating that the
carbonaceous mantle was ~2 pm thick at this pbiatvever, further degradation of the globule

was noted including a general flattening in shape apparent damage to the carbonaceous coating
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away from the point of beam capture. Results oBBS elemental analysis are provided in Figure

2.8 above for both the carbonaceous globule arademof substrate ~50 um to the right.

In order to confirm the nature of the S-bearing enéth core, EDAX measurements were taken of
the larger 40 um globule. Figure 2.8 shows EDS eleal spectra for the globule identified in
figure 2.7. The carbonaceous nature of the glotsuévident from the spectra when compared to a
similar spectra taken from a region of the hostrixapproximately 50 um to the right of the
globule. The presence of S was only evident irstfend spectra acquired from the same damaged
area as the first and appears to reflect samptorg the core inclusion. Comparative representative
oxide compositions indicate an increased presehé& @nd S in succesive spectra acquired from
globules indicating atomic ratios of 2:1 in favaafrS. Consequently, EDS analysis indicates that

the globules comprise of a carbonaceous outerrgpaiith a inner core of Fg®pyrite).
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Figure 2.8 EDS elemental spectra for the globule identifiedigure 2.7 (upper) compared to similar
spectra taken from a region of the host matrix exiprately 50 um to the right of the globule. The
carbonaceous nature of the globule is evident fleencomparative spectra. Note also the presen€e of
in the spectra which is the second spectra acqtrivedthe same damaged area.
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To verify the incidence of the above observationfugher 11 globules were identified and
successive EDS spectra acquired with correspondipgesentative oxide compositions then
compared for four successive acquisition procedunesach case the presence of S and increased

Fe was detected with stoichiometric ratios constsaéth the presence of pyrite inclusions.

2.7 AFFINITY BETWEEN PYRITE AND ORGANIC MATTER

The relationship between pyrite and organic mateof interest to both the surface mediated
chemoautrophic origin-of-life hypothesis (Wachtenséer, 1990a, 1990b, 1991, 1992, 1993) as
well as non-surface related (i.e. geological) fdiora processes responsible for the widespread
occurrence of organic matter in hydrothermal o sudphide deposits (Landais, 1997). Both pyrite
and organic carbon are ubiquitous on Earth. Pystéound in submarine hydrothermal vents
(Hanningtonet al., 1995) hot spring environments (Day and Allen, )9&&d anoxic groundwater
systems (Larsen and Postma, 1997). Furthermorgftingy between pyrite and migrated organic
matter has been observed in the geological recohydrothermal calcite veins from carboniferous
limestones in central Ireland (Lingrenal.,2011). Here, the formation of pyrite and organatter
structures takes place beneath the surface, watlotpanic matter characterised as coatings around

pyrite crystals as well as immiscible globules withrved boundaries in the calcite substrate.

Figure 2.9 (a) shows a back scatter SEM microgdpghe 40um unbound carbonaceous structure
located in Tissint and previously described in Fégu2.7 (a) and (b). For comparison, Figure 2.9
(b) shows a similar carbonaceous structure lodatdiie carboniferous limestones in central Ireland
(Lingrenet al., 2011). Similarly, Figure 2.9 (c) shows a backsma8EM micrograph of a pyrite

crystal coated with organic matter in the Tissirdteorite. The pyrite crystal appears white, the
organic matter is black and the substrate grey.ifi$erts show ED X-ray maps for sulphur (green)
and carbon (red). Raman Spectroscopy was utilisedei comparison of the spectral signatures of
the carbonaceous material sampled in the globulds that of the thin sections to ensure that
characteristic factors reflecting metamorphic gramel crystallinity matched. This ensured that
carbon introduced during the preparation of tha #ctions was not sampled and compared with

organic material present in the mantle of the caalseous structures.

For comparison, a similar image is shown for atpydrystal coated with organic matter in the
hydrothermal calcite veins of Mullaghwornia quaimycentral Ireland (Lingreet al.,2011). These

authors found evidence of pyrite acting as an etttra substrate for the collection of organic matte
in twenty-four of twenty-six observed pyrite cryistaccurring in six blocks and thin sections from

two different branches of the vein deposits.
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Figure 2.9 (a) shows a back scatter SEM micrograph of a 4Qpbound carbonaceous globule located
in Tissint compared to (b) a similar carbonaceodiebge located in the carboniferous limestones in
central Ireland. Similarly, (c) shows a backsca®B&M micrograph of a pyrite crystal coated with
organic matter in the Tissint meteorite. The pycitgstal appears white, the organic matter is blauk
the substrate grey. The inserts show ED X-ray mapssulphur (green) and carbon (red). For
comparison an identical image is shown for a pydtgstal coated with organic matter in the
hydrothermal calcite veins of Mullaghwornia Quaimcentral Ireland. Images (b) and (d) adapted from
Lingrenet al.,(2011).

The relationship between pyrite and organic mdtéiaot always straightforward. Parnell, Carey
and Bottell (1994) found numerous examples of tinect precipitation and growth of authigenic
minerals including pyrite in bitumen. Alternativelizeventhalet al., (1987) found a probable

connection between the abrasion of pyrite from@urding rock by migrating organics in the
Claude deposit of Cluff Lake, Canada. Furthermdhe formation of pyrite can arise both
abiogenically (pyrite framboids arising from fasystal growth) and biogenically (pyrite framboids

arising from microbial activity or sulphate redugibacteria). Consequently, it is not possible to
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deduce from the morphology of the structures aldnthe mechanisms responsible for their

formation involved purely abiotic or part-bioticquesses.

In their study, Lingreret al.,(2011) suggest that the immiscibility and morplgglof the globules
found in the Mullaghwornia deposits indicates tlia¢ organic precipitating fluid may have
coexisted with the calcite precipitating fluid. &lbatively they suggest that the organic matter may
have been deposited at a later stage as a secanéifliyg of dissolution cavities in the calcite
substrate. The identification of organic materighim pyrite crystal fractures certainly appears to
support this latter conjecture. However, the presesf pyrite cores surrounded by organic mantles
exhibiting observable geometric coincidence with ¢hystal core appears to rule this out in the case
of Tissint. In particular, whilst abundant cavitie®re noted in the pyroxene substrate of Tissint,
together with more geometrically uniform cavities the denser more amorphous phases, the
likelihood of near spherical pyrite crystals formiwithin near spherical dissolution cavities reisder

this an unlikely circumstance.

The nature of the precipitated precursor organiteri@ however, remains of key interest to the
guestion of origin. A highly complex precursor angamay represent evidence of the detritus of
biology while the accumulation of low molecular glei organic compounds may provide support
for the suggestion that the formation of pyrite Idole the first energy source for life
(Wachtershauser, 1988). Here, interactions dictdtgd either electrostatic forces alone, or
alternatively a combination of electrostatic fora@sl chemical bonding may be responsible for
interactions between the sorbate and pyrite surf@ebie and Schoonen (2000) investigated the
interaction of various types of organic moleculeithwpyrite as a function of pH under anoxic
conditions by electrophoresis and batch sorptiggegments. Results indicate that the interaction of
organic aqueous species with pyrite surfaces umagdexic conditions cannot be satisfactorily

described using general surface charge argumemnts.al

Metal sulphide surfaces contain at least two tygfesurface functional groups (thiol surface group
and iron surface group) thus enabling the bindihghemically different species. Electron transfer
between co-absorbers can thus generate chemicdiigisothat would be difficult to form on a
single surface site. Furthermore, electron trangfetween co-absorbers is facilitated by the
semiconductor nature of pyrite since electron emgbacan occur by the injection and withdrawing
of electrons from the semiconductor (¥ual.,1996; Schooneat al., 1998; Xuet al., 1995). This
effectively means that co-absorbates only requib#a overlap with surface atoms and not with
each other further facilitating the formation ofeafical species unlikely to otherwise form in

solution.
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2.8 CONCLUDING REMARKS

The viability of several of the initiating chemicedactions proposed in the iron-sulphur world
hypothesis have been satisfactorily demonstrateleaboratory. Nonetheless;situ evidence of

the more complex chemical transformations requit@dexplain the immiscible nature of the
carbonaceous coatings observed in Tissint have been reported. Thepugh depth of the

carbonaceous membrane bound to the pyrite coreoi® raasily explained by the membrane
comprising of high molecular weight complex organis oppose to low molecular weight organic
monomers. At this stage it appears more likely fhaite crystals, rounded or sub-rounded by
abrasion in a precipitating fluid, acted as anaative substrate for the collection of complex
organic matter in a hydrothermal environment. Fertltudies on the nature of the organic

component in Tissint may help to eventually resohrs issue.
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Chapter 3

Chemical and Structural Composition of Organic Carlobnaceous
Structures in Tissint: Evidence for a Biogenetic Oigin

3.1 INTRODUCTION

Sulphide grains rimmed by a layer of reduced omamsirbon have previously been detected in
carbonaceous chondrites, chondritic IDPs (Rietmeijed Mackinnon, 1985; 1987) and primitive
chondritic meteorites (Tagish Lake) (Nakamataal, 2002). Similar structures have been found in
terrestrial environments including Proterozoic &rmdovician sandstones in Canada (Nardi, 1994)
and hydrothermal calcite veins in Carboniferousebtones in central Ireland (Lindgren al.,
2011). The detection of pyrite grains coated witim tarbonaceous mantles in the Tissint Martian
meteorite poses the important question of natuckaigin. A highly complex precursor organic
mantle may represent evidence of the precipitaifdhe detritus of biology while the accumulation
of low molecular weight organic compounds may alively providein-situ evidence of several

of the chemical processes predicted by the iropksulworld hypothesis.

Raman spectroscopy can be a useful tool in theelation of the spectral signatures of
carbonaceous materials. These signatures refleehge of factors including metamorphic grade
and crystallinity and are characterised by a ‘disoed’ graphitic band known as the D-band (at
~1350 cnit) together with an associated ‘ordered’ band knawrhe G-band at (~1580 ¢nThe
D-band may also reflect the presence of heteroa(®mN, O) resulting in in-plane defects (Beny-
Bassez and Rouzaud, 1985). G-band spectral prepettie insensitive to laser excitation
wavelength and power, but there is some indicatian corresponding D-band characteristics may
be sensitive to slight variations in these pararsefé/anget al, 1990, Schopét al, 2005). The
general characteristics of the D and G-bands, agakidth, relative intensity and peak position can
vary depending on the degree of thermal alterative,complexity of the precursor carbonaceous
material and the level of crystallinity of the canb(Pasteris and Wopenka, 2003; Buseneinal.,
2007; Marshallet al, 2010). These features have recently been refpeh in a number of fossil
studies as sensitive indicators of metamorphimhjisfAllwood et al., 2006; Bernarcet al., 2007;
Marshallet al.,2010).
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The residue of biogenic material (i.e. once liviogganisms) however, comprises primarily of
several different benzene ring-containing, C-O-Hhidwted molecules and is commonly referred to
as kerogen. While Raman spectroscopy typically shgeneric spectral features associated with
discontinuous arrays of condensed benzene ring®eis not show evidence of functional groups
such as CH, Ckl CHs;, CO and CN. This means that the same kind of Raspantral signature is
generated by kerogen as by other poorly orderdaboaceous materials that may be produced by a
variety of abiotic processes. Consequently, whitsiman spectroscopy can provide important
insight into the nature of precursor carbonaceoaterial, the level of crystallinity of the carban,

the degree of thermal alteration, it cannot defialy identify a sample as ‘kerogen’, but only as

‘disordered carbonaceous material’ (Pasteris angaffka, 2003).
3.2 RAMAN SPECTROSCOPY

Raman spectroscopy detects the inelastic scattesmBaman scattering, of monochromatic light
interacting with the vibrational modes of molecutamds or crystal lattices. The interaction with
molecular vibrations results in the energy of ircidphotons being shifted up or down which in
turn gives rise to information about the vibratibmodes of the system. This information includes
the electronic configuration of graphitic’sgersus diamond phybridisation and thus detects the

structural order of carbonaceous material.

Several approaches have been utilised to thedigticaodel the lattice dynamics of the
experimentally derived Raman spectra of graphiten@ich and Solin, 1979; Lespadeal.,
1982) giving rise to some important points on théerpretation of the Raman signatures of
naturally occurring carbonaceous material. Firstigly two in-plane modes among the 12 zone-
centre optical lattice modes in well crystallisedphite are Raman active. In practice, one of these
is so low in frequency (42 chy that it cannot be resolved from Rayleigh scaitgrineaning that
only theE,qg mode at 1582 + 1 chis observed in the first order Raman spectra df evgstallised
graphite. Secondly, while the theoretical wave-wedelection rules remain valid for crystals of
infinite in-plane crystallite size, they break dowa crystallite size decreases below a minimum
value. This allows associated light scattering psses to occur from phonons outside the zone
centre of the phonon dispersion curve. Essentib#ygraphitic structure becomes disordered in the
Raman spectroscopic sense and can be observethifirsband second-order Raman spectra. This
accounts for the additional disorder-induced D-bahet1350 cril observed in the Raman spectra

of carbonaceous material in microcrystalline form.
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3.3 ANALYTICAL METHODS

In order to further understand the origin, natungl anetamorphic history of the carbonaceous
globules identified during previous SEM studieghhiesolution Raman imaging spectroscopy was
undertaken on a selection of globules that weratémtin both bound and unbound states within the
pyroxene groundmass of the Tissint meteorite. Rarsigmatures would also assist in the
identification of terrestrial contaminants sincedam graphite would be unlikely to exhibit spectral
features corresponding to indigenous macromolecatbon already identified in numerous
Martian meteorites such as ALH84001, DaG 476, Dhofed, Nakhla, Zagami, NWA 1110 and
Tissint (Steeleet al.,2012). Such identifications have confirmed theuref indigenous reduced
macromolecular carbon, though the provenance of tarbon component is still debated.
Hypothesis on origin include input from meteoritbondrites (Beckeet al., 1999), thermal
decomposition of carbonate minerals (Steeleal, 2007; Treiman, 2003; Zolotov and Shock,
2000), aqueous precipitation (Steede al, 2007), terrestrial contamination (Jdt al, 1998;
Stepharet al, 2003) and the remnants of ancient biota (Mck&al.,1996).

High resolution Raman spectra were analysed forelacgon of nine sample carbonaceous
structures identified in SEM studies. These wemguated using a Renishaw inVia microRaman
system at the School of Chemistry, Cardiff UnivigtsiUK. Laser focusing of the sample was
performed using a research grade Leica analytiéedoscope fitted with a 100x objective and a
514.5 nm Argon laser line. Data processing waghaeaWire2 software application for data output
to hard drive. Spectroscopy was performed on ugpeti freshly cleaved surfaces at room
temperature with spectra collected in 20 incremeavith a measuring time of 3s each. Control
spectra were further acquired using the microRasyatem at the Department of Geographical and

Earth Sciences, University of Glasgow.

Average G-band and D-band values with standardatleni for G-band peak position and full width
half height of the G-bandl'§) were recorded. Similarly, D-band peak positiam] fvidth half
height of the D band{) and D-band intensity/G-band intensity (R1) wde® @etermined. Results
were compared to corresponding values determinedgrevious study of macromolecular carbon
in ten Martian meteorites (ALH84001, DaG 476, Dnd#a9, Nakhla, Zagami, NWA 1110, NWA
2986, SAU 130, NWA 998, NWA 1950 and NWA 2737) @é=t al.,2012).

Results were further compared to organic matenditaeted from a variety of related extra-
terrestrial sources. These included organic madtdracted from meteorites originating from

asteroids (Alexandeet al., 2007), primitive IDPs (interplanetary dust padg) (‘chondritic
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porous’) collected by NASA aircraft (Bradley, 20Q8)d comet Wild 2 dust returned with NASA'’s
Stardust mission (Brownlest al,, 2006). Results of Raman spectroscopic analigigther with a

compilation of associated spectral parametersrane Busemann, Alexander & Nittler (2007).

3.4 RESULTS

Results of Raman spectroscopy show a high levebosistency in spectral features in both D and
G-band parameters in the carbonaceous globulesifiddnn the samples. In particular, both G-
band peak position arid; parameters exhibited only small variation acrdssaamples. Figure 2.9
shows the results of a typical Raman pattern aeduirom the 10um carbonaceous egg-shaped
globule shown resting on the loosely aggregatedx®me groundmass (see Figure 4, Waltisl.,
2014). The spectra showed G-band peak param@ter¢cni') = 1577 + 0.3 with associatedth
(cm) = 130 # 0.1 and corresponding D-band péak (cri') = 1349 + 0.3 and, (cm') = 220
+0.7. The D-band intensity/G-band intensity paranef R1 =} /| ¢ = 0.915 + 0.038 indicates a

level of graphitisation consistent with comparaldlartian meteorites.

Q, (em?) =1577

Q, (cm?) = 1349

P00 1200 1500 1800

Rel em™?

Arbitrary

r,(cm?) =220

1100 1200 1300 1400 1500 1600 1700 1800

Rel em™

Figure 3.1 Shows a typical Raman spectra for the carbonacewmisrial sampled in the globules
observed in Tissint. The spectra shows a G-bank pammetef g (cm’) = 1577 with associateb
(cm) = 130 + 0.1 and corresponding D-band p@ak (cmi®) = 1349 + 0.3 and’p (cmi*) = 220 + 0.7.
The D-band intensity/G-band intensity parameteR@&f= b /1 ¢ = 0.915 + 0.038. Insert shows raw
Raman signal prior to removal of background noise.
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3.5 PEAK TEMPERATURES

Raman spectroscopy has previously been used tardegepeak temperatures responsible for the
thermal metamorphism of insoluble organic mattetraeted from the Tieschitz chondrite
(Christophe Michael-Levy and Lautie, 1981). Here thlative peak intensity (D-band intensity/G-
band intensity) R1 = 1.05 + 0.04 was used to estabh peak temperature of 300-35G.
Busemann, Alexander and Nittler (2007) found ahghg higher R1 ratio of 1.150 + 0.075
indicating a peak temperature of ~820due to either sample heterogeneity or higher peak

temperatures being experienced by the bulk inselaldanic matter.

However, there is strong evidence that peak metamotemperatures correlate directly with the
Raman peak widthT'c) and can thus be used directly to infer peak teatpees in meteorites
(Busemann, Alexander and Nittler (2007). Busemakiaxander and Nittler (2007) analysed the
Raman properties of insoluble organic matter eld¢dcfrom 51 unequilibrated chondrites
(comprising of 8 CR, 9 CM, 1 CI, 9 CO, 9 CV, 1 CBE, 10 ordinary and 3 ungrouped chondrites).
Results showed systematic trends that correlateteteorite classification and sub-classification as
well as the chemical composition of the insolublgamic matter. In particular, estimated peak
metamorphic temperatures as determined by Hsal, (2006) correlated to first order with
chondrites from all classes on a trend determined becond order polynomial {R 0.95). This

yielded the expression for the peak metamorphipezature (PMT):

PMT (°C) = 931-5.10 {p x cnt + 0.0091 X 'p% x cnf (eq. 3.1)

Figure 3.2 shows the peak metamorphic temperaagr@sovided by Husst al., (2006) against, full
width half height of the D-bandl'g). Correlation is shown using the second order rpmtyial
provided in eq. 3.1. Also shown is tliig (cm®) = 220 value determined for the carbonaceous
material sampled in the globules observed in Tidsom which it can be inferred that the organic

material was subjected to a peak temperature dd @5

Whilst the above observation suggests that the Rainaracteristics of insoluble organic matter are
primarily determined by peak temperature, it isedothat there is some evidence to suggest that
quite severe heating for short periods does nefr dalte organic matter to the same extent as
prolonged thermal metamorphism (Bussemann, Alexarsled Nittler, 2007, 2011). This
observation may be important since the complexityhe precursor carbonaceous inventories of
meteorites can only be determined in situations revhinermal overprinting has not erased

diagnostic spectral characteristics.

60



Chapter 3: Chemical and Structural Composition

L} L) L) L) I L} L) L) L} I L) L} L) L} I L) L) L) L} I L) L] L] L) I L) L} L] )
700 m CR 7
a A¢ CV&CO
o EH4 Ind # * EH&O0C 1
E 600 - H3.7 Bro HF ¢ CB |
E ] |
E " CV3.20x All II&HF 1181 1
2 500 -
S
o ]
]
© 400 | .
L L3.4 Cha
E‘ CV3.20x Mok CV3.00x Kab 4
g 300 |- co3.1 Kaié LL3.15 Bis £=CV3.0red Leo
2 -
£ Ty
x 200 —
3]
[
o
100 I} 1 1 1 l '} 'l 'l '} l L Il 1 L I '] L L L I 1 '} '} A I 1 '} '} L
50 100 150 200 250 300 350

r,(cm’)

Figure 3.2 Shows peak metamorphic temperatures as providétubget al., (2006) against Raman D-
band () parameter. Correlation is shown using the searddr polynomial PMTIC) = 931-5.10 x
I'p x cnt + 0.0091 xI'p? x cnf. Also shown is thep (cm®) = 220 value determined for the
carbonaceous material sampled in the globules védén Tissint from which it can be inferred thiaé t
organic material was subjected to a peak temperaifi~250°C. Figure adapted from Busemann,
Alexander and Nittler, (2007).

3.6 PRECURSOR CARBONACEOQOUS INVENTORIES

Bower et al, (2013) used micro Raman spectroscopy to studyafassils from a range of
sedimentary rocks of various ages together with Chti2l CV3 carbonaceous chondrites to

investigate the nature and provenance of the cadsmus material.
Here, samples included fossils extracted from thgne chert (Scotland) of age 400 Ma and the
Gunflint chert (Ontario Canada, ~1.9Ga) with peastamorphic temperature exposures <150

In these samples the origin of carbonaceous mhtedaa of known biotic source (plants, algae,
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fungi, crustaceans, prokaryotes). Lower to mid gsehist peak metamorphic temperatures were
represented by fossil samples from the Apex Chastern Australia, ~3.5 Ga) and the Tumbiana
Formation (Australia, ~2.7 Ga). Meteorite samplepresenting similar peak metamorphic
temperatures included the Murchison CM2 carbonasebondrite (~4.6 Ga, with low temperature
agueous alteration) and the Allende CV3 carbonacebandrite (~4.6 Ga, with aqueous alteration
T>1000°C followed by rapid cooling).

Boweret al, (2013) found that while it was impractical toeus and G-band intensity ratios (R1)
alone to elucidate the origins of the carbonaceuaterials across all samples, whigg (cm)
values were plotted against R1 ratios the sampfedestered into different groups correlating to

the complexity of the precursor carbonaceous nadteri

Figure 3.3 shows a comparison of R1,Il¢ againstl, (cri') band parameters for a range of

reduced carbonaceous material extracted from leotéstrial and non-terrestrial sources.

300
= ApexChert
250 - Tissint < Rhynie Chert
(this study) Allende CAl
(® Murchison Chondrite
200 + X Gunflint Chert
<!—> Allende Matrix
N Il Tumbiana Carbonate
g 150 4
I_Q
100 -
50 -
0.00 0.50 1.00 1.50 2.00 2.50

RL=1,/1,

Figure 3.3 Comparison of R1 =pl/ lg againstTp (cm?) for fossils extracted from a variety of
comparative sources. Samples with complex precwatronaceous inventories can be seen to cluster -
Rhyne chert, Gunflint chert and Murchison CM2 caeous chondrite, ~2%C > T < ~150°C.
Similar clustering can be seen in fossils analysdtie Apex Chert and the Tumbiana Formation ~300
°C > T < ~1000°C. Purely graphitic carbon in the Allende CAI , TLO0FC is also shown. Data and
figure adapted from Bowaest al.,(2013).
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Here, samples with complex precursor carbonacepusniories can be seen to cluster when
compared to sources with less compositionally cempmlr hydrothermally overprinted material
(Boweret al.,2013). It is noted that clustering of R1 &l g againsip (cm*) band parameters that

is evident in the results appears to be irrespedfverrestrial or non-terrestrial origin.

The position of [/ Ig] / T (cm?) plot of carbonaceous material taken from the teaot the
globules identified in SEM studies of Tissint inglie a compositionally complex precursor
component associated with metamorphic temperatupeso ~250°C and associated D-band
disorder parameterBp (cm’) consistent with both terrestrial and non-teriaktsources of age
between ~400 Ma and ~4.6 Ga.

3.7 ORIGIN OF CARBONACEOUS COMPONENT

The detection of macromolecular carbon (MMC) phdsasartian meteorites has previously been
reported by Steelet al, (2012). Here, Confocal Raman Imaging Spectrasc@RIS) studies of

MMC phases associated with small oxide grains vieted completely encased within silicate
hosts. Prior to the acquisition of MMC Raman signes, isolation of the MMC component was

first established by a combination of transmittad eeflected light microscopy (Steeadeal.,2012).

Figure 3.4 (a) Confocal Raman Imaging Spectroscopic 3-D deptfile through a melt inclusion 5 to
20 um into the sample surface in DaG 476. The obalic indicates the presence of a spinal-groupexid
while blue denotes the presence of a reduced cardsmponent. The grid is in 2 um increments. Figure
2.12 (b) shows a 2-D Raman map of common macromialecarbon with an associated oxide phase
(Figure from Steelest al,, 2012).
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Figure 3.5 Q ¢ (cm™) andTs (cni?) parameters for macromolecular carbon phasesiymgitetected

in eight of eleven Martian meteorites analyseddlgtet al.,2012) comprising of ALH84001, DaG 476,
NWA 1110, NWA 2986, SAU 130, NWA 998, NWA 1950 ahWA 2737. Parameters for organic
material derived from the mantle of carbonaceoobuks identified in this study are represented by
solid black arrow. The black line represents theiatian in these parameters as observed in
carbonaceous chondrites dotted black line represertations in similar parameters of interplangtar
MMC dust particles (IDP). A standard graphite speuat is marked AG and represents ordered
crystalline carbon. Figure adapted from Stegtlal., (2012).

Figure 3.4 (a) shows a CRIS 3-D depth profile tigftoa melt inclusion 5 to 20 um into the sample
surface in DaG 476. The red indicates spinel-gmige with blue denoting MMC. The grid is in 2
pm increments. Figure 3.4 (b) shows a 2-D Ramanahapmmon MMC with an asscoiated oxide
phase. The presence of MMC phases conpletely ethaeitigin silicate hosts effectively rules out

terrestrial origin and confirms the indiginous matof the carbon analysed.

MMC phases completely encased within silicate hesgtse positively detected in eight of the
eleven Martian meteorites analysed including ALHBR(DaG 476, NWA 1110, NWA 2986, SAU

64



Chapter 3: Chemical and Structural Composition

130, NWA 998, NWA 1950 and NWA 2737 (Steade al., 2012).Q s (cm?) andI's (cm?)
parameters are plotted in Figure 3.5. Parametersrfyanic material derived from the mantle of
carbonaceous globules identified in this studyremesented by a solid black arrow. CRIS results
indicate that G-band parameters for the carbonacemntle component of globules identified in
this study of Tissint are entirely consistent witbse of indigenous macromolecular carbon located
in a range of Martian meteorites. These meteoktgstallised over a ~4.2 billion year period
ranging from ALH84001 (4.43 Ga) to NWA 1110 (0.18)G

To further elucidate the nature of the carbonaceonsponent, a comparison @fp (cm’) andI'p
(cm®) parameters was undertaken by contrasting valuessed in this study with similar
parameters taken from a variety of extra-terrdstrganic matter (Bussemann, Alexander and
Nittler, 2011). Here, insoluble organic matter veagracted from meteorites derived from asteroids,
IDPs and JFC Wild 2 dust. The insoluble organictenatvas separated from the main chondritic
silicates of the meteorite samples by demineratisaind soluble removal (Cod d., 2002). The
remaining material represents ~75% insoluble masgién of the meteorite’s carbon component,

the remaining fraction being soluble in water ayasic solvents (Gilmour, 2003).

Of the IDPs examined, a subset were collected duBarth’'s passage through comet Grigg-
Skjellerup’s dust stream (GSC) and are thoughbtdain fresh dust from a known cometary source
(Messenger, 2002). By contrast organics in Wildugtdvere collected in quite harsh conditions
having been decelerated from a velocity of 6.1 kwithin a few mm to cm of aerogel and are
likely to have suffered flash heating, evaporatiablation and complete or partial melting. Peak

temperatures of T>1000 K may have been experieifmceshort periods ~1us (Coulsen, 2009).

Q p (cm?) andTp (cm?) parameters for the various classes of metecaitesshown in figure 3.6.
Classification was based on chemical, isotopic rumeralogical compositions (Weisbergt, al.,
2006) and reflects thermal and aqueous alterafigure 3.6 also show@ , (cmi*) andTp (cm’)
parameters for GSC-IDPs (Comet Grigg-Skjellerup®d), normal IDPs and Stardust (organics in
Wild 2 stardust). Parameters for organic materaived from the mantle of carbonaceous globules

identified in this study are represented by a Solistk arrow.

Data points in figure 3.6 indicate that the sammeghnic material in Tissint shows similar Raman
parameters to the less thermally altered more pwieniordinary chondrites (CR, Cl, CM) as
opposed to the CO, CV and OC chondrites, thoughiate experienced greater levels of thermal

metamorphism. Bussemann, Alexander and Nittler IP&lmilarly observed that comet Wild 2
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organic matter, despite severe heating during captlid not alter the organic matter to the same

extent as the prolonged thermal metamorphism o€W¥eCO and OC organic component.
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Figure 3.6 Q p (cm®) andT'p (cm™) parameters for the various classes of metedsissd on chemical,
isotopic and mineralogical compositions (Weisbeagal., 2006) together with similar parameters for
GSC-IDPs (Comet Grigg-Skjellerup’s IDPs), normaP¥and Stardust (organics in Wild 2 stardust).
Parameters for organic material derived from thentteaof carbonaceous globules identified in this
study are represented by a solid black arrow. Eigadapted from Bussemann, Alexander and Nittler
(20112).
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3.8 C, N, O, S AND Cl ABUNDANCES AND RATIOS

To further elucidate the nature of the carbonaceougponent of the structures identified in Tisisnt,
C, N, O, S and ClI elemental abundances were detednising EDAX analysis undertaken on a
selection of globules that were present in bothndoand unbound states within the pyroxene
groundmass. For continuity, studies were indepathdeonducted at the School of Earth and
Ocean Sciences, Cardiff University, and also at M®&SA Marshall Space Flight Centre,
Huntsville, USA. Results of EDAX analysis indicagé&erage elemental abundances of carbon
(~78%), nitrogen (~0.3%), oxygen (~9%), sulphurl(3%) and chlorine (~0.28%) that are typical
of high volatility bituminous coals that exhibit tesponding elemental abundances in the range,
carbon (77.7-83.2), nitrogen (0.3-3.0%), oxyger8{B3.5%), sulphur (0.62-4.83%) and chlorine
(0.03-0.12%) (Gehlhausen and Camahan, 1991; Malh2@12). Corresponding CI, N, O and S to
C elemental ratios are distinctly higher than egl@mt graphite standards with the carbonaceous
material being particularly Cl- rich. This indicatthat the carbonaceous component of the observed

structures in Tissint is consistent with biologgrggen) and not with an igneous process.

3.9 SUMMARY AND DISCUSSION

In spite of the limitations of Raman spectroscapymambiguously differentiating biogenic carbon
from abiogenic carbon, G and D-band spectral cheriatics of the carbonaceous coating of several
5-50 um globules located in the Tissint Martian eoete imply a complex precursor carbon
inventory. This inventory is comparable to the carlcomponent of precursor materials of known
biotic source (plants, algae, fungi, crustacearskaryotes) that have been subjected to low grade
thermal alteration ~29C > T < ~150°C. Similarly, the carbonaceous coating of the gledun
Tissint is comparable to G and D-band spectralasttaristics of the complex carbon component of
the Murchison CM2 carbonaceous chondrite. The swbgs nature of organic compounds in
carbonaceous chondrites has been unambiguouslplisiséal by carbon isotope analysis of
extracted xanthine and uracil (Martired al., 2008) as well as the subsequent unambiguous
identification of about 70 amino acids in Murchistself (Schmitt-Kopplinet al.,2010). Matson
(2010) suggest that a potential 50,000 or more umimolecular compositions, and possibly

millions of distinct organic compounds, may alsgpbesent in Murchison.

Correlation between peak metamorphic temperaturéfRaman D-band’() parameters has led to
the suggestion that the second order polynomial P} = 931-5.10 Xp x cnt + 0.0091 X% x

cnt can be used as a simple thermometer for detergipeak temperatures (Busemann, Alexander
and Nittler, 2007). Th&p (cm®) = 220 value determined for the carbonaceous iahtampled in
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the globules observed in Tissint infer that theanig material was subjected to a peak temperature
of ~250 °C. It is noted that similar structures to those epbed in Tissint were found in
hydrothermal calcite veins in Carboniferous limest® in central Ireland. Here, the temperature
condition of the calcite precipitation fluid wasdieed through fluid inclusion microthermometry
on nine aqueous fluid inclusions. The homogenimat® liquid in all inclusions measured in the
range 200 to 27& (Lindgrenet al., 2011), suggesting a possible link with the hydeatimal
precipitation process responsible for the formatibthe globules. This is somewhat supported by
the observation that mineral assemblages encloghihwnaskelynite phases of Tissint show the
presence of clays and sulphates, favouring a hyedrnotal origin for the formation of organic

carbon and nitrogen species (Stestlal.,2013).

Q¢ (cm?), I's (cm?), Q p (cm™) andI'p (cm?’) parameters further imply a level of crystallinépd
disorder of the carbon component of the globulesisbent with carbonaceous material recovered
from a variety of non-terrestrial sources but mzighificantly from other Martian meteorites. G-
band characteristics are nearly coincident wittbbaaaceous material recovered from the Martian
meteorites NWA 2737 and NWA 2986. This clearly destmates that the observed globules were

indigenous to the Tissint meteorite and were nefpitoduct of terrestrial contamination.

Furthermore Steeleet al., (2012) studied macromolecular organic material ilaimin its
characteristics to that found in other Martian rogtes that occurred in maskelynite phases of
Tissint. Raman spectroscopic mineral maps revealedries of small 1-3 um spherical globules
enclosed with the maskelynite that were associatgld irregular features at the maskelynite
pyroxene interface. Raman mapping subsequently ircoed the presence of pyrite and
macromolecular carbon phases in 18 maskelynitausiahs in Tissint (Steelet al., 2012). The
proximity of macromolecular carbon with pyrite (anthgnetite rich assemblages) together with
Raman characteristics that match the observed aeaistics of the globules found in this study
further rule out contamination as possible souarettie structures. While these authors interpret
these observations as evidence of abiotic formaipmgneous processes, this is contrary to the
detection of organic carbon filling fractures ivote and pyroxene in several regions. Furthermore,
the accumulation of organic carbon around pyriystads, the immiscible nature and morphology of
the spherical structures observed, and the eleinemtgposition of the carbonaceous mantles, all

strongly point to the precipitation of biologicalliiegraded material in a hydrothermal environment.
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Chapter 4

Evidence of Ancient Microbial Activity on Mars

4.1 INTRODUCTION

Speculation about the source and nature of thenargaarbon component in Martian meteorites
continues. Competing theories include terrestraadtamination (Jullet al., 1998: Stephart al,
2003), abiotic geophysical processes (Treiman, 2B6®tov and Shock, 2000; Steaeal, 2007)
and the detritus of past life (McKat al., 1996). The new Tissint Martian meteorite offensaee
opportunity to examine the carbon component okaly relatively uncontaminated, Martian basalt.
Stepped combustion mass spectrometry has confithadnuch of Tissint’'s organic material is of
Martian origin with total carbon abundances of ppBn ¢*°C = —26.6 %o) and 12.7 ppm nitrogen
(8"°N = —4.5 %o) (Aoudjehanet al.,2012).

An abiotic (igneous) origin for the reduced orgacdmmponent in Tissint was initially proposed by
Steelet al, (2012). This was based on observations of maglexsular carbon inclusions within
feldspathic glass phases in a number of Martianeonéés. Subsequent investigations led the
authors to revise this interpretation and curréiriking now favours fluid precipitation (Steed¢

al., 2013). An independent study by Lén al., (2013) found two petrographic settings for organic
carbon in Tissint, characterised by a) the comglkitey of fractures in olivine and pyroxene anyl b
an entrained component in shock-melt veins. Ranmpattsal analysis indicated a kerogen-like
material with elemental ratios of H, N, O, S, Parid Cl to C comparable to the coal reference and
distinctly higher than graphite standards. C isetapalysis revealed the organic carbon component
was characterised by light C isotop8SC = —13.0 to -33 %) which accorded well with theliea
isotope data from Aoudjehame al., (2012). The clear petrographic settings for thgaarc carbon
together with the C isotope results led the auttmnclude that a) the organic carbon component
was deposited from organic-rich fluids and was magmatic in origin, b) was unlikely to have

originated from chondritic debris and c) was mdkely of biogenetic origin (Liret al.,2013).

Our earlier studies of the Tissint Martian meteoete consistent with the latest findings of kin
al., (2013) and Steeleet al., (2013). We identified the presence of a number5&0um
carbonaceous globules both embedded in the rougix@ye substrate but also in an unbound state,

having been dislodged during the experimental @iy process (Walligt al, 2012). SEM and
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EDS elemental spectra for 11 selected globulesirooed that they comprise of a carbonaceous
outer coating with an inner core of EgPyrite) and are characterised as immiscible debwith
curved boundaries. Raman spectral characteristiplyia level of crystallinity and disorder of the
carbon component consistent with previous repdrtsganic carbon in Tissint (Steed¢ al.,2012).
D-band spectral characteristics further imply a plax precursor carbon component comparable to
the precursor component of materials of known bisturce (plants, algae, fungi, crustaceans,
prokaryotes). Correlation between peak metamorgbioperatures and Raman D-banich)(
parameters further indicate that the carbonacemponent was subjected to a peak temperature of
~250°C suggesting a possible link with the hydrotherprakipitation processes responsible for the
formation of remarkably similar structures obserirettydrothermal calcite veins in central Ireland
(Lindgrenet al.2011). This link was confirmed by the petrograpdétting of the organic carbon
component that showed examples of organic carboplately occupying the cracks and cleavage
around pyrite crystals, suggesting that pyrite heteéd as an attractive substrate for the collecifon

organic material in a hydrothermal setting.

In this study we report the results of SEM, opticatroscopy and Raman spectroscopy on the
Tissint Martian meteorite. Our results show thespree of a relatively rare secondary iron
arsenate-sulphate mineral found in a shock meift gethe meteorite. The presence of this mineral
is interpreted as arising from microbial activityposition substantially supported by SEM images
of a pyrite grain showing morphological alteratieatures distinct from abiotic alteration features,
and closely comparable to biologically mediated rostructures created by Fe- and S-oxidising
microbes in the laboratory. These results confliendbservations and interpretations of Setell.,
(2013) and Linet al., (2013) insofar as Tissint's organic carbon comporerose from fluid
precipitation. More significantly, they support tlw®nclusions of Linet al., (2013) that the
precipitated organic carbon component had a biagenigin. Direct evidence of the activity of Fe-

and S-oxidising microbes on pyrite surfaces stpsgpports the findings of McKaat al., (1996).

4.2 EXPERIMENTAL METHODS

To further examine the viability of the hypothebiing considered, scanning electron microscopy
was utilised to first identify the presence of ehdad arsenic domains in one polished 30pum thin
section (section A) and one polished thick sec{fdection C) of Tissint that were prepared at the
School of Earth and Ocean Sciences, Cardiff UnityerBetails of these sections are provided in
section 2.3. Once identified, Raman spectroscopyg than utilised to constrain the observed

mineral species.
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Further SEM studies were undertaken for the purpdsdentifying the presence of bacterial etch
pits in the surface of pyrite grains present inrtieteorite. SEM studies were conducted using the
FEI (Phillips) XL30 FEG ESEM (Environmental Scampiftlectron Microscope) FEG (Field
Emission Gun) at the School of Earth and OceannSei at Cardiff University. The unit
incorporates a secondary electron detector (SH)ack scatter electron detector (BSE) and a
gaseous secondary electron detector (GSE). It l@soan Oxford Instruments INCA ENERGY
(EDX) x-ray analysis system. Image recording is &i8ONY video graphics printer or digital by
processing image frames in a 16 bit framestore coenpfor output to hard drive. Optical
microscopy was conducted using an RM-1POL polagidight microscope with 360° rotating
analyser. Image capture was via a 9M pixel digiiabcular camera unit processed by View7 PC

software for output to hard drive.

Independent studies using a separately sourcedlesamape undertaken using a Hitachi S-3700N
Field Emission Scanning Electron Microscope at N#SA Marshall Space Flight Centre. High
resolution Raman spectra were acquired using asRawiinVia microRaman system at the School
of Chemistry, Cardiff University, UK. Laser focuginf the sample was performed using a research
grade Leica analytical microscope fitted with a X@bjective and a 514.5 nm Argon laser line.

Data processing was via the Wire2 software apptindbr data output to hard drive.

4.3 RESULTS

An arsenic enriched domain was observed in EDAXnelgal maps in the vicinity of a ~10 um
wide glass shock vein. Black glass melt pockets\agis are characteristic of Tissint. Figure 4.1
(a) shows an optical light montage in cross patarigansmitted light of a typical glass shock vein
cutting through the pyroxene groundmass and pasksimoggh an olivine crystal. The white grains
are maskelynite while the glass shock veins shoaauplack. Figure 4.1 (b) shows a similar image
of the shock vein containing the arsenic signatuth the site of interest highlighted. Also shown
beneath it is a typical olivine crystal with a melitlusion and radiating cracks. Figure 4.1 (c)veho
an enlarged image of the vein now seen to enclesmeral inclusion that is again shown in higher

magnification in figure 4.1 (d).

Raman spectroscopy provided an unambiguous idemiidn of the glass melt inclusion as
comprising of an iron arsenate sulphate minerakdisskyite). Figure 4.1 (e) shows Raman spectra
of the grain compared with similar spectra (Rruif: IRO50630) for the iron arsenate sulfate
mineral, bukovskyite — P&(As’'0,)(S*"04)(OH)*7(H,0) — sourced from Kutna Hora, Bohemia,

Czechoslovakia by the University of Arizona Minekéliseum. Comparison of the spectra provides
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an unambiguous identification with distinct bandgtie 1000-1200 cthrange - assigned to thg
(SO,)* antisymmetric stretchd{Fe-OH bend) - with corresponding coincident baimishe 900-
1000 cnT range (assigned ta (AsO,)* antisymmetric stretch or vibration of water moliesuand
thev, (SQ)* symmetric stretch) (Louet al, 2011).

Further strong bands assigned towhandv, (AsO,)* antisymmetric and symmetric stretch at 800-
900 cm' together with lower wavelength bands at ~400' @ssigned to the, (SQ,)* bend, thev,
(AsO,)* bend or the Fe-OH and Fe-O stretch were similargsent. One prominent feature at ~
1040 cnit that is assigned to thg (SQ,)* antisymmetric stretchd{Fe-OH bend) (Louret al,

2011) was evident in the observed spectra but wysobserved in weakened form.

The presence of a secondary iron arsenate-sulphttte Tissint Martian meteorite suggests an As
mobilisation and sequestration process operatirtbarsurface or near surface layers of Mars. The
ecology of arsenic on early Mars could provide ewmitk of previous microbial activity or in the

alternative constrain our understanding of earlytda surface conditions.

4.4 BUKOVSKYITE

Bukovskyite is a relatively rare secondary ironeagge-sulphate first analysed by Antonin
Bukovsky (Bukovsky, 1915) and later by Slavik (1928d Ulrich (1930). Its structure consists of
octahedral-tetrahedral Fe-arsenate chains withhatgptetrahedral bonded to the chains and free
H,O molecules via a complicated network of hydrogends (Majzlanet al., 2012). It occurs in
substantial quantities as the main secondary nimeraedieval dumps near the municipality of
Kutna Hora, in the Czech Republic. While it hasodieen described at several other localities,
Kutna Hora is the only site where the mineral osdarsubstantial quantities. Novékal., (1967)
conducted the first modern description of bukovikyising X-ray diffraction, chemical analysis,
TEM, and IR spectroscopy. At the time it was prazbthat bukovskyite was the arsenate analogue
of destinezite (F£P(Q,)(SOy)(OH)- 6H,0), but this has since been refuted by Johan (1886)it is

now considered an alteration product of arsenagyrit

The oxidation of arsenopyrite has been the sulgeseveral laboratory studies (e.g. Buckley and
Walker, 1988; Richardson and Vaughan, 1989; Neshit., 1995; Nesbit and Muir, 1998). Further
studies have concentrated on the precipitation am@shms and stability of scorodite (FeAsB,0)

- the most common arsenopyrite oxidation produd. (Bove and Rimstidt, 1985; Nordstrom and
Parks, 1987; Krause and Ettel, 1988). Hafétral., (2010) reported the presence of bukovskyite at

the Golden Port mine in New Zealand, where it ageuith scorodite and As-rich hydrous ferric
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Figure 4.1 (upper) shows optical light images of a 30um thin sectidrTissint in cross polarised
transmitted light. Black glass shock veins and ptglshow up as black with maskelynite phases in
white. (a) typical glass shock vein cutting throutje pyroxene groundmass and olivine crystal (b)
shock vein containing the arsenic signature withdite of interest highlighted, note also the preseof

a typical olivine crystal with a melt inclusion amddiating cracks (c) enlarged image of the vein
showing enclose mineral inclusion and (d) samdyigher magnification. Field of view (a) 2.5mm (b)
1mm (c) 250 um (d) 100 pnflower) shows Raman spectra of mineral grain compared siittiar
spectra (Rruff ID: RO050630) for the iron arsenatallfase mineral, bukovskyite -
Fe*,(As*'0,)(S"0O4)(OH)*7(H,0) — taken from Kutna Hora, Bohemia, Czechosloval@ample
courtesy of the University of Arizona Mineral Museu
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oxides on the interior of waste dumps. These astboncluded that bukovskyite and zykaite arose
in the Golden Port mine as products of weatherasglting in elevated concentrations of sulphates

that remained wet most of the time.

In contrast, Majzlaret al.,(2012) found that the Fe:As:S (2:1:1) ratio of budkyite precipitating
gels varied widely and were depleted in S relativéhe ideal 2:1:1 stoichiometry. They concluded
that bukovskyite cannot originate by simple wedtigeand decomposition of pyrite or arsenopyrite
and that some additional control over the chemicamposition and final crystallisation

mechanisms must exist (Majzlahal.,2012).

There are a number of examples of the formationrade bukovskyite occurring that involve
biological processes, most notably biologically uoed mineralisation. Marqueet al., (2006)
studied a two-step oxidation pre-treatment prodesslving a combination of bacterial and
pressure oxidation of ores mined in the S&o Beapwsits in Brazil. They observed the presence of
minor and trace amounts of zykaite {fResO,)3(SOy)(OH)- 15 HO) and bukovskyite as secondary
products of the bacterial oxidation of gold ores$.tle type locality of the Kk deposit in the
northern part of Kutna Hora, two types of assooiaiand dumps are distinguishable (Majztan
al., 2012).

The first type are composed of large rock fragmewith open space between them and are
associated with scorodite, iddte and zykaite with non-arsenate secondary miserecluding
gypsum and jarosite. In the second type the radmfients are completely filled by earthy to clayey
material together with anthropogenic material idaohg charcoal, timbers and burnt clay. These
areas are associated with abundant bukovskyite ranel parascorodite (FeAs®,0). This
observation has led to the suggestion that clayerala create sealed microenvironments where
high concentrations of aqueous, Hre(lll), SQ and AsQ are maintained for long periods of time
(Majzlanet al.,2012).

While the precise processes responsible for thedtion of bukovskyite remain unknown, it is not
possible to unambiguously associate the formatibnthes mineral with biological activity.
Nonetheless, the initial mobilisation of arsenionfr As enriched Fe oxides, the subsequent
sequestration of As by precipitating sulphides wrad®xic conditions followed by the oxidation to
sulphide of sulphate species and the formationetdtively rare As secondary phases are all

processes commonly associated with bacterial activi
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4.5 A MICROBIAL MODEL FOR BUKOVSKYITE ON MARS

The working hypothesis considered here is that,(Res>"0,)(S°'0,)(OH)*7(H:0) (bukovskyite)
formed when high concentrations of aqueotisfé(lll), SQ* and AsQ> were maintained for long
periods of time in microenvironments created in s@tface and subsurface Martian clays. These
ingredients arose as dissolution products of therahial reduction of Fe-oxides and subsequent

microbial oxidation of FeSwith concurrent release of sequestrated As taasglase.

Arsenic (As) is a ubiquitous element known to havdigh affinity for newly precipitating Fe
oxides where it is both incorporated and subsedystabilised within the mineral structure during
aging and transformation (Jessral, 2005; Robertst al.,2004). The sorption of As on Fe oxides
occurs in both ionic outer, and specific innerfate complexes (Sun and Doner, 1998; Waychunas

et al, 1993) resulting in solid phase As enrichmenteroikide precipitating sediments.

The potential for humic substances to influencerddox state and the complexation of As, thus
shifting As partitioning in favour of the solute gge is commonly seen on Earth. In the sediments
of South Asia, hot spots of As enriched aquifees@mmonly observed in the vicinity of organic
rich buried peat layers. These peat layers compfisecomplex mixture of polyfunctional organic
molecules derived from the decomposition of plaatsimals and microorganisms (Wang and
Mulligan, 2006). While the precise composition bése mixtures varies, they all share common
moieties such as polar carboxyl, hydroxyl, aminafhydryl and phenol groups (Aikeat al.,
1985). Increasing concentrations of these commoietiee were found to increase the chemical
reduction of Fe(lll) complexes and oxidise3 supporting the assumption that they are indeed t

redox active moieties involved in the redox reawi¢(Bauer, 2008).

In our model, accumulated sedimentary organic rizteould react with Fe oxides resulting in the
mobilisation of arsenic. Under anoxic conditiongquestration of As may arise from As
precipitation in sulphide compounds, the formatbrthioarsenic aqueous species or As adsorption
(and possibly co-precipitation) onto Fe(ll) sulgsdHenke, 2009) forming, for example, H&S

complexes.

Figure 4.3 provides a notional representation ofitpysurface sites and different kinds of
interactions namely a) outer-sphere complexatiora afon-specific nature and b) inner-sphere
complexation of a metal. In this case the figureveh specific interaction with a sulphur surface

site.
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Figure 4.2 Schematic representation of the proposed chemicakpses that result in the formation of
bukovskyite in closed micro-environments. The madda proceeds via anoxic microbial pyrite
oxidation and culminates in the accumulation of dugkyite forming ingredients and conditions.
Components of the model would then migrate fromrsedtary layers to a hydrothermal environment
where organic matter would precipitate on pyritains.

The availability of aqueous AsQvould be complemented by dissolution by-produdtpyrite
oxidising bacteria giving rise to a ready supplyH3f Fe(lll) and SG species as indicated by the

following chemical reactions:
FeS+6F& +3H0 >S5S0 +7Fé +6 H eq. 1
S0>+8Fé"+5H0->2SQ*+8Fé +10 H eq. 2

The iron (Il) ions are oxidised by the bacteria:

bacteria

F€" ——> Fé+e
High concentrations of these species together AgQ, would then be maintained for long periods

of time in micro-environments supported in fine ktam clays. Figure 4.2 shows a schematic

representation of the proposed chemical processadgting in the formation of bukovskyite.
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Components of the model would then migrate fromirsedtary layers to a hydrothermal

environment where organic matter would precipitaigyrite grains.

Leblancet al., (1996) reported the accumulation of iron-arseiaaied arsenate-sulphate precipitates
in the acidic stream (pH 2.2-4) of the Carnouléeg &A1) mine in Garde, France. Here, rod-shaped
and sheathed bacterial forms were responsiblesfoudinous bacterial accretions, morphologically
similar to stromatolites. Stromatolites represét tnost ancient records of life on Earth by fossil

remains which date from more than 3.5 billion yesys.

Also found within the accretions were lividthiobacillustype bacteriaThiobacillus ferrooxidans
oxidise Fe(ll) for energy for growth. Bennett andiblitsch, (1978) reported a strong
correspondence between the attachmenttobbacillus ferrooxidando pyrite surfaces and the

presence of residual etch pits during bacterialiesy experiments.

The presence of some bacteria in the etch pitsrooed a causal link between the pits in the pyrite
surface and the bacteria. Since fheferrooxidansmicrobes require oxygen as their terminal

electron acceptor, it appears unlikely they wolddehbeen present on early Mars. However, purple
and green sulphur bacteria (i.e. both Fe- and Bise¢is) are anaerobic and potentially well suited

to Martian conditions.

(a) Outer-sphere complexation (b)
of non-specific nature
H H
N H H
0 \ /
H ) H O ...... Me2+ O
\ i / e ; ~N
Q - MeZ* - O H H
s : ~
H : H i
06' Fe S Fe
AN
H H .
: Inner-sphere complexation
Fe S S Fe of metal (interacting with S)

Figure 4. 3a notional representation of pyrite surface saed different kinds of interactions (a)
Outer-sphere complexation of a non-specific nat(ipg;inner-sphere complexation of a metal,
specifically interacting with a sulphur surfaceesit
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4.6 BACTERIAL ETCH PITS ON PYRITE

Oremland (2003) speculated on the role of disstoma arsenate-reducing prokaryotes in a
hypothetical microbial ‘biome’ supported by arseaoycling in the subsurface layers of Mars. Here,
As(lll) would be recycled to As(V), possibly by apus nitrates permeating through the Martian
surface. The activity of anaerobes that use As@/}heir respiratory oxidant is well documented
(Switzer et al., 1998; Huber et al., 2000; Glhriagd Banfield, 2001) and include several
extremophiles adapted to high temperature, pH, cangalinity. Furthermore, some arsenate-
reducing bacterium (e.g. strain OREX-4) can udeeeiarsenate or sulphate as the electron acceptor
(Newmanet al., 1997) enabling them to operate as both sulphatgereg and arsenate-reducing

bacterium. The OREX-4 bacterium is typically ~2r& pn length ~0.4pum in diameter.

Evidence of the previous activity of bacteria watedted in the form of spherical etch pits and
chains of pits on the surface of pyrite grains edatith carbonaceous material that were previously
identified in the pyroxene substrate of Tissint.e3& etch pits occurred in clusters, and were
comparable to biologically mediated microstructwwe=sated by Fe and S-oxidising microbes in the

laboratory.

A correspondence between the attachment of somertzato pyrite surfaces and the presence of
residual etch pits has been reported in bactegalcHing experiments using Thiobacillus
ferrooxidans by Bennett and Tributsch, (1978). Enmsthors reported the presence of rounded etch
pits, typically between 1-dm in diameter, often occurring as pairs or chaiith wdividual pits
linearly aligned, or as significant clustered acclations. In particular, the presence of residual
bacteria in some of the pits was observed, eshabiisa causal between the two. Similarly,
Edwardset al., (1998, 1999) reported pitting in experiments ugiagural populations of microbes
from acid mine drainage sites, while Eteehl (2007) showed that the shape of etch pits crdated

thermophilic Archaea was strongly related to cijst@aphic orientation.

Significantly, Waceyet al., (2010) reported on pyrite grains with laminatecboaaceous coatings

of early Archean age from the basal quartz areméenber of the 3.43-3.35 Ga Strelley Pool
Formation (SPF) in Western Australia. Here, pysitiefaces at the interface with the carbonaceous
coatings exhibited spherical pits, chains of pitel @hannels that were widespread and had a
clustered distribution typical of microbial coloat®n. This author interpreted this as trace fessil

formed by the attachment of bacteria to the pyitdaces.
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Figure 4.3(a) shows an SEM image displaying thagiree of etch pits on the surface of a pyrite
grain coated with carbonaceous material in the ifiisMartian meteorite. This image was
previously reported in Wallist al (2013) and was taken using a Hitachi S-3700N Higtdssion
Scanning Electron Microscope at the Marshall Sgdigght Centre by RBH. It is shown here with
the contrast improved for the purpose of highlightsurface features present at the interface of the
pyrite and carbonaceous mantle. Figure 4.3(b) stibevsarea marked with arrow (i) in the upper
image. Here, a cluster of equally spaced sphegical pits, arranged in linear order, become visible
Figure 4.3(d) shows an overlay diagram of theiitpmsand spacing. Figure 4.3(e) shows a similar
set of four rounded pits equally spaced in a ditdige as indicated by the four white arrows. For
comparison, figure 4.3 (c) shows a cluster of sphéetch pits in the surface of pyrite taken from
the Strelley Pool Formation (SPF) in Western Auistr@Vaceyet al.,2010). These pits can be seen

to be equally sized and spaced and linearly aligned

The significance of the etch pit shape and geoméditstribution cannot be overstated since pitting
and channelling of pyrite surfaces can result friita non-biological oxidation of pyrite. For
example, pits of approximately 200nm deep >urhilOwide have been observed in pyrite under
aqueous, @saturated, acidic conditions (Astaal, 2008). Though these significantly differ from
those observed in microbial experiments, they doalestrate that abiotic process can also affect
surface features. Similarly, the random distributad pits of size 30-250nm have been observed
during HCI and HSQ, reaction with pyrite (Edwardst al., 1999) and in the radiolytic oxidation of
pyrite (Lefticariuet al., 2010). Furthermore, abiotic oxidation by® has also been shown to
cause pitting (Lefticariu et al. 2006) though here pits were larger (~1L@ diameter) but did not
cluster or form chains of pits. Consequently, thespnce of pits alone on pyrite surfaces is not
diagnostic of a biological reaction (Waceyal.,2010). However, the pits in the pyrite of Tissint
are rounded and clustered, form chains with eqitadpgacing, have dimensions within the range

typical of microbes and are distinct from the albif¢atures discussed above.

4.7 DISCUSSION

The mobilisation and sequestration cycle of ars€A&) is neither purely chemical nor purely
microbial. However, the process is greatly enharmethe activity of microorganisms that increase
reductive Fe oxide dissolution with concurrent aske of As to solute phase. The subsequent
sequestration of As under anoxic conditions cam tteke place via precipitation in sulphide
compounds. The presence of relatively rare secgndan arsenate-sulphates does however

tentatively suggest microbial activity. Iron arsenand arsenate-sulphates, together with the
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Figure 4.3 (a) shows an SEM image of a pyrite grain coateti eéarbonaceous material located in the
substrate of Tissint (Wallist al, 2012). The area marked with arrow (i) is showrigher resolution
(b) where a cluster of equally spaced sphericdl pits, arranged in linear order, become visibif. (
shows an overlay diagram of their position and smgpavhile (e) shows a similar set of four rounded
pits equally spaced in a straight line as indicdtedhe four white arrows. For comparison, figuré&B
shows a cluster of spherical etch pits in the serfaf pyrite taken from the Strelley Pool Formation
(SPF) in Western Australia (Wacey al., 2010). These pits can be seen to be equally sirddspaced
and linearly aligned.
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alteration product, bukovskyite, have all been regubin ferruginous bacterial accretions in acidic

mine waters in France. (Leblaatal.,1996).

Reliance on microfossil morphologies as conclusivdicators of relic life has a controversial
history. Even in terrestrial settings the unambigumentification of ancient biology has not always
been easy to establish. Pflug, (1967) reportegbtbsence of ‘globular-type A microfossils’ in acid
macerated shales of the Fig Tree Group, but théssirece been questioned by Altermann (2000).
Walsh (1992) found ~90 um Archaean carbonaceousersjolal microstructures in the carbonate
cherts of the Kromberg Formation, though Brazaeal., (2006) have since reinterpreted these as
self-organised abiotic structures. Buik (2001) agamined these structures and found that hollow
kerogenous filaments associated with them may shdeebiological. Sugitani (2007) interpreted
similar-sized morphological structures in the bladhkert beds of the Gorge Creek Group as

‘probable microfossils’.

Significantly however, Javaux, Marshall and Beki&010) examined organic-walled microfossils
in Mesoarchaean shales and siltstones in the Bastdest (3.2 billion years) siliclastic alluvial t
tidal estuarine deposits. They found unambiguoudegce in the wall unltrastructure of flattened
hollow organic-walled vesicles with visible lumeetlyeen the compressed walls and concluded
they must be of biological origin. Of significandbese investigators also reported the presence of
pyrite and arsenopyrite grains in the walls of thierostructures observed during SEM energy
dispersive X-ray analysis. Spheroidal carbonacewigsostructures with sulphide cores have also
been observed in Proterozoic and Ordovician sandstim Canada (Nardi, 1994) and hydrothermal
calcite veins in Carboniferous limestones in cérteland. Here the origin of the organic matter
cannot be confirmed but is thought to have derivech the surrounding sedimentary terrain, where

the hot hydrothermal fluids generated the migratibarganics (Lindgreet al, 2011).

Nonetheless, the presence of spherical pits, aathglof pits, with a morphology and geometric
distribution that is distinct from abiotic altemati features, and is closely comparable to bioldigica

mediated microstructures created by Fe- and Ssirglimicrobes in the laboratory requires further
attention. At present, these features are intezgras trace fossils resulting from the attachmént o

bacteria to the pyrite surfaces.
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Chapter 5

A Model of Pyrite-Core, Kerogen-Mantle Interstellar Grains

5.1 SUMMARY

In the sections that follow, observed infrared esiiss in the 8-13 um range of the Trapezium
region of the Orion Nebular are compared with th&oal emission curves of carbonaceous coated
pyrite grains calculated using published light satg algorithms. Transmittance spectra for
kerogen rich residues are taken from the literatumg used to derive, for the first time, scattering
and absorption constants for a new low-temperatoreversion by-product of biological waste
generated anaerobically at 380-450 °C under nopnegsure. This rapidly carbonised bio-material
is considered a close analogue to biologically aeed material likely to be generated in
astronomical environments if high order biology wagosed to conditions in space. Results of
calculations show a superior fit for the new biachéth further improvements arising from the
inclusion of a pyrite core. In each case the cbuation to total emission from particles of scatigri

size was found to be negligible.
5.2 INTRODUCTION

In the previous sections we reported the detedfdreS-core, carbonaceous-mantle grains in the
Tissint Martian meteorite. Iron-sulphide minerale aibiquitous in non-terrestrial environments
where they are thought to represent the main sulpbaring species (Zolensky and Thomas 1995;
Dai and Bradley 2001). Fe-sulphide grains have bésmn detected in circumstellar discs (Kedler

al., 2002) while carbon coated Fe-sulphide grains hlawen observed in interplanetary dust
particles (Rietmeijer and Mackinnon, 1985; 1987)d aprimitive carbonaceous chondrites
(Nakamuraet al., 2002). Nakashima (1992) and Nakashima and Sh{@@01) explain the
formation process of small (~20nm) core-mantlecstmes by the catalytic transformation of poorly
graphitised carbon on mineral surfaces. A varidtgaated grains have also been considered as a

component of interstellar dust, particularly inatédn to interstellar condensates.

The observed core-mantle structures in Tissint lveware larger and bear a striking resemblance
to similar sized structures observed in terres®iaterozoic and Ordovician sandstones in Canada
and hydrothermal calcite veins in limestones intre@nreland (Nardi, 1994; Lindgreet al.,2011).
Here, the role of liquid kD in the organic carbon precipitation processrsngfly inferred by the
chemistry of pyrite surface interactions. Bebie &stitoonen (2000) demonstrated that the observed

interactions between the negatively charged surbdqgrite and sampled organic agqueous species
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occurred regardless of the formal charge of theeags species itself. This indicates that the
interaction between Fge@nd organic species under anoxic conditions iglintated by electrostatic
forces but by interactions with thiol or Fe surfaites that require the presence of liquigDHThe
presence of liquid water in comets has been discusstensively in the literature and remains a
core feature of the theory of cometary pansperid@vever, while core-mantle structures have
been considered previously in regard to intersteltandensates, they have not been considered as
the products of cometary biology. In this modelyitgycore, kerogenous-mantle type structures
would arise within comets from interactions betwggrite surfaces and residual agueous organic
components. These structures would then be ejéatednterstellar space and their presence may

contribute to spectroscopic features reportedvargety of astronomical observations.

The unambiguous identification of such structuresnfobserved astronomical spectra is of course
not possible. A wide range of substances can expibicipal absorption features at very similar
wavelengths. For example, in organic material datmns the C-H, O-H and N-H stretching
frequencies are observed across the entire 2.67/far8range and even within a single stretching
mode (e.g. CH) there is a wide range of featurest#83.5um) depending on the particular type or

configuration of the material.

For grains that are small compared to the waveltehging observed (i.end«1) the extinction
will be due to absorption only (Hoyle and Wickramagbe, 1991) and it is safe to assume that the
extinction optical depths in astronomical sourcesuldd be proportional to optical depth values
derived from laboratory studies. Thus, for a smatticle emitting infrared radiation we can assume
that the flux is given by (1) = const. B;(T) t(1) where B;(T) is the Plank function at the

temperature T of the grain am@ll) is the laboratory measured optical depth.

For solid grains with size comparableX@n the situation is more complex and we need to know
the refractive index and absorption coefficientfasctions of wavelength, and then calculate
extinction and absorption efficiencies using thettlBu extension of Mie theory. For particles

emitting infrared radiation the flux is then givby F (1) = const. By(T) Qups(4) wWhereB;(T) is

the Plank function at the temperature T of the rgrand Q,;,;(1) is the derived absorption

efficiency.

5.3 THE 8-13um FEATURES OF THE TRAPEZIUM NEBULA

The first positive detection of an infrared spddeature was made in 1969 (Woolf and Ney, 1969;
Knackeet al, 1969; Ney and Allen, 1969; Stein and Gillett62Pwhen a strong infrared excess

above the thermal continuum was reported in sevexgfjen-rich Mira-type stars (Figure 5.1).
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Similar features in the 8-13um region have sin@nlreported in a variety of astronomical objects
including planetary nebulae, compact HIl regionsl/lB sources, the galactic centre, comets and
the Trapezium nebular (Russetlal., 1975; Woolf, 1973; Cohen, 1980; Camisal., 1978; Aitken

et al., 1979). The infrared spectra of sources mieargalactic centre are significant since they
sample a 10 kpc pathlength to the galactic cemtdeexhibit a consistent 9.7 um extinction of ~2.5
mag relative to the neighbouring continuum. Thiasistency provides a strong confirmation that
the extinction arises from grains in the 10 kpe lof sight rather than from local sources. Figuge 5
shows the energy spectra of four luminous infregedrces located in the vicinity of the Galactic
centre radio arc (Okudet al., 1990). Observations were made on Mauna Kea dt/tineersity of
Hawaii 2.2m telescope, the NASA 3m Infrared telpscdacility and the United Kingdom 3.8m
infrared telescope. The sources can be seen tbieldnge polarisations in the near-infrared and
deep absorptions at ~10pum.

F 1 .. 1T T T 3
C B . 3
— op o Cet —
L : -
1.25 |
i R Cas
25
T o 3
t}.:L r U Her 7
e F . -
o L po—
= L . .
~< L |4 o
w
U Ori
[ = Yo e n
= X
5
[-1] .
Y —
C 1.5 R LM J
iE = . meTE e
R Leo
.68
| | | | | |
8 9 10 ] 12 13
A ()

Figure 5.1 Spectal energy distribution of excess emission femweral M-type Mira stars. The
relative flux represents the actual flux arbitraniormalised for convenient display. Figure from
Forrestet al., 1975
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Figure 5.2shows energy spectra for GCS-3-l, GCS-3-II, GCH-a1d GCS-3-1V from Okudat
al., (1990). The open circles show the observed intemrsid the closed circles show the intrinsic
source spectra. The dotted line shows the bdsiafik body spectra.

It can be seen from figure 5.2 that the intringarse spectra does not exhibit a 10pm absorption
feature and can be roughly approximated by speaftraimple black bodies enabling source
temperatures to be deduced that range from 600KLOQ0K. There is little indication of
photospheric radiation from the source even at ghertest wavelengths confirming that the

observed absorption features arise from the effeictgrains lying in the line of sight rather than
from local sources.
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54 MIE AND GUTTLER EFFICIENCY CALCULATIONS

The scattering of light by small homogeneous pladievith sizes comparable to the wavelength of
light is essentially one in classical electromagnéteory and involves solution of Maxwell's
equation with suitable boundary conditions. Indejeem solutions were derived by Mie (1908) and
Debye (1909) for an incident plane polarised eteotignetic wave on a sphere of radauand
complex refractive inder. Following the notation of van de Hulst (1957) define 7a’Qex and
7a’Qsa to be the cross sections fextinction and scattering The objective of the solution

developed is the calculation Q. andQs., as a function of

x = 2na/A eq>s.1

and

m=n—ik = /e —2iol/c, eq 5.2

where/ is the wavelength of the incident radiationis the index of refractiork the absorptive
index, ¢ the dialectric constant andthe optical conductivity of the grain material.€TBolution
provided by Mie (1908) gives

2 [ee]
Quea = =5 Y @0+ D {layl® + [b,%) eq 53
n=1
2
Qoxe = FZ(zn + 1)Re (a, + by,) eq 5.4
n=1
4 1 . 2
Qe =25 |(n+3) CD@n = bo) eq 55
n=1
Qaps = Qext = Qsca €q 5.6

where,

_ P (MY () — yihn (D (y)

T )0 — Y5 Pn ) €457
_ X Yn () — y¥n () (x) 058
" &) — Y @R () ke
and,&, Y, andt, (z) are the Riccati-Bessel functions with the follogvidentities,
1
VAV
== .5.
¥ = [ 3] 1@ eq.5.9
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nZ %
@ = O[S, 1@ eq.5.10

En(z) = 1/Jn(z) + an(Z) eq. 5.11

Computation ofa, and b, then follows from definingd,,(y) = ¥, (y) /¥,(y) and using the

recurrence relations for the Bessel functions (Hayid Wickramasinghe, 1991) to give

_ [Ax()/m + n/x]Re {£n(x)} — Re{§p—1 (%)}

a, = eq.5.12
mT T O /mt n/x 8 — Gna @) K
_ [mA,(y) + n/x]Re {§,(x)} — Re{S,—1 ()}
b, = eq.5.13
[mA,(¥) + n/x] & (x) — &1 (x)
and generating the functiogs(x) and_, (x) using the recurrence relations
&(x) =sinx +icosx eq.5.14
&_1(x) =cosx —isinx eq.5.15
2n—1
En(x) = Tzn—l(x) = &2 (@) eq.5.16
from whichA(y) follows,
A, (y) = v O , eq.5.17
Y )
leading to (Hoyle and Wickramasinghe, 1991),
n n -1
40) = =T+ [ 4000) | q.5.17
_cosy
Ay(y) = /siny eq.5.17

For collections of individual homogeneous partidesated by ambient stellar radiation, infrared
emission can then easily be modelled in the opyithin case. The flu¥,; emitted by grains of

radii a and absorption efficiendg,, is given by
Fy = Qaps(W)1a®By(T) eq.5.18

whereB; (T) is the Planck function at temperatdreFor composite particles comprising of inner
cores and outer mantle coatings, a complete sicagteolution is provided by Guttler (1952). For
composite spheres of inner radiusand refractive indexmn, with outer coating radius, and

refractive indexm, the Guttler formula gives:
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2 (o0}
Qext = Z(Zl + 1)Re (al + bl) eq. 5.19
=1
2 N 2 2
Quea = =5 ) @1+ Dl + byl eq.5.20
=1

wherex = 2nr, /1 and

[lpl/)];rl [Xl/}];rz - [le];rl [lpl/)];rz

T T, N, — Db, 2T, ¢a.521
by = W11, Dbl — Dbl [, €q.5.22
W1, 11y, = Dbl SN0,
Here
D1, = xiUeary) ks (kara) — koxi (karz). 1 (karz)
[XCTir, = X1 (kar2). k3G (ksrz) — koxi(kar2). §y (karz)
[Wl1,r, = Y1(kary). ks (ksra) — ko (kars). 1 (kars)
[T, = Wilkara). k3 (karz) — kypy(kar2). §f (kar2)
Dblir, = kaxi(kara) i (ksra) — xi(kars). kapy(karz)
XS1ir, = x1(kar2). k3G (ksrz) — koxi(kar2). §y (karz)
[Wlir, = Yilkary). ks (ksra) — ko (kars). 1 (kars) egs.5.23
[WSTrr, = Wilkara). k2 (karz) — kypi(kar2). §f (kar2)
[X¢]lr1 = xi(kary). kqpy (kymy) — Koy (kory). 4y (keqmy)
[Wl1r, = Yrlears). kapi(kyry) — kapi (ko). pp(kary)
Dblir, = kaxi(kary)- i (kary) — xi(kara).- ke (kary)
[lplp];’r = ko (kory). (k) — Py (kory). kqtp  (eymy)
where
k1=m12—ﬂ, kz—mzz—n kg—z—n eq.5.24
A A A

and, &, ¥, and &, (z) are the Riccati-Bessel functions with the followiidentities, defined in

equation 5.9 to 5.11 and computed using the folgwecurrence relations,

2n—1
Y, (z) = Twn—l(z) = Up_2(2)

(@) = 4@ + Y s () eqs.5.25
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2n—1

Xn(Z) = Xn—l(Z) - Xn—Z(Z)

n+1
Xn(2) = Tllin(Z) — Un41(2)

together with,
1/2
Yo(2) = (E) J1/2 (2)
x@ = (5 ) @
, T MZ wz\1/2 |
o (2) = ) 7) ]1/2(2) + (7) Ji/2 (2) eqs.5.26
T T2z~ 1/2 wz\1/2
%x@=7(3) J12@+(3) Jap@
Tz —1/2
J12(2) = 7) sinz

-1/2

J-1/2(2) = (T[?) cosz

The above enable calculation of equations 5.195R@ from whichQ,ps can be calculated from

equation 5.6.

5.5 DATA SOURCES

Transmittance spectra for three kerogen-rich sedliang rocks (coals), one biochar, one oil shale
residue and pyrite were taken from the literatitach spectrum was electronically digitised and
calibrated to give a normalisaf) curve such that = 1 atA = 9.5um. Data sets were then re-

converted to transmittance spectra to provide nlisewcurves for the six selected materials.

Figures 5.3 and 5.4 show normalised transmittapeetsa for the selected materials. The first
spectra (figure 5.3, upper panel) relates to atlEwperature conversion by-product of biological
waste generated by a thermo-catalytic conversiongss. The process takes place anaerobically at
380-450°C under normal pressure (Hossatiral, 2011). It has been proposed that carbonised
products generated in this way should be calleschars” and are commonly used as soil
supplements (McLaughlin et al., 2009). This speotqaresents the product of rapidly carbonised
bio-material and was considered a close analogugologically degraded material likely to be
generated in astronomical environments when higirdpiology is exposed to higher temperatures

in space. The raw transmittance spectrum was takenQayyumet al.,(2012).
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Figure 5.3 Transmittance spectra for (upper) low temp. conwarsoal (biochar), (middle) high-level
anthracite coal and (lower) sub-bituminous higlpkut content coal (22XT) - source transmittance
spectra from Qayyuret al.,(2012), Gomez-Serrarei al.,2003 and Kumat al.,(2013) respectively.

90



Chapter 5: A Model of Pyrite-Mantle Kerogen-Coréehstellar Grains

Wavenumbers (cm™)

5000 3333 2500 2000 1667 1429 1250 1111 1000 909 833 769 714 667

I [ I [ I [ I [ I I [ I
Naphthenic
80 [— ~CH, group —
R (aromatics CO,=)
E |
8 60 -
§ bt
£ aromatic CH deformation
S 40 |— —
= I
=C-C=0-HO- o .
_OH--0O and aromatic CC Sub-Bituminous High-Sulphur Coal
20 — from Assam (Saikia et al., 2007)
| I I | I l I | I | I I
2 3 4 5 6 7 8 9 10 1 12 13 14 15
Wavelength (microns)
Wavenumbers (cm™)
5000 3333 2500 2000 1667 1429 1250 1111 1000 909 833 769 714 667
I I I I | I I [ I I I I
80 - Oil Shale Residue, High Si0, ~ —
— (Xu Ying-Mei, et al., 2010)
X
8 60 -
C
8
E
12
g 40 [— _
- -OH--0O | | Plot Area
20 =C-C=0-HO-
B and aromatic CC B
| I I l I l I | I | I I
2 3 4 5 6 7 8 9 10 1 12 13 14 15
Wavelength (microns)
Wavenumbers (cm™)
5000 3333 2500 2000 1667 1429 1250 1111 1000 909 833 769 714 667
I I I I | [ I [ I I I I
80 [— —
g
8 60 -
=
ful
€
2 40
2 [ -OH--0 1 N
=C-C=0-HO-
d tic CC . .
20 - and aromatic Organic Produced Pyrite FeS, —
(Rath et al., 2000)
| I I l I | I | I | I I
2 3 4 5 6 7 8 9 10 11 12 13 14 15

Wavelength (microns)

Figure 5.4 Transmittance spectra for (upper) sub-bituminous4sigiphur content coal, (middle) high-
SiO, Oil shale residue and (lower) ReByrite. Source transmittance spectra from Sagkial., (2007),
Xu Ying-Mei et al.,2010 and Ratbt al., (2000) respectively.
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The next three materials considered are kerogénsedimentary rocks (coals) of varying degree
and are shown by the transmittance spectra in ¢énérec and lower panels of figure 5.3 and the
upper panel of figure 5.4. The first is a high-@arphighly-metamorphosed anthracite coal with
data taken from Gémez-Serrano (2003). The secoadsifh-bituminous high sulphur content coal
from Ledo in the Assam State in the North Eastegian of India. This coal was observed in the
temperature range 190-2XD as part of a series of Temperature Programmedidied (TPR)

studies on the determination of sulphur functiogedups present in Ledo coals (Kumar and
Srivastava, 2013). The third coal considered wathefsame origin and type as above but with

transmittance spectra taken from unheated sampéskidet al.,2007).

The final two materials considered were the norapig mass fraction components of a likely
mantle-core structure, these being the pyrite camd a probable amorphous silica residual
component. Si@is the main component of oil shale residue acaogrior more than 50% by mass
with a further component of ~20% &) and ~10% F£s. The residue sample used here originated
from Huadian in China and was processed (i.e. frgarophilic to hydrophobic-lipophilic state)
using vinyl trimethoxysilane from the Peking cheati€actory. Transmittance spectra were taken
from Xu Ying-Meiet al., (2010). The final sample considered was pyritaioled from Alminrock
Indscer Fabsiks, Bangalore in India. Here the auton between pyrite and dextrin was
investigated through adsorption, flotation and tetdénetic experiments, with modified and
residual products studied using FTIR spectroscBggulting transmittance spectra were taken from
Rathet al., (2000).

Each of the spectra considered exhibited strongrpben features in the 9-10.5um region due
predominantly to the presence of clay minerals. 3jecific identification of the infrared bands in

this region remains very difficult due to their golinated and non-constant composition but also
because band positions can vary significantly d@ussamorphous replacements. Furthermore, the
poly-component nature of the mineral fraction ofdgen-rich sedimentary rocks means that no
single particular mineral is dominant, and the claxigies of the overlapping bands often precludes

a unambiguous interpretation.

The remaining bands displayed in the coal spechira lne assigned to stretching or bending
vibrations in water, carbonates, aluminosilicatey] quartz. The band at 3um observed in all the
spectra can be attributed to the =GBl regime. Normalised(A) curves for the low temperature
conversion coal (biochar), the sub-bituminous caatl pyrite are shown in figure 5.5 with
coincident absorption features at ~3 um, ~6.25 fmpm and ~13 um due to aromatic C-C and

CO; functional groups highlighted with arrows.
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Figure 5.5 Shows normalised optical deptfh) curves € = 1 ath = 9.5um) for (upper) low temp.
conversion coal (biochar), (middle) sub-bitumindigh-sulphur content coal and (lower) EéSrite -
source transmittance spectra from Qayyatral.,(2012), Saikizt al, (2007), and Ratét al.,(2000).
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5.6 DERIVATION OF OPTICAL CONSTANTS

In order to proceed with the calculations it is essary to derive the refractive indexof an
absorbing media as a wavelength-dependent completion m(1) = n(1) — ik(1) wheren(4)
describes refraction and scattering of light pagshrough the medium, ankl(A) describes the
absorption. The optical constant§éi)and k(A) are not mutually independent, but fundamentally

connected by the Kramers-Kronig relations thatgaren as,

ng) =1+2p [ 2D 5.27
0 T Jy A2—23 '
k) =1+ 20p [ A4 5.28
0 T )y A2-23 '

where P indicates the Cauchy principal value ahdis a specified wavelength. These relations
allow direct calculation of the refractive indexifin absorption spectra. However, in practical terms
absorption parameters are not known for the entreelength interval (Gp) and it is necessary to
extrapolate laboratory data hypothetically, thusoeiucing an element of uncertainty. This matter is
not aided by the convergence rate of the K-K iraklsgrWallis (1998) determined that for an
unknown resonance feature at wavelerigtthe error introduced in the K-K calculation atigeg
wavelengthy, is given by,

2

Az

To assist with this problem, Arhenkiel (1971) itbced a more rapidly converging modified KK

relation integral that is given by,

~ 202 =23 (* k(L)
n(g) = n(hy) + = PL(ﬁ—%Xﬂ—%fM 5.30

which introduces an error (Wallis, 1998) at a givaavelength, for an unknown feature at of,

E(A) =

A2 — 292
i 04 ] eq.5.31

2
EL@—%M&—&)

As a first estimate the refractive index for thes@iption spectra of the six materials considered

were computed using equation 5.27 for wavelength4.2um The returned refractive index was
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then utilised as the given wavelength and compfrted equation 5.30 at wavelengéh= 15um to
take advantage of the more rapidly converging Akiedn(1971) modified KK relation. This
process was repeated until convergence to 4 dexiwead observed. The two computed refractive
index parameters (i.e. &= 4.2um and. = 15um) were then used in th® erder modified Kramers

Kronig relation of Wallis and Wickramsinghe (199Bat is given by,

n+ B n+ (AZ )
n(Ao)—Z( 1) 11_[(/12 /12) n(d) +— Pf (—1)n+t l=o(/12 Af)lk(l)dl eq.5.32

];tl

with an error (relative to the K-K integral) intnacked via a resonance feature at wavelehgtf

/12
E,(Ay) = HEAZ AZ% eq.5.33
i=1 L

This integral has been shown to be rapidly conwgrgind only dependent on valueskéfl) for A
close to the spectral region under consideratioallfgVand Wickramasinghe, 1999). A number of
numerical procedures are available for calculatibrihe optical constanta(1) from absorption
spectra. Here we use a modified version of the rdlgo provided in Wallis (1998) for the
numerical determination of equations 5.27, 5.30 aBd using trapezoidal integration for between
2,000 and 34,000 points (depending on the spedraje) though good accuracy was obtained
using a coarser mesh size other than in the redimwporating the discontinuities. Values for
k(A1) are directly derived from transmittance spectet tlive rise to values of the linear absorption

coefficienta which is related t& (1) by

x (A)A

k() = 4n

eq.5.34

The linear absorption coefficient functien (1) is proportional to the optical depth (L) and
requires knowledge of the path length (i.e. filnickihess) for direct computation. This value was

calibrated from known values &f1) for the given materials taken from the literature.

The index of absorptiolk has previously been considered for some low rankioals using
polarised obliquely-incident radiation and the Retsequations to generate valuesnodndk at
fixed wavelengths. Huntjens and van Krevelen (194tpined values fok ranging from 0.03 to
0.8 ath = 0.546pum. These values were confirmed by McCartred Ergun (1959) and Gilbert
(1962) though Foster and Hogwarth (1968) reportatlies ofk approximately one order of

magnitude larger for coals of similar rank. Brewgte984) used particle extinction techniques and
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reported significantly lower values kf generally between 0.01 and 0.1, that was supgpdngethe
fact that values df in the visible region for coals of similar carboontent also ranged from 0.03 to
0.1 (van Krevelen, 1961). Later analysis of trassmin spectra of a thin coal maceral layer
indicated that th& value in the wavelength region near 2um couldoeodbove ~0.005. This value
accords reasonably well with the later work of Khat al., (1991) on kerogen that provideka
value of ~0.03 at ~2um. Kitamued al., (2007) provided a similar analysis of amorpholisathat

gives a value ok~ 10% at 2.6 um while Sato (1984) provide a valu& &f0.8 at 2.6 um for pyrite.

These values were used to calibrateitt®) curve obtained from the optical deptfi) spectra and
equation 5.34. Results of iterative calculations rovided in figures 5.6 and 5.7 for each of the

data sets selected in this study.
5.7 PARTICLE POPULATION SIZE DISTRIBUTIONS

The k(1) andn(4) values (forh = 2.6 to 15 um) derived in the previous sectiomemesed to
compute extinction and scattering efficienci@s,{ (1) and Q.. (1)) via the numerical solution of
equations 5.19 and 5.20 from whi@h,.(1) was deduced using equation 5.6. The fijpemitted

by grains was then calculated using equation 5ot& fsize distribution of particles representing a
dust population with mean particle size similathose of the observed carbonaceous core-mantle
structures. This was modelled using a normal tystrildution, defined such that the number
density of particles of radius in the range 4 + dg is given by,

lra—p

n(a) = exp {_E .

2
] }. a<a <a, eq.5.35

where the parameterin this definition is the average particle sizenjpand the parameteris its
standard deviation. Values pf= 5, 10, 20, 50 microns were taken as represeatafi the mean
particle size for a population of contributing aamaceous structures. A valueaqgf= 0.1 um and a
standard deviatioa = 1 um was taken. However, the results discusstmhibwere not found to be
sensitive to the precise choice @fand in general, values efacross a wide range yielded very
similar results. The total flux emitted by a popida of particles determined by the distribution

function defined above can then be calculated usiagexpression,

a 1 al — I"I' 2 B
F, = const.By(T) Qabs(/l)z exp {_E ] }nai eq.5.36
aj=a, o

This value was then compared to the total flux wlaked directly from the optical depth(A) via

the simpler equatiof; = const.x (A) B, (T).
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Figure 5.6 Refractive index(n) and imaginary refractive index (k) parametes (upper) low-temp
conversion coal (char), (centre) high-C anthrag¢itayer) sub-bituminous high sulphur coal (22Y).
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5.8 RESULTS

Results of flux emission curves calculated usingatign 5.36 closely accorded with similar curves
derived directly from the optical depth calculatiomhis indicates that the flux emission
characteristics of the 8-13 um wavelength rangetHe particle populations under consideration,
were generally resistant to variations arising fregattering by the presence of smaller particles in
the size distribution range. Larger variations iarve characteristics were observed where
population parameters were purposefully biased thatithe parameter (the average particle size)
and the standard deviatienwere chosen to induce a very narrow normal-tyséridution with
average particle sizes comparable to between 1.50210 pm. Because this size range was in the
lower band of average particle sizes generally esgmtative of the core-mantle carbonaceous
structures being considered, overall curve shape imgensitive to the presence of these smaller

particles.

Figure 5.8 shows emission curves from 8-13 pm &oheof the six sample materials. It can be seen
immediately that the curve for the low-temperattwaversion coal (biochar) provides a remarkable
fit across the wavelength range. This materialhis thar residual product of biological waste
converted by anaerobic heating at 380-450°C. tbissidered to be a reasonable representation of
the complex organic residue likely to arise if bigikal material was injected into interstellar spac
and subsequently heated over a period of time eénattsence of oxygen. It can also be seen that
while the emission curve for sub-bituminous higlpbur coal appears to provide a poor fit
initially, the fit can be seen to improve in theseavhere the coal was sampled after heating to
220°C. Here, the curve can be seen to converge witkrebd values across the 8-10 pm range
while concurrently improving via a weakening of g®minent dip in the 10.5-11.5 um. The curve

for FeS, while good at shorter wavelengths can be seesddoo rapidly for wavelengths > 11pum.

Figure 5.9 shows (in the upper left panel) the ftuxve for an ensemble of the anthracite and sub-
bituminous coals in equal proportions while the ermppght panel shows an equivalent flux curve

for the coal ensemble mixed with an equal proportd the low-temperature biochar. The centre
left panel provides equivalent results when thepprtion of biochar is increased to 70%. In each
case discussed mixing was modelled by first nosmagjithe optical depth(X) such that () =1 at

A = 9.6 um for each component material before ada@ipgropriate fractions of the materials

together.

The centre right panel and lower panels of figuBedhow the effect on the flux curve arising from

the addition of pyrite in increasing proportions.elach cass, (T) is calculated for T = 200K.
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Figure 5.10Shows the effect on flux emissions for varying T.
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Figure 5.10 shows the effect on the computed falxes arising from variations @f.

5.9 CONCLUSION

Results of calculations show that observationstdrstellar emissions in the 8-13 um wavelength
range are well matched by core-mantle sphericahgreonsisting of pyrite cores and kerogenous
outer coatings. Anthracite and sub-bituminous £@abvide generally poor fits when taken alone
but those of the sub-bituminous coals can be seémprove where the coal has been heated to
220°C. It is possible that this fit could further impe given prolonged exposure to higher
temperatures. Further improvements in fit can les $e arise when pyrite is included. In each case

the contribution to total emissions from partiokéscattering size was found to be negligible.
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Chapter 6

Physical, Chemical and Mineral Properties
of the Polonnaruwa Stones

6.1 BACKGROUND

The importance of recovering meteorites after véiteel fireball events cannot be overstated. While
sample return missions will always provide the Ids@urce of non-terrestrial material of known
parent body provenance, they remain expensive arwbnumon. To date, only the Stardust
(Brownleeet al., 2006) and Hayabusa (Yano 2006) missions havenedumaterial from small
solar system bodies (81P/Wild 2 and 25143 Itokateugh several planned sample return
missions such as OSIRIS-Rex (Lauregtaal., 2012), Marco Polo (Brucatet al., 2009) and
Hayabusa 2 (Yoshikawet al., 2008) should provide further material within thexh7-15 years.
Until sample return missions become routine, the best source of fresh non-terrestrial material
comes in the form of meteorites recovered followafigerved fireball events, though the problem
of predicting which fireballs may produce metearipeersists. This has no doubt contributed to the
current situation where only the most energeteb#ls result in significant ground recovery efort
(Werthill and ReVelle, 1981), despite the conclasiof Hallidayet al., (1989) that the brightness

of the fireball itself is a poor indicator of a reetite’s survival prospects.

This kind of bias may be particularly relevant @ation to meteorites with a cometary progenitor.
Conventional thinking asserts that meteor showensal result in meteorites. This is largely due to
the high entry velocities of incoming bolides (-8 s*) and the common perception that cometary
meteoroids are uniformly comprised of friable, promaterial (Ceplechat al., 1998). Since
porosity is inversely proportional to tensile stybn it follows that they are weak and more
susceptible to destruction on entry into the atrhesp. However recent work by Brovet al.,
(2012) questions this paradigm. Here, applicatibthe PE strength criterion (a unidimensional
representation of relative strength) was calculédedh defined dataset of instrumentally recorded
Taurid fireballs using the Ceplecha (1988) commamssnscale conversion. The results clearly
demonstrate that Taurid fireballs comprise of aedie set of strengths capable of producing
recoverable meteorites. Past entry-modelling sugges extreme upper limit of 30 kit or entry
velocity (Revelle 1979) which is just above the fiduentry velocity of 29 km'§ with required
fireball end-heights below 35 km and terminal seeelow 10 km'S (Brownet al.,2012).
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The precise mechanisms that determine the persesteha meteoroid to <35 km and terminal
speed to < 10 kmi'sare likely to be extremely complex. Larger metédsavill certainly decelerate
more slowly than small ones with consequentiallgager dynamic loads at given altitude for the
same entry velocity (Hallidagt al., 1989). However, recent modelling by Wallis (thisidy)
suggests the survivability of highly porous metéiganay not be particularly dependent on tensile
strength. It is worth noting that the recently nem@d Maribo meteorite that fell in Denmark on
January 17, 2009 had an entry velocity of 28.5 Rrarsd has been linked to the Taurids (Haaick
al., 2012). When recovered, the weak 259 fragmentaapgen tact but fell into many pieces when
touched (Haaclet al., 2012). The fragment has now been classified asM@ Carbonaceous
chondrite, a group that exhibits the highest poiessiof all meteorites at about 15-20% (Britt and
Consolmagno 2003). This adds somewhat to the sjemulthat relatively high entry velocity,
weak and friable material, may survive the extremwieatmospheric entry and fall as recoverable

meteorites.
6.2 FALL HISTORY

Against this backdrop a potentially significantefiall event was reported during the last week of
December 2012 in the skies above the Central Presinf Sri Lanka. Several eyewitnesses in the
North Central District of Polonnaruwa reported agea bright yellow fireball that turned green as it
travelled across the sky at approximately 18:30dPMDecember 29, 2012. The inferred NE to SW
trajectory was determined from numerous eyewitiobservations. The green fireball was reported
to disintegrate with some luminescent fragmentfinfpltowards the ground in the village of
Aralagonwila (7°46'0" N and 81°10'60" E) about 3B &outh of the ancient town of Polonnaruwa.

A number of stones were immediately recovered ftbenground in the vicinity of Aralagonwila.
Police records detail reports of low-level burnuiigs from immediate contact with the fallen
stones and subsequent reports of a strong aront@ of asphalt. Local police officials responded
immediately by collecting samples and submittingnthto the Medical Research Institute of the
Ministry of Health in Colombo, Sri Lanka. Furthdoses were recovered by local farmers in the
adjoining fields the following day. These artefast®re all found lying on the surface of
undisturbed sandy soil in well cultivated agrictéilubeds, consistent with the notion that they were
fragments from the observed fireball. From now omsawe refer to these stones as the

Polonnaruwa stones.

Further stones were recovered about one week dmeahe western banks of the Ratkinda and

Mauru Oja reservoirs, approximately 35 km southitwafsAralagonwila. One witness reported
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discovering a small cluster of unusual stones (€8gh) lying on the surface of a sandy area

adjacent to his garden path approximately 10 nadck from his home.

On the same day an independent witness recovered #iione fragments from the surface of his
rice field a few kilometres south-west in the toafriGirandanakotte (7°24'14.4" N and 81°02'17.9"

E). These three stones were larger, heavier argldesous and were again transported to the
Medical Research Institute at the Ministry of Hedl Colombo. From here on we refer to these
stones as the Ratkinda stones and Girandanakottessrespectively. The discovery of larger,

denser fragments on the SW flight trajectory of 28 December 2012 event makes pairing

between the fragments most likely. We note pareictilly that at the time of the observed fireball

event on December 29, 2012 through to the discovktiye Ratkinda and Girandanakotte stones on
the 4" January 2013, the Taurid radiant was positionaavalthe horizon in the Sri Lankan sky

(Figure 6.1).

18:30 IST 21:30 IST

Pimburattewa
Tank

81.15°E 7.87° N S 29th Dec 2012 81.00°E 7.4°N é 4th Jan 2013

Ratkinda
Reservoir

Girandurukotte
A

Maduru Oja
Reservoir

Figure 6.1 Upper panels show the position of the Taurid nmaidia the sky above (left) Aralagonwila
(7°46'0" N and 81°10'60" E) at 18:30 PM on thd" ecember 2012 and (centre) Girandanakotte
(7°24'14.4" N and 81°02'17.9" E) at 21:30 PM on4}'1e]anuary 2013. Upper right panel shows a map
of the find site of the Polonnaruwa stonésg)(near the village of Aralagonwila. Lower right @én
shows a map of the find sites of the Ratkinda amdr@anakotte stoneg\).
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Figure 6.2 (left) Dikiri Banda, eyewitness to the fall witkentre and right) meteorite showing fusion
crust and contraction cracks found by Hoover in-git Banda's paddy field near Aralaganwila, North
Central District, Sri Lanka. PhotoRichard B. Hoover

6.3 INITIAL EXAMINATION

Initial examination of the fragments at the Medi€dsearch Institute in Colombo showed the
Polonnaruwa stones to be dark grey or black inurcémd poorly compacted (density < 1 g3¥m
Optical microscopic examination revealed resultg there discordant with mainstream theory on
meteorites, and in particular the presence of geaif biological morphologies, some exhibiting
apparent motility. A sample was then sent to Cétdifiversity, where studies of freshly cleaved
interior surfaces using the Environmental Scaniiilggtron Microscope at the University’s School
of Earth and Ocean Sciences were conducted. Thedies confirmed the presence of a range of
fossilised diatoms and a separate sample was teehte the United States, where it was
investigated by Richard B. Hoover, using a Hitdeield Emission Scanning Electron Microscope.
Similar examinations by the Department of Geolddgiversity of Peradeniya, Sri Lanka, resulted
in swift dismissal of the fragments as possibleeogtes. Based on XRD and optical microscope
analysis together with the improbability that a exgite would be recovered from a meteor shower,
the fragments were determined to comprise of teiaédulgurite, the glassy product of tubes

formed when quartzose sand, silica or soil is lehtelightning strikes.

Our observations however, were inconsistent wills #ssessment. In particular, representative
oxide compositions for SiKX(73-76 wt%) were low compared to terrstrial fui¢ges that showed
values of between 90.2 wt% (Holland) to 99.0 wtl#tin@is) (Saikiaet al,, 2008) while KO values
(9-14 wt%) were too high compared to typical valdies fulgurites of between 0.5-0.75 wt%.
Theses high K-values were particularly difficultreeconcile with the fulgurite hypothesis and were

more in keeping with K-Si-rich melts found in a ey of non-terrestrial glasses. In the shock veins

107



Chapter 6: Properties of the Polonnaruwa Stones

of L-chondrites (Goresegt al, 1997) K-enrichment in shocked isotropic plagiselaesults from

the fractionation between K and Na. The Na is nahgletely lost from the melt veins but
incorporated in liquid phase at high temperatefanesin majorite-pyrope garnet crystals, (Chain,
al., 1996a and 1996b). A major part of the K is lostapour phase and subsequently scavenged by

maskelynite melt pockets close to the melt veisslting in K-enrichment.

In this section we report on the the physical, deahand mineral properties of a number of stone
samples recovered following the Polonnaruwa evEéhese results show that the™Becember
2012 fall represents the first well documented eplanof a meteorite carrying undeniably non-
terrestrial biological morphologies that may pravidsubstantial support for théloyle-

Wickramasingh&anspermia hypothesis.
6.4 HAND SAMPLES AND CHARACTERISTICS

For the purpose of this study, two stones from dhiginal samples submitted by the Medical
Research Institute in Colombo were selected fotyaisa These comprised of a 1.591g fragment
(designated P159/001) and a 1.661g fragment (ds&idnP166/001) both of which had been
collected on the evening of the "2®ecember 2012 in the village of Aralagonwila. \&bu
examination of the stones confirmed they were yooompacted with density less than 1¢%ie.
less than all known carbonaceous meteorites. Toreestwere predominantly black, though dark

grey and grey regions could be visually observed@lvith evidence of a partial fusion crust.

Only a few fragments were recovered from the Rakiand Girandanakotte fall sites. In total, three
fragments were submitted for analysis from the Rak site comprising of 2.247g, 1.414g and
0.9664 particles. All three fragments bore resemt#ao the Polonnaruwa stones and exhibited low
composite density with a vitreous outer fusion trbf®wever, these fragments were entirely black
in colour, with no visible signs of either light dark grey regions. From these samples, the 2.2479g
stone was selected for analysis and was desigaatedmple M224/001. Two further large stones
were examined from three fragments recovered flermQirandanakotte fall site. One much larger,
denser stone of 572.162g plus one smaller stor@4df27g were considered for further study.
Neither of these stones bore particular visualmégance to the Polonnaruwa stones or the stones
recovered from the Ratkinda fall site. Consequemiigse stones were excluded from this report. In
addition to the selected fragments, a sample od $algurite was also analysed for comparative
purposes together with a soil sample recovered th@rAralaganwila fall site and a further sample
of calcium-rich terrestrial rock selected from Ratkinda fall site for control purposes. Preliminar

oxygen and carbon isotope analysis of the calciomaontrol sample produced valuessbiC = -
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9.716 + 0.02 and'®0 = -6.488 + 0.04 which accord well with the valudes soil carbonates
determined by T.E. Cerling and J. Quade, (1993).sélected fragments were initially portioned
and prepared at Cardiff University’s School of Baahd Ocean Sciences and subsequently studied
using a variety of optical and electron microscppleemical and mineralogical techniques to both

classify and better understand their origins.

6.5 EXPERIMENTAL SAMPLES AND ANALYTICAL METHODS

A variety of analytical methods were used to exammultiple samples of the Polonnarawa, and
Ratkinda stones (Table 4.1). 30um sections wereliestuusing optical, scanning electron

microscopy (SEM) and Raman spectroscopy. Thesadad a 30pm polished section of specimen
P166/001-01 prepared at the Paleontological InstitMoscow in Russia using sequential resin
boiling and polishing techniques together with aresponding 30um polished section prepared
from the same sample at the School of Earth andu®©8eiences at Cardiff University. One further

polished 30pm section from specimen M224/001 wss ptepared at Cardiff University.

Optical microscopy was conducted using an RM-1P@lansing light microscope with 360°
rotating analyser. Image capture was via a 9M piligital trinocular camera unit processed by
View7 PC software for output to hard drive. Scagniiiectron Microscopy (SEM) was conducted
using the FEI (Phillips) XL30 FEG ESEM (Environmah&canning Electron Microscope) FEG
(Field Emission Gun) at the School of Earth and @dc8ciences at Cardiff University. The unit
incorporates a secondary electron detector (SH)ack scatter electron detector (BSE) and a
gaseous secondary electron detector (GSE). It l@soan Oxford Instruments INCA ENERGY
(EDX) x-ray analysis system. Image recording is &i8ONY video graphics printer or digital by

processing image frames in a 16 bit framestore coenfor output to hard drive.

Confocal high resolution Raman spectra were acduusing a Renishaw inVia microRaman
system at the School of Chemistry, Cardiff UnivisrsUK. The unit was fitted with a research
grade Leica analytical microscope (4x, 10x, 20x 46d objectives) and a 514.5 nm Ar laser line.
Data processing was via the Wire2 software apjtindbr data output to hard drive. Spectroscopy
was performed on both polished and unpolished 3@pimsection samples at room temperature

with spectra collected through the 40x objective.

Three further bulk samples were prepared for iatesection scanning, two derived from sample
P166/001, one from sample M224/001. Sample preparatvolved the use of a flame sterilised

wide-bore hypodermic needle to fracture the fragmémefore mounting on aluminium stubs. The
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FEI (Phillips) XL30 FEG ESEM was also used for #lec petrography (BSE Imaging). Elemental
abundances were determined using the Analyticahi8og Electron Microscope (A-SEM) at the
School of Earth and Ocean Sciences at Cardiff Usitye The A-SEM comprises of an LEO
(Cambridge) S360 Electron Microscope, an Oxfordriments INCA ENERGY X-Ray analyser
and an Oxford Instruments INCA WAVE X-Ray analys€alibration was via standards which
included SiQ for O-K, AlL,O; for Al-K, MgO for Mg-K, SiG; for Si-K, GaP for P-K, Orthoclase for
K-K, AgCl for CI-K and Wollastonite for Ca-K. Fohé other elements (Na, P, Ti, and Mn) K

factors were estimated using standard calibratiowes.
Five additional samples, derived from two differéntlk sample aliquots (A, B) were analysed

using Inductively Coupled Plasma Optical Emission Specttoyn(ICP-OES), Fourier Transform
Spectroscopy (FTIR), Triple Oxygen Isotope analgsid X-Ray Diffraction (XRD).

Table 6.1 — Experimental Samples

Mass  Source Description®
(mg) *

Experimental Samples

P159/001-01 448 AR ~ 8 mm interior fragment for SEiMdies at SES-CU
P159/001-02 177 AR ~ 5 mm interior fragment for SEiMdies at NASA- MSFC
P159/001-03 512 AR Silica-rich powder from alig@Stused for XRD at SES-CU
P159/001-04 998 AR Si-rich powder from aliqudtused for G Isotope Analysis at UG
P159/001-05 2048 AR Si-rich powder from aliquétused for ICP-OES, FTIR and CHN
P166/001-01 - AR ~ 1.2cm wide, polished thin secpeepared for petrography at Pl
P166/001-02 - AR ~ 9 mm wide, polished thin secfmmpetrography at SES-CU
M224/001-01 168 RK ~ 4 mm interior fragment for SEMdies at SES-CU
M224/001-02 509 RK Si-rich powder from aliquot Bsed for XRD Analysis at SES-CU
M224/001-03 1978 RK Si-rich powder from aliqudt @sed for ICP-OES, FTIR and CHN

Sample

M224/001-04 - RK ~ 9 mm wide, polished thin sectionpetrography at SES-CU
Control and  Comparative

Samples

D159/001-01 3072 RK Soil Carbonate from Dambufkai Lanka

F159/001-02 1667 - Fulgurite from the Sarhara Deser

S159/001-05 3074 AR Soil Sample from Araganwilal8nka

#Source Code: AR — Aralaganwila (7°46'0"N, 81°10'&)! RK — Ratkinda (7°24'14.4" N, 81°02'17.9"
E) ; Samples supplied by Anil Samaranayake and iKkk&marathne of the Medical Research Institute
of the Ministry of Health in Colombo, Sri Lanka.

b Description Code: SES-CU — School of Earth anda@cgcience, Cardiff University; NASA- MSFC
NASA Marshall Space Flight Centre; Pl — Paleontmal Institute, Moscow, Russia; UG — Stable
Isotope Laboratory, University of Géttingen, German

°Aliquot A — Three interior fragments and dust weigh2.41g taken from sample P159/001.

dAquuot B — Dust from interior weighing a combiné®1g taken from sample M224/001.
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Triple oxygen isotope analysis was conducted atthble isotope laboratory at the University of
Gottingen, Germany. Approximately 2mg of crushemhgia was placed inside a Ni sample holder,
evacuated overnight and heated to 70°C. An infréiiefllaser (50W C@laser,A = 10.6um) was
used to fluorinate the samples in purifieg das under pressures of approximately 20 mbar and
sample @ was purified through the removal of excesd¥ reaction with NaCl at 110°C to form

NaF. C} gas was collected at a cold trap at -196°C.

Sample oxygen was then collected at a 5A molesigae at -196°C, expanded into a stainless steel
capillary, transported with He carrier gas andrapped before release at 92°C through a 5A
molecular sieve GC-column of a Thermo ScientifisBanch Il. The GC column was utilised to
separate interfering NFfrom Q,, as required for analysis 610 (Packet al, 2008). The resulting
purified sample @was then expanded to the dual inlet system of erfib MAT 253 gas mass
spectrometer. Results are presented-iandAO-notation. Data are reported relative to SMOW.
Error bars are about + 0.1 %o f&#’O and3'®0 and about + 0.01 %o or better fat’O. The
reference gas was analysed relative to SMOW c#ditbr@ by E. Barkan (Hebrew University of

Jerusalem). Alb values are permil unless otherwise stated.

X-Ray Diffraction was carried out using a PhilipgVP710 Automated Powder Diffractometer
using Cu K radiation at 35kV and 40mA, between 2 andZ0at a scan speed of 0°@8/s. From

the scans, phases were identified using PC-ldestfjware and from the peak areas, semi-
guantitative analysis was performed and the peagenof each phase calculated. Each of the four
samples provided for analysis were powdered, mixild a small amount of acetone and pipetted
out onto glass slides. Detailed phase analysis paformed using Crystal Impact's ‘Phase
Identification from Powder Diffraction’ software mole version 2. Sample preparation and

analysis was conducted at the School of Earth asgh@Sciences at Cardiff University.

Whole rock chemical analysis of aliquots of a gmbhummomogenised powder of the sample
fragments were carried out using a Perkin Elmer|Mimw Optima 5300 Inductively Coupled
Plasma Optical Emission Spectrometer. Calibrati@s Wwased on the analysis of reference rock
powders USGS DTS-1 (dunite), USGS BCR-2 (basald) ANRT BR (basalt). 50 mg aliquots of
the samples and standards were dissolved in amAraar Multiwave 3000 microwave digestion
unit in high-pressure, high temperature PTFE @&l vessels (210°C, 8 bar). The procedure was
adapted from Mareels (2004). Samples were firsoliied in mixtures of concentrated high-purity
acids HF, HNQ@ and HCL. The bulk composition of the stones hantgerived from an average or

combination of the results of two separate sampis.rThe procedure utilised does not allow the
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content of Boron to be determined, because theegleis added when the mixture is neutralised by
the addition of Boric Acid.

InfraRed spectroscopy was conducted using a Pé&flkier Spectrum 65 spectrometer equipped
with Perkin-Elmer’s Universal Attenuated Total Refiance (ATR) sampling module incorporating
a diamond crystal. Samples were prepared by crgghaaliquot contents into a fine powder using
a mortar and pestle in order to achieve good cométh the diamond surface. Verification of
apparatus calibration was achieved by performing feackground scans and four sample scans.
Data output was via Perkin-Elmer’'s Spectrum 10 veafé module with spectrum analysis
performed using the RRUFF analytical software agpion incorporating the Caltech Raman

database and RRUFF Project database of minerals.

CHN analysis was conducted by total combustiongusinCE440 Elemental Analyser. Samples
were weighed into disposable tin capsules andtegemto a high temperature furnace combusted
in pure oxygen under static conditions. Resultingioustion products were then passed through
specialised reagents to produce,CB,0 and N and N oxides that were then passed over pure
copper wire to remove excess oxygen and to reducke® of nitrogen to elemental N. Resultant
gases were then passed into a mixing chamber toreerss homogeneous mixture at constant
temperature and pressure before passing throughies ©of high-precision thermal conductivity
detectors, where the differential signal between délls provides C, H and N readings against a

helium reference.

6.6 PETROLOGY AND MINEROLOGY

In thin section, the Polonnaruwa and Ratkinda staméhibit highly porous (Figure 6.3) textures
comprising of amorphous silica-rich hosts enclosingce (commonly <lum) subangular to
subrounded polymineralic grains (Figure 6.3d). €Themical composition of the host matrix varies

between samples, but both were rich inSiO

One feature of particular note is that both thet moatrix and enclosed melt pockets display a
heterogeneous enrichment in potassium and aluminiins was noted in both P166/001-02 (SiO
= 75-80 wt%, KO = 9-11 wt%) and sample M224/001-04 (§070-75 wt%, KO = 9-11 wt%).
K-rich glasses of similar composition have beeroregul in a variety of non-terrestrial material
ranging from rare iron meteroites (e.g. Mittlefahtet al, 1998; Ruzickaet al, 2006) to LL
chondritic breccias (Bischo#t al, 1993; Kinget al, 2005; Sokokt al, 2007) and Lunar granites

collected during the Apollo missions (Papikeal, 1998). The Lunar granites in particular were
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characterised by high Si@60 to 74 wt%) and O (2 to 10.4 wt%), and low N@ (0.4 to 1.9 wt%)
(Papikeet al.,1998).

Similar compositional values were reported by La&r@and Cordier (2006) in silica-rich melt
pockets occurring as patches between maskelytiite ¢ between pyroxene and maskelynite in the
Martian meteorite NWA 856. The bulk chemical conipos of the pockets differed from one
another (Si@= 75-80, A}O; = 11-15, CaO = 0.5-1.5, Ma = 2-5, KO = 1-5, FeO = 0.2-1, TiO=
0.2-0.8) but along with Lunar granites accord reabty well with equivalent compositional values
observed in P166/001 and M224/001.

{ | 1mm

2mm ! Electron Image 1

Figure 6.3 shows the highly porous nature of P166/100 and /MXID. (a) Thin section montage of
P166/100 in plane polarised light. Voids show ugight grey (resin pores) with K-rich glass in dark
grey/black. (b) SEM (GSE) of P166/001 showing esiemn voids. (c) SEM (BSE) of M224/001
(flattened) and (d) Thin section montage of P166/itOplane polarised light (crossed nicols), prefar
at the School of Earth and Ocean Sciences at Cahdiersity.
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Within the matrix, silica-rich melt pockets exhisit poorly-defined interfaces with the adjacent

phase and a general absence of cleavage, intetgranacks or shock induced fractures.

It is noted that in the shock veins of L-chondri{€®oreseyet al, 1997) K-enrichment in shocked
isotropic plagioclase results from the fractionatietween K and Na. The Na is nhot completely lost
from the melt veins but incorporated in liquid phag high temperate/pressure in majorite-pyrope
garnet crystals (Chert al, 1996a and 1996b). A major part of the K is lest@apour phase and
subsequently scavenged by maskelynite melt pookletse to the melt veins resulting in K-

enrichment.

In the Peace River L-chondrite, elemental X-ray snapshock veins show the presence of K-rich
phases in the shock induced fractures of pyroxedeoévine crystals that are in contact with both
the veins and the maskelynite. Table 4.2 displapsesentative SEM-EDAX compositions (wt%)
for the Si-K-rich glass host matrix of P166/001dtiger with comparative compositions (wt%) for
NEAOO3-A (Halodaet al, 2009), NWA 856 (Leroux and Cordje2006) and Miles IIE (Ruzicka
and Hutson, 2010).

Quartz was detected in P166/100 but was not foundaimple M224/001. In P166/100 it is
characterised by a number of euhedral and subhgdaas (1-10 um, commonly <1 pm) with
elongate to equant shapes. The presence of quarteteorites has been reported in silica rich
pockets of order ~100 pum in the Martian meteorit¥AN856 (Leroux and Cordie2006). Here,
guartz grains of size ~5 um together with similiaed grains of the high temperature polymorph

cristobalite were evident in polarised light obsgions under an optical microscope.

A possible example of shock was observed in thendtion of the high temperature SiO
polymorph cristobalite within quartz crystals. Evegrrelatively small sample areas, Raman spectra
displayed consistent evidence of contributions ftmmth quartz and cristobalite. Figure 6.4 shows
the Raman spectra of one such example found. Herespiectrum was acquired through a 40x
objective with a beam size occupying approxima@@o of the crystal's surface area. Library
spectra for quartz and cristobalite are also shéencomparison, but primary and secondary
spectral features in the 100 ¢ro 500 crit region can be clearly seen to contribute to trsenked

pattern.

At this stage, it remains uncertain if these inidos represent evidence of formation by
hydrothermal alternation or alternatively, diregtdence for silica enrichment by other processes,

though the presence of silica grains in both sasgetatively suggest the former.
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Figure 6.4 (left panel) shows the high resolution Raman spdgx of a typical quartz inclusion acquired
through a 40x objective with a beam size occupypgroximately 25% of the mineral's surface area.
Library patterns for pure quartz and cristobalite shown in spectra (iii) and (ii) respectively.tsldhe
contribution to spectra (i) of both primary and aedary features in the 100 éno 500 cni region in
spectra (iii) and (ii) that can be seen to contdhio the observed pattern. All spectra were aequét
the School of Chemistry, Cardiff University, UK ngithe Renishaw inVia microRaman system.

Table 6.2 provides representative oxide compogtifim melt inclusions within the amorphous
matrix of sample P166/001. For comparison, comparadlues for Si-K-rich melt inclusions in

Miles IIE (Ruzicka and Hutson, 2010), Northwest iédr 856 (Leroux and Cordier, 2006) and
Northeast Africa 003-A (Halodaet al.,, 2009) are also provided. Equivalent maskelynite
compositions for Dar al Gani 476 (Chen, 1999), BaGani 355 (Chen, 1999) and Northwest

Africa 856 (Leroux and Cordier, 2006) are providedlustrate typical maskelynite compositions.

The far-infrared spectral characteristics of amorghplagioclase provide useful information about
the nature of a given sample and its relative osibetween crystalline and amorphous state. For
example, the absorption spectra in the region 58bto 380 crit that is dominated by the Si-O-Si
or Si-O-Al absorption band (Cohen and Roy, 196%) eontrolled by the ordering between Si and
O or Al and O causes an observable shift in thé peasent at 380 chin crystalline plagioclase
towards 480 cmin fully fused maskelynite (Bunch and Cohen, 19&iyure 6.5 shows the FTIR
spectral characteristics of samples of the Polawsarand Ratkinda stones that were analysed with

reference to the 380¢hio 1250 crit region. The FTIR spectra reveal a number of aligorpands
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Table 6.2
Representative compositions of melt inclusions @rdparative shocked isotropic plagioclase
(Maskelynite)

P166/001: NEAOO3A, NWA 856, Miles NWA 856,DAG 355
Si-K-rich glass inclusior Si-K-rich glas: DAG 476: Maskelynite
S1 S2 S3 S¢ S5 Sé S7 S8 S9
SiO, 76.56 74.70 73.16 63.9 75.8 76.10 52.16 66.55 55.2
Al,O; 10.37 15.00 12.75 18.1 143 12.80 29.45 22.35 29.8
Na,0O 0.72 0.17 nd 1.12 2.2 0.67 3.98 8.14 2.0
MgO 0.26 0.24 0.05 0.02 nd 0.32 0.17 0.08 nd
K,0 9.11 9.00 9.27 14.8 55 8.67 0.08 1.64 0.4
CaO 1.01 0.28 0.06 0.02 0.5 0.45 13.42 1.69 12.2
FeO 4.43 0.00 0.00 0.96 11 0.62 0.60 0.42 0.5
TiO, 0.77 0.00 0.00 0.08 0.8 0.56 nd nd nd
MnO nd 0.00 0.00 <0.01 nd 0.04 nd nd nd
Total 103.22 99.40 95.29 99.01 100.2 100.23 99.87 100.87 94.11
Number of cations (oxygens) :
Si 3.268 3.271 3.343 - 3.57 - 2.38 2.90 2.94
Al 0.575 0.780 0.692 - 0.40 - 1.58 1.14 0.93
Na 0.065 0.015 - - 0.10 - 0.35 0.69 0.10
Mg 0.018 0.016 0.003 - - - 0.01 0.00 -
K 0.545 0.502 0.541 - 0.17 - 0.00 0.09 0.01
Ca 0.051 0.013 0.003 - 0.03 - 0.66 0.08 0.70
Fe 0.173 - - - 0.05 - 0.04 0.01 0.02
Ti 0.027 - - - 0.02 - - - -
Mn - - - - - - - - -
Tot 4,722 4.597 4.582 - 4.34 - 5.02 491 5.092

Nd - not detected. S1 — P166/001; S2, S3 — M224/80% Miles IIE, (Ruzicka and Hutson, 2010); S5 —
Northwest Africa 856 (Leroux and Cordier, 2006); -S6lortheast Africa 003-A (Halodet al., 2009);

S7 — Dar al Gani 476 (Chen, 1999); S8 - Dar al Gt (Chen, 1999); S9 - Northwest Africa 856
(Leroux and Cordier, 2006).

in the 380-480 cih region, with clear movement of the 380 tiieature to 416 cihin sample
P166/001-05 and a corresponding shift of the featar443 critin sample M224/001-03. The Si-
O-Si bending vibration region of quartz (400-700"¢imcludes a band at 695 ¢rthat is unique to
the crystalline phase (Parthasarathyl. 2001).

The 695 crit band was detected in sample P166/100 showingréeepce of crystalline quartz but

was not detected in M224/001-03. The absence ob%%ecn feature in M224/001-02 suggests

that in this sample the silica was entirely in apiaus form.
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The absorption band at 695 ¢nis due to vibrations in the octahedral site synmmethile a
corresponding band at 780 ¢ris due to vibrations in the tetrahedral site symmmnéSchneider,
1974; Parthasarathgt al., 2001, Saikeet al.,2007). The octahedral site symmetry is weaker than
the tetrahedral site symmetry resulting in struatalamage being observed in the 695" aegion
first. A band corresponding to the 780 tfeature was present in P159/001-05 (776')chut was

not present in M224/001-03 indicating that in te@mple shock/thermal deformation was more
severe.
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Figure 6.5ShowsFTIR spectra for samples P159/001-05 and M224/@IFde degradation of spectral
features in the 480 chto 580 cri region can be seen in M224/001-03. The band at ctB9
corresponds to the Si-O asymmetrical band of vitimatNote the absence of a band at 780" ciue to
vibrations in tetrahedral site symmetry (Schneidéi74; Parthasarattet al.,2001, Saikat al, 2007).
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6.7 BOUND H0O

The HO content of glass in usually determined by FTIRIgsis. Water in silica glass is detected
in two main IR bands in the spectrum at 3660'@nd 1610 cr. These reflect the OH stretching
vibration and H-O-H bending vibration modes rattiem discrete HD molecules (Gilchrisét al.,
1969). FTIR analysis of the Polonnaruwa stonesdatib detect features at either 3660'@n 1610
cm’?, indicating a very low bound # component. Detection limits for the apparatus prodedure
are quoted at ~0.05 wt%. However, these lower tietetimits can be affected by the nature of a

sample as well as sample preparation technique.

To test this parameter, a sample of North Ameritektite with < 0.03 wt% BD was also
examined. This sample showed evidence of bow®@ by way of a faint feature at 3660 ¢rtsee
figure 6.6). Consequently, we take thgOHcontent of the Polonnaruwa stones to be < 0.03. it
was noted that the closest terrestrial volcanicglaomparable to the Polonnaruwa stones in
appearance and chemistry would be the obsidiatghbusignificant variation in CaO (0.6 wt% in
obsidians compared to ~5.3 wt% in Pol), MgO (0.G%6wn obsidians compared to ~4.5 wt% in
Pol) and MnO (<0.1 wt % in obsidians compared ta25Iwt% in Pol) would indicate a parent

material different to an igneous rock.

3727 cm?

—

<+——— 3625cm?

North American tektite
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I_W%WWWM
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Figure 6.6 Shows FTIR spectra from 2500 to 4000 triNote the instrument detection of faint feature at
~3660 cni reflecting the presence of the OH stretching tibreand H-O-H bending vibration modes
in a sample of < 0.03 wt%B.
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Furthermore, glasses of volcanic origin in genaral much wetter than impactites with theOH
content of magmatic melts ranging from 6.2 wt% frime 1974 Fuego eruption to ~0.2 wt% in
Low-K,O glass inclusions from the 3 Ka medicine Lake fOtaia eruption (Sisson and Lane,
1993). These values accord well with with volcaglesses in generé.6-5.0 wt% HO) (Di Muro

et al.,2006).

The first precise measurements on the contentwid o0 in impactites was reported by Gilchrist
et al., (1969) using infrared spectroscopy. This studyicakgd a HO content of ~0.01 wt%. A
more accurate study was undertaken by Beran anddfo€1997) where 51 impact glasses
comprising of 26 tektites (from all four known stréields) and 25 impact glasses (8 Libyian desert
glasses, 2 from the Aouelloul crater, 2 from Rica@ao crater and 7 from the Zhamanshin crate)
were analysed for bound,8. Results showed that impactities are extremepwdth structurally
bound HO abundances ranging from 0.002-0.030 wt% (ave@a@&4 + 0.008 wt%) for tektites
and 0.008-0.166 wt% for impact glasses.

Beran and Koeberl (1996) concluded that impactities very dry (< 0.03 wt % 4@) and much
dryer than glasses of volcanic origin and thagDHontents < 0.05 wt% can be used as very good
evidence for origin by impact when considering géss of unknown origin. In line with the
findings of Beran and Koeberl (1996) we concludat tthe Polonnaruwa stones originate from

hypervelocity impact and are inconsistent with géesof volcanic terrestrial origin.

6.8 BULK COMPOSITION

6.8.1 Crystalline Phases

The presence of crystalline phases was determisied) X-Ray Diffraction techniques carried out
on a Philips PW1710 Automated Powder Diffractometertwo different aliquot samples of the
Polonnaruwa and Ratkinda stones. Results are gesplen Figures 6.7 and 6.8. The broad hump
displayed in P159/001-03 and M224/001-02 at ~18Z8Bcorresponds to a bulk composition of
amorphous phases comprising of between 75-95% hymeo In the case of M224/001-02 no

crystalline phases were identifiable with any degreconfidence.
In the case of P159/001-03 the presence of criystailuartz was confirmed, with strong features at

20.83 20, 26.7% 20 and 60.06 29 together with numerous lesser features. A streatufe at ~21.8

20 together with weaker coincident features in the36.8 20 range was identified as
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(NaK)AISi;Og (anorthoclase) (Harlow, 1982). Further peaks 881220 and in the 21.85-35.720
range were reported as due to the presence of @Rl(albite) (Gualtieri, 2000). A further strong
peak at 27.8220 together with lesser peaks in the 20.83-352f2range was consistent with the
presence of Cahsi,Og anorthite (Matsui and Kimata, 1997). The presasfdeoth cristobalite and

stishovite was tentatively confirmed from the resildpeaks of the XRD pattern.

P159/001-03
E
8
<
(7))
€
>
o]
o
0 1I0 2.0 3I0 4.0 5I0 GIO 70
2 0 Degrees—>
M224/001-02

5

8

<

4]

[

=]

]

(&)

0 10 20 30 40 50 60 70

2 0 Degrees—>

Figure 6.7: X-Ray Diffraction results (counts/s againgi @egrees). Panels show diffractograms of
aliquot samples P159/001-03 (upper) and M224/00}@&er), using Cu k radiation at 35kV and
40mA, between 2 and 726 at a scan speed of 0%®/s. Analysis software reports the presence of: (i)
All.911C30716Mno.lgd\|3.0045088i2089- Anorthite (MatSUi and Kimata, 1997), (II) AIl@gNa()nggSi:g

- Anorthoclase (Harlow, 1982), (iii) SIO Quartz Lo (Machatschki and Kristallstruktur voiefquarz,
1936), (iv) Allg,Ca0g,Na0gg0sSi2 g5 - Albite (Gualtieri, 2000), (v) Si©@— Cristobalite (Peacor, 1973),
(vi) SIO, — Stishovite (Yamanaka, Fukuda and Tsuchiya, 20002 broad humps displayed in samples
P159/001-03, M224/001-02 are due to bulk compasibibamorphous phases of (between 75-100%).
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Figure 6.8: X-Ray Diffraction results (counts/s againgt @egrees). Panels show diffractograms of
aliquot samples S159/001-01 (soil sample) (upped B159/001-0 (control) (lower) using CuaK
radiation at 35kV and 40mA, between 2 and®Z@ at a scan speed of 0°@®b/s. Analysis software
reports in S159/001-05 (soil) the expected presesicapproximately 75% quartz, 17% KA{Si
(microcline), 4% (NaK)AISOs, 3% ALSi,Os(OH), (kaolinite) and 1% opal. Results reported for the
control sample D159/001-01 were consisted withabailable literature on soil carbonates comprising
of 81% calcite, 13% quartz, 4% ankerite and 2% thiter

S159/001-05 (soil) reported the expected preseh@pproximately 75% quartz, 17% KALS),
(microcline), 4% (NaK)AISIOg, 3% ALSi,O5(OH), (kaolinite) and 1% opal. Results reported for
the control sample D159/001-01 were consisted with available literature on soil carbonates

comprising of 81% calcite, 13% quartz, 4% ankeaitd 2% anorthite.
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In summary (and taken in isolation) XRD data implieat P159/001 comprises of approximately
80-90% amorphous glass with trace (<5%) quartzrthacolase, albite and hematite with the lesser
but possible inclusion of cristobalite and stist®viM224/001 comprises almost entirely of

amorphous glass.
6.8.2 Bulk Chemistry

Two different samples of the Polonnaruwa and Rdtkistones were analysed for bulk major
element abundances using inductively coupled plaspt@al emission spectrometry (ICP-OES).
These included portions of aliquot samples A, Retafrom P159/001 and M224/001 respectively.

Representative oxide compositions are given ind k.

Both the major and trace element data for the sesnghisplay some degree of spatial variation in
composition, primarily in those elements that coride in metal. This certainly reflects an

inhomogeneous distribution of these phases, andateabove represents the average of multiple
ICP-OES sample runs. Nonetheless, the somewhatobetesous nature of the samples justifies a
wider sampling process in future studies. In gdné@vever, the samples were characterized by
high K compositions. In contrast, Fe content wag é&md comparable to high and low potassium

felsic glasses. Samples also displayed a markgétdm in Ti.

Five of the six classes of glass examined wererm@ted to have an impact origin as determined
by the presence of metal with meteoritic Fe:Niaat(~94:6) within the glass fragments, the
volatilisation of alkali elements and that theimgmosition was dissimilar to previously recognized
eruptive lunar samples. These included classesowf-Ti Basaltic, High-Ti Basaltic, High-Al

Basaltic, Basaltic Andesite, KREEP and Felspathiodr materials. Only one class — the Green

Glass Beads — had an obvious eruptive origin (eld886: Shearer and Papike, 1993).
6.9 OXYGEN ISOTOPE ANALYSIS

Results are presenteddmotation such thag*Oysyow /1000 = [{O/*°0)sampid/ (O/*°O)vsmon] - 1.

We use a slope of 0.5251 for the terrestrial famettion line and linearized form of tldenotation

so thatA'’0 =§'"0 — 0.52515'%0. Error has been established through observafitheostandard
deviation in 290 single analyses of terrestriaksoand minerals, carried out in 30 sessions at this
stable isotope laboratory using the same equipraedtis reported as +/- 0.06%. (Gehédral,
2011).
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Table 6.3

Average bulk compositions of samples P159/001 an?d24yD01 ogether with comparati
compositions taken from the literature

S1 -P159/001S3 —Fusion Crust MIL 0503!  S6, S7 -Core and rim of Mafic gla:
S2 —M224/00: S4 Bulk Rec, S5 Bulk Rock S8, S9 -High K/Low K Felsic Glas

S1 S2 S3 S4 S5 S6 S7 S8 S9
SiO, 60.65 65.46 45.50 47.0 48.4 51.10 49.82 66.41 65.36
Al,O3 0.00 0.19 9.61 9.26 8.85 13.38 13.17 17.87 18.96
Na,O 0.54 0.54 0.32 0.26 0.21 0.20 1.21 0.56 0.61
MgO 4.97 3.98 5.83 7.44 7.79 8.34 7.72 0.21 0.19
K,0O 22.69 22.69 0.05 0.03 0.01 1.41 0.06 5.80 3.95
CaO 4.90 5.18 11.9 11.8 12.1 10.91 10.82 4,99 7.04
FeO 0.35 0.17 225 22.0 20.7 13.17 15.52 1.97 1.96
TiO, 0.00 0.00 1.99 1.44 0.90 0.73 0.72 1.04 1.11
MnO 1.29 1.16 0.36 0.32 0.33 0.47 0.54 0.08 0.05
Cnr04 ne ne 0.30 0.33 0.30 0.45 0.43 0.26 0.49
P,Os ne ne 0.05 0.05 0.02 0.01 0.07 0.01 0.00
SO ne ne 0.05 0.11 ne ne ne ne ne
Total 97.45 101.44 98.5 100 99.3 100.17 100.08 99.20 99.72
Mg# 96.23 97.61 31.6 37.8 40.2 28.02 28.74 24.63 39.20

Na - not analysed. S1 —P159/001-05, S2 — M224/@)158 — Fusion Crust (MIL 05035) (Thaisen and
Lawrence, 2009), S4 — Bulk rock composition of MB5E035 (Liu et al., 2009), S5 — Bulk rock
composition of MIL 05035 (Jogt al.,2007), S6/S7 — NWA 1664 Core and Rim mafic gl&sratet
al., 2012) S8/S9 — NWA 1664 High K/low K felsic gta (Barratt al.,2012).

Results of analysis show'’O = - 0.335 with'’0O = 8.978 + 0.050 an&'®0 = 17.816 + 0.100 .
Figure 14 shows a plot 6f'O/ 8*°0 values compared to those of known CI chondriseseported
by Clayton and Mayeda (1998). It is noted t40 values are relatively high but are within the
range of Cl and Cl-like chondrites (Meta-C).

The effects of oxygen isotopic exchange duringetdrial atmospheric entry have been examined in
part by the STONE experiment. Here, samples oéséial rock were secured to the surface of the
ablative heat shield of a recoverable Foton-12 epadt and flown in low earth orbit for in excess
of 14 days before atmospheric re-entry and recoweérthe capsule (Brackt al., 2002). The
conditions experienced by the capsule during reyesibsely mimicked those under which natural

meteorites are subjected to on atmospheric enttywame sufficient to melt basalt and silica glass.
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The isotopic composition of tropospherig ©® given by Luzet al, (1999) asA™O = - 0.34 and is
characterised by a mass-independently fractionatechponent derived from stratospheric
photochemical processes involving, @s;, and CQ. Results of the STONE experiment showed that
the silica ‘fusion crust’ of one (analogue) sampies characterised by&’O = - 0.208 while the
corresponding interior exhibited no offset fromearéstrial silicate or oxide. This provides strong
evidence for oxygen isotopic exchange during erfyrthermore, by taking the carbonaceous
interior of the sample holder and tropospherie & end-members, Brackt al., (2002)
demonstrated that the silica ‘fusion crust’ oxygsotope data fits on a mixing line (regression
coefficient R=0.998) with tropospheric O

For the purpose of comparison, samples of the preberved silica fusion crust and interior of an
LL6 ordinary chondrite (Appley Bridge) were similaranalysed. These also exhibited’O
variations of comparable magnitude though no appareange ir5'%0 values were observed. This
has been interpretted by Bragkal, (2002) as implying a more complex isotopic exgeprocess

in the case of this chondrite.

The broad similarity between the’O ands'®0 values of P159/001-04 and tropospheridéads
naturally to the question of whether they represantpart, evidence of some oxygen isotope

exchange during entry in the upper atmosphere.

P159/001-04 comprised of three interior fragment$ dust weighing a combined 2.41g taken from
the interior of sample P159/001 while the isotopkigs exhibited in the Braek al., (2002) study
comprised of ‘fusion crust’. In recovered meteofigments, the fusion crust is normally quite thin
in comparison to the 5mm depth from which P159/081was extracted. However, the ‘fusion
crust’ glass in the STONE experiments was noteaparoximate that of the pre-flight stones, but
were characterised by enrichment in ${@8.1 to 51.9 wt%), CaO (16.7-17.6% wt%) ant®K1.6
to 2.2 wt%) yet depleted in Tid2.1 to 3.8 wt%) FeO (5.2 to 9.1 wt %) and MgGh(t 4.8 wt%)

which broadly accord with the oxide compositionsoie of our samples.

One possible explanation for this could be reldtetieating of the host material by super-heated
gas that pervaded the pore spaces. This mecharasnidentified in the STONE experiments as a
likely cause for the melting of basalt fragmentshwn the substrate below the fusion crust and deep
within the regolith sample. However, such an exgeamechanism would require a total exchange

of oxygen with the incoming bolid and this is negarded as a plausible possibility.
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Figure 6.9. (Upper)Oxygen isotope compositions of sample P159/001r@#cd Cl chondrites: Alais
(8.6), Ivuna (9.23) and Orgueil (8.79) togetherhwitl-like chondrites (Meta-C) B7904 (10.91), Y82162
(11.59), Y86720 (11.58) and Y86789 (10.94). DatanfrClayton and Mayeda (1998). (rigl@xygen
isotope A0 (%o rel. SMOW) values of sample P159/001-04 (PODpta for MFL: martian
fractionation from Franchet al (1999). EFL: eucrite fractionation from Greenwaetdal, (2005). ClI:
chondrites fractionation and MC: Meta-C (B9704 a1@%789) from Claytoret al, (1998).

6.10 CHN ANALYSIS

Results of CHN analysis returned values of C = &v®4, N = 0 wt %, H = 0 wit% for sample P159
and C = 4.69 wt%, N = 0 wt %, H = 0 wt% for samm224. The manufacturers of the apparatus
qguote LOD of 100 ppm and uncertainty of 0.3 wt%e3dresults were regarded as unsatisfactory
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Figure 6.10 Shows oxygen isotopa'’O (%o rel. SMOW) values for ‘STONE’ samples togethéth
corresponding values for tropospherig &nd the fusion crust and interior of the AppleydBe L6
chondrite. Note that the material lies on a miXing defined by tropospheric,@nd the carbonaceous
interior of the sample holder. Figure and datandkem Brack et al., (2002).

for the purpose of this study and the analysis euaisourced to a commercial laboratory in the
United States usingRerkin EImer2400 CHN Elemental Analyser.

Results returned were C = 4.65 wt%, N = 0.01 wioheshmple P159 and C = 4.69 wt%, N = 0.01
wt % for sample M224. Uncertainty was determined.Atwt% (C and N) with LOD 100 ppm.
These tolerances were verified by reference to ipatiins by the Universitat Wien
Mikroanalytisches Laboratorium (Vienna Universitfgr the same Perkin Elme2400 CHN

Elemental Analyser.

Assuming all the carbon in the samples was of redwrganic form, results indicate a N/C atomic
ratio for P159 and M224 < 0.003.
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6.11 TRACE ELEMENTS

The increased abundance of Iridium in meteoriteernwbompared to the Earth’s crust has been
extensively reported in the literature. This isublot to result from the tendency of iridium to bond
with iron causing most iridium to have descendeldwedhe crust when the planet was young and
still molten. Trace element abundances of iridiurerav determined by ICP-OES in sample
P159/001, together with a sample of terrestriagjdtite. The sample exhibited a high level of
Iridium of between 0.7-0.8 ppm or approximately fithes average levels reported in oceanic crust.

Values for the control fulgurite were below theeatgtble limits of the apparatus.

6.12 DISCUSSION

Analysis of bulk chemical compositions, mineral pém and compositions, petrographic features,
water content, CHN and triple oxygen isotope anslydlow the following conclusions to be

reached about the Polonnaruwa and Ratkina stones:

a) The stones exhibit a highly porous (~80-90% poypsti and K-rich, Al-depleted,
amorphous melt matrix enclosing a number of mingrains (1-10pm, commonly <1pm)
with elongate to equant shapes. Minerals includedthoclase, albite, anorthite, quartz and
Si-Al-rich melt inclusions. Inclusions are less coon in the Ratkinda stones that also

exhibit greater levels of shock/thermal deformation

b) The bound HO content of the stones is very low <0.03wt%HThis value is interpreted
(in line with the findings of Beran and Koeberl,968) as evidence of origination from

hypervelocity impact.

c) The carbon content of the stones show N/C atontiosra 0.003. This parameter assumes

that all the carbon sampled was of organic origin.

d) Results of analysis show'’O = - 0.335 withs'’O = 8.978 + 0.050 and'®0 = 17.816 +
0.100 . Computed 0/ 3*°0 accord well with those of known ClI chondriteshwiigh§'%0
values within the range of Cl and Cl-like chondsi{®eta-C). Exchange with atmospheric
oxygen was considered but is not regarded as asiplauexplanation for observed

fractionation parameters.
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Chapter 7

Biological Morphologies in the Polonnaruwa Stones
7.1 INTRODUCTION

It has been over half a century since the firsdence of microbial fossils in carbonaceous
chondrites was discovered and reported by Claus Naugly (1961). Independent studies soon
confirmed, or partially confirmed, the findings (Rer, 1961; Staplin, 1962; Palik, 1962, 1963 and
Cholnoky, 1962) though these were later challermyethe grounds of contamination by terrestrial
organics and pollen (Anders and Fitch, 1962a, 196964; Fitch and Andres, 1963a, 1963Db; Fitch
et al.,1962). The Cronirt al., (1988) review later resolved the matter in favotian abiogenic

origin of the structures though they found no patir mechanism adequate to explain their
formation. Two decades later the problem of micbbdssils in carbonaceous meteorites was re-
examined by Hans D. Pflug who used a process situ demineralisation to isolate carbonaceous
structures (Pflug, 1984). Forms similar to the vikalbwn bacteriunpedomicrobiunwere identified

while laser mass spectroscopy, Raman spectrostdyyand IR spot spectroscopy were used to
establish the indigenous nature of the biologigpktforms. While this work was never discredited,
the debate over non-biotic artefacts resemblingahial microfossils has succeeded in preventing

widespread acceptance of the results.

A decade later and the issue of microfossils agesurfaced, but this time in the form of the
possible detection of bacteria-like fossils in &iken Hills Martian meteorite ALH 84001 (McKay

et al.,1996). These results were challenged (Brearle§8;1Brearly, 2003; Treiman, 2003; Golden
et al., 2006) after it was demonstrated that bbh dbiotic thermal decomposition of Fe-rich
carbonates and the formation of nanophase magmagiitgyrrhotite crystals may also have resulted
in morphologies similar to those observed in ALH8#0 This led to the currently accepted
paradigm that morphology alone cannot be used uigambsly as a tool for primitive life
detection. This belief ultimately defeated the meledent studies of Hoover (2005) a decade later
when he reported SEM observations of large comfilamnents embedded in freshly fractured

internal surfaces of a variety of carbonaceous ongés the stones.
The subject of microfossils in meteorites remainghly controversial. Morphological

characteristics consistent with microbial organisthat are cited as evidence of biology are

particularly subject to criticism. The problem @intamination adds to the already difficult problem
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of establishing non-terrestrial origin and to dadeone study has managed to convince the scientific
community of the presence of unambiguously biolalgistructures that were indigenous to an

accepted non-terrestrial source.

In this section, results of SEM and EDAX studies fogshly cleaved internal surfaces of the
Polonnaruwa stones are reported. Preliminary irtspeof a few of the SEM images revealed the
presence of a number of highly carbonaceous bicdbgtructures and fossil diatoms. Some of
these were deeply integrated in the surroundingeralmatrix indicating they could not have been
recent biological contaminants. The visual naturéhe structures places them beyond question as

biological in origin.

7.2 EXPERIMENTAL METHODS AND SAMPLES

Scanning Electron Microscopy (SEM) was conductedgughe FEI (Phillips) XL30 FEG ESEM
(Environmental Scanning Electron Microscope) FE@I(FEmission Gun) at the School of Earth
and Ocean Sciences at Cardiff University. The maiorporates a secondary electron detector (SE),
a back scatter electron detector (BSE) and a gassmondary electron detector (GSE). It also has
an Oxford Instruments INCA ENERGY (EDX) x-ray arsily system. Image recording is via a
SONY video graphics printer or digital by procegsimage frames in a 16 bit framestore computer

for output to hard drive.

Further SEM studies were conducted at the NASA NaltsSpace Flight Centre and the
Paleontological Institute of the Russian Academysoiences in Moscow, Russia using a Hitachi S-
3700N Field Emission Scanning Electron Microscoph wnages gathered using both the Back-
Scatter Electron (BSE) and the Secondary Electsdt) fletectors (NASA MSFC), and a Camscan
SEM (accelerating voltage of 20 kV) in Moscow.

Sample preparation involved the use of a flamdlised wide-bore hypodermic needle to fracture
the fragments before mounting on aluminium stulbee $amples utilised in this study comprise of
four bulk samples prepared for interior sectiomsigg at the School of Earth and Ocean Sciences
at Cardiff University. Two of these samples wereivdal from sample P166/001, and two from
sample M224/001 as detailed in a previous secsentipn 6.4). Studies at NASA MSFC and the
Paleontological Institute in Moscow used uncoatedHly fractured surfaces only. Some samples at
Cardiff University were coated with a gold/palladitsurface to facilitate high resolution image

capture.
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7.3 SEM AND EDX RESULTS

Examination of the SEM images revealed the presefidessils of flamentous (uniseriate and
multiseriate) cyanobacteria as well as polarizddnfents and heterocystous nitrogen fixing
cyanobacteria. The stones also contained kerogemoyshotypes similar to extinct terrestrial life
(acritarchs and hystrichospheres) and well-preseiaed fossilized remains of many different
genera and species of both freshwater and maratends. Almost all of the diatoms found are
raphid pennates, but the stones also contain xammes of marine centrics and araphid pennates.
Diatom frustules were embedded in the rock matniet exhibited varying degrees of degradation,
though a few examples of well preserved and evastime diatom frustules and hystrichospheres

were also present.

Figure 7.1 (a and b) shows a lattice type struabfiiater-connecting organized ‘pores’ that range i
size from <0.5 pm to ~5pum and span a diameter ®tm giving rise to a ‘scaffold’ effect that
appears to have become imprinted on the matrixualisnspection reveals the presence of a
fracture along the leading edge highlighting tia structure had been directly attached to thk roc
matrix and remained connected at the south end. EleXental abundances are shown in figure
7.2 along with a table of quantities for three $meacquired from the structure (S1), attached
matrix (S2) and nearby but unrelated matrix (S3)ese spectra show the structure to be highly
carbonaceous (S1 — C; 59.81%) but depleted ingatrS1 — Nitrogen not detected). It is noted
that the elemental abundances in the neighborioy noatrix indicate some level of elemental
exchange taking place between the structure andttaehed substrate. In particular, the carbon
content of the attached substrate shows levelsozippately half way between those of the
unrelated substrate and the structure itself itiigaa movement of carbon from the structure to the
substrate. Similarly, oxygen, aluminum, siliconetgssium and iron abundances of the attached
substrate show levels approximately half way betwbese of the unrelated rock and the structure.
This again indicates a movement of these eleméntsthis time from the rock substrate to the

biological structure.

A similar structure, almost entirely integratedoittie surrounding matrix is shown embedded in the
substrate of figure 7.1 (c). In this example, thttice type like structure is observed as being
imprinted on the matrix. The constituent shapes/ femm rounded to angular and exist as a
network of connected shapes giving rise to a ‘hoomp’ effect. The size of the lattice appears as a
~ 25 x 30 pum spherical segment loosely connecteddmaller 15 x 20 pm segment at the south
west end. These could possibly represent two sepspaerical fossils that have become embedded

into the rock in close proximity or could represém remains of a partially degraded larger and
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more complex arrangement that was imprinted onsdiligstrate itself. Figure 7.1 (d) shows a
morphologically dissimilar structure with similavels of degradation that is barely visible on the
substrate surface. The white arrows point to thecgires in (¢) and (d). Images in 7.1 (a) and (b)
were taken at Cardiff University while (c) and {dgre taken at the SEM facilities in Moscow,

Russia.

EDX data indicates they are severely depletedtiogen (N < 0.5%). Hoover (2007) explored the
use of Nitrogen levels and biogenic element ratiwsdistinguishing between modern and fossil
microorganisms as a mechanism for recognizing tdwefogical contaminants in terrestrial rocks
and meteorites. Detectable (2-18%) levels of Ngrogiere encountered in the hair and tissues from
mummies from Peru (2 Kya) and Egypt (5 Kya) and Har/tissues of Pleistocene Woolly
Mammoths (40-32 Kya).

i gt TEANIPR e
EHT =20.00 kV Signal A = SE1 Date :3 Apr 2013
WD =15.0 mm Photo No. = 3438 Time :15:03:42

0.00 kV/ Sinal A=SE1 Date :3 Apr 2013

10pm =20.
WD =15.0 mm Photo No. = 3437 Time :14:59:50

Figure 7.1 Shows a highly carbonaceous partially degradedogichl structure. Note the apparent
fracture from the surrounding mineral matrix aldhg leading edge. Points S1, S2 and S3 correspond t
elemental abundances determined by EDX as detailddigure 7.2. Images a) and b) taken in Cardiff,
(c) and (d) taken at the facilities in Moscow, Rass
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Si C 5981 2926 000 35981 0.00
> N 0.00 511 000 511 000
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= Al Mg 034 042 000 042 034
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- C S 0.00 000 033 033 033
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Mg K Ti 0.00 000 057 057 057
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Figure 7.2Shows elemental abundances in the biological stre¢S1), attached matrix (S2) and nearby
but unrelated matrix (S3) of the biological struetshown in figure 7.1. Note that the carbon candén
the attached substrate shows levels approximagfynay between those of the unrelated substrade an
the structure itself indicating a movement of cartfoom the structure to the substrate. Similarly,
oxygen, aluminum, silicone, potassium and iron alamces of the attached substrate show levels
approximately half way between those of the uneelabck and the structure. This again indicates a
movement of these elements, but this time frontdick substrate to the biological structure.

Comparative studies on fossilized insects in Miec€)4 Ma) Amber, Cretaceous Ammonites (100
Ma), Cambrian trilobites of Wheeler Shale of Utag Ma) and filamentous cyanobacteria from
Karelia (2.7 Ga) showed nitrogen levels below thetlof detection with the FESEM EDS detector
(N < 0.5%). This provides some evidence that tlodesarly biological artefacts, found embedded in
the Polonnaruwa stones, are indigenous to the stand not the result of post-arrival microbial

contaminants.
Figure 7.3 (a-d) shows a thick walled carbon-rikkr¢genous) spherical strutcure ~110um in

diameter lodged between two angular edges of thexn@he surface of the sphere is rough with

strands of membronous material anchoring it fronmtgo that originate from the surface and

132



Chapter 7: Biological Morphologies in the PolonneauStones

comprise of a smooth, thick membrane containg feapswaves of membrane that terminate at the
neighbouring matrix. Morphologlogical fearures itdie that the observed strcucture is a
‘hystrichosphere’ thought to be associated with thsting stages of a group of partly extinct

dinoflagellate. The dinophyte cysts usually contsinal processes and are typically 120 um in
diameter (although they are known at sizes betse2B0um).

100pm [ 100pm

[ 30um b 100m

Figures 7.3 (a-d)shows images of a large (100 um diameter) and eemyplex, thick-walled, carbon-
rich (kerogenous) microfossil that we have tentyivdentified as a hystrichosphere. Hystrichospker
are thought to be associated with the resting stafe@ group of largely extinct marine dinoflagtdla
algae. The EDX data reveals a lack of detectallwgen and an anomalous C/O ratio (similar to
bitumen) clearly establishes that this obviouslgidgical form could not possibly represent a modern
biological contaminant. The extremely well-presenand very thin (2 um diameter x 100 um long)
flagella are interpreted as indicating a low-gnavidw-pressure environment and rapid freeze-drying
the vicinity of this form are highly carbonaceousbedded filaments of cyanobacteria (“blue-green
algae”). Low nitrogen shows they are ancient feséibints S1, S2 and S3 relate to target corohnait
energy X-ray readings detailed in Figure 7.4. Thmge was coated with a gold/palladium surface to
facilitate high resolution image capture aftertfabserving uncoated.
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Spectrum S3

Spectrum S1

Au

Relative Intensity
Relative Intensity

Spec Sl S2 S3 Mean SD  Max.
Au

‘ C 6794 000 6573 4456 38.60 67.94
= N 000 000 000 000 000 0.00
@ Spectrum S2 O 2621 3982 2480 3028 829 39.82
o Na 000 000 000 000 000 000
2 Mg 000 13.02 000 434 752 13.02
—= Al 000 1035 000 345 598 1035
g Si 000 3681 217 1299 20.66 36.81
= P 000 000 000 000 000 0.00
S S 000 000 000 000 000 0.00
< K 585 000 729 438 386 729
Ca 000 000 000 000 000 0.00

Fe 000 000 000 000 000 0.00

Figure 7.4 Shows elemental abundances in the main biologitattsre (S1), neighboring substrate
(S2) and attached flagella (S3) of the biologidaligure illustrated in figure 7.3 (a-d). Note ttiae
carbon content of the neighboring substrate shawalsence of carbon with high O, Mg, Si and Al
contents. Au and Pd values reflect the gold/palledcoating applied to facilitate high resolutiorae
capture.

The outer layer of dinoflagellate cysts are usualfde of a cellulose type material that decomposes
or degrades when the organism dies leaving a towgitemore resistant organic inner layer which
readily fossilizes. Dinoflagellates are predomihamnharine plankton though some freshwater
varieties are also known. EDX elemental abundaacepresented in figure 7.4. These show both a
depletion of nitrogen and also of elements normadlgociated with kerogens such as phosphorous,

fluorine, sulphur and chlorine, no doubt a conseqgaef advanced fossilisation.

Further examples of embedddshcillariophyta (diatom) frustules were also observed. These

comprise of hydrated silicon dioxide (SigH,O - biogenic silica) with morphologies that
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genetically determine the characteristic of theotmmy of the diatom. The frustule usually
comprises of two overlappinbecag or shells, distinctive and identical in shapegept that one is
slightly smaller (hypotheca) than the other (ep#)e facilitating an overlap that encases the
eukaryote inside. The synthesis of the biogenicasibccurs inside the cell via polymerization of
silicic acid monomers and is constructed accordm@ protein template leading to precise and
complex patterned thecae consisting ofalve or flat section, andirdle bandswhich appear as
connecting or segmented rings or hoops. The patexhibited by the frustules are often elaborate
giving rise to various ornamental shapes and mdogies making them amongst the most easily

recognizable eukaryotes on Earth.

Figure 7.5(a) shows various examples of embedHdadillariophyta (diatom) frustules in sample P166.
(a) shows the girdle view of a 50 um by 10 fragilariophyceag(pennate) diatom lodged between two
sections of the rock matrix (b, c) similar diatomdhibiting significant fusion and integration intioe
surrounding matrix, (d) shows a further exampleagfennate diatom, the visible part of the frustule
(approximately 35 um in length) resting on looslesstate grains.
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Figure 7.5 (a) shows the girdle view of a 50 umliypm Fragilariophyceae(pennate) diatom
lodged between two sections of the rock matrix.e Thntre of the upper valve appears to show
some fusing with the substrate indicating that th&gom has been present in the matrix for some
time. Pennate diatoms exhibit motility by the gtigliinteraction between the substrate and the
pennate’s ‘raphe’ - observed as a fissure, or tit® reinning end-to-end along the mid-line of both
valves (although some do existrmsnoraphids The diatom in figure 7.5 (a) appears to exhabit
bilaterally symmetrical pattern consisting sifiae, or transverse lines, often observed optically as

small holes or dots along the valve.

These diatoms are commonly found in freshwateach#d to plants and rocks, but are known to
exist in marine environments and can thrive inveatér. Figure 7.5 (b, ¢) show similar diatoms
exhibiting significant fusion and integration intike surrounding matrix. Figure 7.5 (d) shows a
further example of a pennate diatom, the visiblé¢ pithe frustule (approximately 35 pm in length)
resting on loose substrate grains. The oppositeoéritie frustule is completely fused into the

matrix such that the biogenic silica is now indigtiishable from the siliceous substrate.

Figures 7.6 (a, b) show images of a colonial cerdratom embedded in the rock matrix. These
diatoms primarily exist as unicellular organismga bre known to form colonies dfragilaria
(filaments or ribbons)Meridion (fans), Tabellaria (zig-zag shapes) arfsterionella(stars). Figure
7.6 (a) shows several cells of a linear coloninfient, approximately 50 um in length, with the
right end of the filament embedded in the rock imatt the left end several broken separation or
interlinking spines are visible (white). Near thentre of the filament it is possible to see two

diagonal slits on adjacent cells, which are intetgal and labelled asnoportule

Figure 7.6 (b) reveals further morphological desaith as separation lines (visible lines formed at
the juncture between two cells), ringleiste (arlinaél silica ledge that projects into the cell fribra
column), areolae (small circular areas on the sajfand cribra (small domes of silica that make up
the areolae. Many of these features are diagntigtioaeful in identifying the type of diatom

presented.

Coscinodiscophyceaer centric diatoms (which include most large marplanktonic diatoms) are
typically radially symmetric and exhibit variousagtes (multi-angular, square or elliptical) when
seen in valve view. Additionally, the presence loé tconnecting spines, separation lines and
ringleiste allow for an unambiguous classificatiohthe genera a#ulacoseira The short tri-
angular connecting spines, presence of a ringlaistemantle height to cell width ratio > 1 allows

for a classification of the speciesfAslacoseira ambiguarlhis species is found within both
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Rhébgoﬁema 3 : ; (b)

] ﬁ’smq Septa’ -3 . ] Rimoportulae

Séparation

Separation

Figure 7.6 Shows planktonic diatoms in sample P166 (a) emlmkddéonial filament ofAulacoseira
ambiguaand septa of the marine araphid penfdtabdonema minutui) detail of portion of filament
of Aulacoseira ambiguahowing characteristic diagnostic features (Riistge Rimoportulae, Areolae,
Cribra, & Separation spines) of the species (c) tamaged frustules exhibiting typical lacerations,
fractures and slices to the structure while pdytfalsed into the substrate (d) complete frusiulgirdle
view of unidentified pennate (e) species Navicelalmardti) and (f) Fossilized (kerogenous) remahs
filamentous cyanobacteria interpre®Rtvularia sp.
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freshwater and saltwater environments. Howeven ptesent in figure 7.6 (a) is the septa of a
diatom identified as being from the spedi®izabdonema Minutumhich is a polar marine diatom

exclusively found within saltwater environments.

In addition to fossilized diatom frustules that eembedded or fused into the substrate, a number
of damaged and degraded frustules were also oluseftese included examples of raphid pennate

diatoms with clear fractures to the thecae suchth@apreviously attached segment of the shell had
become detached and unavailable for observatigur&i7.6 (c) shows examples of two damaged

frustules exhibiting typical lacerations, fractusesl slices to the structure while partially fused

the substrate.

Figure 7.6 (d) shows an image of embedded diatatungid during the EM studies conducted at
NASA/MFSC. This example contains a complete fresial girdle view making identification of a
raphe or classification to genus or species imptessihe study was able to identify an example of
the speciedNavicula reinhardtias described by Grunow in Cleve and Moller (18&Hhjch is
pictured in figure 7.6 (e). This raphid pennatetatia of dimensions 11 pum by 4.2 pm has
lanceolate elliptical valves. The raphe is filifoand its branches are straight. The striae strongly
radiate and become alternately longer and shooteartds the centre. This species of diatom is
found within freshwater and brackish waters angbiserved in this sample completely embedded at

the lower end such that the bottom right quadréttiefrustule is not visible in the field of view.

Figure 7.6 (f) shows an image of the fossilizeddgenous) remains of filamentous cyanobacteria
found in the sample and obtained on freshly fradwncoated samples at NASA/Marshall Space
Flight Centre using the Quanta 600 FEG Scanningtile Microscope. Tapered embedded
cyanobacteria filaments of the FamilRivulariaceae are clearly visible. The Rivularian
cyanobacteria are very important as they are irotder Nostocales and have heterocysts and are

capable of nitrogen fixation.

The presence of these structures may have furthplications since diatoms are known to be
unable to break the strong triple bond of the iaaig di-nitrogen (M) molecule and convert it into
the organic nitrogen. Nitrogen in molecules suchN& or NH; can be readily used for the
construction of amino acids, proteins, DNA, RNA anther life-critical biomolecules. The function
of nitrogen-fixation is carried out by the nitrogers enzyme that is housed in structures known as
heterocysts of several species of several geneost@d Tolypothrix, etc.) of heterocystous
cyanobacteria. Consequently, cyanobacteria areidsyesl a crucial component of a self-reliant

ecosystem.
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7.4 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS) RESULTS

The problem of contamination in meteorites poseatiquédar problems in the study of biomarkers,
with previous work routinely compromised by the gestion of terrestrial contamination (Claus
and Nagy, 1961; Nagst al, 1962; Pflug, 1984; McKay, 1996; Hoover, 2008)ofder to elucidate
the nature of the organic component of the Polanmar stones, gas chromatograph-mass
spectrometry was utilised to establish the rangbiatbgically relevant molecules present in the

samples.

GC-MS studies were undertaken using a Perkin Elingtbomass, gas chromatograph-mass
spectrometer, utilising a chloroform solvent. Thaciine was fitted with Phenomenex, Zebron,
ZB-5MS column with 30m x 0.25mm x 0.25 um film tkiess. The carrier gas was helium at
1ml/min. The temperature profile was 8D to 260°C at 10°C /min and held at 26T for 10 mins.

Scanning of the mass spectrometer was from 50Qd>4bat 2 scans per second.

Results indicated retention times of 2.789, 2.848 3.569 minutes, with corresponding relative
intensities displayed in figure 7.7. These resiticate the presence of a variety of 50-450 Da
molecular weight molecules within the sample. Détes in the 63, 65 and 67 Da range were
interpreted as detection of the chloroform solugitised in the experiment that arose from column

bleeding.

% 1

Total lon Content

0.

251 291 3.31 371 4.11 451 491 531 571 6.11 651 691 (t)

Retention Time (min)

Figure 7.7 Gas chromatogram of Polonnaruwa sample P166. Nwoaawids were detected.

139



Relative Intensity Relative Intensity

Relative Intensity

Figure 7.8 Shows the mass spectrum of three detections asnshotihe gas chromatogram 21789,
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2.849 and 3.569 minutes respectively.
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Of note was the absence of biologically relevamfaaic compounds (amino acids) composed of
amine (-NH) and carboxylic acid (-COOH) functional groupsttiauld be expected from the

presence of recently living organisms. For examtile, amino acids Glycine (m/z = 246, 218),
Glutamic acid (m/z = 432, 330, 272), Alanine (m/269, 232, 158), Valine (m/z = 288, 260, 186),
Proline (m/z = 286, 258, 184) and Aspartic acidz(m/418, 390, 316) that are ubiquitous to all life

on Earth were not present in the sample.

This adds substantial weight to the evidence presijoderived from SEM observations of frustules
fully embed and fused into the substrate indicatosgilisation and not contamination by terrestrial

organisms present in the Sri Lankan soil.

7.5 NITROGEN CONTENT: ATOMIC N/C DECREASE

The starting point for the N/C ratio of biologicahterial depends on the amino acid content of the
source organism (Pelet al.,1983). Planktonic organisms have an N/C ratio08 QH/C ratio from
1.3-1.5) while terrestrial plants generally haveNd@ ratio <0.05 (H/C ratio ~1.0) (Vandenbroucke
and Largeau, 2007). The main loss of Nitrogen accduring diagenesis, with biomass degradation
arising mainly from hydrolysis reactions, resultingnitrogen depletion taking place chiefly in the
form of amino acids and NH (Schnitzer, 1985). It is difficult to assign striimetables to this
degradation process since liable nitrogen moiatiag be protected by steric encapsulation into a
resistant organic matrix. However, in very immatbeerestrial organic sediments such as algal
sapropel (a few thousand years old), nitrogen islpnaresent in the form of amide groups while in
immature sedimentary organic matter derived fEbraunii of a few million years, the nitrogen is

mainly present in the form of pyrrole units (Kniclet al.,1996; Derennet al.,1998).

The end of the diagenesis is defined as the stage witrogen in humin is no longer hydrolysable,
and the N content of kerogen does not change mudhriestrial sediments until the end of the
petroleum formation stage. At this stage nitrogemeleased in the form of,Njas (Littkeet al.,

1995; Gillaizeatet al., 1997). During this period, Nitrogen speciatiorkarogen and coal changes

with increasing maturity (Patiene¢ al.,1992; Kelemeret al.,1994).

N/C ratios in coal illustrate the above. In ~60Mgriite, C = ~68 wit%, N = ~1.23 wt% and N/C =
~0.015 (atomic ratio). In corresponding 100-150 déé-bituminous coals, C = ~88 wt%, N = ~1.1
wt% and N/C = ~0.01 (atomic ratio) while in 300838la anthracite, C = ~95 wt%, N = ~0.7 wt%
and N/C = ~0.007 (atomic ratio) (ASTM D3178-73, 29'Bustin, Mastalerzb and Raudseppa,
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1996). By the time we get to Precambrian microfed&40 Ma to 4.6 By), N/C atomic ratios are
reported in the range of 0.0015-0.03 (BeaumontRuwiakrt, 1999).

The detection limit of nitrogen by EDAX is not ascarate as with heavier elements and is
determined to be 0.5 wt% (Fisher, 2014). This gpoads to an N/C atomic ratio of 0.0064 and is
slightly less than N/C atomic ratios reported 08-360 Ma anthracite as well as being within the
reported range of kerogen analysed within Precambmicrofossils > 540 Ma (Beaumont and
Robert, 1999). These results are interpreted dsaitidg that the carbonaceous, clearly biological
structures in the Polonnaruwa stones are older #3809 Ma, this marking the approximate lower

detection limits of the EDAX apparatus.

7.6 K-RICH SIO , INTERFACES

Two distinct phases were commonly observed in SEMIigs. These were characterised by a
smooth K-rich SiQ amorphous glass phase in which no biological &iras were observed and a
second, rough phase in which all observed bioldgitactures were found. Substantial evidence
was identified to illustrate that the rough, moregessed phase represented a later stage alteration

of the SiQ glass.

Figure 7.9 shows SEM images of the interface batvaaaorphous glass and the rougher substrate
phases characteristic of biological colonisatiomniérous examples of clean, sharp and clearly
defined interfaces between the two phases werdtifikoh indicating a later precipitation of the
rougher phases (figure 7.9 arrows C, D (lower) Bhd~urther evidence of precipitation could be
found in examples of rough deposits separating fiteensmoother glass phase (figure 7.9 arrow F)
and located in smooth cavities (figure 7.9, arrova®l 7.9 (f)). Finally, some evidence of the
surface degradation of the smoother phases weeetddt(figure 7.9, arrow A and upper arrow D)
as well as in areas of clean dissolution cavitiggue 7.9, arrow E). These observations are
interpreted as evidence of the later stage colbaisaof aqueous biological bodies within a
substrate of amorphous SiOrhe surface pitting and apparent degradatiorhefglass phase is
interpreted as arising from the dissolution of 8i6®, substrate by the activity of the diatoms and

cyanobacteria.

Figure 7.10 shows the leaching effect of diatomgylaiss. Here, diatoms and their accompanying
bacteria were embedded in polysaccharides anddcoatthe surface of glass . After removal of the
microorganisms the glass surfaces exhibited depressand pitting zones (Brehet al., 2005)

consistent with observations of the $iflass present in the Polonnaruwa stones.
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Figure 7.9 Shows SEM images of the interface between amorpbtass and the rougher substrate
phases characteristic of biological colonisati@).shows degradation of precipitation of the twag#s.
Arrow A shows evidence of the surface degradaticthe K-rich SiQ phase while B shows evidence of
precipitation of the rought substrate, (b) shovesititerface between the two distinct phases asedark
by arrow C. (c) shows both clean (lower arrow DJ gartly degraded interfaces (upper arrow D) while
(e) shows evidence of the separation of the rougkigtate with the main amorphous substrate. (f)
shows precipitation of larger more angular fragreent
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Figure 7.10 (a) bows a close up of a biogenetic pit with traceswad colonies of cyanobacteria (b)
comparative micrograph of biogenetic (white arrovesid typical mechanical/chemical pits (black
arrows) on quartz surfa¢Brehmet al.,2005)

7.7

CONCLUSIONS

SEM studies to date have established the following:

a) The highly carbonaceous structures observed in Isaffp66 are both biological and

b)

indigenous to the Polonnaruwa stones. Visual ingpeof the SEM images confirmed the
presences of multiple examples of clearly biologstauctures embedded or fused into the
sample substrate. Further images showed structbi@egically anchored to their
surroundings, with numerous further examples ofiglr degraded and damaged diatom
frustules.

The biological structures observed comprised dptioé fossil remains. GC-MS analysis
confirmed the absence of biologically relevant aigacompounds (amino acids) composed
of amine (-NH2) and carboxylic acid (-COOH) functié groups that would be expected
from the presence of recently living organisms.plurticular, Glycine, Glutamic acid,
Alanine, Valine, Proline and Aspartic acid that atequitous to all life on Earth were not
detected in the sample. Furthermore, EDX elemeatahparisons of one biological
structure and its attached rock matrix confirmeat #glemental exchange had taken place
between the structure and the substrate. Finallg,aomic ratios indicated that diagenesis
had taken place with N/C atomic ratios comparalolectals and kerogen in ancient
microfossils.
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c) Fossil remains date back at least ~300 Ma. Atonie fdtio decrease showed N/C ratios of
0.0064 as an upper limit determined by the 0.5 %dlieon limit of nitrogen by the EDAX
apparatus. This is consistent with 300-350 Ma aite (atomic N/C = ~0.007) but also
falls within the range of Precambrian microfosg8d40 Ma to 4.6 By) where N/C atomic

ratios are reported in the range of 0.0015-0.03.

d) The biological microorganisms represent the laagestolonisation of an existing substrate.
Examination of the interface between the amorplgtass and the rougher substrate phases
characteristic of biological colonisation reveakddence of microbial pitting consistent
with diatom and cyanobacteria dissolution of glaBkis demonstrates occupancy and

biological activity within the substrate over anended period of time.

145



Chapter 8: Authenticity and Origin of Polonnaruwa

Chapter 8

On the Authenticity and Origin of the Polonnaruwa Sones
8.1  INTRODUCTION

The results of the previous chapter were reporteal $eries of short bulletins during the early part
of 2013 (Wickramasinghet al., 2013a; Wickramasinghet al, 2013b; Wickramasinghet al.,

2013c; Wickramasinghet al, 2013d). Repudiation of these results — albeitagberfunctory,

ritualistic kind — inevitably followed, and it canaes no surprise when it emanated from the ranks of
online scientific commentators rather than sciésnteigaged in active research. Phil Platt (2013)
expressed this repudiation in the form of an argursapported by a series of cursory observations
borrowed from scientists active in associated ao¢éassearch. These observations led Phil Platt to
the conclusion that terrestrial contamination bgshwater was the most obvious explanation. In
addition to these criticisms, a number of more @m®red observations were made regarding the

possible origin and authenticity of the stone atef and their biological cargo.

Early examination of the Polonnaruwa stones at Bepartment of Geology, University of
Peradeniya, and the Arthur C. Clarke Institute Mwdern Technologies in Sri Lanka, resulted in
initial dismissal of the fragments as possible metes (Hiru FM News, 2013; The Sunday Times,
2013). XRD and optical microscope analysis deteeahithat the stones comprised predominantly
of amorphous silica together with small quantibéguartz, results that were consistent with simila
studies at Cardiff University. This led the Sri kan geologists to reject the suggestion of the
stone’s meteoritic origin on the grounds that ailigasshould only be present in trace amounts and
guartz is rarely observed in meteorites (Koroted)3). An alternative explanation that the stones
comprised of terrestrial fulgurite, the glassy pratdof tubes formed when quartzose sand, silica, or

soil is heated by lightning strikes was offered¢TSunday Times, 2013).

Subsequent optical and SEM microscopic studieheaPlanetary Exploration Research Center in
Japan confirmed both bulk chemical composition daaees and petrological observations of the
Cardiff study(Arai, 2013). Porosity of between 80-90 % was deteech and it was concluded that
these values made the artefacts too fragile tolbe @ survive atmospheric re-entry based on
current canonical models. These models show fragileteorites suffering catastrophic

fragmentation at high altitude unless the bolideespwas unusually low or is protected against
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thermal shock by vigorous ablation. An alternatigestrial origin for the stones has consequently

been suggested with volcanic glasses being the likelst candidate.

A further attempt to reconcile the triple oxygeotape results with a terrestrial origin was offered
by Pack (2013). Here, it was suggested that theestmay comprise of an industrial by-product that
had been thermally processed by high pressumgiving rise to highd'®0 values (17.816 + 0.100)
and possibly explaining tha'’0 = - 0.335 fractionation phenomenon. The knowmdspheric
fractionation of Q also gave rise to the suggestion that the Polomveastones may represent the
return of previously ejected terrestrial materikbady embedded with the biological structures
(MIT Technoloogy Review, 2013).

One final critiscism of note came in the form ot tgeneral observation that the Polonnaruwa
stones, comprising principally of amorphous silieggre unlike comparable stones generally
recovered from non-terrestrial environments. Ireetf the Polonnaruwa stones were unlike any

other meteorite, and by implicaton, unlikely todyee.

In the section that follows, each of the above plzg®ns is considered in the light of subsequent
analysis and experimental results (Wadisal., 2013a; Walliset al., 2013b, Wallis, 2014 - this
study). A final hypothesis regarding the origin andhenticity of the stones is then presented that

incorporates all experimental and observationa datjuired to date.
8.2 ATMOSPHERIC ENTRY OF THE POLONNARUWA BOLIDE

In order to examine the likely effects of atmosphientry on the Polonnaruwa stones it is necessary
to consider the motion of a body as it encounteedtictional effects of atmospheric resistence. An
object entering the atmosphere from space facegprbi@lem of re-entry and the consequential
transformation of its potential energy into kineBaergy. This kinetic energy is lost through
deceleration and ablation (Baldwin, 1971; Bronshte®83; Melosh, 1989). The motion of the
bolide can be described by the equation (Cletbal.,1993),

dv 1 )
ma = —ECDpaAv +mg cos @ eq.8.1

whereA is the cross sectional argg, is atmospheric density is the gravitational acceleration (a

function of heightym massy velocity, Cj, the drag coefficient anll the zenith angle of trajectory
(Chybaet. al.,1993). Since the bolide is hypersonic its motiompresses the air it encounters into

a dense layer that is discontinuous from the sadimg atmosphere. This discontinuity, and the
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resulting ionised plasma is called a shock froratdiRtion from the shock front heats the bolide
causing evapouration or ablation. For the purpafehis calculation, we are going to ignore the
term mg cos@ as the term is small and contributes little in thoases involvhg cometary
progenitors. The resulting rate of loss of kinaitergy of the solid meteo@ corresponding to
equation 8.1 is then given by,

dQ 1

N 3
i > CpplAv eq.8.2

Some of this energy goes into the processes dfiablsuch as the latent heat of vaporization of the
ablating surface material, absorption of energan@piration), convective blockage, viscosity
changes and others (Hamm, 1990) and some trawfe¢he tair. If a fractiorf, of the energy goes
into ablation of the meteor, and if the heat ofatibh is{ then the rate of loss of the meteor mass by
ablation is given by,

d 1
" 2|2 iacopuv eq.83

dr  21¢
Walker (1986) and Zahnle (1992) determined thathleaemperature at the shock front was heavily
dependent on thermal ionisation with a very wegbedeence on velocity size and composition of
the bolide and was consequentially regulated tqO0&5— 30,000K. The maximum ablation rate is

then given by,

dm_

f
= [?Q] Ao Tyt o eq.8.4

whereo is Stefan’s constant arfg,,, = 25,000 K (Bibermanet al., 1980). Zahnle (1992) thus

suggested rewriting eq. 8.2, which in our notatson

dm_

1
P —-A [f—Q] min (— Cppavd, o T,‘,‘mx) eq.8.5

¢ 2
It is immediatley obvious from eq. 8.5 that theeraf loss of the meteor mass by ablation is heavily
dependent on the term[fQ/(] i..e the cross sectional area of the incomingdbdlA) and the heat
of ablation {). Now the values of the parametggsand{ are not actually known for most bolides.
However, if we consider a cometary progenitor (Ldameteor) of mass 526 g, and bulk density
~1g cn?®, then the most likely value of the drag coeffiti€ would be about 0.6 (Liepman &
Roshko, 1957). By determining the value A (Zetral.,2010) we obtain a value of,

2

?] =21x 1071052 cm™2
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and sinceg must be less than 1 then this impliemust be less than 4.4 erg g*. Zinnet al.,
(2010) note that this is about five times smallert the heat of vaporization of ice, and a meteor
entering the atmosphere is subject to very largéasel shear forces. The energy required to

disassociate solid particles from the surface neagnbch less than the heat of vaporization.

The probability survival dependence on {I%] parameter can also be illustrated by obtaining an
expression for the velocityby dividing equation 8.1 with equation 8.3 andraaging terms to get

[%] vdv = dﬁm eq 8.6

If [%Q] Is taken to be constant we can integrate eq 8yé/&

m

[&] [v2— v}] = In— eq.8.7
¢ m;

where m; and v; are the initial mass and velocity of the bolideoprto encountering the

atmosphere. It can be seen that in the case ofrfaging objects like the Leonids for whiehis
quite large (about 70 km/s, or 7 x 106 cm/s), Lm[%] is smaller than about 1 x 10s’ cm~? the

velocity remains essentially constant until theaoetis almost completely ablated away Zeatral.,
(2010).

It would be fortunate if we could derive the vabfe[f?Q] for the Polonnaruwa stones theoretically,

but this parameter is a function of both the matexnd the environment to which it is subjected and
requires the characteristics of the flow of a lijlayer under the influence of a hypersonic gaseous
boundary layer (with mass transfer) to be deterthinkhese equations are highly complex due
primarily to the variation of viscosity with tem@gure, but also because of the need to match
parameters at the interface with the dissociatsg@as hypersonic boundary layer (Steg and Lew,
1972). Fanucci and Lew (1959) modelled the flowadiquid layer with vaporization under the
influence of a gaseous hypersonic boundary lag&img account of variation between laminar and
turbulent flow. These were made a funtion of thggoe of the body concerned and a proper account
of the history of the flow from the stagnation goivas considered. Their results were confirmed by

the analysis of Scala (1960) under reduced coreidawnditions.

For commonly encountered meteors [f;}%] parameter is normally deduced by applying observed

ablation coefficients to the known heat of vapatien appropriate to iron, stoney and cometary

progenitors. Baldwin and Sheaffer (1971) determitedheat of vapourisation for iron and stoney
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meteorites to be 8 x 1berg g'. However, while this process benefits from theliaafion of
observational parameters in commonly encounterddar@ds, it does not apply well in situations
such as the Polonnaruwa stones, where the composifithe material differs from the normal
stone, iron or carbonaceous component. The heatbfation of fused silica (such as in the
Polonnaruwa stones) is likely to differ significignfrom that of the carbonaceous or stoney
meteorites since its melt is highly viscous so tttad liquid can be heated to near boiling
temperature before aerodynamic forces remove itoshous Si@ by its very nature may be
super-cooled without the molecules falling into trdered array of a crystal. Gruntfest (1959) and
Sutton (1960) showed that data on glasses indtbateamorphous SiChas the highest viscosity

and under certain conditions gives evidence of sopablation characteristics.

Furthermore, high silica glasses are known to sestent to thermal shock (Steg and Lew, 1962)
and when vapourised form both the gaseous dioxit rmonoxide in the following highly

endothermic reactions:
SiO; (s)= SI0, (1) = SIO (g) +; 02 (9) eq. 8.8

SiO, (s) = SiO, (1) = SiOs (1) eq. 8.9

These reactions indicate that the heated solididkosoftens and forms a liquid layer which

vapourises and injects the gaseous dioxide, theorid®, and the oxygen into the gaseous
boundary layer, thickening the layer (Steg and LE®62). The effect of the above is to distance the
dissociated gaseous hypersonic boundary layer fhenbolide surface decreasing the heat flux to

the surface.

This has long been recognised as a crtical featureinimising ablation and was first suggested
during the 1950s when the thermal problems of gbmesc re-entry were encountered with
missiles of ever increasing range. A model flowgdsn is presented in figure 8.1 showing the
movement of the liquid layer vapourising and injggtgaseous dioxide, monoxide and oxygen into

the boundary layer effectively forcing the shodaktrfrom the bolide surface.

The heat of ablation properties of amorphous siliaa been investigated in several studies that
have demonstrated its substantial qualities forntlé protection. Steg and Lew (1962) examined
ablation rates for satellite re-entry trajectoriesg compared ablation rates of amorphous %ith

those of highly protective materials such as teflod graphite.
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Figure 8.1 Model flow diagram showing the movement of the iijlayer vapourising and injecting

gaseous dioxide, monoxide and oxygen into the baxyndyer

The results, are shown in figure 8.2 and demoresthatt amorphous Sy@ffers substantial thermal

protection with consequentially low backface tenapares.

Early experiments by Centolanzi and Chapman, (1@86}he mass loss of fused silica during
aerodynamic ablation provide an indication of th€®,Sheat of ablation parameter. In their
experiment an enthalpy equivalent to a flight visloof 9.6 km se¢ was computed using the
properties of silica as listed by Hidalgo (1960} &rom peak heating and ablation results suggest a
likely heat of ablation of 11,000 caf @r 4.6 x 16" erg g".

This compares with equivalent values of 0.8 X #dg g" for iron and stone pregenitors and 0.25 x
10" erg g' for carbonaceous chondrites (Chyber, 1993). Theimnan ablation rate given by eq.
8.4 is also dependent on cross sectional areamfilsicalculation of mass ratios shows stone
meteroites would be subject to a cross sectiora scaling factor of ~1.7, carbonaceous meteorites
~2.3 and the Polonnaruwa stones about ~6.3, givgralemass projenitors to those of iron
meteorites. This implies that the maximum rate lda#on would increase by a factor of ~6.3 for
the Polonnaruwa stones over an iron or stone nittebut improved heat of ablation parameters
would then reduce this such that the Polonnaruaaest would suffer a rate of maximum ablation

close to that of iron meteorites but less than dfiamass equivalent stone meteroites.
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Figure 8.2 Material ablation rates for satellite re-entry éipries. Figure adapted from Steg and Lew
(1962)

The strength of a meteoroid is commonly considetieebugh the application of a one-dimensional
index that gauges the relative strength of a metédbulk density, fragmentation propensity and
ablation rate) based on the luminous fireball eagyt. This PE value is defined by Cepla and
McCrosky (1976) as

PE =log(pg) — 0.42 log(my,) + 1.4910g(V,,) — 1.29 log(cos Zg) eq.8.10

wherepy is the atmospheric mass density at the heighheffireball endpointin, is the entry
mass;V,, is the entry speed auf is the entry angle from the Zenith. Larger PE galoorrespond
to stronger material showing less ablation. Becaassile strength is inversely proportional to
density, it is commonly assumed that less denseoratls face lower prospects of survival. This is
certainly true for carbonaceous meteroites but dowubt apply to the Polonnaruwa stones.
Furthermore, traditional modelling implies some ooom characteristics for possible meteorite
producing fireballs including relatively low endiglkets (<35km) and low terminal velocities (< 10
km s%). Again, this would not apply in the case of aquer silica glassy ablator of the Polonnaruwa
type due to its viscosity characteristics durinabn.
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These popular modelling parameters present a fuptieblem and have led to a strong bias towards
only searching for meteorites from the very brightireballs (Hallidayet al., 1989). This may be
the reason that prior to the last decade only threteroites had been recovered among the >1000
fireballs recorded by the major photographic fitkbatworks. More recently, the more intensive
spirit of meteorite search and recovery coming fieomateur meteorite collectors (which led to the
Maribo meteorite being recovered) could assisteicovering meteorites from far more modest
fireballs. Of note, Browret al., (2013) consider that that current perceptionsilafly meteorite

producing fireballs has seriously biased the tyjpmaterial currently being recovered.

Consideration of the atmospheric entry charactesigif the Polonnaruwa stones clearly indicates
that these stones would certainly survive atmospherentry. These arguments are intuitively
correct. The Polonnaruwa stones comprise of an @moois silica matrix with ~90 % porosity.
Early thermal protection systems developed forsirece shuttle program comprised of a matrix of
silica glass of ~ 94% porosity while a 10 cm culbéhe material could readily be crushed in one
hand.

8.3 TERRESTRIAL ORIGIN HYPOTHESIS

The suggestion that the Polonnaruwa stones cordpabeerrestrial fulgurites was discussed in
Wallis et al., (2013) where the hypothesis was challenged on rabau of grounds. Firstly,
fulgurites have an average density of ~2.50 ¢,cwhich is inconsistent with the density of the
Polonnaruwa stones at <1 g €rauggesting a different formation process. Seconupe of the
stones examined were in the form of hollow tubesequired excavation from the ground which are
characteristic features of fulgurites. Thirdly, ttenperature required to melt quartose sand and
form a fulgurite (1,770 °C) would certainly havepesized and burned all carbon-rich biological
(cyanobacterial filaments, hystrichospheres, ewtjuctures. Fourthly, representative oxide
compositions for Si@ (73-76 wt%) were low in Polonnaruwa stones conmpai@ terrstrial
fulgarites that showed values of between 90.2 withdlland) to 99.0 wt% (lllinois) (Saikiat al,
2008) while KO values (9-14 wt%) were too high compared to @pi@lues for fulgurites of
between 0.5-0.75 wt%. Finally, the results of &iplxygen isotope analysis giveA&'O value of -
0.335 which is incosistent with previous studiestlo@m oxygen isotope composition of fulgurites
(Robert and Javoy, 1992) that showed no markedpgsoexchange with atmospheric molecular

oxygen during the formation process.

One further hypothesis is that the Polonnaruwaestaromprise of pumice, a volcanic material

created when super-heated, highly pressurized imglolently ejected from a volcano. Pumice is
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composed of highly microvesicular glass with a pprof ~90 %, similar to that of the

Polonnaruwa stones. Under light microscope petichbgfeatures between pumice and the
Polonnaruwa stones are not that dissimilar whilgatians in bulk chemical compositions can be
readily explained in terms of heteorgeneity or iorigOther volcanic glasses have also been

suggested and are included in the analysis foptingose of this discussion.

Abundant data is available on terrestrial glasdegottanic or mid-ocean ridge basalt (MORB)
origin (e.g. Dixonet al., 1988; Sisson and Layne, 1993 and references theMuch of this data
relates to the structurally bound,® content of the glasses and provides a usefulsyiakdfor
comparison. Similarly, the 4@ content of tecktites and impactites has long lreengnised as a
distinguishing quantity between glassess of impeicfin and those of volcanic origin. Impactites
are glasses that are formed by hypervelocity ingpantEarth and represent melts of surficial, pre-
dominantly sedimentary, precursor rocks of uppasted composition (Koeberl, 1994). Tektites are
a sub-group of impactites thought to arise fromvégourisation and subsequent rapid atmospheric

cooling of melt components.

The possibility that the Polonnaruwa stones coafaresent the residue of a hypervelocity impact
melt on Earth should also be considered. Howetés, hypothesis is inconsistent with the triple
oxygen isotope analysis. TIoé°0 values of terrestrial impactites are typiallyvieen + %o, and
+11.8%. The Polonnaruw@'O values are high at 17.846 =+ 0.1004. More significantly,
terrestrial impactites exhibit no oxygen fractiogoatwith A'’O ~ 0, whereas the Polonnaruwa
stones exhibit significant variation from the tetr@l fractionation trend with a*’O value of -
0.335+0.011.

The §'%0 values of the Polonnaruwa stones poses furtliicutiies when considering precursor
rock compositions. The observation that terresinglactites typically havé™0 values ~4 to 4%.
lower than their host materials (Blum and Chamlier992; Taylor and Epstein, 1966; Blum JD
et al. 1992; Jones, 1985) would implys&O value for the parent mix of the Polonnaruwa ssasfe
~22.5%0. This would suggest a likely carbonate dagie clay parent rockst?0 from ~19 to 28%o
for carbonates and ~17 to 24.5%. for pelagic claybg ultramafic, basaltic, andersite and rhyolite
rocks are too lowdt?0O values < 11%o) though the upper limit for siligistic metamorphic rocks is
closer at ~ 21%o (all da@t?0 values from Bindman, 2008). However, the chenmioahpositions of
the Polonnaruwa stones do not favour a carbongpelagic clay precursor, both of which contain
notable quantities of AD; which is absent in the Polonnaruwa stones. Thaddnce of AIO; in
terrestrial impactites is approximately comparéatbleheir precursor parent and its absence in the

Polonnaruwa stones strongly implies absence astableocomponent in the parent body. In
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summary, the evidence detailed above amounts tosaperable obstacle for the terrestrial origin

model of the Polonnaruwa stones by any naturalgasc

8.4 ANTHROPOGENIC ORIGIN HYPOTHESIS

An attempt to reconcile the triple oxygen isotopsutts with a terrestrial origin was offered by
Pack (2013). Here, it was speculated that the stamey comprise of a steel slag produced using
high purity Q as part of the steel smelting process. Sughv@uld have highs*®0 values and is
known to exhibit fractionation values similar to#e of the Polonnaruwa stones’© = - 0.335).
Steel slag is a by product of the steelmaking aedl sefining processes that may include basic-
oxygen-furnace (BOF) steelmaking, electric-arc-aom (EAF) steelmaking, and ladle-furnace steel
refining processes. In particulr, the slag from tbhedish was suggested as a possible area for
further investigation since rice husk ash (RHAhigh SiQ by product of rice production, is often

utilised as a tundish slag to protect the steet fr@in contact with atmospheric oxygen.

However the chemical composition of iron smeltit@gsbears no resemblance to the composition
of the Polonnaruwa stones. Table 8.1 shows repia@senoxide compositions from all three steel
making processes. Items 1 to 9 relate to the lagigen-furnace process, items 10 to 15 to the
electric-arc-furnace process and 16 to 20 to tkedurnance process. Data is taken from Blaal.
(2007), Juckes (2003), Mahiewt al. (2009), Pohet al. (2006); Sheret al. (2009), Shi (2004),
Tossavainemt al. (2007), Waligoraet al 2010), Xuequaet al. (1999), Barraet al. (2001), Luxan

et al (2000), Manscet al. (2006), Shi (2004), Tossavaineh al. (2007), Tsakiridiset al. (2008),
Nicolaeet al (2007), Shi (2004), Qiaet al. (2002), Setiéret al (2009), Tossavainegt al. (2007)
respectively. In particular, tundish slag is knotnundergo major changes during the casting
process with consequential enrichment of ,Ji®,0;, MnO, CaO, MgO, and N@. It is noted that
Al,Os is absent as a major component of the Polonnastarges, with bulk elemental Al in both
XRF and ICP-OES independent studies showing abuwedar500 ppm.

Furthermore, the oxygen isotope composition ofRbnnaruwa stones is found to be inconsistent
with that of tundish slag that originates from reeld rice husks. Tha*’O value of rice husk has
not been analysed but can be deduced from the topygen isotope fractionation exponent for
cellulose water. This can be assumed to fall withim range of published loWw-oxygen isotope
equilibrium exponents as provided by Barken and (2805). This method was recently used by
Horvathet al. (2012) in theA*’O calculation for wood based on equilibrium frantiion between
cellulose and leaf water. A resultidd’O ~ -0.06%o. (using a reference line with slope 0.52d an

zero intercept) was deduced and accorded well tsippke oxygen isotope analysis of combusted

155



Chapter 8: Authenticity and Origin of Polonnaruwa

CO, that showedA'’O values sitting on a mixing line af*’O parameters comprising of wood
(A0 = -0.06%0) and atmospheric oxygertO = -0.34%o).

The SiQ content of roots, stem and leaf (SL) and huskscefplants has been analysed by Datg
al. (2005). These authors confirmed the earlier caighs of Barber and Shone (1966) that the
silica in the rice husks originate from water s®uBi(OH), in the soils. Thus th&'®0 values for
rice husks would certainly accord with those of d®oSpruce wood has®0 ~25%. (Jagget al.,
2003) and this high value arises from the equiliforifractionation between leaf water and cellulose
which is ~27%. (Horvattet al., 2012). The computed'’O = -0.06%o. of Horvattet al. (2012) for
wood can thus be taken as an applicable parammteicé husks. However, this value is further
diluted in the rice husk reduction process thabives relatively low temperature combustion well
below the melting point of silica. Comparable op&in combustion experiments reported by
Horvath et al., (2012) indicate that ~1/3 of the oxygen in comlausiCO, sources from oxygen
intrinsic to the wood, implying that'’O parameters for rice husk ash would be furtheuced.
Given that the combustion reduction process far hask reduces the dried husk mass by ~80% a

resultingA’’O ~.01%o follows.

The reduced rice husk ash is then added in theidurtd protect the molten steel melt from
atmospheric @ It is immediately obvious that the oxygen frantion composition of the
Polonnaruwa stones would require near 100% isad@pbange with the atmosphere to account for
reportedA™’O of -0.335. No mechanism for the provision of sachistope exchange is known and
any isotopic exchange that did take place wouldlrés A*’O parameters sitting on a mixing line of
AYO parameters comprising of rice husk ashH@ = -0.01%0) and atmospheric oxygex 0 = -
0.34%o).

This problem becomes worse since isotope exchaiifpetie atmosphere does not occur in the
tundish (Pack, 2000) due to the steep temperatadient in the tundish slag. The top side of the
tundish slag is relatively cool and is not molt@nly at the interface between the slag and steel
melt a film of silica melt forms (Pack, 2000). Ceqgsently it can be seen that both the triple
oxygen isotope composition and the chemical contiposbf the Polonnaruwa stones is entirely

inconsistent with a steel processing slag.

Finally, it is appropriate to consider the pos#ipithat the Polonnaruwa stones may comprise of a
by-product of some other industrial process. An ediate observation arsisng from this hypothesis
is that such a formation process for the Polonnarstenes would be entirely inconsistent with the

results of SEM and EDAX analysis presented in tiexipus chapter.
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CaO SiQ AlL,O; MgO FeO  FgOs t(l):tZI SO, MnO TiO, PO Efg
1 479 12.2 12 08 26.3 N 03 03 — 33 —
2 3645 10-15 1-34 47 _ — 24  1-2 24 — 1-15 ~12
3 475 11.8 2 6.3 — 26 — — 19 05 27 —
4 522 10.8 1.3 504 172 101 — — 25 06 13 102
5 393 78 098 856 — 3806 — 0 42 09 -
6 3055 820 16 5-15 10-35 —  _— 102 28 42-Mm2 —
7 45 11.1 19 96 107 109 — - 31 - -
8 477 13.3 3 6.4 — 244 26 07 15 92
9 45-60 10-15 1-5 3-13 7-20 3-9 — - — 1-4
10 295 16.1 7.6 5 — 3256 — 06 45 078 06 —
11 244 154 122 29 344 S — 56 056 12 —
12 239 15.3 74 51 _ — 425 01 45 — — 05
13 35-60 920 29 515 15-30 —  _— 102 38 — 0-03
14 388 14.1 6.7 3.9 56 203 — — 5 - —
15 357 17.5 63 65 — 264 — — 25 08 — —
16 49.6 147 256 79 044 022 017 08 04 — 02—
17 30-60 2-35 5-35 1-10  0-15 —  — 011 05 — 1-4—
18 495 1959 123 7.4 — 09 — — 14 — 04 25
19  -55 ~16  ~12 -9 . ~25 4-5 3-9 001 -~19
20 425 142 229 126 0.5 11 04 — 02 - - _—

Table 8.1 shows chemical compositions of steel making diggns 1 to 9 relate to the basic-oxygen-
furnace process, items 10 to 15 to the electrichamtace process and 16 to 20 to the ladle-furnance
process. Data taken from Detsal. (2007), Juckes (2003), Mahieakal. (2009), Polet al. (2006); Shen

et al. (2009), Shi (2004), Tossavainehal (2007), Waligoreet al. 2010), Xuequan et al. (1999), Barra
et al. (2001), Luxaret al. (2000), Manseet al (2006), Shi (2004), Tossavainehal (2007), Tsakiridis

et al (2008), Nicolaet al. (2007), Shi (2004), Qiaet al (2002), Setiéet al. (2009), Tossavainest al.

(2007) — items 1 to 20 respectively

Here fossil remains of biological structures wererfd to date back at least ~300 Ma on the basis of
atomic N/C decrease trends that showed N/C ratfo8.@64 as an upper limit. These were
comparable to 300-350 Ma anthracite (atomic N/Q0-0687) and also within the range of 540 Ma

to 4.6 Ba Precambrian microfossils.
The further observation of the interface betweesn dmorphous glass and the rougher substrate

phases (characteristic of biological colonisatiandl of microbial pitting consistent with diatom and

cyanobacteria dissolution of glass strongly inféatar stage colonisation of the existing substrate
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This immediately suggests the Polonnaruwa glassmatolder than its biological cargo, and falls

well outside any estimate for the onset of anthgepic activity.

8.5 COMPARISON OF POLONNARUWA WITH INTERSTELLAR GRA INS

The nature of both the organic and inorganic inmgnbf comets and interplanetary dust particles
(IDPs) is often inferred through the analysis anigrpretation of features in the infrared spectra
(IR). These features are particularly dominantim inid-IR (2.5 to 15um) where both organics and
minerals exhibit strong diagnostic bands. A laigealy of IR spectra has now been amassed that
indicates that amorphous silicates are ubiquitauke interstellar medium and crystalline silicates
such as olivine and pyroxene contribute < 2% bysr{&emperet al., 2004; 2005). These initial
results were confirmed by the Stardust mission téiatrned samples of dust fragments from comet
81P/Wild 2 thus providing an opportunity to obt&hIR spectra directly from materials of known

origin and compare them with both astronomical mesments and laboratory spectra of IDPs.

The mid-IR spectra of cometary material and IDPsdasninated by a broad Si-O stretching
absorption feature that occurs between 1050 and 850 c. The majority of amorphous phases
in IDPs occur as glass with embedded metal andhildpgrains (GEMS) typically < 1um in
diameter containing variable amounts of nanophadé Fetal and Fe sulphide grains (Flyetral.,
2006). Other mineral inclusions range from ancethid Al, Ti diopside (Joswiak and Brownlee,

2014) and give rise to small inflective featureshia 1200 criito 1000 crit wavelength range.

Figure 8.3 shows the IR spectra of two dust frags&m comet 81P/Wild 2 recovered during the
Stardust missioffC2054,0,35,20 and FC3,0,2,2) compared with sinsfactra obtained from the
Polonnaruwa and Ratkinda stones (P166/100 and MQ@@X/ Spectra are shown for the range
1300-700 cril. The broad similarity in the main absorption featéor amorphous Si-O phases is
clear, but some finer features, particularly at5@tm* and 1080 c wavelengths in the spectra
for the cometary particle C2054,0,35,20 and Polanma sample are also present. This indicates

that both bulk and polymineralic inclusions in bedimples exhibit some level of similarity.

Furthermore, the widespread occurrence of amorphitiga in non-terrestrial evironments is well
documented. Quartz grains embedded in amorphaca silbstrates have been reported in the lunar
meteorite Asuka-881757 (Ohtaai al.,2011) while impact glasses in general are commdooih
meteorites (Aoudjehan&t al., 2012) and at meteorite impact sites. Similarly,ogshous silica
recovered from non-terrestrial sources is remagkaiohilar to amorphous silica and silicate phases

recovered from non-terrestrial sources. Figurg&4hows a scanning electron microscope image
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Figure 8.3 FTIR spectra for two dust fragments from comet/81iRl 2 recovered during the Stardust
mission (labelled C2054,0,35,20 and FC3,0,2,2) @eg to similar spectra for Polonnaruwa
(P166/100) and Ratkinda stone (M224/100). Notebtioad similarity in the main absorption feature for
amorphous Si-O phases together with finer featupesticularly at ~1150 cth and 1080 cr

wavelengths in the spectra for the cometary partt@054,0,35,20 and Polonnaruwa sample P166/100.

of a chondritic porous interplanetary dust partmdenprising of amorphous silicate and gbases
while image (b) shows for comparison an amorphdlisate/silica fragment extracted from oil
shale residue. Consquently, the suggestion thatahgposition of the Polonnaruwa stones is at

variance with the composition of previously rec@tmeteorite fragments is inconsistent with the
literature.
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Figure 8.4 Scanning electron microscope image of (a) a chiimgorous interplanetary dust particle
and (b) an amorphous silicate/silica fragment ex¢iéhfrom oil shale residue.

8.6 DISCUSSION

The chemical compositions of the Polonnaruwa stpnegde a useful indicator of possible source,
but these alone are not sufficient to establishr tipeecise origin. Similarities in chemical
composition can readily be made with artefacts frmn-terrestrial sources, but proceeding on the
basis of bulk chemistry alone is likely to lead tAggument astray. This has happened with
meteorites on more than one occasion and espeuidiyimpact glasses where characteristics may
represent a refractory residue following severetihgaof the source material. Some of the
compositions may also represent material conderfismd vapour phase in which case few
elemental signatures characteristic of the souock survive. This led to the controversial and
stimulating theory on the lunar origin of tektitegses than lasted over 75 years. Towards the end
of the debate, the major advocates, including NASentists John A. O'Keefe and aerodynamicist
Dean R. Chapman, argued for the lunar origin hygsith based on REE, isotopic, and bulk
compositions (O’Keef, 1978; Provenmire, 2000). Resof complex orbital computer models and
wind tunnel tests provided further support for #igument that tektites originated from the Rosse
ejecta ray of the large crater Tycho on the Mooaarside (Chapman, 1971).

The argument was eventually resolved, at leadtécséatisfaction of most scientists engaged in the
debate, in 1969 following the Apollo 11 missionthe final analysis the issue was decided on three
key points. Firstly, the CRE and isotope data distadd that tektites could only have originated
from the Earth or Moon. They could not have arrifiean outside the solar system, or indeed from

anywhere else within it. Secondl§™?O values for tektites ranged between +9%. and +11.5%o
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Lunar 8*°0 values established after the Apollo missions sftbthat comparable values for Lunar
rocks were low. These ranged from +4%. for ilmemitel +7%o for cristobalite. In effect, t1é0
values for tektites fell within terrestrial rocknges, and outside sampled Lunar rock ranges.
Finally, the chemical composition of tektites felithin ranges observed on Earth, with elemental
losses during fusion being restricted to elementd eompounds more volatile than cesium. In
contrast, Lunar basalts exhibited Cr abundances dwiers of magnitude higher than tektites,
distinctive REE patterns, large Eu anomolies, iighand low Si@and others not found in tektites.
In effect, the chemical compositions of Tektitels f@th the range of observed values on Earth but

were discordant with those observed in Lunar rocks.

The same observations can be applied to the tealestigin hypothesis of the Polonnaruwa stones.
Triple oxygen isotope fractionation parametexS@® = -0.335%o) are consistent with non-terrestrial
sources (e.g. Meta-C chondrites such as B9704 &6389 — Clayton and Mayeda, 1999) but fall

outside comparable values for terrestrial rocks.

Corresponding*®O values for the Polonnaruwa stoné¥@ = 17.816 + 0.100%0) that match
terrestrial rocks (allowing for melt fractionatiomhply a precursor carbonate or pelagic clay, yet
these would appear incompatable with Polonnaruwla blemental abundances. Finally, N/C
atomic ratios of kerogen imply an age (>300My) tioe biological cargo that is inconsistent with
the geological record. The earliest known diatomgle Earth are marine centrid®ykidiculais

the oldest dating back 190 million years and dbsdiby C.G Ehrenberg in 1833) which places
their origin during the Jurassic. However, it remsauinclear whether or not diatoms pre-date our
observations of the siliceous frustules in theifossord. It may be that this record representioa
mineralisation event and denotes the stage at whiebe unicellular algae began silicification of
their cell walls and may not be evidence of an pbappearance or even an evolutionary event.
However, molecular clock calculations, which anatyghe rate of mutation observed in rRNA

indicate it is highly unlikely that diatoms pre-ddt266 Ma ago.

These calculations therefore show that if diatordsedist and evolve in a ‘non-siliceous’ form then
they did so for a maximum period of ~70 Ma (meartimgy could not predate the Permian) making
their appearance in the record abrupt and suddethehtheir earliest existence was in siliceous
form or not. Moreover, the remaining classes appeatiscrete points over a geologically long
period of time. The early species were exclusivanarine environments and lived only in the
Earth’s oceans and seas. The araphid pennatestawbserved in the record until the Campanian of

the Upper Cretaceous ~75 Ma ago and these wereatbasive to wet habitats of high salinity. It
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isn't until the middle Eocene ~45 Ma ago, a 145 Meer their first appearance in terrestrial

ecosystems do we observe freshwater (pennate atritderms) diatoms for the very first time.

The long time period that lapsed between the figpearance of marine diatoms and the first
appearance of freshwater diatoms is difficult tcoreile with the relatively fast rate of evolution
exhibited by centric diatoms, the conditions on Hath throughout this period and the fact that

terrestrial elements would have delivered an abocelaf marine diatom species into freshwater.

Hooveret al (1986) explain this time anomaly and the abrupgteapance of the different diatom
groups within the fossil record by suggesting tiatoms did not evolve on the Earth. Instead, the
theory of Panspermia could explain these obsemsitas the different groups being introduced to

the terrestrial ecosystem by different impact esveaturring from outside the Earth.

An alternative hypothesis, and the one favouree,hsrthat the Polonnaruwa and Ratkinda stones
represent the non-volatile mass fraction of a cotmet suffered a localised impact event (but not

catastrophic destruction) resulting in the formataf K-Si-rich impact melts. These melt areas

were then recolonized by diatom and cyanobactarianes present in sub-surface liquid water

pockets during the remaining life of the comet.siigh, the Polonnaruwa stones represent the first
well documented example of a meteorite carrying emmmbly non-terrestrial biological

morphologies providing substantial support for Hwyle-Wickramasinghe Panspermia hypothesis.
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