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ABSTRACT

Carbonaceous materials found in Archean rocks have been the source of study
and controversy for the last two decades due to questions of the biogenecity of these
particles. One of the key locations for these studies is the Barberton Greenstone Belt
(BGB), in South Africa which contains some of the oldest known rocks on Earth, ranging
in age from 3.5 to 3.2 billion years old. Preserved within the Onverwacht and Fig Tree
Groups of the BGB are spherules that formed by the condensation of an impact-produced
global vapor plume. The spherules are distal deposits that would have been deposited
globally, but are only preserved at this location and in western parts of Australia. Like
several other sediments in the BGB, there is evidence of minor amounts of carbonaceous
particles contained within the spherule beds.

Four individual impact events are preserved in distinct beds designated as S1, S2,
S3, and S4. Due to the wide distribution of this bed in a variety of depositional settings,
including both protected shallow and deep water depositional settings where there is little
evidence of reworking, the S3 bed is an ideal choice for mineralogical, geochemical, and
petrographic studies of impact spherules. This research examines samples from four
different locations of the S3 spherule bed layer, the Barite Syncline, Maid-of-the-Mist,
Sheba Mine, and Loop Road locations, in order to determine the origin of carbonaceous
particles contained within the bed. Several geologic processes could account for the
presence of the carbonaceous materials within the S3 spherule bed layer. These processes
include: (1) Diagenetic processes, (2) Fisher-Tropsch Synthesis, (3) Microbial activity,
and (4) Primary condensates from the impact plume. In order to distinguish between
these processes, the spatial distribution of the carbonaceous matter was mapped, noting

the mineral associations with these grains.



Petrographic and electron microanalytical studies of the S3 samples reveal the
presence of carbonaceous material in the sections with highly concentrated spherules,
Barite Syncline, Loop Road, and Sheba Mine locations, but not in the samples from the
Maid-of-the-Mist location, where there is a low concentration of spherules and abundant
admixed volcanic detritus.

Only Fischer-Tropsch Synthesis can be excluded as a process responsible for the
origin of carbonaceous materials in the S3 beds. Though there is no direct evidence of the
biogenecity of the observed carbonaceous materials, other textual observations within the
S3 spherule bed are consistent with microbial activity, including Ambient Inclusion
Trails and an unusual feature with a cyanobacteria-like morphology.

While microbial activity cannot be ruled out as a process responsible for the
origins of the carbonaceous materials, the findings of this study indicate that the carbon
was mobilized from within the spherules during diagenesis. The location of carbon along
spherule rims and microfractures within the spherules can also be attributed to diagenetic
processes, such as fracture flow, dissolution, and replacement. A plausible explanation is
that the carbon was a primary condensate from the impact plume, but has been

diagenetically remobilized locally into microfractures and along the rims of the spherules.
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CHAPTER 1
INTRODUCTION
1.1 Carbonaceous Materials in the S3 Bed of the Barberton Greenstone Belt

Carbonaceous materials found in Archean rocks have been the source of study
and controversy for the last two decades (e.g. Walsh, 1992; Tice and Lowe, 2006;
Schopf, 2006; and van Zuilen et al., 2007). This controversy stems from the difficulty in
identifying Archean microbes and microbial activity. Some of the biosignatures used in
the identification of microbial life in ancient Archean rocks include, but are not limited
to, fossil morphology, isotope signatures, presence of carbonaceous material, and
associated biomarkers and/or mineralogy (e.g. Walsh, 1992; Altermann and
Kazmierczak, 2003; and Schopf, 2006). Multiple biosignatures are preferred to make a
positive determination of biogenecity, as each of these biomarkers alone can be explained
by processes other than microbial activity.

The Archean S3 spherule bed, which is a meteorite impact-derived distal deposit,
is dated at 3243 + 4 million years old from an underlying tuff (Kréner et al., 1991) and is
preserved in numerous localities throughout the Barberton greenstone belt (BGB) in
South Africa (Krull-Davatzes et al., 2006). The S3 bed is very widespread throughout
the belt and is located above the base of the Fig Tree Group (Fig. 1-1) (Krull-Davatzes,
2006). Spherules within the bed were produced by the condensation of a rock vapor
plume that formed immediately after the bolide impacted the Earth. The spherules rained
out as a global layer, but today are only found in the BGB, where sediments of this age

are preserved (Lowe et al, 2003). Throughout the BGB, the S3 bed was deposited in a



wide range of depositional environments, from deltaic to deep water (Lowe and Byerly,
1986).

The objective of this study is to examine the carbonaceous materials in the S3
spherule bed, record the material’s petrographic location and surrounding mineralogy,
and use these observations to determine the origin(s) of the material. From previous
studies of the carbonaceous materials within the Barberton greenstone belt, several
processes have been inferred to be responsible for the origins of the carbonaceous materials.
These processes include: (1) diagenetic processes (Tice et al., 2004), (2) microbial
activity (Walsh, 1992), and (3) Fischer-Tropsch synthesis, (van Zuilen et al., 2007). An
additional process will be considered during the course of this study: (4) the exogenic

delivery of carbon from a carbonaceous chondrite.

1.2 Geologic Setting and History

The Barberton greenstone belt is composed of rocks from the Swaziland
Supergroup, South Africa, and range in age from ~ 3.47 to ~3.24 billion years (Lowe and
Byerly, 1999). The belt is a supracrustal sequence of folded volcanic and sedimentary
rocks which is surrounded and intruded by granitoid domes and dikes (Visser, 1956,
Viljoen and Viljoen, 1969). The three primary lithostratigraphic units of the BGB are,
from base to top, the Onverwacht Group, the Fig Tree Group, and the Moodies Group
(Fig. 1-1) (Lowe and Byerly, 1999).

The Onverwacht Group is approximately 10 to 12 kilometers thick and is
composed primarily of volcanic rocks that are interbedded with thin layers of chert

(Lowe and Byerly, 1999). The overlying Fig Tree Group is composed of both siliceous



volcanic and submarine sedimentary rocks, including shale, chert, and greywacke. The
uppermost Moodies Group is composed largely of fluvial sediments, including siltstone,
shale, conglomerate, feldspathic and quartzose sandstone (Lowe and Byerly, 1999).

Four individual impact events are preserved in distinct beds designated as S1, S2,
S3, and S4 (Lowe and Byerly, 1986), but this study will only focus the ~ 3.24 billion year
old (Lowe et al., 2003) S3 spherule bed. Both primary textures and mineralogy are
preserved throughout parts of the S3 spherule bed (Krull-Davatzes et al., 2006).

Based on geothermometry techniques, it has been demonstrated that
metamorphism of the BGB rocks reached a maximum temperature of 320° C in the
central part of the belt (Xie et al., 1997; Tice et al., 2004; Davatzes, 2007). Minor
flattening and shearing occurred in different localities within the S3 bed soon after
deposition (Davatzes, 2007). Metasomatism, which occurred soon after deposition and
before the diagenetic shearing and flattening of the spherules, altered the mineralogical
composition of the bed by removing Mg, Ca, Fe, and Na, while adding K, SiO,, and
minor carbonates (Duchac and Hanor, 1987; Hanor and Duchac, 1990; and Davatzes,
2007). Rapid silicification of the S3 bed began immediately upon deposition and
continued through the alteration of the primary mineralogy. The rapid silicification
subsequently prevented further shearing and thus maintained the internal spherule

textures (Krull-Davatzes et al., 2006).
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Figure 1-1 Generalized Geologic Map and Stratigraphic Section of the BGB.

In the upper left is a context map showing the location of the Barberton greenstone belt
(BGB) in the northeastern part of South Africa on the border with Swaziland (Sw). Les
is Lesotho and is highlighted by the black star.. SB is Southern Block. Loop Road is
located in the southwestern part of the belt. Maid-of-the-Mist is located in the south
central part of the belt. Barite Syncline is located in the southeastern part of the belt.
Sheba Mine is located in the northeastern part of the belt. On the main map, all sample
locations are written in red. In the stratigraphic column on the right, the locations of S1,
S2, S3, and S4 are noted. From: Krull-Davatzes et al., 2006.




1.3 Impact Spherules

The spherule beds preserved within the Onverwacht and Fig Tree Groups formed
after at least four large meteor impacts, each bolide having a diameter greater than 20
Kilometers (Lowe et al., 2003, and van Zuilen et al., 2007). The spherules are distal fall
deposits that would have been deposited globally; however, sedimentary rocks of this age
have not been preserved except in this location and in Western Australia (Byerly et al.,
2002). During the impact, the impactor and the target rock were vaporized, thereby
producing a global vapor plume. The global vapor cloud could produce a widely
distributed deposit of spherical particles that are limited in size by the velocity of the
cloud in which they are carried (Melosh and Vickery, 1991).

The spherules contain a meteoritic component, evidenced by the elevated iridium
levels in the rocks (Lowe et al., 1989) and the negative chromium anomaly (Fig. 1-2)
(Kyte et al., 2003; Shukolyukov et al., 2000). It has been estimated that the meteorite that
produced the impact spherules was approximately 20 to 50 kilometers in diameter based
upon the iridium content, chromium content, and spherule sizes (Melosh and Vickery,
1991; Lowe et al., 1989; Shukolyukov et al., 2000; and Kyte et al., 2003). In addition,
Kyte et al. (2003) suggest that the meteorite was a carbonaceous chondrite, based upon
the apparent negative Cr isotope anomaly (Fig 1-2).

The spherules display a wide variety of internal textures and mineralogy (Fig. 1-
3). Most of the middle Archean impact spherules range in size from 0.25 to 2 mm in
diameter, but rarely can be as large as 4 mm in diameter (Krull-Davatzes et al., 2006).
Observations of spherule textures and mineralogy include phyllosilicate rims around

crystalline quartz spherules, mixed phyllosilicate and quartz spherules, thin Ti- and Fe-



oxide rims around quartz spherules, Ni- and Cr-rich dendritic and euhedral spinels within
the spherules, fine grained carbonaceous rims mixed with phyllosilicates, and trace
minerals that include pyrite, chalcopyrite, and barite (Lowe et al., 2003, Krull-Davatzes

et al., 2006).

1.4 Spherule Bed Descriptions

Four sections of the S3 spherule bed were examined during the course of this
project, which include samples from the Barite Syncline section, the Loop Road section,
the Maid-of-the-Mist section, and the Sheba Mine section (Fig. 1-1). Each section has
unique characteristics that are a result of differences in depositional settings and in
diagenetic processes. While the four samples locations were originally farther apart at the
time of deposition, the geographic locations are now closer together due to the major
folding and faulting that has occurred since deposition (Lowe et al., 2003). These

spherule beds represent a variety of depositional settings (Davatzes, 2007).
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Figure 1-2. Cr Isotope Ratios of Chondrites

Meteorites (blue), terrestrial rocks (green), K/T boundary samples (purple) and
from the S2, S3, and S4 beds (red) in the BGB. Note that all terrestrial rocks have

the same ¢(53) ratio, whereas the meteorites and the impact layers all have an
apparent positive or negative anomaly. All of the BGB spherule beds show a

negative anomaly. From: Kyte et al. (2003).




Figure 1-3. Photomicrographs of Individual Spherules from S3

(A) Spherule composed largely of fine microcrystalline quartz with thin outer rim
containing phyllosilicate material, fine-grained oxides and carbonaceous material. (B)
Quartz spherule under XPL showing a radial devitrification texture. (C) Quartz spherule
with phyllosilicates throughout the interior. The spherule rim contains fine-grained
oxides and carbonaceous material. (D) Flattened phyllosilicate spherule with some
opaque Fe-oxides. (E) Compositionally layered spherule, with quartz interior and
phyllosilicate outer layer. The outer layer shows relict fibroradial texture with fine-
grained Ti-oxides along the margins. (F) Backscattered electron image of a
compositionally layered spherule. Dark areas represent quartz, medium-grey areas are
phyllosilicate minerals and the bright specks are Ti-oxides. The two phyllosilicate layers
have Ti-oxides demarcating the boundary. (G) A spherule with barred-texture, suggesting|
this spherule was once composed largely of olivine. (H) The opaque, euhedral mineral in
the quartz spherule is spinel. From: Krull-Davatzes (2006)




1.4.1 Barite Syncline

The spherule bed in the Barite Syncline section (Fig. 1-1) is approximately 30 cm
thick and is located in the central part of the belt. The Barite Syncline spherules were
deposited in a protected shallow water environment and represent a complete fall deposit
from the impact plume (Krull-Davatzes et al., 2006). The S3 bed at the Barite Syncline
location is in close proximity to barite beds, both above and below the S3 layer (Lowe et
al., 2003). There is little to no admixed detritus is the spherule bed at this section, as this
section was not affected by tsunamis (Krull-Davatzes et al., 2006). In this section, some
spherules are slightly flattened from compaction, but they are the least flattened of the
four beds being studied (Davatzes, 2007). The mineralogy of the Barite Syncline spherule
bed includes quartz, muscovite, barium-rich sericite, and minor amounts of rutile and
anatase (Davatzes, 2007).

The Barite Syncline samples show a trend of increasing fractionation of rare earth
elements (LREE/HREE) toward the top of the section (Krull-Davatzes et al., 2006). The
fractionation of the REEs could represent components of the impacting bolide and the
target basaltic rock. The lower sections display no LREE/HREE fractionation and are
enriched in MREEs. The lower section represents the bolide, while the LREE-enriched

upper section represents the basaltic target rock (Fig. 1-4) (Krull-Davatzes et al., 2006).
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1.4.2 Sheba Mine

The spherule bed at the Sheba Mine location (Fig. 1-1) is approximately 30 cm
thick. This bed was deposited under low energy, deep-water conditions (Lowe et al.,
2003) and contains abundant euhedral and dendritic Ni-rich chrome spinels (Davatzes,
2007). The S3 bed at the Sheba Mine location lies at the contact between the sedimentary
rocks of Onverwacht and the Fig Tree Groups. It is interbedded with fine- grained
pyroclastic, terrigenous, and volcaniclastic rocks (Krull-Davatzes et al., 2006). This
section represents a full fall deposit and contains little to no admixed detritus (Krull-

Davatzes et al., 2006). The Sheba Mine section shows some evidence of extensive bed-

10



parallel flattening and shearing, but this section was not affected by tsunami (Krull-
Davatzes et al., 2006). The mineralogy of this section includes quartz and phyllosilicates
(Cr-mica, Fe-, and Mg-rich sericite), abundant primary Ni-rich chromites, pyrite, and
other trace minerals including ankerite, siderite, dolomite, iron oxides, ilmenite,
chalcopyrite, Ni-sulfides, and apatite (Davatzes, 2007). The Barite Syncline and Sheba
Mine locations (Fig. 1-1) were estimated to originally be over 100 kilometers apart;
however, they are now approximately 40 kilometers apart due to the major post

depositional folding and faulting of the BGB (Davatzes, 2007).

1.4.3 Maid-of-the-Mist

The S3 spherule bed located at the Maid-of-the-Mist section (Fig. 1-1) is
approximately one meter thick and was deposited in a deep-water environment
(Davatzes, 2007). The presence of coarse blocks of ripped-up material and abundant
admixed detritus indicates that this section was affected by currents and waves during
deposition (Davatzes, 2007). There is also some bed-parallel flattening of the impact
spherules in this section, but not as much as that seen in the S3 bed of the Sheba Mine
section (Davatzes, 2007). The mineralogy of this section includes quartz, sericite, Ba-rich
sericite, and Fe-rich and Ti-rich oxides. Although rare, some chromites and zircons are

preserved in this location (Davatzes, 2007).
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1.4.4 Loop Road

The S3 layer in the Loop Road section (Fig 1-1) is approximately 20 cm thick and
was deposited in a quiet and moderately deep-water setting (Davatzes, 2007). The S3 bed
at this location is immediately overlying a dacitic tuff which has been dated at 3243 + 4
Ma (Kroner et al, 1991). This section contains little to no admixed detritus, but some
gentle post depositional current reworking and mixing occurred which coated the
spherules with a thin layer of granular microcrystalline quartz (GMQ) (Davatzes, 2007).
There is a minor amount of bed-parallel flattening of the impact spherules in this section.
The mineralogy of this section includes quartz, sericite, Ba-sericite, with rare

preservation of chromites (Davatzes, 2007).
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CHAPTER 2
CARBONACEOUS MATERIALS IN THE BGB
2.1 Introduction
From the multitude of studies of the carbonaceous material within the BGB,

numerous processes have been inferred to be responsible for the origin of the
carbonaceous materials within the belt. These processes include: (1) diagenetic processes
(e.g. Tice et al., 2004), (2) microbial activity (e.g. Walsh, 1992), and (3) Fischer-Tropsch
synthesis (van Zuilen et al., 2007). An additional source of the carbonaceous materials in
the spherule beds of the BGB will be considered: (4) primary carbonaceous matter from

the condensation of vaporized meteorite impact and target rock material.

2.2 Diagenetic Processes
There are several diagenetic processes that could account for the presence of the
carbonaceous material within the BGB spherule beds. For the purpose of this study, the
diagenetic processes will be subdivided into two categories: 1) hydrothermal alteration,

and 2) low temperature fluid flows.

2.2.1 Hydrothermal Alteration
Using scanning electron microscopy (SEM), van Zuilen et al. (2007) interpreted
that a migration of organics in the BGB could have occurred under hydrothermal
conditions. This migration of organics was inferred from the presence of carbonaceous
veins in some of their samples. They noted that the units above and below the chert host

rock are both igneous units that do not contain organics, therefore, they concluded that
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the carbonaceous materials must have originated within the chert rock, and could not
have come from the surrounding igneous units (van Zuilen et al., 2007).

Other studies have also argued for hydrothermal alteration of some rocks of the
BGB to account for the large amounts of silicification within the belt (e.g., Paris et al.,
1985). They proposed that the silicification of the BGB resulted from large volumes of
silica produced by the hydrothermal alteration (serpentinization) of ultramafic rocks (Eqg.

1).

Fayalite + water — Magnetite + aqueous silica + hydrogen (Eq. 1)

3Fe,**Si04 + 2H,0 — 2Fe304 (Fe?*O * Fe,**03) + 3Si0, + 2H,

Berndt et al. (1996) experimentally demonstrated that, at 300° C, amorphous
carbonaceous materials, methane (CH,), and hydrocarbons can be formed by the reaction
of H, produced by the serpentinization of ultramafic rocks with CO, in hydrothermal
fluids.

Carbonaceous materials can also be produced during metamorphism from the
thermal disproportionation of siderite to magnetite which results in reduction of the
carbonate ion. Siderite disproportionates according to the reaction (van Zuilen et al.,

2003) (Eq. 2):

Siderite = Magnetite + carbon dioxide + carbon monoxide (Eq. 2)

3Fe”"+CO;=Fe;04 (Fe*'O * Fe,™"05) +2C0,+CO

14



As siderite decomposes, graphite precipitates from the gas phase according to the
reaction seen in Equation 3. When combining the reactions, the overall formula is

expressed by Equation 4.
2C0=C’+CO;, (Eq. 3)

Siderite = Magnetite + carbon + carbon dioxide (Eq. 4)

6FeCO;=2Fe;0, (Fe?*O * Fe,**0;) +C%+5C0;

Significant carbonatization is largely restricted to the sections from the northern
part of the BGB, such as the Sheba Mine section (Lowe et al., 1999). This
carbonatization may be associated with the shearing that has occurred most significantly
in the northern part of the belt shortly after deposition of the Moodies Group (Lowe et al.,
1999). The carbonate composition ranges from ferroan dolomite to Mg-rich siderite
(Davatzes, 2007). Siderite formation is often related to carbonatization and sulfidation
processes accompanying gold mineralization and may form under a large range in

temperatures (Phillips and Brown, 1987).

2.2.2 Low Temperature Fluid Flow
Most studies have shown that other than the presence of large volumes of silica,
there is little evidence for silicification of the BGB due to hydrothermal activity in the
Archean (e.g., Lowe, 1999; Siever, 1992). Siever (1992) suggested that chert formation
on the Precambrian seafloor occurred as clay particles and organic matter served as
nucleation sites for dissolved silica in seawater, which ultimately accumulated at the

sediment interface. The amorphous silica later recrystallized to microcrystalline quartz
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during burial (Williams and Crerar, 1985). Low-temperature interaction with the seafloor
could have resulted in much of the chert formation as well as silicification of igneous
units (Lowe, 1999).

Diagenetic microfractures along spherule rims and through spherule interiors
provided conduits for fluid flow into the spherules beginning immediately after
deposition. Quenching of the impact spherules can also provide ways in which
carbonaceous materials become incorporated into impact spherules. Quenching of the
spherules was caused by the rapid cooling when the hot melt droplets of condensate fell
into the Archean ocean. This process could result in the interior of an impact spherule
pulling away from the harder spherule rim (Kohl et al., 2006). This process could allow
Archean water and dissolved carbonaceous or carbonate species to become incorporated
into the interior of the spherules.

Walsh and Lowe (1999) observed diffuse, cloudy, carbonaceous materials in the
BGB that could not be optically resolved into individual grains. Walsh and Lowe (1999)
interpreted the material as extremely fine grained carbonaceous detritus deposited under
low energy conditions. In a study of the approximately 3.8 billion year old Archean Isua
greenstone belt in southwestern Greenland, van Zuilen et al. (2003) found that low
temperature fluids are capable of migrating through metacherts over some distance
through fractures and faults. Van Zuilen et al. (2003) also observed that carbonates of the
Isua greenstone belt can act as a replacement mineral by fluid flow through cross-cutting

laminations and advection along fractures.
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2.3 Microbial Activity
Some of the carbonaceous materials found in the sedimentary rocks of the BGB
have met sufficient criteria to be classified as biological in origin (Walsh, 1992;
Altermann and Kazmierczak, 2003; van Zuilen et al., 2007). The biosignatures of
microbial life in the ancient Archean rocks include: fossil morphology, isotope
signatures, presence of carbonaceous material, and other biomarkers and/or mineralogy

(Altermann and Kazmierczak, 2003).

Walsh (1992) performed an extensive study of the carbonaceous cherts of the
Swaziland Supergroup. She found that fossils are rare, having found that of the 400
samples studied, only nine positively contained microfossils. Walsh (1992) identified and
named the carbonaceous matter as ‘composite grains’, which are similar to globular
colonies of cyanobacteria, or “algal lumps”. The preservation potential of these
composite grains could have been improved by having a silica coating. The silica coating
would have retarded the degradation of these grains and contributed to early lithification
(Walsh, 2004). Walsh (1992) noted that the position of the microfossil horizon is
contained within the impact ejecta. She suggested that the stratigraphic position of the
microfossil horizon could have implied that the impacts did not sterilize the Earth.

Allwood et al. (2006) used Raman spectroscopy to determine that trace amounts
of organic matter are preserved in the ca. 3.5 billion year old Pilbara Craton of Western
Australia. This research, in conjunction with the BGB research performed by Walsh
(1992) and Tice and Lowe (2006) offers compelling evidence in favor of the

carbonaceous matter originating from biological processes.
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Tice and Lowe (2006) presented data from an Archean chert unit in the BGB's
Kromberg Formation that demonstrates that most of the carbonaceous matter in that chert
formed by microbial mat formation on the Archean seafloor, ranging from shallow to
deep water. This work showed that the mat-producing organisms were photosynthetic and
accumulated in a stratified ocean with high silica contents. The Archean oceans had
substantially higher concentrations of dissolved silica than the modern oceans of today.
Modern oceans average less than 0.10 mM of dissolved silica while the dissolved silica in
Archean oceans ranged from 0.67mM from saturation with cristobalite, to 2.20 mM from
saturation with amorphous silica (Konhauser et al., 2007).

Van Zuilen et al. (2007) suggest that photosynthesizing and chemolitho-
autotrophic bacteria could be responsible for the production of the carbonaceous matter in
this section, and replenishment from hydrothermal circulation could have sustained
methanogens and anoxygenic photosynthesizers. However, unlike the Pilbara craton in
Australia, Tice and Lowe (2004) clearly show that the chert layers could not have formed

in a hydrothermal environment.

Knoll and Barghoorn (1974) described pyrite grains with siliceous microtubular
structures up to three millimeters in length from the Precambrian rocks of Canada and
Western Australia. The widths of the microtubes are the same as the diameters of the
pyrite grains, which are 0.65 to 1.44 mm in diameter. The megacrystalline quartz grains
that formed the borders of the small microtubes were in optical continuity with the
surrounding matrix grains (Knoll and Barghoorn, 1974), which indicated that the

microcrystalline quartz along the boundary served as the nucleation site for
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reprecipitating quartz. The small size of the quartz grains implies rapid early growth of
the quartz (Knoll and Barghoorn, 1974).

Knoll and Barghoorn (1974) proposed that the microtubular structures were
formed biologically through the decomposition of organic materials. When hydrogen
sulfide (H,S) was released in the early stages of decomposition, it reacted with iron in
solution to form the sulfide mineral, pyrite, which has a hydrophobic surface. As the
pyrite crystallized in the chert substrate, it was surrounded by opaline silica that
contained partially decomposed organic matter. The decomposing organic matter broke
down with increasing temperature and pressure and released gaseous end products. As
the gaseous end products had no way to escape the impermeable chert, the gas would
build up pressure until it was able to propel the pyrite through the chert substrate. Knoll
and Barghoorn (1974) noted that the presence of organic matter is extremely important in
this process, but also noted the importance that chert, an impermeable rock, has in
forming these features. The organic matter must be enclosed very rapidly and completely
in order to prevent the complete degradation of organic matter by bacterial decay.

Wacey et al. (2008) performed an isotopic study of microtubular structures
formed by the migration of minerals through a lithified substrate, and found that the
microtubes can be a potential biosignature of early Archean life (Fig. 2-1). He termed
these structures ambient inclusion trails (AlTs), and confirmed the findings of Knoll and
Barghoorn (1974) that suggested the pyrite is propelled through a lithified substrate by
the release of gas from decomposing biological material. The AlTs are enriched in
isotopically light carbon, which could indicate fractionation of carbon by microbial

processes (Wacey et al., 2008). The carbon occurs on the walls of the microtube along
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with traces of nitrogen, sulfur, potassium, cobalt, iron, nickel, zinc, and phosphorous,
which are all potentially important biologic enzymes and sources of energy for anaerobic

microbial respiration (Wacey et al., 2008).

Figure 2-1 Ambient Inclusion Trails from Pilbara of Western Australia
From: Wacey et al., 2008

A) Quartz-filled AIT through chert behind pyrite crystal B) Quartz-filled AIT
through chlorite-rich chert behind terminal pyrite crystal C) Short, wide AIT with
chlorite infill. 1t should be noted how the leading edges of the pyrite crystal
appear to be degraded and how the tail end of the tube exactly mirrors the
geometry of the pyrite crystal D) Single microtubes from a microcrystalline silica
grain. Terminal pyrite crystals and possible concentration of organic matter
behind the pyrite grain in and along the distal margin.
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Furnes et al. (2004) described other microbial-induced tubular structures from the
Barberton Greenstone Belt in South Africa formed by the extraction of nutrients from
basaltic glasses in the pillow lavas by colonizing microbes. After obtaining an X-ray
elemental map, Furnes et al. (2004) concluded that these features were biogenic in origin,
due to the presence of carbon, nitrogen, and nucleic acids left along the walls of the
tubes. The carbon on the tube walls had the characteristically depleted *C values that

indicate a biogenic origin (Furnes et al., 2004).
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Figure 2-3 Carbon along Walls of Tubular Features

Backscatter electron (BSE) image (A) and x-ray element maps of
carbon (B) and calcium (C) associated with tubular structures from
approximately the same area shown in Fig. 1E. In (D), the carbon map
has been superimposed on the BSE image, showing the association of
carbon with the margins of the tubular features. From: Furnes et al.,
2004.
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While microfossil morphology is heavily relied upon in identifying ancient
microfossils, some minerals are capable of producing forms very similar to those
purported to be microfossils. Cavities once filled by barite (BaSO,4) can be replaced with
needle-like silica spindles with morphologies similar to ancient microfossils (Pinti et al.,
2009). Halloysite (Al,Si;05(OH),) is a kaolinite polymorph consisting of repetitive layers
of slightly charged tetrahedral and octahedral sheets. The charges of the sheets are
satisfied by interlayer cations, which subsequently attract water (Moore and Reynolds,
1997). Upon heating and dehydration of halloysite, the tetrahedral and octahedral sheets
are capable of rolling, forming a tubular structure with similar morphologies as those

identified as microfossils (Pinti et al., 2009).

2.4 Impact Related Origins

The meteorite that produced the S3 impact spherules was approximately 20 to 50
kilometers in diameter based upon the iridium content, chromium content, and spherule
sizes (Melosh and Vickery, 1991; Shukolyukov et al., 2000; Kyte at al., 2003).
Chromium isotope signatures of the S3 bed are consistent with formation by the impact
of a carbonaceous chondrite (Figure 2-1) (Shukolyukov et al., 2000; Kyte at al., 2003).
Lowe et al. (1989) also observed that the spherule beds of the BGB contained high levels
of iridium, nickel, and chromium relative to normal background levels of sediments on
Earth. Byerly and Lowe (1994) performed geochemical modeling of the abundance of
immobile elements in the spherule beds of the BGB. They found that the composition of
the impact spherules included a mix of tholeiitic basalt, komatiite, and CI carbonaceous

chondrite. Kyte et al. (2003) and Shukolyukov et al. (2000) determined using Cr isotopes
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that the bolide most closely resembled a CV carbonaceous chondrite. CV carbonaceous
chondrites contain, on average, 0.5 % carbon by weight, while the major mineral
constituents of a CV carbonaceous chondrite are olivine and sulfides (Lodders and

Fegley, 1998).

2.5 Fischer-Tropsch Synthesis

Fischer-Tropsch Synthesis (FT) is a chemical reaction in which a gas, usually
hydrogen and carbon monoxide, can be converted to liquid hydrocarbons (van Zuilen et
al., 2007). Fischer-Tropsch synthesis of organics can mimic that of biological carbon
production by forming organic compounds during hydrothermal alteration of ultramafic
rocks (van Zuilen et al., 2007). Hydrocarbons are produced by FT synthesis in modern
mid-ocean-ridge hydrothermal systems (Holm and Charlou, 2001). FT synthesis of
organics has been proposed in the approximately 3.5 billion year old greenstone belt in

Western Australia, but it has not been observed within the BGB (van Zuilen et al., 2007).

Van Zuilen et al. (2007) argue against the production of organics by FT Synthesis
in the BGB due to stratigraphic relationships. If FT Synthesis were responsible for the
carbonaceous matter seen in the spherules, then these beds should be underlain by
organic-rich feeder dikes and the associated ultramafic rocks should show evidence of
hydrothermal alteration. Neither of these criteria is met in the BGB stratigraphy (van

Zuilen et al., 2007).
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CHAPTER 3
METHODS
3.1. Petrographic Methods

Samples from the S3 spherule bed were prepared for petrographic analysis. Thin
sections of S3 layers from the Barite Syncline, Maid-of-the-Mist, Loop Road, and Sheba
Mine locations were prepared. Bulk samples were cut to size using a diamond encrusted
trim saw blade with water as a lubricant. After the bulk samples were cut to the
appropriate size, all samples were polished using standard grit sand paper. Loose silica
carbide abrasive was avoided during this process to eliminate the possibility of
embedding silica carbide particles into the samples. After polishing the samples at the 10
125 grit, samples were polished on the micro level using a diamond paste and silica
extender solution, beginning with a 20 micron diamond paste and ending with a 0.25
micron diamond paste. After the samples were polished using the 0.25 micron paste, the
samples were mounted on 2 x 3” glass slides with epoxy. The billets were cut off the
slides with a diamond encrusted abrasion saw blade using water as the lubricant, and the
thin sections were polished again, using the same methods as previously described. This
procedure results in a doubly polished thin section and eliminates shagreen.

Each thin section was examined petrographically for evidence of carbon.
Photomicrographs of the various spherule textures, matrices, microfractures, and dark
amorphous matter were taken in reflected light, PPL, and XPL for each of the four
sample locations. The location and proximity of the carbonaceous matter to

microfractures, matrix, and spherules was noted.
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3.2 Electron Probe Microanalysis (EPMA)

Upon completion of petrographic analyses, the S3 thin section samples that
displayed regions of interest were selected for further analysis using the JEOL 733
Superprobe, an electron microprobe at Temple University. An electron microprobe
(EMP) is an analytical device used to perform relatively non-destructive analysis of small
scale solid materials. The EMP is capable of determining elemental and chemical
compositions of solids down to a spatial resolution of less than two microns.

The regions of interest on the thin sections were marked with a scribe by scoring a
circle around each feature. Before further sample preparation and analysis, each thin
section was cleaned ultrasonically in deionized water and then handled with gloves. To
obtain a conductive surface needed for EPM analysis, each sample was coated in gold
using a sputter coater. Carbon paint is more traditionally used in electron microprobe
analysis, but was avoided in this study to eliminate carbon contamination and allow for
detection of carbon in the rock sample.

Bulk samples were also selected and prepared for microprobe analysis. Samples
having a diameter greater than 1”” were cut to size using a diamond tipped trim saw.
Before mounting and polishing the chips, each sample was cleaned ultrasonically in
deionized water to remove any particles that could compromise the polishing process.
Using 17 Bakelite rings, the samples were mounted in the rings using epoxy. The samples
were polished and coated for EPMA analysis using the same methodology as previously

described.

The S3 samples were primarily analyzed using Energy Dispersive Spectroscopy

(EDS) while operating in Secondary Electron Imaging (SEI). Numerous spectra of
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elemental peaks within the regions of interest (ROI) were obtained. When carbon was
detected using this method, further investigations were performed, including spot scans at
higher magnification, line scans along features of interest, and obtaining an elemental
map of an image by collecting an X-ray spectrum at each pixel.

The Anderson-Hassler equation (Eq. 5) was used in order to determine the most
appropriate operating conditions needed to analyze the carbonaceous material with the

electron microprobe. The Anderson-Hassler equation is

R=K(ES- EM/p Eq.5

where E," is the incident beam energy, E." is the critical excitation energy of the
element, p is the density of the element in grams per cubic centimeter, and K = 0.064, and
n=1.68. Using this equation, microprobe analysis was conducted using accelerating

voltages between 5 and 15 keV.

3.2 ESEM Methods
Some samples were analyzed using West Chester University's Environmental
Scanning Electron Microscope (ESEM). West Chester University's ESEM is an FEI
Quanta 400 with integrated Oxford INCA Energy 400 EDS.
The accumulation of electric charges on sample surfaces during microanalysis has
to be avoided, and this is where the main difference occurs between the JEOL
Superprobe and the ESEM. Charging occurs when the sample retains energy from the

primary electrons (Friel, 2004). Using the JEOL Superprobe, a conductive layer, such as
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gold-palladium, is applied to the sample surface before the sample is placed under
vacuum in the optical column. The sample is then grounded by applying a conductive
paint that connects the coated sample surface to the metallic sample mount. The
conductive coating prevents the accumulation of electrical charge on the sample surface.
Using the ESEM, the sample is placed in an internal chamber at higher pressure and a
gas, commonly water vapor, is injected into the chamber. The water vapor interacts with
the positively charged ions from the electron beam to neutralize the negative charging on
the sample's surface.

The primary advantage of using the ESEM as opposed to the JEOL Superprobe is
that it is not necessary to apply a conductive coating to nonconductive samples; therefore,
samples can be analyzed without stopping to reapply a conductive coating that has been
degraded during analysis. In addition, the ESEM will not introduce carbon contamination
to the samples from the interaction of the electron beam with the oil in the instrument.
Consistent with the operating procedures described in the previous section, ESEM

analysis was conducted using accelerating voltages between 5 and 15 keV.
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CHAPTER 4
RESULTS
4.1  Petrographic Results
Petrographic analysis of each of the thin sections of S3 resulted in the
identification of regions of interest (ROI) containing possible carbonaceous matter for
further analysis using the JEOL 733 Superprobe. When examining the thin sections using
transmitted light, the carbonaceous matter is brown, dark brown, and black. It is
amorphous and diaphanous, meaning it does let some light through. The carbonaceous
matter examined using reflected light displays a low grey reflectance, which can be
distinguished from the very high reflectance of heavier, opaque minerals, such as pyrite,
magnetite, spinel, and fine grained rutile. The ROI’s include areas that contain dark
amorphous material, as well as unique mineralogy, diagenetic features, and evidence of
fluid flow pathways. The four sample locations contain distinctly different textures,
mineralogy, and fracturing due to the variability in depositional environment and

diagenetic history.

4.1.1 Barite Syncline Petrology

The Barite Syncline (BS) samples were deposited under low energy, deep-water
conditions and contain little to no admixed detritus (Krull-Davatzes et al., 2006). The
spherule rims are typically intact and many of the spherule interiors are composed
predominantly of microcrystalline quartz, particularly in the thin sections analyzed (Fig.

4-1). The spherule rim is intact and the spherule interior is now composed of
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microcrystalline quartz. This spherule displays no mineralogical zoning and is in contact

with at least three impact spherules.

I
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Figure 4-1 Barite Syncline Impact Spherule

This photomicrograph was taken under cross
polarized light (XPL). The spherule interior is
composed of microcrystalline quartz. The
phyllosilicate spherule rim is intact, and
contains abundant fine-grained opaque
material.

The Barite Syncline thin sections contain numerous regions with potential
carbonaceous matter. Some of the microfractures cutting through the microcrystalline
interiors of the spherules contain fine-grained amorphous material darker in color than
the surrounding spherule interior. These features were classified as ROI’s to examine for
carbon with electron microprobe and SEM analysis. The Barite Syncline impact
spherules are occasionally flattened parallel to bedding with multiple rim fractures. While
most of the largest spherule interiors are composed of microcrystalline quartz, other
spherules are composed of both megacrystalline and microcrystalline quartz. The

spherule rims are commonly composed of fine-grained sericite, TiO2, and FeO, (Krull-
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Davatzes, 2006), but due to the dark amorphous texture, are also identified as ROIs. The
Barite Syncline samples also contain layered spherules with compositionally distinct
inner and outer layers. The layered spherules often contain radial fractures (Davatzes,
2007) (Fig. 4-2).

Figure 4-2 displays six representative photomicrographs of the Barite Syncline
samples, of which all were taken at 4x magnification. The impact spherule
photomicrographs labeled “A” and “D”, taken in cross polarized light, have
microfractures cutting through the microcrystalline interiors of the spherules. These
microfractures contain materials darker in color than the surrounding spherule interior
and were identified as ROI’s. The photomicrograph of the impact spherule labeled “B”
was taken in cross polarized light and shows bed-parallel flattening and multiple rim
fractures. The photomicrograph of the impact spherule labeled “C” has an interior that is
composed of both megacrystalline and microcrystalline quartz, while the fractured rim is
composed of phyllosilicates. The dark material originating along the spherule rim and
entering into the spherule interior was identified as an ROI. The photomicrographs
labeled “E”, taken in cross polarized light, and “F”, taken in plane polarized light, show
layered spherules with inner and outer rims, which are not unusual in the Barite Syncline
samples. These textures can be formed by the merging of pre-solid particles during
fallout. Due to its larger size, the inner rim of “F”” was identified as an ROI to be analyzed

using the JEOL 733 Superprobe.

30



L oA
00 microns

M

2

i
ot

e

.

00 microns

£ R ey

Figure 4-2 Barite Syncline Petrography

A) Microcrystalline impact spherule under PPL. There are microfractures through
the spherule interior. The rim is intact and is composed of darker materials than
the spherule interior. B) Impact spherule under PPL with multiple fractures
through the rim. C) Well preserved impact spherule under PPL. The interior is
composed of megacrystalline quartz. The rim is composed of darker materials.

D) Microcrystalline impact spherule taken under PPL. There are microfractures
through the rim and the spherule interior. E) Layered impact spherule taken under
XPL with a condenser lens. The inner rim is composed of darker material than the
spherule interior. F) Layered impact spherule taken under PPL. The circle in the
NW quadrant of the spherule interior is an air bubble in the epoxy.
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The most prevalent minerals in the spherules are megacrystalline quartz,

microcrystalline quartz, and sericite, although some spherules in the Barite Syncline also

contain sulfide minerals, spinels, and evidence of mineral displacement (Fig. 4-3).

Figure 4-3 Unique Features of the Barite Syncline Samples

A) Pyrite grain, with microcrystalline quartz trail, that has been
propelled into the interior of an impact spherule. The image was taken
using XPL. B) The same pyrite grain in plain polarized light. C)
Hollow spinel within an impact spherule. The image was taken under
reflected light. D) Hollow spinel within an impact spherule. The
image was taken under reflected light.
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4.1.2 Maid-of-the-Mist Petrology

The Maid-of-the-Mist (MOM) samples were deposited in a shallow to moderately
deep water environment and include coarse blocks of ripped-up material, abundant
admixed detritus, and glass particles that were affected by currents and tsunamis
associated with the impact event (Davatzes, 2007). The MOM impact spherules are also
locally flattened parallel to bedding. Many of the MOM spherules are deformed and the
rims are often broken. The rock is not clast-supported and has a smaller concentration of

spherules than the other sample locations (Fig. 4-4).

]

Figure 4-4 Maid-of-the-Mist Impact Spherules

Photomicrograph was taken under PPL. The
impact spherules are not as concentrated as the
S3 bed at the BS locale. The spherules are
often deformed, the rims are broken, and the
rock contains abundant volcanic detritus.

Figure 4-5 displays six representative photomicrographs of the Maid-of-the-Mist
samples, of which all were taken at 4x magnification. The photomicrographs labeled “A”,

“B”, “C”, and “D”, all under plane polarized light, are examples of typical impact
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spherules at this location. These spherules all show bed-parallel flattening, deformation,
and incomplete rims and interiors. The photomicrographs labeled “E”, taken in plane
polarized light, and “F”, taken in cross polarized light, both show examples of glass
particles and admixed detritus. No specific ROI’s were identified within the MOM
impact spherules, due to the scarcity of dark material meeting the criteria outlined above

for the identification of carbonaceous grains.
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Figure 4-5 Maid-of-the-Mist Petrography

A) Deformed and broken impact spherules taken under PPL. The spherule in the
center of the image has a broken rim composed of dark materials, while the
spherule interior is not preserved. B) Deformed and broken impact spherules and
admixed detritus taken under PPL. C) Impact spherule with phyllosilicate interior
and rim composed of darker material taken under PPL. This impact spherule is
unusually well-preserved for this sample location. D) Several deformed and
broken impact spherules and admixed detritus taken under PPL. E) Two deformed
and flattened impact spherules under PPL surrounded by admixed detritus. F)
Several volcanic glass shards and other detritus under XPL in center of image.
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4.1.3 Loop Road Petrology
The Loop Road (LR) samples (Fig 1-1) were deposited in a moderately deep
water setting and are generally well preserved (Fig 4-6). There is evidence of minor
reworking and bed-parallel flattening, but the Loop Road samples have little to no

admixed detritus (Davatzes, 2007).

Photomicrograph of a LR impact spherule taken
using PPL. The spherule is well-preserved and is not
flattened. The center of the spherule is composed of
larger megacrystalline quartz grains which are
surrounded by microcrystalline quartz grains. The
darker materials along the rim are composed of
phyllosilicates. The darker materials inside the
spherule are phyllosilicates along microfractures.

36



The LR spherule rims are usually comprised of darker phyllosilicates, sericite, as
well as minor amounts of TiO, (Davatzes, 2007). Microfractures are observed throughout
the spherules and the rock matrix. The LR spherules are highly concentrated, much like
the Barite Syncline samples, and the matrix is composed of microcrystalline quartz (Fig.
4-7). ROI’s ware located along microfractures within the spherule interiors, along
microfractures through the matrix, and along contacts between the phyllosilicate rims and
quartz interior of the spherules.

Figure 4-7 shows six representative photomicrographs of the Loop Road samples,
of which all were taken at 4x magnification and in cross polarized light. The
photomicrographs labeled “A”, “B”, “D”, “E”, and “F” are examples of typical impact
spherules at this location. These spherules all share common internal mineralogy. From
the interior to exterior of the spherules, megacrystalline quartz is surrounded by
microcrystalline quartz, while the rim is composed of phyllosilicates. Commonly,
microfractures are observed throughout the interior of the spherules. ROI’s were selected
both along microfractures within the spherules and the matrix. The photomicrograph

labeled “C” depicts fluid flow through the microcrystalline matrix of the Loop Road rock.
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Figure 4-7 Loop Road Petrography

A) Impact spherule taken under PPL. The spherule interior is composed of
megacrystalline quartz surrounded by microcrystalline quartz. There are several
small microfractures through the spherule. B) Impact spherule taken under PPL.
Spherule interior is composed of megacrystalline quartz surrounded by
microcrystalline quartz. C) Microcrystalline matrix of LR taken under PPL with
darker materials along a microfracture. D) Impact spherule taken under PPL with
megacrystalline quartz interior surrounded by microcrystalline quartz. Darker
materials can be seen in the NW quadrant along a microfracture. E) Impact
spherule taken under PPL with megacrystalline quartz interior surrounded by
microcrystalline quartz. F) Several impact spherules, under PPL in contact with
one another. The rims are all composed of darker materials.
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4.1.4 Sheba Mine Petrology

The Sheba Mine (SM) samples (Fig. 1-1) were deposited under low energy, deep-
water conditions and contain abundant euhedral and dendritic Ni-rich chrome spinels
(Krull-Davatzes et al., 2006; Krull-Davatzes et al., 2010). The SM samples represent a
full fall deposit and contain little to no admixed detritus (Krull-Davatzes, 2006). Due to
gold and sulfide mineralization at the location, the samples contain an abundance of
pyrite (FeS;) and chalcopyrite (CuFeS,).

The SM samples are generally more diverse compositionally than the MOM
samples, and these spherules tend to be significantly more flattened and sheared than
spherules from the other locations. The SM spherules range in shape from spherical to
deformed ellipses, yet there are relatively few microfractures through the spherules. The
enhanced flattening and shearing in this region can be attributed to the higher abundance
of carbonate cement and lower abundance of silica cement (Davatzes, 2007). The
spherule rims, when intact, are commonly composed of sericite.

Figure 4-8 shows six representative photomicrographs of the Sheba Mine
samples, of which all were taken with a 4x objective lens. The photomicrographs labeled
“A”, “B”, and “C” are examples of deformed impact spherules at this location, although
they do not share common mineralogical components. The photomicrograph labeled “A”
is flattened and is composed primarily of phyllosilicates. The photomicrograph of an
impact spherule labeled “B”, from interior to exterior, is composed of megacrystalline
quartz, surrounded by microcrystalline quartz that includes a pyrite crystal at the contact
of these two types of quartz. The rim is composed of phyllosilicates, but is not

completely intact. Photomicrograph “D is a well preserved, undeformed spherule with an
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interior composed of microcrystalline quartz. Photomicrographs “E” and “F” were both
taken at the same location, while “E” was acquired under cross polarized light and “F”

was acquired under reflected light. The mineral displayed in these photomicrographs is

pyrite.
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Figure 4-8 Sheba Mine Petrography

A) Deformed impact spherules taken under XPL. The spherules are composed of
dark materials and are flattened. B) Impact spherule taken under PPL. The spherule
interior shows zoning and is composed of megacrystalline quartz. The dark mineral
within the spherule is pyrite. C) Flattened, broken and deformed impact spherule
taken under XPL. Spherule interior is composed of dark materials, while matrix is
composed of microcrystalline quartz. D) Impact spherule taken under PPL. This
spherule is very well-preserved for this sample location. Interior is composed of
microcrystalline quartz, while the rim is composed of darker materials. E) Multiple
pyrite crystals under XPL. F) Multiple pyrite crystals under reflected light.
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4.1.5 Fluid Flow

In thin sections from the BS, LR, and SM samples, mineral alteration and
precipitation along fractures in spherules is observed. This is evidence of diagenetic fluid
flow along microfractures, and was observed both in and along the impact spherules and
through the matrix. No evidence of discoloration along fracture planes was observed in
the MOM samples. Figure 4-9 contains six photomicrographs demonstrating the observed
fluid flow, denoted by the red arrows. Fluid flow can commonly be seen entering the
spherules (Fig. 4-9 A, C, and E), as well as along spherule rims (Fig 4-9, D and F), and

within microfractures in the matrix (Fig. 4-9, B).

4.1.5 Other Early Diagenetic Features
Throughout the four sample locations of the S3, there is evidence of a variety of
diagenetic processes (Fig. 4-10). Before complete lithification and silicification, the
impact spherule beds were affected by lithostatic pressure, mineral alteration, dissolution,
silica precipitation, several stages of cementation, and quenching. These diagenetic
processes are recorded by mineral pseudomorphs, fractures through and around impact
spherules, zoning of the megacrystalline quartz spherule interior, and abundance of

secondary minerals.
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Figure 4-9 Fluid Flow

A) Fluid flow along a microfracture almost completely through an impact spherule.
B) Fluid flow through the matrix along a microfracture. C) Fluid flow into an
impact spherule along a microfracture. D) Fluid flow along a deformed
microfracture along the rim of an impact spherule. E) Fluid flow into an impact
spherule along a microfracture. F) Fluid flow along the rim of an impact spherule
that penetrates a smaller impact spherule in the NW quadrant of the image.
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Figure 4-10 Early Diagenetic Features

A) This impact spherule from the MOM location
shows deformation before complete
silicification. The microcrystalline quartz was
squeezed out of the impact spherule in the lower
left area of the image. B) This spherule from the
SM location shows polygonization, resulting in
the breaking of various domains that are oriented
in different directions.
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4.2 Electron Microanalytical Results
The S3 samples were analyzed using Temple University’s JEOL 733 Superprobe
and West Chester University’s environmental scanning electron microscope (ESEM).
Consistent with the results from petrographic analyses, electron microprobe analyses
revealed that the samples differed both physically and chemically due to the various

depositional environments and diagenetic histories.

4.2.1 Microprobe Analysis of Barite Syncline Samples
Using Temple University's JEOL 733 Superprobe, carbon was located in the BS
samples in small patchy agglomerates dispersed throughout the quartz rich interior of
individual spherules (Fig. 4-11). In EDS line scans and regional scans through the
quartz-rich interior, the largest carbon peaks occur proximal to areas with large silica
peaks (Fig. 4-12). Carbon associated with iron was discovered along the inner rim of a

layered impact spherule (Fig. 4-13).
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Figure 4-11 Electron Microprobe Analysis of BS3 Spherule Interior

A) Backscatter electron image of BS spherule. The white areas are phyllosilicates
and the darker areas are mainly quartz. The blue box represents the area where an
elemental spectrum was acquired. B) EDS elemental spectrum showing that the

area is composed of silica (green peak) and carbon (magenta peak). The spectrum
was acquired at 15 keV.
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Figure 4-12 Barite Syncline Line Scan

A) EDS backscattered electron image of line-scan location through an impact
spherule. Light materials are phyllosilicates, whereas darker materials are
quartz. The length of the line is 639.25 um. B) EDS spectrum of carbon along
red line. Blue line represents the start of the line scan, while green represents
the end of the line-scan B) EDS spectrum of silica along red line. Blue line
represents the start of the line scan, while green represents the end of the line-
scan. The largest carbon peaks are closely related to the largest silica peaks.
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Figure 4-13 Layered Spherule of Barite Syncline Section

A) Photomicrograph of Barite Syncline layered spherule. Image was taken with 4x
objective lens under PPL. B) Elemental map of layered impact spherule. Magenta
represents carbon and lime green represents iron. The carbon and iron are located
along the margin of the inner ring of the spherule. Red arrows highlight same
region between the two images.
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4.2.2 Microprobe Analysis of Maid-of-the-Mist Samples
Using Temple University's JEOL 733 Superprobe, carbon was not detected in the
MOM samples (Fig. 4-14). The composition of the MOM samples is dominated by

aluminum-rich phyllosilicates, due to the abundance of altered glass detritus.
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Figure 4-14 Maid-of-the-Mist Spectra

A) Phyllosilicate-rich EDS spectrum acquired at 15keV that contains no carbon. The
elements include minor aluminum, silica, potassium, and minor amounts of iron.

B) Phyllosilicate rich EDS spectrum acquired at 15keV that contains no significant
amount of carbon. The major elements include aluminum, silica, potassium, and
minor amounts of titanium and cesium.
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4.2.3 Microprobe Analysis of Loop Road Samples
Using West Chester University's environmental scanning electron microscope
(ESEM), carbon was detected in a number of locations throughout the LR samples.
Carbon was located in spherule rims (Fig 4-15) and quartz-rich depressions within
phyllosilicate spherules (Fig. 4-16, Fig 4-17). Consistent with the results found in the BS

samples, when carbon was identified, it was associated with areas dominated by silica.

50



Aluminum Map

2000 ! AlKal

200urm ! Sikal

2000 ! Ckal 2

Figure 4-15 Loop Road SEM Elemental Maps

A) Grayscale composite SEM image of phyllosilicate spherule rim next to quartz-rich

matrix B) Elemental map of aluminum C) Elemental map of carbon located along
microfracture between grain boundaries D) Elemental map of silica. The carbon-rich
microfracture is surrounded on all sides by large concentrations of silica.
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LR Spectrum 1

Element

CK
OK
Na K
Mg K
AlK
SiK
SK
CIK
KK
TiK
Fe K

Totals

Weight
%

30.33
39.41
2.17
0.37
5.85
14.15
0.52
2.88
3.11
0.55
0.68

100.00

Atomic
%

41.9
40.9
1.57
0.25
3.60
8.37
0.27
1.35
1.32
0.19
0.20

A) Table summarizes elemental percentages of Spectrum 1. Carbon constitutes 30.33
weight percent and 41.9 atomic percent. Silica is the second most abundant element
and constitutes 14.15 weight percent and 8.37 atomic percent. The presence of almost
equal amounts of sodium and chloride is probably due to minor contamination. B)
Depression in a phyllosilicate spherule rim where spectrum was acquired C) EDS
spectrum acquired at 10 keV accelerating voltage.

Figure 4-16 Loop Road Spectrum 1
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LR Spectrum 2

Element | Weight Atomic
% %

CK 31.06  42.47
oK 40.63  41.70
NaK [201  1.44
MgK |036 024
AlK 609  3.71
SiK 13.86  8.10
SK 048  0.24
K K 324  1.36
TiK 127  0.44
FeK [099  0.29

Totals 100.00 A

Electron Image 1

Figure 4-17 Loop Road Spectrum 2

A) Table summarizes elemental percentages of Spectrum 2. Carbon constitutes 31.06
weight percent and 42.47 atomic percent. Silica is the second most abundant element
and constitutes 13.86 weight percent and 8.10 atomic percent B) Depression in a
phyllosilicate spherule rim where spectrum was acquired C) EDS spectrum acquired at
10 keV accelerating voltage. The largest elemental peak in this spectrum is silica,
followed by carbon.
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4.2.4 Microprobe Analysis of Sheba Mine Samples
Using Temple University's JEOL 733 Superprobe, carbon was detected in the
Sheba Mine samples. Carbon was less common in the SM samples compared to the
samples from LR and BS samples, and was only positively identified at one location.

Consistent with the results obtained from the other sample locations, the carbon was

located at the contact between two quartz-rich spherules in the dark, amorphous material

along the spherule’s rim (Fig. 4-18).

Figure 4-18 Sheba Mine Spectrum

A) PPL photomicrograph of an impact spherule with dark,
diffuse materials around the spherule. The red box denotes the
location where spectrum was acquired. B) EDS spectrum of
dark, diffuse materials around the impact spherule acquired at
15keV accelerating voltage. A carbon peak is detected along
with a large concentration of silica and minor amounts of
calcium and phosphorous.
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4.3 Ring Structure
Within the Barite syncline thin section, a circular, segmented, tubular structure
was discovered. The ring structure is embedded within the rock and the color of the
feature mimics the substrate in which it is located. The feature is primary located within
the brown phyllosilicate rock matrix where its color is also brown. The feature cuts into

one of the transparent quartz-rich impact spherules where it is also transparent (Fig. 4-

19).

| |
o i Y T
Figure 4-19 Petrographic Analysis of Ring Structure

A) The ring structure cuts through grain boundaries, highlighted by the red
oval. The image was taken under XPL. B) The feature's color is consistent with
the different compositions of the rock in which it is located. The darker areas
are predominantly phyllosilicates, while the white areas are predominantly
microcrystalline quartz. Image was taken under PPL. C) Image taken under

PPL. D) Image showing the maximum width of the structure under PPL with
condenser lens.
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The ring structure was examined with Temple University's electron microbe and

elemental maps of quartz and aluminum were acquired. The feature is composed of

almost pure quartz, while the surrounding substrate is composed of aluminum

phyllosilicates (Fig. 4-20). The feature was also examined with West Chester University's

SEM, which yielded the same results (Fig. 4-21).

Figure 4-20 Microprobe Analysis of Ring Structure

A) Secondary electron image of the ring structure. Magnification is 86x
and accelerating voltage is 13 keV. B) Composite back scattered electron
image of ring structure using 13 keV accelerating voltage. Note the
smaller tubular structure in the upper left corner. C) Elemental map of
aluminum (green). Note that the main feature and smaller features contain
very little aluminum, while the surrounding areas are rich in aluminum.
The smaller features are denoted by the red arrow in images B and C. D)
Elemental map of silica (magenta). Note that the feature is very rich in
silica.
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Figure 4-21 SEM Analysis of Ring Structure
A) SEM image of unique feature acquired at 11 keV. Scale bar is 200 microns.
B) Spectrum 1. Note that the spectrum was acquired within the ring structure which is
composed of almost pure quartz. The large oxygen peak can be attributed to the use of
water vapor in the SEM, as well as the presence of quartz (SiO;). C) Spectrum 2. Note
that the spectrum was acquired in an area close to the feature. The gold and palladium
peaks are remnants of the gold coating applied for EMP analysis, while the oxygen
peak is explained in the caption of image B. D) Spectrum 3. Note that this spectrum
was acquired in a highly reflective area outside of the feature, and contains amounts
of zirconium. The Au and Pd are explained in the caption for image C.
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CHAPTER 5
DISCUSSION AND CONCLUSIONS
5.1 Introduction

The primary objective of this study is to use petrographic and microanalytical
observations of the S3 spherule bed samples to determine the distribution and origin(s) of
the carbonaceous material within the bed. The possible processes responsible for the
origin of the carbonaceous materials include: (1) microbial activity, (2) primary carbon in
the condensed spherules from the vaporized bolide and target material, (3) Fischer-

Tropsch synthesis, and (4) diagenetic processes.

5.2 Distribution of Carbon within the S3 Beds
Of the four locations studied, the BS samples contained the highest concentration
of carbonaceous material. Carbon was found in the impact spherules and along rim
margins, but not within the rock matrix. The carbon was located exclusively in areas that
were rich in silica and not in areas that were rich in phyllosilicates.

The LR samples contained the second largest concentration of carbonaceous
materials out of the four locations that were examined. The carbonaceous materials were
located in microfractures along spherule boundaries and in quartz-rich depressions within
phyllosilicate spherules. Consistent with the results seen in the BS samples, the carbon is
located in areas associated with quartz.

Carbonaceous materials were discovered in the SM samples, but in the lowest
concentrations of the three locations that did contain carbon. Since the SM section

displays evidence of extensive bed-parallel flattening and shearing and the least amount
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of silica cement, it is possible that the majority of original carbonaceous materials was
lost during diagenesis, or was mobilized locally into the matrix. The small amount of
carbon was found in dark, cloudy material at the contact between two spherules along the
spherule rims.

Carbonaceous materials were not identified within the MOM samples. Due to the
scarcity of intact and well-preserved spherules in the MOM samples, it may be that there
were not enough spherules to locate the relatively rare carbonaceous matter in the

spherules.

5.3 Microbial Activity

The findings of this study cannot rule out microbial activity as a possible process
responsible for the origins of the carbonaceous material within the S3 bed of the BGB.
While there may not be direct and confirmed evidence of microbial activity, two specific
findings in this study lend support to microbial activity in the BGB. Further isotopic
analysis must be performed in order to confirm or refute this claim.

The first feature that yields support to microbial activity is a texture associated
with a pyrite grain in a Barite Syncline sample (Fig. 4-3 a, b). The feature shows a pyrite
crystal that appears as though it has been propelled into an impact spherule. When
comparing this finding to the microbial-generated ambient inclusion trails (AIT's) from
Wacey et al. (2008), the images are remarkably similar (Fig. 5-1). The feature in the
Barite Syncline looks like an ambient inclusion trail. It has the terminal crystal and
appears to show series of striations at an angle to the margin of the tube. The striations

may represent the former resting positions of the pyrite as it was being moved in a
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stepwise manner (David Wacey, personal communication, October, 2010). Although the
feature is remarkably similar to the morphology of an AIT, further geochemical and
isotopic studies are required in order to confirm this finding. Pyrite mineralization
occurred several million years after deposition of the spherules (Lowe and Byerly 1999)

and therefore is not associated with microbial activity at the time of impact.

|

Figure 5-1 Microbial-Induced Ambient Inclusion Trails
A) PPL image of pyrite grain that has been propelled into an impact spherule.
B) Image A under higher magnification. Note the angles relative to the
margin of the microtube where the crystal may have rested during movement,
denoted by the red lines. C) Quartz filled AIT through chlorite-chert behind
pyrite crystal from Wacey et al. (2008). D) Quartz filled AIT through rich
chert behind terminal pyrite crystal from Wacey et al. (2008).
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Another finding that lends support to microbial activity in the BGB is the ring
structure found in the BS samples (Figs. 4-21, 4-22). This feature has a distinguishing
morphology that very closely resembles cyanobacteria (Nora Noffke, personal
correspondence, April 2010). In order to determine if the feature is indeed a microfossil,
high resolution TEM imaging and isotopic analyses are needed (Ed Simpson, personal

correspondence, March 2010).

5.4 Primary Abiogenic Carbonaceous Materials

Primary carbon from the condensation of vapor plume matter cannot be ruled out
as a potential source of carbon in the BGB S3 bed. Based upon the chromium isotopes,
Kyte et al. (2003) suggested that the meteorite was a carbonaceous chondrite (Fig 1-2).
An approximation of the total amount of carbon delivered by the CV carbonaceous
chondrite can be as much as 0.53 weight percent (Britt et al., 2002). While the weight
percent is of carbon in a CV chondrite seems minimal, the carbon that was detected in the
LR, SM, and BS samples was also minimal.

The presence of carbon solely within and along the margins of the spherules
strongly supports this alternative for the origin of the carbon. The carbon is largely
associated with quartz spherules, which would have devitrified rapidly and are less
permeable than phyllosilicates. The early quartz alteration would have “locked in” any
carbon present in the spherule.

The BS samples show a REEs fractionation that suggests a higher concentration
of bolide and/or highly refractory components in the lowermost part of section and a

basaltic target rock signature in the uppermost part of the section (Krull-Davatzes, 2006).
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Further studies should include a comparison of the presence and abundance of carbon
throughout the section to determine if the carbon is more abundant within the lowermost

section, which is more chemically representative of the bolide.

5.5 Diagenetic Processes

The results of this study lend strong support to diagenetic processes locally
mobilizing the carbonaceous materials in the S3 beds of the BGB. The majority of the
identified carbon was found along spherule boundaries and in microfractures, which
could indicate that the carbonaceous materials were brought in through fluid flow at a
later stage.

When examining the Sheba Mine photomicrograph and spectrum from Figure 4-
19, the carbonaceous material is contained within dark, diffuse, cloudy material. Walsh
and Lowe (1999) found similar results in their study and interpreted the material to be
extremely fine grained carbonate detritus deposited under low energy conditions.
However, if this were the case, the carbonaceous materials would also be located in the
matrix.

When examining the elemental maps of Loop Road in Figure 4-16, the
carbonaceous material is found exclusively within a microfracture along a grain
boundary. Van Zuilen et al. (2003) also found similar results in the Isua greenstone belt
in Greenland. They observed that the carbonates can replace other minerals by advection
along fractures.

In Figure 4-14, the carbon is located along the inner ring of a layered spherule

Barite Syncline spherule. This location of the carbon along the inner rim could result
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from the quenching of the hot impact spherule as it enters the Archean ocean. The
quenching could result in the interior of an impact spherule pulling away from the harder
spherule rim (Kohl et al., 2006). This process would allow for Archean water and any
dissolved carbonaceous materials or carbonate species to become incorporated into the

interior of the spherules.

5.6 Fischer-Tropsch Synthesis
Fischer-Tropsch Synthesis (FTS) as an origin of the carbonaceous material can be
ruled out due to the stratigraphy of the spherule bed sections in BGB. If FT Synthesis
were responsible for the carbonaceous matter seen in the spherules, then these beds
should be underlain by organic-rich feeder dikes and the associated ultramafic rocks
should show evidence of hydrothermal alteration. Neither of these criteria is met in the

BGB stratigraphy (van Zuilen et al., 2007).

5.7 Summary
In summary, only Fischer-Tropsch Synthesis can be excluded as a process
responsible for the origins of carbonaceous materials in the S3 beds. Though there is no
direct evidence of the biogenecity of the carbon observed, other textual observations
within the S3 spherule bed are consistent with microbial activity. The ambient inclusion
trails (AIT) and the anomalous ring structure do suggest microbial activity; however,
sulfide mineralization occurred millions of years after the deposition of the S3 bed (Lowe

and Byerly, 1999). Further studies are needed in order to determine if microbial activity
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was occurring at the time of deposition of the S3 bed, or began later when the sulfide
mineralization occurred.

While microbial activity cannot be ruled out as processes responsible for the
origins of the carbonaceous materials, the findings of this study indicate that the carbon
was mobilized from within the spherules during diagenesis. The location of carbon along
spherule rims and microfractures within the spherules can also be attributed to diagenetic
processes, such as fracture flow, dissolution, and replacement. The most plausible
explanation is that the carbon is a primary condensate from the impact plume, but has
been very locally remobilized into microfractures and along the rims of the spherules.
The positive association of carbon within silica-rich areas can be attributed to the
increase in preservation potential of quartz when compared to the mineral stability of
phyllosilicates. Phyllosilicates are end member alteration products of several minerals

and therefore may have allowed for the loss of carbon.
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