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ABSTRACT

PERES, L. M. C. 3D X-ray imaging of Precambrian microfossils: evaluating biogenicity
at the nanoscale with ptychographic X-Ray computed tomography. 2019. 142 p. Thesis
(Doctor in Science) - Instituto de Fisica de Sao Carlos, Universidade de Sao Paulo, Sao
Carlos, 20109.

Precambrian microfossils are structures difficult to be investigated by means of
conventional imaging approaches due to their small size, geochemical composition and
relative scarcity that limits the use of destructive methods. One recurrent problem in the
study of these earliest life forms relies on attesting their biogenicity given that
structures formed abiotically can strongly resemble fossilized cells of simple
morphology. The search of novel analytical methods for contributing to the evaluation of
these ancient structures is of great importance for the development of the field of
Precambrian paleobiology. In this work, the coherent X-ray imaging approach of
ptychographic X-ray computed tomography is explored for assessing bona fide
microfossils from the Gunflint Formation, Canada, the Draken Formation, Norway and
early Archean controversial structures described as fossil bacteria from the Hoogenoeg
and Kromberg Formations of the Barberton Greenstone Belt, South Africa. The
microfossils were imaged non-destructively in 3D with nanometric resolution and
quantitative electron density contrast, which allowed the estimation of mass density of
the materials. The tomographic images provided information on both the morphology
and geochemical composition of the specimens at the nanoscale within a microscale
context. From the morphological data, it was possible to distinguish the 3D distribution
of kerogenous material, which revealed a novel preservation pattern and traces of
taphonomic alterations for filaments of Gunflint Formation, and ultrastructural details
preserved in cell walls of specimen from Draken Formation. The mass density
quantification provided supporting evidences, such as the discrimination of kerogen
maturation states and identification of minerals, providing also a picture of the
taphonomic history of the specimens. Based in the biogenicity criteria investigated at
the nanoscale, we could not attest the biogenicity of the structures described in the
Barberton Greenstone Belt, but we offered new possible interpretations of biological
and biotic origins for the formation of these structures. The results represent

significative advances for the comprehension of fossilized microorganisms and add



important contribution for the assessment of biogenicity through a robust combination

of morphological and geochemical 3D information from the nano to the micron-scale.

Keywords: Biogenicity. Precambrian microfossils. Ptychographic X-ray computed

tomography. Paleobiology.



RESUMO

PERES, L. M. C. Imageamento por raios-X em 3D de microfésseis Pré-
Cambrianos: avaliando a biogenicidade na nanoescala com Tomografia Pticografica
de Raios-X. 2019. 142 p. Tese (Doutorado em Ciéncias) - Instituto de Fisica de Sao
Carlos, Universidade de Sdo Paulo, Sdo Carlos, 2019.

Microfésseis Pré-Cambrianos sao estruturas dificeis de serem investigadas por técnicas
de imagem convencionais devido ao seu pequeno tamanho, composi¢do geoquimica e
por serem relativamente raros no registro geolégico, o que limita o uso de técnicas
destrutivas. Um problema recorrente no estudo dessas primeiras formas de vida é em se
atestar sua biogenicidade uma vez que estruturas formadas abioticamente podem
dificeis de serem distinguidas de células fossilizadas de simples morfologia. A busca de
novos métodos analiticos para contribuir na avaliacdo dessas estruturas é de grande
import6ancia para o desenvolvimento da area de paleobiologia Pré-Cambriana. Neste
trabalho, a técnica de imagem de raios X coerente de Tomografia Pticografica de Raios X
foi explorada para investigar microfdsseis da Formacdao Gunflint, Canada, Formacao
Draken, Noruega, e estruturas controversas descritas como bactérias fosseis das
Formagdes Hoogenoeg e Kromberg de Barberton Greenstone Belt, Africa do Sul. Os
microfosseis foram imageados em 3D com resolugdo micrométrica e contraste
quantitativo por densidade eletronica, o que possibilitou a quantificacdo da densidade
das estruturas. As imagens tomograficas forneceram informacdo sobre a morfologia e
composicdo geoquimica dos espécimes em nano-escala e dentro de um contexto de
micro-escala. Os dados morfolégicos permitiram distinguir a distribuicio 3D de
querogénio, os quais revelaram um novo padrdo de preservacao e tragos de alteracdes
tafondmicas para espécimes da Formacao Gunflint, e detalhes de organizacao ultra-
estrutural preservados em paredes celulares de espécime da Formacao Draken. A
quantificacao de densidade forneceu evidéncias complementares, como a discriminac¢ao
do estado de maturagdo do querogénio e identificacao de minerais, fornecendo também
uma visdo da histéria tafon6mica dos espécimes. Baseados nos critérios de
biogenicidade em nanoescala, ndo foi possivel atestar a biogenicidade das estruturas de
Barberton Greenstone Belt, mas novas possiveis interpretacoes de origem biologica e

abidtica para essas estruturas foram levantadas. Os resultados obtidos fornecem



avancos significativos na compreensdo de micro-organismos fésseis e adiciona uma
importante contribuicdo para a investigacdo da biogenicidade através de uma robusta

combinacgao de informag¢do morfolédgica e geoquimica em 3D.

Palavras-chave: Biogenicidade. Microfésseis pré-cambrianos. Tomografia pticografica de

Raios X. Paleobiologia.
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LIST OF FIGURES

Examples of paleometry works using synchrotron approaches. a, Fossilized tissues
revealed with synchrotron phase-contrast micro-CT from a ~110 Ma exceptionally
well-preserved 3D fossil fish from the Santana Formation, Araripe Basin, Brazil.
Several soft tissues were identified, including the first described fossilized heart. (8) b,
Synchrotron micro-CT reconstruction of the earliest animal embryos from the Lower
Cambrian (~ 540 Ma) Kuanchuanpu Formation, China.(5) ¢, Visualization of anatomic
details of a Cretaceous (~ 95 Ma) fish from Marocco exposed by elemental analysis by
synchrotron X-ray fluorescence. The elemental map revealed features invisible by
naked eye and provided information on the fossilization processes. (6) d, Evaluation
of the thermal degradation of the biopolymer sporopollenin using synchrotron X-ray

Absorption Spectroscopy. The absorption spectra of carbon was measured after

different heat-treatments and showed the molecular evolution of the organics. (7) ....c...c.....

Examples of studies of Precambrian microfossils with synchrotron approaches. a,
Analysis of the oxidation state of iron in microfossils from the Gunflint Formation,
Schreiber Beach Locality (1.88 Ga) with synchrotron Energy Dispersive X-ray
Absorption Spectroscopy (LED-XAS). The spectra were collected in sequential slices
over an angular range before the iron K absorption edge (7105.9 eV) and around the
pyrite maximum (7144.5 eV) and shows the speciation of this element along the
microfossil’s extension. (17) b, Analysis of a 700-800 My-old microfossil from the
Draken Formation using synchrotron X-ray Fluorescence. The fluorescence map
obtained at 2500 eV shows the distribution of S within the organic cell wall and in a
pyrite grain. (18) Scalebar: 5 pm. ¢, X-ray absorption spectra of Gunflint microfossils
from different localities. The spectra comprise the absorption energies of C and N and

offers an insight into the degree of molecular preservation of the fossils of this
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Graphical representation of the relationship between the different types of

biosignatures, their probability of preservation and the feasibility of detection. .......ccc.cces

Examples of morphological biosignatures including some of the oldest records of life
on Earth. a, Extant stromatolite from Shark Bay, Australia b, Petrographic
micrography of a pseudocolumnar stromatolite fossil from the Gunflint Formation,
Mink Mountain locality (1.88 Ga), Canada. ¢, Early Archean coniform-pseudocolumnar
stromatolite from the Strelley Pool Formation (3.43 Ga). (27) d, extant microbial mat
from Lagoa Vermelha, Rio de Janeiro, Brazil. e, Fossil multi-laminar microbial mat
from the Middle Marker horizon (3.47 Ga) of the Hooggenoeg Formation, South Africa.
(28) f, Microbially Induced Sedimentary Structure (MISS) from the Moodies Group of

the Barberton Greenstone Belt (3.2 Ga), South Africa. (29) ..enneenneeeesssessseessseessssssssssseenns
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Microfossils from the Gunflint Formation described by Barghoorn and Tyler in 1965.

(31) The exceptional state o preservation and diversity make this assemblage a

benchmark in the study of microfossils and a reference for assessments of biogenicity.......

[llustration of the Apex Chert debate. Left panel: images of the structures interpreted
as microfossils in the Apex Chert. Right panel: reassessments of these structures
proposing abiotic origins. a, Petrographic photomicrographs of the Apex Chert
structures. (46) b, Petrographic photomicrographs, confocal laser scanning
microscopy (CLSM) and Raman images of carbonaceous specimens from the Apex
Chert. The 3D morphology, presence of cellular compartment and kerogenous
composition were used for supporting their biogenicity. (44) ¢, Scheme for explaining
an abiotic origin for the Apex structures. Carbonaceous material was redistributed to
the margins of crystals during recrystallization of the chert. This hypothesis
supported by observation of different morphologies, some of which are inconsistent
with biology. (45) d, Transmission Electron Microscopy analysis of Apex Chert
structures interpreted as pseudofossils. Elemental maps show that carbon is
distributed along quartz-aluminosilicates boundaries and do not present cell-like

distribution. ....eeeevevcresreenns

Results obtained with absorption contrast micro-CT for samples of the Gunflint
Formation. a, 3D rendering of a stromatolite from the Mink Mountain locality (Figure
4b). The high-density iron oxide layers and metalliferous crystals can be observed
within the silica matrix. b, Results for samples from the Schreiber Beach locality.
Some spheroidal objects were interpreted as microfossils, but the low contrast and

resolution of the approach hindered detailed investigation.

Diagram of the image formation on a microscope. The light scattered by the object
reaches the back focal plane as a diffraction pattern or Fourier transform (FT) of the
object. The second lens mathematically performs an inverse FT and reconstructs the

final image. ....cccveeersneeerseeenns

First radiographic image recorded by Rontgen showing the bones and ring of his

wife’s hand. Source: RONTGEN (64) s

The electromagnetic spectrum. The region marked in blue corresponds to the range of

energies covered by synchrotrons sources.

Graphical representation of the Fourier slice theorem in 2D.

Graphical illustration of the backprojection process used ion the tomographic
reconstruction algorithms FBP. The star-like artefacts observed with the increased

number of projections represent the oversamples regions which should be filtered at
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Figure 13 - Comparison of absorption and phase-contrast tomographic images of the same fossil

Figure 14 -

Figure 15 -

Figure 16 -

Figure 17 -

Figure 18 -

Figure 19 -

Figure 20 -

Figure 21 -

Figure 22 -

fish. The difference in resolution should not be considered for this discussion. a,
absorption contrast image showing mainly the bones of the vertebrae column and
lateral structures which correspond to different minerals formed by the infiltration of

fluids during the specimen degradation. b, phase-contrast image showing a vast range

of preserved anatomical details from bones and also preserved soft-tissues.........ccouuesreeneens

Schematic representation of different CDI methods. A, Plane-wave CDI: a sample
smaller than the beam is illuminated by a plane wave and a oversampled diffraction
patterns is recorded. B, Bragg CDI: a nanocrystal is illuminated by a coherent beam
and the diffraction pattern surrounding a Bragg peak is measured. C, Ptychography: a
coherent beam is used for scanning an extended sample while diffraction patterns are
collected from partially overlapping regions. D, Fresnel CDI: a defocused probe
illuminates a sample and the Fresnel diffraction pattern is measured. E, Reflection

CDI: A coherent x-ray beam illuminates a sample and the reflected light is collected

With high NUMETiCal APEITUTE. ...t s s ssseasensaes

Schematic representation of a cycle of a basic phase retrieval iterative algorithm for
CDI methods. The algorithm starts with a guessed exit wave i which is propagated to
the reciprocal space using a Fourier transform, and is then updated by substituting the
intensity modulus by the measured data, while keeping the phase. This new 1 is

propagated back to the real space and the overlap constrain is applied. This new real

space i will be used in the next iteration of the algorithm......cooernrenrenrecne e

Simplified stratigraphic representation of the Gunflint Formation. ........oenmeenseenseesseeeneens

Regions of Gunflint Schreiber Beach selected for the analysis. a,b, GF1 observed in two
different depth focus. Several specimens of variable morphology are distributed in

different depths. ¢, GF2 approximated region containing filaments and spheroids. d,

GF3 containing one specimen of eoastrion and other spheroids. Scalebar 15 pm. .....ccccoueeee.n.

Micrograph of iron-oxide coated filaments selected from the Mink Mountain locality of

the Gunflint Formation. Scalebar 10 [UM.....oerrereeeessssessssesssessssesssssssssssssssssssesssssessssssssssesess

Simplified stratigraphic representation of the Draken Formation. .......eneeenneceseeeneens

Micrography of the selected colonial specimen (DK1) identified as Myxococcoides sp. of

the Draken Formation. Scalebar 20 LM, ... seceseessesssssessesssesssssssesssesssssssssssssessssssssssssessns

Micrographs in different focus planes of the selected isolated specimen (DK2)

identified as Myxococcoides sp. of the Draken Formation. Scalebar 20 pm.......ccoccneereeenseerneenns

Spheroidal structures from Kromberg Formation described as coccoidal microfossils
(56). a,b, Petrographic micrographs showing the colonial habit and distribution in

groups of two or more spherules. Scalebar 10 um. ¢, etched samples analyzed by SEM.
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Figure 23 -

Figure 24 -

Figure 25 -

Figure 26 -

Figure 27 -

Figure 28 -

Figure 29 -

Cluster of spherules are visible together with acicular minerals. Scalebar 5 um. d,
Detail of image c showing a linear association of three spherules. Scalebar 0.5 um. e,

cluster of spherules partially embedded in secondary calcite. Scalebar 5 pm......c..cccccvevevene.

Generalized stratigraphic representation of the Barberton greenstone belt with the
traces of life of life that have been described in the different groups. The red boxes

indicate the provenance of our samples.

Example of spheroid-rich region of the sample from the Hoogenoeg Formation were

the FIB-milled pillars were extracted. Scalebar 10pum.

Example of the protocol for preparing the cylindric samples for PXCT. a, Visible Light
micrograph showing the structures of interest (red spot) using transmitted light and
b, the same field of view observed by reflected light. ¢, SEM image showing the same
spot observed in a and b. d, SEM image of the resulting pillar after the FIB milling and

mounting in an OMNY pin (95). Scalebar: 20 M. ....coeoeenmreneernneeessesssssesssssessssssssssssssssssssssseens

Scheme of the process of segmentation for tomographic data.

Histogram of pixel intensity of the sample DK1. The air (blue gaussian) and silica (grey
gaussian) curves have a normal distribution. The kerogenous material should be
found within the green region but has no distinguishable curve due to strong partial

volume effects from the surrounding silica.

.83

a, Photomicrograph of filamentous microfossils apparently preserved as a red-brown
iron oxide by visible light microscopy. The circle indicates the region selected for
PXCT analysis. b, SEM micrograph of pillar sample prepared by FIB-SEM attached atop
the OMNY pin. ¢,d, 3D renderings (side and top views, respectively) of the PXCT data
showing the distribution of the fossil filaments in the interior of the pillar. The view in
d corresponds to the same orientation as the outlined region shown in a. The white
arrow indicates one of the kerogenous regions (green/blue) invisible in optical
microscopy in a. The structures in orange represent the only visible features resolved
by optical microscopy and correspond to euhedral and anhedral maghemite crystals.

SCALE DATS 5 LML coeoieureeseeuseeesseeseesssessseesssessssesssess s s ss e s es e bR R R Rt E s

a, Histogram of electron density and Gaussian fits for all materials. b) Fit done for
kerogen (green) using the histogram obtained from the segmented data for a more
precise estimation. The partial volume effects are considered as mixtures of gaussians

in the interfaces with silica (light grey) and voids (dark grey).

86

Figure 30 - a,b, Details of tomographic virtual slices showing two different fossil filaments within

the silica matrix. They are mostly composed of an irregularly distributed kerogenous
material (k). Fracture voids (v) are visible within the kerogen, indicating a high
maturity and brittle behavior. The irregular aspect of the kerogen probably results

both from Ostwald ripening of the impregnating silica and brittle deformation with



Figure 31 -

void formation. Higher density maghemite crystals (m) are present as euhedral and
anhedral crystals. ¢, 3D detailed segmentation views of a filament showing maghemite
crystals with cubic and octahedral morphologies, and the kerogen (semi-transparent

green) with interior fracture voids. d, internal view of the kerogenous region present

in ¢ showing the distribution and shape of the fracture voids (blue). Scale bar 1 um.............

Results of sample GF1. a, petrographic image of the area sampled. b, sample
approximately in the same orientation of a showing that different specimens could be
distinguished, some perpendicular to the observation plane, making their
identification by petrographic analysis more difficult. ¢, lateral view of the sample
showing the distribution of the specimens within the rock that has approximately 10

pm of high. d, only filaments rendered in 3D for showing their orientation towards an

up-diagonal direction. SCAlebar 5 UM ... essssssss s s ssssssssssssssans

Figure 32 - Filaments present in the sample GF1. a, a “saw-tooth” morphology is visible in the

Figure 33 -

Figure 34 -

Figure 35 -

filament (red arrows) that has a width of 1.50 * 0.13 pm and is rendered in 3D in b.
This pattern suggests a taphonomic alteration but traces of septation cannot be
discarded. ¢, Thinner filament, with 0.90 * 0.11 um of width showing traces of a
constriction pattern indicative of septation (white arrows). d, 3D rendering of the
filament shown in ¢ and a second similar one in the back of the plane (looking thinner
due to the perspective). The septation and width is consistent with the genus
Gunflintia. e, f, Filament with 1.23 # 0.05 um of width and no trace of septation, which
is confirmed in the hollow view observed in the transversal section in g. The lack of

septation is suggestive of the genus Siphonophycus. All images are in the same scale,

10 (=Y o 1o o) olf 3 or= LN o = ol Y o' OO PP

Filament from sample GF1. a, 3D rendering showing a non-continuous, irregular wall.
b, detail of a longitudinal section in the center of the specimen showing an irregular
patter with saw-tooth-like morphology (red arrows), but no inner traces of septation.
¢, longitudinal section close to the edges showing a “septa-like” pattern (white
arrows), similar to what is commonly observed in petrographic analysis. d,

transversal section showing a hollow space with traces of carbonaceous material.

SCALEDAT TN .oueereerctsseesseeesses s ssses b ss s sssse b s bR SRR R bR

Microfossil identified as Huniospora. ¢, 3D rendering after removal of the structures in
the back of the fossil to make it easier the observation of the cell wall structure. The
reticulation pattern is similar to what is observed in the specimen of Huroniospora

macroreticulata of Figure 5 G. d, the complete view of the specimen shows the

irregularity of the holes, corroborating the diagenetic hypothesis. Scalebar 1 pm. .......cccouu...

Microfossil with a structural pattern similar to Eosphaera a, intersection of 2
tomographic images in different planes (indicated by the dashed lines) showing the

presence of tubercular small spheroids of different sizes in both planes. b, detail of the

.95



Figure 36 -

Figure 37 -

Figure 38 -

Figure 39 -

Figure 40 -

distribution of tubercular spheroids surrounding the larger one. ¢, 3D rendering of a
section of the specimen for showing its hollow aspect forming a larger spheroid. d, 3D
rendering of the complementary part presented in ¢ showing the “bottom” of the
specimen, with the closing of the spheroid. Small wholes represent the areas where
the tubercular spheroids are attached. The darker green in c¢,d shows the interior
faces of the 3D surface exposed by its sectioning. Some spheroids can be

distinguished, but their discontinuous walls generate a “cloudy” appearance in 3D.

96

Scalebar 1 pm. .....coccomeeenreemseeesneennne

PXCT results for sample GF2. a,b top-view of the square-like sample with fossils
distributed inside. A filament is distinguishable, but the other specimens present a
high degree of wall discontinuity, hindering their interpretation. c, detail of the
filament complete (orange) and traces of incomplete smaller filaments (green). d,
lateral view of the sample showing the filament oriented up-diagonally and the other

incomplete, indistinguishable specimens. e, 2D section of the filament rendered in 3D

in f, showing the saw-tooth morphology and no internal septa. Scalebar 1 pm.......ccoueeevevens

Result of Sample GF3. a, b, top view of the sample showing the specimens distributed
in the corner of the pillar. The sampling area is shifted in comparison with the desired
area show in b. The sectioning of the microfossils and their discontinuous morphology
hinders a proper identification. ¢, lateral view of the sample showing the specimens

depth distribution. d, microfossils showing projected structures with some

resemblance with eoastrion (star-like specimen shown in b). Scalebar 3 pm....ccoconnerreeennee

Artefacts from sample preparation. a, Lateral view of samples GF1 showing the
influence of the platinum outside the sample that generates a darker region within it.
b, top-view showing the stripes artefacts irradiating from the platinum. ¢, Lateral view
of sample GF2 showing the same darker region of a caused by the outer platinum. d,

diagonal section of GF2 showing the filament and other indistinguishable fossils

within the sample, some within the darker region. Scalebar: 3 pm. .....coveeereeenneenreesseceseeeneens

Sample DK1, microfossils from Draken Formation. a, Photomicrography of the colonial
specimens by visible light microscopy, with the circle indicating the region that was
sampled by FIB-SEM, shifted in relation to the desired region shown in Figure 20. b,
3D rendering of the sample DK1 with the specimens in the same orientation as seen in
a. ¢,d, Lateral views of the specimens, located in the bottom corner of the rock sample,

and only partially sampled. Scalebar 5 pm.

Sample DK1. a, Morphometric analysis of the cell wall showing a width of 191 + 25 nm
and b, 3D overview of the cell walls showing the non-continuous preservation of the

kerogen which comprises these structures.
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Figure 41 -

Figure 42 -

Histogram of pixel intensity of DK1 with gaussian fits corresponding to air (blue) and

silica (grey) phases. The kerogen phase is not visible due to the partial volume effect

observed in the left side of the silica curve (see Figure 27)....ereeeesesessssesssseeess

Sample DK2. a, Petrographic visible light micrography showing the texture of the cell
wall and the crystal in the top. b,c, 3D renderings of the cell within the rock pillar, top
and lateral view respectively. d, 2D slice showing the top view of the fossil wall
composed of discontinuous, micro-structured kerogen. e, same view of image, but
without the rock volume for showing the discontinuous texture of the cell wall in 3D. f,

2D slice showing the lateral view of the fossil and localization of the high-density

crystal. The kerogenous wall is distinguished within the crystal. Scalebars 5 pm......ccccceuu..

Figure 43 - Details of the cell compartment of the sample DK2 showing the presence of aligned

Figure 44 -

Figure 45 -

Figure 46 -

Figure 47 -

Figure 48 -

structures oriented radially. Yellow dashed lines are used for highlighting these

structures and indicating their orientation for a, 3D rendering of a region of the

segmented cell compartment and b, a tomographic slice. ...

Intensity histogram and fitting of the crystal showing three material phases (colored

gaussians). The grey curve represents the partial volume effect occurring in the region

of the borders of the MINETAL ... s tens

Detail of the crystal showing the three mineral phases (numbered in a). All images
correspond to the same observation plane. The Phase 1 is engulfing the cell wall, and
has a heterogenous density, forming a spongy material (blue). The Phase 2 is the
white material above the Phase 1 and has a more homogeneous and denser
composition, with large euhedral porosity which could have been formed by the
crystallization of quartz grains. This phase is rendered in green. The Phase 3
corresponds to the material at the top. It is composed by higher intensity nuclei which
have linear growth marks and covered by a material less dense than the nuclei which
is rendered in yellow. Since these nuclei have the same density than the Phase 2, it is

also rendered in green. Ramifications in the crystals could represent remains of

infiltration veins. SCAleDar 1 LM eesssessssessssssssssss s sssessssessssssssans

Detail of crystal composed by 3 phases. Only the Phase 1 (blue in b and c) is in contact

with the organic cell wall. Scalebar 2 LML ... sessssessssesssans

Top view of the sample DK2. a, Two nuclei of high intensity can be identified within
the crystal named as phase 3. One of these nuclei presents growth lines defining a
hexagonal shape. b, View of the phase 3 with the two nuclei showed in a now merged.

This mineral lies above the mineral phase 2, which has a heterogenous and lower

density texture. SCAlEDAr 2 FIML ... sssssss s sssssssssssssssssssssssssees

a,b, Lateral views of sample HG1 showing some denser (white) anhedral crystals and

the dark, low-density blob structures of different dimensions, commonly disposed in
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pairs parallelly. The top of the sample shows the layer of carbon used for the
protection during the FIB-milling and the thin layer of gold used for the SEM
microscopy. Scalebar: 2 um. ¢, Details of blobs showing a “horseshoe” morphology
and a paired disposition with a crystal of the tabular within. d, detail of a blob with a

small crystal immersed within it. These morphologies suggest that the tabular crystals

precipitate within the blobs of low-density material. Scalebar 0.5 pm. .....coeeoreeermeeneeenneeesseennens

Figure 49 - Details of sample KB2 a, different materials distributed within the matrix, including

Figure 50 -

Figure 51 -

Figure 52 -

tabular minerals (light grey) of variable lengths, denser (white) spheroid-like non-
hollow crystals, and low-density blobs (black/ dark grey), with variable shapes and
sizes, including in parallel pairs and triple parallel distribution. In the top left of the
image, this dark material is arranged forming a discontinuous layer of blobs,
suggesting that these blobs could be remnants of the material that filled fractures. b,
one large blob (upper left) outlining the morphology of tabular crystal but not
completely disrupted by it. This supports the hypothesis that the growing of tabular

minerals within these blobs generated the parallel pair observed in all the samples.

Scalebar: 1 pm .....oeevecereemeeesneennee

a, Detail of sample KB1 showing the low-density material that is found in blobs and
parallel pairs (purple) coating the tabular crystal (dark green). The disruption of
layers of the low-density material creates small blobs. b, Detail of only the low-density
material with a high degree of discontinuity, forming blobs oriented in layers. These

patterns supports the hypothesis these represent remains of the material initially

filling fracture. Scalebar: 1 pm

Schematic representation of the formation of the low-density material disposed in
blobs and parallel pairs, interpreted as fluid inclusions, and of the tabular minerals. a,
initial fracture filled by fluid, b, diagenetic alteration of the filled fracture isolates
blobs of fluid inclusions. ¢, tabular minerals starts to precipitate within the blobs. d,
tabular minerals grow, pushing the fluid away or consuming it. Crystals of small
dimensions cannot be distinguished in the images due to partial volume effect and
generate the parallel pair distribution of the fluid inclusions. Some of the larger

crystals still present remains of the fluids, which are seen as a coating on the crystal

larger face.....coneeneeenseenneeens

3D overview of the sample KB1. Blob structures are rendered in purple, tabular
mineral in dark green, spheroidal in orange and octahedral in yellow. Top view: a, All
materials present in the sample. The low-density material can be observed in blobs
and layers. B, Only spheroidal and octahedral crystals. The octahedral crystals are
more abundant, can be seen in groups of two or more and reach larger dimensions

than the spheroids. c,d, Lateral views of the sample with different minerals rendered

iN 3D. SCAIEDAT: 2 UM 1uucteeeerierersssessssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassanes

.113

113

114

.114



Figure 53 - Detail of sample KB1. a, tomographic slice showing the different intensity and shape of
the higher density crystals. A pair of lower density spheroids is seen at the left of the
image while higher density (white) crystals at the right can present euhedral
morphologies. A tabular mineral with a coating of the dark, lower density material is
seen in the top-left. b, 3D rendering showing the two different types of crystals, with
the octahedral presenting more variety of dimensions. Both minerals can be seen in

groups of two or more. c, detail of the pair of spheroids, resembling dividing cells.

SCALEDAT T UM covereereeeeesserseressssssssssss s ssse bbb s s sR e e nRa b ne 118

Figure 54 - 3D overview of sample KB2 on top (a,b) and lateral views (c,d) showing the
disposition of the spheroids (orange) octahedral crystals (yellow), tabular minerals
(dark green) and low-density blobs/paired features (purple). This sample present
more spheroidal crystals and less octahedral than sample KB1, but the smallest

spheroidal could represent octahedral crystals misinterpreted due to partial volume

L3 cTot A7 1LY o T N A oo TP 118

Figure 55 - 3D Overview of sample HG1 in top (a,b) and lateral views (c,d) showing the
disposition of the spheroids (orange), tabular minerals (dark green) and blobs/paired
features (purple). a,c distribution of all materials showing a spatial correlation of the

distribution of tabular minerals with the blobs. b,c, distribution of spheroids and

blobs presenting no spatial correlation. Scalebar: 2 UM ... esseessseeens 119

Figure 56 - 3D rendering and tomographic images of spheroids of sample HG1. a, Overview of the
different morphologies of the crystals b, spheroidal crystals with small protuberances
of smaller crystals growing c¢, irregular crystals including three joined. d,e,
tomographic slice of crystals of slightly higher density with tabular morphologies,

surrounded by dark material. f, three connected spheroids. Scalebar: 1 pm......ccooveeenreeernnees 120
Figure 57 - 3D Overview of sample HG2 in top (a,b,c) and lateral views (d,e,f) Scalebar: 2 um............... 121

Figure 58 - Detail of features from sample HG2. a,b, Spheroidal structures with irregular aspect,
some appearing to be joined crystals. ¢, Rod-shaped crystals, slightly tabular when

seen in lateral view in d. e,f, Object interpreted as a volcanic glass shard. Scalebar 1

Figure 59 - Details of spheroids (a-d, f) and octahedral minerals (e) surrounded by a dark layer or
shadowing. This could be remnants of the original material prior to a secondary

crystallization of these minerals. a,b Sample HG1, ¢,d HG2, e,f, KB1. Scalebar: 1 pm............. 122
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1 INTRODUCTION

The origin of life on Earth is one of the most complex and intriguing
interrogations of science. Questions like how, where and when life appeared in our
planet have been the focus of several fields of research, which try to combine
interdisciplinary efforts to obtain complementary clues about the emergence and
evolution of the earliest life forms on Earth.

Paleobiology is a scientific field which seeks to decode the biosphere of past
Earth based in its traces preserved in the geological record. It evolved from the classical
paleontology, which was focused on identifying the nature and affinity of fossils and
using them for contextualization of the rocks. With the conceptual advances of areas as
evolution and paleoecology, the field of paleobiology started to emerge by integrating
concepts from phylogenetic systematics, geochemistry, taphonomy?, paleobiogeography,
among others, while novel fossil discoveries also changed the paradigms in the
comprehension of the history of life on Earth. (1) Over the last decades, technological
developments and the exploration of novel and quantitative analytical methods from
different fields yielded greater improvements and robustness to the paleobiological
discoveries. This interdisciplinary effort that combines different areas of knowledge for
developing methodologies, preferentially non-destructive, for the assessment of
paleobiological questions is called paleometry. (2-3)

Paleometry also constitutes a converging point for the fields of paleobiology and
astrobiology. As astrobiology seeks to understand the origin and evolution of life in the
Universe, the development of methods for the detection of traces of early life (on Earth
or other planets), for attesting their biogenicity and for their contextualization within
their paleoenvironment constitutes some problems and interests which are also shared

with paleobiology. (2,4)

1 Taphonomy is the study of the fossilization process which occur from the death of the organism to its
discovery as a fossil. (1)
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This work was conceptualized in the context of above-mentioned questions and
with the aim of exploring synchrotron-based X-ray imaging techniques for contributing
to these discussions. The use of synchrotron X-ray approaches within paleometry has
allowed great advances in several branches of paleobiology over the last two decades.
Important results of 3D imaging of exceptionally-preserved fossils and geochemical
characterizations of preserved elements and biomolecules have deeply extended our
knowledge about the early life and its preservation in the fossil record, and consolidated

paleometry within both synchrotron and paleobiology laboratories (Figure 1).

=gut contents
scales
shones
heart
«gill basket
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Figure 1 - Examples of paleometry works using synchrotron approaches. a, Fossilized tissues revealed
with synchrotron phase-contrast micro-CT from a ~110 Ma exceptionally well-preserved 3D
fossil fish from the Santana Formation, Araripe Basin, Brazil. Several soft tissues were
identified, including the first described fossilized heart. (8) b, Synchrotron micro-CT
reconstruction of the earliest animal embryos from the Lower Cambrian (~ 540 Ma)
Kuanchuanpu Formation, China.(5) ¢, Visualization of anatomic details of a Cretaceous (~ 95
Ma) fish from Marocco exposed by elemental analysis by synchrotron X-ray fluorescence. The
elemental map revealed features invisible by naked eye and provided information on the
fossilization processes. (6) d, Evaluation of the thermal degradation of the biopolymer
sporopollenin using synchrotron X-ray Absorption Spectroscopy. The absorption spectra of
carbon was measured after different heat-treatments and showed the molecular evolution of
the organics. (7)

Source: Adapted from MALDANIS et al. (8); DONOUGHUE et al. (5); GUERIAU et al. (6) ; BERNARD. et al.

()
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Our interest for the development of this work was on exploring the novel
approaches in X-ray imaging in the assessment of fossilized microorganisms, the so-
called microfossils.

For more than half of the approximately 4.6 GaZ? of terrestrial history, all the life
present on the planet was restricted to microscopic forms. (9) Microorganisms remain
as the most diverse and numerous forms of life on Earth until present-day times. These
characteristics, along with their widespread distribution in different environments, from
the most habitable to the most extreme ones, makes them also potential analogues for
the forms of life to be searched on other worlds (see Domagal-Goldman et al. for a
review (10). The study of fossilized traces of microbial life offers not only valuable
insights into the early chemistry, morphology, mineralogy and the paleoenvironmental
conditions which sustained the presence of life on Earth and its preservation on deep-
time, but also provide us with a basis of the types of fossil biosignatures which could be
searched on other rocky planets, like Mars. Locating and studying possible traces of past
life is a strategic priority of space agencies as NASA and ESA, and the selection of
promising paleoenvironments for future return missions is one of the primary
objectives of Nasa’s Mars 2020 rover. (11-12)

Microbial life could have been potentially present in our planet since liquid water
was available, at 4.4 Ga. (13) The so-called “late heavy bombardment” of meteorites,
which lasted until about 3.85 Ga, possibly vaporized the oceans and had the potential of
sterilizing Earth’s surface numerous times (14), although this hypothesis is still
controversial. (15) Still, even if present, possible morphological record of these first life
forms was lost due to the crust recycling caused by tectonic activity, and even the
majority of the remaining Early Archean3 rocks are deeply altered or metamorphized.
There are only two places on our planet so far where it is possible to find exposed,
sedimentary and well-preserved Early Archean rocks (~3.5 - 3.3 Ga): the Barberton
Greenstone Belt, in eastern South Africa; and the Pilbara craton on Western Australia.
These rocks provide a valuable insight into the early life forms that inhabited our planet,

their environmental context and the conditions for their existence and preservation

2 giga-annum (billion year)
3 The Archean Eon comprises 4 - 2.5 billion years ago
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over time. Therefore, although lacking geological records to obtain a more precise
estimation of “when” life appeared, the study of the biosignatures preserved in Archean
rocks can still provide us means of approaching the “how” and “where” aspects of the
emergence of life on Earth.

The exploration of different analytical and imaging techniques has also yield
important advanced in micropaleontology over the last decades (see Wacey et al. 2017
for a review). Although these constitute challenging materials to be analyzed,
synchrotron-based approaches are now reaching sub-micrometric spatial resolutions
(17), detection of trace levels of elements (18) and chemical speciation (19-21), which
are allowing different and novel aspects of early life to be assessed (Figure 2). These
works highlight the importance of exploring the analytical approaches available on
different fields and understanding their fundaments and capabilities for attaining

important developments in the study of these complex traces of early life.
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Figure 2 - Examples of studies of Precambrian microfossils with synchrotron approaches. a, Analysis of the
oxidation state of iron in microfossils from the Gunflint Formation, Schreiber Beach Locality (1.88 Ga)
with synchrotron Energy Dispersive X-ray Absorption Spectroscopy (MED-XAS). The spectra were
collected in sequential slices over an angular range before the iron K absorption edge (7105.9 eV) and
around the pyrite maximum (7144.5 eV) and shows the speciation of this element along the microfossil’s
extension. (17) b, Analysis of a 700-800 My-old microfossil from the Draken Formation using
synchrotron X-ray Fluorescence. The fluorescence map obtained at 2500 eV shows the distribution of S
within the organic cell wall and in a pyrite grain. (18) Scalebar: 5 pm. ¢, X-ray absorption spectra of
Gunflint microfossils from different localities. The spectra comprise the absorption energies of C and N
and offers an insight into the degree of molecular preservation of the fossils of this Formation.

Source: Adapted from SANCHEZ et al. (17); LEMELLE et al. (18); ALLEON etal. (19)
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This thesis is focused in the study of Precambrian* microfossils, which comprise
the earliest evidences of life on Earth. One of the main challenges in early-Earth
paleobiology relies on how to identify and attest the biological origin of a given structure
found in the geological record. This complex investigation requires several aspects to be
covered, from morphology, ultrastructure, and geochemical composition up to
taphonomy and paleoecology.

For addressing these questions, we explore the potential of the imaging approach
called ptychographic X-ray computed tomography (PXCT). This imaging method
provides 3D nanometric-resolution and quantitative electron-density contrast for
specimens of tens of microns, covering a gap of size and resolution between electron
microscopies and microtomography.

This thesis is divided in the following structure:

Section 1.1 presents an historical overview of the study of microfossils. Section
1.2 describes the theoretical basis of visible light and X-ray microscopies and how the
different interactions of X-ray with matter affects the information obtained for
geobiological materials.

Section 2 outlines the main objectives of this work.

Section 3 describes the experimental approach. The description of the fossils
analyzed and their geological provenance, sample preparation, data acquisition and
treatment are discussed in this section.

Section 4 describes the results and discuss their implication on morphology,

taphonomy, paleoecology and biogenicity.

1.1 THE STUDY OF PRECAMBRIAN MICROFOSSILS

One primary step for the study of Precambrian records of life consists in defining
and understanding what kind of traces can be expected to be preserved in the geological
record. A term which is commonly applied for referring to signals of life from early Earth

or beyond is “biosignature”. There is a variety of forms of biosignatures that can be

4 Informal unit of geologic time which spans from Earth formation (~4.6 Ga) to the beginning of Cambrian
Period (~541 Ma.), comprising the Hadean, Archean and Proterozoic eons.
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found in the geological record and understanding their origin, modes of preservation
and defining methods for their unequivocal identification is of prime importance for
guiding the evaluation of the records of early life on Earth.

Chemical biosignatures correspond to chemical signals characteristics of
biological metabolisms, such as the presence of some organic molecules (e.g products of
the degradation of lipids and proteins), biominerals, distinctive isotopic fractionations of
some bio-elements, such as carbon, sulfur, nitrogen and iron, or distinctive ratio of bio-
essential elements. (22) Elemental and isotopic biosignatures are the more persistent
over deep time in comparison with morphological ones. Isotopes, for example, have
been used as evidences of life prior to 3.7 Ga. (23-24), yet, their biogenicity have been
focus of controversy. (25) Moreover, chemical signs of microbial life are more difficult to

be detected in comparison with morphologically preserved ones (Figure 3).

Isotopic Elemental Mineral Molecular Morphological Technolo:

Harder to detect

Figure 3 - Graphical representation of the relationship between the different types of biosignatures, their
probability of preservation and the feasibility of detection.
Source: GOMES et al. (2)

Morphological biosignatures comprise cells and cellular products, microbial mats
and bioconstructions. In the case of Archean life, composed by primitive prokaryotic
cells lacking any hard parts, only soft materials as cell walls, membranes, sheaths and
associated secreted substances can be present. The extracellular polymeric substance
(EPS) secreted by microorganisms for protection, adherence and micro-environmental
control has a good chance of preservation because it contains functional groups which
favors the binding and precipitation of minerals. (22) These properties lead to the
preservation of biomineralized structures such as microbial mats and stromatolites, or
bio-induced ones, as the Microbially Induced Sedimentary Structures (MISS) (26) (Figure
4).
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Figure 4 - Examples of morphological biosignatures including some of the oldest records of life on Earth.
a, Extant stromatolite from Shark Bay, Australia b, Petrographic micrography of a
pseudocolumnar stromatolite fossil from the Gunflint Formation, Mink Mountain locality (1.88
Ga), Canada. ¢, Early Archean coniform-pseudocolumnar stromatolite from the Strelley Pool
Formation (3.43 Ga). (27) d, extant microbial mat from Lagoa Vermelha, Rio de Janeiro, Brazil.
e, Fossil multi-laminar microbial mat from the Middle Marker horizon (3.47 Ga) of the
Hooggenoeg Formation, South Africa. (28) f, Microbially Induced Sedimentary Structure
(MISS) from the Moodies Group of the Barberton Greenstone Belt (3.2 Ga), South Africa. (29)

Source: a,b,d By the author; ¢, e, f, Adapted from WESTALL et al. (27);HICKIMAN-LEWIS et al. (28);

NOFFKE (29)

Cells and cellular traces preserved in the geological record are called microfossils
and, once their biological origin is confirmed, represent direct evidences of early
microbial life. Depending on their degree of preservation, these structures can provide
insights into the morphology, composition, evolution, and even ecological interactions of
ancient life forms. Their taphonomic alterations can additionally provide us means of
understanding the physico-chemical conditions which allowed the preservation of such
delicate structures from deep-time. Moreover, due to the difficulties on identifying and
interpreting chemical biosignatures and even other indirect morphological
biosignatures, bona fide> microfossils have the potential to represent robust and direct
evidences of fossilized life on the oldest terrestrial rocks or even in material from

meteorites or returned from other planets. (30)

5 Latin term used to express “genuine”
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A benchmark for the study of Precambrian microfossils was the description of an
exceptionally well preserved biota (Figure 5) in rocks from the approximately 1.9 Ga
Gunflint Formation in the Lake Superior region of Canada by Barghoorn and Tyler 1965.
(31) Their abundance, diversity, complexity and state of preservation resulted in a
widespread acceptance by the scientific community, which, at that time, still had some
skepticism about the existence and preservation of Precambrian life. The Gunflint biota
plays a critical role in the understanding of the Precambrian life and its
paleoenvironment, and due to their universally accepted biogenicity, it also became
reference for the establishment of biogenicity criteria, for evaluating the putative
biological origin of older, less preserved structures, and as ideal samples for the
exploration of capabilities of novel imaging techniques (Figure 2a,c). (17,19-20,32-33)

Although the preservation of microorganisms has been described to occur also as
compressions in fine-grained sediments (34), or by minerals such as pyrite (35), silica is
considered the ideal medium for the preservation of these microstructures. Archean
oceans were saturated in silica, originated from a high input of hydrothermal fluids and
dissolution of volcanic rocks, favoring a rapid silicification of cells. The small crystalline
matrix of silica also allows the preservation of fine-scale detail, which, associated to its
resistance to dissolution and weathering, give rise to the most exquisite three-

dimensional preservations, such as the specimens of the Gunflint chert®. (37-38)

6 Sedimentary rock composed of quartz (silica). The microcrystalline and resistant nature of this
rock are favorable for the preservation of microfossils.
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Figure 5 - Microfossils from the Gunflint Formation described by Barghoorn and Tyler in 1965. (31) The
exceptional state o preservation and diversity make this assemblage a benchmark in the study
of microfossils and a reference for assessments of biogenicity.

Source: SCHOPF (38)

The fossilization occurs when mineral ions interacts with functional groups of the
cell wall or the EPS and triggers the mineral polymerization, forming a crust that can
sometimes encapsulate the organic remnants. (35-36) The resulting structure can be
hardly morphologically distinguishable from a range of artefacts generated by abiotic
geological processes (40) or from condensation of carbon around crystalline nuclei or
volcanic glass. (41)

The difficulty on the discrimination of biotic and abiotic features emphasizes the

need of precautious prerogatives and of robust and complementary evidences when
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claiming the description of a putative Precambrian microbe. This requires a multi-scalar
approach, which starts with a careful characterization of the geological context at the
field, from the kilometer to millimeter scale, followed by a fine microscopic evaluation
for inspecting both morphological and geochemical contexts at the level of the preserved
structures. These analyses should also focus on evaluating if the paleoenvironmental
context was favorable to the existence of microorganisms, if the preservation
environment supports their preservation, and if there are evidences of a syngenetic’
origin with the rock, discarding later contaminations. Finally, any possible abiotic
explanation for the formation of the given structure should be considered during the
evaluation of its biogenicity.

Nevertheless, attesting the biogenicity of a putative microfossil is a task
particularly challenging when regarding Precambrian structures. The first reason for
this difficulty is that the earliest life forms are expected to be similar to the modern
prokaryotic microorganisms. Those consist of cells of minute size, usually 1-2 um in
diameter and up to ~10 um in length, and a simple morphology, being mostly spherical,
rod shaped or spiral and lacking ornamentations. From the components that compose
these cells, the cell wall has the best chance of preservation due to its composition of
peptidoglycan and natural resistance against external forces. (22)

Since the beginning of the studies of Precambrian microfossils, the need for
establishing methods or criteria for demonstrating the biogenicity of a microfossil-like
object has been repeatedly addressed. (42-43)

The difficulty on studying the earliest microfossils on Earth is well illustrated by
the contentious debate surrounding the “Apex chert® structures”. Schopf 1993 (46)
described a diverse assemblage of microfossils in 3.46 Ga rocks from the Apex chert of
the Pilbara craton, Western Australia (Figure 6a). Besides claiming to have described the
oldest known microfossils on Earth, several specimens were classified as
photoautotrophs due to similarities with living cyanobacteria. This implied in a

remarkably rapid diversification of microbial life since its origin, especially when

7 Contemporaneous with the host rock

8 sedimentary rock composed of quartz (silica). The microcrystalline and resistant nature of this rock are
favorable for the preservation of microfossils.
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considering that the late heavy bombardment of meteorites with sterilizing potentials
finished at approximately 3.8 Ga. (14) These structures were further revisited by Brasier
et al. 2002 (25) who reinterpreted them as “pseudofossils” or microfossil-like artefacts
formed from amorphous graphite in the context of a hydrothermal vein. The debate
continued with several works questioning and supporting the biogenicity of these
structures (Figure 6) (44-45,47-48), and consequently stimulated the exploration of
novel imaging and analytical techniques as means of supporting or contesting biogenic
characters. (44,49-51) Although the controversy still remains in some degree, several of
these techniques became part of routine approaches in the study of microfossils,

stimulating significative advances in the field of geobiology.
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Figure 6 - Illustration of the Apex Chert debate. Left panel: images of the structures interpreted as
microfossils in the Apex Chert. Right panel: reassessments of these structures proposing
abiotic origins. a, Petrographic photomicrographs of the Apex Chert structures. (46) b,
Petrographic photomicrographs, confocal laser scanning microscopy (CLSM) and Raman
images of carbonaceous specimens from the Apex Chert. The 3D morphology, presence of
cellular compartment and kerogenous composition were used for supporting their biogenicity.
(44) ¢, Scheme for explaining an abiotic origin for the Apex structures. Carbonaceous material
was redistributed to the margins of crystals during recrystallization of the chert. This
hypothesis supported by observation of different morphologies, some of which are
inconsistent with biology. (45) d, Transmission Electron Microscopy analysis of Apex Chert
structures interpreted as pseudofossils. Elemental maps show that carbon is distributed along
quartz-aluminosilicates boundaries and do not present cell-like distribution.

Source: Adapted from SCHOPF (46); SCHOPF et al. (44); BRASIER et al. (45); BRASIER et al. (49)
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Another iconic example for the challenge of biogenicity was the description of
fossil microbes in cracks of a Martian meteorite found in Antarctica. (30) The structures
of few hundreds of nanometers in size were interpreted as nanobacteria, and were
publicly announced as the first evidence of life beyond Earth. (52) These claims inflamed
discussions in the scientific community, and the structures were further reinterpreted
as mineralogical artefacts. (53) This event brought to light the difficulty on
distinguishing morphological fossils from structures produced non-biologically and
highlighted the necessity of developing rigorous approaches and novel analytical
methods for the attesting the biogenicity of morphological biosignatures in the context
of both paleobiology and astrobiology.

These famous discussions illustrate the importance of defining biogenicity
criteria used for the study of early life traces, particularly when regarding Precambrian
structures.

A compilation of these criteria was made by Wacey 2009. (22) Based on this
review, the criteria with strong reliance on imaging approaches for their evaluation, and

therefore relevant for the purpose of this thesis, are listed below:

Set of proposed biogenicity criteria, extracted and adapted from Wacey 2009
(22):

a) Structures should exhibit biological morphology that can be related to
extant cells, sheaths, traces of activity or waste products. Ideally life cycle
variants should be identifiable (reproductive stages), comparable to that
found in morphologically similar modern or fossil microorganisms.

b) Structures should occur within a geological context that is plausible for life;
i.e, at temperatures and pressures that extant organisms are known to
survive.

c) Structures should fit within a plausible evolutionary context.

d) Microfossils should ideally be composed of kerogenous?® carbon. If

mineralized this should be a result of microbially mediated precipitation.

9 Kerogen is the insoluble organic constituent of sedimentary rocks(111).
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e) Fossilized cells should be hollow. Since cell walls and sheaths are the most
probable features to be preserved while cellular constituents are rarely.
Besides, mineral artefacts are unlikely to be hollow.

f) Microfossils should have signals of taphonomic degradation, such as
collapsed cells, folding of films, fracturing.

g) The object must exceed the minimum size for independently viable cells
(~0.25 um diameter).

h) Microfossils should be demonstrably dissimilar from potentially co-existing
non-biological organic bodies (e.g., self-organizing spherulitic structures),
and should occupy a restricted biological morphospace.

i) Structures should be abundant and ideally occur in a multi-component
assemblage.

j) Following from (i), they should ideally show colonial/community behavior.

k) Following from (j), a preferred orientation indicating a role in the formation

of biofabrics would be an additional bonus criterion.

The fact that several biogenicity criteria rely on information obtained using some
type of microscopy implies that the evaluation of putative microfossils is based, and
therefore limited, by aspects inherent of the applied imaging method. Understanding the
physical principles and concepts behind an image generated by different microscopies is
thus of fundamental importance for achieving a better understanding of the information
obtained and also for allowing the exploration of novel methods for overcoming the
existing limitations.

The fossilization processes also generate an important limitation in the study of
microfossils, which is caused by their geochemical composition. The mineralization of
microorganisms substitutes or dilutes considerably the original organic components,
producing structures with densities very similar to the surrounding medium, and
limiting the concentration of bio-elements to trace levels. This has important
implications in the generation of contrast for most high-resolution imaging techniques,
which commonly rely in density variations or chemical maps for the generation of

images. This topic will be discussed in detail in the section 1.2.
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1.1.1 RECENT ADVANCES IN HIGH RESOLUTION IMAGING OF PRECAMBRIAN

MICROFOSSILS

As previously explained, the search for early life traces requires a multi-scale
analysis which starts at the field with the full geological characterization of the outcrop
and is continued by laboratory petrographic analysis under a visible light microscope.
This latter represents the basic method of survey for the discovery and description of
microfossils and is explained in detail in section 1.2.1

The development and application of novel imaging techniques in the study of
Precambrian material has allowed significant advances over the last decades in the
reconstruction of the complexity and context of Earth’s ancient biosphere.

Some general properties of any imaging method that are important to be
mentioned in the context of Precambrian paleobiology are: spatial resolution, contrast
and number of represented dimensions (i.e. 2D, 3D).

Contrast can be defined as the difference in intensity between two adjacent areas.
(46-47) This is a very important aspect to be discussed because the contrast obtained by
different methods depends on the physical phenomena in which they are based and also
on the nature of the analyzed material. Therefore, the information that generates
contrast on different microscopies can be understood based in the principles of
interaction of the probing radiation with matter.

Since microfossils are three-dimensional structures distributed across a range of
depth within the rock samples, the use 3D imaging techniques encounter obvious
advantages over the 2D ones. These can be of vital importance in the study of
controversial structures, since the observation of three-dimensional features in 2D slices
or projections can hinder overlapped features or be restricted to deceptive planes, thus
leading to misconceptions in their interpretation.

Resolution is the concept more usually considered during the choice of an
imaging method and refers to the capacity of distinguishing two separate features in a
specimen. (55) The minute size of Precambrian specimens necessitates high-spatial
resolution images for their investigation and assessment of biogenicity. Limitations in
resolution can hinder the proper evaluation of minute specimens and even lead to
erroneous interpretations of biogenic features. As an example, Brasier et al. 2015

evaluated the biogenicity of putative Apex chert microfossils, among others, using high-
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resolution approaches of FIB-TEM and FIB-SEM (Figure 6b). The authors affirm that the
kerogenous structures alleged to resemble cellular compartments and which are
pointed as one of the major biogenic characters of these specimens were misinterpreted
because of the low-resolution methods applied (i.e. visible light microscopy and micro-
Raman). The nanometric resolution and 3D information obtained revealed lengths and
widths ratios inconsistent with a biological origin. This information could not be
resolved by traditional imaging methods, demonstrating the importance of taking the
study of biogenic characters to the nanoscale.

Electron microscopies represent today the highest-resolution methods
commonly applied in the study of microfossils and they have been extensively explored
over the last decades. The main limitation of electrons for imaging approaches is their
low-penetration depth. For imaging based in Scanning Electron Microscopy (SEM), the
electrons provide information related to few tens of nanometers in depth, consequently
only of the surface of the object. The contrast obtained is usually based on topographic
information (secondary electrons) or atomic number (backscattered electrons).
Additional elemental analysis can be performed with energy dispersive spectroscopy
(EDS) detectors and crystallographic mappings with a backscattered diffraction
detector. SEM is commonly applied in microfossils after etching the rocks with acid
treatments for revealing the inner structures. (56) This procedure, however, is
destructive and can generate artefacts. Transmission Electron Microscopy (TEM) is a
modality of electron microscopy which allows resolutions in the order of Angstréms to
be achieved. (54) This transmission, however, is only possible for nanometric thin (<
100 nm) specimens, therefore enabling only a very thin section of a micrometric-size
organism to be studied at each time and requiring a complex sample preparation which
is invasive and destructive. The study of microfossils with this approach was optimized
by the precise extraction of slices using a focused ion beam (FIB) coupled to a SEM (FIB-
SEM). (57) This approach has been further extended to 3D by combining sequential
milling with concurrent EDS-SEM imaging. (50-51) Wacey et al. 2012 first combined
FIB-TEM and FIB-SEM for studying Precambrian microfossils and demonstrated their
potential for assessing chemistry, ultrastructure, taphonomy and biogenicity of these
structures. In summary, the main limitations of electron microscopies are: the small
sampling area caused by the low penetrability of electrons and for the FIB-SEM, the high

cost, which limits the sampling volume and resolution (essentially defined by the



48

thickness of the slice plus gap between consecutive images, in average >100 nm (16)),
and destructive nature of this approach.

X-rays can have wavelengths in the order of atomic distances, therefore also
configuring a probing radiation with potential to achieve nanometric spatial resolutions.
When compared to electrons, the high-penetrability of this electromagnetic radiation
can allow larger volumes to be sampled, fulfilling the gap of sampling size x resolution
which is present between the electron and visible light microscopies. With the
development of the high-brilliance synchrotron sources with nanoprobes, imaging
techniques such as scanning transmission X-ray microscopy, X-ray absorption
spectroscopy and X-ray fluorescence have been more explored in paleobiology, with
some applications also to Precambrian samples. (16-20,60)

The remarkable capability of X-rays for providing 3D information of the
specimens, however, has not yet been explored at the nanoscale for Precambrian
microfossils. To our knowledge, only one work so far proposed to evaluate the capability
of absorption-contrast microtomography for the investigation of Precambrian
microfossils (Figure 7). (61) The authors concluded that this method, while providing an

overview of petrological context, was limited for the investigation of microfossils.

Figure 7 - Results obtained with absorption contrast micro-CT for samples of the Gunflint Formation. a,
3D rendering of a stromatolite from the Mink Mountain locality (Figure 4b). The high-density
iron oxide layers and metalliferous crystals can be observed within the silica matrix. b, Results
for samples from the Schreiber Beach locality. Some spheroidal objects were interpreted as
microfossils, but the low contrast and resolution of the approach hindered detailed
investigation.

Source: Adapted from HICKMAN-LEWIS et al. (61)
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For being able to explore these capabilities and for defining the approaches with
most potential to contribute to the study of Precambrian microfossils, we need to
understand the principles of microscopy and X-ray imaging. The following sections
describe the fundamentals of microscopy for visible light and X-rays, including the
principles of microscopic tomography, and the novel imaging methods of lensless x-ray

microscopy and Ptychography.

1.2 FUNDAMENTALS OF MICROSCOPIC IMAGING

1.2.1 VISIBLE LIGHT MICROSCOPY

The basic approach for inspecting rocks which might contain microfossils starts
with petrographic analysis using visible-light microscopes (VLM), commonly called
optical microscopes. For this approach, rocks are prepared in thin sections, usually
attached to glass slides, and polished up to tens of microns until they get sufficiently
transparent for the transmission of light. Polarizers and additional optics or sources of
light can be used for additional geological characterizations, taking in account the
refractive and optical properties of some minerals. Due to the low cost, accessibility and
potential to perform exploratory investigations in a large number of samples,
petrography using VLM consists in the fundamental approach for the detection and
description of microfossils.

The principles of the VLM described in this section are based in Murphy and
Davidson 2012.

The image obtained in a VLM is basically a combination of the absorption,
refraction and diffraction of the light incident on the object. As any type of microscopy,
the capability of distinguishing a given object or feature relies on two properties:
contrast and resolution.

The basic principle of imaging formation by a microscope was defined by Ernst
Abbe in 1873. The diffraction of light by an object is the principal physical process
related the formation of the image in the light microscope. Waves diffracted by features
of the object in the same order of magnitude of the wavelength of the light will
propagate towards the objective lens. The smaller the diffracting feature, the wider the

angle of diffraction. Part of these diffracted light will be collected by the objective lens,
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depending on its numerical aperture (NA). The larger the NA, the higher diffraction
orders are collected, therefore higher resolution can be achieved. The objective directs
the diffracted waves towards the image plane. Interferences between the diffracted
waves will generate a diffraction pattern at the back focal plane of the objective. This
corresponds mathematically, to the Fourier Transform (FT) of the object. Therefore, to
form the image, the interference of the diffracted and transmitted light after the back
focal plane corresponds mathematically to an inverse FT of the object’s diffraction

pattern (Figure 8).
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Figure 8 - Diagram of the image formation on a microscope. The light scattered by the object reaches the
back focal plane as a diffraction pattern or Fourier transform (FT) of the object. The second
lens mathematically performs an inverse FT and reconstructs the final image.

Source: Adapted from: ETH ZURICH. (62)

According to the Rayleigh criterion, the resolution d of a microscope is limited by
the numerical aperture of the lens NA and by the wavelength A of the probing radiation,

according to the equation:

0.61A

>NA (1)

In the case of visible light, the wavelength A ranges from 400 to 750 nm.
The contrast in VLM is based in a combination of the intensity of the light and its

wavelengths (colors). If the intensity of the object or feature is similar to its background
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or surrounding materials, they are not distinguishable. The intensity, in turn, is

proportional to the amplitude A of the electromagnetic radiation such that:

[ < A2 (2)

An object which absorbs, and consequently affects the amplitude of the incoming
light is called amplitude object. In contrast, some materials (e.g. extant cells) are
transparent to visible light and cannot be observed in a conventional bight-field
microscopy. The changes in the phase of the light waves caused by these objects can be
converted in amplitude differences with the approach called phase-contrast microscopy,
allowing their observation.

Kerogenous microfossils can be observed by this approach due to the commonly
brownish aspect of this material that produces contrast. Still, the contrast will depend
on the composition of the surrounding matrix (i.e. transparent or presenting a different
intensity/color).

The absorption and scattering coefficients which governs these properties for a
given material are dependent on the wavelength of the probing radiation and will affect
the information that can be obtained by the different microscopies. This subject is
particularly relevant for microscopies based on X-rays and it will be discussed in detail

in the following sections.

1.2.2 X-RAY MICROSCOPY

1.2.2.1 INTRODUCTION TO X-RAY IMAGING

X-rays were first produced and detected in 1896 by Wilhelm Rontgen who also
demonstrated their high penetrability to several materials and produced the first and
iconic radiographic image of his wife’s hand and wedding ring (Figure 9). The discovery
of this invisible radiation, named due to its unknown nature, was acknowledged with the

Nobel of physics in 1901. (63)



52

Figure 9 - First radiographic image recorded by Réntgen showing the bones and ring of his wife’s hand.
Source: RONTGEN (64)

Since their discovery, X-rays have been largely applied on different fields of
science. Among several applications, the use of X-rays for imaging is the most well-

known, particularly for its large utility, prominently in security and medicine.
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Figure 10 - The electromagnetic spectrum. The region marked in blue corresponds to the range of
energies covered by synchrotrons sources.
Source: WILLMOTT (63)

Similar to visible light, the formation of image in X-ray microscopy depends on
the type of interaction with the object. X-rays have considerably higher energy (or
shorter wavelength) than visible light (Figure 10). This energy is higher than the binding
energies of most electrons, except the tightly bound, core ones. Consequently, X-ray
radiation is weakly absorbed and can be transmitted through materials which are

opaque to visible light, allowing the interior of objects to be investigated. Still, the same
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phenomena described for electromagnetic radiation at the visible spectrum can also be
observed in the X-rays regime, e.g. absorption, refraction, reflection, scattering and
transmission.

An object can be defined by means of its complex index of refraction n, which
describes the response of its electrons to the electromagnetic radiation. This index can
be expressed as:

n=1- 6+ip (3)

Where ¢is the refractive index and g is the absorption index. These terms
depend on the energy E of the electromagnetic radiation, such that 6 « E-? and S o« E4.
They are important for the generation of contrast in X-ray microscopies and will be
discussed in detail in the following sections.

1.2.2.2 PRINCIPLES OF TOMOGRAPHIC MICROSCOPY

The physical and mathematical basis described in this sections are based in the
texts of Kak and Stanley 1999 (65) and Willmott 2011. (63)

The high penetrability of X-rays for the non-invasive 3D imaging of objects has
been largely explored in material, biological and medical sciences in the technique called
tomographic microscopy or computed tomography.

The word tomography comes from the Greek word tomos, which means “slice” e
grafo, meaning “image”. Tomography can be generally defined as the generation of a
three-dimensional image through the computational transform of several radiographic
projections of a specimen obtained at different angles. When the spatial resolution
achieved is in the order of microns, this technique receives the name of
microtomography or micro-CT.

On this approach, the incident X-rays interacts with the object along its
longitudinal section and the transmitted beam is recorded in a bidimensional detector.
The detected signal corresponds to the intensity I of the radiation after being attenuated

by the specimen, which can be described by the Beer-Lambert law as:

[ =l,e " (4)
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Where I is the intensity of the incoming radiation, z is the penetration depth and
A is the linear absorption coefficient of the material.
The intensity of the transmitted X-rays can also be described considering the

total attenuation along a path L = M Az, and given by:

[ = [y e H1hZ g=H20Z p=H3lZ | o=iNAZ (5)

M
= Iyexp (Z e Az ) (6)
k=1

For each pixel of the detector the projection p can be defined as the line integral of the

object attenuation along a line L:

I
p=—In <E> = Lf,u(z).dz -

This function p is known as the Radon transform of the object p. This transform is
the mathematical basis for reconstructing a given quantity from its projections collected
at different angles and was demonstrated theoretically by Johann Radon in 1917.

The tomographic reconstruction for retrieving the 3D distribution of the object
consists in the inversion of the Radon transform. This process is based in the so-called
“Fourier slice theorem”, which states that the 1D Fourier Transform of the projection of
a 2D object onto a line is equal to the 1D slice through the center of the 2D Fourier

transform of that object (Figure 11).
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Figure 11 - Graphical representation of the Fourier slice theorem in 2D.
Source: ProjectionSlice.png (66)
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These mathematical principles are used by computational algorithms to perform
the tomographic reconstructions. The most common class of algorithms is called filtered
back projection (FBP), which is based on fast Fourier transform algorithms (FFT) of the
projections, filtering the oversampled regions in the frequency domain and then
performing a backprojection. This last consist on summing over the image plane the

inverse Fourier transforms of the filtered projections (Figure 12).
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Figure 12 - Graphical illustration of the backprojection process used ion the tomographic reconstruction
algorithms FBP. The star-like artefacts observed with the increased number of projections
represent the oversamples regions which should be filtered at the frequency domain.

Source: WILLMOTT (63)

1.2.2.3 CONTRAST MODALITIES IN TOMOGRAPHIC MICROSCOPY

The principles of X-ray tomography described in the section 1.2.2.2 are based on
the linear absorption coefficient x, thus constituting a contrast method based in
absorption.

The absorption coefficient of a given material is dependent on the atomic number
Z of its elements as u oc Z% Therefore, the absorption tomography presents good
contrast for structures composed by materials with distinct densities and high Z
numbers.

In geobiological samples, this property can be useful for the identification of
porosities or minerals with significatively different densities. Fossilized materials have
the original components diluted or substituted by the infiltrating minerals, hence being
hardly distinguishable by absorption contrast tomography.

As described by the Equation (4, the complex refractive index n, which describes
an object, comprises an absorption index (which relates to p), but also a refraction index
O, which describes the decrement in velocity of the radiation passing through that
medium. Considering two waves initially in phase and only one passing through the

specimen, the term J describes the phase-shift between these waves downstream the
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specimen. This phase-shift at typical hard X-ray energies can be three orders of
magnitude greater than the absorption term and can be used as a contrast modality
called phase-contrast.
The detection of the phase shift can be done in (partially) coherent synchrotron
X-ray sources by the propagation of the scattered wave, which suffers interference
producing diffraction features. This process will be described in detail in the section
1.2.3.2. At the distance known as Fresnel-diffraction regime, the scattered pattern still
resembles the object, but presenting an edge enhancement or fringes. These can be used
by reconstruction algorithms to obtain the phase maps, such as the single distance
retrieval algorithm proposed by Paganin (67), which is largely used for homogeneous
materials.
Phase-contrast applied to micro-CT revolutionized the study of fossils by achieving
a high contrast even for fossilized structures with low density-contrast. This allowed
the non-destructive and non-invasive analysis of internal features, preserved soft-
tissues (Figure 1a, b, Figure 13), ultrastructural details of bones and teeth, and
innumerable other important findings (8,68-70). This contrast modality clearly emerges
as the most promising so far for obtaining information of the cellular features preserved

in microfossils.

Figure 13 - Comparison of absorption and phase-contrast tomographic images of the same fossil fish. The difference
in resolution should not be considered for this discussion. a, absorption contrast image showing mainly
the bones of the vertebrae column and lateral structures which correspond to different minerals formed
by the infiltration of fluids during the specimen degradation. b, phase-contrast image showing a vast
range of preserved anatomical details from bones and also preserved soft-tissues.

Source: By the author
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1.2.3 X-RAY COHERENT DIFFRACTION IMAGING AND PTYCHOGRAPHY

As explained in the section 1.2.2.3, absorption-based X-ray tomography
encounters a limitation for the study of fossilized microbes due to their homogeneous
density compared to the surrounding medium.

Therefore, for the investigation of micrometric-size, homogeneous density
microfossils using X-rays, it gets clear that both phase-contrast and nanometric-
resolutions are required. An approach which can satisfy these conditions and fill a gap in
resolution and size of sample between Transmission Electron Microscopy and micro-CT
is Ptychography, a type of X-ray microscopy based in Coherent Diffraction Imaging (CDI)
(detailed in section 1.2.3.1) that has been developed in the past decades providing
important advances in different fields from material sciences to biology (see Miao et al.
2015 for a review). CDI methods and Ptychography can reconstruct both the amplitude
and phase components of objects and overcome the resolution limits imposed by X-ray
optics. Moreover, by coupling the measurements to tomographic setups, 3D data can be
obtained by the method called Ptychographic X-ray Computed Tomography (PXCT).

The following sections will discuss the basis of Coherent Diffraction Imaging and

Ptychography, their physical principles and the reconstruction algorithms.

1.2.3.1 INTRODUCTION TO COHERENT DIFFRACTION IMAGING

In the X-ray regime, the limiting resolution for a microscope, as described by the
Rayleigh criterion in the Equation (1, is no longer limited by the wavelength of the
radiation, but to the quality of the X-Ray focusing optics. The inherent properties of X-
Rays, such as its high transmissibility to most of materials and requirement of diffractive
optics for a sub-micrometric focusing impose practical limitations for the fabrication of
high-quality X-ray lenses.

D. Sayre first conceived the idea of extending the methods of X-ray
crystallography for resolving non-periodic structures from their diffraction pattern (62-
63), foreseeing a new type of “lensless” X-ray imaging which received the name of
Coherent Diffraction Imaging (CDI). It took almost 50 years since Sayre’s first envisage
for a successful implementation of this approach, in an array of 100 nm gold dots using

soft X-rays. (74)
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In a similar process to the image formation in visible light microscopy described
in the section 1.2.1, the lenses of a microscope mathematically perform an Inverse
Fourier Transform of the diffraction pattern of the object. The main difficulty of
computationally performing this process is a well-known problem on protein
crystallography called phase-problem. Several CDI techniques were developed in the last
decade exploring different approaches for resolving the phase problem and focusing in
different resolutions and sample properties (Figure 14) (see Miao et al. 2015 for a

review).

Pinhole

Extended sample

Focusing ~

Nanocrystal optics

Order sorting
aperture

Figure 14 - Schematic representation of different CDI methods. A, Plane-wave CDI: a sample smaller than
the beam is illuminated by a plane wave and a oversampled diffraction patterns is recorded. B,
Bragg CDI: a nanocrystal is illuminated by a coherent beam and the diffraction pattern
surrounding a Bragg peak is measured. C, Ptychography: a coherent beam is used for scanning
an extended sample while diffraction patterns are collected from partially overlapping
regions. D, Fresnel CDI: a defocused probe illuminates a sample and the Fresnel diffraction
pattern is measured. E, Reflection CDI: A coherent x-ray beam illuminates a sample and the
reflected light is collected with high numerical aperture.

Source: Adapted from MIAO et al. (71)

In order to discuss the fundamentals of CDI, a brief description of the principles
of X-ray scattering and the phase-problem will be presented in the following sections.
The physics and mathematics described are based on Willmott 2011, Als-Nielsen and
McMorrow 2002 and Pfeiffer 2018. (54,65-66)

1.2.3.2 PRINCIPLES OF X-RAY SCATTERING

The general expression describing an incoming radiation propagated in the

direction k and time t is given by:
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E(r,t) = Ejeltkr-ot) (8)

where Ejp is the amplitude of the electric field, k is a wave vector and o is the
angular frequency.

The scattering of an X-ray beam by an atom will be affected by the binding energy
of its electrons. The distribution of charge associated to this energy can be modeled as
an electron density p(r) in function of the distance from the nuclei r. The scattered
radiation field is composed by the scattering contributions of all the volume elements
which are not scattering in phase and are contributing to this charge. The phase shift
between the scattered wave from one volume element and a neighboring element can be

described as:

Ap(r)=(k—k').r=Q.r (9)

where K is the incident wave vector and k' is the scattered one. The difference
between these vectors is Q, known as the scattering vector.

The scattering vector is a central parameter in the scattering process as describes
the changes in energy during this process in relation to the scattering angle 6.

The total scattering of an atom is defined considering a volume element dr at r
which will contribute by -rgp(r)dr to the scattered field, being ro the classical radius of

the electron. Considering also a phase factor eiQr, we describe the total scattering as

=@ = —ry [ pr)e® dr (10)

Where f°(Q) is the atomic scattering factor and describes the total scattering
amplitude of an atom. The right side of the equation is a Fourier transform, showing that
it is possible to retrieve the electron density of an atom by performing an inverse
Fourier transform of its scattering factor.

At energies much below the binding energy of the core electrons, the X-rays will
reduce the scattering length in a factor of f'. When the energy is much greater that the
binding energies, the electrons can be considered as being free from atomic bounding

influences. However, below a limit, we should consider that X-rays will be in some part
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absorbed, and the posterior re-emitted radiation will interfere with the scattered part,
altering both its amplitude and phase. This effect can be corrected by adding to the
atomic form factor f a component f" which accounts the increasing phase lag in respect
to the driving field as the photon energy approaches the absorption edge of an electron.
Considering that the absorption is expressed in the electromagnetic wave equation as an

imaginary term, the atomic scattering factor can be defined as complex term:

fQw) = f°Q + f'(hw) + if"(hw) (11)

where hw comes from the definition of the energy of the electromagnetic
radiation € = Aw, showing the dependence of these factors with the incident X-ray
energy.

The sum of the individual atomic scattering factors of an object is the so-called
structure factor Fpg, and, as an extension of the Equation (10, consists in a Fourier
transform of the object. This means that, once the structure factor is retrieved, an
inverse Fourier transform can provide the electron density distribution of an object.

However, the diffraction signal recorded in a detector corresponds to the
scattered intensity, which is the absolute square of Fny, a scalar component. Since Fpuis

a complex number, we can describe its correlation with I as

I = |Fhkl|z = Fhle;:kl (12)

This means that, when trying to obtain the structure factor from the measured
intensity, only its real part can be retrieved, and the imaginary part, namely the phase

(see Equation (10), is lost. This is the principle of the so-called Phase problem.

1.2.3.3 PTYCHOGRAPHY RECONSTRUCTION

CDI techniques are based in measuring the intensity of the diffraction pattern in
the far field using a coherent illumination. This coherence permits the retrieval of the
phase, which is done by iterative algorithms, starting from a guess object and updating it
based in constrains in the real and reciprocal space. In the reciprocal space, the

constrain requires that the diffraction pattern recorded is oversampled. In the real
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space, the constrain is given by the spatial extent of the sample, meaning that the sample
should be smaller than the micrometric-size illuminating beam, which represents a
practical limitation for samples to be analyzed using this X-ray microscopy.

Ptychography is an imaging technique which allows one to overcome these
limitations by acquiring oversampled diffraction patterns through a scanning of the
sample and thus providing a sufficient over-sampling of the object with areas
illuminated multiple times. The large amount of overlapped data allows a quick and
robust reconstruction of both the object and the illumination function (probe), even for
partially-coherent sources. This scanning approach also allows the imaging of laterally
extended objects, which transformed this technique in an X-ray microscopy of great
interest for all the modern synchrotron sources.

The basis of the methods for ptychographic phase-retrieval, or reconstruction,
can be understood if we consider that the complex exit waves  in a position r after the

sample can be described as a contribution from the object O and the probe P, given by:

Y = P(r)0(r) (13)

As explained in the section 1.2.3.2, the measured diffraction
intensities Ina are scalar components, which can here be described as the square Fourier

transform of the exit wave

Iniw = [Fp(31? = |[F{P(r — )0 (1)} (14)

Where P(r - r’) is the complex probe illumination translated by the scanning
positions r’. The reconstruction algorithms aim to numerically find the complex-valued
object O(r) such that all the measured diffraction intensities Ink match the calculated
Fourier transform of the complex exit wave 1. This condition describes what is referred
as the Fourier constrain. The second part of the expression describes the overlap
constrain, which states that i is represented by the multiplication of the object and
illumination functions for all positions r’.

The first algorithm called ptychographic iterative engine (PIE) (77) was
developed to find a solution for this problem based in a known probe, which

experimentally represents a practical limitation since the illumination function is
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usually not known precisely. The algorithm was then updated to start with a guess
probe and then update both probe and object. It and received the name of extended PIE,
or ePIE. (78) Basically, the algorithm starts by calculating an exit wave using guess
objects O (r) and probe P(r) functions. This guess is propagated to the Fourier domain
and the calculated intensity is replaced by the measured data, while keeping the phase.
The updated wave is propagated back to the real domain and used to update the probe
and object functions based on the overlap constrain. This cycle is illustrated in the

Figure 15.

Measured Fourier
magnitude

[Foervarsom, [

FFT FFT!

Final output

Figure 15 - Schematic representation of a cycle of a basic phase retrieval iterative algorithm for CDI
methods. The algorithm starts with a guessed exit wave i which is propagated to the
reciprocal space using a Fourier transform, and is then updated by substituting the intensity
modulus by the measured data, while keeping the phase. This new i is propagated back to
the real space and the overlap constrain is applied. This new real space 1 will be used in the
next iteration of the algorithm.

Source: Adapted from MIAO et al. (71)

After PIE, several other algorithms have been developed for
reconstruction or optimization of ptychography reconstructions, allowing significative
improvements in the quality of the images and velocity of the reconstruction. Important
to mention, the algorithms applied in this work were the Difference-Map (69-70), and

Maximum-Likelihood Refinement. (81)
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1.2.3.4 PTYCHOGRAPHIC X-RAY COMPUTED TOMOGRAPHY

The high resolution and phase contrast of ptychography was first explored in 3D by
Dierolf et al. 2010 (82) using a combination of the ptychographic set up with a rotational
tomographic stage and received the name of ptychographic x-ray computed tomography
(PXCT).

By exploring the high phase sensitivity of ptychography in 3D, this technique
generates quantitative electron density maps of extended specimens at the nanoscale,
without any prior assumption such as negligible absorption or homogeneity. Similar to a
conventional computed tomography, the 2D projections reconstructed from the
ptychography data are used for the 3D reconstructions using standard tomography
algorithms, such as Filtered-Back-Projection (FBP).

The capability of obtaining absolute quantitative electron density from the phase
information is also an advantage of this approach over conventional tomography
methods. From the electron density, the mass density can be calculated (83), and this
information can be used for segmenting the different structures (84) and even for

interpreting the results and.

1.2.3.5 RELEVANCE OF PXCT FOR THE STUDY OF MICROFOSSILS

For the study of Precambrian microfossils, we can summarize the following
advantages of PXCT:

- The high phase-contrast allows microfossils of different compositions to
be imaged, even the kerogenous structures that do not present high attenuation
contrast;
- The nanometric resolution permits the investigation of the ultrastructure
of the fossil cells, providing information relevant for the understanding of their
morphology and taphonomy at the nanoscale. The integration of these
information can allow more robust evaluations of biogenicity;
- The high penetrability of X-rays 3D information thus obtained are
extremely important for completely resolving the micrometric-size specimens.
This 3D evaluation is essential specially for the evaluation of controversial,

poorly preserved or overlapping specimens;



64

- The quantitative electron density can provide a complementary
geochemical information, which are valuable for challenging biogenicity and

deciphering the taphonomic processes involved in the fossilization.
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2 OBJECTIVES

The main objective of this thesis is to evaluate the potentials of ptychographic X-
ray computed tomography as a novel method of nanopaleontology for the investigation
of Precambrian microfossils. These ancient records of life are of complex evaluation, and
a lot of controversy remains for the demonstration of biogenicity of several Archean
structures described as fossilized microbes. This work aims the development of the
approach for inspecting bona fide and putative Precambrian microfossils with PXCT for
achieving resolution, contrast and sampling volumes which are not covered by other
imaging techniques applied thus far. The morphological, geochemical and taphonomic
information obtained will be integrated for refining the current the biogenicity criteria

based in 3D quantitative nano-imaging.
2.1 SPECIFIC OBJECTIVES

- Development of the approach for the investigation of microfossils with
PXCT. This includes the strategies and methodologies for sample selection
and preparation, experimental setup, data treatment (tomographic
segmentation, morphometric analysis, quantitative mass density
estimation) and presentation of results;

- Evaluate the capabilities in contrast and resolution of PXCT for
scrutinizing microfossils of different geochemical compositions
(carbonaceous and mineralized);

- Evaluate the structures that can be distinguished on microfossils of
different morphologies and composition and compare with what was
observed by visible light microscopy;

- Perform 3D morphometric analysis for obtaining quantitative,
morphological biogenicity criteria;

- Evaluate bona fide microfossils for elaborating a basis of the

biogenic/taphonomic features observed that can be applied to evaluate
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controversial structures. This includes micron and nanoscale evaluation
of morphology, ultrastructure, geochemical composition, and traces of
taphonomic alteration;

Use the geochemical information obtained for assessing the taphonomic
history of the rock and evaluate its consistency with the presence and
preservation of the structures;

Use the knowledge obtained from the bona fide specimens for evaluating
the biogenicity of spheroids described as microfossils from the Barberton
Greenstone Belt;

Refine the biogenicity criteria at the nanoscale in 3D with PXCT.
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3 MATERIAL AND METHODS

3.1 SAMPLES DESCRIPTION

For a proper evaluation of the strengths and limitations of PXCT in the study of
Precambrian fossils, a set of samples composed by exceptionally well-preserved bona
fide microfossils, poorly preserved structures, carbonaceous cell walls and putative
early-Archean microfossils was selected.

A brief description of the samples and their geological context will be given in the
following sections. All the samples belong to the collection of the Center for Molecular

Biophysics (CBM), CNRS, Orleans, France, under responsibility of Dr. Frances Westall.

3.1.1 BONA FIDE MICROFOSSILS FROM THE GUNFLINT BIOTA (1.88 GA)

The Gunflint biota comprise the most remarkable Precambrian assemblage since
it contains the oldest universally accepted microfossils from the Schreiber Beach
Locality described by Barghoorn and Tyler in 1965. As described in the section 1, this
diversity and exceptional preservation of the structures make this biota a references for
evaluating the resolving capabilities of novel imaging techniques (49,61).

From this formation, we analyzed specimens from two Localities: Schreiber

Beach and Mink Mountain.

3.1.1.1 GEOLOGICAL SETTING

The Paleoproterozoic Gunflint Iron Formation (1.88 Ga) is the middle unit of the
Animikie Group. It is a 120-m-thick formation that extends for approximately 175 km,
from Thunder Bay (Ontario, Canada) to northern Minnesota. The formation was
interpreted as peritidal deposits, formed in shallow-water, marine evaporitic settings.

(75-76) The upper and lower members record transgressive-regressive marine cycles.
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Microfossil-bearing stromatolites are confined within two separate meter-scale
intervals containing a diverse assemblage of stromatolite forms. The Gunflint formation
hosts a diverse microbiota preserved in carbonaceous and iron oxide filaments and

spheres within a microcrystalline quartz (chert).(31,87)
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Figure 16 - Simplified stratigraphic representation of the Gunflint Formation.
Source: Adapted from POULTON et al. (88)
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3.1.1.2 SPECIMENS SELECTED

Schreiber Beach

Schreiber Beach corresponds to the locality where best preserved specimens
described by Barghoorn and Tyler 1965 are found. Previous nanoscale analysis
described these fossils to be composed by kerogenous material (48,89) of low
maturation state. (19) Different iron minerals have been described in specimens from
this locality, such as pyrite (90), Fe-silicates and Fe-carbonates. (20)

A large diversity of morphologies was observed in the petrographic analysis. The
specimens have a brownish color characteristic of kerogenous material and apparent
variable cell-wall thickness, but details of their ultrastructure could not be distinguished
due to the limit of resolution of the petrographic microscope.

Three regions of same thin section were selected and named GF1, GF2 and GF3.
They contained several different morphologies including filaments of different
thickness, spheroidal microorganisms of variable diameter and other complex
morphologies. These specimens were distributed within the z plane and could be
distinguished varying the focus on the petrographic analysis (Figure 17).

Sample identification: GF55

Figure 17 - Regions of Gunflint Schreiber Beach selected for the analysis. a,b, GF1 observed in two
different depth focus. Several specimens of variable morphology are distributed in different
depths. ¢, GF2 approximated region containing filaments and spheroids. d, GF3 containing
one specimen of eoastrion and other spheroids. Scalebar 15 pm.

Source: By the author



70

Mink Mountain

The microorganisms of Mink Mountain are poorly preserved if compared to the
specimens of Schreiber Beach. They have been described as carbon-poor specimens,
substituted by iron-oxide, precisely secondary hematite after magnetite. (85,87) Zones
rich in filamentous objects were observed to occur on the limbs of centimeter-scale
domical and pseudocolumnar stromatolites. This was the only morphology observed in
our samples and a region containing filaments of different length was selected (Figure
18).

Sample identification: 07CA22

Figure 18 - Micrograph of iron-oxide coated filaments selected from the Mink Mountain locality of the
Gunflint Formation. Scalebar 10 pm.
Source: By the author

3.1.2 CARBONACEOUS BONA FIDE MICROFOSSILS FROM THE DRAKEN FORMATION

(700 - 800 Ma)

3.1.2.1 GEOLOGICAL CONTEXT

Exceptionally well-preserved carbonaceous microfossils from the Draken
Formation, Svalbard, Norway, were selected. This consists of a Neoproterozoic deposit
with sediments forming a dolomitic conglomerate which includes silicified clasts rich in
microfossils, stromatolites and oolites. (91) From the stratigraphic setting, it has been
inferred that the depositional setting consisted of a quite shallow-marine environment,
where the microbial mats accumulated protected from the open sea by some type of

physical barrier. Turbulence periods probably occurred alternately, leading to storm-
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mediated burial and subsequent early silicification, resulting in the fine preservation

state of the microfossils encountered in this conglomerate.
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Figure 19 - Simplified stratigraphic representation of the Draken Formation.
Source: Adapted from KNOLL (92).

3.1.2.2 SPECIMENS SELECTED

The specimens selected for the PXCT analysis were described as allochthonous
planktonic microbes (91) and are identified as the genus Myxococcoides. Specimens
were found isolated or in colonies, and one of each type was selected.

Sample identification: 14S]J02



72

Figure 20 - Micrography of the selected colonial specimen (DK1) identified as Myxococcoides sp. of the
Draken Formation. Scalebar 20 um.
Source: By the author

Figure 21 - Micrographs in different focus planes of the selected isolated specimen (DK2) identified as
Myxococcoides sp. of the Draken Formation. Scalebar 20 pm.
Source: By the author

3.1.3 PUTATIVE MICROFOSSILS FROM THE BARBERTON GREENSTONE BELT (3.45
GA)

The Barberton Greenstone Belt (BGB) comprise one of the only two well-
preserved groups of early Archean rocks on Earth and represents an important window
to the emergence and evolution of life on Earth. A variety of traces of early life have
already been described in different units of this geological sequence (see (22,93) for
reviews). They are summarized in figure (Figure 23).

We are focused on the evaluation of the spheroidal structures of approximately 1
um of diameter, interpreted as coccoidal bacteria (56) based in size, shape, paired
morphology that resemble cell-division and colonial distribution. Westall et al. 2001
(56) investigated these structures in high-resolution using SEM after acid-etching the

samples, and revealed, for the Hoogenoeg Fm., some rod-shaped structures that could
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also represent bacillar bacteriomorphs. (Figure 22). The etching procedure, however,
can also introduce crystallites artefacts in the samples, adding controversy to their
interpretation according to Altermann 2002. (94) This controversy was also extended to
biogenicity of the spheroids, which according to this author, strongly resemble fluid
inclusions.

The reliance on morphology for a biological interpretation is problematic for
these structures, which correspond to a morphotype that is very challenging to be
distinguished from diagenetic features.

These samples are therefore well-suited for testing the capabilities of PXCT for
assessment of biogenicity. The results obtained in the bona fide microfossils from other
formations could also serve as a basis of the characteristics and types of biogenic

features that can be searched in the samples from BGB using this approach.

s

Figure 22 - Spheroidal structures from Kromberg Formation described as coccoidal microfossils (56). a,b,
Petrographic micrographs showing the colonial habit and distribution in groups of two or
more spherules. Scalebar 10 um. ¢, etched samples analyzed by SEM. Cluster of spherules are
visible together with acicular minerals. Scalebar 5 pm. d, Detail of image c showing a linear
association of three spherules. Scalebar 0.5 um. e, cluster of spherules partially embedded in
secondary calcite. Scalebar 5 pm.

Source: Adapted from WESTALL et al. (56)
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3.1.3.1 GEOLOGICAL CONTEXT

The Hoogenoeg (3.472 - 3.416 Ga) and Kromberg (3.416 - 3.334 Ga) Formations

are sequential units of the Onverwacht Group of the Barberton Greenstone Belt (Figure

23).
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Figure 23 - Generalized stratigraphic representation of the Barberton greenstone belt with the traces of
life of life that have been described in the different groups. The red boxes indicate the

provenance of our samples.
Source: Adapted from HICKMAN-LEWIS et al. (93)

The Hoogenoeg Formation consists of basalt and volcanic rocks (komatiite) with

interbedded chert horizons. (22,93) It has been interpreted as an intercalation of
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volcanic pulses with quiescent periods of sedimentation. The Kromberg unit is
composed by cherts alternated by basalts and sandstone horizons. Our samples are from
the Josefsdal Chert, a sedimentary unit interpreted as shallow-water environment and
subdivided in in facies that represent with a regressive-transgressive sequence of

deposition terminated by renewed volcanism. (93)
3.1.3.2 SPECIMENS SELECTED
We selected samples from the same sets analyzed by Westall et al. 2001. For each

formation, two spots in spheroids-rich regions were selected (Figure 24). They will be

referred as samples KB1 and KB2, HG1, HG2.

Figure 24 - Example of spheroid-rich region of the sample from the Hoogenoeg Formation were the FIB-
milled pillars were extracted. Scalebar 10pum.
Source: By the author

Hoogenoeg:

Sample identification: MW37-7

Kromberg:

Sample identification: SA-1
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3.2 SAMPLE PREPARATION

This work consists in the first application of PXCT to microfossil, and therefore
the development of a sample preparation protocol consists in a crucial part of this
project.

Aiming the best quality of data possible, the definition of the best shape for the
samples should take in account some characteristics inherent from the experimental
method.

First, for the tomographic measurements, samples need to be rotated 180
degrees while remaining in the field of view. For fulfilling this requirement, and
maintaining a relatively homogeneous depth during the rotation, while avoiding sharp
edges that could potentially create diffraction artefacts, the best geometry possible is a
cylinder.

For defining the size of this cylinder, one needs to take in account that each
tomographic projection of PXCT consists in the measurement of several superposed
spots, and consequently the scan time scales linearly with the volume of the sample and
in the fourth power with the aimed resolution. Therefore, we defined the diameter of the
samples as 15 to 20 um, for considering this an adequate sampling volume for
containing one or several microfossils, depending on their size, while still achieving
feasible scan times and good spatial resolution for the limited beamtime that we have in
a synchrotron experiment.

The first challenge was to ensure that each cylinder contained the structures of
interest. For being able to cut and extract samples with high a precision, cylindric pillars
were prepared by FIB-SEM. The height of these pillars varied depending on the time
necessary for the milling of the rock and is, in average, equal to their diameter.

The protocol for defining the sampling region is illustrated in the Figure 25 and
consist in the following steps:

- Samples have been previously prepared as petrographic thin sections of 30 pm

thickness and without cover glass.

- Petrographic analyses were performed for selecting the specimens and

regions of interest. An important criterion was the selection of specimens close

to the surface to ensure they would be inside the extracted pillar.
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- The region of interest was photographed using transmitted light, which is the
type of illumination that allows the detection of the microfossils.

- The same area was also photographed using reflected light, an illumination
that provided surface information.

- These images were overlapped in order to correlate the structures of interest
with topographic features that could be detected in the SEM. When the sample
had no surface features, a diamond marker was used to create fiducial marks
to be used as reference.

- Based in the correlation of topographic information, these regions of interest
were localized in the SEM. “Zooming” series of images were recorded for

allowing the FIB-SEM operator to localize the regions.

Figure 25 - Example of the protocol for preparing the cylindric samples for PXCT. a, Visible Light
micrograph showing the structures of interest (red spot) using transmitted light and b, the
same field of view observed by reflected light. ¢, SEM image showing the same spot observed
in a and b. d, SEM image of the resulting pillar after the FIB milling and mounting in an

OMNY pin (95). Scalebar: 20 pm.
Source: By the author

The preparation of cylindric pillars is not a common protocol for FIB-SEM
laboratories since this is not the standard geometry used for other approaches. Most of

our samples were prepared at ScopeM, Ziirich, Switzerland, due to their experience with
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this preparation, specific for PXCT experiments. The procedure was conducted by Dr.
Joakim Reuteler using a Zeiss NVision 40 Gallium.

Two samples were prepared by Dr. André Rossi from the LABNano, at the Centro
Brasileiro de Pesquisas Fisicas. This was the first time that this type of sample was
prepared in this laboratory, and due to limits in the angle range of the microscope stage
(TESCAN LYRA3), the samples could not be prepared as perfect cylinders. The
implications of this limitation are discussed in the section 4.2.4.

The pillars were mounted on PXCT pins designed for the setup of cSAXS
beamline, the flIOMNI tomographic pins. (95)

3.3 PXCT MEASUREMENTS

The PXCT measurement were performed in two rounds of experiments at the
cSAXS beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institut, Villigen,
Switzerland. These experiments were part of the proposals 20171702 and 20181078, of
which I was the author and principal investigator and comprised a total of 24 shifts (8
days) of beamtime.

The cSAXS (X12SA) is the coherent Small-Angle X-ray Scattering beamline of the
SLS. It has an energy range of 4.4 - 17.9 keV, and beam size range of 25x10 pum? to
1.5x0.8 mm?2. We used a photon energy of 6.2 keV because it corresponds to the
optimum flux of the beamline (~2x1012 photons/sec at E = 6.2keV, 400mA ring current).
The measurements were performed using the flOMNI setup. (96) The sample was placed
downstream of the focal spot, and the beam at the sample position had a diameter of
approximately 4 pm. The scan points were positioned following a Fermat spiral
trajectory (97) with a step size of 1.2 uym and consequently 70% of overlap, and an
exposure time per point of 0.1 s. The ptychographic projections were reconstructed in
an area of 300x300 pixels of the Pilatus detector with pixel size of 172 pm? (experiment
20171702, samples GF1, GF2, DK1, MM, KB1 and HG1) and of 400x400 pixels of the
Eiger detector with pixel size of 75 um? (experiment 20181078, samples GF3, KB2, HG3,
DK2), both placed 7.362 m downstream of the sample. We used 600 iterations of the
Difference Map (DM) algorithm (80) followed by 400 iterations of the Maximum
Likelihood (ML) refinement. (81) For tomography, 1100 projections equally spaced over

a 180-degree angular range were recorded. The phase of the reconstructed projections
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was used after post-processing alignment and removal of constant and linear phase
components (88-89), and a modified filtered backprojection algorithm was applied for
the tomographic reconstruction. The final 3D resolution of each set of data was
determined by Fourier shell correlation (FSC) (100) with the %2-bit threshold criterion.
(101)

3.4 IMAGE TREATMENT

To separate virtually the different materials present in the tomographic data, the
process of segmentation was applied on the images. It consists in generating different
masks (labels) for each material of interest in all the tomographic slices (Figure 26).

These can be then used for the generation of 3D surfaces and data reduction (section 3.5
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Figure 26 - Scheme of the process of segmentation for tomographic data.
Source: AMIRA-AVIZO SOFTWARE (102)

The analysis, treatment and segmentation of the tomographic data were done
with the software Avizo 9.5 (Thermo Scientific).

The strategy for the segmentation varied depending of the inherent
characteristics of the data, such as the size and shape of structures present, contrast
between structures and matrix, presence of noise and/or reconstruction artefacts. The

intensity of the pixels was the major criterion for the segmentation due to the
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quantitative information of electron density. To keep the quantitative information for
the pixel intensity of each feature, we did not apply any filter in the images. The
structures were segmented mostly using a combination of threshold and magic wand
tools. For the threshold, they were first separated in different labels based on the
intensity histogram, observing which range of intensity better included the pixels of
each material. Then, all the slices were evaluated to identify structures or regions that
were not segmented due to artefacts such as partial volume effects. These were added to
the respective labels using the magic wand. The watershed tool was also used for the
data presenting several different material phases, followed by a manual refinement. For
this, after the thresholding strategy, the watershed was applied, separating all the
existing phases in labels, and therefore requiring less manual refinement with the magic
wand.

From the segmented data, surfaces were rendered for analyses and inspections in
3D. Both the 2D tomographic slices and the 3D segmented surfaces were used for the
inspection of features. Morphometric analyses were performed using the measurements
tool and the label analysis. For diameter calculation, we applied the function EqDiam,
which computes the equivalent diameter of the sphere with the same volume of the
structure.

For all mass density analysis, the histograms of the segmented materials were
evaluated to ensure that the label consisted of only one material phase, and the
segmentation was refined in case they were not. The contributions of each material are
expected to have a normal distribution in the intensity histogram. (84,102) The removal
of pixels in the border, which are composed by a mixture of materials (explained in
detail in section 3.5.1), is important for providing the true electron densities values. For
decreasing the contribution of such border pixels, the segmented selections were
shrunken by 1 to 3 pixels. This procedure was performed iteratively, and the intensity
histogram was checked after each compression for evaluating the shape of the
histogram distribution. This process was complemented by the function smooth labels
that was applied with a kernel size of 3 pixels. This function identifies the probability of
each pixel to belong to the material or to the exterior based on the intensity of the
neighbour pixels within the kernel size. The kernel size was defined based in the fact
that the pixel size is smaller (by less than 2 times) than the spatial resolution achieved

for all data.
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3.5 ELECTRON DENSITY EXTRACTION AND MASS DENSITY

QUANTIFICATION

For the quantification of mass and electron densities, the first step is to identify
the range of pixel intensities for each material. The high contribution of silica in the
intensity histograms of the full volume hinders the identification of the minority phases.
Therefore, the segmented data represents an alternative for obtaining more precise
intensity values for each material.

The segmented material labels were exported as TIFF masks which were used for
the extraction of the intensity histogram using the software FIJI. Gaussian functions
were fit to the histogram using the software MagicPlot 2.8 (Magic Plot Systems, LCC).
These gaussians were used to obtain the center of the pixel intensity distribution of each
material and its range of distribution, taken as the full width at half maximum (FWHM)
of the curve.

The pixel intensity values of these tomograms provide the real part d(r) of the
complex refractive index of the sample, n(r) = J(r) + if(r) (described in section 1.2.2).
The electron density ne(r) was retrieved from the d(r) values using the relation ne(r) =
2ro(r)/A?ro, where 1o denotes the classical electron radius and A the wavelength of the
probing radiation, as described in detail in Diaz et al. 2012. All the retrieved electron
density values were normalized by the subtraction of the electron density of air.

The mass density was estimated based on the electron density using the formula
p = neA/NaZ, where A is the molar mass, Z is the number of electrons and Nj is
Avogadro’s number. (83) We used the A and Z of the candidate minerals when known.
For kerogen as a candidate, we used the average composition of Ci75H10209N4S;,
estimated by Ungerer, et al. 2015 (103), which results in the ratio of A/Z = 1.92 g/mol
and is in agreement with typical values for this ratio in other biological compounds. (84)
The ratio of A/Z has been shown to be 1.8 > 2 for materials composed mostly of light
atoms. (84) We observed that, for minerals of higher density, (e.g. iron oxides: hematite
(5.24 g/cm3) and maghemite (4.87 g/cm3)) the resulting ratio A/Z is equal to 2.1. For
materials of disputed affinity, we used the strategy of starting the calculations with a
given ratio (between 1.9 and 2.1 depending upon the electron density) and when

obtaining candidates, optimizing the results using the A/Z of the candidates. The
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calculated mass densities were compared with mineral candidates using the density

values found in the mineral database Mindat.org.

3.5.1 CONSIDERATIONS OF PARTIAL VOLUME EFFECT FOR QUANTITATIVE

ANALYSIS

As described in sections 1.2.3.4, the reconstructed PXCT images provide a
quantitative electron density maps of the specimens. The capacity of retrieving true
Ar) values from the images depends on the spatial resolution and the size of the
structure of interest.

In the intensity histogram retrieved from a reconstructed tomogram, the x axis
represents the intensity of a pixel, which can be converted in o(r), and the y axis
represents the counting of pixels with that given intensity. In the interface between an
object and its surrounding medium, there is a region where the pixels are composed by
more than one material, and their resulting grey value represents an averaged intensity.
This can also happen for the presence of non-resolved porosities, i.e. smaller than the
spatial resolution. This artefact is called partial volume effect and is caused by and
dependent on the limit of resolution (93-94) In the histogram, this effect can be seen as
a tail in the curve distribution (Figure 27).

Nonetheless, when the objects of interest have small dimensions, i.e., in the order
of the spatial resolution, they might have a proportion of voxels (3D pixel) within the
region of partial volume effect higher than of voxels contained within the area with the
true electron density values for that material. If we consider a spherical particle of
radius R, we can describe this effect in terms of the volume V and surface area As. For
obtaining a higher counting of voxels with true electron density values, this particle
should have a number of voxels in the volume (ny) higher than within the surface of the
material (n4). Considering that the voxel width is the spatial resolution /, the relation ny

> nacan be define as:

41 (R3 A R?
?<T)> ”<T> ()
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R > 3l
(2)

This states that, for a material to have a histogram with a distribution of pixel
intensity consistent with its true electron density, its minimum width in any plane
should be higher than 6 times the spatial resolution (diameter of a sphere of radius 3).

Some structures such as the carbonaceous cell walls of organic-walled fossils are
commonly compressed or discontinuous due to recrystallization of quartz crystals. This
means that, in some planes, these structures present thicknesses smaller than the
minimum required for the quantification of their true electron density values. The
distribution of intensity values of these materials is observed as a partial volume effect

tail in the curve of the silica matrix (Figure 27).
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Figure 27 - Histogram of pixel intensity of the sample DK1. The air (blue gaussian) and silica (grey
gaussian) curves have a normal distribution. The kerogenous material should be found
within the green region but has no distinguishable curve due to strong partial volume effects
from the surrounding silica.

Source: By the author.

For the materials where this phenomenon is observed and the mass density
cannot be precisely estimated, it is only possible to obtain the minimum or maximum
electron density, depending on the density of the surrounding material. For example,
since the kerogenous structures are immersed in a silica matrix of higher density, the
partial volume effect shifts the intensity to higher values. From the minimum intensity

values of the segmented structures, we can have an estimation of the minimum electron
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and mass density of this material, which could, in principle, provide a preliminary
information about it.

Another implication of this effect is that eventual porosities below this limit of
size can also lead to misinterpretations of electron and mass densities. Therefore,
previous knowledge about the sample mineralogy and degree of porosity is important

for the correct interpretation of the results.
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4 RESULTS AND DISCUSSION

4.1 MINK MOUNTAIN LOCALITY OF THE GUNFLINT FORMATION

The sample from Mink Mountain was expected to have the best contrast due to
the presence of iron-oxides as minerals involved in the preservation of the filaments.
(85,87)

The specimens analyzed were interpreted Gunflintia sp. Barghoorn 1965 based
on morphometric similarity to formerly described specimens from other localities of the
Gunflint Formation. (20,31)

The 3D spatial resolution calculated by FSC was 52.5 nm and the pixel size 28.53
nm. The mass densities calculated based in the retrieved electron density and the

candidate compounds for this samples are shown in Table 1.

4.1.1 DESCRIPTION OF THE MORPHOLOGICAL FINDINGS

The filaments have a shape consistent with the morphology of Gunflintia sp, with
an average diameter of 1 um and variable length. They are immersed in matrix with a
mass density of 2.69 * 0.08 g/cm3, consistent with quartz (Table 1) as expected from
previous studies. (85) Besides the iron oxides already recognized by visible light
microscopy (orange in Figure 28 c,d), the filaments are also composed by an irregularly
shaped material of low density which was not detected by visible light microscopy

(green in Figure 28).
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Figure 28 -

a, Photomicrograph of filamentous microfossils apparently preserved as a red-brown iron
oxide by visible light microscopy. The circle indicates the region selected for PXCT analysis.
b, SEM micrograph of pillar sample prepared by FIB-SEM attached atop the OMNY pin. c,d,
3D renderings (side and top views, respectively) of the PXCT data showing the distribution
of the fossil filaments in the interior of the pillar. The view in d corresponds to the same
orientation as the outlined region shown in a. The white arrow indicates one of the
kerogenous regions (green/blue) invisible in optical microscopy in a. The structures in
orange represent the only visible features resolved by optical microscopy and correspond to
euhedrall® and anhedral!! maghemite crystals. Scale bars 5 pm.
Source: By the author.

The electron density distribution of this irregular material consists of a broad

curve that suffers from partial volume effects. A separated fit was done in the segmented

material to allow a more precise estimation of its mass density (Figure 29).
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electron density e/A* electron density e/A*

a, Histogram of electron density and Gaussian fits for all materials. b) Fit done for kerogen
(green) using the histogram obtained from the segmented data for a more precise
estimation. The partial volume effects are considered as mixtures of gaussians in the
interfaces with silica (light grey) and voids (dark grey).

Source: By the author.

10 Well-formed minerals with sharp, easily recognized faces.

11 Minerals with no well-formed crystal faces.
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The calculated density value is 1.43 + 0.45 g/cm3, consistent with the range for
density of kerogen (1.19 g/cm?3 to 1.77 g/cm3) and indicating the prevalence of kerogen
of high thermal maturation. (107-109) The presence of more than one curve of lower
electron density indicates that unresolved porosities might comprise minor phases of
possibly lower density kerogen. The irregular shape can be explained by the
displacement caused by Ostwald ripening of silica crystals during late diagenesis. (109)
The thermal maturation of kerogen increases its density and induce the formation of
pores or microcracks filled with hydrocarbon. (110-111) These cracks are observed
inside the kerogenous mass (blue in Figure 28 and Figure 30). They have dimensions at
the limit of the spatial resolution, and their electron density values are within the partial

volume effect tail of the kerogen curve.

electron density e/A? 15

Figure 30 - a,b, Details of tomographic virtual slices showing two different fossil filaments within the silica
matrix. They are mostly composed of an irregularly distributed kerogenous material (k).
Fracture voids (v) are visible within the kerogen, indicating a high maturity and brittle
behavior. The irregular aspect of the kerogen probably results both from Ostwald ripening of
the impregnating silica and brittle deformation with void formation. Higher density
maghemite crystals (m) are present as euhedral and anhedral crystals. ¢, 3D detailed
segmentation views of a filament showing maghemite crystals with cubic and octahedral
morphologies, and the kerogen (semi-transparent green) with interior fracture voids. d,
internal view of the kerogenous region present in ¢ showing the distribution and shape of the
fracture voids (blue). Scale bar 1 pm.

Source: By the author.

The iron oxides are distributed heterogeneously along the filaments and the
calculated density is 4.83 * 0.08 g/cm3. Although this mineral has been previously
described as secondary hematite (85,87) this density is inconsistent with the density of
this mineral also with and magnetite (Table 1). It is, however, consistent with the

presence of the less common iron oxide maghemite (y-Fez03). Our nanometric spatial
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resolution allows virtual 3D rendering of the euhedral crystals and reveals their

octahedral and cubic morphologies, further corroborating this interpretation.

4.1.2 MASS DENSITY QUANTIFICATION AND GEOCHEMICAL INTERPRETATION

Table 1 - Phases of compounds identified from the samples of Mink Mountain locality of the Gunflint
Formation based in the calculated mass densities.

Mass density Reference mass
Candidates Reference material
(g/cm3) density (g/cm3)
Silica 2.69 £ 0.06 Quartz 2.65
1.43 +0.45
Kerogen Mature kerogen 1.25-1.77
Hematite 5.24
Magnetite 5.18
Maghemite 4.83 £0.08
Maghemite 4.87

Reference minerals source: www. mindat.org (112)

Source: By the author

4.1.3 TAPHONOMIC IMPLICATIONS

The presence of kerogen of high-density with the presence of fracture voids
supports previous studies that estimated high diagenetic temperatures of 210-230°C for
this locality. (19) The persistence of these fractures further indicates that kerogen
metagenesis occurred post-diagenetically, after the infiltration of fluids, such as the iron-
rich groundwater that probably percolated the rocks when they were still porous. (87)
These soluble ferrihydrites (iron oxide-hydroxides) probably adhered to the
carbonaceous material, further compressing it while growing into larger crystals of
maghemite. The heterogenous distribution of these maghemite crystals, the presence of
small crystals adhered to the kerogen and the lack of crystals completely surrounded by
kerogen (Figure 30) supports this interpretation over the biogenic hypothesis for this

iron oxide. (85)
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The identification of maghemite rather than hematite, which was further
supported by magnetic analysis (Extended data 4,5 from Appendix), also provides a new
comprehension of the taphonomic processes involved in the preservation of microfossils
from this locality and highlights its uniqueness taphonomy of microfossils when
compared with the typical preservation of carbonaceous microfossils from other
localities. Maghemite can be formed directly from iron hydroxide (ferrihydrite)
precursors in environments with high amounts of organic ligands and high P/Fe ratios.
Conversely, when ligand concentrations are low, the metastable maghemite phase is not
formed and haematite is the product of ferrihydrite transformation. (101-102) This
indicates that the presence of organic material - in this case of biogenic origin - and its
maturation with release of organics drove a localized taphonomic pathway of the iron
oxides at the micron-scale. This is markedly different from the taphonomy of the
formation in general, where the organics were present in lower concentrations resulting
in haematite as the dominant mineral and hindering the detection of maghemite by

conventional techniques, such as bulk X-ray diffraction. (85)

4.1.4 DISCUSSION ON BIOGENICITY CHARACTERS

Despite the fact that the kerogenous material is not defining the cell walls of the
filaments such as in other localities of the Gunflint Formation (20), the diameter of the
kerogenous component is homogeneous at the micron-scale in all observation planes
and along the full extent of the filaments, which is consistent with a biotic morphology.
The density of this organic compound is also an important biogenic character, since it
can exclude the possibility of crystalline graphite or the condensed Fischer Tropsch-type
carbonaceous material formed in hydrothermal settings. Those are abiotic carbonaceous
material that commonly lead to controversial interpretations of putative biogenic
structures. (24-25,40,103) Moreover, the thermal maturity of the kerogen supports its

singenicity with the host rock, discarding hypotheses of more modern contaminants.
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4.2 SCHREIBER BEACH LOCALITY OF THE GUNFLINT FORMATION

The spatial resolution was obtained for GF1, GF2 and GF3 are, respectively: 58.8
nm, 46.7 nm, 56.0 nm. GF 1 and GF2 have pixel sizes of 28.53 nm and GF3 of 35.11 nm.
Some artefacts due to sample preparation were observed for the samples GF1 and GF2
and will be discussed in detail in section (4.2.4).

Only one phase of material, less dense than silica, was observed to be composing
the fossil specimens of the three samples. Although iron minerals have been previously
described in specimens from this locality (20,90), no other mineral with density higher
than silica was observed in any of the samples. If present, any of these minerals should

be smaller than our obtained spatial resolutions and could not be resolved by PXCT.

4.2.1 DESCRIPTION OF THE MORPHOLOGICAL FINDINGS

Sample GF1

Several microfossils of different morphologies could be distinguished (Figure 31)
within the sample. The morphotypes that can be distinguished are: six thin filaments
(0.9 > 1.5 um) and one thick (~ 4 um) (see Table 2 for morphometric details), at least
eight small spheroids ( ~ 1pum), two medium size spheroids (~2 to 3 pum) and one
complex structure composed of one large spheroid surrounded by smaller spheroids.

An interesting aspect to notice is that, when observed from the lateral view, the
filaments seems to display a common orientation towards an up-diagonal direction
(Figure 31) relative to the sample. This orientation, similar to the axis of the microscope
depth focus, is difficult to be evaluated by petrographic analysis. The orientation of
filaments is a characteristic typical of photosynthetic community, and its absence for the
filaments of Gunflint Formation has already been used as an argument against their
photosynthetic nature. Although the orientation of biofabrics can be evaluated in
macroscopic and microscopic analysis, irregularities caused by the three-dimensionality
of the mat might happen at local scales, and when directed towards the microscope
depth focus, might not be perceived. The orientation of all the six filaments in our
sample is in agreement with the hypothesis of a photosynthetic community.(116)

As listed in section 1.1 a preferential orientation of filaments for being indicative

of the formation of biofabrics is also considered an additional biogenic character. When
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the structures are not parallel to the plane of the petrographic thin section, 3D images
would be required for observing this type of configuration. The evaluation of a relatively
large area, i.e. covering a large number of specimens, is also necessary for probing such
orientation patterns. This micron-scale orientation arrangements would be difficult to
be probed by sole petrographic analysis as this would require the specimens to be (at
least closely) oriented parallel to the thin section plane or within the focus depth of the

lens, and impossible with electron microscopies.

Figure 31 - Results of sample GF1. a, petrographic image of the area sampled. b, sample approximately in
the same orientation of a showing that different specimens could be distinguished, some
perpendicular to the observation plane, making their identification by petrographic analysis
more difficult. ¢, lateral view of the sample showing the distribution of the specimens within
the rock that has approximately 10 um of high. d, only filaments rendered in 3D for showing
their orientation towards an up-diagonal direction. Scalebar 5 pm.

Source: By the author.

The cell walls of the microfossils present a high degree of discontinuity. In 2D
slices it is possible to see that they commonly show a “saw-tooth” morphology (Figure
34a,b, Figure 32a,c). These characteristics were observed in previous TEM studies and
can be interpreted as a result of the rearrangement of the carbonaceous material by the
recrystallization of amorphous silica into quartz crystals. (32-33) If the thickness of the

cell walls is constricted by the quartz crystals to values below our obtained spatial
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resolution, they are not resolved and could also have led to the appearance of
discontinuity.

For the filamentous specimens, the observed results display a good similarity
with the 3D images of FIB-SEM analysis (32,49) which also showcased the discontinuity
in the cell walls. With FIB-SEM, Wacey et al. 2012 also described hints of septation on
filaments that could also be artefacts resulting from the gap between the FIB slices, thus
hindering the identification of the specimen analyzed destructively. In our analysis, five
filaments were distinguished in the sample GF1 (Figure 32,Figure 33), none of them
containing internal traces of septa, but some containing periodical constrictions
indicative of septation (Figure 32c). Is important to notice, still, that the discontinuous
texture of the cell wall, when observed in 2D cross-sections close to the surface of the
specimen, display a morphology that resemble septa (Figure 33c) and is very similar to
the septation pattern observed in some specimen with petrographic analysis (see
filament observed in Figure 5H for an example).This could lead to a misinterpretation on
a 2D evaluation, for instance with a TEM slice or even a petrographic analysis. The
presence of septation is a biogenicity character of filamentous fossils, and has been
important for the interpretation of Archean structures such as the putative fossil
filaments from Apex Chert (Figure 6). (25,46)

In terms of taxonomic affiliation, sheath-like filaments with no septation are
classified as Siphonophycus, while the septate ones are classified as Gunflintia. (31-
32,105) Morphometric analysis of the filament’s widths (Table 1), revealed the presence

of at least four morphometric distinguishable species.
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Figure 32 - Filaments present in the sample GF1. a, a “saw-tooth” morphology is visible in the filament (red arrows) that has a width
of 1.50 + 0.13 pum and is rendered in 3D in b. This pattern suggests a taphonomic alteration but traces of septation
cannot be discarded. ¢, Thinner filament, with 0.90 + 0.11 um of width showing traces of a constriction pattern
indicative of septation (white arrows). d, 3D rendering of the filament shown in ¢ and a second similar one in the back of
the plane (looking thinner due to the perspective). The septation and width is consistent with the genus Gunflintia. e, f,
Filament with 1.23 + 0.05 pm of width and no trace of septation, which is confirmed in the hollow view observed in the
transversal section in g. The lack of septation is suggestive of the genus Siphonophycus. All images are in the same scale,
except for g. Scale bar 1 um.

Source: By the author.

Table 2 - Width (in um) of filaments from Gunflint Schreiber Beach obtained by morphometric analysis of

the PXCT data.
GF 2 GF1
green light blue orange light prink dark pink
(Fig. 32¢,d) (Fig.32f,g) (Fig. 33) (Fig.32a,b) (Fig. 31)
1.50+0.13
0.99 £ 0.05 0.90+0.11 1.23£0.05 1.42 +£0.16 3.98 +0.34

Source: By the author
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Figure 33 - Filament from sample GF1. a, 3D rendering showing a non-continuous, irregular wall. b, detail
of a longitudinal section in the center of the specimen showing an irregular patter with saw-
tooth-like morphology (red arrows), but no inner traces of septation. ¢, longitudinal section
close to the edges showing a “septa-like” pattern (white arrows), similar to what is commonly
observed in petrographic analysis. d, transversal section showing a hollow space with traces of
carbonaceous material. Scalebar 1pum.

Source: By the author.

From the spheroidal specimens classified as Huroniospora, the best preserved
one is showed here in detail in Figure 34. It has a diameter of 3.4+0.2 um and when
observed in 2D it presents the already mentioned “saw-tooth” morphology typical of
kerogen displacement during quartz crystallization. The 3D rendering revels a
structuration of the kerogenous material forming an wall reticulation similar to the
species described in Figure 5 as Huruniospora macroreticulata. This wall reticulation
was first observed by visible light microscopy and used to argue against a cyanobacteria
origin. (116) Further TEM analysis denoted the features of kerogen displacement by
quartz and reinterpreted these features as diagenetic alteration. (20) Our 3D results
show that the holes in the wall have different sizes and are irregularly distributed across

the spheroid, corroborating this interpretation.



Figure 34 - Microfossil identified as Huniospora. ¢, 3D rendering after removal of the structures in the
back of the fossil to make it easier the observation of the cell wall structure. The reticulation
pattern is similar to what is observed in the specimen of Huroniospora macroreticulata of
Figure 5 G. d, the complete view of the specimen shows the irregularity of the holes,
corroborating the diagenetic hypothesis. Scalebar 1 um.

Source: By the author.

One microfossil was in the bottom of the sample and only about half of its full
diameter was imaged (green in Figure 31c). It is composed by a large spheroid (~3 pm)
surrounded by smaller (< 2 um) tubercle-like spheroids of variable dimensions (Figure
35). This pattern of association of spheroids is similar with the morphology of the genus
described as Eosphaera (31) (see Figure 5 A,B), although our specimen’s diameter is
significatively smaller (~ 8um versus 30 um described). These species are the most
ancient complex microfossil and has no extant comparable form. It has been evaluated in
detail by FIB-SEM(49), which also confirmed the presence of a thinner (~ 100 nm) outer
wall surrounding the spheroids. The specimen we have analyzed presents no traces of
external wall. The possible explanations for this observation are: the thinner wall was
present and has been lost during the fossilization process; the wall is present but is
thinner than the obtained spatial resolution (58.8 nm) thus could not be resolved; or
this specimen is not an Eosphaera, but a different genus that comprises smaller
specimens lacking outer walls. To the present date we do not know if it belongs to an

already described group or if it comprises a new genus.
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Figure 35- Microfossil with a structural pattern similar to Eosphaera a, intersection of 2 tomographic
images in different planes (indicated by the dashed lines) showing the presence of
tubercular small spheroids of different sizes in both planes. b, detail of the distribution of
tubercular spheroids surrounding the larger one. ¢, 3D rendering of a section of the
specimen for showing its hollow aspect forming a larger spheroid. d, 3D rendering of the
complementary part presented in ¢ showing the “bottom” of the specimen, with the closing
of the spheroid. Small wholes represent the areas where the tubercular spheroids are
attached. The darker green in c¢,d shows the interior faces of the 3D surface exposed by its
sectioning. Some spheroids can be distinguished, but their discontinuous walls generate a
“cloudy” appearance in 3D. Scalebar 1 um.

Source: By the author.

Sample GF 2

The sample GF 2 was prepared not with a perfect cylindrical shape and had
traces of platinum, which was used for the attaching of the rock in the tomographic pin.
This resulted in image artefacts, discussed in detail in section 4.2.4.

Several regions with sparse concentration of kerogen were observed within the
sample, but most of them with a high a degree of discontinuity, making it difficult their
identification. Only one filament could be completely reconstructed in 3D (Figure 36),

but fragments of other filamentous specimens were also distinguished (rendered in
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green). Similar to the specimens from sample GF1, the filament observed is also oriented

towards an up-diagonal direction.

Figure 36 - PXCT results for sample GF2. a,b top-view of the square-like sample with fossils distributed
inside. A filament is distinguishable, but the other specimens present a high degree of wall
discontinuity, hindering their interpretation. ¢, detail of the filament complete (orange) and
traces of incomplete smaller filaments (green). d, lateral view of the sample showing the
filament oriented up-diagonally and the other incomplete, indistinguishable specimens. e, 2D
section of the filament rendered in 3D in f, showing the saw-tooth morphology and no
internal septa. Scalebar 1 pm.

Source: By the author.

Although this sample is a spot from the same region as sample GF1, the
microfossils cannot be well visualized, probably due to sample preparation artefacts,

highlighting the importance of this process for the quality of the obtained results.

Sample GF3

The results of sample GF3 showed a sampling shift in relation to the area of
interest (Figure 37). This was probably caused by misalignment of the visible light and
SEM micrographs during the selection of the spot to be FIB-milled.

All the specimens were localized at the edge of the pillar and were thus sectioned.
This sectioning, plus the discontinuity of the kerogenous materials, made it difficult the
identification of the specimens and their proper evaluation. No additional information

was obtained on this sample.
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Figure 37 - Result of Sample GF3. a, b, top view of the sample showing the specimens distributed in the
corner of the pillar. The sampling area is shifted in comparison with the desired area show in
b. The sectioning of the microfossils and their discontinuous morphology hinders a proper
identification. c, lateral view of the sample showing the specimens depth distribution. d,
microfossils showing projected structures with some resemblance with eoastrion (star-like
specimen shown in b). Scalebar 3 pm.
Source: By the author.

4.2.2 MASS DENSITY QUANTIFICATION AND GEOCHEMICAL INTERPRETATION

The segmented material of sample GF1 was used for the calculation of the mass
density of the kerogenous material. Although most of the fossils were composed by thin
features, the shrinking and smoothing procedure allowed the removal of the mixture
phases and the quantification of the material in the center of the larger masses of
kerogen, where the histogram showed no partial volume effect. Materials within the
region affected by sample artefacts where not used for the analysis.

The mass density obtained for kerogen is 1.51 + 0.21 g/cm3, a density consistent
with kerogen of high thermal maturation, and inconsistent with any iron mineral, which,
as previously explained, could be expected to be involved in the fossilization of these
structures, and also with abiotic carbonaceous materials as amorphous graphite. The
possibility of influence of silica towards a higher density range cannot be fully excluded

due to the small diameter of the carbonaceous structures. However, even the lowest
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densities within the estimated range is still consistent with mature kerogen (i.e. higher

than 1.25 g/cm?3 (109)).

Table 3 - Phases of compounds identified from the samples of Schreiber Beach locality of the Gunflint
Formation based in the calculated mass densities.

Mass density Reference mass
Candidates Reference material
(g/cm?3) density (g/cm3)
Silica 2.67 £0.09 Quartz 2.65
1.51+0.21
Mature Kerogen Kerogen 1.19-1.77

Reference minerals source: www. mindat.org (112)

Source: By the author

4.2.3 DISCUSSION ON BIOGENICITY CHARACTERS

The results obtained for Gunflint Schreiber beach are important for the
discussion of the type and variety of biogenic characters that can be accessed with PXCT.
Several characteristics observed on these bona fide microfossils comprise biogenicity
criteria which can be explored in the evaluation of other structures:

- discrimination of filaments orientation within the micron-scale. This
characteristic is indicative of biofabrics and can support biogenicity claims;

- discrimination of surface textures of filaments that in 2D images resemble
septa. The presence of septation is a biological character for filamentous structures and
the misreading of surface textures can lead to erroneous biogenic interpretations;

- morphometric analysis of width (and additionally other of volume, shape and
cell-wall width that are also possible) can be made in 3D, providing more robust results
for the whole specimens;

- discrimination of biological textures from taphonomic alterations such as
kerogen reorganization is important for distinguishing bona fide microfossils from
common artefacts of rearrangement of abiotic carbonaceous material, such as
volcanogenic pseudo-fossils (41);

- mass density quantification allows the discrimination of kerogen from denser

materials as abiotic amorphous graphite. The maturity of kerogen can also be important

for distinguishing it from immature kerogen later contaminations;
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4.2.4 SAMPLE ARTEFACTS

The samples GF1 and GF2 were the only ones that had residues of platinum from
the FIB manipulation and attachment on the tomographic pin. The residues influenced
considerably the quality of the final images (Figure 38). The fact that this material has a
density considerably higher than the rock (more than 19 g/cm3) lead to the generation
of tomographic reconstruction artefacts in the images. This can be clearly seen as a
darker region in the bottom of the samples that is perfectly correlated to the height of
the platinum residues. In sample GF1 from the top view it is possible to see white and

dark stripes irradiating from the platinum at the border of the sample (Figure 38b).

Figure 38 - Artefacts from sample preparation. a, Lateral view of samples GF1 showing the influence of the
platinum outside the sample that generates a darker region within it. b, top-view showing the
stripes artefacts irradiating from the platinum. ¢, Lateral view of sample GF2 showing the
same darker region of a caused by the outer platinum. d, diagonal section of GF2 showing the
filament and other indistinguishable fossils within the sample, some within the darker region.
Scalebar: 3 pm.

Source: By the author.

The geometry of the samples is also an important aspect. The sample GF1
presented irregularities in the circular shape due to a displacement of the sample during

the milling. This irregularity can be seen as round stripes surrounding the sample
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(Figure38a,b). The light color of the stripes is probably due to the accumulation of
gallium used for the FIB milling in these rims created in the sample. Although this
artefact did not propagate through the sample, it added difficulties for the segmentation
of features. For sample GF2, there are no visible artefacts resulting from the square-like
morphology. The worse quality of the images, and difficult evaluation of fossils if
compared to the fossils on sample GF1, which was extracted in the same region, could
suggest a negative influence of this geometry for the final images.

These results highlight the importance of the sample preparation for the

obtainment of good quality of data.

4.3 DRAKEN FORMATION

The 3D resolution obtained for sample DK1 and DK2 was 62.5 and 51.0 nm and
the pixel size 28.53 nm and 35.11 nm respectively. The two samples revealed
microfossils with walls composed of only one material phase but with significative
morphological differences. No sub-cellular structures were observed despite the high-
resolution achieved, confirming their low potential of preservation compared to the cell
wall. For sample DK1, the material observed in the petrographic images, which might
correspond to collapsed cytoplasm, was not sampled and could not be deeper

investigated (Figure 39).

4.3.1 DESCRIPTION OF THE MORPHOLOGICAL FINDINGS

Sample DK1
The volume extracted by FIB-SEM was revealed to be shifted in comparison with

the desired area selected by visible light microscopy (Figure 20).
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Figure 39 - Sample DK1, microfossils from Draken Formation. a, Photomicrography of the colonial
specimens by visible light microscopy, with the circle indicating the region that was sampled
by FIB-SEM, shifted in relation to the desired region shown in Figure 20. b, 3D rendering of
the sample DK1 with the specimens in the same orientation as seen in a. c,d, Lateral views of
the specimens, located in the bottom corner of the rock sample, and only partially sampled.
Scalebar 5 pm.

Source: By the author.

This shift was probably due to a misalignment of the visible light and SEM
micrographs during the selection of the spot to be FIB-milled. Inside the cylinder it is
possible to identify parts of the cell walls of two specimens identified as Myxococcoides
(Figure 39).

The sample is composed basically of two material phases. The matrix has a
density of 2.68 * 0.06 g/cm3, consistent with quartz (2.65 g/cm3). The fossils are
composed by non-continuous lower-density cell walls with the intra-cellular space
completely filled by silica. Previous studies have described that these cell walls are
composed of kerogen. (18,117) This structure has a thickness of 191 + 25 nm, and no
apparent ornamentation or ultrastructure. This thickness is homogeneous in all
observation planes. Granules with the same intensity of the kerogen that comprises the
cell walls can be observed distributed all over the sample, also within the intracellular

space. This can represent collapsed cytoplasm and/or remains of cellular degradation.
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Figure 40 - Sample DK1. a, Morphometric analysis of the cell wall showing a width of 191 + 25 nm and b,
3D overview of the cell walls showing the non-continuous preservation of the kerogen which
comprises these structures.

Source: By the author.

The small dimensions of these kerogenous structures lead to a strong partial
volume effect (Figure 41) which hinders the quantification of their mass density. This

problem is described in detail section 3.5.1
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Figure 41 - Histogram of pixel intensity of DK1 with gaussian fits corresponding to air (blue) and silica
(grey) phases. The kerogen phase is not visible due to the partial volume effect observed in
the left side of the silica curve (see Figure 27).
Source: By the author.

The minimum value of mass density estimated for this material is 1.5 g/cm3. This
is within the density of mature kerogen (1.35 g/cm3 to 1.77 g/cm?3).(107,109) Foucher
and Westall 2013 described the presence of amorphous (opaline) silica associated with
the kerogen on specimens from this locality. This microcrystalline form of silica is

described as precipitating onto the organic molecules. This process can explain the
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fragmentation of the cell wall in small granules. Moreover, since the density of this
material is lower than of crystalline silica (i.e. quartz), and higher than kerogen, the
mixture of the carbonaceous cell wall with opaline silica could also be contributing to

the strong partial volume effect observed in the histograms of this sample (Figure 41).

Sample DK2

The isolated specimen DK2 was completely immersed in the cylinder of rock. A
crystal of higher density was present above the cell and comprising its wall, and in
contact with the surface of the rock (Figure 42).

The specimen has a clear spherical form of approximately 15 um of diameter but
is slightly compressed in the lateral direction in respect to the cylindric sample (Figure
42d). The only biological structure preserved is the cell envelope, but granules probably
from degraded cytoplasmatic material are also present. (Figure 42f). Similarly to the
sample DK1, is its composed by non-continuous fragments of a low density material,
consistent with previous descriptions of kerogen. (18,118). f). Similarly to the sample
DK1, is its composed by non-continuous fragments of a low density material, consistent

with previous descriptions of kerogen. (18,117)

Figure 42 - Sample DK2. a, Petrographic visible light micrography showing the texture of the cell wall and
the crystal in the top. b,c, 3D renderings of the cell within the rock pillar, top and lateral view
respectively. d, 2D slice showing the top view of the fossil wall composed of discontinuous,
micro-structured kerogen. e, same view of image b, but without the rock volume for showing
the discontinuous texture of the cell wall in 3D. f, 2D slice showing the lateral view of the fossil
and localization of the high-density crystal. The kerogenous wall is distinguished within the
crystal. Scalebars 5 pm.

Source: By the author.
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The ultrastructure of the cell wall of this specimen differs significantly from the
specimens of the sample DK1. Morphometric measurements revealed a cell wall
thickness of 1.1 # 0.1 um. This thick cell wall and granular appearance are consistent
with the interpretation of Knoll 1982 as the species Myxococcoides cantabrigiensis.
Although this structure is fragmented and granular at the nanoscale, it is possible to
observe in some regions that there is a structural organization forming linear features

oriented radially (Figure 43).

Figure 43 - Details of the cell compartment of the sample DK2 showing the presence of aligned structures
oriented radially. Yellow dashed lines are used for highlighting these structures and indicating
their orientation for a, 3D rendering of a region of the segmented cell compartment and b, a
tomographic slice.
Source: By the author.

Previous works have debated if the preserved envelope of Myxococcoides
cantabrigiensis corresponded to a cell wall or extracellular sheath (91,118), and they
have used thickness measurements and granular morphology for a cell wall
interpretation. Our results of morphometry and 3D granular texture corroborate these
interpretations. Moreover, the revealed ultracellular orientation represents an
additional support to this interpretation since extracellular sheaths have smooth

textures with no expected structuration. (118)
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4.3.2 TAPHONOMIC IMPLICATIONS

Sample DK2

The crystal visible in the visible light micrography was also observed in the PXCT
images (Figure 42). This crystal lies above the cell wall and has a higher intensity, and
consequently density, than the silica matrix. It is composed by at least 3 recognizable
phases. Isolated crystals of pyrite are commonly found related to specimens from this
locality (18,91). However, the estimated density and morphology of this crystal are

inconsistent with the interpretation of pyrite.
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Figure 44 - Intensity histogram and fitting of the crystal showing three material phases (colored
gaussians). The grey curve represents the partial volume effect occurring in the region of the
borders of the mineral. The bordeaux curve represents the phase 1, the orange curve
represents the phase 3 and the yellow, broad curve, probably includes the phase 2 and the
higher density material of phase 3 (see Table 4).

Source: By the author.

The mineral phase referred as phase 1 (Figure 45a) is the one in direct contact
with the fossil (blue renderings in Figure 45,Figure 46), engulfing part of the cell
envelope. It is still possible to see the kerogenous features within it supporting the
hypothesis that the microorganism might have produced the precursors for the
formation of this mineral or that the organic structure partially degraded served as a
nucleation site for its growth. The estimated mass density of this mineral is 3.30 * 0.09
g/cm3. It is composed by euhedral crystals with heterogeneous texture. The
irregularities in the surfaces of this mineral might represent signals of dissolution. A
mineral described in this formation which could be a candidate for this phase is

hydroxyapatite, which has a density of 3.10 - 3.21 g/cm3.
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Figure 45 - Detail of the crystal showing the three mineral phases (numbered in a). All images correspond
to the same observation plane. The Phase 1 is engulfing the cell wall, and has a heterogenous
density, forming a spongy material (blue). The Phase 2 is the white material above the Phase 1
and has a more homogeneous and denser composition, with large euhedral porosity which
could have been formed by the crystallization of quartz grains. This phase is rendered in
green. The Phase 3 corresponds to the material at the top. It is composed by higher intensity
nuclei which have linear growth marks and covered by a material less dense than the nuclei
which is rendered in yellow. Since these nuclei have the same density than the Phase 2, it is
also rendered in green. Ramifications in the crystals could represent remains of infiltration
veins. Scalebar 1 pm.

Source: By the author.

The second identifiable phase is a small crystal of homogeneous intensity which
lies between the other two phases. It has an estimated mass density of 3.61 + 0.10 g/cm?3
and present large pores. These pores have sharp edges with trigonal morphology such
as quartz crystals. This euhedral aspect of the porosity could indicate that this mineral
phase was formed encompassing some amorphous silica, which posteriorly crystalized

into quartz prior to the final crystallization of this mineral.

Figure 46 - Detail of crystal composed by 3 phases. Only the Phase 1 (blue in b and c) is in contact with the
organic cell wall. Scalebar 2 pm.
Source: By the author.
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The third distinguishable phase is the mineral closer to the surface. It is
composed by nucleus with a mixture of lighter and darker materials which alternate
forming layers similar to growth lines. The outer layer is more evident and darker than
the rest of the mineral. Observing from the top orthogonal plane (Figure 47a), this
mineral has a hexagonal shape, with variable vertices sizes. The 3D rendering shows
surfaces of different dimensions, with no distinguishable polyhedral morphology
(Figure 45c). This is probably because this mineral was formed by the junction of at
least two growing nucleus, as can be seen in the (Figure 47a), where two separated
nuclei can be distinguished, one having defined vertices forming a hexagonal shape.
These nuclei are composed by a denser material with an average mass density of 3.61 *
0.10 g/cm3, similar to the density of the mineral phase 2. The outer layer, darker, has a
mass density of 3.47 + 0.05 g/cm3. From the vertices of this mineral phase, thin webs of

material irradiate. This material could represent remains of infiltration fractures.

Figure 47 - Top view of the sample DK2. a, Two nuclei of high intensity can be identified within the crystal
named as phase 3. One of these nuclei presents growth lines defining a hexagonal shape. b,
View of the phase 3 with the two nuclei showed in a now merged. This mineral lies above the
mineral phase 2, which has a heterogenous and lower density texture. Scalebar 2 @m.
Source: By the author.

The complex morphology and composition of this mineral hindered its clear
interpretation until the present moment. Signs of post-diagenetic alteration, such as the
growth lines, infiltration fracture remains, and euhedral crystal porosities illustrates the
complexity of the taphonomic processes that happened in this formation. The
identification of the mineral phases and their possible implication to the understanding

of taphonomy of Draken Formation are future perspectives of this work.
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4.3.3 MASS DENSITY QUANTIFICATION AND GEOCHEMICAL INTERPRETATION

Table 4 - Phases of compounds identified from the samples DK2 of Draken locality based in the calculated
mass densities. The histogram of the corresponding phases is shown in Figure 44.

Reference mass

Material Mass density (g/cm3) Candidate material
density (g/cm3)
2.65
Matrix 2.63 £0.03 Quartz
Phase 1 3.30 £ 0.09 Apatite (?) 3.10-3.21g/cm3
3.61+0.10
Phase 2 )
3.47 £ 0.05
Phase 3 3.61+0.10 ™

Reference minerals source: www. mindat.org (112)

Source: By the author

4.3.4 DISCUSSION ON BIOGENICITY CHARACTERS

The biogenicity of the microbiota of Draken Formation is well accepted given its
exceptional state of preservation and diversity. The features observed by PXCT consist
of good representatives of features expected to be present in several Precambrian
microfossils, ie. silicified microbes with only a cell envelope preserved. Moreover,
spheroidal structures represent a very simple morphology, challenging their
attestations of biogenicity. For this type of structures, some characteristics observed in
the cells from Draken are important biogenicity indicators which can be explored for

other, possibly earlier structures:

- Presence of a distinguishable cell envelope or cell wall composed by a
material less dense than silica, consistent with kerogen;

- Texture of the cell wall consistent with partially degraded organic material;
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- Thickness of the cell wall biologically consistent;
- Thickness of the cell wall homogeneous in all 3D observation planes;
- Size, volume and shape of the putative microbe biologically consistent in 3D;

- Presence of ultracellular structuration of the cell walls.

The morphology and ultrastructure of the cell wall of these fossils also provides
novel information important for the identification of the specimens and their
paleoecology.

The difference in thickness and ultracellular organization of the cell wall of
specimen DK1 in relation to the specimen DK2 clearly indicates that these correspond to
different species of the genus Myxococcoides. The species Myxococcoides cantabrigiensis
could be directly attributed to DK2 due to the characteristic thick (~ 1 um) cell wall of
this group. The ultrastructural organization of kerogen with a radial orientation,
however, has not been observed so far. This feature can further be used to refine the
taxonomic diagnosis of specimens attributed to this group, as long as helping on the
interpretation of the group itself. The group Myxococcoides presents a disputed
taxonomic affiliation between cyanobacteria and unicellular algae, and is so far
considered an incertae sedis. (81-82)

Another possible interpretation possible for the wall differences between the
specimens DK1 and DK2 is related to ecological habits of these species. The specimens
DK1 present a colonial organization, which can provide a physicochemical protection
against turbulences or changes in the medium. Meanwhile, the isolated specimens of
Myxococcoides cantabrigiensis of sample DK2 are more susceptible to the conditions of
the surrounding environment. A thicker cell wall could offer more protection and
resistance to this specimen.

These results comprise important insights into morphological and ultrastructural
differences that could be preserved in the Precambrian fossil record and can support the

interpretation of isolated or colonial spheroidal structures.
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4.4 BARBERTON GREENSTONE BELT

The following resolutions were obtained for the samples of BGB: HG1: 49.0 nm,
HG2: 70.2 nm, KB1: 64.7 nm and KB2 58.7 nm. HG1 and KB1 have pixel sizes of 28.53
nm and HGZ and KB2 of 35.11 nm.

The PXCT images from the samples of BGB revealed a complex picture for both
Hoogenoeg and Kromberg samples. Some features and minerals were present in both
Formations, and their differences and similarities in the different samples provided

clues for their interpretation.

4.4.1 DESCRIPTION OF THE MATERIAL PHASES

The material phases observed are summarized in Table 5 and are described
below.

- Low density (dark), blob structures with a wide range of dimensions, from our
detection limit (the spatial resolution and contrast with the surrounding matrix) up to
few micrometers. They are commonly arranged in a parallelly paired disposition and are
rendered in purple in the 3D images. The inner face of the pairs is regularly flat, while
the outer varies in shape (Figure 54,Figure 48). Two hypotheses could explain this
disposition: this material coated a tabular mineral post diagenetically; or initially single
blobs were split in two parts by the secondary precipitation of a tabular mineral within
them. The careful inspection of all the samples allowed the discovery of few blobs with a
“horseshoe” morphology (Figure 48c, Figure 49b) suggestive of a recent disruption of
the blob or even presenting a crystal of higher density inside (Figure 48d). These
findings support the hypothesis of a primary origin of this material in respect to the
secondary tabular minerals. The small size of most of these features hinder their
electron/mass density quantification, but mass densities down to 0.32 + 0.12 g/cm3
were estimated within the larger ones (Table 5), suggesting that this material represents
a non-solid phase. Their distribution, which in some cases outlines fractures (Figure 50),
suggest that these blobs could be remnants of the material that filled these fractures. We
interpret this material as of fluid inclusions.

- Tabular crystals slightly denser than silica, with morphology similar to minerals

from the mica group of phyllosilicates and rendered in dark green in the 3D images.
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Although present in all the samples, they vary in quantity, size and width, being larger in
the Kromberg than in the Hoogenoeg samples (Figure s2Figure 54,Figure 55,Figure 57).
The length of the crystals ranges from our detection limit up to ~ 8 um. Some of the
larger crystals present in samples from Kromberg are coated by a thin layer of a dark
material, probably remains of the fluid inclusions described above. This finding supports
the hypothesis that crystals of this tabular mineral probably grew within the blob
materials, originating the paired features. When these minerals are of small dimensions
and surrounded by the paired, dark features, they cannot be distinguished due to partial
volume effect. The estimated mass density (~ 2.8 g/cm3) and morphology is consistent
with several minerals from the mica groups. The ones with consistent densities and
already described in these formations are: muscovite (2.77 - 2.83 g/cm3), biotite (2.8 -
3.4 g/cm?3) and chlorite (clinochlore 2.60 - 3.02 g/cm3). (56,119) Calcite was also
described to occur in veins of the BGB. (119) It can also present tabular morphology and
has a density of 2.71 g/cmb3, close to the values observed.

The hypothesis for the formation of the low-density paired features and tabular
minerals are outlined in Figure 51.
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Figure 48 - a,b, Lateral views of sample HG1 showing some denser (white) anhedral crystals and the dark,
low-density blob structures of different dimensions, commonly disposed in pairs parallelly.
The top of the sample shows the layer of carbon used for the protection during the FIB-milling
and the thin layer of gold used for the SEM microscopy. Scalebar: 2 um. ¢, Details of blobs
showing a “horseshoe” morphology and a paired disposition with a crystal of the tabular
within. d, detail of a blob with a small crystal immersed within it. These morphologies suggest

that the tabular crystals precipitate within the blobs of low-density material. Scalebar 0.5 pm.
Source: By the author

Figure 49 - Details of sample KB2 a, different materials distributed within the matrix, including tabular
minerals (light grey) of variable lengths, denser (white) spheroid-like non-hollow crystals, and
low-density blobs (black/ dark grey), with variable shapes and sizes, including in parallel pairs
and triple parallel distribution. In the top left of the image, this dark material is arranged
forming a discontinuous layer of blobs, suggesting that these blobs could be remnants of the
material that filled fractures. b, one large blob (upper left) outlining the morphology of tabular
crystal but not completely disrupted by it. This supports the hypothesis that the growing of
tabular minerals within these blobs generated the parallel pair observed in all the samples.
Scalebar: 1 um

Source: By the author
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Figure 50 - a, Detail of sample KB1 showing the low-density material that is found in blobs and parallel
pairs (purple) coating the tabular crystal (dark green). The disruption of layers of the low-
density material creates small blobs. b, Detail of only the low-density material with a high
degree of discontinuity, forming blobs oriented in layers. These patterns supports the
hypothesis these represent remains of the material initially filling fracture. Scalebar: 1 um

Source: By the author

Figure 51 - Schematic representation of the formation of the low-density material disposed in blobs and
parallel pairs, interpreted as fluid inclusions, and of the tabular minerals. a, initial fracture
filled by fluid, b, diagenetic alteration of the filled fracture isolates blobs of fluid inclusions. c,
tabular minerals starts to precipitate within the blobs. d, tabular minerals grow, pushing the
fluid away or consuming it. Crystals of small dimensions cannot be distinguished in the images
due to partial volume effect and generate the parallel pair distribution of the fluid inclusions.
Some of the larger crystals still present remains of the fluids, which are seen as a coating on
the crystal larger face.

Source: By the author

A material of higher density (white pixels) has been observed for all samples and
probably represent the spherules interpreted as coccoidal microfossils. A closer
inspection showed that it was actually composed of two different phases:

- Lower density, anhedral minerals completely filled (not hollow), rendered in

orange in the 3D images. Commonly with a spheroidal shape and arranged in groups of
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two or more, present a mass density around 3.60 g/cm3 for all samples except HG1,
where its density is 3.34 + 0.06 (Table 5).

- Higher density, euhedral mineral, completely filled. Commonly of octahedral
morphology, also found in groups of two or more. Rendered in yellow in the 3D images.
Presents a mass density of around 4.44 g/cm3, and was found only in samples from
Kromberg Fm. The morphology and density is consistent with chromite (Cr-spinel),
described in this formation in previous studies. (119)

Sample HG2 had a composition slightly different from the rest and also presented
other material phases:

- Tabular-to-rod-shaped crystals with variable length (hundreds of nm up to 1
um). The mass density of 2.98 = 0.04 g/cm3is consistent with the mineral tourmaline,
previously described in this formation. (56)

- One object with density of 1.82+ 0.21 g/cm?3and a morphology compatible with

the interpretation of a volcanic glass shard.

Table 5 - Phases of compounds observed from the samples of Barberton Greenstone Belt, their respective
mass densities (g/cm?3) and candidate minerals

Morphology KB1 KB2 HG1 HG2 Candidate
Paired 0.32+0.12 0.66 + 0.30 1.10+0.18 Gas/ﬂuid
Volcanic glass - - - 1.82 £0.21 Volcanic
glass shard
Matrix 2.68 +0.07 2.64 +0.03 2.65 +0.05 2.66 +0.03 Quartz
(2.65)
Mica
(2.6-3.4)
Tabular 2.81+£0.07 2.79 £ 0.03 2.55+0.05 2.79 £ 0.03 Calcite
(2.71)
Tourmaline
Rod-sh d - - - 2.98 £ 0.04
od-shape (2.9-3.1)
) 3.34 +0.06 Titanite
SpheI‘Old 3.63 +£0.09 3.60 £ 0.05 358409 3.63 +£0.05 (3.4-8 ~ 3.6)
Octahedral 450+011  4.42+0.10 Chromite
(4.5 - 4.8)

Reference minerals source: www. mindat.org (112)

Source: By the author
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As shown in Table 5, the sample HG1 presented different pattern of densities
compared to other samples, with lower values for the tabular and spheroidal minerals.
Inside some spheroids, small inner nuclei of higher density were found presenting a
density of 3.58 = 0.9, consistent with the spheroids present in the other samples (Erro!

Fonte de referéncia nao encontrada.c,d).

4.4.2 DISCUSSION OF THE MORPHOLOGICAL FINDINGS

Kromberg samples

Both samples KB1 and KB2 presented several of the denser crystals (rendered in
orange and yellow in the 3D images) that were probably interpreted as putative
coccoidal bacteria in the petrographic analysis.

The proportion between the lower-density spheroidal crystals and the higher-
density octahedral crystals changed between both samples (Figure s2Figure 54). Some of
these crystals are more perfectly spheroidal, but some, specially the smaller, present
more irregular morphologies. Dispositions in pairs, similar to dividing cells, can be
observed in both samples(Figure 53b,c,Figure 54b,d), but are relatively rare if compared
to the amount of octahedral crystals found with this disposition (Figure 52b,c, Figure 53b).

It is important to mention that spheroids with diameter below six times the
spatial resolution (i.e, 388.2 nm for KB1 and 352.2 nm for KB2) suffer from considerably
partial volume effect as explained in section 3.5.1. This means that these small
structures segmented as spheroidal crystals could actually present true densities
compatible with the octahedral mineral mixed with silica. Therefore, spheroidal
structures below this limit were not considered for the morphometric analysis and their
evaluation in the images should consider this precaution. For the octahedral minerals
this precaution can be relaxed, since there is no observed material denser than these.
Therefore, we do not need to consider that they might represent a small denser phase
mixed with silica, and every feature within its range of density can be safely interpreted

as belonging to the same material.
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Table 6 - Range of diameters (nm) observed for the spheroidal and octahedral crystals

spheroidal octahedral
KB1 396.3 -434.7 89.2-761.3
KB2 355.6-562.4 107.4 - 608.4

Source: By the author

The morphometric analysis (Table 6) shows that the octahedral minerals are
bigger the spheroidal minerals. The analysis of the variation range of diameter of the
spheroids is constricted by the lower limit imposed by partial volume effect. Still, the
structures have a maximum diameter of 562 nm and variation range minimum of 207
nm can be observed. This range does not exclude a biological interpretation. The
octahedral crystals are present in a wider variation range (672 nm) of dimensions, a

characteristic inconsistent with a biological origin for these structures.

Figure 52 - 3D overview of the sample KB1. Blob structures are rendered in purple, tabular mineral in dark green, spheroidal in
orange and octahedral in yellow. Top view: a, All materials present in the sample. The low-density material can be
observed in blobs and layers. B, Only spheroidal and octahedral crystals. The octahedral crystals are more
abundant, can be seen in groups of two or more and reach larger dimensions than the spheroids. c,d, Lateral views
of the sample with different minerals rendered in 3D. Scalebar: 2 pm.

Source: By the author
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Figure 53 -Detail of sample KB1. a, tomographic slice showing the different intensity and shape of the
higher density crystals. A pair of lower density spheroids is seen at the left of the image while
higher density (white) crystals at the right can present euhedral morphologies. A tabular
mineral with a coating of the dark, lower density material is seen in the top-left. b, 3D
rendering showing the two different types of crystals, with the octahedral presenting more
variety of dimensions. Both minerals can be seen in groups of two or more. c, detail of the pair
of spheroids, resembling dividing cells. Scalebar 1 um

Source: By the author

Figure 54 - 3D overview of sample KB2 on top (a,b) and lateral views (c,d) showing the disposition of the
spheroids (orange) octahedral crystals (yellow), tabular minerals (dark green) and low-
density blobs/paired features (purple). This sample present more spheroidal crystals and less
octahedral than sample KB1, but the smallest spheroidal could represent octahedral crystals
misinterpreted due to partial volume effect. Scalebar 2 um

Source: By the author
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Hoogenoeg samples

The samples from Hoogenoeg present some differences if compared to the ones
from Kromberg. The tabular minerals from HG samples are smaller than the ones from
KB. There is no higher density crystals similar to the octahedral crystals from Kromberg,
and only one crystal with corresponding density was observed, but presenting tabular
shape (Figure 56d,e). The structures similar to spheroids are present but rare bigger
and present more irregular shapes than the spheroids from Kromberg. It is not possible
to discard the possibility that the structures analyzed morphometrically also comprises
more than one nuclei of crystals that grew, joined and formed the larger and irregular

features.

Figure 55 - 3D Overview of sample HG1 in top (a,b) and lateral views (c,d) showing the disposition of the
spheroids (orange), tabular minerals (dark green) and blobs/paired features (purple). a,c
distribution of all materials showing a spatial correlation of the distribution of tabular
minerals with the blobs. b,c, distribution of spheroids and blobs presenting no spatial
correlation. Scalebar: 2 pm

Source: By the author
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In the sample HG1 (Figure 55), the low-density material is concentrated in one
half of the rock pillar. It is possible to observe some spatial correlation of the tabular
minerals, which are restricted to the region of the blobs. This supports the
interpretation of the origin of the tabular minerals to be linked to the presence of this
low-density material. No spatial correlation is observed by visual inspection for the

spheroids.

Table 7 - Range of diameters (nm) observed for the spheroidal crystals.

spheroidal
HG1 296.0 - 961.0
HG2 430.5 - 1240.3

Source: By the author

Figure 56 - 3D rendering and tomographic images of spheroids of sample HG1. a, Overview of the
different morphologies of the crystals b, spheroidal crystals with small protuberances of
smaller crystals growing ¢, irregular crystals including three joined. d,e, tomographic slice of
crystals of slightly higher density with tabular morphologies, surrounded by dark material. f,

three connected spheroids. Scalebar: 1 pym
Source: By the author

The sample HG2 presented a very particular composition, different from all other
samples from the BGB. The first remarkable difference is that the tabular and spheroidal
minerals present a lower density if compared to all other samples, including HG1. Small
crystals with the expected density (based in the other samples) are found within or in

contact with some of the spheroids. This suggests one explanation for the difference in



121

densities observed in minerals in this sample: these minerals were formed by a
secondary alteration of other materials, and the measured density could be
corresponding to a mixture of the primary and secondary phases.

The mineral with tabular-to-rod-shaped morphology, with density consistent
with tourmaline, is present with a spatial correlation to the spheroids (Figure 57b-e).
These could represent the rod-shaped features observed in previous studies and

interpreted as of putative biological origin. (56)

Figure 57 - 3D Overview of sample HG2 in top (a,b,c) and lateral views (d,e,f) Scalebar: 2 um
Source: By the author

The last material, only found in the sample HG2 is the object with morphology
similar to a volcanic glass shard (blue in Figure 57-58). The presence of this material,
with lower density and fragmented aspect raise some clues about the origin of the
spheroids. Fine-grained titanite has been described preserving traces of alteration of
volcanic glass by microorganisms in rocks from Hoogenoeg and Kromberg Formations.
(120) When inspected in detail with dark contrast, a minority of the spheroids and
octahedra from both KB and HG samples present traces of a dark contour, commonly as
a shadowing due to its thin thickness and the mixture with silica (Erro! Fonte de
referéncia nao encontrada.). This could be remnants of the original material prior to

the secondary formation of these crystals, in a process similar to the one described for
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the tabular minerals (Figure 51). The original material could be volcanic glass shards,
fluid inclusions, some lower-density mineral or even microfossils remains. However,

due to the small thickness and scarce occurrence, no further interpretation could be

Figure 58 - Detail of features from sample HG2. a,b, Spheroidal structures with irregular aspect, some

appearing to be joined crystals. ¢, Rod-shaped crystals, slightly tabular when seen in lateral
view in d. e,f, Object interpreted as a volcanic glass shard. Scalebar 1 pm

Source: By the author

Figure 59 - Details of spheroids (a-d, f) and octahedral minerals (e) surrounded by a dark layer or
shadowing. This could be remnants of the original material prior to a secondary crystallization
of these minerals. a,b Sample HG1, ¢,d HG2, e,f, KB1. Scalebar: 1 um

Source: By the author

attained without additional spectroscopic analysis.
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4.4.3 DISCUSSION ON BIOGENICITY

The first characteristic of all the structures that could be considered candidates
for putative bacteriomorphs, that is remarkably different from the characters observed
for the bona fide microfossils from younger samples, is the absence of structures with
hollow, cell-wall-like morphologies. Condensed masses of kerogenous material, such as
the pattern observed for sample from Gunflint Mink Mountain were also not observed.
The dark shadowing observed for some spheroids and octahedral crystals, are also too
small to sustain the interpretation of possible cell-wall remains.

Although the disposition of structures in aligned groups could point to the
interpretation of cell divisions, this pattern is observed both for the spheroids and for
the octahedral crystals from the KB samples. This demonstrates that this type of
distribution cannot be unambiguously interpreted as a biogenic character, since the
octahedral crystals present morphologies and ranges of size inconsistent with biogenic
interpretations.

Morphometric analysis of the spheroids also showed a wide variation of
diameter, for the HG samples, which alongside with their irregular morphology, suggest
the fusion of two or more anhedral crystals. This is also a characteristic pointing to an
abiotic origin for these structures. Since the minimum diameter could not be estimated
for the KB samples, this interpretation cannot be extended to those samples.

Considering the classical biogenicity criteria listed in section 1.1  and the
biogenic characters observed with PXCT for the other younger bona fide microfossils
analyzed, we cannot support a biogenic interpretation for the any of the structures
observed in the samples from the Kromberg and Hoogenoeg Formations of the

Barberton Greenstone Belt.
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CONCLUSIONS AND PERSPECTIVES

The results of Ptychographic X-ray Computed Tomography allowed biotic and
abiotic structures to be revealed in situ within the host rock, providing a unique insight
into their nanostructure and micron-scale context without invasive methodological
interferences. The results obtained and presented in this thesis comprise novel
information for all the samples analyzed, including about aspects of morphology,
ultrastructure, geochemical composition, fossilization processes, taphonomic history,
traces of taphonomic alteration, and characters for taxonomic identification. These
results have led to the elaboration of one manuscript showing the potentials of the
approach for the fossils of Gunflint Formation, currently in the process of submission.
Two more manuscripts are planned from this set of data: one for exploring the
ultrastructural information and paleoecological implications for the fossils of Draken
Formation; and one for the taphonomic findings and biogenicity implications of the
samples of Barberton Greenstone Belt. The large number of novel findings from
different fields of knowledge within paleobiology opens a lot of possibilities that will
probably demand further and deeper analyses and interpretations on this data.

The main novelties observed for the samples of each geological unit can be
summarized as the follow:

Gunflint Formation

- We observed remarkable different preservations patterns between the
filaments from the Schreiber Beach and Mink Mountain localities. For the Mink
Mountain, despite the identification of maghemite crystals, the ultrastructural
arrangement of the kerogenous material, not delineating the cell walls of the specimens,
represents a preservation pattern not recognized so far, and that could have been
interpreted as of abiotic origin if observed in other controversial specimens.

- The formation of maghemite in the Mink Mountain specimens suggests a local
taphonomic pathway for the iron oxides at the micron scale that, so far, was only
described experimentally. The formation of maghemite as a proxy of maturation of

organics could also be further explored as a potential biosignature.
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- For the Schreiber Beach specimens, the evaluation of ultrastructural features in
3D allows the discrimination of biogenic textures of the cell walls from taphonomic
alterations. This can prevent abiotic features such as holes from kerogen displacement
caused by secondary crystallization of quartz to be misinterpreted as possible septation.

- Filaments that seem to not present any orientation when analyzed in 2D might
have a preferential orientation towards the petrographic slice plane, only
distinguishable in 3D. The orientation of filaments can provide additional biofabrics

information.

Draken Formation

- Discrimination of ultracellular patterns of the cell walls that were not observed
so far. They can help in the taxonomical identification of the specimens and can
represent biogenic characters especially important for spheroidal microfossils of simple
morphology.

- Cell wall width homogeneity in all 3D planes, also an important biogenicity
indicator, especially for simples morphologies.

- Observation of a crystal with a complex structure and that can provide clues of

the taphonomic history of the rock.

Barberton Greenstone Belt

- We observed several materials within their geological context, such as fractures,
fluid inclusions, volcanic glass and other minerals that provided a picture of the
taphonomic history of the rocks.

- We showed that the structures interpreted as coccoidal microfossils comprise
two different mineral phases, which are not hollow and present a large variability of size
ranges. None of them seem to present membranes or envelopes, nor kerogenous
material.

- We could not sustain a biogenic interpretation for any of the features observed

in those samples.

In general, the development of the approach for inspecting microfossils with
PXCT was successfully developed, and the problems observed, such as the artefacts of

sample preparation, provided important references for the aspects that can be further
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improved. The precision of the sample preparation with the FIB-milling is an important
step for this type of analysis. Synchrotrons offer the user a limited time for the execution
of experiments and PXCT measurements are time consuming (up to more than ten hours
depending on the composition of the sample and the aimed resolution). Therefore, it is
important to certify, prior to the experiments, that the sample pillars contain the
structures of interest. Two of our samples showed to be shifted in relation to the area of
interest, making only part of the fossils to be analyzed, and in one case hindering their
proper interpretation. This was probably due to the fact that the correlation of visible
light and SEM micrographs was done manually. For a higher precision in the FIB milling
of the areas of interest, a correlative microscopy system would be ideal. As discussed
more deeply in section 4.2.4, another important procedure for sample preparation is to
avoid materials of high density such as platinum in the sample mounting, or to remove
all the traces from the region to be imaged, to avoid image artefacts.

In terms of the limitations in contrast, which is a critical aspect for the X-ray
imaging of carbonaceous fossils, PXCT allowed us to distinguish the kerogenous material
that compose the cell envelopes of different microfossils, such as the ones from Draken
and Gunflint Formations. When the structures had small dimensions, i.e close to the limit
in spatial resolution, partial volume effects from the mixture of two material phases
decreased the contrast between the structure and the silica matrix. Still, even some
small features, such as the wall envelopes of the specimens from Draken Fm., the final
contrast was sufficient for resolving the structures and allowing qualitative 3D analysis
and morphometric measurements, and also the visualization of ultrastructural details.
However, the quantitative estimation of electron density is limited for these small
features. Nevertheless, it is important to stress that the quality of the images, including
the capacity of resolving the carbonaceous features is strongly dependent of the quality
of the sample preparation, as noted for the samples of Gunflint Fm. and discussed in
section 4.2.4.

Comparing our results with FIB-SEM nano-tomography, which is currently the
sole 3D nanoscale imaging available for studying Precambrian microfossils, we achieved
comparable spatial resolution, considering that the resolution of this electron
microscopy approach is practically limited by the slice thickness. PXCT has the
advantage of being non-destructive and to provide a resolution/voxel size isometric in

3D (ie. the same in all planes, different from the FIB-SEM). The FIB-SEM has the
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advantage of allowing elemental maps to be obtained using EDS detectors. The
quantitative contrast of PXCT, which allows the mass density estimation, represents a
complementary way of assessing the geochemical composition of the materials in 3D,
concomitantly with the morphology. Still, the mass density information, even correlated
with the morphology, could not resolve all the structures and minerals, especially
considering that the minerals can be pseudomorphs of secondary origin or be present in
the form of anhedral crystals. Another important limitation is the fact that the possible
presence of porosities or features in the order of the spatial resolution can generate
partial volume effect and lead to wrong estimative of mass density. In any case, a
previous knowledge of the materials and minerals described in those rocks and
expected in the sample are also required for the interpretation of these results.
Nonetheless, as the sample remains intact, further spectroscopic analysis can be
performed to allow these ambiguities to be resolved.

Even considering this weakness, the mass density estimations still represents a
crucial characteristic of PXCT for the investigation of microfossils, their taphonomic
history and biogenicity. This is especially important for allowing the discrimination of
kerogen from other compounds and minerals and even from other carbonaceous
material of higher density, such as amorphous graphite. This compound can be formed
abiotically and be interpreted as biogenic kerogen, as pointed by Brasier et al. in the
debate regarding the biogenicity of the Apex Chert structures. (25,48) Still, it is
important to stress that the mass density quantification is limited by the size of the
structure and the spatial resolution obtained, as discussed in section 3.5.1, which can be
especially critical for the thin and discontinuous materials that form the cell envelopes.

For simple life forms such as Precambrian cells, morphology alone can be an
ambiguous indicator of biogenicity. The application of PXCT for the investigation of such
structures have shown to allow the correlation of several other aspects, such as micro-
scale geological and population contexts and geochemical information. These, integrated
with nanoscale morphological and ultrastructural information, represent a promising

approach for future investigations of Precambrian microfossils.
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FUTURE PERSPECTIVES OF SYNCHROTRON IMAGING FOR

PALEOBIOLOGY

The recent developments in synchrotron sources brings also good perspectives
for the field of paleobiology. The novel 4th generation sources such as MAX IV in
Sweden, Sirius in Brazil, and the upgraded sources ESRF-II in France, APS-U in the USA
and Spring8-II in Japan are opening up new avenues for the nanoscale investigation of
different types of materials.

For paleobiology, these machines will allow the achievement of nanometric
spatial resolution for resolving preserved microfossils and also microbial-mineral
interactions with different imaging methods, high energy and high spectral resolution
for probing, mapping and speciating heavy Z elements and high sensitivity to elements
in trace concentrations. The possibility to explore chemical and morphological
biosignatures at the nanoscale have the potential to represent a new revolution in the
study of early life, consolidating the emerging field of nanopaleontology.

In Brazil, the coherent X-ray nanoprobe beamline CARNAUBA is being developed
for delivering to the scientific community spectroscopic and imaging techniques with
flexible sample environments. This beamline will offer an X-ray beam up to ~30 nm for
techniques as X-ray fluorescence, X-ray absorption spectroscopy, X-ray excited optical
luminescence, X-ray diffraction and multimodal coherent diffraction imaging techniques.
This will allow elemental, mineralogical and morphological information to be correlated
in 2D and 3D with nanometric resolution. Such multi-technical approach will constitute
a powerful way of restricting the interpretations of biogenicity for controversial
biosignatures. This beamline will be a tool for the scientific community, including early
life scientists, to inspect complex samples at the nanoscale with complementary
analytical methods. Finally, in the context of the Mars sample-return missions planed by
NASA and ESA for the following decades, the capabilities of synchrotron methods for
detecting traces of life also emerges as important future venues for the non-destructive

investigation of the most precious scientific samples of the human history.
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APPENDIX

Manuscript: Figures of the extended section of the manuscript:

Nanoscale 3D quantitative imaging of 1.88 Ga Gunflint

microfossils reveals novel insights into taphonomic and biogenic

characters
\ I \ I

{ Pseudocolumnar stromatolite Y Interdomal oolites Y Pseudocolumnar stromatolite Y Interdomal oolites \
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Extended Data Figure 1. Petrographic characterization of Mink Mountain
specimens and sample selection from within the limb of a pseudocolumnar
stromatolite. a, Macro-scale structure in thin section, comprising irregularly spaced
stromatolitic columnar structures separated by troughs in which spherical oolites
accumulate. Red arrows indicate microfossil-rich zones. The area marked with a white
arrow is magnified in b,c and indicates the location from where the studied sample was

selected. b Microfossil-rich region from which a cylinder was extracted for analysis by



140

PXCT. ¢, Photomicrographs showing the filamentous Gunflintia sp. Barghoorn
microfossils (arrowed) studied herein by PXCT .
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Extended Data Figure 2. Resolution estimation of the Mink Mountain sample by
Fourier shell correlation (FSC) yielding a three-dimensional resolution of 52 nm.
The point where the FSC curve between two independent 3D reconstructions, each from
half of the data, intersects the half-bit threshold curve determines the effective spatial

resolution (100).
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Extended Data Figure 3. Curves of remanence acquisition at room-temperature on
two sections of the Mink Mountain sample from which the pillar was extracted for
the PXCT analysis. a, Anhysteretic remanent magnetization (ARM) curves indicating an
important low-coercivity phase interpreted as maghemite. b, Isothermal remanent
magnetization (IRM) curves indicating two magnetic components, one of low-coercivity

interpreted as maghemite, the other of high-coercivity interpreted as hematite.
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Extended Data Figure 4. First-order reversal curve (FORC) of one section of the

Mink Mountain sample from which the pillar was extracted for the PXCT analysis.
a, contour map of the mixed partial second derivative FORC function. b, Profile along the
Bi = 0 line. The FORC is typical of pseudo-single domain particles (121), which for
maghemite range between 1 and 20 um (122), whereas for hematite the pseudo-single

domain limit is one order of magnitude larger.
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Extended Data Figure 5. Profile of the samples of Mink Mountain and Schreiber

Beach after the vertical mass fluctuations alignment (98). The vertical sample mass
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profile is constant along the 1100 projections. Radiation damage would result in a

modification of this sample mass vertical profile, which is not observed here.





