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ABSTRACT

The unique alignment of the Decaturville, Crooked Creek, and Weaubleau
geological structures in central Missouri, three of nine known such structures along the
38" parallel in Illinois, Missouri, and Kansas, has puzzled geoscientists for decades.
Research using palynology (palynomorphs and particulate organic matter) and
radiometric dating of impact spherules were used to constrain age and a relationship
between these enigmatic structures and infer their paleoenvironmental conditions. Novel
melting damages, unique to impact, were documented in the palynomorphs in all the
three structures. Early Ordovician acritarchs with melted processes correlate with “°Ar-

39 Ar stepwise heating age of impact spherules from the Crooked Creek structure. This age
is coeval with a large clustering event that was responsible for other craters in North
America and globally during the Ordovician. The presence of melted acritarchs and
palynological material of mixed ages and environments reflect the effects of meteorite
impact on the sedimentary environments and stratigraphy.

Another study utilized the palynomorph, palynofacies and foraminiferal contents
of 43 samples from four wells in the Orange Basin located offshore western South Africa.
The aim was to constrain paleoenvironmental conditions and evaluate the hydrocarbon
potential of an understudied area of this offshore frontier basin. Key biostratigraphic and
palynofacies information provided evidence for a Cenomanian age for the studied
interval, inner to middle shelf settings, and an arid hinterland at the time of deposition of
the studied interval. This case study also suggested that the sediments were characterized

primarily by gas-prone type 111 kerogen and some oil-prone type Il kerogen.
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1. INTRODUCTION

Palynology, a branch of paleontology, is a comprehensive tool that is used in
several areas of study. Applications of this valuable proxy include modern and past uses
in forensics, allergy studies, honey evaluation, archaeology, geochronology, evolutionary
and paleoenvironmental studies, paleoecology, climate studies, and hydrocarbon
potential.

The aim of this work is to demonstrate various applications of palynology using
case studies from two areas of the world, namely central Missouri (USA) and offshore
western South Africa. In these case studies, palynology is used: 1) as a biochronology
tool; 2) to link uniquely damaged (melted) palynomorphs to meteorite impact; 3) to
document the effects of terrestrial meteorite impact on palynomorphs and particulate
organic matter; 4) to evaluate the hydrocarbon potential of a frontier basin; and 5) to
reconstruct paleoenvironmental conditions.

The results of this project will be presented in separate sections with self-
contained components (abstract, introduction, results, discussion, and conclusions).
References will also be grouped separately at the end of each independent section. All the
sections have been separately disseminated to the scientific community through
conference abstracts, planned journal articles, and as a chapter in a published Springer

book. Publication citations are given in the footnote of the first page of each section.



PAPER

|. GOLDILOCKS FOSSILS AND THREE MISSOURI 38™ PARALLEL
STRUCTURES: A TALE OF ORDOVICIAN IMPACT CLUSTERING*!2

Marissa K. Spencer?, Francisca E. Oboh-lkuenobe!, and Laura E. Webb?

!Department of Geosciences and Geological and Petroleum Engineering, Missouri
University of Science and Technology, 1400 N. Bishop, Rolla, MO 65409, USA

2Department of Geography and Geosciences, University of Vermont, 180 Colchester
Avenue, Burlington, Vermont 05405, USA

ABSTRACT

A decades-long debate centers on a series vs. clustering origin of aligned 38th
parallel geologic structures in the central U.S. Novel methods may resolve the timing and
origin of three structures in Missouri (Crooked Creek, Decaturville, Weaubleau) and add
to an impact clustering event with global and regional implications. Impact can destroy
biota and rocks, but where preserved, affected rocks and fossils provide timing evidence.
Although palynomorph damage can result from other earth processes, features attributed
to melting, such as in Goldilocks fossils (melted but identifiable) are unique to impact
and indicate areal and temporal event proximity. Correlation of melted acritarchs and

impact spherule “°Ar/*Ar step-heating ages better constrain 38th parallel impact timing

* 1. This manuscript is intended for submission to Geology.
2. Spencer, M., Oboh-Ikuenobe, F.E., and Webb, L.E., 2021. The Ordovician meteor event: evidence
from impact-damaged acritarchs and the 40Ar/39Ar date of impact spherules from the Crooked Creek
Structure. Geological Society of America Abstracts with Programs, 109 (7).



and suggests a link with an L-chondrite asteroid breakup and subsequent Ordovician

meteorite clustering event.

1. INTRODUCTION

The 38" Parallel structures (38PS) are geological structures along the 38" latitude
in the central U.S. (Figure 1) with debate about their genesis (Snyder and Gerdemann,
1965; Heyl, 1972; Rampino and Volk, 1996; Luczaj, 1998). Although visually
comparable to comet fragments that impacted Jupiter (National Aeronautics and Space
Administration, 2019), evidence suggests an alternate perspective and scale, including
connection to the Ordovician Meteor Event (OME). They extend E-W >1000 km over the
sediment-covered igneous and metamorphic rocks of the North American craton, and are
shaped by Paleozoic geologic events, including the Midcontinent Rift System, Sloss
sequences, Ozark Uplift, Nemaha Uplift, and Appalachian and Ouachita orogenies (Sloss,
1963, 1988; Dolton and Finn, 1989; Hatcher et al., 1989; van Schmus, 1992; Hatcher,
2010).

The three Missouri 38PS (MO38PS), Crooked Creek, Decaturville, and
Weaubleau, have intense faulting, folding, and brecciation with variable sizes, features,
and geology (Figure 1) and are classified as complex craters by size and morphology
(Melosh, 1989). At the center of the Cuba and Palmer fault zone (Anderson, 1983; Heyl,
1983; Luczaj, 1998), the Crooked Creek crater is ~7 km wide with a partially collapsed

central uplift bordered by high-angle normal faults and divided by a narrow irregular



@ Ordovician - confirmed impact structure.
© Ordovician - suspected impact structure
J 33th Paralel - confirmed impact structure
¢ 38th Paralel - suspected
A 38t Parallel - geological structure
% Paiynological sampies

® Sphende samples

Figure 1. Locations and geological maps of Missouri 38th parallel structures (Crooked
Creek, Decaturville, and Weaubleau). Holocene (Hal: alluvium), Pennsylvanian (Pka:
Cherokee Group, Krebs Subgroup, Atokan Stage), Mississippian (Mo: Osagean, MKk:
Kinderhookian), Ordovician (Or: Roubidoux, Og: Gasconade, Ocj: Cotter-Jefferson
City), Cambrian (€I: Lamotte, €d: Davis, €dd: Derby-Doe Run, €ep: Eminence-Potosi,
€p: Potosi), p€: Precambrian granite bedrock, palynology samples represented by circle
with cross, and impact spherule sample location represented by spiked circles.

horst (Hendriks, 1954). The rocks are sedimentary with the oldest displaced
stratigraphically upward ~300 m (Hendriks, 1954). Surrounded by a normal ring fault,
Decaturville extends ~5.5 km and has a central uplift with crosscutting radial low angle
thrust faults (Offield and Pohn, 1979). The rocks include central uplift Precambrian
blocks displaced from ~540 m and discontinuous sedimentary outcrops with lateral
bedding variation (Offield and Pohn, 1977). Weaubleau is shallow and large at ~19 km in

diameter with sedimentary rocks and bedrock granite only as clasts in breccia (Evans et



5)
al., 2003). Streams reveal potential ring and rim faulting, with mapping hindered by short
fault extent, lack of pre-Pennsylvanian outcrops (Beveridge, 1951), and well-log data
paucity. Crooked Creek and Decaturville are confirmed impact structures (Hendriks,
1954; Offield and Pohn, 1979) based on shatter cone exclusivity at nuclear blasts and
meteorite impact (Osinski and Ferriere, 2016), although planar features in resistant
minerals also document shock metamorphism (French, 1998). Planar features are
documented in quartz in Crooked Creek (Dietz and Lambert, 1980; Poelchau and
Kenkmann, 2011), Decaturville (Offield and Pohn, 1979), and Weaubleau (Morrow and
Evans, 2007).

MO38PS timing estimates vary with lingering uncertainty. Early Ordovician-
Pennsylvanian timing is assumed for Crooked Creek (Hendriks, 1954; Luczaj, 1998;
Schmieder and Kring, 2020) based on deformed Lower Ordovician rocks (Snyder and
Gerdemann, 1965) and undeformed Pennsylvanian-aged rocks (Luczaj, 1998), although
Miller et al. (2007) offers a Mississippian-Pennsylvanian age from unaltered fossils in
float breccia. Apatite fission track dating of uplifted granite yielded disparate Late
Triassic-Late Jurassic ages for Decaturville (Offield and Pohn, 1979), while
paleomagnetism and mineralization suggest post-Pennsylvanian to younger timing
(Offield and Pohn, 1979; Elmore and Dulin, 2007; Schmieder and Kring, 2020). A Late
Mississippian-late Paleozoic age is suggested for Weaubleau based on unaltered and
unconformable interthrusted Mississippian and Pennsylvanian-aged rocks and fossils in
breccias (Beveridge, 1951; Snyder and Gerdemann, 1965; Rampino and Volk, 1996;

Mickus et al., 2005; Evans et al., 2008). An Osagean-Meramecian timing is proposed



6
from paleomagnetism and unaltered fossils in breccia (Dulin and Elmore, 2007; Miller et
al., 2010).

Building upon these contributions, correlation of impact-affected material (melted
acritarchs, impact spherule “°Ar/*°Ar ages) in the three MO38PS will provide a stronger
case for impact timing and mitigates challenges of 1) complex stratigraphy, 2) facies
limitations, 3) limited impact-affected material, and 4) prolonged and ongoing post-
impact effects. These results may broaden the number of Ordovician clusters and the
understanding of planetary body interactions and U.S. midcontinent geology, including

mineral deposits associated with impact (Mathur et al., 2021; James et al., 2022).

2. METHODS

2.1. PALYNOLOGY

Oxidized and unoxidized organic residue slides were prepared by Global Geolab
from samples (Appendix A) using standard palynological processing (Traverse, 2007).
Slides were scanned using transmission light microscopy and palynomorphs
photographed using a Nikon polarizing microscope with Nikon Q-Imaging
MicroPublisher 3.3 RTV digital camera. Palynomorphs were grouped by melt-damage
severity (not melted; melted but recognizable; too damaged to discern) and environment
— terrestrial (spores, pollen, fungal remains) and aquatic (chitinozoans and acritarchs) —
and named where possible. Data was supplemented with photographs and palynological

data obtained from literature (e.g., Jansonius and Hills, 1976; Fensome et al., 1990;



Balme, 1995; Punt et al., 2007; Williams et al., 2017). Palynomorph age ranges are from

Palynodata and White (White, 2008).

2.2. “AR/**AR LASER STEPWISE HEATING OF SPHERULES

Crooked Creek, Decaturville, and Weaubleau samples (see Appendix B) were
crushed, and spherules picked, washed (10% HCL), rinsed with deionized water,
measured, and imaged with a Nikon microscope. Scanning electron microscopy (SEM;
Hitachi S4700 and FEI Helios Nanolab 600) with electron dispersive spectroscopy (EDS;
Oxford Instruments) was used for semi-quantitative elemental analysis. Individual
spherules were then analyzed by “°Ar/*Ar laser step heating analyses in the argon
geochronology laboratory at the University of Vermont. Data were obtained from 11
analyses of single spherules from 7 samples, 4 of which were replicates (i.e., a second
single spherule was analyzed). Details regarding *°Ar/*Ar methods and complete data

tables are provided (see Appendix C).

3. RESULTS

Palynology samples (Appendix A) had low palynomorph recovery but were
diverse in type and age (Figures 2, 3). Ages range from Cambrian to Holocene with
Cretaceous palynomorphs notable since Cretaceous rocks only occur in the Mississippian
Embayment in Missouri (Spencer, 2001). Palynomorphs include terrestrial (cryptospores,

spores, pollen, fungal hyphae, and spores) and aquatic (chitinozoans, acritarchs) types.



Figure 2. Photomicrographs of select palynomorphs of mixed ages, environments, and
damage effects from within Crooked Creek (CC), Decaturville (D) and Weaubleau (W)
impact structures. Included are the sample slide number, and Lovins Field Finder (LF) or
England Finder (EF) coordinates. Scale bars = 10 um. A, Baltisphaeridium bystrentos,
W1-1690-NS1, LF 3G36. B, unidentified acritarch, D2-3198-C57, LF 2U29. C,
Baltisphaeridium perclarum, W1-1690-NS1, LF 3J24. D, Cornuferifusa sp.?, CC-2505-
CC795, LF 3L42. E, unidentified acritarch, D2-3198-C57, LF 2U28. F, Polygonium
gracile?, D1-2506-D771, LF 1G32. G, Multiplicisphaeridium sp.?, CC2-2505-CC795,
EF 62, 10.1, H, Veryhachium cymosum?, W1-1690-NS1, LF 2L31, I, Acanthodiacrodium
sp., W1, EF 19.2, 48.9. J, Fungal mycelium, W2-9652, LF 4C38, K, Stellatopollis sp.?,
D1-2506-D771, LF 2M45. L, Desmochitina minor, D2-3198-C57, LF 1F28. M,
Aneurospora geriennei cf., W2-9652, LF 2F40. N, Baltisphaeridium jardiniae, CC2-
2505-CC795, LF 3J44. O. Opaque tubule, CC2-2505-CC795, LF 3L37.
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Figure 3. Impact spherules from Crooked Creek, Decaturville, and Weaubleau impact
structures, and “°Ar/*°Ar stepwise heating age results from Crooked Creek spherules.

Particulate organic matter (POM) also represents aquatic (marine and non-marine
amorphous organic matter, filamentous algae) and terrestrial (degraded, structured,
structureless, and opaque phytoclasts) detritus.

Palynomorphs and POM range from well-preserved to severely damaged (Figure
2). Impact damages include vesicular, smoothed, or frosted wall surface alteration;
beaded, frayed, missing, and fused processes; and extreme body damage (ghosted,
brecciated). The acritarchs have diverse shapes and processes with variable damage even

among the same type. The only melted palynomorphs in all three structures are
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Ordovician acritarchs (i.e., Baltisphaeridium perclarum, Acanthodiacrodium tadlaense,
Veryhachium oklahomense, Goniosphaeridium polygonale, Vermimarginata barbata,
Veryhachium trispinosum) (Figure 2).

Spherules occur in the Decaturville rim, Weaubleau center polymict breccia
outcrops, and dolomites in the Crooked Creek center (Figures 1, 3; Appendix B).
Spherules were not found in Pennsylvanian rocks around any of the three structures (see
Appendix D). Spherules vary in size (0.2-2 mm), morphology, and texture with
aerodynamic shapes (spherical, egg, football, diamond, triangular, dumbbell) and fused
and aggregate forms. Spherules have ied colors (white, black, gray, yellow, red, brown,
orange) and textures (smooth, botryoidal, framboidal, frosted, crystalline, acicular,
leopard-spot). They have hollow and compact forms, internal patterns (concentric,
radial), and thin veneers with irregular surface pitting common. Spherule compositions
are silicate and rarely glassy (see Appendix B).

Laser “°Ar/3®Ar stepwise heating of individual spherules yielded complex
apparent age spectra (Figure 3) rather than simple plateaus. Instead of a simple mixing
relationship between trapped (e.g., atmospheric) and radiogenic argon components,
scatter in the inverse isochron plots (see Appendix C) suggest multiple radiogenic and
trapped components. Steps releasing 4% or more of the total 39Ar from each sample
provided minimum ages from c. 391 to 593 Ma. Four minimum ages from six analyses
(from two samples, each with two runs) are Ordovician or are concordant within error.
Thus, there are four apparent age spectra for Crooked Creek spherules with minimum age
convergence. These four minimum step ages yield a 478 +28 Ma combined mean age at

the 95% confidence interval, interpreted as a timing estimate for partial resetting of



11
inherited age domains by the Crooked Creek impact. Decaturville and Weaubleau
spherules had lower potassium and apparent age spectra with tilde or saddle shapes
without plateaus. Inverse isochrons likewise yielded poor fits, if at all, with data spread
suggesting contributions from multiple radiogenic and trapped components. Minimum
ages obtained from these samples did not converge and ranged from c. 43 Ma to 1.4 Ga.

The pattern of zinc and copper mineralization present surrounding the three
MO38PS at distances between 95-160 km (see Appendix E), is likely due to post-impact

hydrothermal processes, like that discovered at Chixculub impact (Mathur 2021).

4. DISCUSSION

4.1. IMPACT DATING CHALLENGES

Impact geochronology is challenging, particularly in sedimentary targets (Osinski
et al., 2007). Impact is dynamic and intense with variable shock and temperature effects
resulting in variable and complex sedimentology and stratigraphy (Christeson et al.,
2021) that is poorly understood (Keller, 2007). Sedimentary impactite studies are few
(Beauford, 2012) and impact-affected material suitable for radiometric dating is limited
in the MO38PS. Sediments are migmatized, intruded by multi-generations of dike and
breccia from phreatic eruptions and prolonged volcanism (Ubide et al., 2017) and
subjected to ongoing alteration processes (Ames et al., 2004; James et al., 2022),
including hydrothermal effects (Bao et al., 2009; Schmieder et al., 2018; Jiang et al.,
2021) that result in mixed, condensed, and partially or completely altered sediments

(Grieve, 1991; See et al., 1998; Dressler and Reimold, 2001; Naumov, 2002; Koeberl et
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al., 2012; Osinski et al., 2020). Slumping due to crater morphology and gravity is
ongoing and may result in post-impact sedimentary breccia formation (Shukla and
Sharma, 2018). The silicified (Reimold et al., 2005) and hardened structures may
function as a barrier to preserve remnant unaltered post-impact fossils in sink fill or
sediment drape. In situ MO38PS rocks are Cambro-Ordovician, with unaltered younger
sediment input after impact. Biostratigraphy is valuable for age; however, facies may
limit faunal types, and unconformities limit context. Missouri Phanerozoic
biostratigraphy focuses on facies-dependent microfossils, unlike palynology which offers
expanded relative age and paleoenvironment. Biostratigraphic evidence includes
unaltered Ordovician-Carboniferous-aged fossils in float breccias (Miller et al., 20086,
2007) possibly from debris flows after impact. Remagnetization affects paleomagnetism,
common in dolomites like those present in the structures (Chang et al., 1987; McCabe
and Elmore, 1989; Elmore et al., 2012; Zhang et al., 2018). Establishing an impact link

and placing the results in context is key for the most cogent interpretation.

4.2. OVERCOMING CHALLENGES WITH NOVEL METHODS

Impact biostratigraphy presents unique damage-related challenges. Although
resistant, palynomorphs may be damaged by other earth processes. Melting distinguishes
impact-related damage; however, fossils may be damaged (Edwards and Powars, 2003;
Edwards, 2012) or destroyed (Smith et al., 2021) thus hindering age interpretation.
‘Goldilocks fossils’ relate this challenge with the story of Goldilocks and the Three
Bears, and a quest to find items that were “just right”. Sorting palynomorphs by those

that are 1) too damaged to discern, 2) not melted, and 3) “just right” (melted but still
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recognizable) revealed wide-ranging palynomorph ages but only Ordovician acritarchs
that melted (Figures 2, 4). The melted palynomorph ages in each structure are correlative
to the Crooked Creek impact spherule “°Ar/*°Ar age. Also, acritarchs occur in marine
environment as the MO38PS sedimentary rocks and align with regional and global

geology interpretations.

4.3. CORRELATION WITH IMPACT SPHERULE “AR/**AR AGE

OArP°Ar dating is useful for impact interpretation (Reimold et al., 1990; Koeberl
et al., 2001; Sherlock et al., 2005), particularly for complex thermal histories with
extraneous argon inputs from rapidly cooling impact melt and vapor condensates where
radiogenic argon may not escape completely and result in inherited “°Ar (Pickersgill et
al., 2020). “°Ar/*Ar enables measurement of smaller amounts with precision, key for
heterogeneous material requiring argon source, alteration, and outgassing differentiation
(Sherlock et al., 2005). While concordant apparent age spectra defining plateaus are ideal,
reproducibility among minimum ages interpreted in geological context and consistent
with other supporting data can yield important constraints on event timing subject to
partial resetting (Klepeis et al., 2019).

Impact spherules form as ejecta or vapor condensation (Johnson and Melosh,
2012) in a dynamic and high-temperature environment (Bunch et al., 2012). Impact
timing may be inferred since radiometric age resets with cooling; however, interpretation
can be complex due to impact related-partial melting or recrystallization (Kenny et al.,
2020) and potential for overprinting (Jourdan et al., 2012). Spherules are a product of 1)

target rock, 2) trace meteorite projectile, and 3) impact geochemical processes with
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further influence by diagenesis. Although a silicate composition aligns with MO38PS
sedimentary rocks, spherules may be compositionally inhomogeneous and inconsistently
reset due to partial melting or crystallization. Decaturville and Weaubleau spherule
apparent age spectra are complex and discordant with spectral shapes indicative of partial
crystallization and hydrothermal alteration (Alexandrov et al., 2002; Kelley, 2002)
related to impact. The inverse isochron data scatter reflects a mix of radiogenic and
trapped components resulting from a long-lived crystallization, inherited heterogeneity,
or partial radiogenic “°Ar loss attributed to retrograde reactions, thermal diffusion,
deformation, or chemical alteration (Schaen et al., 2021) all common to impact and
subsequent weathering (Berry and McDougall, 1986; Alexandrov et al., 2002; Schaen et
al., 2021). Decaturville and Weaubleau spherules are from polymict breccias likely
formed in a hot, highly energetic environment (Offield and Pohn, 1979; Morrow and
Evans, 2007; Newman and Osinski, 2018), while Crooked Creek spherules found in
dolomites near the central uplift, potentially formed as ejecta, were quickly covered by
sedimentation and further protected by uplift fault structure and thus provided relevant

steps with a combined mean age of 478 £28 Ma. coeval with the melted fossil ages.

4.4. ORDOVICIAN CLUSTERING LINK

The break-up of a ~200 km diameter L-chondrite asteroid (c. 470 Ma), produced
fragments intersecting Earth’s orbit over ~2 m.y. (Ormo et al., 2015), and more craters
than any other clustering event on Earth (Schmieder and Kring, 2020). OME craters
occur in Sweden, Estonia, Canada, and the U.S. with in-situ L-chondrite meteorites and

extraterrestrial chromite documented in Sweden (Schmitz et al., 2001, 2019). In addition
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to timing and proximity to other OME craters, theoretic physics suggests chains are
improbable, and most break-up processes result in clusters rather than chains (Melosh,

1989).

Figure 4. Combined relative and absolute age evidence in context with regional geologic
events. Diamonds represent melted acritarch age ranges, and the star represents s0Ar/39Ar
age for Crooked Creek.

5. CONCLUSIONS

Age correlation of melted acritarchs and impact spherules (Figure 4) provide an
unexpected relationship for the MO38PS. Impact timing appears to be coeval to the OME

which suggests the MO38PS resulted from L-chondrite asteroid fragment impacts in a
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marine environment. Absolute and relative age dating of impact-affected material
suggests the Crooked Creek, Decaturville, and Weaubleau impact structures were likely

formed in the Early Ordovician as part of impact clustering.
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. IMPACT PALYNOLOGY: UNCOMMON ALTERATION AND

BIOGEOGRAPHICAL EVIDENCE FROM THREE MISSOURI 38™ PARALLEL
STRUCTURES*!2

Marissa K. Spencer? and Francisca E. Oboh-Ikuenobe®

&Missouri University of Science and Technology, Department of Geosciences and
Geological and Petroleum Engineering, 1400 N. Bishop, Rolla, Missouri 65409

ABSTRACT

Uniquely damaged palynomorphs and particulate organic matter in sediments
from three unusually aligned meteorite impact structures in central Missouri - Crooked
Creek, Decaturville, and Weaubleau - provide insights for unraveling complicated
biostratigraphy and expanding knowledge about impact palynology. Extreme
temperatures and highly energetic forces produced by meteorite impacts can damage
organic material and disrupt stratigraphy. Although organic material may be altered by
other earth processes, unusual damage such as bubbling and coarsening of surfaces and
fusing of processes are most likely thermally induced (melting). The presence of these
damages in acritarchs of the same type from the three Missouri structures suggests a link
to meteorite impacts during the Ordovician that were likely fragments from the break-up
of an L-chondrite asteroid. Furthermore, the ecological affinity of acritarchs indicates the

presence of marine waters at the time of impact. The mixed assemblages of

*1 This paper is intended for submission to Palaeogeography, Palaeoclimatology, Palaeoecology.
2. Spencer, M., Oboh-Ikuenobe, F.E., and Warny, S., 2021. “Goldilock palynomorphs” & the three
geologic structures: a tale of meteor impact. 53rd Annual Meeting of the AASP-The Palynological
Society: Beyond Miscellaneous: The Life and Legacy of Vaughn M. Bryant.
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palynomorphs and particulate organic matter representing various paleoecological
settings and ages provide clues about the traumatic effects of terrestrial meteorite impacts
on biogeography.

1. INTRODUCTION

Meteorite impacts are dynamic, and intense, and create some of the most extreme
forces known on earth. The magnitude of the effects on the rocks and biota in the impact
crater is dependent on the size, speed, angle, and composition of the projectile, the
composition, and competencies of the target rocks, and the presence of water (Kieffer and
Simonds, 1980; Melosh, 1989; Wunnemann and Weiss, 2015; Rumpf et al., 2017; Collins
et al., 2020; Pankhurst et al., 2022). With increasing crater size, the morphology
generally becomes more complex (Melosh, 1989). While smaller projectiles form simple
bowl shapes, larger meteorites form complex craters (2—4 km) with rings and central
uplifts, and the largest produce basins because the ratio between depth and diameter
decreases with increasing size (Riller et al., 2018). Impact sites are stratigraphically
complex and comprise extremely mixed sediments of various ages and alteration states
(Christeson et al., 2021) at radial distances and depths.

The 38th parallel structures are an unusually aligned structural zone extending
across the US Midcontinent from Nevada (Retzler et al., 2015) to West-Central Virginia
(Heyl, 1972) along the 38" latitude. Geologic structures within this zone include domes,
craters, dike swarms, diatremes, folds, and faults; not all origins and relationships are
known (Amstutz, 1965; Luczaj, 1998; Evans et al., 2008). Among these 38" Parallel

Structures, shatter cone evidence in Crooked Creek and Decaturville in central Missouri
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has been used to confirm meteorite impact (Hendriks, 1954; Offield and Pohn, 1979).
Shatter cones offer confirmation since they occur solely at nuclear blasts and meteorite
impact (Osinski and Ferriére, 2016) although planar features in resistant minerals (i.e.,
quartz, feldspar) also indicate shock metamorphism (French, 1998). Planar deformation
features and other impact products suggest that the Weaubleau was also likely formed by
meteorite impact (Morrow and Evans, 2007). These three Missouri structures (Figure 1)
comprise sedimentary rocks (sampled for palynology for this study) and metamorphic
rocks of Paleozoic age underlain by Precambrian granite basement. Speculation for the
structures’ alignment involves the type of impactor (comet, asteroid), the projectile origin
(common or mixed) (Melosh, 1989), and break-up location and mechanism with theories
ranging from serial impacts caused by asteroid break-up in the solar system (Rampino
and Volk, 1996), comet or asteroid break-up related to planetary tidal forces (Bottke et
al., 1997), and impact clustering (Melosh, 1989).

Understanding the timing and relationship of these structures is key to finding the
planetary movements responsible for this unusual linear array; however, age
determination of sedimentary structures is challenging (Osinski et al., 2007). Rocks and
minerals suitable for age dating are scarce in sedimentary impact structures and are
limited to the impact sheet and other shocked minerals, such as zircon, apatite, quartz,
and micas in impactites (van Soest et al., 2011). Impact glass is scarce in sedimentary
structures because volatiles restrict the formation of coherent melt (Kieffer and Simonds,
1980), and sedimentary rocks produce melt that differs in texture, chemical, and physical

properties (Osinski and Pierrazo, 2013). Additionally, the target rock type limits
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Figure 1. Location, geological maps and generalized stratigraphic column of the Crooked
Creek, Decaturville, and Weaubleau geological structures along the 38th parallel in
central Missouri. Holocene (Hal: alluvium), Pennsylvanian (Pka: Cherokee Group, Krebs
Subgroup, Atokan Stage), Mississippian (Mo: Osagean, Mk: Kinderhookian), Ordovician
(Or: Roubidoux, Og: Gasconade, Ocj: Cotter-Jefferson City), Cambrian (€1: Lamotte,
€d: Davis, €dd: Derby-Doe Run, €ep: Eminence-Potosi, €p: Potosi), p€: Precambrian
granite pegmatite schist.

accessory and other minerals that are available for dating (i.e., zircon, mica, apatite).
Although some of these minerals are resistant, they may be altered (granulation,
metamictization, sericitization) by hydrothermal activity and other processes related to
impact which complicate age dating (Geisler et al., 2007; Kenny et al., 2017, 2020;
Cernok et al., 2019; Kovaleva, 2020; Kubes et al., 2021; Wittmann et al., 2021). Impact
processes result in variable shock and temperature effects and poorly understood
sedimentology and stratigraphy (Christeson et al., 2021). Studies of sedimentary

impactites are rare (Beauford, 2012), and impact-affected material suitable for age dating
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is limited in these structures. Biostratigraphy relies on stratigraphic continuity, but these
sites have extremely mixed sediments and may lack a continuous overlying layer to
provide time constraints. Additionally, unaltered fossils preserved at these sites may or
may not be related to impact. The silicified (Reimold et al., 2005; Kring et al., 2020) and
hardened structures may protect remnant unaltered post-impact fossils and sediments.
Additionally, slumping and gravity along steep crater walls may result in post-impact
sedimentary breccia formation (Shukla and Sharma, 2018) with the incorporation of
younger non-impact material.

Palynology is emerging as an important branch of meteorite impact studies and
provides valuable information about the depositional conditions during impact events.
However, there is still a knowledge gap about impact effects on biostratigraphy. Impact-
related palynological studies are limited and focus on age dating and paleoenvironmental
interpretations (Nghr-Hansen and Dam, 1997; Scott, 1999; Brandt et al., 2002; Vajda et
al., 2004; Ocampo et al., 2006; Jolley et al., 2010; Bercovici et al., 2012; Vajda and
Bercovici, 2014; Holm-Alwmark et al., 2019; Andreev et al., 2021; Smith et al., 2021).
Even fewer studies, however, have addressed the effects of impact on palynomorphs
(e.g., Edwards, 2012; Edwards and Powars, 2003; Smith et al., 2020). Although
palynomorphs and particulate organic material may be affected by other earth processes
(Barreto et al., 2012; Benca et al., 2018; Bingham-Koslowski et al., 2019; Marshall et al.,
2020; Spina et al., 2022), damages resulting from meteorite impacts are atypical, and this
information has important implications for understanding impact stratigraphy and
biogeography. This study provides key information about the unusual effects of meteorite

impact on palynomorphs and particulate organic matter in sediment samples (see
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Appendix A) from the Decaturville, Crooked Creek, and Weaubleau Structures to
constrain the timing of impact, the relationship between the three structures, and inferring
the depositional environment. “°Ar/*°Ar dating is used for additional age constraints (see

Appendix B & C).

2. DYNAMICS OF IMPACT STRUCTURES

Meteorite impacts are dynamic, and intense with extreme effects. The kinetic
impact forces are converted to thermal energy, resulting in high temperatures and
damaging processes, which cause thermal and shock damages, vaporization of the target
rocks, and formation of impactites. The rock layers involved are overturned, violently
mixed, and heavily altered. The material undergoes highly energetic forces such as
kinetic, thermal, shock, and electromagnetic radiation (Popova et al., 2013), causing
vaporization temperatures of ten thousand degrees at the point of impact and prolonged
heating of more than 2370°C (Bunch et al., 2012; Timms et al., 2017). The sediments are
also subjected to a complex geochemistry of siliceous (Libourel et al., 2019), acidic,
sulfidic (Horz et al., 2015; Lightfoot, 2017), and reducing chemical fluids. Surface and
subsurface waters, along with pore fluids from the rock also develop into hydrothermal
convection cells, pushing out these hot geochemically dynamic fluids for hundreds of
kilometers (Kring et al., 2020) over 10’s of 1000’s years (Osinski et al., 2020). Other
damaging impact conditions include high winds (Rumpf et al., 2017), particulate density
currents: particulate, highly oxidizing, high temperature, and chemically reactive gases

(Addison et al., 2010; Branney and Brown, 2011; Siegert et al., 2017; Mueller et al.,
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2018), resurge-tsunamis (Kharif and Pelinovsky, 2005; Wiinnemann et al., 2010; Weiss
et al., 2015; Ernston, 2016; Gulick et al., 2019), phreatic and phreatomagmatic eruptions
(Sato and Taniguchi, 1997; Grieve et al., 2010; Mueller et al., 2018), fires which range up
to thousands of kilometers for a 3 km projectile (Svetsov and Shuvalov, 2019),
contemporaneous erosion and faulting, and subsequent slump and debris flow due to
gravity. These impact processes are complex and highly damaging with impact shock
pressures that are unparalleled in other processes (French, 1998). The most relevant
processes to this study are very high temperatures, complex geochemistry, and highly

energetic forces.

3. MATERIALS AND METHODS

Six sedimentary rock core and cuttings samples from the center and rim of the
Crooked Creek, Decaturville, and Weaubleau structures (Figure 1, Appendix A) were
obtained from the Missouri Department of Natural Resources’ McCracken Core Library.
The samples were processed by Global Geolab (Medicine Hat, Canada) using standard
palynological techniques of digestion in hydrochloric and hydrofluoric acids and
centrifuging in heavy liquid (ZnBr2) (Traverse, 2007). The oxidized and unoxidized
fractions of the isolated organic residues were then strewn-mounted on separate glass
sides and scanned for palynomorphs and particulate organic matter, respectively using
transmitted light microscopy. A Nikon polarizing microscope attached to a Nikon Q-
Imaging MicroPublisher 3.3 RTV digital camera was used to describe and photograph the

palynomorphs and particulate organic matter. Damaged palynomorphs were grouped on
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the severity of damage with those features associated with melting (bubbled, vesicular,
and smoothed wall surface alteration; fused processes), which were interpreted as impact-
related damages and were identified where possible. Palynomorphs were also grouped by
environment into categories: (1) terrestrial indicators, such as spores, pollen, and fungal
remains; and (2) aquatic marine (chitinozoans, acritarchs) and nonmarine (freshwater
acritarchs and algae). The age ranges of palynomorphs were confirmed using Acritax
(Pedder and Young, 2014) and Palynodata and White (2008). Particulate organic matter
components such as nonmarine amorphous organic matter, marine amorphous organic
matter, opaques, structured phytoclasts, structureless phytoclasts, degraded phytoclasts,
terrestrial palynomorphs (pollen grains, spores, fungal remains), aquatic palynomorphs
(freshwater algae and marine palynomorphs) were identified following the classification
schemes of Tyson (1993, 1995) and Oboh-Ikuenobe et al., (2005). Data were
supplemented with photographs and palynological data obtained from the literature (e.g.,

Jansonius and Hills, 1976 and supplements).

4. RESULTS

The core and cuttings samples from the three impact structures are primarily silt-
sized sedimentary rock (Appendix A) and yield low palynomorph recovery (few in
number). The recovered aquatic and terrestrial palynomorph types (acritarchs,
cryptospores, chitinozoans, spores, pollen, and fungal hyphae and spores) suggest
stratigraphic mixing and are indicative of Precambrian, Cambrian, Ordovician, Silurian,

Devonian, Mississippian, Cretaceous, and Holocene ages (Figures 2-4). Except for the



32

Figure 2. Photomicrographs of select palynomorphs of mixed ages and environments
(aquatic and terrestrial) from Crooked Creek (CC) (figures A-E), Decaturville (D)
(figures F-J), Weaubleau (W) (figures K-O). Included are the sample - slide number, and
Lovins Field Finder (LF) and England Finder (EF) coordinates. Scale bars = 10 um. A.
Baltisphaeridium jardiniae, CC2-2505-CC795, LF 3J44. B. Carya sp., CC2-2505-
CC795, LF 3K36. C. unidentified banded tubule, CC2-2505-CC795, LF 4T44. D.
Conchitina sp., CC2-2505-CC795, EF 50.5, 14.6. E. Trichotomosulcites subgranulatus
cf., CC2-2505-CC795, EF 63.2, 15.6. F. Perfotricolpites sp., D2-3198-C57, LF 4D22. G.
Camptotriletes juglandilis, D1-2506-D771-37, 2M46. H. Desmochitina minor, D2-3198-
C57, LF 1F28. I. Rousea sp., D2-3198-C57, LF 2F31. J. Stellatopollis sp.?, D1-2506-
D771, LF 2M45. K. Erdtmanitheca portucalensis cf., W1-1690-NS1, LF 2M43. L.
Rhabdosporites langii, W1-1690-NS, LF 2P29. M., unidentified cryptospore, W2-9652,
LF 3T422. N., unidentified spore, W1-1690-NS1, LF 4039. O. Navifusa sp., W1-1690-
NS1, LF 2T30.
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Figure 3. Photomicrographs of typical particulate organic matter from Crooked Creek (A-
C), Decaturville (D-F), Weaubleau (G-I) impact sites. Included are the sample - slide
number, and Lovins Field Finder (LF) and England Finder (EF) coordinates. Scale bar =
10 um. A, unidentified banded tubule remains, CC2-2505-CC795, LF 2H43. B, typical
particulate organic matter, CC2-2505-CC795, LF 1N29. C, marine amorphous organic
matter, CC2-2505-CC795, LF 3U43. D, impact damaged structured phytoclast, D2,
3H41. E, typical particulate organic matter, D2-3198-C57, 2E26. F, likely polychaete
worm mouthpart, C2-2505-CC795, LF 3N27. G, plant parenchyma, W1-1690-NS1, EF
16.3, 40.1. H, typical particulate organic matter, W1-1690-NS1, LF 4T33. I, fungal
mycelium, W2-9652, LF 4C38.
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Figure 4. Photomicrographs of select impact-damaged palynomorphs from Crooked
Creek (A - E), Decaturville (F - J) and Weaubleau (K - O) impact craters. Included are
the sample location - slide number, and Lovins Field Finder (LF) or England Finder (EF)
coordinates. Scale bars = 10 um. A, unidentified acritarch, CC2-2505-CC795, LF 4V22.
B, Cornuferifusa sp.?, CC2-2505-CC795, LF 3L42. C, unidentified acritarch, CC2-2505-
CC795, EF 60.5, 8.4. D, Multiplicisphaeridium sp.?, CC2-2505-CC795, EF 62, 10.1. E,
Pheoclosterium fuscinulaegerum, CC2-2505-CC795, LF 4S25. F, Actinotodissus
polimorphus?, D2-3198-C57, LF 3C26. G, Actinotodissus crinitus?, D2-3198- C57, LF
4T38. H, Polygonium nanum cf., D2-3198-C57, LF 2R42. |, Glaucotesta latiramosa?,
D2-3198-C57, LF 2D26. J, Polygonium gracile?, D2-3198-C57, LF 2U28. K,
Veryhachium trispinosum, W1-1690-NS1, LF 1Y45. L, Micrhystridium stellatum?, W1-
1690-NS1, LF 1H31. M, Veryhachium rhombispinosum cf., W1-1690-NS1, LF 1G43. N,
Baltispheridium perclarum cf., W1-1690-NS1, LF 3J24. O, Dorsendinium polorum cf.,
W1-1690-NS1, LF 4H32.
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Mississippian Embayment in southeast Missouri, Cretaceous rocks have not been
documented in theMissouri 38th Parallel structures, or other parts of Missouri (Spencer,
2001). The identified acritarch species include the Cambrian form Nellia sp. and
Cryptotetrus sp., the Ordovician Veryhachium cf. arcarium and Pheoclosterium cf.
fuscinulaegerum, and the Silurian Baltisphaeridium jardiniae (Figure 2). Other identified
palynomorphs are the Ordovician chitinozoan Desmochitina minor, the Devonian spore
Aneurospora cf. geriennei, the Mississippian spores Camptotriletes juglandis (Figure 2)
and Spelaeotriletes triangulus, and Cretaceous and younger angiosperms such as
Tricolpites sp. Palynofacies components include degraded, structured, structureless and
opaque phytoclasts, palynomorphs (pollen, spores, acritarchs and fungal remains), and
marine and nonmarine amorphous organic matter (Figure 3). Some opaqgues exhibited a
unique scalloped texture that is likely oxidized fragments of filamentous algae (Figure 3).

Palynomorphs and particulate organic matter exhibit a variety of damages (Figure
4) including those in common with other Earth processes processes such as thermal
(Benca et al., 2018; Bingham-Koslowski et al., 2019; Marshall et al., 2020; Spina et al.,
2022) mechanical (Luz et al., 2010; Barreto et al., 2012), and chemical processes (Batten,
1985; Emmings et al., 2019). These types of damage occur to the main bodies and
surfaces of acritarchs, a few cryptospores, and chitinozoans and consist of darkening,
boring, percussion marks, tearing, folding, and relict pyrite crystal impressions.
Alternately, unusual impact-related damage such as vesicular texture, smoothed, or
frosted wall alteration, and beaded or fused acritarch processes are attributed to melting;
while frayed, missing, and rolled processes; and extreme wall alteration such as ghosting

may be attributed to shock metamorphism. Many acritarchs that normally have smooth
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wall surfaces exhibit uneven, rough, and vesicular walls (Figure 4), and have uneven
darkening and alteration on the same palynomorph. While some acritarchs are relatively
undamaged, many are severely damaged and nearly unrecognizable, except for their
processes and a faint impression of their shape (Figure 4). Variable preservation is noted
among the same species of some palynomorphs — some are well-preserved, some are
degraded, and others are hardly recognizable. In addition to wall damage, there is intense
damage to palynomorph processes. The processes are commonly bent, torn/ripped off,
and fused to each other and the body of the palynomorph (Figure 4). These impact-
related damages occur only in Ordovician acritarchs.

Particulate organic matter exhibit damages (Figure 3) similar to those of
palynomorphs (Figure 4) and comprise a variety of organic components of mixed ages
reflecting geologic periods before and after land plant evolution (Figure 3). Marine
amorphous organic matter (Figure 3) are the most abundant organic components in all the
three impact structures. The presence of tubules, filamentous algae, opaques that are
likely oxidized filamentous cyanobacterial remains, and the absence of structured
phytoclasts in the Crooked Creek and Weaubleau structures (Figure 3) are all consistent
with deposition prior to land plants. The Decaturville samples contain both structured
(terrestrially derived) and structureless (marine amorphous organic matter) (Figure 3),
and also include tubules (Figure 3) reflective of depositional timing preceding the

evolution of land plants.
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5. PALEOBIOGEOGRAPHY

Understanding the stratigraphy of impact sites is challenging due to the efficient
mixing of materials and variability of the damage processes. Smith et al. (2021) note that
highly damaging impact processes can destroy flora and fauna and result in long recovery
times (up to a million years) for organisms. It is like that the central Missouri impact
materials (comprising mixed rocks of Precambrian and younger ages) were also subjected
to several other geologic events that affected the mid-continent of the U.S. These
geologic events include multiple transgressive-regressive sequences (Sauk, Tippecanoe,
Kaskaskia, Absaroka, and Zuni), mountain-building episodes (rise of the Ozark Dome,
Alleghenian and Ouachita Orogenies), and the rifting of the supercontinent Pangea
(Sloss, 1963, 1988; Dolton and Finn, 1989; Hatcher et al., 1989; van Schmus, 1992;
Hatcher, 2010). Once formed, the Decaturville, Crooked Creek, and Weableau impact
craters were likely hardened due to the cooling of hot siliceous fluids created by the heat
of impact. Their bowl shapes, with steep slopes and high angles between the central uplift
and the crater rim created by listric and extensional faults, provided an ideal situation to
trap sediments (Lindsay and Brasier, 2006; Dorn and Day, 2020; James et al., 2022). The
types of palynomorphs and damages to their specimens, particulate organic material, and
their alteration patterns (Figures 2-4), and the lithology of the sediments have been used
to interpret the timing of impact and the paleoenvironment at the time of impact.
Although palynomorphs of various affinities and ages (mixed assemblages) were present
in the samples (Figures 2, 3), damages related to melting were restricted to Ordovician

acritarchs (ie. Acanthodiacrodium tadlaense, Baltisphaeridium perclarum,
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Micrhystridium polygonale, Vermimarginata barbata, Veryhachium oklahomense,
Veryhachium rhombispinosum, Veryhachium trispinosum) (Figure 3). The oldest
palynomorphs in the samples include cryptospores and ovoid, claviform, and flask-
shaped chitinozoans (Figure 2). The oldest acritarchs at these sites had polygonal shapes
with simple processes (e.g., Veryhachium trispinosum), whereas younger acritarchs such
as the Baltisphaeridium jardiniae had more complex processes (Figure 2). Note that the
impact likely destroyed much of the biota, which needed extended time for recovery.

The paleoenvironment in central Missouri at the time of meteorite impact was
marine based on the lithology — primarily limestone and dolomite on Precambrian
bedrock — and the presence of acritarchs, chitinozoans, and marine amorphous organic
matter in the samples. The stratigraphy is interrupted by unconformities due to periods of
erosion and/or lack of deposition and changes in the depositional environment over
geological time, and after impact were also captured by the various types of
palynomorphs (algae, spores, pollen, and fungi) (Figures 2-4). The scarcity (Silurian,
Devonian, Mississippian) or absence of fossils (Pennsylvanian, Permian, Triassic,
Jurassic) of certain age ranges may be due to a variety of paleoenvironmental or
evolutionary changes. The age gaps may represent 1) a sudden change in the environment
type (i.e., marine to terrestrial) where biota didn’t have time or ability to adapt, 2) an
absence of land plants because they hadn’t yet evolved during that time 3) the
environment may have been inhospitable or unsuitable for vegetation, 4) or the biota

destroyed by impact, with an extended time of recovery.
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6. DISCUSSION

Palynomorphs are highly resistant to damage, but they may be poorly preserved
due to damage by earth processes, such as transportation by river and ocean currents and
gravity flows, oxidation, reworking, and predation by fungi and bacteria (Batten, 1985;
Luz et al., 2010; Barreto et al., 2012; Porter, 2016; Emmings et al., 2019). Effects of
these processes manifest as mechanical body damage, broken and curled processes,
darkening of the surface, percussion marks and other abrasion, boring, frosting from
chemical etching, and relic pyrite impressions all of which can disrupt morphological and
preservation evidence of palynomorph and particulate organic matter in sediments. Low
productivity in aquatic environments and sparse terrestrial vegetation can also contribute
to the low abundance and diversity of palynomorphs in the sedimentary record. The
effects of Earth processes can be distinguished from novel impact-specific damages by
identifying features attributed to melting and shock metamorphism which represent the
high heat, pressures, and dynamic nature of impact. Impact damages can result in the
rarity or absence of palynomorphs and affect their use for dating. Areal and temporal
disruption of stratigraphic layers also occur and the impact site, resulting in sediment
samples preserving mixed assemblages of palynomorphs representing various geologic
ages and different depositional environments.

Studies at other impact sites (e.g., Chicxulub Crater and Chesapeake Bay) have
recorded long-ranging absences of biota surrounding the impact horizon (Smith et al.,
2021) and body and process damages in palynomorphs (Edwards and Powars, 2003;

Edwards, 2012), respectively . Palynomorph specimens with body damage included those
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that were torn, whereas others with surface damage were characterized by bubbling,
vesicular (many holes), toasted, or roughened, and irregularly darkened areas. Note that
while processes can be mechanically damaged and may be ripped off or appear bent or
curved from being rolled, intense heat during impact causes melted and/or fused process
ends and fusing of processes to the body.

The effects of impact in this study are variable among the low-diversity
palynomorphs, even in groups of the same age. For example, some acritarch specimens
are well preserved, while others are severely damaged and hardly recognizable, except
for their processes and general outlines of their shapes. Interestingly, Hower et al. (2009)
noted that the Pennsylvanian Middlesboro bolide impact in Kentucky impact had little
effect on the coal rank (and by inference the kerogen). Although palynomorphs of
varying ages are present in the Decaturville, Crooked Creek, and Weaubleau craters, the
youngest impact-damaged palynomorphs are Ordovician acritarchs (Figure 2). This
finding is contrary to the ages proposed by previous studies for the Crooked Creek (Early
Ordovician to Pennsylvanian), Weaubleau (Mississippian), and Decaturville
(Pennsylvanian to Permian/possibly younger than Cretaceous) (Beveridge, 1951,
Hendriks, 1954; Snyder and Gerdemann, 1965; Offield and Pohn, 1979; Rampino and
Volk, 1996; Luczaj, 1998; Evans et al., 2003; Mickus et al., 2005; Dulin and Elmore,
2007; Elmore and Dulin, 2007; Miller et al., 2007, 2010; Schmieder and Kring, 2020).

The acritarch specimens had a variety of damages, such as beaded, frayed,
missing, and melted processes, as well as processes fused together or to the body. The
acritarchs were commonly characterized by roughened vesicular surfaces and extreme

body damage resulting in melted, balled-up, or faint impressions of their forms. As a
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result of these damages and subsequent difficulties in identification, we have coined the
term “Goldilock palynomorphs” to describe them. In the story of “Goldilocks and the
Three Bears,” Goldilocks conducted a series of experiments to find those items that were
just right (Pyle, 1918). Following this idea, damaged palynomorphs were classified into
three groups: too damaged, not damaged enough; and those that were just right (melted
but still identifiable, and thus useful to infer age). Thus, the presence of these melted
marine acritarch specimens in limestone and dolomite sediments confirms a marine
depositional environment during the time of impact.

Palynofacies analysis indicates that some particulate organic matter components
were similarly affected, exhibiting similar textural and surface effects attributed to
melting such as vesicular, darkening, toasting, and othered altered textures. Additionally,
organic components reflected mixed environments with structured material, and
nonmarine amorphous organic matter indicative of terrestrial/nonmarine environments
occurring with marine amorphous organic matter components, and mixed ages
(components that represent both pre- and post-land plant evolution in the same samples).

Previous studies noted isolated sediments with younger undamaged fossils within
the same three Missouri 38" parallel structures that were presumed to be deposited at the
time of impact (Beveridge, 1951; Hendriks, 1954; Snyder and Gerdemann, 1965; Offield
and Pohn, 1979; Rampino and Volk, 1996; Luczaj, 1998; Evans et al., 2003; Mickus et
al., 2005; Miller et al., 2007, 2010; Schmieder and Kring, 2020). We believe that younger
sediments were likely deposited on top of the structures and only remnant sediments were
preserved due to multiple episodes of flooding and subaerial erosion (transgressive-

regressive sequences) which were well documented in this area of the Mid-Continent.
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Silicates precipitated at these sites during the cooling of hot hydrothermal fluids
(Reimold et al., 2005; Kring et al., 2020) and once hardened became resistant to
weathering. The morphology of this hardened structure (steep sides and high angles)
created an ideal catchment to trap sediments and protect and preserve remnant sediments

and fossils.

7. CONCLUSIONS

The study of a low diversity palynomorph assemblage and particulate organic
matter in the Decaturville, Crooked Creek and Weaubleau structures along the 38"
Parallel in central Missouri provided the opportunity to study evidence of damages
related to the timing of impact as well as the depositional environment. Unique damage
representative of melting documented the extreme environment of impact Although
stratigraphically mixed, the youngest of the most severely damaged palynomorphs (e.g.,
evidence of melting in acritarchs) present at the structures suggested an Ordovician age
for the timing of impact and a marine depositional environment. The majority of the
severely damaged acritarchs had similar ages and affinities. Thus, this study has
constrained a coeval Ordovician age for impact structures that have been variously dated
as Early Ordovician to Pennsylvanian (Crooked Creek), Mississippian (Weaubleau),

Pennsylvanian to Permian/younger than Cretaceous (Decaturville).
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ABSTRACT

Changes in the paleogeography during the breakup of Gondwana and the
development of the proto-South Atlantic have been of enduring significance to scientists.
The realignment of these landmasses during the Mesozoic, which includes the formation
of the Orange Basin in southern Africa, had a profound effect on the environment. These
paleoenvironmental differences likely affected fossil preservation and hydrocarbon
maturation. Although there are known hydrocarbon accumulations within the Orange
Basin, the basin is still largely underexplored and has much future potential. Palynology
is an invaluable tool for inferring paleoenvironmental conditions and hydrocarbon

potential, and therefore, is used in this study to evaluate this key offshore South African

* This manuscript has been published by Springer in Advances in Petroleum Source Rock
Characterizations: Integrated Methods and Case Studies — A Multidisciplinary Source Rock Approach
(Edited by H. El Atfy and B.I. Ghassal)
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area. A total of forty-three samples from six conventional cores from four exploratory
wells (K-A2, K-A3, K-H1, K-E1) within three blocks were analyzed for their
palynomorph, particulate organic matter (kerogen) and foraminiferal contents. Integration
of the palynomorph, palynofacies, and foraminiferal data have provided information that
suggest the sediments were early Cenomanian in age, deposited in a shallow marine
(inner-middle shelf) setting, and characterized by gas-prone types Il and Il kerogen in

this frontier basin.

1. INTRODUCTION

The Orange Basin is a major sedimentary basin in the South Atlantic on the
western passive margin of southern Africa. Located near the international border of South
Africa and Namibia, it covers an area of around 160,000 square miles (Kuhlmann et al.
2010) between the Walvis and Agulhas Ridges along the coast offshore of western
Southern Africa (Figure 1). Sedimentation in the Orange Basin is Late Jurassic to
Quaternary age and consists of lacustrine sediments overlying basic and alkaline volcanic
rock left from rift flood basalts, and fluvio-deltaic sandstones and conglomerates
contributed by the Orange River (Muntingh 1993, Jungslager 1999, Van der Spuy 2003,
Adekola et al. 2012, Brownfield 2016). During the Early Cretaceous (Barremian—Aptian),
fluvial deposits and marine interbedded sandstones and shales form transgressive—
regressive cycles. In addition, a major flooding event is recorded in the early Aptian

which resulted in the progradation of additional siliciclastic material (\Van der Spuy,
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Figure 1. Location map of the Orange Basin, off South Africa, showing the four studied
wells (K-A2, K-A3, K-E1, K-H1).

2003); sedimentation reached a total depth of more than 7 km in the northern parts of the

basin and approximately 3 km in the south (Figure 2, Muntingh 1993, Brown et al. 1996).
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The Orange Basin has not been well explored in spite of its proven hydrocarbon
reserves, and little is known of its potential. The studies that have considered various
aspects of the basin’s hydrocarbon systems include Jungslager (1999), Van der Spuy
(2003), Paton et al. (2007), and Kuhlmann et al. (2010). There is also limited
biostratigraphic information for the basin; this is derived from studies on palynology
(Davey and Rogers 1975, Davey 1978, MacLachlan and Pieterse 1978, Benson 1990,
Bamford and Corbett 1994, 1995, De Villiers and Cadman 2001, Oboh-Ikuenobe and De
Villiers 2003, Zavada 2004, Sandersen et al. 2011, Adekola et al. 2014) and foraminifera
(McMillan 2003, Stevenson and McMillan 2004, McMillan, 2008).

This study focuses on the lithology, palynomorphs, particulate organic matter, and
foraminifera in wells K-A2, K-A3, K-H1, and K-E1 (Figure 1) located between 15
degrees and 17 degrees latitude and around 31 degrees longitude within blocks 3A and
2C of the Orange Basin. The aim of the study is to provide information about the
paleoenvironment and hydrocarbon potential of a previously understudied area of the
basin. Palynofacies analysis is very useful in discerning paleoenvironmental conditions
and proximity to paleoshoreline, particularly when paucity of microfossils limits
interpretations. The characteristics of phytoclasts, such as their sizes, shapes, and
oxidation levels, are used to infer their distance from source and the paleoshoreline
(Tyson and Follows 2000). Additional valuable biostratigraphic information provided by
foraminifera is integrated with palynological data to better constrain the age,

paleoenvironmental reconstruction, and hydrocarbon potential of the sediments.
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2. GEOLOGIC SETTING

The Orange Basin developed as part of a rift-drift sequence during the breakup of
the supercontinent Gondwana, which resulted in the separation of South America and
Africa in the Late Jurassic, and the development of the South Atlantic in the Early
Cretaceous (Muntigh 1993, Muntingh and Brown 1993, Brown et al. 1996, Brownfield
2016). This breakup created the space in the basin (Campher 2009) for diverse and thick
Upper Jurassic to Lower Cretaceous siliciclastic marine, lacustrine, and volcanic
sediments (Muntigh and Brown 1993, Paton et al. 2007, Brownfield 2016). The
development of the structure of the basin involved two major phases consisting of rifting
and then later drift phases (Campher et al. 2009, Brownfield 2016). The rifting began in
the Jurassic and continued into the Early Cretaceous, forming north-south trending
grabens and half-grabens, and ceased in the late Hauterivian (Brownfield 2016). An
injection of basalt and unconformity occurred at the margin sometime in the Early
Cretaceous, followed by a marine ingression and flooding in the mid-Cretaceous resulting
from thermal subsidence and eustasy along the margin; this culminated in the Atlantic
being fully open by the Late Cretaceous (Kuhimann et al. 2010).

A major uplift occurred along the margin during this time as the continent moved
over the Africa Superplume, resulting in at least one kilometer of uplift in the Orange
Basin that created a shelf-slope topography documented by deltaic progradation of
Albian age in the basin (Baby et al. 2020). The development of canyons and normal
faults, as well as listric faults and toe thrusts, were prevalent along the shelf edge. The

movement of the tectonic plates resulted in the movement of Africa northward. This
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position change resulted in climate fluctuations in the southern portion of the basin, from
arid to temperate, tropical, and then back to temperate conditions (Scotese 2002, Boucot
et al. 2013). This was controlled in part by the changes in the equatorial distance and the
development of ocean currents (Benguela, Mozambique and Antarctic Subpolar gyres)
once the continents were far enough apart (Gordon 1973, Fischer and Uenzelmann-Neben

2018).

3. MATERIALS AND METHODS

3.1. PALYNOLOGY

Thirty-seven core samples from the six conventional cores of the four wells (one
each from K-E1 and K-HZ1; two cores each from K-A2 and K-A3) were analyzed for their
palynomorph and particulate organic matter (kerogen) contents. Fifteen grams of samples
were digested in hydrochloric and hydrofluoric acids to dissolve carbonates and silicates,
respectively (Traverse 2007). A portion of the organic residue was oxidized with
Schultze solution (KCIO3z plus HNO3) and sieved using a 10 pum mesh. The oxidized and
unoxidized (kerogen) organic residues were strew-mounted on glass slides that were used
for palynomorph identification and palynofacies analysis, respectively under transmitted
light microscopy. The slides of the sieved residues were scanned for routine identification
of palynomorphs (to the species level whenever possible) based on existing literature,
reference indices and palynological databases (Ibrahim et al. 2015, Jansonius and Hills
1976 and supplements, Jaramillo and Rueda 2019, Frederiksen et al. 1982, Fensome et al.

2019, Slimani et al. 2010). Additionally, the chronostratigraphic ranges of taxa were
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confirmed using Palynodata and White (2008), Fossilworks, the Paleobiology database,
and AlgaeBase (Guiry and Guiry 2021). For palynofacies analysis, 300 particles of
particulate organic matter components were point counted in each kerogen slide. Eight
types of particulate organic matter components were identified (Table 1, Figure 3),
following the classification schemes of Tyson (1993, 1995) and Oboh-lkuenobe et al.
(2005). The components are terrestrial amorphous organic matter, marine amorphous
organic matter (AOM), opaques, structured phytoclasts, structureless phytoclasts,
degraded phytoclasts, terrestrial palynomorphs (pollen grains, spores, freshwater algae,
fungal remains), and marine palynomorphs (dinoflagellate cysts, foraminiferal test
linings). Additional 300 point-counts per slide of phytoclasts and opaques were obtained
to generate data for lath-shaped and equidimensional particles. Ternary plots with
AOM—Phytoclasts—Palynomorphs (Tyson 1995) and marine amorphous organic matter
(AMOM)—Phytoclasts/Nonmarine Palynomorphs—Marine Palynomorphs (El Beialy et
al. 2016) as end members (Figure 4) were used to characterize the kerogen and interpret
the paleoenvironmental conditions. The particulate organic matter data was used for
cluster analysis (Wards, stratigraphic constraints) using the Paleontological Statistics
Software Package for Education and Data Analysis (PAST®© 2001) to identify
palynofacies assemblages. Cluster analysis was chosen as the most appropriate for this
study since the software assigns and compares the distances between objects and
subsequently can show the relationships between these objects on the dendrogram (Sokal
and Michener, 1958). Sample distances are represented on the left side (Q-mode) of the

cluster dendrogram while component abundances on the right. Furthermore, Ward’s
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method was chosen based on its ability to constrain well-defined clusters by utilizing the

lowest sum of squares within each group.

3.2. FORAMINIFERAL ANALYSIS

The 27 shale and claystone core samples analyzed for foraminifera (six of which
were not analyzed for palynology) were selected after careful examination of well logs
and composite logs (well completion report) and detailed megascopic analysis. Prior to
the megascopic examination, all the samples were washed with water to remove drilling
mud contamination, and the overall lithological characters of each sample were recorded.
The lithological properties that were documented included general textural elements
(color of the grains and overall appearance, angularity, grain size, nature of cement, etc.),
percentage-wise lithology (sand, siltstone, shale, claystone, limestone fragments,
presence of fossil and algal remains), presence of accessory materials like carbonaceous
matter, oxidized ferruginous grains, and anoxic (pyritized) materials, which were
important for the interpretation of the depositional environment.

Sample processing technigues for conventional core samples depend on the nature
of the samples (Kummel and Raup 1965, Feldmann et al. 1989, Harris and Sweet 1989,
Green, 2001). The main aim is to disintegrate rock fragments into individual grains as
much as possible in order to remove the binding cement material and facilitate the
separation of the microfossils. While processing the conventional core samples, 20 grams
of core fragments were washed in water and their geological characteristics (texture,

mineral or lithological composition) were recorded. Since most of the core fragments



Table 1. Classification and description of the particulate organic matter components

identified in this study. See Figure 3 for examples of these components.

Terrestrial Sporomorphs Fungal remains
Pollen Spores Filamentous hyphae (C). spores. or mycelia.
Yellow grains (A) of terrestrial Pale yellow to orange-brown grains (B) of | of brown color and ranging from 5 pm to
plant origin (gymnosperm and terrestrial plant origin (bryophytes and more than 100 pm in size.
angiosperm). pteridophytes).
Nonmarine | Micro- and megaspores Algae
aquatic Spores (D) produced by heterosporous embryophytic plants (water ferns) Cysts, zygospores, or coenobia (E) of
orange-brown to brown color produced by
algae
Marine Dinoflagellate cysts Palynomorphs
Cysts (F) produced by dinoflagellates which may be smooth or ornamented Palynomorph of animal-like protists.
with tabulation and/or processes microflora and foraminiferal test lining (G)
Structured Phytoclasts Zooclasts
or; gan@c Degraded Structured Fragment of animal origin (i.e. insect) and
material Broken-down plant material that | Translucent angular material of terrestrial | may be yellow or brown (O & P)
is nearly structureless and may be | plant origin with internal structure (I)
yellow to brown in color (H)
Opaques
Black particles (J-L) which may be phytoclasts including woody material such as cuticles. tracheids (M). parenchyma (N), or
palynomorphs oxidized or affected by diagenesis
Structureless | Amorphous Organic Matter (AOM) Resin
organic Diaphanous or translucent kerogen particles (Q & R) of marine origin Yellow to brown translucent and
material including dinoflagellates and acritarchs with variable texture (fluffy. clotted or | structureless angular particles (S).
granular) and colors including clear, gray. and brown sometimes with conchoidal fracture along
edges. produced from tree sap

were of relatively large size, they were broken down into smaller fragments using a
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wooden hammer before soaking the sample in water. The core pieces were not powdered

as this could potentially have destroyed the foraminifera tests. The washed samples were

kept in separate enamel bowls with water. Approximate 15 ml of hydrogen peroxide

(30%) was added to the content in the enamel bowls and soaked for 48 hours at standard

room temperature conditions. The hydrogen peroxide helped disintegrate the sedimentary

particles by breaking the sediment lattice and removing the cemented material. A small

amount of caustic soda/laboratory detergent was also added to the solution to assist with

separation from the clay matrix of the sample. After 48 hours of soaking, the samples

were rapidly boiled for about 45 minutes on an electric stove in the laboratory to intensify

the disintegration and then allowed to cool. After cooling, the entire content of the boiled
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Figure 3. Photomicrographs of the types of particulate organic matter components
identified in this study. Some components occur in minor amounts but were not point
counted. A, Stephanoporate pollen. B, Trilete spore. C, Fungal hypha. D, Water fern
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(Balmeisporites sp.). E, Algal coenobium. F, Dinoflagellate cyst. G, Microforaminiferal

test lining. H, Degraded phytoclast. I, Structured phytoclast. J, Opaque particles. K,
Equant-shaped opaque particle. L, Lath-shaped opaque particle. M, Tracheid. N,
Parenchyma. O, P, Zooclasts. Q, R, Marine amorphous organic matter. S, Nonmarine
amorphous material. T, Resin.

samples were placed in a fine 50 um sieve and rinsed under running water in a sink to
remove the clay materials that were separated out of the chemically treated and boiled
samples, in order to retain the disintegrated sediment fragments and microfossils. The

washed content in the sieve was transferred to the enamel bowl once again, dried in the

oven and then allowed to cool. The contents of the bowls were kept in transparent sample

tubes with proper identification tags. Extreme caution was taken while processing the

large number of samples to avoid sieve contamination and mixing of identification labels.
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The samples were identified by well number, depth interval, or core segment

number/depth, and were microscopically examined for biostratigraphy.

7/ VAVAVAVAVAVAN
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Figure 4. Ternary plots of particulate organic matter in the samples of wells K-H1, K-E1,
K-A2, K-A3. A. AOM-Palynomorph-Phytoclast plot (after Tyson, 1995). B. Marine
Amorphous Marine Organic Matter [AMOM]-Phytoclast and Nonmarine Palynomorph-
Marine Palynomorph plot (after EI Beialy et al. 2016) and inferred palynofacies
assemblages. Yellow oval = palynofacies 1, orange oval = palynofacies 2, black oval =
palynofacies 3.

4. RESULTS

41. LITHOLOGY

The lithology in wells K-A2, K-A3, K-H1, and K-E1 is dominated by fine-
grained sandstone and siltstone interbedded with shale and claystone (Figures 5-7). The
rate of sedimentation in the studied sections, which experienced terrestrial inputs from
the nearby continent, is generally relatively high (Gallagher and Brown 1999, Paton et al.

2007, Campher et al. 2009, Rouby et al. 2009, Brownfield 2016). Carbonaceous streaks,
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mixed shallow marine algal fragments, and pyritized foraminiferal tests were noted in the
core samples.

Core 1 of well K-A2 (3984.1-3991.85 m) comprises mainly very fine-grained
sandstone intercalated with shale and siltstone (Figure 5, left). The shale is dark gray and
fissile with disseminated pyrite grains towards the bottom of each interval. The sandstone
is light gray to white, feebly argillaceous, tight towards the base, and moderately sorted
with subangular grains. Parallel shale laminations and carbonaceous particles occur in the
middle sandstone interval at 3987.31 m. The upper sandstone interval (3985.25-3984 m)
contains fine-grained silty patches, is moderately hard and feebly calcareous, and very
tight with poor visual porosity and rare carbonaceous matter. The siltstone is light gray
and feebly calcareous with parallel shale lamination in the middle; it has carbonaceous
particles and common pyrite grains in the upper portion. Bioturbation is widespread in
this core. Some interlaminated siltstone and shale preserve load casts, as well as climbing
ripples and wavy laminations (Salie 2018).

Core 2 of well K-A2 (4076.1-4083.1 m) is dominated by intercalated siltstone
and shale in the lower portion, followed by alternating layers of sandstone and siltstone,
coarsening-upward sandstone with intercalations of siltstone and very thin shale (Figure
5, right). The siltstone in the lower portion of the core is medium gray with white patches
and is feebly calcareous. The sandstone in the upper half of the core is light gray,
massive, very tight, and is locally silty with subangular to subrounded grains. The shale is
dark gray, bulky, feebly carbonaceous, and often grades to siltstone.

The dominant lithology in core 1 of well K-A3 (2906-2914.5 m) is medium- to

very fine-grained sandstone, which has interbeds of shale and a thin siltstone below
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2911.7 m (Figure 6, left). The initial fining-upward sequence is succeeded by a
coarsening upward sequence. The sandstone varies from white to light gray in color (mud
drapes forming flaser laminations), consists of well sorted and subangular grains, and is
feebly calcareous with fine carbonaceous patches in places. The shale is dark gray and
fissile with some carbonaceous layers. Core 2 of well K-A3 (3875.5-3884 m) is also
dominantly sandstone with thin intercalations of siltstone, claystone (silty shale), and
shale (Figure 6, right). The sandstone is light gray to white with subangular to

subrounded grains and a few shale clasts, and has planar laminations. The siltstone is
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Figure 5. Lithologic column of the well K-A2 showing the locations of samples and key
foraminiferal and palynomorph taxa.
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gray and laminated. The dark gray to black shale is hard and fissile, contains pyrite
grains, and transitions to a claystone.

The well K-H1 core spans 3066 m through 3083 m. It is dominantly sandstone
which alternates with siltstone and shale layers between ~3073.8 m and 3080.6 m (Figure
7, left). The sandstone is gray to light gray, fine-grained, moderately sorted with planar
laminations, and has subangular to subrounded grains surrounded by mild calcareous
cement; it also has common fine pyrite grains. The siltstone is dark gray, locally fissile
and transitions into claystone. The shale is dark gray and non-calcareous, and has a few

pyrite grains.
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Figure 6. Lithologic column of the well K-A3 showing the locations of samples and key
foraminiferal and palynomorph taxa.
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In the well K-E1 core (Figure 7, right), alternating shale and sandstone transition
to alternating sandstone and siltstone near the top of this segment. The siltstone is light
gray to pale yellow in color, hard and compact, and argillaceous and feebly carbonaceous
in places. The sandstone is light yellow to white, fine-grained, with subangular to
subrounded grains, and is very tight with poor visual porosity. Fine argillaceous patches
and rare carbonaceous fine flaser and wavy laminations also occur in places. The shale is
dark gray, hard, and compact with some carbonaceous layers. There is occasional
lenticular bedding, and low angle cross bedding is more apparent with decreasing depth

(Salie 2018).
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Figure 7. Lithologic column of the wells K-E1 and K-H1 showing the locations of
samples and key foraminiferal and palynomorph taxa.
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4.2. PALYNOMORPHS

Palynomorph abundances and diversity vary from low to barren in the four
studied sections (Table 2). The recovered palynomorphs (Figures 8-10), which are
primarily nonmarine in origin, include spores of pteridophytes (Appendicisporites
erdtmanni, Appendicisporites sp., Balmeisporites sp., Biretisporites potoniaeli,
Camarozonosporites sp., Cicatricasisporites sp., Cyatheacidites sp., Deltoidospora sp.,
Densoisporites sp. Gleicheniidites sp., Lycopodium sp., Undulatisporites sp.,
Verrucosisporites sp.), and bryophytes (Interlobites sp., Taurocusporites segmentatus,
Taurocusporites sp.). Gymnosperm pollen grains (Classopollis classoides, Classopollis
sp., Ephedripites sp., Taxodiaceaepollenites hiatus), angiosperm pollen grains
(Cretacaeiporites polygonalis, Tricolpites sp.), and fungal remains are present. Few
nonmarine algae (Chomotriletes minor) and marine palynomorphs (the dinoflagellate
cysts Dinogymnium sp., Exochosphaeridium sp., Hafniasphaera sp., Spiniferites sp.,
Odontochitina operculata) and foraminiferal test linings occur. Classopollis sp. is the

most common taxon.

4.3. PALYNOFACIES ANALYSIS

The abundances of the particulate organic matter components identified in Section
3.1 (Table 2, Figure 3) provide information about the depositional conditions. Structured
phytoclasts, degraded phytoclasts, opaques, and zooclasts such as insect parts (noted but
not counted in this study) are associated with proximity to terrestrial environments.
Structureless organic material such as amorphous organic matter or resin (tree sap) are

characterized as marine or nonmarine in origin, respectively. Marine amorphous organic
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Table 2. Quantitative Distribution of Particulate Organic Matter Components. Well
locations shown in Figure 1. Lithology shown in Figure 5,6,7. AOM = Amorphous
Organic Matter, MAR = Marine palynomorphs, SPORO = Pollen and spores, FUN =
Fungal remains, STR = Structured, DEG = Degraded, OPA = Opaques, EO =
Equidimensional, LO = Lath, + = Present but not point counted.

Well & depth 3 Palynomorphs Phytoclasts Opaque Shapes

(m) Lialogy i MAR SPORO FUN | STR DEG OPA EO LO
KA32007.03 Sandstone & Shale 81 + 11 + 85 29 94 133 167
KA32008.15 Sandstone 210 + 2 + 2 43 23 200 91
KA3 2009.99 Sandstone 142 + 3 + 48 28 79 109 191
KA3 2011.70 Silty Shale 159 + 2 39 23 76 14 166
KA3 291320 Silty Shale 114 1 8 ¥ 57 1 9 117 183
KA3 201420 Sandstone 145 + 7 + 62 12 74 142 158
KA33878.28 Sandstone 115 1 1 + 25 98 60 155 145
KA3 3883.40 Shale 161 + 1 + 7 109 2 154 146
KHI 3073.86 Silty Shale 148 + 2 3 8 25 84 173 127
KHI 3075.28 Clay 61 6 13 1 73 65 81 129 M
KHI 3076.74 Silty Shale 100 + 6 + 70 11 113 165 135
KH1 307785 | Sandstone & Silty Shale 166 2 9 2 46 18 Ly 142 158
KHI 3078.58 | Silty Shale & Sandstone 165 1 10 ¥ 53 14 57 163 137
KH1 3079.85 | Sandstone & Silty Shale 187 1 12 1 40 13 46 17 1
KHI 3080.58 Silty Shale 173 + 4 3 5 11 52 159 141
KE] 374985 Silty Shale 159 + 9 2 60 15 55 160 140
KE1 375190 Shale 153 + + 4 56 11 76 162 138
KE1 375245 Shaley Mudstone 75 4 10 ¥ 20 53 14 156
KE1 375285 Shale 142 + 2 1 61 26 68 155 145
KE1 375351 Shale & Sandstone 148 + 10 + 69 14 59 146 14
KA2 308281 Sandstone 176 + 2 + 14 66 42 173 127
KA2 308490 | Mudstone & Sandstone 157 + 8 + 46 43 46 140 160
KA2 308731 Silty Shale 167 + 1 + 9 638 55 151 149
KA2 398781 Siltstone 236 + 2 + 16 30 16 130 170
KA2 3988.75 Shaley Mudstone 109 + 5 + M4 76 76 159 141
KA2 3089 .45 Shale & Sandstone 180 + 2 2 39 56 21 123 17
KA2 399025 Shale & Sandstone 197 + 3 1 25 RE] 40 127 173
KA2 3091 535 Sandstone 105 2 7 + 46 22 21 12 1m
KA2 4076.14 Silty Shale 122 + 3 1 53 73 48 o7 202
KA2 4076.85 Sandstone 102 + 6 + 56 §5 81 95 208
KA2 4077.17 Silty Shale i + 7 ¥ 79 n 65 120 180
KA2 4078.08 Sandstone 150 + 3 1 50 3 | 65 111 189
KA2 4079.14 Mudstone 166 + 8 + 51 35 40 118 182
KA2 4079.73 Silty Shale 135 + 7 1 69 36 52 117 182
KA2 4080.70 Silty Shale 11 + 12 1 84 33 49 108 192
KA2 4081.54 AMudstone 168 + + + 15 69 48 161 139
KA2 4082.50 | Sandstone & Mudstone 223 + 1 ¥ 13 49 14 174 126
KA2 4083.10 Silty Shale 232 + + + 4 49 15 158 142
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Figure 8. Photomicrographs of selected taxa. Well sample numbers are noted EF =
England Finder® coordinates. Scale bar is 10 um. A, B, Appendicisporites erdtmanii,
KH1 3075.28-2, EF1T25. C, Appendicisporites trichacanthus, KH1 3075.28B, EF4P45.
D, Biretisporites potoniaei, KH1 3075.28D, EF4L44. E, F, Camarozonosporites sp., KH1
3075.28B, EF2M36. G, Balmeisporites sp., KH1 3076.74D, EF1P39. H,
Cicatricosisporites sp., KH1 3075.28D, EF3033. I, Cicatricosisporites venustus, KH1
3075.28A, EF4Q28. J, Cyatheacidites sp., KH1 3075.28D, EF4B50. K, Ephedripites sp.,
KH1 3075.28C, EF2UA41.
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Figure 9. Photomicrographs of selected taxa. Well sample numbers are noted EF =
England Finder® coordinates. Scale bar is 10 um. A, Chomotriletes minor, KH1
3075.28A, EF2F3L1. B, Classopollis classoides, KH1 3075.28B, EF2R52. C, Classopollis
sp., KH1 3752.45C, EF1030. D, Cretacaeiporites polygonalis, KH1 3075.28B, EF1S35.
E, Densoisporites sp., KH1 3075.28-2, EF3N30. F, Gleicheniidites sp., KH1 3076.74D,
EF4L40. G, Exochosphaeridium sp., KH1 3075.28B, EF1B40. H, Lycopodiumsporites
reticulumsporites, KH1 3075.28D, EF2E51. |, Taurocusporites segmentatus, KA3
2909.99E, EF1K47
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Figure 10. Photomicrographs of selected taxa. Well sample numbers are noted. EF =
England Finder® coordinates. Scale bar is 10 um.A, Hafniasphaera sp., KH1 3075.28A,
EF2R43. B, Deltoidospora sp., KH1 3075.28-2, EF2032. C, Interulobites sp., KH1
3752.45D, EF3U33. D, Interulobites sp., KH1 3075.28D, EF3S46. E, Neoraistrickia sp.,
KH1 3075.28-2, EF1E42. F, Odontochitina operculata, KH1 3075.28-2, EF3S37. G,
Taurocusporites sp. A, KH1 3075.28A, EF2V43. H, Taurocusporites sp. B, KH1
3075.28B, EF4E31. |, Taxodiaceaepollenites hiatus, KH1 3075.28-2, EF2H45. J,
Undulatisporites sp., KH1 3075.28D, EF4W40. K, Verrucosisporites sp., KH1
3075.28D, EF3E27.
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matter is the dominant component in this study, followed by phytoclasts (Table 2). The
sizes and shapes (lath-shaped, equidimensional) of the phytoclasts, including opaques,
are affected by the hydroenergetic regime and distance of transportation.
Equidimensional to lath-shaped opaque ratios decrease offshore overall, from well K-A3
and K-A2 to well K-E1 (Table 2). Previous studies have benefited from the use of
multivariate statistical analyses for interpreting palynofacies results (Oboh 1992, Kovach
and Batten 1994, Oboh-lkuenobe and De Villiers 2003, Oboh-lkuenobe et al. 2005).
These analyses provide comparison of complex datasets with multiple variables that are
of particular use in ecological studies (James, 1990; Ramette, 2007). The multivariate
analytical methods chosen are unique to the dataset and depend on the aim of the study.
Based on cluster analysis, three palynofacies assemblages are constrained (I, II, 111 in
Figure 11), and an image of a representative sample from each assemblage is shown in
Figure 12. Palynofacies assemblage | (Figures 11, 12) is dominated by nonmarine,
mainly terrestrial components (between 60 and 80 %), with only about 20 to 40 % AOM.
The AOM is mostly dispersed, although some clumped nonmarine AOM is present. The
opaques are moderately rounded and include tracheids and both structured and
structureless material such as resin. This assemblage is divided into two subgroups (A
and B). Subgroup B differs from subgroup A due to increased numbers of structured
phytoclasts, terrestrial palynomorphs, and marine palynomorphs, and a decrease in AOM
and opaques. Palynofacies Il (Figures 11, 12) is characterized by approximately 40% to
60 % AOM, and has two subgroups (A and B) as a result of differences in numbers of
degraded Palynofacies assemblage 111 (Figures 11, 12) comprises the highest abundance

(60-80 %) of marine components, the lowest nonmarine input, and the lowest abundance
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of opaques. This assemblage contains a mix of angular and well-rounded opaques, and
dispersed and granular marine AOM. It is also further divided into two subgroups:
subgroup A is differentiated by the absence of palynomorphs, whereas subgroup B

contains few palynomorphs, scattered resins, and structured phytoclasts.

4.4. FORAMINIFERAL ANALYSIS

Foraminiferal frequency is moderate to low in most of the core samples in all the four
well sections. In general, all the samples are dominated by agglutinated foraminifera, and
pyritized tests are present in some intervals. Several agglutinated foraminifera species are
recorded in well K-A2, such as Ammobaculites cf. cylindricus, Ammobaculites spp.,
Ammaodiscus spp., Bathysiphon sp., Haplophragmoides sp., Reophax sp., and
Trochammina sp. There is a gradual decrease in foraminiferal frequency from the lower
part of the interval to the top. One core sample in well K-A3 (CC#2, depth 3883.41m)
records very coarse textured agglutinated foraminifera. Some samples above this depth
contain the agglutinated foraminifera Trochammina depressa, Textularia sp., and
Ammobaculites spp. In the other core (CC#1: samples at 2907.03 m, 2911.70 m. and
2913.02 m), very rare agglutinated foraminifera are present.

In well K-H1, there is moderate to low frequency of taxa, with few calcareous
benthic forms. The early Cenomanian planktonic foraminifera Rotalipora appenninica
and Rotalipora gandolfi (Rotalipora brotzeni Zone, Caron 1985) are present at depth
3080.58 m. Agglutinated foraminifera, such as Ammobaculites spp., Glomospira sp.,
Haplophragmoides spp., Hyperammina gaultina, Reophax sp., and Tritaxia sp. dominate

the remaining samples. Calcareous benthics, including Lenticulina angulosa and
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Figure 11. Q-mode cluster analysis (Ward’s/Euclidean method) and abundance of
particulate organic matter components characterizing the samples. MAR: Marine
palynomorphs; AOM: Amorphous Organic Matter; PHY: Structured and degraded
phytoclasts; OPA: Opaques; TER: terrestrial/nonmarine palynomorphs. Three
palynofacies assemblages, each with two subgroups A and B, are recognized. I:
Nonmarine, primarily terrestrially dominated, I1: Mixed terrestrial and marine, IlI:
Marine dominated.

Lenticulina cf. nodosa, are recorded in the basal part of the section. In well K-E1, the
agglutinated benthic foraminifera Ammobaculites subaquale, Haplophragmoides spp.,
Reophax cf. fusiformis, Textularia foeda, Dorothia oxycona, and Frondacularia sp. are

recorded in varying proportion in most of the samples.
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Figure 12. Photomicrographs of representative palynofacies assemblages. Well sample
numbers are noted. EF = England Finder® coordinates. Scale bar is 20 pm. A,
Palynofacies assemblage | with primarily nonmarine organic components; well K-E1
3752.85E, EF4S32. B, Palynofacies assemblage 11 with mixed terrestrial and marine
organic components; well K-H1 3079.85B, EF1P46. C, Palynofacies assemblage 111 with
mainly marine organic components; well K-A2 4082.50A, EF4K?29.
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5. DISCUSSION

Palynomorph and foraminiferal data provide the information used to constrain the
age of the sediments in the studied wells. In addition, these two proxies have been
integrated with lithological and palynofacies analyses to interpret the depositional
environment, in addition to inferring the hydrocarbon potential of this segment of the

Orange Basin.

5.1. AGE CONSTRAINT

The majority of the identified agglutinated foraminifera and palynomorph taxa are
long ranging, from the Late Jurassic through the Late Cretaceous. The presence of the
planktonic foraminifera Rotalipora appenninica and Rotalipora gandolfi at 3080.58 m in
well K-H1, however, indicates an early Cenomanian age (Caron 1985). In addition, the
presence of the angiosperm pollen Cretacaeiporites polygonalis, which is constrained to
the Albian—Coniacian (Ibrahim et al. 2015), at 3075.28 in well K-H1 supports this age

assignment. Therefore, the inferred age of the studied sequences is early Cenomanian.

5.2. PALEOENVIRONMENTAL CONDITIONS

The multiple proxies generated from the lithological descriptions of the
sediments, microfossils, and particulate organic matter provide useful information about
the depositional environment, sedimentary processes (e.g., energetic, and redox
conditions), the origins, duration of transport, and/or source proximity of particulate

organic matter and palynomorphs, and indirect inferences about the paleoclimatic
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conditions at the time of sedimentation. The overall lithology of alternating fine-grained
sandstone, siltstone, shale, and claystone in the four wells (Figures 2-4) is consistent with
fluvio-marine type deposits reported from other African basins (e.g., Oboh-lkuenobe et
al. 2005, Khalifa and Catuneanu 2008). While the dominance of sandstone in the wells,
except well K-E1, suggests high energy of deposition, the presence of flaser laminations
and mud drapes in the sandstone units, and occasional wavy laminations in some
heteroliths suggest short periods of quiescence. While mostly shallow marine, the
depositional structures suggest periodic tidal and deltaic influences. We see no clear
evidence of turbiditic deposition.

The types of nonmarine and marine microfossils in the sediments, as well as
palynofacies analysis and the presence of glauconite (Salie 2018), suggest marginal to
shallow marine (shelf) depositional environment subject to input of sedimentary material
from the adjacent continent in this part of the Orange Basin during the early Cenomanian.
The thicker overburden in the study area (Campher et al. 2009) that accompanied the
high rate of sedimentation in southwestern Africa during the mid-Cretaceous (Dingle and
Hendry 1984) was likely the result of increased topography along the coast,
sedimentation outpacing the space created in the basin by rifting, and higher sea levels
(Miller et al. 2003, An et al. 2017). The absence of bioturbation except in well K-A2
provides additional evidence of higher sedimentation rate and changing water conditions
related to fluctuations in sea level (Tonkin 2012). Higher sea level is also documented by
the carbonaceous streaks, marine algal fragments, and calcareous cement in the sandstone
beds in wells K-H1 and K-A2 and the upper portion of well K-A3. However, the

presence of pyrite crystals (Table 1) in the samples, in addition to the high amounts of
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AOM (well K-E1) and few marine microfossils (Figure 11), suggest low depositional
energy and reducing conditions with high potential for preservation of organic material
(Tyson 1995, Zobaa et al. 2011, 2013). Since some pyritized foraminiferal tests and
pyritized particulate organic matter were also recovered, the pyrite crystals may be early
diagenetic in origin.

Palynofacies analysis supports deposition on the continental shelf. Two ternary
plots of the particulate organic matter provide information about the types of kerogen and
depositional conditions. However, Figure 7B (following El Beialy et al. 2016) with
palynofacies assemblages I, 11, and 111 delineated provides more accurate data with
respect to the origins of the particulate organic matter than Figure 7A (following Tyson
1995; see discussion in Section 5.3). Marine amorphous organic matter (AMOM)
represents the redox state at the time of deposition, while the combination of phytoclasts
and nonmarine palynomorphs reflects terrestrial and nonmarine aquatic input, and the
relationship with marine palynomorphs and AMOM provides a proxy for the distance
between the basin and the paleoshoreline (El Beialy et al. 2016). The appearance of
preserved AOM can be related to its origin and how it is preserved, with its abundance in
sediments attributed to an increase in paleoproductivity (Powell et al. 1990, 1992).
Granular AOM is likely representative of benthic microbial mats (Pacton et al. 2007,
2011; Emmings et al. 2019) and may have been transported via flooding, turbidites,
debris flows, bottom currents, or coastal upwelling (Tyson 1995, Emmings 2019).
Additionally, the shapes and sizes of opaque particles yield information about their
distance from source. According to Tyson (1995), relatively high ratios of

equidimensional to lath-shaped opaque particles (Table 2) typically represent a short
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distance of transport from source where the equidimensional particles have the largest
sizes. In this study, the lath-shaped particles are larger (10-150 um length for longest
axis) compared to the equidimensional particles (2-50 pum length for longest axis),
suggesting a longer transport distance for the terrestrial material.

Palynofacies assemblages Il (largest with samples from all four wells) and 111
(mainly K-A2 samples) are characterized by mixed marine (>40% AMOM)/nonmarine
components and preponderance (>60%) of AMOM, respectively. Foraminiferal test
linings are present in some intervals. Assemblages Il and Il plot in the proximal suboxic-
anoxic shelf (V1) and distal suboxic-anoxic basin (IX) fields, respectively in Figure 7.
Although nonmarine (terrestrial/aquatic) organic components (Figure 11, Table 2)
dominate palynofacies assemblage | (with fewest samples from all four wells), AMOM
comprises 20-40% of the total organic material, and the assemblage plots in the marginal
dysoxic-anoxic basin field (11). The presence of insect parts, cuticles, and tracheids also
support this continental contribution to the basin (Table 1).

Detailed palynomorph analysis provides information about the source areas from
which the spores, pollen grains and algae were derived. The few palynomorph taxa
recovered in this study, including the gymnosperm Classopollis sp., the pteridophytes
Deltoidospora sp., Cicatricasisporites sp. and Cyatheacidites sp., the bryophytes
Interlobites sp. and Taurocusporites sp., the nonmarine algae Chomotriletes sp. and
Balmeisporites sp., as well as fungal remains are typically found in coastal environments
(e.g., fluvial, deltaic) with arid hinterlands (EIl-Soughier 2013, Carvalho et al. 2017). Due
to the configuration of the continents during the Cretaceous, the climate on the

continental interior from which these palynomorphs originated was likely arid (Eldridge
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and Scotese, 2002) with sparse vegetation (El Beialy et al. 2016). The recovered
gymnosperms Ephedripites sp. and Classopollis sp. are associated with dry to semi-arid
coastal environments and support this scenario (Srivastava 1976, Schrank 2010, Warny et
al. 2019). It is possible that the absence to low abundances of palynomorphs in the
samples may be reflective of the dilution effect of abundant AMOM and phytoclasts, or
the aridity and sparse vegetation in the hinterland.

The dominance of benthic agglutinated-walled foraminifera in this study is an
enigma, particularly because forms such as Ammobaculities spp., Trochamina sp., and
Haplophragmodies sp. are indicative of low salinity and pH. They also typically suggest
short distance of transport since the agglutinated forms do not fare well with travel
(McMillan 2008). The agglutinated taxa provide additional support for a possible coastal
or marginal marine interpretation. For example, Ammobaculites spp., Haplophragmoides
sp., Reophax sp., and Trochaminna sp. are associated with hypoxic waters, and
Ammodiscus sp. and Glomospira sp. are typically found in brackish delta plain and
estuaries (Nagy et al. 2010). Although benthic forms such as Ammodiscus and
Trochammina may adapt to periods of hypoxia, lower salinity, and disruption by storms
in restricted marine shelf environments with deltaic influence (Nagy et al. 2010), some
authors (e.g., Stevenson and McMillan 2004) explain their presence as due to river-
incised fill. Note that the presence of calcareous benthic forms Lenticulina angulosa and
Lenticulina cf. nodosa, and the planktonic species Rotalipora appenninica and
Rotalipora gandolfi in well K-H1 is consistent with fully marine, inner to middle shelf

conditions.
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The foregoing discussion based on the lithology of the studied intervals in the
four wells, the palynofacies, palynomorph and foraminifera data from of the studied
samples, and the available information on mid-Cretaceous sediments elsewhere in the
Orange Basin (e.g., Campher et al. 2009, Kuhlmann et al. 2010) suggests that the
sediments were likely deposited in a highly dynamic shallow marine (inner shelf to
middle shelf) paleoenvironment. This paleoenvironment experienced fluctuations in
depositional energy and redox conditions, periodic continental runoff, and episodes of
low salinity. Sedimentary structures, such as flaser and wavy laminations, support the
deposition of the sediments in wells K-A2, K-A3, and K-E1 in the very shallow shelf
closest to the Walvis Ridge. Sediments in well K-H1, which was farther from the Ridge,
were deposited under more open marine (inner to middle shelf) conditions. Warm

temperate to subtropical, semi-arid climate was prevalent in the hinterland.

5.3. HYDROCARBON POTENTIAL

Figure 7 depicts the character of the particulate organic matter (kerogen I-1V) in
the samples; it shows that type | kerogen is most common in sediments that are rich in
AMOM and marine palynomorphs, whereas type 1V kerogen dominates
terrestrially/nonmarine derived sediments. The positions of the samples characterizing the
three palynofacies assemblages (see Figures 11, 12) in Figure 7 were used to infer the
types of kerogen and hydrocarbon potential. Palynofacies | has the potential to produce
type I11 kerogen, which is gas prone, whereas palynofacies assemblage 11 is characterized

by types I1-111 kerogen given its mixed nature, which are oil-gas prone. Palynofacies
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assemblage 11 has the potential to produce type I-11 kerogen and the components are
highly oil prone.

While this paleoenvironment has the potential to produce types Il and I11 kerogen,
there appears to be very low productivity. The low abundances of palynomorphs and
foraminifera, supports this inference, which, together with the presence of pyrite crystals
and pyritized microfossils, may also be indicative of conditions of lower salinity, lower
levels of oxygenation and, or thermal maturity of sediments (Gupta and Machain-Castillo
1993, Zobaa et al. 2011). We used the color of Classopollis spp., the most common
palynomorphs in Type Il and 111 kerogen samples to infer a thermal alteration index
(TAI) of around 3. Although a preponderance of terrestrially-derived organic material
and palynomorphs indicate a greater likelihood to produce gas rather than oil (Kandiyoti
et al. 2006, Vandenbroucke and Largeau 2007), the low abundance of palynomorphs in
these sediments belies the potential for hydrocarbon. We note here that Kuhlmann et al.
(2010) used lithological interpretations of Cenomanian to Turonian outer shelf sediments

in nearby blocks in the southern Orange Basin to infer gas prone source rocks.

6. CONCLUSIONS

Integrated lithology and biostratigraphy of wells K-A2, K-A3, K-H1, and K-E1
provides key information for the interpretation of this complex area within the Orange
Basin. Data from terrestrial and marine palynomorphs, benthic and planktonic
foraminifera, and other organic material constrain the age and depositional conditions of

this marginal marine setting with evidence of a reducing and arid nature and an inner to
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middle shelf transition during the early Cenomanian (based on the planktonic
foraminifera Rotalipora appenninica and Rotalipora gandolfi). Additionally, this
information provides insight into the hydrocarbon potential and productivity revealing the

potential for type 11 and I11 kerogen, albeit low productivity.
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SECTION

3. CONCLUSIONS

In the three case studies, applied palynology has provided key information to aid
in interpreting age and paleoenvironment, evaluating hydrocarbon potential and
contributing novel techniques to resolve challenging questions through correlation with
other proxies.

The documentation of the novel effects of meteorite impact on palynomorphs and
particulate organic matter in this work contributes to an understudied area (impact
palynology). The mixed types and preservation states of palynomorph and particulate
organic matter types (terrestrial and aquatic) provide evidences for stratigraphic mixing,
paleoenvironmental conditions, and impact-related thermal damage inflicted on organic
material in the form of melted Ordovician acritarchs.

Melted Ordovician acritarchs from the three Missouri 38" Parallel structures
(Crooked Creek, Decaturville and Weaubleau) correlated with “°Ar/*°Ar stepwise
heating of impact spherules from the Crooked Creek crater provide a link with an
Ordovician L-chondrite break-up and the subsequent Ordovician Meteorite Event and
provide compelling evidence for the relationship of the 38" Parallel structures in
Missouri with implications for geologic understanding of the U.S. midcontinent.

Correlation between palynological and foraminiferal studies provided valuable
information about the age, paleoenvironment, and hydrocarbon potential of the Orange

Basin, a frontier basin offshore in western South Africa. Through the combination of
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lithology and biostratigraphy, the environment was constrained to a marginal marine
setting with evidence of reducing and arid conditions and an inner to middle shelf
transition during the early Cenomanian. The information provided by this study revealed
primarily type 111 kerogen and some Il kerogen, although low productivity that was likely

limited by environment rather than preservation.
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Table Al. The locations and lithological information of palynological samples. Identifiers

for the sample numbers are as follows: D = Decaturville; CC = Crooked Creek; W =

37.98666.-93.6625

Chert

Weaubleau.
Sample no. Location Lithology | Depth (m) Sample type
D1-2506- SE % SE % SE % SE %, S31 T37N Limestone | 1128 m Core
D771 R16W, Camden County, Missouri,
37.895.-92.725
D2-3198-C37 SW ¥ SW 4 SW %, S32 T37/N Limestone | 21.34-21.95m Core
R16W, Camden County, Missouri,
37.89508.-92.7137
CC1-2504- CNW % SE % SE %, S8 T37N Marl 3.66m Core
CC794 R4W, Crawford County, Missouri,
37.840.-01.383
CC2-2505- NW % NW % SW % SE %, S17 Marl 2134 m Core
CC795 T36N R4W, Crawford County, Mis-
souri,
37.835,-91.385
W1-1690-NS1 | NW % NW % NE % NE %, S12 Limestone | 14.94m Core
T37N R26W, St Clair County, Mis-
souri,
37.99118,.-93.7352
W2-0032 C NE %, SIOT37N R25W, St Clatr | Shale/ 15.24-18.90m Cuttings
County, Missouri Lime-
stone/
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Table B1. The locations and lithological information of spherule samples. Identifiers for
the sample numbers are as follows: D = Decaturville; CC = Crooked Creek; W =

Weaubleau.
Sample no. | Location Litholo- | Depth (m) Sample type Crater Loca-
i tion
DOB1 State Highway 5. Camden Polymict | Surface Outcrop Rim
County, Missouri, breccia
37.895,-92.725 (marl
matrix)
CC-79-5 Crawford County, Missouri Lime- 560 m Core Central uplift
37.835,-91.385 stone
McCracken Core Library,
DNR Missouri Geological
Survey. Rolla MO
CC-002166 | Crawford County. Missourt Dolo- 240 m Cuttings Central uplift
37.8339,-91.396 mite
McCracken Core Library,
DNR, Missouri Geological
Survey, Rolla, MO
WOB1 State Highway 13, St. Clair Polymict | Surface Qutcrop Rim/center
County, Missouri breccia
37.942176. -93.634577 (marl
matrix)
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Figure B1. Images of selected spherules from Crooked Creek (A-D), Decaturville (E-H,
N,O,P,Q) and Weaubleau (I-M) impact structures, SEM-EDS stub with some
Decaturville spherules including EDS results from included glassy spherule with sodic
glass composition.
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Figure B2. Spherule characteristics for Crooked Creek, Decaturville and Weaubleau
impact structures.
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Figure B3. SEM-EDS Results for Crooked Creek (C), Decaturville (D) and Weaubleau
(W) impact spherules. Additional data can be accessed online at
https://scholarsmine.mst.edu/research_data/.
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1.9Ar/*Ar STEPWISE HEATING METHODOLOGY

OArP°Ar analyses were performed at the University of Vermont Noble Gas
Geochronology Laboratory. The spherules were loaded into aluminum foil packets,
arranged in a suprasil vial, and placed in an aluminum canister for irradiation. Samples
were irradiated at the Oregon State University Radiation Center in the CLOCIT facility for
18 hours with multigrain aliquots of Fish Canyon Tuff Sanidine to act as a flux monitor
(28.201 + 0.046; Kuiper et al. (2008). Laser step heating for *°Ar/*Ar dating was conducted
with a Santa Cruz Laser Microfurnace 75 W diode laser system. Samples were loaded
directly into wells in a copper sample holder. The gas released during heating was purified
with SAES getters and argon isotopes were analyzed on a Nu Instruments Noblesse
magnetic sector noble gas mass spectrometer in peak-hopping mode during step-heating
analyses. Data from samples and flux monitors were corrected for blanks, mass
discrimination, atmospheric argon, neutron-induced interfering isotopes, and the decay of
37Ar and *Ar. Correction factors used to account for interfering nuclear reactions for the
irradiated samples are from Rutte et al. (2018), and decay constants are from Min et al.
(2000) and Stoenner et al. (1965). Mass discrimination was calculated by analyzing known
aliquots of atmospheric argon for which the measured *°Ar/®Ar (299.2 + 0.44) was
compared with an assumed atmospheric value of 298.56 (Lee et al., 2006). A linear
interpolation was used to calculate J factors for samples based on sample position between
flux monitor packets in the irradiation tube. The data analyses were achieved using both an
in-house data reduction program and Isoplot 3.0 (Ludwig, 2003). Data and additional

information may be accessed at https://scholarsmine.mst.edu/research_data/.
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Table D1. Surface Pennsylvanian rock and sediment locations around the Missouri 38"

Parallel Structures studied for presence of spherules.

Location (Lat/LLong) Rock/sediment
37.891436/-93.606671 clay
37.886749/-93.611658 clay

37.975831/-93.498670

clay, limestone, shale and sandstone

38.003697/-92.064746

clay, limestone, shale and sandstone

37.971679/-91.739331

clay
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Figure E1. Google Earth Pro image of the presence of zinc (red), cobalt (blue) and copper
(purple) based on the geochemistry of soil, water, and rock in relation to the three
Missouri 38" Parallel structures. Green circles represent the crater extent for Weaubleau,
Decaturville and Crooked Creek (left to right) craters in Missouri. Yellow circles
highlight the pattern of geochemistry data that may be related to impact generated
hydrothermal activity. Missouri data portion of the National Geochemistry Database:
https://gis-modnr.opendata.arcgis.com/datasets/modnr::national-geochemical-
survey/about. Last accessed 03/26/2023.
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