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GLOSSARY
Overview of Form Taxa

Acritarch: an organic-walled fossil of unknown biological classification.
Acanthomorph: an acritarch with a wall that contains tubes, spines or other protrusions
which connect without impediment to the interior of the acritarch vesicle.
Processes: tubular extensions of an acritarch wall.
Ornamentation: a regular, textured surface of an acritarch wall.
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ABSTRACT
The Belt Supergroup is one of few early Mesoproterozoic sites worldwide that
record paleobiological evidence of enigmatic ancestral eukaryotes. Using low
manipulation acid maceration techniques, two new assemblages of microfossils have
been recovered from the Greyson and Chamberlain Formations of the early
Mesoproterozoic Belt Supergroup of Montana. These microfossils provide a window into
the paleobiology of early Mesoproterozoic Laurentia for the first time. By comparison
with fossils from other deposits of comparable age, these assemblages may be used to
infer key biochronological, paleoenvironmental and ontogenetic aspects about the
original organisms. The Greyson Formation assemblage from outcrops along Newlan
Creek includes populations of Tappania, Valeria, Satka, Dictyosphaera, Coneosphaera,
Caudosphaera and longitudinally striated tubes. The assemblage also includes microbial
mat networks of Siphonophycus and isolated occurrences of Oscillatoriopsis,
Rugosoopsis and Obruchevella. The Newlan Creek microfossils are conspicuously
similar to those from the broadly coeval Roper Group of Australia, pointing to the utility
of recognizing an early Mesoproterozoic (~1550-1450 Ma) assemblage zone represented
by Tappania plana, Valeria lophostriata, Satka favosa, and Dictyosphaera delicata. The
Chamberlain Formation assemblage from drillcore near Black Butte includes Valeria,
Leiosphaeridia, Synsphaeridium, Coniunctiophycus, Satka, Symplassosphaeridium and
longitudinally-striated tubes. The Black Butte microfossils expand the assemblage
diversity previously reported from Chamberlain Formation outcrops near Neihart,
Montana. The Black Butte assemblage partially overlaps with, but is notably distinct
from, the assemblage from Newlan Creek. The differences between the respective
assemblages are most likely attributable to paleoecological zonation of the original
organisms. The Black Butte microfossils are broadly consistent with assemblages
reported from supratidal to intertidal shallow water deposits of the late Mesoproterozoic.
By contrast, the Newlan Creek microfossils are comparable to the distal shelf
environment assemblage of the Roper Group of Australia. Correlations between
morphometric attributes of the fossils indicate the presence of modestly diverse,
environmentally-partitioned ecosystems that included protistan-grade organisms capable
of a variety of cell replication processes by the early Mesoproterozoic. Microfossils and
macrofossils of the Belt Supergroup provide an unparalleled opportunity for resolving
ecological and macroevolutionary relationships among some of the Earth’s oldest known
eukaryotic organisms.

1
CHAPTER 1: INTRODUCTION
The fossil record contributes to our understanding of the early development and
evolution of life throughout the Precambrian Eon. However, taxonomic resolution of
fossils from this time is cryptic and mostly constrained at the level of domain. The origin
of the Bacteria and Archaea domains occurred at least by the Mesoarchean Era, if not the
Paleoarchean Era, as indicated by widespread and well-dated stromatolites,
morphologically simple microfossils comparable to modern cyanobacterial groups,
molecular biomarkers and a consistent, global carbon isotope fractionation signal
attributable to metabolic activities (Javaux et al., 2010; Petroff et al., 2010; Allwood et
al., 2006; Schopf, 2006; Schidlowski, 2001; Hofmann, 2000; Hofmann et al., 1999). The
origin and early evolution of the third domain, Eukarya, is particularly cryptic and
involves some of most important and controversial of unanswered questions in
evolutionary biology, as the incremental stages of this process are poorly resolved in the
fossil record (Armstrong and Brasier, 2009; Wacey, 2009; Rasmussen et al., 2008;
Butterfield, 2007; Javaux, 2007; Roger and Hug, 2006; Brocks et al., 1999; Farmer,
1992; Mendelson and Schopf, 1992). Genetic data from extant organisms indicate that
all modern eukaryotes derive from a single ancestral lineage that had nearly all of the
characteristics of a protistan-grade cell (Koumandou et al., 2013). It is possible that the
full morphogenetic potential of eukaryotes was acquired incrementally along its stemlineage, with their characteristic morphological and functional variability representing a
relatively derived condition (Butterfield, 2007). However, it is exceedingly difficult to
infer the order or paleoenvironmental associations of these incremental innovations on
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the basis of a scarce Precambrian fossil record that only diminishes with greater age
(Douzery, 2011). This evolutionary gap between bacterial- and protistan-grade organisms
is one of the most challenging problems known in the field of macroevolutionary studies
(Javaux, 2011).
Despite the inherent limitations of the early eukaryotic fossil record, it is now
clear that major biological innovations in eukaryote evolution occurred in the
Precambrian, and that fossils provide evidence in the form of morphological variation
that can be used to document or infer key steps of biological and biochemical innovation
(Javaux, 2007). One of the most direct means of reconstructing the early evolutionary
history of eukaryotes is to locate diverse Precambrian fossil assemblages in suitable host
rocks. These fossil assemblages can be compared to complementary paleobiological
datasets that indicate paleoenvironmental, geochronological, lithological, ontogenetic and
preservational (i.e., taphonomic) contexts of the original organisms (Knoll, 2014). The
most obvious advantage of this approach is that it increases the available fossil record of
purported eukaryotic organisms and fossil groups that can be used to reconstruct broad
macroevolutionary and paleoecological trends. For any given period in geologic history,
it is necessary to gather fossil data from multiple basins representing many different
environments, so that global-scale macroevolutionary trends can be discerned from the
effects of depositional environment or preservational artifacts (Butterfield, 2007). The
recovery of fossils from more basins increases the likelihood of uncovering connections
or distinct differences between the different datasets that record elements of a basin’s
unique history, and for developing sufficient context to interpret paleoecological or
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paleoenvironmental signals against the global macroevolutionary trajectory of the Earth’s
environment.
The Belt Supergroup is one of few early Mesoproterozoic sites worldwide that
may have recorded paleobiological evidence of ancestral eukaryotes that lived in an
environment largely dominated by prokaryotes. The Belt Supergroup has a unique and
distinguished history as a source for paleobiological information (Hunt, 2006). Charles
Doolittle Walcott organized the first systematic reviews of the Belt Supergroup in the
early 1900’s, and remarked on numerous structural features that he believed were the
result of biological influence (Walcott, 1910, 1899). At the time of Walcott’s field
studies, the idea that soft-bodied (i.e., non-skeletal, non-ligneous) organisms could be
preserved in the fossil record was highly controversial (Schopf, 2000). Thus, Walcott’s
reports of Cryptozoon, Heliminthoidichnites, and Beltina biosignatures from the Belt
Supergroup, like nearly all such reports of suspected fossils from Precambrian strata,
were viewed with extreme skepticism and, in some cases, outright incredulity. As robust
paleobiological data began to accumulate from Precambrian strata worldwide throughout
the early 20th century, Walcott’s original materials were re-examined, most notably the
Cryptozoon (stromatolite) specimens by Fenton and Fenton (1937, 1933, 1931).
Stromatolites from the Belt Supergroup have supported decades of subsequent
Precambrian paleobiological research (White, 1984; Horodyski, 1975; Ross and Rezak,
1959), as have compression fossils (Retallack et al., 2013; Fedonkin, 2003; Yochelson
and Fedonkin, 2000; Horodyski, 1993; Hofmann, 1985; Walter et al., 1976) and
microfossils (Horodyski, 1993; Kidder and Awramik, 1990; Horodyski, 1981; White,

4
1974). Though the microfossil assemblage from the Belt Supergroup consisted of
morphologically simple fossils of limited biostratigraphic utility, the microfossils were
useful for studying the taphonomy of soft-bodied, bedding-parallel compacted fossil
remains in siliciclastic Precambrian claystones (Horodyski, 1981). In the years following
this discovery, more diverse fossil assemblages were found in other Mesoproterozoic
assemblages worldwide, particularly after low-manipulation fossil techniques were
developed to recover delicate, complex and biostratigraphically-useful fossils
(Nagovitsin, 2009; Prasad et al., 2005; Javaux et al., 2001; Prasad and Asher, 2001; Yin,
1997; Butterfield et al., 1994). After Robert Horodyski passed away in 1995, there were
no reported efforts to continue his exploration of Belt Supergroup microfossils (Hunt,
2006). In light of the Belt Supergroup’s extensive Precambrian paleobiological heritage,
and the development of low-manipulation microfossil recovery techniques in the years
since Horodyski’s passing, a re-assessment of the Belt Supergroup’s
micropaleontological potential was in order.
The objectives of this project were therefore to document the location and
lithology of Belt Supergroup strata that contain fossils, to characterize
paleoenvironmental, taphonomic and biostratigraphic trends in the Belt Supergroup fossil
record, and to search for and characterize new fossiliferous outcrops using lowmanipulation microfossil recovery techniques. These objectives were prerequisite to
assessing whether the Belt Supergroup microfossil record may be used, by comparison
with coeval worldwide fossil records, to constrain depositional conditions within the Belt
Supergroup basin or to infer paleobiological information about the original Belt basin
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organisms. The project began with resampling of known fossiliferous outcrops
(Horodyski, 1993, 1980) of the Chamberlain Formation along the northern margins of the
Helena Embayment. The Helena Embayment was selected because of its minimal
metamorphic alteration (Lydon, 2007; Höy, 1989), the recent proliferation of new and
expanded roadcuts in the area around White Sulphur Springs since the latest reported
microfossil studies, and the proximity of the Embayment to the host institution (Montana
State University). Each of these factors enabled detailed reconnaissance of greater
amounts of claystone in the area than had been previously possible.
After identifying microfossiliferous shale layers within the Chamberlain
Formation reported by Horodyski (1980), the focus of the project became to locate and
characterize additional fossiliferous rocks from the Belt Supergroup. An initial
reconnaissance survey of Belt Supergroup exposures throughout western Montana and
northern Idaho in the fall of 2012 assessed over 200 strata using outcrops known to
contain fossils as starting points for further investigation (large orange markers, Figure
1). Most outcrops yielded no or badly degraded fossil remains (small blue markers,
Figure 1). However, layers throughout central portions of the Greyson Formation and
lower portions of the Chamberlain Formation (large green markers, Figure 1) yielded
intact microfossils, microfossil fragments, microbially-induced sedimentary structures
(MISS) and kerogeneous microbial mat fragments. These layers were selected for
detailed follow-up study, and adjacent layers were iteratively sampled for microfossil
content throughout the remainder of the project.
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MONTANA

IDAHO
WYOMING
Figure 1. Locations of outcrops sampled for microfossil content from throughout the Belt
Supergroup. Small blue marker indicates an outcrop with no detected fossil remains.
Large orange marker with black square indicates fossil remains previously described by
other investigators. Large green marker indicates newly discovered fossiliferous outcrop
and drillcore described in this volume. Image generated using Google Earth.
The discovery, description and interpretation of microfossils from the
Chamberlain and Greyson Formations are the focus of this thesis. Chapter 2 describes an
assemblage from outcrops of the Greyson Formation along Newlan Creek north of White
Sulphur Springs, Montana. The Newlan Creek microfossils are the first biological
remains to be reported from the Greyson Formation since Walcott described Grypania in
1899. The Newlan Creek assemblage is primarily characterized by populations of
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Tappania, Valeria, Satka, Dictyosphaera, Caudosphaera, Coneosphaera and
longitudinally striated tubes. The Newlan Creek assemblage also includes microbial mat
networks of Siphonophycus and isolated occurrences of Oscillatoriopsis, Rugosoopsis,
and Obruchevella. This assemblage is sufficiently diverse to enable recognition of a
biostratigraphically useful signal from early Mesoproterozoic Laurentia for the first time.
Like all Precambrian divisions of geologic time, the Mesoproterozoic Era is subdivided
using Global Standard Stratigraphic Age (GSSA) as opposed to the Global boundary
Stratotype Section and Point (GSSP) system used for rock units of Phanerozoic age
(Tang et al., 2013). Biostratigraphic subdivision and correlation of Proterozoic strata is
hampered by the limited number of age diagnostic individual fossils, but the Newlan
Creek and coeval assemblages open the possibility of using widely distributed groups of
fossils to break the Mesoproterozoic into paleobiologically-defined age (i.e., GSSP
systematized) ranges. By comparing the Newlan Creek assemblage to those of other
coeval assemblages from elsewhere in the world, a biostratigraphic reference assemblage
zone (biochron) is recognized, composed of Tappania plana, Valeria lophostriata, Satka
favosa and Dictyosphaera delicata from shallow marine siliciclastic deposits ranging
from 1550-1450 Ma in age.
Chapter 3 describes an expanded fossil assemblage of the Chamberlain
Formation. This assemblage was collected using samples from the SCC-34 drillcore
exhumed at the Black Butte locality 15 km north of White Sulphur Springs, Montana.
This assemblage augments earlier reports of fossils from the Chamberlain Formation,
which consisted of biostratigraphically unremarkable spheroids and filaments

8
(Horodyski, 1993). The expanded assemblage is distinct from, but overlaps partially with,
that from Newlan Creek, and is composed of Valeria, Leiosphaeridia, Synsphaeridium,
Coniunctiophycus, Satka, Symplassosphaeridium and unnamed longitudinally-striated
tubes. The assemblage is mostly composed of taxa found throughout the Proterozoic, and
so cannot be associated with any distinct, geochronologically-constrained units of time.
However, the assemblage pattern, in comparison with that of Newlan Creek, is consistent
with a water depth-dependent paleoenvironmental segregation pattern observed in other
Mesoproterozoic age rocks. The microfossil distribution pattern in the Belt Supergroup is
more coarsely resolved than similar microfossil distributions observed from rocks of late
Mesoproterozoic age, but is nevertheless broadly comparable to assemblages
characterized by colonial aggregations of clonal cells reported from supratidal to
intertidal lagoonal mudflat deposits from the 1.2 Ga Bylot Supergroup. The coarse
resolution of early Mesoproterozoic biofacies highlights the limitations of using fossils to
discern between different paleodepositional environments for rocks of this age, but this
may as much be an artifact of limited sampling as it may be of a measure of relative
complexity of the surface environment, biota or ecological associations of this time.
Chapter 4 uses the fossil assemblages described in Chapters 2 and 3 to assess
possible ontogenetic series of the original organisms. The putative ontogenetic series
indicate that most of the microfossils described in this thesis are likely the remains of
ancestral eukaryotes that exhibited growth patterns of complexity comparable to modern
protists. One of the challenges of reconstructing the evolutionary history of protistangrade eukaryotes is that they exhibit a high degree of morphological plasticity.
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Superficial similarity of functionally, metabolically and phylogenetically distinct
organisms is relatively common, and different phases of the life cycle of a single species
can be difficult to trace and connect with one another in the natural environment.
Populations of cells observed in varying ontogenetic stages can inform the function of
particular morphological features, but the paucity of the early Proterozoic fossil record
has reduced our ability to infer diagnostic biological attributes of fossils of the Earth’s
oldest eukaryotes. The putative fossil ontogenetic series are interpreted to represent
processes such as symmetric cell division through membrane constriction, asymmetric
cell division through membrane constriction (budding), two different patterns of
filamentous growth, rapid cell proliferation and excystment. The diversity of the cell
replication patterns indicate that eukaryotes had undergone at least one protistan-grade
radiation by the early Mesoproterozoic Era. These putative ontogenetic series represent
only the first effort to infer connections between fossils within and amongst form
taxonomic categories. These are the oldest reported multi-fossil eukaryotic growth
patterns, representing a substantial extension of paleontological reconstructive
approaches back to fossils of this age.
This thesis highlights some of the inherent limitations of working with
microfossils of unknown biological affinity from the Proterozoic Eon. Living organisms
are classified using a taxonomic system based on comparative morphology to a
phylogenetic system that quantifies statistical similarity of highly conserved genetic
sequences common to all known, extant life (Wiley and Lieberman, 2011).
Paleontological specimens that can be resolved into phylogenetic categories based on
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sufficiently distinct (diagnostic) morphological characteristics are given an appropriate
genus and species name reflecting this hierarchical classification (Taylor et al., 1995).
However, many fossils of Proterozoic age cannot be resolved into higher phylogenetic
categories if the biological affinity of the original organisms is not known with certainty
(Evitt, 1963). One common reason for this difficulty is that older fossils are
morphologically simple, and therefore less likely to exhibit diagnostic characteristics.
Another common reason is that diagnostic characteristics used to identify extant
taxonomic groups cannot be mapped with certainty onto past ancestral populations. An
independent factor that both contributes to and confounds both of these limitations is
evolutionary turnover (Butterfield, 2007). Virtually all species that have ever existed in
the past on Earth have gone extinct, implying that most fossils of ancestral eukaryotes
represent the remains of organisms with an unknown genetic relationship to living
organisms that have had their DNA sequenced, and are thus of unknown and unknowable
taxonomic placement (Raup and Sepkoski, 1984). Common paleontological practice is
therefore to refer fossils lacking diagnostic characteristics to the taxonomic miscellany
category of Acritarcha or acritarchs on the basis of the morphological characteristics that
they do exhibit (Evitt, 1963), even if those features are insufficiently distinct to resolve
into phylogenetic categories. These morphological features provide useful biological
information, and can be used to establish geochronological, paleoenvironmental and
biostratigraphic trends as was done for this thesis. However, there are also subjective
limits as to the specificity of conclusions that may be soundly drawn from acritarchs,
particularly with respect to taxonomic and phylogenetic implications of the evolution of
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the Precambrian biosphere (Butterfield, 2007; Cavalier-Smith, 2006). Given this
limitation, the Belt Supergroup microfossils described here have not been applied to
controversial debates, e.g., timing the origin of crown group eukaryotes or estimating
Phanerozoic versus Precambrian evolutionary turnover rates.
Characterizing the Belt Supergroup microfossils also highlights problems of
sampling bias when reporting relative proportions of microfossils from different layerspecific assemblages. The purpose of this study was to recover microfossils that would be
of macroevolutionary, paleoenvironmental or biostratigraphic utility. The relative
accessibility of the host shales enabled an iterative approach to microfossil recovery: if an
interesting fossil or fossil fragment was located from a particular outcrop during one field
visit, then the outcrop location would be sampled heavily and with greater specificity
during subsequent field visits. The search pattern was therefore biased toward increasing
the diversity of the assemblage more than toward determining an accurate representative
composition of the overall assemblage. This bias is far more pronounced within the
Newlan Creek (Greyson Formation) assemblage than the SCC-34 (Chamberlain
Formation) assemblage, since microfossils were much more difficult to locate in the
Newlan Creek outcrop than in shale samples from the SCC-34 drillcore. For these
reasons, only relative descriptors of abundance such as rare (1-3 specimens), common (410 specimens), and abundant (11 or more specimens) are used to describe the occurrence
of form taxonomic groups within each of the respective units.
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CHAPTER 2: MICROFOSSILS FROM THE GREYSON FORMATION
Introduction
Paleontology provides insight into the nature and evolution of life and its
relationship to paleoenvironmental changes throughout the Proterozoic Eon. The ability
to reconstruct or infer biological relationships between geochronological and
lithostratigraphic datasets hinges on establishing a robust paleontological library with
sufficient resolution to distinguish macroevolutionary patterns from ecological or
taphonomic idiosyncrasies of particular deposits.
Progress is being made in dividing the Neoproterozoic into biologically-defined
units of time by reference to global-scale macroevolutionary patterns (Tang et al., 2013).
However, the preceding Mesoproterozoic is renowned for its low rate of evolutionary
turnover of fossil taxa and corresponding lack of change (Butterfield, 2007). Even so,
events of macroevolutionary significance occurred throughout the Mesoproterozoic and
are directly reflected in morphological changes of characteristic fossils from this time
period. These include the first appearance of unambiguously eukaryotic microfossils
(acanthomorphic acritarchs) in the early Mesoproterozoic and sexual reproduction by the
late Mesoproterozoic (Butterfield, 2000). Significantly, the appearance of diverse and
complex eukaryotic morphologies open up the possibility of using microfossil
assemblages for biostratigraphic zonation in the Mesoproterozoic. The geochronological
constraints (1429-1492 Ma) and microfossil assemblage diversity of the Australian Roper
Group provide the prospect of establishing a distinct biostratigraphic interval for the early
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Mesoproterozoic (Javaux et al., 2001). However, the absolute ages of other late
Paleoproterozoic/early Mesoproterozoic fossiliferous deposits, such as the Ruyang Group
of China (Yin, 1997), the Lower Kamo Group of Siberia (Nagovitsin, 2009), and the
Semri and Bahraich Groups of India (Prasad et al., 2005; Prasad and Asher, 2001) are not
tightly constrained, hindering efforts to establish useful biostratigraphic correlations.
The Belt Supergroup, covering an area of about 200,000 square kilometers in
northwestern United States and southeastern Canada, is one of a few geochronologically
constrained sedimentary deposits worldwide that survives from the early
Mesoproterozoic and also contains diverse traces of life (Figure 2) (Horodyski, 1981).
However, traces of life recovered from the Belt Supergroup to date have been of limited
biostratigraphic utility. Stromatolites are abundant and well-preserved in the middle and
upper units of the Belt Supergroup, but the assemblage is composed of long-ranging
mound- and column-shaped taxa such as Collenia, Baicalia, and Conophyton (Horodyski,
1985, 1983, 1977; Fenton and Fenton, 1931; Walcott, 1914). The Belt Supergroup also
contains compressions of the macroscopic problematica Horodyskia monolithoformis and
Grypania spiralis. Horodyskia are strings of serially distributed, sub-rounded, bead-like
structures of uniform size and spacing preserved as serial pits in fine-grained sediments
(Grey et al., 2010). Horodyskia have been identified in the Appekunny Formation
elsewhere in the Belt Supergroup (Horodyski, 1982), and globally in deposits ranging
from Mesoproterozoic to Ediacaran in age in North America, Australia, Tasmania, China
and India (Calver et al., 2010; Grey et al., 2010; Dong et al., 2008; Shen et al., 2007;
Mathur and Srivastava, 2004; Grey and Williams, 1990). Grypania is a helically-shaped
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tubular fossil preserved as compressed carbonaceous coils or sinuous or cuspate ribbons,
and has been interpreted as a probable alga because of its complexity, structural rigidity
and large size, but may also represent the sheaths of multicellular bacteria (Butterfield,
2009; Han and Runnegar, 1992). Grypania occurs only in the Greyson Formation of the
Lower Belt (Figure 2, locality 4; Figure 3; (Walter et al., 1976; Walcott, 1899)), and
occurs in rocks ranging in age from the Paleoproterozoic to the Mesoproterozoic in the
United States, China and India (Sharma and Shukla, 2009; Kumar, 1995; Horodyski,
1993; Han and Runnegar, 1992; Walter, 1990; Du and Tian, 1986). A modest assemblage
of filamentous microfossils and acritarchs (organic-walled microfossils of unknown
taxonomic affinity, categorized by distinct morphological characteristics) have been
previously reported from the Chamberlain Formation of the Belt Supergroup (Figure 3),
but were limited to simple Siphonophycus-type filaments and Leiosphaeridia-type
sphaeroids belonging to taxa that are found throughout the Precambrian (Figure 2,
locality 1) (Horodyski, 1993, 1981).
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Figure 2. Map of northern margins of the Helena Embayment (inset) and fossiliferous
rocks. 1) Jefferson Creek locality: Chamberlain outcrop, previously described
microfossils (Horodyski, 1993). 2) Black Butte locality: Chamberlain Formation, SCC-34
drillcore (Graham et al., 2012). 3) Newlan Creek locality: Greyson outcrop. 4) Deep
Creek locality: Greyson outcrop, location of Grypania spiralis (Walcott, 1914, 1899).
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Figure 3. Unit stratigraphy and geochronological constraints of the lower Belt
Supergroup. Reconstruction based on Lydon, 2007. Note: units not depicted to scale.
More diverse acritarch assemblages from rocks spanning the late Paleoproterozoic
to the early Mesoproterozoic age have been reported from elsewhere in the world since
the discovery of simple acritarchs in the Belt (Nagovitsin, 2009; Prasad et al., 2005;
Javaux et al., 2001; Prasad and Asher, 2001; Yin, 1997). The partial overlap in absolute
ages and assemblage diversity from Australia, Russia, China and India hints at the
prospect for biostratigraphic characterization of sedimentary rocks spanning the late
Paleoproterozoic to the middle Mesoproterozoic. However, poor geochronological
constraints and a lack of direct correlation between any two deposits have persistently
hindered efforts to compose an index with sufficient chronological, paleobiological,
taphonomic or environmental specificity to be of significant utility. For example, Javaux
et al. (2001) predicted that the Mesoproterozoic would be divisible into two broad but
unspecified biostratigraphic categories (with requisite caveats for restricted facies
distributions depending on differing bio- and chemostratigraphic breaking points of the
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paleoenvironment). However, a lack of tight age constraints on the only other broadly
coeval fossiliferous deposit known at the time of publication, the Ruyang Group of
China, prevented the establishment of a robust chronological or paleontological interval.
Knoll et al. (2006) later suggested a division of the Mesoproterozoic at ca. 1300 Ma;
assemblages prior to this age record a modest diversity of microfossils with complex
ultrastructure, regular ornamentation and/or cylindrical processes (e.g., Tappania plana,
Valeria lophostriata, and Satka favosa) in addition to macroscopic compression fossils
(Horodyskia monolithoformis and Grypania spiralis). Assemblages after this age record
only slightly higher microfossil diversity, but the composition of these assemblages (e.g.,
Bangiomorpha pubescens, Eosaccharyomyces ramosa, Segmentothallus asperus) are
notably different and exhibit slightly greater variation of surface ornamentation and
sculptural plasticity, with a corresponding tendency for assemblages to be dominated by
taxa not found in other coeval deposits (Knoll et al., 2006).
Similarly, and in consideration of expanded assemblages from Siberia, Sergeev
(2009) suggested the possibility of an upper Anabarian biostratigraphic unit consisting of
an assemblage of Tappania-Shuiyousphaeridium-Valeria-Dictyosphaera index fossils;
the species composition and minimum age boundary of the index fossil assemblage were
not specified, though the division was hypothesized to have existed between 1500-1350
Ma. A distinct biostratigraphic unit covering 1200-1030 Ma was proposed to reflect
slightly higher morphological complexity and differentiated cellular function. This
included taxa such as Bangiomorpha, Sphaerocongregus, Ostiana, Polytichoides,
Asperatofilum and Brevitichoides, in addition to morphologically problematic specimens
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ascribed to Shuiyousphaeridium and Trachyhystrichosphaera and species representing
slightly more sophisticated cyanobacterial arrangements (Sergeev, 2009). These changes
in microfossil assemblages reflect a poorly-constrained process of long-ranging
evolutionary turnover and biological innovation that first appears in the Mesoproterozoic
(Knoll et al., 2006).
Though the characterization of a robust biostratigraphic interval remains an
ongoing challenge for rocks covering Mesoproterozoic ages, microfossil assemblages
from this period have led to important refinements in our understanding of how and
where to find fossils with greater morphological and population diversity. In particular it
is now widely recognized that, like their Phanerozoic counterparts, even the most
cosmopolitan of Proterozoic microfossils exhibit paleoenvironmental partitioning over
tens of meters in stratigraphic thickness between zones of differing water depth extending
back to at least 1.4 Ga (Javaux et al., 2003; Butterfield and Chandler, 1992).
Additionally, palynological extraction techniques that were developed for Phanerozoic
specimens are now known to introduce a significant bias against large or more delicate
microfossils with biological information or biostratigraphic utility (Butterfield et al.,
1994). Low-manipulation techniques that rely on passive disaggregation of the host shale
are required to successfully locate, isolate and preserve delicate morphological features
that provide insight into evolutionary relationships between and within form taxa
(Butterfield and Harvey, 2012; Butterfield et al., 1994).
One of the obvious gaps in developing early Mesoproterozoic biostratigraphy is
the absence of useful acritarch data from North America, despite the presence of one of

19
the largest and best preserved sequences of early Mesoproterozoic rocks within the Belt
Supergroup of Montana. Paleobiological data previously described from the Belt (e.g.,
stromatolites, compression fossils and microfossils) are not sufficiently robust or specific
to draw biostratigraphic correlations (White, 1984; Horodyski, 1980; Walcott, 1899). In
the eastern part of the Belt Basin, the Helena Embayment, there are fine-grained
siliciclastic rocks of the lower units of the Belt Supergroup that have been minimally
altered and deformed, making them suitable for microfossil recovery. This chapter
presents recently discovered microfossils from these lower units of the Belt Supergroup,
along with diagnostic taxa from coeval assemblages worldwide, to establish a distinct
biostratigraphic indicator for late Paleoproterozoic/early Mesoproterozoic siliciclastic
shallow water deposits.
Geological Setting
The Belt Supergroup covers portions of western Montana, northern Idaho, eastern
Washington and southern British Columbia, straddling the US-Canada border (Figure 2).
It is composed of siliciclastic and carbonate sedimentary rocks totaling up to 15 km in
stratigraphic thickness in places, with minor amounts of igneous intrusive rocks
(Chandler, 2000; Harrison, 1972). The main branch of the Belt forms a northwesttrending basin that is thought to have formed during continental rifting as a result of
lithospheric extension (Graham et al., 2012; Lydon, 2007), and various paleogeographic
reconstruction models match structural trends and zircon ages of the Belt basin system
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with corresponding elements in eastern Russia/Siberia (Sears and Price, 2003), eastern
Australia (Ross and Villeneuve, 2003) or Antarctica (Moores, 1991).
The Helena Embayment of the Belt Supergroup extends about 100 km eastward
into central Montana from the southernmost part of the main Belt branch (Figure 2,
inset). Outcrops of the Embayment are found from the Little Belt Mountains at its
farthest extent to the northeast, to the area around Whitehall at its farthest extent to the
southwest, where it rejoins the primary branch of the Belt. The Helena Embayment only
preserves the lowermost units of the Belt (Figure 3) and is significantly less altered than
correlative units found elsewhere in the deposit (Lydon, 2000). The Embayment hosts the
majority of microfossils reported from the Belt from outcrops in the Little Belt
Mountains (Figure 2, location 2; (Horodyski, 1993)), as well as the coiled macroscopic
compression fossil Grypania spiralis from the Deep Creek outcrop (Figure 2, location 4)
(Walcott, 1914, 1899).
Most of the Helena Embayment contains a series of fine-grained sandstone,
siltstone and carbonate units that grade into one another that were at least partially
syndepositional with, and likely controlled by, subsidence associated with normal faults
along its northern margin (Lydon, 2007). Faults bounding the Embayment currently trend
east-west, running nearly parallel to one another just south of Whitehall and just north of
White Sulphur Springs- the Perry Line and Volcano Valley Fault zone, respectively
(Sears, 2007). The Embayment records only one major transgressive cycle and two
periods of relatively shallow water deposition (Graham et al., 2012). The tectonic and
paleoenvironmental conditions of the Belt basin are complex and the subject of ongoing
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discussion and debate (Lydon, 2007, 2000; Schieber, 1993). Some lines of evidence
indicate that the Belt basin was intracratonic and episodically connected to the global
marine environment (Lydon, 2007; Lyons et al., 2000; Schieber, 1993), though others
interpret the rocks of the Helena Embayment as representing a platformal (possibly
lacustrine) sedimentary sequence that was deposited within a relatively shallow basin
(Winston, 1986). The thickness, monotony and lateral variation and extent of the units of
the Belt Supergroup remain a challenge to inferring the paleodepositional conditions of
the Belt basin with much precision (Lydon, 2000).
Units within the northern Helena Embayment are conformable and grade
continuously into one another, thinning out to the east farther from the primary branch
(Chandler, 2000; Höy, 1989). The Neihart Quartzite sits unconformably on 1.8 Ga
accreted juvenile arc-like terranes exposed in the Little Belt Mountains (Foster et al.,
2006; Mueller et al., 2002), forming the basement of the succession in the Helena
Embayment (Graham et al., 2012) (Figure 3). Intraclastic mud-chips and shale beds
become increasingly abundant upward through the formation, grading into the silty shales
of the overlying Chamberlain Formation and marking the initiation of the main Helena
Embayment transgression (Horodyski, 1993; Schieber, 1986). The overall decrease in
average grain size through the units of the Chamberlain and Newland Formations have
been interpreted as representing progressive deepening of the Helena Embayment subbasin (Figure 3) (Stüeken, 2013; Horodyski, 1993).
There was a significant change recorded within the Helena Embayment as the
carbonate-rich shale of the Newland Formation grades into the siliciclastic, cross-
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stratified silty shale of the Greyson Formation (Lydon, 2007). Ripple marks, mud cracks
and interspersed mm-to-cm scale fine grained sandstones occur with increasing frequency
towards the top of the Greyson Formation, marking a transition to a shallow-water, low
energy depositional environment (Connor et al., 1984). Specimens of the macroscopic
compression fossil Grypania spiralis are reported from a Greyson Formation outcrop in
the Deep Creek area, located about 15 km east of Townsend (Figure 2, site 4) (Walcott,
1899). The uppermost layers of the Greyson contain up to 30% fine-grained sandstone
and are increasingly interlayered with oxidized mudstones. These layers gradually
transition into the overlying Spokane Formation, which contains well-developed ripple
marks, salt casts, mudcracks and occasional raindrop impressions, indicating a shallowto-subaerial depositional setting (Godlewski and Zieg, 1984).
The lower Belt strata in the Helena Embayment are relatively well constrained
geochronologically. The youngest age of the Lower Belt Group sequence (Figure 3) is
constrained by U-Pb dating of a bentonite layer in the overlying Helena Formation of the
Middle Belt Carbonate Group at 1454 ± 9 Ma (Evans et al., 2000). The maximum age of
the Lower Belt is constrained by U-Pb dating of augen gneiss terranes underlying
correlative deposits in the Priest River, Idaho area at 1576 ± 13 Ma and multiple
corroborating dates obtained from sills in the correlative Lower Belt Aldridge and
Prichard formations of southwestern Montana ranging from 1460-1470 Ma (Lydon,
2007; Sears et al., 1998; Anderson and Davis, 1995; Evans and Fischer, 1986). No direct
dates have yet been obtained from Lower Belt rocks of the Helena Embayment; however,
it is probable that the dates associated with the Prichard were syndepositional with the
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lower Belt deposits of the Helena Embayment (Sears et al., 1998). These dates are
consistent with estimates of maximum ages of lower Belt deposition based on
sedimentation rate models, and yield an estimated age of deposition for Lower Belt
Group rocks ranging from about 1454-1500 Ma (Evans et al., 2000; Anderson and Davis,
1995; Elston, 1984; Elston and Bressler, 1980).
Sampling and Methods
Hundreds of Grypania specimens have previously been collected from the Deep
Creek outcrop, but the host rock appears to be unsuitable for microfossil recovery,
exhibiting sub-greenschist levels of alteration (Henderson, 2009; Winston et al., 1989).
The rocks of the Greyson farther east within the Helena Embayment are significantly less
altered than those of the Deep Creek outcrop that contain abundant Grypania spiralis
compressions. Twenty-nine unoxidized shale samples were collected for microfossil
analysis from a Greyson outcrop near Newlan Creek Reservoir (Figure 2, site 3). The
outcrop is a shallow-dipping roadcut section extending for about 5 km and transects a
relatively undeformed and continuous sequence of the Greyson Formation. The sampled
rocks are composed of light green to green-gray claystone with regular, alternating light
and dark laminae that are a few millimeters thick. Whereas only the lowermost tens of
meters of the Greyson are exposed at the Deep Creek locality that contain the Grypania
spiralis compression fossils, segments of the entire unit are exposed along the Newlan
Creek transect (which is approximately 1100 m in local stratigraphic thickness),
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including gradual transitions with the underlying Newland Formation and the overlying
Spokane Formation (Figure 3).
The claystone of the Greyson Formation along Newlan Creek is significantly less
altered than that found in the Deep Creek locality that yielded Grypania spiralis. The
claystone is composed of quartz, chlorite and illite (Figure 4). Sampling along Newlan
Creek consisted of 29 claystone samples collected along a single transect that ranged
from 60 to 1050 m in stratigraphic distance below the base of the contact with the
overlying Spokane Formation.

Figure 4. WP-133 fossiliferous outcrop (Greyson Formation) unoriented (top) and
oriented (bottom) clay sample spectra.
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Shale samples were broken into 1-3 cm sized fragments and allowed to
disaggregate with minimal agitation in 48% concentrated hydrofluoric (HF) acid,
following techniques outlined in Butterfield et al. (1994). The slurry was rinsed and
passed through a 32 µm mesh sieve, and the remaining fraction examined for
microfossils using an Olympus SZ-1145 binocular microscope. Microfossils were picked
from the fraction using a micropipette, transferred to a microscope slide and preserved in
Petropoxy 154. Images were obtained using a Nikon Eclipse LV100 POL with mounted
Nikon DS-2MV Axial Camera. Images at multiple focal planes were combined using the
CombineZ program. Specimen images were combined and arranged using Adobe
Photoshop CS8.
Assemblage Summary
Fossils were recovered from 20 of the 29 Greyson samples from the Newlan
Creek outcrop, representing five separate levels ranging from 250 to 750 meters below
the base of the contact with the Spokane Formation. The rocks from Newlan Creek
outcrop are not abundantly fossiliferous. Numerous macerations of hundreds of grams of
rock from any given stratigraphic level were required to recover a few specimens
sufficiently preserved to enable taxonomic placement. Thus, specimen numbers are low
compared to other coeval assemblages. Though difficult to isolate and extract, the
Newlan Creek assemblage does contain fossils with a modest diversity of morphotypes,
sculptural elements, and surface ornamentations and textures (Figure 5).

26

Figure 5. Summary and occurrence of microfossil taxa identified from the Newlan Creek
locality of the Greyson Formation, Belt Supergroup, Montana. Empty circles indicate
layers that did not contain fossils.
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Spheroidal Unicells
The Newlan Creek assemblage is dominated by simple spheroids of the form
genus Leiosphaeridia (Figure 6). Following the classification system of Butterfield et al.
(1994), these fossils belong to form species delineated by size and wall thickness. The
most abundant are L. tenuissima (thin-walled, 70–200 µm in diameter) and L. jacutica
(thicker-walled, 70–800 µm in diameter). There are rarely smaller-sized L. minutissima
(thin-walled, less than 70 µm in diameter), but this may reflect sampling bias for larger,
more visible and more robust vesicles.

Figure 6. Leiosphaeridia specimens from the Newlan Creek locality, Greyson Shale. 1.
Leiosphearidia minutissima (WP130 10/28/12). 2-5. Leiosphaeridia tenuissima (WP133
12/12/12, WP133 11/12/12, WP133 12/12/12 and WP133 11/12/12, respectively). 6-9.
Leiosphaeridia jacutica (WP133 11/5/12, WP84 01/16/13, WP133 11/5/12, and WP133
11/12/12, respectively).
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Multiple layers of the Newlan Creek assemblage contain unicellular fossils (n=26)
with an opaque vesicle ranging in size from 35-60 µm (𝑥 = 43 µm), with a translucent,
shriveled, aseptate and occasionally bifurcating tail-like extension (Figure 7). The vesicle
is well-defined with distinct edges and ranges from spheroidal to ovoidal in shape. The
fossils do not fall into any known fossil species, though they do roughly fit the genuslevel description of Caudosphaera as a single cell with a long, tail-like extension
(Jankauskas, 1989). We erect the new form species Caudosphaera winstonii to include
these specimens.

Figure 7. Caudosphaera winstonii specimens from the Newlan Creek locality of the
Greyson Formation (10-13-11-M-1, M-10-25-11, M-11-4-11-2, M-10-25-11, M-10-2511, respectively; Figure 7.3 is the type specimen).
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Pluricellular Aggregations
There are also a variety of fossils composed of pluricellular aggregations (Figure
8). One layer in particular (WP133) commonly contains solitary but occasionally paired
or tripled clusters of leiosphaerids (20-85 µm diameter; Figure 8.4, 8.5 and 8.8). These
specimens are composed of circular to ovoid vesicles with edges that can be discerned
around the entire vesicle perimeter. The vesicles exhibit variable degrees of peripheral
and transverse folding, and occasionally possess dark, amorphous interior masses but no
other interior structure or surface ornamentation. When found as clusters, smaller vesicles
are slightly lighter in color than larger vesicles. These are classified as coenobial
Leiosphaeridia, as the vesicles lack any discerning ornamentation or sculptural elements.

Figure 8. Pluricellular aggregations from the Newlan Creek assemblage, Greyson
Formation. 8.1-8.4 Coenobial Leiosphaeridia. 8.5-8.9 Coneosphaera sp. Scale bar is 50
µm for all images. Specimen locations WP133 04/08/13, WP133 04/08/13 , WP133
05/20/13, WP133 11/5/12-2nd, WP133 11/12/12, WP148 08/26/13, WP133 11/5/12,
WP133 11/12/12, WP133 11/6/12, respectively.
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A small number of specimens exhibit a prominent central vesicle surrounded by
multiple, thin-walled, smaller spheroids that are attached to other smaller spheroids to
form at least one contiguous, loose aggregation of smaller spheroids (n=5;
8.5-8.9). The sizes of the central vesicles range from 50-85 µm in diameter, the smaller
spheroids range from 5-30 µm in diameter, but do not exceed 50% of the size of the
central vesicle. One specimen (Figure 8.5) exhibits both a short chain of two thin-walled
spheroids and coenobial spheroidal vesicles, indicating that coenobial Leiosphaeridia
may grade into this category in some instances. One specimen (Figure 8.8) is unique in
that it possesses an oblong central vesicle with a projection that reaches about 25% of the
vesicle diameter outward from the vesicle perimeter. There are no enveloping sheaths and
a distinctly bimodal distribution of sizes of spheroids within individual specimens (large
central vesicle, smaller attached spheroids). These fossils are classified as Coneosphaera
sp. until the collection of sufficient numbers of fossils permits a more detailed treatment
at the species level (Hofmann and Jackson, 1994).
Ornamented Acritarchs
The Newlan Creek assemblage contains a modest variety of ornamented
acritarchs, the most easily recognizable of which are large (90-320 µm, (𝑥=150 µm; n =
4), dark brown spheroidal microfossils with subtle, concentric striations, equidistantantly
spaced ca. 1 µm apart (Figure 9). The sizes and distinct surface textures of the fossils
identify them as Valeria lophostriata.
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Figure 9. Valeria lophostriata from the Newlan Creek locality of the Greyson Formation.
Scale bar is 50 µm for 9.1 and 9.3, 15 µm for 9.2. WP130-2 12/12/12 for both specimens.
Some layers from Newlan Creek also contain (n=10) relatively large spheroids
with a distinct subrounded-to-subangular reticulate surface pattern (Figure 10). This
reticulate pattern covers the entire surface of the fossils, up to and including the edges of
the larger spheres and their prominent peripheral folds. Three specimens exhibit medial
splits and the reticulation pattern grades into a series of plates near the broken edges of
some of the medial splits. On the basis of the size of the vesicles and the characteristics of
the reticulate pattern, these specimens are identifiable as Dictyosphaera delicata.
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Figure 10. Dictyosphaera delicata from the Newlan Creek locality, Greyson Formation.
Scale bar is 50 µm for 9.1-9.3, 25 µm for inset. Specimen locations WP133 01/16/13,
WP133 04/08/13 and WP133 04/11/13, respectively.
One specimen with a distinct surface composed of a network of polygonal plates
was identified in the Newlan Creek assemblage (Figure 11). The specimen is collapsed,
spheroidal in shape and 105 µm in diameter with folds about the vesicle periphery. The
plates that compose the vesicle have a width of 4-6 µm, are subangular in shape, are more
opaque than the spaces between adjacent plates, and are equidistantly spaced with respect
to one another within the intact portions of the vesicle bodies. On the basis of its distinct
vesicle wall morphology, and the equidistant spacing and sizes of the vesicle plates, these
specimens belong to Satka favosa.
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Figure 11. Satka favosa from the Newlan Creek locality of the Greyson Formation. Scale
bar is 18 µm for 11.1, 50 µm for 11.2. Specimen location WP130-2 12/12/12.
Acanthomorphic Acritarchs
The Newlan Creek locality contains a relatively large variety of acanthomorphic
acritarchs, at least in comparison to other Mesoproterozoic assemblages (Knoll et al.,
2006). The most conspicuous of these are spheroidal to ovoidal central vesicles with or
without a distinct, arcuate resculputuring of the outer vesicle wall and 0-12 tubular
processes that communicate freely with the central vesicle, identifying them as Tappania
plana (Figure 12). Two specimens (not shown) possess the characteristics of Tappania
plana and short, tube-like extensions roughly 10 µm in diameter that emerge from the
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central vesicle, which are consistent with Tappania tubata. In addition to these specimens
which are readily identifiable as Tappania, the Newlan Creek assemblage also contains a
modest diversity of process-bearing specimens (not shown) whose placement within form
taxa categories awaits more robust sampling.

Figure 12. Tappania plana from the Newlan Creek locality of the Greyson Formation.
Specimen locations WP133 04/08/13, M-11-4-11-M-3, WP132 04/04/13, UC-NJB,
WP133 11/5/12,UC-NJB, WP133 04/14/13, WP84-2-M1C2 04/08/12, respectively.
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Finally, there are spheroidal to ovoidal acritarchs that exhibit bulbous protrusions
from a central vesicle, ranging in size from 40-104 µm (𝑥= 54 µm; n=16) with 1-6
spherical protrusions ranging from 5-30% of the central vesicle diameter (Figure 13).
Vesicle textures are mostly smooth with moderate peripheral folds. The fossils grade
smoothly into coenobial Leiosphaeridia when peripherally attached protrusions are fully
constricted and in excess of 30% of central vesicle diameter. The sizes, relative
dimensions and morphology of the central vesicles and protrusions are consistent with
Gemmuloides doncookii from the Neoproterozoic Lone Land Formation of Canada
(Samuelsson and Butterfield, 2001), however, at least four of the Belt and one of the
Lone Land specimens grade into polygemmulating variants, prompting an emended
diagnosis of the form species to include up to 6 bulbous protrusions. In similar fashion to
process-bearing acritarchs that are distinct from Tappania, the Newlan Creek assemblage
also contains bulbous protrusion-bearing specimens (not shown) that are distinct from
Gemmuloides, but whose placement within form taxa categories awaits more robust
sampling.
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Figure 13. Gemmuloides specimens from the Newlan Creek locality of the Greyson
Formation. WP133 05/20/13, WP133 11/12/12, WP133 04/08/13, WP133 12/12/12,
WP133 11/05/12, WP133 05/20/13, UC-NJB, and WP133 11/12/12, respectively.
Filaments
The Newlan Creek assemblage contains a variety of temporally long-ranging
fossils with cyanobacterial affinity such as Oscillatoriopsis, Rugosoopsis, Obruchevella
and Siphonophycus (Figure 14). Of these, the most common are Siphonophycus typicum
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(Figure 14.4), which occur in the same horizon as acritarch specimens of Leiosphaeridia,
Tappania, Caudosphaera, Dictyosphaera and Gemmuloides. A small number of the
filamentous forms include large tubes (40-50 µm in width, up to 500 µm length; n=5)
with subtle longitudinal striations (Figure 14.1-14.2). The striations are spaced 2-4 µm
apart from one another, and some degraded specimens are more prone to tearing along
these striations down the length of the tube. The striations vary from prominent to nearly
indistinguishable. The tubes commonly exhibit transverse folds that are perpendicular to
the striations, and all recovered tubes are torn, folded or damaged at their ends. The
fossils are consistent with descriptions provided for an unnamed form from the Roper
Group of Australia (Javaux et al., 2001) which have not yet been formally described.
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Figure 14. Filamentous fossils from the Newlan Creek locality, Greyson Formation.
14.1, 14.2. Unnamed, longitudinally-striated filaments. 14.3. Obruchevella bandita. 14.4.
Microbial mat networks of Siphonophycus typicum. 14.5. Oscillatoriopsis obtusa. 14.6.
Rugosoopsis tenuis. Scale bar is 50 µm for 14.1, 14.3-14.6, and 17 µm for 14.2. WP130
11/5/12, WP130 11/8/12, WP133 05/10/13, WP134 01/16/13, 11-4-11-M-2, respectively.
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Systematic Paleontology
Group ACRITARCHA Evitt 1963 (Evitt, 1963)
Valeria lophostriata Jankauskas 1982 (Jankauskas, 1982)
1979 Jankauskas Kildinella lophostriata (Jankauskas, 1979)
Description. Large (123-241 µm, (𝑥=181 µm, std. dev. 48 µm; n = 4), dark brown
spheroidal microfossils with subtle, concentric striations, equidistantantly spaced ca. 1
µm apart.
Comments. The fossils are brown, opaque and commonly folded in semi-peripheral
patterns; fragments are more abundant and more easily identifiable than complete
specimens. The striations are more visible when light passes through only a single vesicle
membrane surface, such as when one side of a compressed spheroid has been torn or
damaged (e.g., Figure 9.1). The prominence of striations vary from specimen to
specimen, ranging from very prominent to nearly indistinguishable. The striations
observed in Newlan Creek specimens are subtle and usually require the use of a light
condenser to be identified. Striations visible at the edge of some fossils exhibit a crosshatch pattern, reflecting the relative orientation of the poles of striations on the front- and
back-facing sides of the vesicle surface. Preservational variants of this group are
identified more easily in conjunction with other attributes such as large size, opacity and
distinct brown color. The orientations of the poles of striation relative to the plane of
compaction vary from specimen to specimen.
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Dictyosphaera delicata Yin et al., 2005 (Yin et al., 2005)
1973 Sin and Liu (Sin and Liu, 1973)
Description. Large spheroids (n=10) with a distinct subrounded-to-subangular reticulate
surface plate pattern. The vesicles range in size from 58-192 µm (𝑥 = 112 µm, std. dev.
39 µm). The individual elements that make up the reticulate pattern are uniformly ca. 3.5
µm in diameter (std. dev. 0.8 µm) and are more translucent at their centers. Medial splits
are relatively common.
Comments. The reticulate pattern covers the entire surface of the fossils, up to and
including the edges of the larger spheres and their prominent peripheral folds (Figure 10).
Small holes or tears in the vesicle cut indifferently across and between the reticulate
polygonal patterns. Folds are prominent about the periphery, near vesicle edges. Three
specimens exhibit medial splits, consistent with specimens observed from the Ruyang
Group (Yin et al., 2005). Three of the specimens have small circular vesicles emanating
from the surface that are essentially identical in size (𝑥 = 3.6 µm, std dev. 0.5 µm) to the
reticulate surface pattern. The reticulate pattern grades into broken plates near the edge of
the vesicle surface along a medial split, identifying the fossils to the species level of
Dictyosphaera delicata.

Satka favosa Jankauskas 1979 (Jankauskas, 1979)
Description. One collapsed specimen, spheroidal in shape, 105 µm in diameter (Figure
11). The plates that compose the vesicle wall have a width of 4-6 µm, are subangular in
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shape, are more opaque than the spaces between adjacent plates, and are equidistantly
spaced with respect to one another within the intact portions of the vesicle bodies.
Comments. The plates are slightly more separated from one another at the periphery of a
vesicle rupture, where some plates remain connected via extension of a mucilaginous
film that contiguously envelops the remainder of the intact vesicle wall (Figure 11).
There are no apparent holes or tears cutting across or through the plates, as rupturing
occurs in the vesicle wall between the plates. The plates are uniform in size and color,
and there is no apparent symmetry of the plate layout with respect to the dimensions of
the overall vesicle, differentiating these specimens from S. squamifera and S. granulosa.

Tappania plana Yin et al. 2005 (Yin et al., 2005)
1997 Yin (Yin, 1997)
Description. Spheroid-to-ovoid-shaped, thin-walled vesicles with irregular fold patterns,
ranging from 50-125 µm in diameter (𝑥=86 µm, std. dev. 14 µm; n = 12) with 0-12
irregularly distributed aseptate processes. The processes range in width from 3-5 µm and
up to 20 µm in length, as measured from emergence from the central vesicle. The
processes are heteromorphic and may be tubular, conical or flared, and occasionally
bifurcate either at emergence from the central vesicle or along the length of the process.
Most of the fossils possess at least one distinctly arcuate protrusion (which may be
folded) that emerges from the central vesicle, ranging in size from about 10-30% of the
central vesicle diameter.
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Comments. The original diagnosis states that the species usually possesses a distinct,
apically neck-like extension of the outer vesicle wall (Yin, 1997). Fossils subsequently
uncovered from Australia, Siberia and India classified as Tappania plana exhibit this
extension as an arcuate, sub-rounded resculpturing of the outer vesicle wall with a necklike shape at its junction with the vesicle. Specimens from the Belt include those with and
without the arcuate extension (those with the extension are more common that those
without), which are otherwise identical in every other respect to specimens of Tappania
plana, indicating that the extensions may be a result of ontogenetic variation (Figure 12).

Tappania tubata Yin et al., 2005 (Yin et al., 2005)
1997 Yin (Yin, 1997)
Description. Spheroidal to ovoidal shaped, thin-walled vesicle (n=2) with tube-like,
distally closed extension on one side. Specimens 79 x 52 µm and 79 x 81 µm in size.
Tube-like extension elongate, hollow, freely communicating with central vesicle, 10 µm
in width at base and open at distal end. Two specimens collected have 5 and 6 short,
tubular, hollow processes. Processes 2-3 µm and up to 10 µm in length.

Gemmuloides doncookii Samuelsson and Butterfield, 2001 (Samuelsson and Butterfield,
2001)
Emended diagnosis.Spheroidal microfossils up to 500 µm across, bearing up to 6
spheroidal, bud-like protrusions.
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Description. Spheroidal to ovoidal fossils ranging in size from 40-104 µm (𝑥= 54 µm;
n=12) with 1-6 spherical protrusions ranging from 5-30% of the central vesicle diameter.
Vesicle textures are mostly smooth with moderate peripheral folds.
Comments. Many of the Belt Supergroup specimens fit the original taxonomic description
of Samuelsson and Butterfield (2001) for specimens from the Neoproterozoic Lone Land
Formation of Canada (Figure 13). However, four of the Belt specimens and at least one
from the Lone Land assemblage appear to be polygemmulating (i.e., exhibiting more than
one bulbous protrusion) but are otherwise identical to single bulb-bearing specimens,
hence the basis for the emended diagnosis. The spheroidal shape of the protrusions are
readily distinguishable from the arcuate-shaped protrusions used to identify Tappania
specimens. Some G. doncookii specimens also grade into coenobial Leiosphaeridia,
either when the bulbous protrusions exhibit a size exceeding 30% of the diameter of the
more fully developed central vesicle or when, in addition to spheroidal protrusions from
individual vesicles, there are also larger, fully developed spheres located adjacent to a
prominent central vesicle (e.g., Figure 13.8).

Prasad and Asher (2001) erected the form species Gangasphaera bulbosus to describe
oval to subspherical vesicles with a prominent rounded bulbous protrusion and, rarely, an
additional small bulbous extension, from the Bahraich Group of India. Gangasphaera
vesicles are 34-57 µm maximum diameter, with a main protrusion 10-21 µm high and 818 µm broad, and additional protrusion 9-12 µm high. Vesicles are single layered,
chagrinate to microgranulate, with irregular wrinkles or folds. Based on the descriptions,

44
I consider the two taxa to be synonymous, and elect to use Gemmuloides as it
encompasses those Belt Supergroup specimens that exceed the maximum dimension
outlined for Gangasphaera.

Coneosphaera sp. Luo, 1991 (Luo, 1991)
Description. Central spheroidal microfossil (n=5) with several smaller, attached
spheroids, abundant, of nearly uniform size. Central vesicles range from 50-85 µm in
diameter, the smaller spheroids range from 5-30 µm in diameter, but do not exceed 50%
of the size of the central vesicle.
Comments. Specimens (Figure 8.6-8.7, 8.9-8.11) are comparable in size and number of
attached spheroids with specimens reported from the Bylot Supergroup in Canada
(Hofmann and Jackson, 1994). The surface textures and sizes of the central vesicles are
comparable to various subcategories of Leiosphaeridia, Tappania and Gemmuloides
described from the Newlan Creek assemblage. However, the specimens in this category
possess sculpturing (hence they are not leiosphaerids) and do not possess processes or
arcuate extensions (hence they are not tappanoids). The thin-walled spheroids may be
construed as fully-constricted bulbous protrusions as is found in Gemmuloides, and some
specimens grade into a Gemmuloides-like form when the bulbous protrusions are
considered individually. However, the arrangement and association of the loosely
aggregated smaller spheroids with respect to one another around a larger central vesicle
represents a fundamentally distinct compartmentalization pattern that may not be
recognizable under the Gemmuloides diagnosis. This pattern is characterized by a
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proliferation of bulbous-like protrusions to form primary (protruding from the central
vesicle), secondary (protruding from primary), tertiary (protruding from secondary) and
higher orders of smaller compartments emanating from a central vesicle. These
protrusions occur in numbers far in excess of the type specimens reported for
Gemmuloides, with two or less bulbous protrusions in the genus level diagnosis of
Samuelsson and Butterfield (2001). The genus level description is emended to include up
to six protrusions in this paper. The number and multi-tiered aggregations of smaller
spheroids are more consistently ascribed to Coneosphaera sp. as compressed microfossils
consisting of a larger, central spheroid with several attached aggregations of smaller
spheroids of more or less uniform size relative to the central vesicle (Hofmann and
Jackson, 1994; Luo, 1991). The small number of specimens collected thus far show at
least two distinct groupings (one with translucent vesicles and slightly oblong shape of
both central and peripheral spheroids; one with slightly opaque vesicles and rounded
spheroid shapes), but species assignment is reserved pending more robust sampling.

Genus Caudosphaera Jankauskas 1989 (Jankauskas, 1989)
New species Caudosphaera winstonii
Etymology. In recognition of Don Winston (University of Montana) and his contributions
to reconstructing the depositional history of the Belt Supergroup.
Holotype.
7.3; 11-4-11-M-2, Range Finder Coordinates R21-3.
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Type locality. Greyson Formation, 4 outcrops along Newlan Creek, Montana, ranging
from approximately 200-550 m stratigraphically below the base of the contact with the
overlying Spokane Formation.
Diagnosis. Opaque, spheroidal-to-ovoidal microfossils up to 100 µm in maximum size
with 1-2 translucent, slightly shriveled and occasionally bifurcating mucilageous
extensions. Extensions up to 15 µm in width and up to hundreds of micrometers in
length.
Description. Opaque vesicles (n=26) ranging in size from 35-60 µm (𝑥 = 43 µm), with a
translucent, shriveled, aseptate tail-like extension. The vesicle is well-defined with
distinct edges and ranges from spheroidal to ovoidal in shape. The extension
contiguously envelops the vesicle in a thin, translucent membrane, creating a pustulate
surface at the edges of the vesicle in places where the membrane has separated slightly to
form blistered pockets (e.g., Figure 7.1, 7.3 and 7.5). Most extensions vary in width from
5-10 µm, widening slightly at its nearest point to the opaque vesicle (e.g., Figure 7.1, 7.3
and 7.5). The extension varies in length from tens to hundreds of micrometers, and may
terminate with an uneven surface broken from the original extension or, rarely, may
terminate with the formation of another small, translucent vesicle that appears to be
composed of the same shriveled, translucent material as the extension. The extension may
also bifurcate.
Discussion. The specimens are most consistent with general placement in Caudosphaera,
as ‘single cells with a long, tail-shaped protuberance’ (from the Russian: ‘одиночные
клетки с длинным хвостовидным выростом’) (Jankauskas, 1989). The Belt material
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differs from the holotype specimen with the presence of the globose, spore-like opaque
vesicle and occasionally bifurcating tail-like extensions, warranting a distinct species.
Material. 26 specimens, all from Greyson Formation, locations WP84, WP130, WP132,
WP134.
Biochronologic Implications
The microfossils extracted from the Newlan Creek locality substantially increase
the reported microfossil diversity of the Belt Supergroup. In conjunction with
macroscopic compression fossils, stromatolites, and microbially-induced sedimentary
structures previously reported from elsewhere in the Belt Supergroup, these fossils
represent new insight into the ecological complexity of the early Mesoproterozoic. A
robust paleontological dataset from the Belt Supergroup may be used to compare
biologically-influenced coeval deposits to synthesize new hypotheses about the
interaction between the biotic and abiotic components of the early Mesoproterozoic Earth
system. Specifically, the assemblage diversity and relatively narrow age constraints of the
lower Belt Supergroup host rocks may be used to establish correlations between timeequivalent rock strata, lending temporal resolution and greater utility to biostratigraphic
index fossils from the early Mesoproterozoic.
The most promising of early Mesoproterozoic eukaryotic acritarch assemblages
that may be compared to that of the Belt Supergroup are from:
(1) the Roper Group of Australia (1429-1492 Ma), which is characterized by
Leiosphaeridia, Tappania plana, Valeria lophostriata, Satka favosa,
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Dictyosphaera sp., Stictosphaeridium sp. and longitudinally-striated tubes; (de
Vries et al., 2008; Javaux et al., 2001).
(2) the Ruyang Group of China (1600-1250 Ma), which is characterized by
Tappania plana, Tappania tubata, Valeria lophostriata, Dictyosphaera delicata,
Spiromorpha segmentata and Shuiyousphaeridium macroreticulatum (Yin et al.,
2005; Xiao et al., 1997; Yin, 1997);
(3) the Lower Kamo Group of Siberia (1530-1250 Ma), which is characterized by
Tappania plana, Tappania tubata, Valeria lophostriata, Satka sp.,
Lophosphaeridium sp., Pulvinosphaeridium sp. and Miroedichia sp. (Nagovitsin,
2009);
(4) the lower Semri Group of India (1630-1400 Ma, which is characterized by
Tappania plana, Tappania tubata, Dictyosphaera sp., Satka colonialica, Satka
squamifera and Octoedryxium sp., Synsphaeridium sorediforme, (Prasad et al.,
2005); and
(5) the Bahraich Group of India (youngest age 1320 Ma, no oldest age is reported)
which is characterized by Tappania plana, Tappania tubata, Navifusa sp.,
Pterospermopsimorpha sp., Valeria lophostriata, and Satka colonialica (Prasad et
al., 2005; Prasad and Asher, 2001),
These microfossil assemblages come from host rocks with absolute age
constraints that overlap to varying degrees with those of the Belt Supergroup assemblage
(Figure 15). Given the relatively wide age ranges of the host deposits and the slow
evolutionary turnover of individual fossil taxa, biostratigraphic resolution can best be
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achieved by considering patterns of overlapping taxa amongst assemblages, rather than
by the appearance of a single taxon. The overlapping taxa considered here to construct an
early Mesoproterozoic biostratigraphic assemblage include Valeria, Tappania, Satka,
Dictyosphaera and large, striated tubes.
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Figure 15. Diagnostic microfossil assemblage comparison for late Paleoproterozoic-early
Mesoproterozoic worldwide deposits. Bounded geochronologic ages depicted in dark
gray, estimated geochronologic ages depicted in white. Reconstructed using Javaux et al.
(2001), Nagovitsin et al. (2010), Yin (1997), Xiao et al. (1997), Yin et al. (2005), Prasad
et al. (2005), and Prasad and Asher (2001).
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Specimens from Valeria and Tappania are present in nearly all deposits and are
also relatively common and conspicuous within each deposit assemblage. Valeria
lophostriata is a wide-ranging Proterozoic species, extending over about 700 Ma from
the late Paleoproterozoic to the early Neoproterozoic (Moczydłowska, 2008; Hofmann,
1998). Valeria is cosmopolitan and relatively easy to identify within siliciclastic shale
assemblages. Tappania plana is perhaps the most conspicuous species in
Mesoproterozoic assemblages due to its complex morphological attributes, and is
considered an effective index fossil for Mesoproterozoic deposits (Sergeev, 2009). The
overlap of Tappania plana and Tappania tubata in 5 out of 6 of the deposits may imply,
in addition to the overlap of diagnostic morphological features, that the two form taxa
represent morphological variants of the same natural species (Butterfield, 2005). The
slightly more common appearance of Tappania plana at the level of individual
assemblages and at the level of coeval assemblages would indicate that it is more useful
as an index fossil than Tappania tubata. The cosmopolitan nature and distinct
morphological attributes of Valeria and Tappania taxa, along with their pronounced cooccurrence in assemblages from the Mesoproterozoic, make them logical candidates for
inclusion within a biostratigraphic index assemblage.
The Belt, Roper and Semri Group assemblages also lend support to the use of
Dictyosphaera as a reliable index fossil for the early Mesoproterozoic. Sergeev (2009)
suggested the use of Shuiyousphaeridium as part of an index assemblage based on its
appearance in the Ruyang Group of China. Shuiyousphaeridium is a spherical to ovoidal
vesical, 110-250 micrometers in diameter, with a reticulate surface similar to
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Dictyosphaera, but is differentiated by possessing unevenly distributed, short, hollow,
membrane-like processes that may be joined together by lateral branches (Yin, 1997).
Shuiyousphaeridium is not widely reported amongst Mesoproterozoic deposits, providing
few temporal and depositional references with which to infer biostratigraphic
relationships. Additionally, Xiao et al. (1997) have not ruled out the possibility that
Shuiyousphaeridium may represent a taphonomic or developmental variant of
Dictyosphaera. It is also possible that most or all specimens currently classified as
Dictyosphaera sp. may ultimately be ascribed to Dictyosphaera delicata with the
collection of more precise descriptor data to verify whether or not the reticulate surface
pattern of the vesicle also includes interlocked polygonal plates (Yin et al., 2005). The
predominance of Dictyosphaera in four of the six Mesoproterozoic deposits covered here
(Figure 15) makes it more useful that Shuiyousphaeridium to serve as a global
biostratigraphic index fossil.
Morphological differences at the species level of Satka may be useful for
delineating between early Mesoproterozoic biostratigraphic zones. Unlike the significant
overlap in time and location of Tappania plana and Tappania tubata, or the significant
overlap in time and morphology of Dictyosphaera sp., Dictyosphaera delicata, and
Shuiyousphaeridium macroreticulatum, there are segregation patterns amongst Satka
colonialica, Satka squamifera and Satka favosa. S. favosa is found in the Belt Supergroup
and Roper Group (Javaux et al., 2001). S. colonialica is found in the Kamo, Semri and
Bahraich Groups (Nagovitsin, 2009; Prasad et al., 2005; Prasad and Asher, 2001). S.
favosa and S. squamifera appear to be partitioned by depositional environment within the
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Roper Group. It is unclear whether the pattern distinguishing S. favosa and S. colonialica
is attributable to differing age, paleoenvironmental conditions, or sampling bias; most
likely, it is a combination of all of these factors. In any case, the co-occurrence of Satka
favosa and Dictyosphaera delicata/Dictyosphaera sp. is a consistent feature of early
Mesoproterozoic assemblages, as are co-occurrences of Tappania plana-Valeria
lophostriata.
At the level of entire assemblages, the Lower Belt Group and the Roper Group of
Australia may be broadly correlated with respect to first order temporal, depositional and
ecological characteristics, and are therefore the most useful for defining a distinct
assemblage of biostratigraphic index fossils for siliciclastic shales of early
Mesoproterozoic age. Deposition dates of the Belt-Roper rocks and associated microbiota
are among the most tightly constrained of all other early Mesoproterozoic assemblages
(Figure 15). With respect to diagnostic taxa, the assemblages are nearly identical,
characterized by the presence of Leiosphaeridia, Tappania plana, Valeria lophostriata,
Satka favosa, Dictyosphaera sp. and distinctly large, longitudinally-striated tubes (Javaux
et al., 2001). The large, longitudinally-striated tubes and relative proportions of
constituent taxa distinguish the Belt and Roper assemblages from the other early
Mesoproterozoic assemblages considered here, helping to establish a degree of temporal
resolution for a Tappania-Valeria-Satka-Dictyosphaera biochronological interval
spanning the early Mesoproterozoic.
The correlations between depositional settings for the Lower Belt and Roper
Group microbiota are consistent, at least to the extent that rocks hosting fossils exhibiting
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morphological and ecological diversity (i.e., diversity exceeding that associated with
long-ranging Proterozoic taxa resembling cyanobacteria, or unornamented spheroids and
tubular fossil forms) in both basins are also associated with shallow-water depositional
conditions. As an approximation, the Lower Belt and Roper Group assemblages are
framed by similar taphonomic windows to early Mesoproterozoic biota. However, the
scales of transition in the two deposits between shallow- and deep-water conditions differ
by at least an order of magnitude with respect to stratigraphic thickness. The Roper
Group has a maximum thickness of about 5000 m with a typical thickness of about 1300
m, and records at least six coarsening-upwards cycle sequences (each of which spans
170-330 m in stratigraphic thickness), and the sequences are interpreted to be broadly
regressive in character (Abbott and Sweet, 2000). In contrast, the Lower Belt as deposited
in the Helena Embayment where the Belt microfossils are located has a typical thickness
of about 5000 m in the center of the Embayment, and the thickness of either the
Chamberlain (~465-945 m) or the Greyson (~1100 m) units examined for microfossils as
part of this study are individually nearly as thick as a typical section of the Roper Group
(Graham et al., 2012). Additionally, the sequence of the Lower Belt in this area is
interpreted as representing a single transgressive event. The differences in depositional
sequences are such that paleoenvironmental inferences based on a comparison of the two
assemblages are likely limited to only the most basic depositional characteristics such as
water depth.
An inferred relationship between water depth and differential representation of
microfossil species from Newlan Creek is less resolved, but corroborates a similar pattern
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observed in the Roper. Javaux et al. (2001) used lithofacies and paleontological
information from the Roper to distinguish between (1) shallower (e.g., marginal
marine/inner shelf) sub-assemblages characterized by Satka favosa, Valeria lophostriata,
and large, striated tubes, and (2) deeper (e.g., distal shelf/basinal) water sub-assemblages
characterized by filamentous sheaths, Tappania plana, and Stictosphaeridium in the
Roper basin. Correspondingly, the Greyson Formation assemblage from Newlan Creek is
dominated by Tappania, Gemmuloides, Caudosphaera and filamentous sheaths.
Gemmuloides and Caudosphaera appear to be idiosyncratic taxa of the Belt basin, as is
Stictospheridium to the Roper, but the Tappania plana and Siphonophycus typicum
associations are nearly identical to those of the Roper associated with the distal
shelf/basinal sub-assemblage. The filamentous sheaths of the Roper Group have not yet
been formally described in the literature, but the sheaths of the Belt Supergroup resemble
Roper Group specimens (Javaux and Marshall, 2005). The distal shelf/basinal
paleoenvironmental correlation with Tappania-bearing Roper Group rocks is generally
consistent with paleoenvironmental indicators from the Lower Belt that the Belt basin
transitioned from a deeper water setting of the underlying Newland Formation to a
shallow/subaerial setting of the overlying Spokane Formation (Stüeken, 2013; Graham et
al., 2012; Lydon, 2007; Lyons et al., 2000; Lyons et al., 1998).
Further investigations of the Belt microbiota may help to elucidate how
microfossil distribution patterns may be correlated with basin- or global-scale
chemostratigraphic conditions, morphological and ontogenetic features of the original
organisms, or paleoecological consortia. The form taxa used to describe some Belt fossils
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(specifically, Coneosphaera, Gemmuloides, Tappania and coenobial Leiosphaeridia)
capture only the most rudimentary aspects of varying morphological expression within
the assemblage. Within these particular form taxa, there are subsets of specimens with
significant morphological overlap that may represent a relatively smaller number of
natural organisms exhibiting different ontogenetic phases. Collecting and analyzing
greater numbers of fossils within each hypothesized taxonomic category may elucidate
morphometric patterns of bulbous protrusion or process growth that support or refute
such categorizations. Modern protistan organisms (e.g., Saccharyomyces cereviseae)
undergo ontogenetic variations in response to subtle but well-defined chemical,
ecological or environmental stimuli that may not be recorded in host rocks (Klein and
Tebbets, 2007; Romano, 1966). Uncovering such variations may provide new data for
defining, refining or expanding biostratigraphic zonation models that ultimately rely upon
the use (and inherent limitations) of acritarch form taxonomy.
Perhaps the most interesting of the Newlan Creek microbiota are its idiosyncratic
form taxa- those fossils that set the Belt Supergroup assemblage apart from other coeval
assemblages. Of particular note are the Caudosphaera winstonii specimens, which exhibit
relatively large size and distinctly compartmentalized vesicles and filaments (Figure 7).
There are no known counterparts to these fossils in rocks of this age, yet they are
abundant and found at numerous stratigraphic levels in the Newlan Creek outcrop. The
prevalence of this taxon may in part be due to sampling bias, as the large, opaque vesicles
are easier to identify microscopically against background detritus than smaller, more
translucent specimens such as Tappania or Gemmuloides. The biological significance of
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the differentiated vesicle as a means of isolating metabolic activity as in the case of an
akinete, or of isolating and preserving reproductive capability as in the case of a
reproductive spore, may carry paleoenvironmental, geochemical or macroevolutionary
implications that warrant further study beyond biostratigraphic utility (Armstrong and
Brasier, 2009).
The prominence of Gemmuloides is also a unique feature of the Belt assemblage.
Similar specimens are described as Gangasphaera bulbosa from the Bahraich Group of
India (Prasad and Asher, 2001). It is possible that the Belt and Bahraich specimens
should be assigned to the same form taxon rather than be considered as separate genera
and species. Prasad and Asher also describe Tappania gangaei from the Bahraich as rare
species differentiable from Tappania plana by possessing rounded, bulb-like protrusions
(as distinct from the arcuate or trapezoidal protrusions found in T. plana). It is also
possible that the shape of bulbous protrusions within tappanoid, gemmuloid, and
ganagasphaeroid specimens may be taphonomic artifacts, thereby artificially inflating a
relatively small number of natural taxa. If so, a closer comparison of morphologically
similar specimens from each of these groups may aid paleontological correlations
between the Belt, Roper and Bahraich basins.
The larger vesicles of Leiosphaeridia and Valeria, the longitudinally-striated
tubes and the microbial mat networks of Siphonophycus are of notably large size for
organic-walled fossils from the early Mesoproterozoic, commonly exceeding many
hundreds of micrometers in maximum dimension. From the perspective of effects on
sedimentation, individual organisms or colonies of this size could have exerted a stronger
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and more coordinated biostabilizing influence at the sediment-water interface than could
prokaryotic biofilms alone, diversifying the capacity of microbial consortia to manifest
sedimentological changes within host sediments. Additionally, at these sizes, the original
organisms would have approached the lower size limits of ‘macroscopic’ problematica
such as Grypania spiralis. Of particular interest with respect to biostratigraphic zonation
is that Grypania fossils in the Greyson Formation of the Belt have been found only in
distinctly different rocks (the Deep Creek locality) than those hosting microfossils (the
Newlan Creek locality). The extent to which this segregation may be caused by ecologic,
biologic or taphonomic effects is currently unknown but warrants further study as part of
a broader effort to more accurately define relationships between microscopic and
macroscopic fossils and the formation of their respective host rocks.
Conclusions
The newly discovered microfossil assemblage of the Newlan Creek locality of the
Greyson Formation from the Belt Supergroup provides a new paleontological dataset
with which to infer a distinct biostratigraphic interval for the early Mesoproterozoic
spanning roughly 1550-1450 Ma. This interval is marked by the co-occurrence of
Tappania plana, Valeria lophostriata, Satka favosa and Dictyosphaera
delicata/Dictyosphaera sp. Individually, these fossils are characteristically
Mesoproterozoic and cosmopolitan, but this particular co-occurrence of fossils within
both the Belt and the coeval Roper Group from Australia is positively correlated in
depositional environment over a relatively short period Precambrian interval, providing a
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basis for effective comparison to similarly-aged deposits that may have formed before or
after these two basins. Further study of idiosyncratic aspects of the Belt assemblage may
yield yet more substantive insights into bio- or chemostratigraphic zonation of fossils
within ancient basins, while providing additional data to enhance our understanding of
the mode and tempo of macroevolutionary patterns of Proterozoic life.
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CHAPTER 3: MICROFOSSILS FROM THE CHAMBERLAIN FORMATION
Introduction
Each sedimentary basin records a unique history shaped by the circumstances of
its formation and preservation, including its overall geometry, tectonic setting, source
sediment availability and subsequent deformation and alteration of the rocks it contains.
The monotony of sedimentary deposits within the Belt Supergroup in particular has
confounded efforts to reconstruct and correlate lithostratigraphic features from within
laterally-adjacent groups and units (Winston, 1999; Schieber, 1991; Winston, 1986;
Harrison, 1972). The regular cyclicity of sedimentation has also confounded efforts to
associate the subtle facies changes that do exist within the Belt Supergroup with large
scale changes in depositional environment at the basin- and global scales, causing most
investigators to focus on more unusual rock-types within the basin (Schieber, 1993;
McKelvey, 1968; Smith and Barnes, 1966). Paleontology provides a unique way to
compare and contrast biological aspects of the Belt basin by focusing on the
circumstances of preservation and alteration of fossil material. In the previous chapter,
the composition of a microfossil assemblage from outcrops of the Greyson Formation
along Newlan Creek was used to compare the Belt basin to other worldwide basins to
establish a global biostratigraphic interval for the early Mesoproterozoic. At a sub-basin
scale, it is also possible to correlate changes in fossil assemblage composition with
changes in host rock sedimentology, provided that the host rocks are amenable to
microfossil preservation.
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A comparison of paleodepositional environment and paleontology of the Belt
Supergroup has previously been limited by the amount of paleobiological data produced
from Belt Supergroup rocks (Horodyski, 1993). Stromatolites have been useful for
inferring photic zone water depths for rocks of the Middle Belt Carbonate and upwards
(Horodyski, 1983, 1977, 1976, 1975). Though macroscopic fossils such as Grypania and
Horodyskia have been reported from the Belt Supergroup and other deposits worldwide,
these fossils are too sporadic and enigmatic to serve as paleoenvironmental indicators as
they have not been correlated with distinct lithofacies that indicate particular depositional
environments (Calver et al., 2010; Grey et al., 2010; Butterfield, 2009; Dong et al., 2008;
Shen et al., 2007; Mathur and Srivastava, 2004; Han and Runnegar, 1992; Grey and
Williams, 1990; Horodyski, 1982; Fenton and Fenton, 1931; Walcott, 1914). A modest
assemblage of filamentous microfossils and acritarchs (organic-walled microfossils of
unknown taxonomic affinity, categorized by distinct morphological characteristics) have
been previously reported from the Belt Supergroup. However, these were limited to
simple Siphonophycus-type filaments and Leiosphaeridia-type sphaeroids of
unremarkable external or internal morphology that are found as background taxa in a
variety of lithofacies throughout the entire Precambrian (Horodyski, 1993, 1981).
Steady progress has been made to infer general characteristics of depositional
environment by cross-referencing lithofacies with morphotype and colonial habit
information provided by microfossil assemblages (Vidal and Moczydłowska, 1995; Vidal
and Ford, 1985; Vidal, 1981). The most notable progress has been to establish that, like
their Phanerozoic counterparts, Proterozoic microfossils are distinctly segregated
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according to depositional environment (Knoll et al., 1991). Butterfield and Chandler
(1992) extended Neoproterozoic microfossil zonation patterns into the late
Mesoproterozoic by establishing the basis for delineating distinct relationships between
paleodepositional water depth and assemblage diversity using fossils of the ~1.25 Ga
Agu Bay Formation of Baffin Island, Canada. Butterfield and Chandler (1992)
recognized five broad zones: (1) near shore restricted, lagoonal to supratidal; (2) near
shore unrestricted, shallow subtidal; (3) midshelf, moderate depth (lower photic zone);
(4) mid to outer shelf, deep water (sub photic zone); (5) slope to basinal, turbidite
dominated environments, deep water. Hofmann and Jackson (1994) demonstrated a
similar but higher resolution segregation pattern amongst fossils of the coeval ~1.2 Ga
Bylot Supergroup of Baffin Island, in which different groups of fossils were associated
with 11 distinct paleoenvironments. Moving earlier into the Mesoproterozoic, Javaux et
al. (2001) observed a relatively simple paleoenvironmental distribution pattern of key
Roper Group fossils from Australia. A progression of paleoenvironments ranging from
the shoreline to a basinal environment were correlated with a corresponding progression
of fossils Satka favosa, Satka squamifera, longitudinally-striated tubes, Tappania plana
and Stictosphaeridium sp., with an overall decrease in species richness and abundance
along this progression. Fossil abundance and taxonomic diversity were sufficient to
distinguish four biofacies: (1) marginal marine; (2) lower shoreface to inner shelf; (3)
middle to distal shelf; (4) basinal. There is some mismatch in the terminology and
environments associated with the biofacies systems proposed for the Bylot Supergroup
and Roper Group, as the ability to resolve between fossil assemblages and
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paleoenvironmental distribution is largely dependent upon the taphonomy of the
microfossils and the sedimentary structures and lithologies that are used to construct
lithofacies correlations. However, these biofacies are broadly consistent with one another,
even if the constituent microfossil assemblages vary somewhat between rocks from the
late and early Mesoproterozoic.
The key to extending microfossil zonation investigations to the Belt Supergroup is
to locate more and better preserved microfossil assemblages across multiple lithologic
units. The assemblages can then be compared and contrasted with host rock
sedimentology, which can in turn be referenced with such comparisons between
microfossils and host rocks from Mesoproterozoic basins worldwide to discern consistent
biozonation patterns from taphonomic idiosyncrasies. The recently discovered
microfossil assemblage from the Greyson Formation allows for a detailed, within-basin
comparison to the assemblage of the Chamberlain Formation, but the microfossil
population previously reported by Horodyski (1993) is not sufficiently robust or
systematized to allow meaningful biostratigraphic comparison. Here we present recently
discovered microfossils from the Chamberlain Formation that may be considered in
addition to the previously reported assemblage from the unit (Horodyski, 1993). The
assemblages of the Greyson and Chamberlain Formations are then compared to host rock
lithofacies to establish and compare paleodepositional indicators of early
Mesoproterozoic siliciclastic shallow water deposits.
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Geological Setting
The Belt Supergroup covers portions of western Montana, northern Idaho, eastern
Washington and southern British Columbia, straddling the US-Canada border (Figure 2,
inset). It is composed of siliciclastic and carbonate sedimentary rocks totaling up to 15
km in stratigraphic thickness in places, with minor amounts of igneous intrusive rocks
(Chandler, 2000; Harrison, 1972). The main branch of the Belt forms a northwesttrending basin that is thought to have formed during continental rifting as a result of
lithospheric extension (Graham et al., 2012; Lydon, 2007), and various paleogeographic
reconstruction models match structural trends and zircon ages of the Belt basin system
with corresponding elements in eastern Russia/Siberia (Sears and Price, 2003), eastern
Australia (Ross and Villeneuve, 2003) or Antarctica (Moores, 1991).
The Helena Embayment is a minor branch of the Belt Supergroup that extends
about 100 km eastward into central Montana from the southernmost part of the main Belt
branch (Figure 2, inset). The Helena Embayment only preserves the lowermost units of
the Belt Supergroup and is significantly less metamorphosed and deformed than
correlative units found elsewhere in the deposit (Lydon, 2000). The Helena Embayment
hosts the majority of microfossils reported from the Belt Supergroup, including the
assemblage previously reported by Horodyski (1993; Figure 2, location 1), the newly
discovered assemblage of the Greyson Formation from the Newlan Creek locality (Figure
2, location 3) discussed in Chapter 2, and the coiled macroscopic compression fossil
Grypania spiralis from the Deep Creek outcrop at the periphery of the Big Belt
Mountains (Walcott, 1899) (Figure 2, location 4). The Helena Embayment rocks record
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only one major transgressive cycle and two periods of shallow water deposition, as
indicated by the meter-scale bedded (possibly subaerial) sandstones of the Neihart
Quartzite (Schieber, 1991, 1990) and the dessication cracks, raindrop impressions and
ripple marks of the Spokane Formation (Figure 3) (Graham et al., 2012; Godlewski and
Zieg, 1984).
Units within the northern Helena Embayment are conformable and grade
continuously into one another, thinning out with increasing distance from the primary
branch (Chandler, 2000; Höy, 1989). The Neihart Quartzite sits unconformably on
Paleoproterozoic basement and forms the base of the succession in the Helena
Embayment (Figure 3) (Graham et al., 2012). Intraclastic mud-chips and shale beds
become increasingly abundant upward through the formation, grading into the silty shale
of the overlying Chamberlain Formation (Schieber, 1991) and marking the initiation of
the main Helena Embayment transgression (Graham et al., 2012; Horodyski, 1993). The
subsequent transitions into the Chamberlain and the Newland Formation have been
interpreted as representing progressive deepening of the Helena Embayment sub-basin, as
indicated by the overall decrease in average grain size going upsection along the
Jefferson Creek section (Stüeken, 2013; Horodyski, 1993).
The Chamberlain Formation is a wavy laminated to bedded black shale, siltstone
and thin sandstone unit that ranges from ca. 460-945 meters in total thickness in the
northern parts of the Helena Embayment (Keefer, 1972; Walcott, 1899). Exploratory
drilling in the Black Butte/Sheep Creek area (Figure 2, location 2) (Graham et al. (2012),
ca. 20 km SW of the Jefferson Creek outcrop, produced cores through portions of the
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Chamberlain Formation, including one (SCC-34) with a record of the transition from the
upper Neihart to the lower Chamberlain. The core mostly consists of monotonous, gentlydipping, thinly laminated black shale with large-scale, soft folds and slope-adjustment
microfaults. The monotony of the sequence is broken by periodic sand-filled cracks
(syneresis or subaerial mudcracks) and fine-grained silt/sand lenses with very fine ripple
cross-laminations and shallow scours, which may indicate a low-energy mud deposit that
was punctuated by ephemeral low-to-medium-energy deposition of silt. Lithofacies of the
lowermost 100 meter section of the Chamberlain are consistent with an interpretation of
deposition within a mudflat environment (Godlewski and Zieg, 1984). The Chamberlain
Formation gradually transitions into the Newland Formation, which consists of
predominantly parallel-laminated, variably dolostone-bearing shale with locally
interbedded debris flows, turbidites and carbonate beds. The contact is conformable and
gradational (Zieg, 1986).
Paleontology
Walcott (1899) reported the first direct evidence of biological activity in the
Chamberlain Formation in the form of macroscopic, irregularly-shaped carbonaceous
compression fossils with no apparent internal structure, which he designated as Beltina
danai from outcrops that are now classified as representing a dolostone/shale facies of
this unit. Though interpreted as the remains of many different types of organisms (Walter
et al., 1976; Cloud, 1968; Fenton, 1943; Raymond, 1935; Walcott, 1899), it is likely that
Beltina is composed of fragments of a taphonomically degraded microbial mat
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(Horodyski et al., 1989). Palynological processing using HF acid maceration has yielded
a modest assemblage of microfossils from Chamberlain Formation outcrops along
Jefferson Creek and along Highway 89, ca. 5-7 km southeast of the town of Neihart
(Figure 2, location 1) (Horodyski, 1981). The Chamberlain Formation in this area is
unconformably overlain by Cambrian strata of the Flathead Sandstone, so it is difficult to
deduce the total thickness and relative position within the Chamberlain Formation at
these locations (Reynolds and Brandt, 2006). It is estimated that fossils were recovered
from Chamberlain strata ranging from 100-500 m stratigraphically above the NeihartChamberlain contact based on locality descriptions and unit terminology in use at the
time of publication (Horodyski, 1993, 1981). The Jefferson Creek assemblage was
collected from medium- to dark gray shales and mudstones, and included abundant
Leiosphaeridia sphaeromorphic acritarchs, an unknown number of specimens (nine
displayed in images) with polygonal plates comparable to Satka favosa and various
tubular, unbranching, non-tapered organic-walled filamentous Siphonophycus
microfossils (Horodyski, 1993). Most of the spheroidal fossils were 15-60 µm in
diameter, but one specimen 440 µm across was reported. The filamentous fosssils were
bimodally distributed, falling into a smaller range 4-6 µm in width and a larger range 1012 µm in width, though two specimens were described that were up to 40 µm in diameter.
The fossils collected along Highway 89 were better preserved but less abundant than
those from Jefferson Creek (Horodyski, 1993). The dominance of the assemblage by
spheroidal acritarchs and organic-walled filaments that lacked any distinctive
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morphological features apart from size, color and surface texture inhibited any useful
interpretation of biological affinity or paleoecological association.
Geochronology
As discussed in the previous chapter, the lower Belt Supergroup strata of the
Helena Embayment are relatively well constrained geochronologically when compared to
other rocks of Mesoproterozoic age. The youngest age of the Lower Belt Group sequence
(Figure 3) is constrained by U-Pb dating of a bentonite layer in the overlying Helena
Formation of the Middle Belt Carbonate Group at 1454 ± 9 Ma (Evans et al., 2000). The
maximum age of the Lower Belt is constrained by U-Pb dating of augen gneiss terranes
underlying correlative deposits in the Priest River, Idaho area at 1576 ± 13 Ma and
multiple corroborating dates obtained from sills in the correlative Lower Belt Aldridge
and Prichard formations of southwestern Montana ranging from 1460-1470 Ma (Lydon,
2007; Sears et al., 1998; Anderson and Davis, 1995; Evans and Fischer, 1986). No direct
dates have yet been obtained from Lower Belt rocks of the Helena Embayment, but based
on these constraints the minimum-maximum ages of deposition for Lower Belt Group
rocks range from 1454-1580 Ma (Lydon, 2007; Evans et al., 2000; Sears et al., 1998;
Anderson and Davis, 1995; Evans and Fischer, 1986; Elston, 1984; Elston and Bressler,
1980).
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Sampling and Methods
The fine-grained, largely unaltered siliclastic claystone sediments of the
Chamberlain Formation lend themselves to microfossil research. Microfossils were
sought from highly friable, highly fissile and extremely fine grained dark gray shale
(claystone) from throughout the Chamberlain portions of the SCC-34 drillcore directly
above the Neihart contact. The claystone is composed of quartz, biotite, illite and minor
amounts of kaolinite as determined by powder XRD methods (Figure 16)(Poppe et al.
(2001). Sampling of the Chamberlain SCC-34 drillcore consisted of 13 samples taken
from 13 different stratigraphic intervals, each interval representing approximately 3
meters of stratigraphic depth, ranging from 1-75 meters above the base of the contact
with the underlying Neihart Quartzite.
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Figure 16. SCC-34 fossiliferous drillcore (Chamberlain) unoriented (top) and oriented
(bottom) clay sample spectra.
Shale samples were broken into 1-3 cm sized fragments and allowed to
disaggregate with minimal agitation in 48% concentrated hydrofluoric (HF) acid,
following techniques outlined in Butterfield et al., 1994. The slurry was rinsed and
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passed through a 32 µm mesh sieve, and the remaining fraction examined for
microfossils using an Olympus SZ-1145 binocular microscope. Microfossils were picked
from the fraction using a micropipette, transferred to a microscope slide and preserved in
Petropoxy 154. Images were obtained using a Nikon Eclipse LV100 POL with mounted
Nikon DS-2MV Axial Camera. Images at multiple focal planes were combined using the
CombineZ program. Specimen images were arranged using Adobe Photoshop CS8.
Assemblage Summary
Intact microfossils were recovered from 12 of the 13 stratigraphic levels sampled
within SCC-34 drillcore. All samples contained fossil fragments and flattened
kerogeneous material. The fossils are moderately preserved, and of relatively simple
morphology (Figure 17). The specimens are atypically large compared to most
Mesoproterozoic fossils, with average fossil sizes greatly exceeding 100 µm in length.

Figure 17. Fossil assemblage summary of the SCC-34 drillcore assemblage, Chamberlain
Formation, Belt Supergroup.
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Simple, spheroidal to ovoidal vesicles of Leiosphaeridia are present in nearly
every sampled interval. The majority of these simple forms are thin-walled species
ranging from 90-200 µm (Leiosphaeridia tenuissima) and larger, thick-walled species
ranging from 148-373 µm (Leiosphaeridia jacutica). Rarely these specimens are found as
isolated diads or triads; these specimens were classified as coenobial Leiosphaeridia, and
are recognized as such when the circumferential outlines of the constituent vesicles are
clearly visible and distinct (Figure 18.8-18.10). The size range of the thin-walled vesicles
are notable since the largest of these specimens fall outside of the conventional definition
of the largest thin-walled form species, L. tenuissima (70-200 µm). The overall
distribution of thin-walled specimens is unimodal with an average of 200 µm (std. dev.
94 µm; n=21). With current sample sizes and little else to distinguish between and
amongst simple spheroidal forms, the population is categorized as mostly L. tenuissima
with a trail-off into large, thin-walled Leiosphaeridia spp. up to ca. 400 µm in size,
pending further sampling. By contrast, thick-walled spheroidal specimens fit the size
category and 70-800 µm bin for L. jacutica relatively well, with an overall unimodal
distribution (𝑥 = 258 µm, std. dev. 71 µm; n= 18), which is most likely attributable to low
sampling numbers.
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Figure 18. Leiosphaeridia from the SCC-34 drillcore, Chamberlain Formation. 17.1.
Leiosphaeridia tenuissima. 17.2. Leiosphaeridia tenuissima. 17.3-17.4. Large
Leiosphaeridia spp. 17.5-17.7. Leiosphaeridia jacutica. 17.8-17.10. Coenobial
Leiosphaeridia. 17.11. Size distribution histogram for thin- and thick-walled groupings of
Leiosphaeridia. Specimen location data: 09-29-11-A-2, 10-31-11-A-2, SCC34-180,
SCC34-197, SCC34-189 082613, SCC34-193 082613, SCC34-201, 10-27-11-A, SCC34197, SCC34-197, respectively.
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The SCC-34 assemblage contains an assortment of poorly preserved, irregularly
shaped, loosely packed aggregations of spheres that create an overall wavy outline that
ranges from 30-60% of the diameter of the smaller spheres (Figure 19). The aggregations
range from 125 to 320 µm in length (𝑥 = 217 µm; std. dev. 71 µm; n=5), and the wavy
outlines are composed of hemispherical shapes with an average diameter of 56 µm (std.
dev. 16 µm; n=31). They are distinguishable from coenobial Leiosphaeridia by (i) an
overlapping of about 40-50% of the perimeters of individual spheres at the outer edge
with spheres on the inner portion of the aggregation (the innermost perimeters of these
spheres are not visible within the central mass of the aggregation), and (ii) by the
presence of a contiguous, wavy-lined exterior that lends the entire aggregation an outer
edge that is distinct from the surfaces of the inner spheres. Textures within and across
specimens variably range from smooth to pustulate. In some specimens, the pustulate
textures are so pronounced that they form smaller spheres, with average diameters of
about 5-10 µm that are distinctly smaller than the wavy-lined exterior of the entire
aggregate fossil (insets, Figure 19.2 and 19.5). Though degraded, the pustulate outlines
continue inward toward the center of the fossil, potentially reflecting an internal
compartmentalization. This multi-tiered morphological expression (aggregate
fossil(wavy-lined exterior spheres(small spheroids))) of the aggregate fossil also
distinguishes these specimens from coenobial Leiosphaeridia, which consist only of a
single-tiered arrangement of well-resolved spheres. On the basis of the proportion of
smaller spheres exposed along the outer margins of the aggregation, and consistent with
the poorly preserved nature of these particular specimens, specimens within this grouping
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are left in open nomenclature as Synsphaeridium sp. (Tang et al., 2013; Jankauskas,
1989).

Figure 19. Synsphaeridium sp. from SCC-34 drillcore of the Chamberlain Formation.
Specimen location data: 09-29-11-A-2, 10-31-11-A-2, SCC34-189, 10-26-11-C, SCC192, respectively. Scale bar is 50 µm for all specimen images, 25 µm for insets.
Though rare, the SCC-34 drillcore assemblage contains other fossils composed of
pluricellular aggregations with constituent cells that are smaller than those of coenobial
Leiosphaeridia or Synsphaeridium sp. One specimen (Figure 20.1) is a large, irregularlyshaped aggregation of densely-packed spheroids (fossil size 577 x 297 µm, aggregate
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spheroid sizes uniformly ca. 10 µm in diameter, std. dev. 2.2 µm, n=60 small spheroids
measured) with poorly defined surficial packets with little visible internal
compartmentalization. The aggregate outline of the fossil doubles back on itself to form a
single reticulate loop pattern. On the basis of the sizes of the constituent spheroids, the
fossil is considered to be Coniunctophycus sp. (Zhang, 1981). This taxon was later
emended to include specimens classified as Eomicrocysis as a junior synonym, consisting
of a complex aggregated colony of numerous small, spheroidal cells (Hofmann and
Jackson, 1994). This taxon is observed throughout the Meso- and Neoproterozoic and is
commonly compared to the extant cyanobacterial genus Microcystis (Sergeev et al.,
1995). The constituent cell size, presence of non-compartmentalized surficial packets and
colonial habit are consistent with placement within Coniunctophycus, but this specimen is
kept in open nomenclature since there is only one specimen and the size of the aggregate
colony (376 µm) is much larger than any other reported for this group, which are
typically not greater than 100 µm (Sharma, 2006; Sergeev et al., 1995; Hofmann and
Jackson, 1994; Zhang, 1981).
The SCC-34 assemblage also contains a single specimen composed of two
slightly smaller, irregularly-shaped colonial aggregations of cells (Figure 20.5). The
entire outline of the specimen is roughly tubular, 376 x 109 µm in size (aspect ratio 3.5),
and the smaller spheroids are uniformly ca. 21 µm in size (std. dev. 2.4 µm, n=24 smaller
spheroids measured). The aggregate cells are densely packed and slightly more visible at
the outer margins of the fossil, but there are no distinct extracellular sheaths enveloping
the cells. The sizes of the smaller spheroids and the shape of the aggregate colony are
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consistent with Symplassosphaeridium (Hofmann and Jackson, 1994). Due to the inherent
difficulty of taxonomic species resolution of this form genera and only two partial
spheroidal aggregates with which to establish species placement, the fossils are left in
open nomenclature as described by Hofmann and Jackson (1994).

Figure 20. Rare specimens from the SCC-34 drillcore assemblage, Chamberlain
Formation. 20.1. Coniunctiophycus sp. 20.2-20.4. Satka favosa. 20.5.
Symplassosphaeridium sp. Scale bar is 75 µm for 20.1, 20.3-20.5, and 15 µm for 20.2.
Specimen locations: 10-11-11-A-1, 10-31-11-A-2, SCC34-180 and 10-27-11-A,
respectively.
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The SCC-34 assemblage contains two types of ornamented, spheroidal vesicles.
One type of specimen ranges from 165 to 250 µm in size, is of slightly ovoidal shape, and
has vesicle surfaces composed of a tightly arranged patchwork of slightly opaque,
subangular plates 4-6 µm in size held together by a translucent exterior sheath (
20.2-20.4). The plates are more visible at the edge of the fossil near sites where the
vesicle surface has been torn or sharply folded (Figure 20.2). These fossils are Satka
favosa on the basis of the distinct plate-like exterior morphology (Hofmann and Jackson,
1994).
The SCC-34 assemblage also contains an abundant population of large
ornamented spheroids (Figure 21). The spheroids are dark brown in color, range in size
from 159-400 µm (𝑥 = 256 µm, std. dev. 61 µm; n=31 complete specimens, n=8
specimen fragments) with subtle, concentric striations, equidistantantly spaced 1-2 µm
apart. The fossils are moderately opaque and commonly folded in semi-peripheral
patterns (Figure 21.1, 21.2 and 21.4). The striations are more visible when light passes
through only a single vesicle surface, such as when one side of a compressed spheroid
has been torn or damaged (Figure 21.3 and 21.5). The prominence of striations varies
from specimen to specimen, ranging from very prominent to nearly indistinguishable.
Striations visible at the edge of some fossils exhibit a subtle cross-hatch pattern,
reflecting the relative orientation of the striations on the front- and back-facing sides of
the vesicle surface. While most specimens are relatively well-preserved and intact, about
half the specimens have degraded surfaces and some of the specimens were rolled into a
fusiform shape during the preservation process (Figure 21.5). Preservation variants within
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this group are spotted easily in conjunction with other attributes such as large size,
opacity and distinct nut brown color. The orientations of the poles of striation relative to
the plane of compaction vary from specimen to specimen. The sizes and distinct surface
striations of the fossils identify them as Valeria lophostriata, a form species described
from rocks ranging from late Paleoproterozoic to early Neoproterozoic in age.

Figure 21. Valeria lophostriata specimens from the SCC-34 drill core, Chamberlain
Formation. Scale bar is 150 µm for Figures 21.1-21.5, 65 µm for Figure 21.6. Specimen
locations: 10-27-11-A, SCC-197 082513, 10-11-11-A-1, 10-31-11-A-2, 10-27-11-A,
respectively.
The SCC-34 assemblage also contains an abundance of large tubes (n=11) with
distinct longitudinal striations (Figure 22). The tubes vary from 58-121 µm in width (𝑥 =
79 µm, std. dev. 23 µm) and are found up to 1 mm in total length. The striations are
uniformally spaced about 2-4 µm apart from one another, and some degraded specimens
are more prone to tearing along these striations down the length of the tube. The striations
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vary from prominent to nearly indistinguishable, and like the striations present on Valeria
lophostriata, the striations are more visible when the tubes have been damaged or torn so
as to allow light to pass through only one of the compressed vesicle surfaces. Most tubes
are torn, folded or damaged at their ends, though one specimen (Figure 22.2) which has a
rounded taper going down to a sharp, extensional point at the end of the tube that can be
interpreted as an intact trichome . The large size and distinct longitudinal striations are
consistent with descriptions of an unnamed tubular fossil from the broadly coeval Roper
Group of Australia (Javaux and Marshall, 2005; Javaux et al., 2001) and from the Newlan
Creek locality of the Greyson Formation (Chapter 2, this volume).

Figure 22. Longitudinally-striated tubes from the SCC-34 drillcore, Chamberlain
Formation. Specimen locations: 10-5-11-A-1, 10-11-11-A-1, 10-11-11-A-1, and 10-3111-A-2, respectively.
Systematic Paleontology
Group ACRITARCHA Evitt, 1963 (Evitt, 1963)
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Valeria lophostriata Jankauskas 1982 (Jankauskas, 1982)
1979 Jankauskas Kildinella lophostriata (Jankauskas, 1979)
Description. Large (159-400 µm, (𝑥=256 µm, std. dev. 61 µm; n = 39), dark brown
spheroidal microfossils with subtle, concentric striations, equidistantantly spaced ca. 1-2
µm apart.
Comments. The fossils are moderately opaque and commonly folded in semi-peripheral
patterns; fragments are more abundant and more easily identifiable than complete
specimens. The striations are more visible when light passes through only a single vesicle
membrane surface, such as when one side of a compressed spheroid has been torn or
damaged. The prominence of striations varies from specimen to specimen, ranging from
very prominent to nearly indistinguishable. The striations observed in SCC-34 specimens
are prominent within most specimens. Striations visible at the edge of some fossils
exhibit a cross-hatch pattern, reflecting the relative orientation of the poles of striations
on the front- and back-facing sides of the vesicle surface. Preservational variants of this
group are identified more easily in conjunction with other attributes such as large size,
opacity and distinct brown color. The orientations of the poles of striation relative to the
plane of compaction vary from specimen to specimen.

Symplassosphaeridium Timofeev 1959 (Timofeev, 1959)
1969 Timofeev (Timofeev, 1969)
1989 Jankauskas (Jankauskas, 1989)
1984 Tynni and Uutela (Tynni and Uutela, 1984)
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1994 Hofmann and Jackson (Hofmann and Jackson, 1994)
1999 Samuelsson et al. (Samuelsson et al., 1999)
Description. One specimen collected of two connected compact globular aggregates of
small spheroidal cells; one aggregate spheroidal in shape, 136 µm in diameter, second of
rectangular shape, 275 x 112 µm in size. Each aggregate composed of flattened
spheroidal cells 21 µm in average diameter (std. dev. 2.4 µm, n=24 cells measured).
Spheroidal cells generally smooth and without folding, light brown to dark brown in
color.
Comments. The utility and status of Symplassosphaeridium at both the form genus and
species levels is an ongoing subject of debate (Hofmann and Jackson, 1994). Members of
this group are commonly compared to Synsphaeridium. Within the SCC-34 assemblage,
the specimens fall into two distinct, easily recognizable groups that align with the group
distinctions of Symplassosphaeridium and Synsphaeridium. We therefore follow the
system outlined in Jankauskas et al. (1989) by treating members of the two groups as
distinct taxa. The aggregate colony and constituent cell sizes of the SCC-34 specimen is
slightly larger than the size range outlined by Hofmann and Jackson (1994) for Bylot
specimens (3-19 µm), but the description is otherwise consistent with the description of
the form genus. Given the nomenclatorial difficulties of meaningfully delineating
between form species, we leave the SCC-34 specimens in open nomenclature.

Synsphaeridium Eisenack 1965 (Eisenack, 1965)
1984 Tynni and Uutella (Tynni and Uutela, 1984)
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1989 Jankauskas (Jankauskas, 1989)
1994 Hofmann and Jackson (Hofmann and Jackson, 1994)
1999 Samuelsson et al. (Samuelsson et al., 1999)
Description. Irregular, non-linear aggregates composed of 2-24 flattened, contiguous
spheroidal vesicles lacking compartmentalized walls within the interior of the aggregate
fossil. Overall dimensions range from 123 to 321 µm in maximum length (𝑥 = 217 µm,
std. dev. 71 µm, n=6). Diameter of compressed vesicles is generally uniform in size
within each aggregate. Overall size distribution of compressed vesicles is unimodal about
the mean cell aggregate (𝑥 = 56 µm, std. dev. 16 µm, n=31 vesicle outlines counted).
Comments. As is the case with Symplassosphaeridium, the utility and status of
Synsphaeridium is also a subject of some debate. Both genera describe clusters of
spheroidal cells, but Synsphaeridium is frequently recognized as being composed of
larger cells that are less tightly packed than Symplassosphaeridium. The specimens from
the SCC-34 drillcore fall neatly into each of these categories, in addition to possessing
distinct size distributions of constituent cells. Synsphaeridium cells are 56+/-16 µm with
poorly defined vesicle edges, whereas Symplassosphaeridium cells are 21+/-2.4 µm,
more closely packed and with more defined cell edges. We therefore follow the practice
of Jankauskas (1989) in distinguishing between these two groups. Synsphaeridium is
easily distinguishable from coenobial Leiosphaeridia in that the constituent vesicles of
coenobial Leiosphaeridia have well-defined and complete individual vesicle perimeter
outlines. Synsphaeridium is composed of a loosely packed aggregation of cells that lack
strong internal compartmentalization with respect to constituent vesicles.
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Satka favosa Jankauskas 1979 (Jankauskas, 1979)
Description. Three specimens collected, ovoidal in shape, ranging from 165-250 µm in
maximum size. The vesicles are collapsed organic bodies with prominent folds about the
vesicle periphery. Vesicle surface is composed of slightly opaque subangular plates
roughly 4-6 µm, which are more easily identified at the vesicle periphery and are roughly
equidistantly spaced with respect to one another within the vesicle body.
Comments. The specimens conform to the type description of Satka favosa. The opaque
subangular plates are slightly separated from one another at the periphery of the vesicle
and uniform in size and opacity. There are no apparent holes or tears cutting across or
through the plates, as rupturing occurs in the vesicle wall between the plates. The plates
are uniform in size and color, and there is no apparent symmetry of the plate layout with
respect to the dimensions of the overall vesicle, differentiating these specimens from S.
squamifera and S. granulosa. Horodyski (1980) reported numerous collapsed spheroidal
acritarchs from the Jefferson Creek outcrops with polygonal external plates that were
tentatively classified as Satka, but the fossils were never systematically described.

Kingdom BACTERIA
Subkingdom EUBACTERIA
Phylum CYANOBACTERIA
Class CYANOPHYCEAE
Order CHROOCOCCALES
Coniunctiophycus sp. Zhang 1981 (Zhang, 1981)
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1984 Golovenok and Belova (Eomicrocystis) (Golovenok and Belova, 1984)
1994 Hofmann and Jackson (Eomicrocystis) (Hofmann and Jackson, 1994)
1995 Sergeev et al. (Sergeev et al., 1995)
Description. Pluricellular aggregates consisting of small spheroidal to ellipsoidal unit
vesicles that commonly contain a single dense mass less than a micron in diameter. Unit
vesicles 10+/-2 µm in diameter, overall colony reticulate and irregular in shape, 577 x
296 µm in overall dimensions. Aggregate contains one spheroidal colony of tens of
individuals, from which a wide, linear extension of more cells emerges and folds back
onto itself to form a single reticulate fold. The periphery of the spheroidal colony and
linear extensions contain translucent, poorly defined surficial packets with little visible
internal compartmentalization.
Comments. The form genus is usually compared to the extant Microcystis in aggregate
growth habit, consisting of smaller, spheroidal colonies that transition into larger,
irregularly shaped colonies. The largest size colonies commonly have a perforated or
reticulate arrangement of cells. The SCC-34 specimen is unique compared to other
microfossils commonly described as Coniunctiophycus, in that it is of remarkably large
size and appears more like the large-colony morphology than the small, isolated cluster
morphology. The lining of the periphery with translucent, irregularly-sized and poorly
compartmentalized packets is a morphological phenomenon similar to that observed
within C. majorinum (Knoll et al., 1991), though the orientation of packets in the SCC-34
specimen are with a long axis running parallel to the aggregate outer edge. In recognition
of both the strong resemblance to Microcystis and the need to use community-level
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colony characteristics to establish form species placement, the SCC-34 specimen is left in
open nomenclature pending further collection of more specimens. We follow Sergeev et
al. (1995) in referring to members of the group by the original genus name
Coniunctiophycus established by Zhang (1981).
Discussion
The microfossils extracted from the SCC-34 drillcore substantially expands the diversity
of fossils reported from the Chamberlain Formation. The assemblage is dominated by
abundant Valeria lophostriata, longitudinally-striated tubes, Leiosphaeridia and
Synsphaeridium sp., with isolated specimens of Satka favosa and colonies of vesicles
such as Symplassosphaeridium sp. and Coniunctiophycus sp. The overlapping taxa
between the SCC-34 and Newlan Creek assemblages (Leiosphaeridia, Valeria, Satka and
longitudinally striated tubes, Table 1) occur in comparable states of preservation and
sizes, differing only in relative abundance within their respective assemblages. These
relations indicate that differences between the two assemblages are less likely to be a
result of differential preservation than of different depositional conditions within the Belt
basin. A comparison of the SCC-34 assemblage with the Newlan Creek assemblage of
the Greyson Formation (Chapter 2) can be used to assess whether the differences in these
assemblages are consistent with assemblage differences observed in other rock packages
of Mesoproterozoic age that have been positively correlated with changes in lithofacies.
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Table 1. Comparison of fossil taxa occurring in the SCC-34 (Chamberlain Formation)
and Newlan Creek (Greyson Formation) assemblages. Note: units not depicted to scale.

From a paleoecological perspective, the SCC-34 assemblage is relatively less
diverse but contains fossils that are much larger than the fossils that make up the Newlan
Creek assemblage. The average sizes of the maximum dimensions of fossils within each
form genus in SCC-34 samples all exceed 160 µm, and up to 5 out of 7 of the form
genera (Symplassosphaeridium, Coniunctiophycus, Synphaeridium, Satka and coenobial
Leiosphaeridia) exhibit colonial or cell aggregation behavior. Though the sizes of
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individual cells within each of these colonial forms are much smaller than 160 µm, the
aggregate dimensions easily exceed the average size. Leiosphaeridia are commonly
recognized as background taxa within most Proterozoic assemblages, meaning that the
fossils are a part of every fossil assemblage and therefore of little biostratigraphic utility.
In the SCC-34 assemblage both the thin- and thick-walled Leiospaheridia are relatively
large vesicles, on par with the larger sizes of the morphologically more complex taxa (see
Butterfield et al., 1994 for a review of various Leiosphaeridia combined form species).
Leiosphaeridia over 300 µm in size are mentioned in conjunction with shallow water
facies in the Roper Group, Bylot Supergroup and Draken Formation assemblages, though
such occurrences have not previously been prominent or consistent enough to
systematically describe and classify (Javaux et al., 2001; Hofmann and Jackson, 1994;
Knoll et al., 1991).
The morphological attributes of Coniunctiophycus are distinct and potentially
informative of paleodepositional conditions. The genus was erected to classify complex,
pluricellular aggregations of cells that were compared to extant planktonic chroococcoid
cyanobacteria such as Aphanothece, Coelosphaeridium, and Microcystis (Zhang, 1981).
Later specimens described from the 1.2 Ga Bylot Supergroup, which were classified
under the junior synonym of Eomicrocystis, were associated specifically with host
sediments interpreted as having formed under shallow water depositional conditions such
as restricted intertidal to supratidal lagoon and mudflat environments, and were also
compared biologically to Microcystis as an extant analog (Sergeev et al., 1995; Hofmann
and Jackson, 1994). Microcystis are known for causing harmful algal blooms that initially
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begin as small, isolated spheroidal colonies that grow into large, irregularly-shaped
reticulate or perforated surface-floating films (Otsuka et al., 2000). The specimen
recovered from the SCC-34 drillcore is comparable to a mature Microcystis colony. It is a
unique specimen compared to other reported examples of Coniunctiophycus; it differs at
the level of colonial morphology from the C. gaoyuzhuangense form species, which
occur only as aggregates of spheroidal colonies. Further sampling of the SCC-34 drillcore
may help to establish whether spheroidal colony gradational variants may be found, but
the spheroid size and lining of the surficial exterior with poorly compartmentalized
packets makes placement of this particular specimen within Coniunctiophycus the most
logical choice.
The biostratigraphic implications of the remaining specimens that compose the
SCC-34 assemblage are not clear when considered as individual form taxa. For example
Valeria lophostriata are found in rocks from the Meso- and Neoproterozoic that are
associated with numerous depositional environments (Knoll et al., 2006). In the Bylot
Supergroup, these fossils are associated with host rocks interpreted as having formed in at
least five distinct paleoenvironments ranging from supratidal evaporitic sabkha deposits
to semirestricted black shale basins (Hofmann and Jackson, 1994). Satka are also found
throughout the Mesoproterozoic, but members of this genus appear to have been
restricted to relatively shallow marginal marine or near shelf environments in the Roper
Group and Bylot Supergroup assemblages (Javaux et al., 2001; Hofmann and Jackson,
1994). Synsphaeridium and Symplassosphaeridium are also geochronologically wideranging taxa, and are also inherently intractable at the level of form species owing to the
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difficulty of establishing exactly which morphometric features are most salient for
drawing biostratigraphically- and paleobiologically-useful distinctions amongst
specimens (Hofmann and Jackson, 1994).
Individually, these fossil taxa are of limited utility for efforts to correlate fossil
occurrence with paleoenvironmental conditions. However, when considered as an
ensemble of fossils with a pluricellular habit, comparisons can be made to other
Mesoproterozoic assemblages that have been divided into distinct paleoenvironments
associated with different microbial communities. Specifically, fossil segregation patterns
observed in the Bylot Supergroup of Canada and the Roper Group of Australia may be
instructive (Table 2). Bylot Supergroup sediments were classified into 11 distinct
environments correlated with differing proportions of a total of 39 different species. The
Roper Group sediments were less resolved, with only four depositional environments
correlated with relative proportions of a total of nine different fossil species. However,
marginal marine to inner shelf environments are dominated by assemblages of fossils
with a pluricellular habit (Symplassosphaeridium, Synsphaeridium, and
Coniunctiophycus) and notably large fossil size (Valeria and longititudinally striated
tubes), which have been shaded in light grey in Table 2. By contrast, assemblages from
the shelf environment are dominated by fossil taxa of relatively smaller size and more
complex morphology (Tappania and Coneosphaera) and relatively fewer occurrences of
taxa such as longitudinally-striated tubes and Valeria, all of which have been shaded in
dark grey in Table 2. These comparisons indicate that the distinctions between the
Chamberlain and Greyson assemblages may be attributable to a biozonation pattern
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related to depositional water depth (Javaux et al., 2001; Hofmann and Jackson, 1994;
Butterfield and Chandler, 1992; Knoll et al., 1991).
Table 2. Cross-comparison of interpreted host rock paleoenvironments (top row) and
fossil assemblage composition (left column) from units of the Bylot Supergroup, Belt
Supergroup, and Roper Group (Hofmann and Jackson, 1994; Javaux et al., 2001). X
indicates presence of taxon within unit assemblage, XX indicates relative abundance of
taxon within host unit assemblage. Light shading indicates shallow water environmental
associations. Dark shading indicates distal shelf environmental associations.
Interpreted
paleoenvironment

Host rock unit(s)
Rock package
Fossil taxon
Coniunctiophycus sp.
Eomicrocystis elegans
Eomicrocystis malgica
Satka spp.
Satka favosa
Valeria lophostriata
Large, longitudinally
striated tubes
Tappania plana
Tappania tubata
Siphonophycus
typicum/rugosum
Siphonophycus robustum
Siphonophycus kestron
Symplassosphaeridium sp.
Synsphaeridium sp.
Dictyosphaera delicata
Coneosphaera sp.
Gemmuloides doncookii
Caudosphaera winstonii
Oscillatoriopsis obtusa
Rugosoopsis tenuis

Shallow
water,
sabkha and
restricted
intertidal to
supratidal
lagoon mud
Society
Cliffs Fm.
Bylot
Supergroup

SCC-34

Marginal
marine to
inner
shelf

Shoreface
to intertidal
turbiditic,
muddy
siliciclastic
shelf

Newlan
Creek

Distal
shelf

Chamberlain
Fm.
Belt Spg.

multiple

Arctic Bay
Fm.

multiple

Roper
Group

Bylot
Supergroup

Greyson
Fm.
Belt
Spg.

Roper
Group

X
X
X
X
X

X
X
X
X
X

XX

XX

XX
XX

XX
XX

X?
X
X

X
XX

X
X
X
X
X
X

X
X

X

X
X

X

XX

XX?

X
X
X
X
X
X

91
There are two ways in which these microfossil assemblages may be correlated
across paleoenvironments: (i) the presence of diagnostic taxa or (ii) relative proportions
of taxa. For the first case, diagnostic taxa are strictly segregated by paleoenvironmental
factors, and the presence of even small numbers of such diagnostic taxa may indicate
environmental association. In the Bylot Supergroup assemblage, for example, even small
numbers of Eomicrocystis specimens were correlated with sediments associated with a
restricted supratidal or intertidal lagoonal mudflat environment (Hofmann and Jackson,
1994). For the second case, taxa may be found in rocks associated with multiple
environments within a deposit, but greater or smaller proportions of those taxa are
positively correlated with particular environments. In the Roper Group, for example,
large striated tubes were found in samples from each of the four depositional
environment categories, but there was a greater proportion of these fossils associated with
host rocks from a lower shoreface to inner shelf environment (Javaux et al., 2001).
The segregation patterns of the fossils from the Chamberlain and Greyson
Formations include both diagnostic taxa and diagnostic proportion indicators that are
consistent with water-depth dependent segregation patterns observed in other
Mesoproterozoic deposits (Table 2). Coniunctiophycus/Eomicrocystis in conjunction with
Symplassosphaeridium and Synsphaeridium is diagnostic of restricted mudflat
environments within the Bylot Supergroup (Hofmann and Jackson, 1994). Tappania
plana appears to be diagnostic of distal shelf paleoenvironments within host rocks of the
Roper Group and distal shelf shales of the Ruyang Group of China (Javaux et al., 2001).
Based on the presence of these respective diagnostic taxa within the Chamberlain and
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Greyson Formations, it is reasonable to conclude that the sediments from these
formations were likely deposited under differing paleoenvironmental conditions
associated with water depth and varying distance from the shoreline.
The relative abundance of the SCC-34 and Newland Creek taxa are also
consistent with Mesoproterozoic onshore-offshore patterns. The large, striated tubes are
distributed within the Roper Group across all four paleoenvironments, but the largest
proportion of these fossils is found in the lower shoreface/inner shelf environment
(Javaux et al., 2001). The SCC-34 assemblage also contains a much larger proportion of
large, striated tubes than the Newlan Creek assemblage (Table 2). Valeria lophostriata is
only reported from host rocks interpreted as having formed in marginal marine
environments of the Roper Group of Australia (Javaux et al., 2001). The taxon is found in
rocks associated with 5 of 9 different environments within the Bylot Supergroup, but the
greatest proportion is from the Arctic Bay Formation which is mostly interpreted to have
formed in transgressive semirestricted intertidal to subtidal turbiditic muddy shelf
environments (Hofmann and Jackson, 1994). Similarly, V. lophostriata occurs as a much
greater proportion of the SCC-34 assemblage than of the Newlan Creek assemblage
(Table 2). Satka favosa specimens dominate assemblages from rocks associated with a
marginal marine environment of the Roper Group and are not found in any rocks from a
distal shelf or deeper environment (Javaux et al., 2001). By comparison, there are at least
three specimens of S. favosa from the SCC-34 assemblage, but only one reported from
the Newlan Creek assemblage despite greater sampling of the Newlan Creek locality
(Table 2). The remaining taxa show no or weak correlation between inferred
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paleodepositional environment and relative fossil proportions, or are too morphologically
ambiguous to be compared across the different deposits with confidence (Table 2).
Considered altogether in comparison to shales from the Roper Group and the Bylot
Supergroup, the greater relative abundance of V. lophostriata, large striated tubes and
Satka favosa within the SCC-34 assemblage would indicate that the SCC-34 shales
formed in an environment with much shallower water than shales found along Newlan
Creek.
The limited sample size of taxa such as Coniunctiophycus,
Symplassosphaeridium, and Satka are the most obvious limitation of the available SCC34 dataset. A persistent challenge to working with early Mesoproterozoic microfossil
assemblages is that the signal of assemblage diversity deteriorates in host rocks of
progressively older age throughout the Proterozoic (Knoll et al., 2006). Additionally, as
the available quantity of host rocks also diminishes with progressively older age, there
are fewer accessible exposures of rocks with which to explore correlations between
sedimentology and paleontology datasets (Knoll, 2003). As a result, correlations between
early Mesoproterozoic rocks become inherently limited by paleontological or lithological
dataset complexity. However, the Belt Supergroup assemblage is unique in that it
preserves ensembles of pluricellular aggregations that are typical of late Mesoproterozoic
and early Neoproterozoic biozonation patterns. The use of more diverse and greater
numbers of microfossils to draw correlations between assemblage composition and
paleoenvironment opens the possibility for using subtle differences in microfossil
assemblage patterns to infer a wider range of paleodepositional environments from
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otherwise monotonous sediment sequences of the Belt Supergroup. Such an effort must
build upon a more robust assessment of lithofacies indicators from the SCC-34 and
Newlan Creek sediments than has previously been conducted for rocks from the lower
Belt Supergroup, though the models that have been built to date lend support to the
correlations made here only on the basis of microfossil occurrences.
A comparison of existing interpretations of the depositional settings of the
Chamberlain and Greyson Formations is consistent with the observed Mesoproteorzoic
onshore-offshore interpretation of the fossil data. The SCC-34 core mostly consists of
thinly laminated black shale with periodic sand-filled cracks (syneresis or subaerial
mudcracks) and fine-grained silt/sand lenses with very fine ripple cross-laminations and
shallow scours, which has been interpreted as indicating a low-energy mudflat
environment (Godlewski and Zieg, 1984). As reviewed in the previous chapter, the
Greyson Formation is notable for its absence of macroscale sedimentary structures or any
other lithological or biological indicators of water depth or depositional setting. However,
the unit has been interpreted as having formed during a prolonged transition between a
subtidal, basin-like environment of the underlying Newland Formation to a shallow
water/subaerial environment of the overlying Spokane Formation (Graham et al., 2012).
Inferring between the water depths implied in these two environments would indicate
water depths consistent with a shallow shelf environment, though exact depths are
impossible to determine on the basis of the reported data (Lydon, 2007).
It is important to note key differences between the Roper Group, Bylot
Supergroup and Belt Supergroup fossiliferous host rock units when comparing the
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available paleontology and sedimentology datasets. Although the total thicknesses of the
Belt Supergroup within the Helena Embayment, the Roper Group and the Bylot
Supergroup rock packages are roughly equivalent, the lower Belt Supergroup is broken
into only six units of greater average thickness compared to the numbers of units that
make up the Roper (13) and Bylot (9) distinct rock packages. Additionally, the Roper
Group has been interpreted as recording up to six broadly progradational deposition
sequences, and the Bylot Supergroup records numerous cyclic, fault-induced prograding
shallow marine sequences (Abbott and Sweet, 2000; Hofmann and Jackson, 1994). In
contrast, the Helena Embayment (which contains all of the fossils reported from the
Chamberlain and Greyson Formations) records only a single transgressive event (Graham
et al., 2012). The Belt Supergroup therefore records fewer changes in depositional
environment, and those changes would likely have occurred on much longer time scales
than recorded within units of either the Roper or Bylot rock packages. The extent of
exchange between the water column of the Belt Basin and the open marine environment
is also largely unknown (Lydon, 2007). However, building on the first order biozonation
framework established by contrasting the Chamberlain and Greyson assemblages, it may
be possible to isolate subtle changes in depositional environment that are not apparent in
the lower Belt Supergroup host rock lithofacies models by measuring fossil assemblage
composition changes throughout correlative units of the Helena Embayment.
Notably absent from the literature covering paleoenvironmental reconstructive
efforts is an examination of onshore-offshore microfossil assemblage signals, if any, from
the early Mesoproterozoic basins of India. Within Mesoproterozoic assemblages from
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North America, Australia, Russia and China, acanthomorphic acritarchs such as
Tappania are not commonly reported in association with synaplomorphic acritarchs such
as Coniunctiophycus (Eomicrocystis) or Synsphaeridium, yet in the Indian literature,
Eomicrocystis is commonly reported alongside Tappania at the level of rock units
(Nagovitsin, 2009; Prasad et al., 2005; Javaux et al., 2001; Yin, 1997). An assessment of
an onshore-offshore assemblage correlation would require a detailed discussion of
lithofacies, which is lacking in the Indian literature (Prasad et al., 2005). Further
examination of the spatial and stratigraphic relationship between these two groups of
fossils within Indian sedimentary rocks may elucidate new aspects of a Mesoproterozoic
onshore-offshore model correlated with microfossil occurrence, which in turn may lead to
more insights regarding the depositional environments recorded in sedimentary rocks of
the Belt Supergroup.
The paleobiology of the SCC-34 assemblage provides some indication that it may
be possible to discern subtle changes in paleoecology within otherwise monotonous units
of the Helena Embayment. The Leiosphaeridia, Valeria, Synsphaeridium,
Symplassosphaeridium and longitudinally-striated tube fossils are unusually large
organic-walled fossils for the early Mesoproterozoic, commonly exceeding 200 µm in
maximum dimension. From the perspective of effects on sedimentation, individual
organisms or colonies of this size could have exerted a stronger and more coordinated
biostabilizing influence at the sediment-water interface than could prokaryotic biofilms
alone. Though subtle, these stabilizing influences would have produced a greater
diversity of sedimentological structures that may in turn be used to discern
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paleoenvironments within monotonous sequences of fine-grained rocks such as
mudstones than has been previously reported. With the exception of Leiosphaeridia,
these larger taxa are noticeably absent from the Jefferson Creek assemblages previously
reported from the Chamberlain by Horodyski (1993), even though the layers sampled at
Jefferson Creek and within the SCC-34 drillcore are approximately stratigraphicallyequivalent layers found just above the gradational contact between the underlying Neihart
Quartzite. One major difference between the two locations with respect to basin structure
is that the Jefferson Creek Chamberlain rocks were deposited and preserved as relatively
undeformed pre-rift deposits further inland within the basin (Lydon, 2007; Horodyski,
1993). By comparison, the Black Butte/Sheep Creek layers were exhumed from just
within the rim of the basin-bounding rift zone that was likely active at the time of
deposition (Graham et al., 2012). For a unit that may have been deposited with little
vertical relief within the Belt basin, detecting subtle differences in lateral fossil
assemblage composition may enable the detection of more refined paleoenvironmental
zones.
Conclusions
A significantly expanded microfossil assemblage was reported from the SCC-34
drillcore of the Chamberlain Formation from the Black Butte/Sheep Creek area,
Montana, USA. The assemblage includes abundant Leiosphaeridia, Valeria lophostriata,
longitudinally striated tubes and Synsphaeridium, along with isolated occurrences of
Coniunctiophycus, Symplassosphaeridium and Satka. The assemblage is characterized by
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relatively large fossils (greater than 160 µm in size) compared to other assemblages of
early Mesoproterozoic age and most specimens from the Newlan Creek assemblage of
the Greyson Formation. In conjunction with other Chamberlain Formation assemblages
reported from the Jefferson Creek locality, and in comparison with the newly discovered
fossil assemblage reported from the Newlan Creek locality, the differences between the
assemblages from the two units of the Helena Embayment are most likely attributable to
biozonation of the original organisms driven by variation in water depth within the basin
at the time of deposition. The onshore-offshore microfossil segregation pattern is
consistent with that of the 1.2 Ga Bylot Supergroup, indicating that comparable biozones
were found in marginal marine/intratidal to supratidal mud flat and shallow shelf
environments throughout the Mesoproterozoic.
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CHAPTER 4: ONTOGENETIC RECONSTRUCTION OF MICROFOSSILS BASED
ON VISIBLE MORPHOLOGICAL CHARACTERS
Introduction
Eukaryotic organisms have a unique capacity to evolve complex developmental
pathways, ultimately yielding the kingdoms of complex multicellular organisms that
define the modern biosphere. However, the timing of the origin of the eukaryotic cell
(eukaryogenesis) and the nature of the genetic relationship between early eukaryotes,
bacteria and archaea remains unclear (Koonin, 2010). Though the latter part of the
eukaryote evolutionary trajectory can be broadly reconstructed from the fossil record, the
paleontological signal dissipates rapidly from the base of the Cambrian (Knoll et al.,
2006). In the Ediacaran (541-635 Ma), for example, phosphatized “embryo fossils”
directly record a palintomic cell division program comparable to that found in metazoans,
non-metazoan holozoans and/or volvocalean chlorophytes (Butterfield, 2011), while
clusters of smaller cells exhibit anatomical and cytokinetic patterns diagnostic of
florideophyte red algae (Xiao et al., 2004). Prior to the Ediacaran, reassembly of original
organism body plans using taphonomically and ontogenetically isolated microfossils has
identified a number of distinct multicellular eukaryotes, including siphonocladalean and
hydrodictacean chlorophytes (green algae), bangiophycean rhodophytes (red algae) and
possible fungi (Butterfield, 2009, 2005).
There is a potential for extending a similar reconstructive approach as that applied
to Neoproterozoic and late Mesoproterozoic organisms back further in time, particularly
in light of the large size, morphological variability and multicellular constitution of
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various Proterozoic ‘acritarchs’, not least Tappania plana, the oldest well-dated,
demonstrably eukaryotic body fossil on record (Javaux et al., 2001). One strategy for
establishing taxonomic resolution may involve the isolation of morphological signals that
are correlated with expressions of cell polarity. Cell polarity is the development of
asymmetry within a cell, which can manifest as physical changes in cell shape or the
localized distribution of molecular components (Drubin and Nelson, 1996). Cell polarity
provides information for cell axis formation, patterning, growth and asymmetric cell
division (Heidstra, 2007). For many eukaryotes, cellular morphogenesis and division
patterns reflect a complex interaction and rearrangement of subcellular components that
establish internal cell polarity (Bähler and Peter, 2000). Eukaryotes respond to
intracellular and extracellular cues to direct cell growth and division; selecting sites of
polarized growth and division is crucial for the development of both unicellular and
multicellular organisms (Bähler and Peter, 2000), and cell polarity patterns are often
unique to organisms at high taxonomic levels. Morphological expressions of cell polarity
often become pronounced during cell division or other reproductive transformations, as
the mitotic spindle orients itself relative to the nucleus and cell membrane, using the
cytoskeleton as a scaffold to direct the distribution of resources throughout the cell
replication process (Drubin and Nelson, 1996).
I hypothesize that it may be possible to reconstruct ontogenetic series by reference
to measurement of distinct morphological expressions of cell polarity, such as the
presence and relative spatial orientation of a major axis, cell division patterns or plastic
modifications (morphogenesis) of the cell exterior. By extension, reconstructing
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ontogenetic series may elucidate relationships across fossil form taxa that would
otherwise remain obscured by intraspecific variation or taphonomic degradation. Here I
(i) describe potential ontogenetic series constructed from different groups of microfossils
from the Chamberlain and Greyson Formations of the lower Belt Supergroup (~14541580 Ma) of central Montana, and (ii) infer elements of the developmental programs of
the original organisms on the basis of distinctive morphological expressions of cell
polarity, cytokinesis and cell replication.
Geological Setting
The Belt Supergroup is a package of mostly siliciclastic and carbonate shales
exposed throughout Montana, Idaho, Washington, and southern Canada. The primary
body of the deposit resembles a northwest-trending rift, with a shallower failed rift
known as the Helena Embayment extending to the east in central Montana where the
deposit borders the Dillon block of the Wyoming Craton. The depositional setting has
been the subject of ongoing discussion; geochemical and mineralogical data indicate a
marine influence (Chandler, 2000; Lyons et al., 2000; Frank et al., 1997; Hall and Veizer,
1996; Schieber, 1993), Winston (1999, 1986) argues for a lacustrine setting based on
sedimentological data, and Cressman (1989) and Pratt (2001) argue for an intermittently
restricted epeiric sea.
A general depositional trend is apparent, however, with the lower Belt
Supergroup rocks characterized by higher subsidence rates, deeper water depositional
environments and syndepositional normal faulting (Lydon, 2007). The subsidence rates
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of the middle and upper parts of the Belt Supergroup taper off relative to the lower Belt
Supergroup, with shallow water and subaerial depositional environments becoming
predominant (Lydon, 2000). The fossils in this study were sampled from the Lower Belt
units of the Chamberlain and Greyson Formations, which are found only in the Helena
Embayment.
The Chamberlain Formation is a wavy laminated to bedded black shale, siltstone
and thin sandstone unit that ranges from ca. 460-945 meters in total thickness in the
northern parts of the Helena Embayment (Keefer, 1972; Walcott, 1899). Exploratory
drilling in the Black Butte/Sheep Creek area (Figure 2, location 2; Chapter 3, this
volume)(Zieg et al., 2013; Graham et al., 2012), ca. 20 km SW of the Jefferson Creek
outcrop, produced cores through portions of the Chamberlain Formation, including one
(SCC-34) with a record of the transition from the upper Neihart to the lower
Chamberlain. The core mostly consists of monotonous, gently-dipping, thinly laminated
black shale with large-scale, soft folds and slope-adjustment microfaults. The monotony
of the sequence is broken by periodic sand-filled cracks (syneresis or subaerial
mudcracks) and fine-grained silt/sand lenses with very fine ripple cross-laminations and
shallow scours, which may indicate a low-energy mud deposit that was punctuated by
ephemeral low-to-medium-energy deposits of silt (Graham et al., 2012). The lowermost
100 meter section of the Chamberlain is consistent with an interpretation of deposition
within a mudflat environment (Godlewski and Zieg, 1984). This interpretation is
consistent with an interpretation of the lower Chamberlain Formation as recording a
mudflat environment based on a comparison with assemblage patterns from other
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Mesoproterozoic deposits (Chapter 3, this volume). The Newland Formation, though
composed of a substantial fraction of claystone, was not extensively investigated for
microfossils since carbonates recrystallize at lower temperatures and pressures than do
siliciclastic shales (Horodyski, 1993).
The Greyson Formation is a transitional siliciclastic shale unit, underlain by the
deeper-water carbonate shale Newland Formation, and overlain by the shallow Spokane
Formation redbed shale. The upper and lower contacts are both gradational (Chapter 2,
this volume). The fossils were recovered from an outcrop composed of light green to gray
shale with regular, alternating light and dark laminae that are a few millimeters thick. The
lower part of the Greyson is almost entirely shale with intermittent lenticular sandstone
layers. The upper part of the Greyson contains up to 30% fine-grained sandstone as it
transitions to the overlying Spokane Formation. The lack of readily identifiable
sedimentary structures within the Greyson has inhibited development of a detailed
interpretation of its depositional environment; however the composition and relative
proportions of the microfossil assemblage of the Greyson has been used to infer an
environment with water depths comparable to a lower shoreface/distal shelf-environment
(Chapter 3, this volume).
Methods
Shale samples from both the Chamberlain (SCC-34 drillcore) and Greyson
(Newlan Creek outcrop) Formations were broken into 1-3 cm sized fragments and
allowed to disaggregate with minimal agitation in 48% concentrated hydrofluoric (HF)
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acid, following techniques outlined in Butterfield et al., 1994 (see Chapters 2 and 3 for
summary of sample locations and assemblage context). The slurry was rinsed and passed
through a 32 µm mesh sieve, and the fraction remaining in the sieve examined for
microfossils using an Olympus SZ-1145 binocular microscope. Microfossils were picked
from the fraction using a micropipette, transferred to a microscope slide and preserved in
Petropoxy 154. Images were obtained using a Nikon Eclipse LV100 POL with mounted
Nikon DS-2MV Axial Camera. Images at multiple focal planes were combined using the
CombineZ program. Specimen images were arranged using Adobe Photoshop CS8.
The reconstructed series of microfossils utilize two or more morphological
features within any particular category of microfossils to minimize the likelihood of
conflating ontogenetic stages with intraspecific (within a group of original organisms),
interspecific (across different groups of similar-looking original organisms) or
taphonomic (owing to differing circumstances of preservation) variants. These features
include vesicle size, vesicle opacity, presence or absence of internal
compartmentalization within vesicles, or relative orientation of features with reference to
the center of vesicles including major axes, minor axes and plastic modifications of the
vesicle wall including arcuate protrusions, bulbous protrusions, triangular protrusions or
filament-like structures of varying sizes.
Results
Fossils obtained from the Chamberlain and Greyson Formation were grouped and
categorized according to morphological form taxa established for Proterozoic
microfossils (Butterfield et al., 1994; Hofmann and Jackson, 1994; Knoll et al., 1991), as
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described in Chapters 2 and 3 of this volume. Most fossils possessed morphological
attributes that were consistent with previously-erected form taxa such as Leiosphaeridia,
Tappania, Valeria, Dictyosphaera, Caudosphaera and Gemmuloides. However, there
was significant morphological variability within and amongst these groups such that it
was possible to construct series by correlating two or more morphological attributes.
The simplest and most easily recognizable series derive from a comparison of the
relative radial orientation of concentric striations, elongation axes of the vesicles, and
furrows along the periphery of Valeria lophostriata specimens (Figure 23). The
orientations of the poles of striations provide convenient reference points on the surface
of the respective vesicles since they are present on all specimens. Most specimens are
spheroidal in shape with a single network of concentric striations (Figure 23.1). However,
many vesicles are elongated along a particular axis, and the relative orientation of this
major axis is parallel to an axis formed by the poles of striation through the centroid of
the vesicle (Figure 23.2-23.4). Among elongated vesicles, furrows predominantly occur
along one or both sides of the vesicle periphery, which constrict inward towards the
vesicle centroid and are regularly located equidistantly from the poles of concentric
striations (Figure 23.3-23.6). Two specimens are almost completely constricted along the
axis of the furrows (e.g., Figure 23.7). Electron microscopy of the vesicle surfaces
between the furrow constrictions show no delineation between the respective vesicles,
indicating that they are not coenobial Valeria vesicles.

106

Figure 23. Potential ontogenetic reconstruction of Valeria lophostriata using relative
orientation of poles of striation, vesicle furrows and vesicle long axes. Specimens from
the SCC-34 drillcore of the Chamberlain Formation, Belt Supergroup, Montana. Black
lines indicate poles of concentric striations on each specimen. Black arrows indicate
location of furrows along vesicle periphery.
Caudosphaera winstonii specimens exhibit regular morphological variation as
indicated by relative orientation of the major axis of the darkened vesicle to the whip-like
filamentous extensions that characterize the form taxon (Figure 24). The majority of
specimens have only a single, globose opaque vesicle attached to a single, translucent
filament (Figure 24.1-24.3). In these specimens, the filament is easily discernible where it
joins the vesicle at an abrupt angle though it is contiguous with a thin envelope that
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covers the vesicle. A smaller number of vesicles have two filaments which are attached at
opposite ends of the vesicle along the vesicles major axis (Figure 24.4-24.5). One of
these filaments joins the vesicle at an abrupt angle as is the case for specimens that are
attached to only one filament. The second filament joins the vesicle with a chamfered
edge and a continuous gradation of opacity from the vesicle into the filament (black
arrows in Figure 24.4-24.5). Finally, some specimens have filaments that terminate in
small, translucent vesicles of similar material and consistency as the filaments (black
arrows in Figure 24.6 and 24.1). One specimen (Figure 24.1) possesses a filament
attached to an opaque vesicle that is slightly different than the remaining filament, but
also appears to be coupled to the filament network with at least one bifurcation.
Bifurcations such as this are observed in four other specimens.

Figure 24. Potential ontogenetic reconstruction of Caudosphaera winstonii. Series
reconstructed using relative radial orientation of sharp- and gradation-edged opaque
vesicles to vesicle long axes.

108
The most morphologically variable fossils within a particular form taxonomic
group were specimens of Tappania plana (Figure 25). The fossils exhibit regular
constriction of arcuate projections from the central vesicle (Figure 25.1-25.5). In
specimens with multiple arcuate projections, the projections can be found at different
stages of constriction (e.g., Figure 25.3-25.5). There are a range of specimens that exhibit
variable numbers of processes around the central vesicle (Figure 25.6-25.10), with a
correlation between number of processes and increased central vesicle size. Two
specimens, however, exhibit arcuate projections that have extended away from the central
vesicle and have proliferated smaller vesicles on the hemisphere opposite the projection
(Figure 25.11-25.12). The maximum vesicle length of Tappania with processes were
measured and plotted as a function of number of processes (Figure 25.13).
After full constriction, Tappania specimens are indistinguishable from coenobial
Leiosphaeridia (Figure 26). The relative sizes of attached Leiosphaeridia range from 598% when measured as a ratio of small vesicle diameter to large vesicle diameter (Figure
26.1-26.10). The relative sizes and grayscale values of coenobial Leiosphaeridia were
analyzed to ascertain whether there was a positive correlation between conjoined vesicle
size (Figure 26.11, horizontal axis) and vesicle opacity (Figure 26.11, vertical axis).
Decreasing values on the vertical axis indicate decreasing opacity since the smaller
vesicle allowed more light to be transmitted than the larger vesicle. The relative sizes and
grayscale values of the smaller to larger vesicles were measured from 31 specimens with
a total of 41 coenobial vesicles analyzed (Figure 26.11). The smaller vesicles exhibit low
opacity as grayscale ratio values drop to a minimum of about 0.3 for the size range from
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5-37% relative to the larger vesicle. However, for the size range from 37-97%, the
smaller vesicles exhibit a trend of increasing opacity with increasing size. The grayscale
values of the smaller vesicles approach parity with those of the central vesicles as vesicle
size ratios also approached parity.

Figure 25. Potential ontogenetic reconstructions of Tappania plana. Series constructed
using degree of arcuate constriction, relative orientation of arcuate projection to smaller
attached cells, size of central vesicle and number of processes. 25.1-25.5. Sequential
emergence (1-2) and constriction (3-5) of arcuate extensions. 25.6-25.10. Sequential
proliferation of tapered processes from central vesicle. 25.11-25.12. Sequential extension
of arcuate extension outward from central vesicle, along with proliferation of smaller
vesicles from distal hemisphere (opposite arcuate extension). 25.13. Number of
processes plotted versus vesicle size for Tappania plana from the Greyson Formation,
Belt Supergroup, Montana (n=12). Scale bar is 50 micrometers for all specimens.
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Figure 26. Potential ontogenetic reconstruction of coenobial Leiosphaeridia from the
Greyson Formation. Series constructed by comparing ratio of small:large vesicle size
with relative grayscale ratios of dark:light vesicles as a proxy for membrane opacity.
26.1-26.10. Arrangement of specimens according to size ratio of small-to-large attached
vesicles. 26.11. Ratio of grayscale values of small-to-large vesicles plotted as a function
of ratio of small-to-large vesicle size. Vertical values are average grayscale ratio, with
vertical bars representing 1-σ standard deviation of grayscale ratio values. Horizontal
values are ratio of maximum small vesicle length to maximum large vesicle length, with
horizontal error values representing ratio maximum error.
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Two groups of fossils exhibit morphological variation consistent with controlled
breaking of vesicle membranes. The simplest come from a group of unnamed,
acanthomorphic acritarchs with amorphous dark masses at their centers (Figure 27). The
acritarchs are characterized by distinct triangle-shaped protrusions of the vesicle wall that
are located approximately 120 degrees about the center of the vesicle relative to a
bulbous protrusion (Figure 27.1-27.3). The triangle-shaped protrusions exhibit varying
lengths of a split along a line from the outer tip to the center of the vesicle (arrows,
Figure 27.2-27.4). A single specimen shows the central dark mass located near the
periphery of the vesicle with halves of the triangular protrusion visible on either side of
the mass (arrows, Figure 27.5). Specimens in the group are regularly associated with an
amorphous, semi-translucent external mass (e.g., Figure 27.3-27.4) that does not appear
to be contiguous with the vesicle membrane.

Figure 27. Formation and splitting of triangular protrusions around unnamed
acanthomorphic specimens. Scale bar is 50 µm for all non-zoomed images, 14 µm for
zoomed images 1-4, and 25 µm for zoomed image 5.
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Specimens of Dictyosphaera delicata also exhibit a pattern of breaking of the
vesicle membrane (Figure 28.4-28.6) that are not observed in specimens of any other
taxon. The breaking of the vesicle wall results in two hemispherical halves of exactly
equal size for specimens that exceed ca. 150 micrometers in diameter. The rims of the
ruptured vesicle walls are smooth and curvilinear in shape. Of the ten specimens
available, five of the largest specimens exhibit variable degrees of longitudinal splitting,
from partial (e.g., Figure 28.4) to complete (Figure 28.6). Additionally, the specimens cooccur with dozens of small spheres of approximately equal size to the surface reticulation
pattern (arrows, Figure 28.7-28.9). These smaller spheres are found along the outside of
the Dictyosphaera vesicles in varying stages of constriction (arrows, Figure 28.7-28.8)
and along the inside surfaces of split vesicles (Figure 28.5 and 28.6).
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Figure 28. Partial ontogenetic reconstruction of Dictyosphaera delicata. 28.1-28.3. Intact
spheres of varying size. 28.4-28.6. Specimens with varying degrees of longitudinal
vesicle splitting. 28.7-28.9. Uniformly-sized spheres equal in diameter to reticulate
surface pattern associated with the exterior (28.7, 28.8) and interior (28.9) surfaces and
interior darkened masses (28.3, 28.5). Scale bar is 50 µm for all non-zoomed specimen
images, 12 µm for all zoomed images.
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Discussion
The Belt Supergroup fossils exhibit a variety of morphological features that can
be interpreted as representing gradual sequences of controlled morphological change.
There are no universally definitive or diagnostic characteristics that prove eukaryotic
affinity on the basis of morphology alone, but eukaryotic affinity is indicated for each of
the fossil groups described here on the basis of a collection of general morphological
characteristics, including size, wall ornamentation, processes extended from a vesicle
wall and possible excystment structures (Javaux, 2007). These characteristics are
indicative of eukaryotes because they require (i) direction and coordination of internal
cellular resources by a sophisticated cytoskeletal apparatus, and (ii) delivery of those
resources to a sophisticated endomembrane system capable of morphological plasticity,
both of which are known only from eukaryotic organisms (Javaux, 2007). The
morphological changes observed in the Belt Supergroup fossils are consistent with the
presence of both of these particular subcellular components.
The observed morphological changes may be attributable to different causes,
including variable taphonomy (differential preservation or degradation of the original
organisms), artificial categorization of genetically distinct but morphologically similar
groups of natural organisms into form taxa or convolution and co-preservation of
multiple specimen fragments from genetically unrelated organisms atop one another.
However, an ontogenetic interpretation for the observed morphological changes is
provided as the most parsimonious possibility in each case. This interpretation is
provided as there is consistency across multiple characteristics associated with each of
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the morphological changes: (i) surface ornamentation, furrow formation and major axis
formation of Valeria; (ii) relative vesicle opacity and sizes of coenobial Leiosphaeridia;
(iii) size and number of filaments of Tappania; (iv) relative orientation of triangular and
bulbous protrusions of the unnamed acanthomorphs, (v) relative orientation of filaments
and major axes about the opaque vesicles of Caudosphaera; (vi) size and regularity of
longitudinal splitting of Dictyosphaera.
A taphonomic interpretation is possible but unlikely for each case. Within each
taxonomic category there are specimens that have been torn or damaged, but there is no
correlation between morphological characteristics and degree of fossil degradation. Torn
edges are clearly visible and discernible from edges shaped by controlled growth, even
when those growth patterns are random (as in the case of proliferation of asymmetric
processes from a central vesicle, see Figure 25.9-25.10). While degradation may destroy
evidence of original relative orientation patterns (Hughes, 1999; Hughes and Chapman,
1995; Briggs and Williams, 1981), there are no known taphonomic processes capable of
exerting preservational bias that would artificially create the consistency of morphometric
patterns observed in all five reconstructed series. This does not mean that the fossils have
no possible taphonomic bias. However, given the small probability of an organism having
been preserved as a microfossil at all, it is most likely that the ontogenetic series that we
can reconstruct represent only a small subset of the lifecycles of the original organisms
(Wilson and Butterfield, 2014). In light of the small probability of preservation of any
members of a naturally-occuring group of genetically-related organisms, it is clear that
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the most significant weakness of this and similar ontogeny reconstructive efforts will
always be insufficient sample size.
On the basis of the consistency and complexity of cellular transformations
observed here the organisms can reasonably be interpreted as protistan-grade eukaryotes,
though it is difficult to affiliate these morphological attributes with phylogenetic groups
of organisms below the level of domain. If correct, the series provide insight as to
morphological manifestations of the development, use and sophistication of subcellular
components that are not preserved in the fossil record. Cell division patterns in particular
require careful accounting, spatial coordination and replication of internal cellular
components to ensure the production of viable daughter cells with the full complement of
subcellular organelles (Pollard, 2010). The putative Valeria series exhibits a regular
pattern of constriction of the cellular membrane along selected axes into equidimensional
daughter cells, a pattern that is relatively common amongst many different groups of
eukaryotes (Nanninga, 2001). The constriction of Tappania into highly asymmetricallysized smaller vesicles about 30% of the size of the central vesicle, and the consistent
growth of asymmetrically-sized coenobial Leiosphaeridia into equally-sized mature
vesicles indicates that at least one group of the original organisms likely replicated
through a process that superficially resembled budding. This extreme size asymmetry in
parent/daughter cell replication is known from budding yeast, but represents an endmember case along a spectrum of size asymmetry reported across many different
eukaryote groups (Knop, 2011).
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Tappania are also notable for exhibiting asymmetric-distributed, variable
numbers of processes from the central vesicle. There is an observed correlation between
number of processes and size of the central vesicle amongst Belt Supergroup specimens,
indicating that larger organisms were capable of producing greater numbers of filaments.
Butterfield (2005) constructed a case that Tappania from the Roper Group of Australia
were a sister group of the higher fungi (Ascomycota+Basidiomycota). Tappania
specimens from the Belt Supergroup provide further morphological evidence that is
consistent with this interpretation. Dimorphic fungi, consisting mostly of Ascomycota,
are able to switch between a filamentous and budding growth habit in response to a
complex set of environmental stimuli (Klein and Tebbets, 2007; Nickerson et al., 2006).
Most notably, fungi respond to clement conditions with a filamentous growth habit,
which increases the surface-to-volume ratio to facilitate rapid uptake of nutrients that
support metabolic activity. Conversely, fungi respond to poor conditions with a budding
growth habit, which allows for rapid dispersal of daughter cells and an increased
probability of continued survival while also providing increased protection against
inclement conditions such as desiccation or suboptimal growing temperatures (Romano,
1966). The correlation between vesicle size and number of processes in Tappania from
the Belt Supergroup is not, in itself, supportive of a fungal affinity, as the biophysics of
growth by filaments would not be unique to any particular group of organisms. However,
the ontogenetic combination of growth by constriction of arcuate projections into
asymmetrically smaller vesicles and growth by filament proliferation is sufficiently
unique to provide support for interpretation as fungi.
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Evolution has found many ways to accomplish asymmetric cell division, which is
manifested on a continuum across many major groups of organisms. Cytoskeletal
modification and anchoring are common starting points beyond which little conservation
is apparent across different eukaryotic groups, and the molecules that mediate common
processes and details of their action are fairly diverse (Piano and Kemphues, 2000).
However, cell division is distinct in several ways between animals/fungi, algae and
plants. First, in algae, fungi and animals, microtubule nucleation takes place at
microtubule-organizing centers (MTOCs) such as the centrosomes associated with the
poles of the mitotic spindle that determine the direction of chromosome segregation
during mitosis (Xiang and Oakley, 2010). Plant cells lack discrete MTOCs but assemble
highly ordered arrays of microtubules from nuclear polar caps that anticipate the mitotic
spindle to coordinate cell division (Karp, 2009). Second, physical cell division or
cytokinesis in fungal and animal cells involves inward constriction by an actinomyosin
contractile ring that pulls inward on the plasma membrane (Barr and Gruneberg, 2007).
By contrast, plant cell cytokinesis occurs from the center toward the cell periphery
(Heidstra, 2007). Though plants, algae, and ciliates have other types of myosins, none
have been implicated conclusively in cytokinesis (Pollard, 2010). A cell division pattern
exhibited by the constriction of an oblong protrusion of Tappania into a smaller attached
daughter vesicle is consistent with the action of an MTOC (or its ancestral equivalent)
and an actinomyosin ring. These attributes provide some evidence for placement of the
original organisms within the ancestral lineage of these groups, the opisthokonta.

119
Resolving below the level of opisthokonta is challenging due to the possibility of
homoplasy, but morphological and taphonomic factors would seem to bias assignment to
stem lineages of opisthokonta more closely related to fungi (Martin et al., 2003). From a
morphological perspective, Knop (2011) points out that budding cell division, whereby a
daughter cell forms adjacent to the mother cell that itself does not change in shape during
the reproduction process, is probably the major unifying characteristic of yeast species.
Even on a continuum of asymmetric cell division processes across all eukaryote groups,
the formation of buds that are ~20-30% the size of parent vesicles represents an extreme
in disproportionate size of replicating cells. Bud formation sharply contrasts with typical
cell division processes that involve partitioning of the original cell into two equal cells
found in many other organisms including bacteria, animalia, plants and even other fungi
(Knop, 2011). On the basis of morphological observations of cell constriction and
cytokinesis, which always occurs at the neck of the bud in yeast, the pattern observed in
the fossils is almost identical to the pattern exhibited by yeast. The comparison extends to
finer details such as the relative size of the protrusion at time of constriction (~20%,
Figures 25 and 26) and the point at which the daughter cell matures, as inferred from the
parent/daughter grayscale ratio values as a function of daughter cell size (~80%, Figure
26.11). Finally, from a taphonomic perspective, it is difficult to imagine that organisms
lacking a cell wall would have been preserved so readily and so uniformly within rocks
of such age. Animalia lack cell walls entirely, and fungi characteristically have cell walls
made of chitin. While neither of these factors provides conclusive evidence, they do
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imply some bias toward resolution as ancestral, stem-group eukaryotes with a chemically
resistant cell wall exterior.
A second type of potential growth by filament formation is indicated by
reconstructed series of Caudosphaera winstonii. Caudosphaera filaments are uniformly
about 10-20 µm, rarely branch and only one filament emerges from each opaque vesicle.
Caudosphaera filaments occasionally bulge along their length (as in Figure 24.5) and
propagate for hundreds of µm in length. By comparison, Tappania filaments are
uniformly ca. 5-8 µm in width, branch occasionally and proliferate from a central vesicle
with up to 20 simultaneous growth sites (as in Figure 25.10). The size, emergence and
branching patterns of the respective filament growth patterns are readily distinguishable.
The Caudosphaera morphometry and ontogenetic patterns are comparable to, but not
diagnostic of, the growth patterns of coenocytic stramenopila such as Phytophthora or
Pythium (Pemberton et al., 1990).
There were two distinct types of morphological changes that indicate controlled
breaking of the external vesicle wall. Roughly half of D. delicata exhibit regular
longitudinal splitting of its central vesicle in conjunction with the proliferation of
microspherules along its inner and outer surfaces (Figure 28). Though all fossil groups
include taphonomically degraded specimens that have been torn, crushed or split, no
other fossil groups recovered from the Belt Supergroup exhibit a regular splitting pattern
of primary vesicles into exactly equal halves. In one of the intact specimens, smaller
spheres appear to be emerging from the D. delicata vesicle surface individually, at sizes
roughly equivalent to the spacing of the surface reticulations on the vesicle. This may
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indicate that the life cycle of the original organisms involved the proliferation and
propagation of the smaller spheres, and that individual spherule emergence through the
vesicle surface or mass expulsion via longitudinal membrane splitting represent two
different ontogenetic pathways of spherule dispersal. An alternative interpretation is that
the spherules are epiphytes or parasitic infestations, genetically unrelated to the original
organsisms that formed D. delicata vesicles. Another possible interpretation is that the
longitudinal splits are taphonomic in nature, and that the vesicles break along pre-existing
structural weaknesses of the original vesicle during compaction. Given the regularity of
longitudinal splitting into equal halves, the relatively large size of the fossils compared to
bacteria and a conspicuous lack of equidimensional splits among specimens from other
fossil groups of roughly equal size (Leiosphaeridia or Valeria), an ontogenetic
interpretation is more strongly supported.
The second instance of controlled breaking of the central membrane involves a
controlled reshaping of an unnamed acanthomorphic vesicle membrane into a triangular
protrusion and splitting along the length of the protrusion. As in the case of longitudinal
splitting of D. delicata, an alternative interpretation is that splitting and expulsion of
internal vesicle contents is a taphonomic artifact of the compaction and preservation of
the original organismal remains. However, an ontogenetic interpretation is indicated for
multiple reasons. The first is that the radial protrusion split, when present, extends
radially outward from the center of the vesicle to the tip of the protrusion, even when the
dark, interior mass remains inside the vesicle. The second is that no other bulbous
protrusions exhibit comparable patterns of splitting or expulsion of internal materials as a
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result of compaction, as would be expected if reshaping of the vesicle membrane simply
weakened membrane integrity. Another is the consistent placement of the triangular
protrusion at approximately 120 degrees relative to bulbous protrusions, indicating that
the formation of the bulbous and triangular protrusions are likely cellularly-controlled
morphological manifestations of a particular cell cycle stage. For example, in the modern
yeast organism Saccharomyces cereviseae, the radial configuration of emergent buds is
related to cell ploidy and cell cycle state (Sheu et al., 2000). Finally, the co-occurrence of
the splitting triangular protrusions and a compartmentalized mass within the
acanthomorphic vesicle may indicate that expulsion of internal mass was a regular feature
of the life cycle of the original organism. In this case, the triangular protrusion may be
interpreted as an excystment structure or a primitive ostiole, an expulsion structure
through which mature spores of algae or fungi are released.
The diversity of morphology and putative function as reconstructed in the various
ontogenetic series recovered from the Belt Supergroup fossils indicate that eukaryotes by
this time were potentially capable of many life cycle functions found amongst modern
protistan-grade organisms. With the exception of Valeria lophostriata, which is found in
rocks from the late Paleoproterozoic, previous microfossil recovery work on
Paleoproterozoic shales have not yielded microfossils with the morphological complexity
characteristic of early Mesoproterozoic fossils (Javaux, 2007). One possibility is that
eukaryotes underwent at least one protistan-grade radiation throughout this period of
time. There are other lines of evidence to support this interpretation, most notably the
history of the structural diversity of stromatolites throughout the Proterozoic. As Noffke
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and Awramik (2013) point out, the shapes of stromatolites or microbially-induced
sedimentary structures (MISS) reflect the combined genetic information of all
microroganisms in the microbial mats that form them. If true, then diversification of
genetic information within a microbial mat population that would occur during a
radiation event would likely produce a corresponding diversification of stromatolitic
structures. Such a diversification pattern is observed in the reconstructed history of
stromatolitic diversity (Figure 29), which records a period of relative morphological
stasis throughout the Paleoproterozoic and a rapid increase in morphological diversity
coinciding with the approximate age of the Belt Supergroup specimens in the early
Mesoproterozoic. This particular prediction does not encompass other convoluting
influences on the historical record of stromatolites, such as sampling bias, changing
sediment flux levels, nutrient availability, salinity or grazing by metazoans (Awramik,
1992). Grazing is commonly invoked to explain the gradual decline in stromatolitic taxa
diversity throughout the Neoproterozoic (McNamara and Awramik, 1992).

Figure 29. Historical depiction of stromatoliltic taxa diversity over Earth’s history.
Reproduced from Noffke and Awramik (2013), based Awramik and Sprinkle (1999).
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Phylogenetic inferences of eukaryote diversification indicate that proliferation of
basal crown group eukaryotes may have been relatively sudden and similarly timed
(Keeling et al., 2005). According to a recent phylogenetic analysis, the unikont/bikont
split is inferred to have occurred between 1600-1300 Ma, with a rapid proliferation of the
subgroups of the amoboae, algae, excavata and opisthokonta shortly thereafter (Parfrey et
al., 2011). However, these inferences rely upon a genetic dataset that is biased by heavy
reliance upon fossils of Phanerozoic age. The starting point for all inferences is
necessarily tied to extant organisms for complete genetic information. If, as the fossil
record indicates, the mode and tempo of evolutionary turnover in the Precambrian was
significantly slower than in the Phanerozoic, then it is possible that crown group
eukaryote taxa originated much earlier than molecular evolution models calibrated with
Phanerozoic data would predict (Lücking et al., 2009). Potential ontogenetic series
developed using Belt Supergroup and other similarly-aged specimens may help to
elucidate diagnostic morphological characteristics of the original organisms that would
indicate biological affinity. These reference points would support the calculation of more
sophisticated molecular clock estimates concerning the origin and timing of early
eukaryote evolution.
Conclusions
Fossil morphometry is critical for assessing and dissecting how artificially
constructed taxonomic categories, evolutionary patterns and taphonomic processes can
obscure natural relationships between and amongst fossil groups (Webster and Hughes,
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1999). It may be possible to adapt fossil morphometric approaches that are typically
applied to multicellular organisms to relatively simple, protistan-grade eukaryotic
organisms of Mesoproterozoic age that exhibit morphological characteristics of cell
polarity. As a proof of concept, microfossils from the Belt Supergroup were organized
into series within form taxonomic groupings that may reflect the ontogeny of the original
organisms when non-random correlations between two or more physical expressions of
cell polarity are used as morphometric references. Key reproductive functions such as
filament growth, symmetric cell division, asymmetric cell division (budding) and spore
excystment were interpreted to have been in use by organisms present within the Belt
basin by 1.4 Ga. These series are potentially useful for reconstructing key developmental
attributes of the original organisms such as cytokinetic programming, gene regulatory
sophistication or life cycle complexity. Extending these reconstructive approaches may
provide insight into the utility of relying upon artificially constructed form taxa as a
proxy for overall Mesoproterozoic paleoecological diversity and macroevolutionary
sophistication.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK
The expanded microfossil assemblage of the Belt Supergroup provides an
excellent window into early Mesoproterozoic paleobiology, specifically with respect to
the cellular and developmental complexity of early eukaryotes. For the first time,
microfossils exhibiting protistan-grade complexity are described from Laurentia,
enabling a more detail paleontological comparison to fossiliferous deposits surrounding
continental cores of Australia, India and Russia. A cosmopolitan microfossil assemblage
composed of Tappania plana, Valeria lophostriata, Satka favosa, and Dictyosphaera
delicata is proposed to create a distinct biostratigraphic interval for early
Mesoproterozoic shallow marine siliciclastic shales, ranging from ~1550-1450 Ma. The
differences between the Newlan Creek (Greyson Formation) and SCC-34 (Chamberlain
Formation) assemblages are consistent with paleoecological partitioning driven by
varying water depth of the basin at time of deposition, extending this particular
partitioning pattern throughout the Mesoproterozoic for the first time. Reconstructed
partial ontogenetic series of protistan-grade eukaryote microfossils using correlations
between morphological features (spatial orientation of surface ornamentation, relative
orientation of wall restructuring features and vesicle opacity) to group and identify
multiple types of cell replication patterns. The ontogenetic series are interpreted to
represent processes such as symmetric cell division through membrane constriction,
asymmetric cell division through membrane constriction (budding), two different patterns
of mycelial/filamentous growth and excystment. The diversity of the cell replication
patterns indicates that eukaryotes had undergone at least one protistan-grade radiation by
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the early Mesoproterozoic. Ontogenetic patterns may be observed and measured within
and across microfossil form taxa, greatly extending paleontological approaches
commonly applied to specimens of Phanerozoic and Neoproterozoic age.
The Greyson and Chamberlain Formation microfossil datasets can be built upon
and expanded in different ways. The most obvious is to expand the search for
microfossils in the Belt Supergroup, using a search image formed from the host rocks of
the expanded microfossil assemblages from Newlan Creek and the SCC-34 drillcore. It is
unlikely that other drillcores in the Black Butte/Sheep Creek area were deep enough to
reach the contact with the underlying Neihart Quartzite, since the SCC-34 hole was an
exploratory core that penetrated the Volcano Valley Fault Zone (Graham et al., 2012).
However, it is likely that revisiting and focusing on Chamberlain Formation outcrops
near Neihart will yield more and better fossils (Horodyski, 1993). The Newlan Creek
fossils were also collected along a single linear transect, and even this transect is not fully
explored. More fossiliferous strata are likely to be found in this area, and at
stratigraphically equivalent layers of the Greyson Formation to the east within the Helena
Embayment.
The fossil occurrence data can also be integrated with classic sedimentological
studies of the Greyson Formation. Historically, this formation has never been associated
with minerals or petrochemical resources of economic interest, and so has remained
relatively underexplored compared to the adjacaent Newland and Chamberlain
Formations. Much of the mudstone that composes the Greyson Formation along the
Newlan Creek transect is devoid of any obvious sedimentary structure. Further
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complicating matters is the fact that the shale exposed along this transect is unusually
fine-grained compared to other nearby Greyson Formation exposures. More detailed
study of the Greyson Formation at this locality and elsewhere in the region may provide
indications as to regional paleoenvironmental heterogeneity within the unit that enabled
the preservation of the Newlan Creek fossils. A more detailed correlation of regional
lithological and sedimentological trends within the Greyson Formation may yield more
information about the evolution of its depositional environment(s), particularly when
compared to its broadly coeval counterpart, the Roper Basin of Australia (Abbott and
Sweet, 2000).
The Belt Supergroup microfossil dataset may also be used to explore the drivers
and limitations of biosignatures and taphonomic windows in Mesoproterozoic sediments.
The proximity and accessibility of the Belt Supergroup deposits enabled investigations
that were logistically difficult or impossible for fossiliferous rocks of similar age from
elsewhere in the world. The iterative search techniques employed to find microfossils
along Newlan Creek may be adapted and applied to find microfossils in mudstones of
paleobiological interest that are reasonably accessible but have not yielded microfossils
before. Alternatively, geochemical assays and clay mineralogy studies were integrated
into this thesis effort, but these studies were not explicitly tailored to paleobiological
search techniques or objectives. A more robust investigation of varying elemental
proportions, stable isotope composition or possibly molecular biomarkers of fossiliferous
versus non-fossiliferous strata within the Greyson and Chamberlain Formations is
possible and may yield new insights into microfossil taphonomy. The objective of these
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studies would be to search for geochemical proxy signals correlated with the presence or
absence of microfossils, which may be used to find more microfossilerous layers.
Looking beyond Earth, coupling geochemical signals with the presence or absence of
fossils may assist astrobiological investigations of past habitability of rocky bodies such
as Mars. At present, fossil isolation techniques such as those used in this study are
unsuitable for scientific payload packages likely to be included as part of foreseeable
surface rover suites. However, geochemical measurements that are now regularly
obtained using surface rovers may serve as a proxy for indicating the probability of
finding direct biological evidence in fine-grained sediments on Earth. These data in turn
may be adapted to guide site and sample selection for future sample return missions that
seek to maximize the likelihood of finding traces of past life on the Martian surface
(Grotzinger, 2014).
A geochemical study connecting stable isotope signals across disparate scales
may also be possible using the Belt Supergroup microfossils. Progress is being made
connecting stable isotope signals of elements such as C, N and S from individual
sedimentary basins to the larger, global-scale structure of biogeochemical cycles
throughout the Proterozoic and Archean (Farquhar et al., 2007; Farquhar and Wing,
2003; Halverson et al., 2002; Canfield and Raiswell, 1999; Hoffman, 1998). However,
with the possible exception of cyanobacteria, we have little knowledge of the evolution of
growth habits, metabolic activity and relative proportions of many of the individual
microorganisms that drove biologically-induced isotope fractionation changes over this
period of time (Williford et al., 2013). Thus, there is a theoretical and practical disconnect
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of scale when it comes to interpreting the primary datasets used to reconstruct Earth’s
evolutionary history: stable isotope signatures of host rocks largely reflect macroscale
changes in basin reservoirs and fluxes, but the biotic component of the Earth system that
drives fluxes and the innovation of new metabolic pathways is exercised at microscales
of individuals and ecological communities. This disconnect is even more pronounced
during times of great upheaval in the Earth system when biogeochemical cycles may
have been severely disrupted, such as during the Neoproterozoic (Halverson, 2006).
Understanding how to properly interpret biogeochemical coupling of carbon isotope
signatures from individual microfossils to large-scale secular carbonate and bulk organic
carbon values would provide greater insight into how habitability and macroevolutionary
trends may have changed over Earth’s history. This complementary combination of
microscale fossil morphology and macroscale isotope biochemistry can be used to
provide significant insight into the assessment of metabolism, taxonomy, taphonomy, and
paleoenvironmental conditions of Proterozoic organisms (Williford et al., 2013).
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APPENDIX A
IMAGE AND ACTUAL SIZE MEASUREMENT CALIBRATIONS
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Raw image data used for calibration

Figure A1. Raw image files measured to scale pixel measurements of distance. (a) Image
file 63x-TransmittedSnapshot1_ch00.tif, collected on Zeiss CLSM with 25 micrometer
scale bar. (b) Image file 11-4-11-M-1_Obscured_poss_caudosphaera_hairy_1f_400x.tif,
collected on Zeiss at 40x magnification (standard image from Cambridge University
equipment). (c) Image file 26085420.jpg, collected on Nikon 2XL at 60x magnification
(standard image from Montana State University equipment).

Figure A2. Raw image files measure to scale pixel measurements of distance. (a) Image
file 11-4-11-M-2-Caudosphaera-2-007.tif, collected on Zeiss CLSM with 20 micrometer
scale bar. (b) Image file 11-4-11-M-2_Oomycete_2b_400x_adjusted.tif, collected on
Zeiss at 40x magnification (standard image from Cambridge University equipment). (c)
Image file 16204211.jpg, collected on Nikon 2XL at 40x magnification (standard image
from Montana State University equipment).
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Figure A3. Raw image files measured to scale pixel measurements of distance. (a) Image
file 11-4-11-M-2-Caudosphaera_1_002.tif, collected on Zeiss CLSM with 20 micrometer
scale bar. (b) Image file 11-4-11-M-2_Oomycete_1e_400x.tif, collected on Zeiss at 40x
magnification (standard image from Cambridge University equipment).

Figure A4. Raw image files measured to scale pixel measurements of distance. (a) Image
file 11-4-11-M-3-Sphaeromorph_small_process_poss_3c_400x.tif, collected on Zeiss at
40x magnification (standard image from Cambridge University equipment). (b) Image
file 10153147.jpg, collected on Nikon 2XL at 60x magnification (standard image from
Montana State University equipment).
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Figure A5. Raw image files measured to scale pixel measurements of distance. (a)
Collected on FEM at 768x magnification with 20 micrometer scale bar. (b) Collected on
Nikon 2XL at 20x magnification (standard image from Montana State University
equipment).
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Table A1. Scale Calibration Data.
Figure A1 - Hairy specimen
Microscope
CLSM

Measure
93

pixels

25

um

473
127.1505

Cambridge

563

Conversion

0.225845

Bozeman
Conversion

Unit

958
0.132725

Magnification or µm/pixel
0.268817

um

63x- tip to tip across
specimen
63x - tip to tip across
specimen

pixels

40x - tip to tip across
specimen

pixels/um

40x

pixels

60x - tip to tip across
specimen

pixels/um

60x

pixels

File name of image measured

63x - TransmittedSnapshot1_ch00.tif
63x - TransmittedSnapshot1_ch00.tif
11-4-11-M1_Obscured_poss_caudosphaera_hairy_1f_400x.tif

26085420_corrected.jpg

Figure A2 - Caudosphaera specimen 1
CLSM

84

pixels

20

um

436
103.8095

Cambridge

449

Conversion

0.231202

Bozeman
Conversion

527
0.196982

0.238095

11-4-11-M-2-Caudosphaera-2-007.tif

pixels
um

pixels
pixels/um
pixels
pixels/um

63x - tip of stem to tip of light vesicle
40x - tip of stem to tip of
light vesicle
40x - tip of stem to tip of
light vesicle
40x - tip of stem to tip of
light vesicle
40x - tip of stem to tip of
light vesicle

11-4-11-M-2_Oomycete_2b_400x_adjusted.tif
11-4-11-M-2_Oomycete_2b_400x_adjusted.tif
16204211_40x_adjusted.jpg
16204211_40x_adjusted.jpg

Figure A3 - Caudosphaera specimen 2
CLSM

Cambridge

84

pixels

20

um

0.238095

483

pixels

115

um

63x - bottom of outside
curve to distal edge of
vesicle
63x - bottom of outside
curve to distal edge of
vesicle

pixels

40x - bottom of outside
curve to distal edge of
vesicle

518

11-4-11-M-2_Caudosphaera_1_002.tif
11-4-11-M-2_Caudosphaera_1_002.tif

11-4-11-M-2_Oomycete_1e_400x
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Conversion

0.222008

pixels/um

40x - bottom of outside
curve to distal edge of
vesicle

11-4-11-M-2_Oomycete_1e_400x

Figure A4 - Tappania specimen
Cambridge

116

pixels

40x - width of arcuate lobe

11-4-11-M-3Sphaeromorph_small_process_poss_3c_400x.tif

Bozeman

194

pixels

60x - width of arcuate lobe

10153147.jpg

40x-60x

1.672414

1.701599

40x-40x

1.114943

1.134399

Figure A5 - Valeria specimen
FEM

42

pixels

20

um

556
264.7619

Bozeman
Conversion

684
0.387079

pixels
um

pixels
pixels/um

0.47619

768x - fold/tear to tip of
fold, slightly larger
specimen
768x - fold/tear to tip of
fold, slightly larger
specimen
20x - fold/tear to tip of fold,
slightly larger specimen
20x - fold/tear to tip of fold,
slightly larger specimen

SCC34_Diad_whole_1kv.tif
SCC34_Diad_whole_1kv.tif

07191246.jpg
07191246.jpg
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Table A2. Raw Data Processed to Calculate Conversion Factors.
Figure
A1

A2

A3

A4
A5

Source
CLSM
CLSM
CU
MSU
CLSM
CLSM
CU
MSU
CLSM
CLSM
CU
CU
MSU
FEM
FEM
MSU

Mag
630x
630x
400x
600x
N/A
N/A
400x
600x
N/A
N/A
400x
400x
600x
768x
768x
200x

Measured Pixels
Scale
93
Specimen
473
Specimen
563
Specimen
958
Scale
84
Specimen
436
Specimen
449
Specimen
527
Scale
84
Specimen
483
Specimen
518
Specimen
116
Specimen
194
Scale
42
Specimen
556
Specimen
684

Length
(um)
25
127.1505
127.1505
127.1505
20
103.8095
103.8095
103.8095
20
115
115
N/A
N/A
20
264.7619
264.7619

Conversion
factor
(um/pixel)
0.268817
0.268817
0.225845
0.132725
0.238095
0.238095
0.231202
0.196982
0.238095
0.238095
0.222008
N/A
N/A
0.47619
0.47619
0.387079

CLSM is the confocal laser scanning microscope at Montana State University.
CU is the imaging microscope in the Butterfield lab at Cambridge University.
MSU is the imaging microscope in the thin section lab at Montana State University.
FEM is the field emission scanning electron microscope at ICAL at Montana State
University.
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Table A3. Conversion Factor Measurement Values.
Conversion Measurements
Figure A1
100x
200x
400x
CU
0.903379 0.451689 0.225845
A1
MSU
0.79635 0.398175 0.199087
CU
0.924806 0.462403 0.231202
A2
MSU
0.787928 0.393964 0.196982
A3
CU
0.888031 0.444015 0.222008
CU
A4
MSU
A5
MSU
0.774158 0.387079 0.193539
Table A4. Conversion Summary Table.
Value
CU/MSU Conversion Average (pixel/pixel)
MSU Conversion Average, 200x (um/pixel)
CU Conversion Average, 200x
(um/pixel)

600x

CU/MSU
1.134399

0.132725
1.173719
0.131321
1.114943
0.129026

Average Std Dev
1.14102 0.029943
0.393073 0.005602
0.452703 0.009236

CU is the imaging microscope in the Butterfield lab at Cambridge University.
MSU is the imaging microscope in the thin section lab at Montana State University.
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APPENDIX B
ROCK PYROLYSIS DATA

141
Table B1. Rock Pyrolysis Results from Geomark Laboratory, Humble, TX, USA.
WP 130.3
WP133
SCC-34 box #181
Greyson
Greyson
Chamberlain
(1769 ft)
Carbonate
5.59
4.05
2.18
(wt.%)
Leco TOC
0.08
0.08
0.51
(wt.%)
S1
0.04
0.04
0.05
(mg HC/g)
S2
0.01
0.01
0.01
(mg HC/g)
S3
0.14
0.14
0.25
(mg CO2/g)
Hydrogen Index
13
12
2
(S2x100/TOC)
Oxygen Index
175
172
49
(S3x100/TOC)
S1/TOC Norm. Oil
50
49
10
Content
Production Index
0.80
0.80
0.83
(S1/(S1+S2))
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APPENDIX C
CLAY MINERALOGY XRD DATA
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Synopsis
Five different Belt Supergroup samples were analyzed for fossil content: two from the
Chamberlain Shale (one known to contain fossils, the other without), and three from the
Greyson Shale (two known to contain different kinds of fossils, one without). The rock
samples were then analyzed for clay content using standard X-ray powder diffraction
techniques established by the USGS (Poppe et al., 2001).
Table C1. XRD Clay Mineral Sample Overview.
Name
Unit
BS-2
Chamberlain
SCC34
Chamberlain
WP132 -1mE
Greyson
WP122
Greyson
WP133
Greyson
Table C2. XRD Clay Mineral Results Summary.
Name
Mineral analysis
BS-2
Low Quartz
Aluminum Oxide
SCC34

Low quartz

WP132 -1mE

Low quartz
Little Carbon

WP122

Low Quartz
Very little Graphite
(fossils?)
Very little quartz,
cristobalite
Low quartz
Silicon oxide
Aluminum silicate

WP133

With/without Fossils
Without
With (abundant)
Without
With (some)
With (abundant)

Clay Analysis
Biotite
Illite and/or mica
Some Kaolinite
Illite and/or mica
Some Biotite
Little Kaolinte
Illite and/or mica
Some biotite
Some Chlorite
Some dioctahedral chlorite
Biotite
Illite and/or mica
Chlorite
Dioctahedral chlorite
Illite and/or mica
Biotite
Chlorite
Dioctahedral chlorite

INTERPRETATION
The results do not show any particularly promising avenues for resolving depositional
environment, and there is no particularly strong bias between samples with fossils and
samples without fossils, indicating that taphonomy may have been influenced by other
factors besides clay type.
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BS-2 (Chamberlain Formation, no fossils) Unoriented Full XRD Spectrum

0
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Figure C1. BS-2 non-fossiliferous drillcore (Chamberlain) unoriented (top) and oriented
(bottom) clay sample spectra.
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SCC-34 (Chamberlain Fm., fossils) Unoriented Full XRD Spectrum
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Figure C2. SCC-34 fossiliferous drillcore (Chamberlain) unoriented (top) and oriented
(bottom) clay sample spectra.
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WP132 (Greyson Fm., no fossils) Unoriented Full XRD Spectrum
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Figure C3. WP-132-1mE non-fossiliferous outcrop (Greyson) unoriented (top) and
oriented (bottom) clay sample spectra.
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WP122 (Greyson Fm., fossils) Unoriented Full XRD Spectrum

70

Figure C4. WP-122 fossiliferous outcrop (Greyson) unoriented (top) and oriented
(bottom) clay sample spectra.
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WP133 (Greyson Fm., fossils) Unoriented Full XRD Spectrum
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Figure C5. WP-133 fossiliferous outcrop (Greyson) unoriented (top) and oriented
(bottom) clay sample spectra.
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APPENDIX D
INDIVIDUAL MICROFOSSIL LOCATION NOTES
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GREYSON FORMATION: NEWLAN CREEK
WP84_#1_092812
Slightly pinched (both torn) possible Valeria in mid-constriction; difficult to resolve
concentric ridges. D11-3. Others fossils are ambiguous, possible Trachy? But nothing
definite.
Numerous large thick- and thin-walled Leiosphaeridia. One ?Valeria or Stictosphaeridia
in possible split, or coenobial Leiosphaeridia. Worth to come back for possible Trachy or
Tappania. Splitting ?Valeria: E12-1. ?Trachy: K19-3.
WP84_2_M1C2_041812
Tappania (Figure 12.8): Q36-4, possible Tappania with reticulate processes (unclear):
P28-4. Amorphous vesicles(?), one with wrapped vesicle (M36-2).
WP130_102812-4
1 slightly torn Tappania: V49-2 (not used in figure, has end torn with one process but in
good condition otherwise).
Round 7-8 process Tappania: S43-4. (IMG 25182854, folder 120725)
Possible bi-layer with processes (Trachy?): V45-3, not imaged.
S. typicum: Q44-0.
Miscellaneous tubes and vesicle fragments, misc. Leiosphaeridia, including one large,
thick-walled with what appeared to be a burst/damaged end that may be an excystment
structure.
WP133_11512
Figure 6.6, Leio: U35-0.
Coneosphaera (pseudohyphae?) Figure 8.7: P34-4.
Tappania, Figure 12.5: R32-3.
Gemmuloides, 4 buds (Figure 13.5): Y23-0
WP133_11512_2nd_pass
Lots of Leiosphaeridia and lots of Gemmuloides/coenobial Leiosphaeridia that were not
imaged; only imaged recorded here:
Leio with dark mass: W38-1
Diad Leio: S39-2
Triad Leio: T40-2
Interesting shaped Tappania with pinched vesicle: U42-0
Gemmuloides/coenobial Leiosphaeridia: T42-0
Coenobial Leiosphaeridia: U44-1
Leiosphaeridia: R41-1
Leio dark mass: S45-3
Folded Leio: U45-2
Split Dictyo(?): T48-1
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WP130_11412
Caudosphaeras, possible Tappania, interesting tubular/vesicle fragments.
Caudosphaera: L44-4
Caudosphaera: M48-3
Tappania(?): J49-0
Interesting tubular fragment: J42-2
WP130_2_10312
One bilayered with possible process going through outer layer- Trachy?: T50-3. One
possible Tappania with reticulate/anastomosing process network (unclear): V51-0.
Multiple Caudosphaera (P35-0, W32-2), one Valeria fragment (Y39-1), interesting long,
thick-walled vesicles with fade-out opacity (V47-1). Interesting specimens with multiple
internal compartments that look like they could be with Figure 5 from final chapter (Y453, Y48-2)
WP130-102812_Caudo
Good Caudo, maybe with two?: J20-0.
Two large, triangle-shaped Valeria fragments (possibly imaged, couldn’t find)
11-4-11-M-3
Lots from Figure 5 from final chapter (excystment?): 27.5 (Q6-1), 27.4 (S5-4)
Numerous Leiosphaeridia, some questionable Tappania, some elongated with fade-out
opacity, and some interesting but enigmatic filaments.
Tappania: L41-2
Triangular_excystment_no_triangle (Sphaeromorph_small_process_salt_poss_7c) : N194
WP130_121212
Valeria (intact with central tear, Figure 9.3): S41-0
Valeria fragment (Figure 9.1, 9.2): R45-0
Satka favosa (intact) (Figure 11): S42-3
Striated tube with central pinch (intact): R36-1
Excellent Caudosphaera specimens: O30-2
Caudosphaera_filament_tangle: P37-0
Obruchevella: R48-2
WP132_-3mE 040513
Large S. typicum network: N37-4 (no pic?)
Caudosphaera specimens: R46-2, Q44-2, Q41-4
11-4-11-M-2
Numerous Caudosphaera, one Obruchevella (all images in folder labeled with
coordinates)
Type Caudosphaera: R21-3
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Caudosphaera fragments: M44-3, L20-4, H20-0, S7-0, T7-0, Q31-2, F37-0,
Tubiform: L35-4
Tubiform 2 (Rugosoopsis, figure 14.6): R40-0
WP148
Coenobial Leiosphaeridia, Figure 6.6: O42-0
WP130 11512 misc scoop
One multi-folded striated tube (figure 14.1): J47-4
2 Caudosphaera: V40-1, P42-2
~20 ‘furry’ (slightly degraded) filamentous fossils, probably Caudosphaera networks
1 bilayered, thin-walled spheroid: O39-1
WP130 102812 no caudo tappania
Bi-layered tube: P44-2
Numerous translucent Leios:
Translucent Leio (Figure 6.1): V47-1
Triangular excystment Tappania (no triangles): S50-0
WP133_040413
S. typicum network: T45-3
ZA-10-13-11-M-1 (coordinates appended to file names)
Kidney: S45-4
Tappania? (spinose acritarch): S22-0
Caudosphaera full small: O4-4
Caudosphaera_process_maybe: H44-4
Big caudosphaera: L15-2
Caudosphaera_fragment: F43-3
01-22-13 batch
Caudosphaera with bulge, WP132 – 3 m E 011613: P41-1
Caudosphaera (not imaged) with curly tail, WP132 – 3 m E 011613: N33-2
Coenobial Leiosphaeridia (figure 8.9), WP133 011613 redissolve: R37-2
Dictyosphaera (figure 10.1), WP133 011613 redissolve: P36-2
Dictyosphaera with medial split, WP133 011613 redissolve (figure 28.4): N45-0
WP122 030812
?Pseudo-Eoentophysalis: V11-0
?Pseudo-Eoentophysalis: J3-3
WP133 111212 (epoxy not fully set, some specimens damaged)
Long filament with spheres: S32
binary sphere: U32-0
Sphere on mat bit: T31-2
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Figure 8.8, Coneosphaera (destroyed): R42-0
Leiosphaerid (poorly preserved): U35-2
Figure 6.3 (Leiosphaeridia): O47-0
Figure 13.8 (Gemmuloides): N48-2 (ended here for day)
Figure 13.2 (Gemmuloides): X47-2
Figure 4.5, chapter 3: S49-1
Coenobial Leiosphaeridia: K52-0
Leiosphaeridia: X49-3
Leiosphaeridia: X49-0
Filament and vesicle (Tappania tubata?): R50-1
WP130 11812 eyeglasses
Tuby scales(?): N50-4
Obruchevella(Figure 14.3): R48-4
Filament with in line vesicles: R51-2
Oscillatoriopsis(?) fragment): T52-2
Valeria?: V50-0
011613 batch
WP132 – 3 m E 011613: Two excellent Caudosphaera:
Caudosphaera: S46-0
Caudosphaera with differentiation(?): U43-2
WP132 011613:
Excellent, complex Tappania(?) w/7 processes: T41-1
Tappania-like Leiosphaeridia: V41-1
Caudosphaera: T50-2
Caudosphaera: V34-0
WP130 +5-20 cm 011613:
Caudosphaera (broken edge, curled filament): V48-2
Walnut leiosphaeridia: U46-0
WP84bbags1-3 0113
Trachy(?): L44-4
Large Leio, figure 6.7: O43-0
Many oblong shaped-leiosphaeridia, not imaged
Many tappania-like Leiosphaeridia, not imaged on WP132-134 side
WP133 052013 (coordinates on images in folder)
Caudosphaera: Q36-3
Caudosphaera: Q38-3
Diad Leio: P39-1
Gemmuloides: Q40-0
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split Dictyo: P42-3
split Dictyo: R42-2
Triad Leio: R44-4
Gemmuloides: P45-1
Diad Leio: Q47-4
Diad Leio: Q49-3
folded Dictyo: O42-0
Multiple unimaged Leiosphaeridia and amorphous filaments
WP132 052013
Caudosphaera: L48-4
WP131 052013
Amorphous large Leiosphaeridia: J45-0
WP132 041013
S. typicum network: U47-2
Leiosphaeridia: T42-3
Leiosphaeridia with central mass: S37-0
WP134 041013
Tube network: M45-0
Tube: M43-3
Gemmuloides/Tappania/Leio? (29161240): M39-1
WP148 082513
Gemmuloides: U52-3
Leiosphaeridia: V47-2
WP133_051013
Open Dictyo: Q36-0
S. typicum network: L43-3
Leiosphaeridia with dark mass: P40-3
Leiosphaeridia with dark mass: O41-1
Dark, multilayered Leiosphaeridia: P43-3
Translucent Leiosphaeridia: O46-2
11-4-11-M-1
Image 26084006 (possible, anastomosing filamentous Tappania): N39-3
WP133 041113
Numerous folded Leiosphaerids that may be Dictyo (not imaged, damaged), numerous
other Leios not imaged and not recorded here.
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Complex Tappania (Figure 25.4): P48-1
Leio: N47-1
Split Dictyo(?): R27-1
S. typicum: O30-3
Filament network with septations: P33-0
Leio with dark mass: Q45-2
Massive Dictyosphaera: N43-1
Torn, somewhat complex Tappania: M36-4
Folded coenobial Leio: L34-3
S. typicum network: M31-2
Emergent Tappania (Figure 25.1): J35-3
Coenobial Leio: K37-1
Folded vesicle: L44-0
WP133 040813
Other Leios and a small typicum network not imaged or recorded here.
Partial Leio diad: U49-0
Partial Leio diad: V47-3
Partial Leio triad: U45-3
Multiple Gemmuloides Leio: S44-0
Partial Leio triad: S47-3
Leio Gemmuloides pairing: T32-4
Bumpy Leio: S33-0
Gemmuloides coenobial Leio: R31-0
Tappania with no processes (Figure 12.1): T30-3
Gemmuloides (2 bulbs)(Figure 13.3): S29-3
Partial diad: R38-4
Partial triad: N48-4
Diad Leio: L47-2
Dictyo: K46-0
Diad (dictyo?): N46-4
Triad Leio: P44-0
Diad Leio: Q41-4
S. typicum network: Q39-2
Split Dictyo: P37-2
Split Dictyo: N40-3
Filament and vesicles dark: O41-0
Tappania diad: Q34-1
Triad Leio: O29-2
Leio with dark mass: K36-0
Diad Leio: M38-0
Diad Leio: M40-1
Leio with uneven surface: J41-4
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Gemmuloides (figure 26.1): K44-3
Multi-compartmented Leio: H46-2
Diad Leio: K47-4
10-25-11-M
Acritarch_escape: U42-1
Triangle excystment Tappanoid Bleb acritarch (Figure 27.3): G18-3
Bleb_acritarch_4 (Figure 27.1): P39-3
Bleb_acritarch_5 : L40-2
Caudosphaera 1 (Figure 7.4 and Figure 24.2): H36-0
Caudosphaera 8 (Figure 7.2, 24.6): F49-0
Caudosphaera 12 with differentiation (D48-1)
Caudosphaera 14 (Figure 24.3): H52-2
Caudosphaera 19: J51-1
Caudosphaera 22 (Figure 5.5): P51-0
Cell chain: G25-0
WP132 040413
Gemmuloides: S39-4
Leio: S31-2
Tappania no processes (Figure 12.3, Figure 25.2): R29-0
Two previously unknown triangle tappania excystments (imaged with Ga tech
microscope):
First: S47-0
Second: U45-2
One poorly preserved Caudosphaera (not imaged)
Multiple Leios (not imaged)
WP133 121212
Complex Tappania with multiple bulbs: S48-2
Tappania group no processes: U39-1
Gemmuloides: O32-2
Translucent Leio: P36-0
Translucent Leio: T33-2
Translucent Leio: N38-4
WP133 041413
Tappania (Figure 12.7): S38-2
WP132 +5-20cm
Caudosphaera with differentiation: P44-2
Diad Leio: M41-0
Translucent Leio: M39-0
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Translucent Leio: N37-2
Translucent Leio: L36-4
WP132 041413
Valeria with notch and striations: H32-4
Translucent Leio: J35-2
Translucent Leio: G43-0
Triangular Tappania: H40-0
SCC-34: CHAMBERLAIN FORMATION
09-29-2011-A-B-C
Kidney-shaped Leio (Sphaeromorph_poss_hyphae): Q26-3
Valeria (Valeria_outgrowth_1_4): O23-0
09-29-11-A-2
Large translucent Leio (Irregular_w_debris): F21-0
Synsphaeridium (Figure 5.1, 09-29-11-Irregular_w_debris_400x): J29-0
Leio with medial split (Sphaeromorph_opening_1_2): F34-0
10-31-11-A
Multiple Valerias (not imaged) and a lengthwise translucent Leio (not imaged):
Translucent Leio (See_through_2): D25-3
Translucent Leio (See_through_3): G24-1
Translucent Leio (See_through_4): H23-4
Synsphaeridium (Figure 19.2, See_through_5_complex): E17-3
Satka( Figure 20.2 and 20.3, Shuyo_2): E41-2
Striated tube (Siphon_100x): Q44-0
Valeria (A-Valeria_200x, Figure 23.5): N31-0
Valeria (Walnut_2): F46-0
10-5-11-A-1
Multiple Valerias (not imaged)
Striated tube (Frond, Figure 22.1): M46-3
Striated tube (Tubiform): K25-0
10-5-11-A-2
Wrapped Valeria (Folded_Valeria_acritarch): U6-1
Large_dendritic_form: S31-0
Box or tube shape: T44-4
Large tubiform: H36-2

158
10-5-11-A-3
Valeria (Large_acritarch_2_poss_Valeria): D31-3
Dark, semi-translucent Leio with dark central mass (Large_acritarch): J39-4
Lengthy Valeria (imaged with GA Tech microscope): G37-3
10-11-11-A-1
Multiple Valeria (not imaged), striated tubes (not imaged) and possible Synsphaeridium
(not imaged)
Eomicrocystis / Coniuntiophycus (Colony_200x): J16-3
Long translucent Leio with dark central mass (Dark_within_light_acritarch): F45-4
Striated tube (End_tube_trichome_maybe_200x, Figure 22.2): P23-0
Striated tube (Frond_fragment_100x, Figure 22.3): E14-0
Valeria (Irregular_folded_acritarch_200x, Figure 7.3): N32-0
Synsphaeridium (Small_and_large_splitting_acritarchs_200x: O36-3
10-27-11-A
Some Valeria, Leios and tubes (not imaged)
?Synsphaeridium (Ellipsoid_200x): F50-3
Translucent elongated Leio (ellipsoidal_escape): N44-0
?Synsphaeridium (ellipsoidal_granae): M47-4
Valeria folded (Fusiform): R17-0
Coenobial Leios (Merged_acritarchs; Merging_cells_1b, figure 4.8): P10-0
Elongated Leio (Merging_cells_1): F37-4
Nucellosphaera: K46-4
Valeria (Possible_folded_Valeria_1, Figures 21.5, 21.6): C41-4
Valeria (Possible_Valeria_1_200x, Figure 21.1): F42-4
Striated tube: M26-2
Symplassosphaeridium (Small_cell_maker_appendage_1, Figure 20.5): F23-0
SCC34 180 11612
Triad conjoined diploid? (10131448): O49-0
Extended tube (10131619): S48-4
Valeria diad (10131708): N45-3
Long Valeria (10131830): P47-1
Striated tube with curly end (10131940): W43-0
Striated tube (10132012): X45-4
Small Satka? (GA Tech image, not imaged previously): X47-0
Satka (10132131): J48-0
Translucent_large_Leio with dark mass (1013222): N47-2
Translucent_large Leio with dark mass (10132904): V45-4
Translucent Leio (10133154): W40-4
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SCC34 176 082613
Extended Valeria (07190620): L48-4
Translucent Leio (not imaged): K42-0
SCC34 193 082613
Extended Valeria (07185403): P46-4
Boxy Valeria (07185441): P45-4
Valeria (07185532): P43-3
Valeria (07185658): P41-2
Dark Leiosphaeridia (Figure 18.6) (07185740): Q39-2
Valeria (07185902): S36-1
Valeria (07190006): O35-3
Squashed Valeria (07190133): Q31-2
Cracked Valeria (07190257): O28-4
Valeria (07190342): N29-4
Translucent Leio (07190426): N32-0
SCC34 180 082613
Valeria (07184901): X45-0
Translucent Leio (07185027): T42-0
Translucent Leio (07185127, Figure 4.3): T39-0
SCC34 179 082513
Valeria (07223907): V26-0
Valeria (07223937): T27-2
Valeria (07224050): P27-1
SCC34 203 082513
Numerous variously-shaped Leios, multiple striated tubes (not imaged)
Valeria (07222428): O49-0
Striated tube (07222453): Q49-1
Elongated dark vesicle (07222610): U49-0
Elongated translucent vesicle (07222800): U45-4
Striated tube (07223013): R36-1
Striated tube (07223209): R43-0
SCC34 186 082513
1 massive, dark Leio (not imaged, likely L. jacutica): T32-0
Translucent Leio (07220514): N46-0
Elongated Valeria (07220531): N43-3
Valeria (07220640): Q33-4
Large dark Valeria (07220707): T32-4
Elongated translucent Leio (07220720): R36-4
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SCC34 201 082513
~12 more dark and light Leiosphaeridia, not imaged
Dark Leiosphaeridia (07221352, Figure 18.7): V24-0
translucent Leiosphaeridia (07221438): R23-4
translucent Leiosphaeridia (07221610): L25-0
translucent Leiosphaeridia (07221239): U27-3
SCC34 192 082513
1 light, 1 dark Leiosphaeridia (not imaged)
Synsphaeridium (07220011, Figure 19.5): V36-2
SCC34 187-189 082613
Valeria (07214748, Figure 23.3): N49-4
Valeria fragment (07214593): O44-1
Valeria grouping (Ga tech picture taken) (07215033): O43-2
SCC34 189 082613
Numerous light and dark Leiosphaeridia of oblong and regular shapes (not imaged)
Dark leio (1031): U50-1
Dark Leio/Valeria? (1112): U50-0
Dark Leio/Valeria? (1129): V47-4
Translucent, oblong Leio/Trachy? (1209): V46-2
Kidney oblong Leio/Trachy? (1430): V43-2
Translucent, oblong Leio/Trachy? (3724): T34-4
dark, oblong Leio (3814): U33-0
dark Leio/Valeria? (3943): T30-0
dark oblong Leio (4021): U29-0
Synsphaeridium (4201, Figure 19.3): T47-2
SCC34 197 082513
Valeria pairing (Figure 1.7 chap 3, 4246): R51-2
Coenobial Leiosphaeridia (Figure 18.10, 4451): N51-3
Dark Leio (4608): P49-1
Valeria (Figure 1.1, chap 3, 4658): N44-2
Various Leios
Large, translucent Leiosphaeridia (5040, Figure 18.4): P45-3
coenobial Leiosphaeridia (5441): Q34-1
degraded Synsphaeridium? (5710): L48-1
Coenobial Leio (5751, Figure 18.9): L40-4

161

APPENDIX E
MAJOR ELEMENT ANALYSES

162

SAMPLE

Al2O3

CaO

Fe2O3

K2O

LOI

MgO

MnO

Na2O

P2O5

SiO2

TiO2

Total

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

SP-NC-138

11.96

6.602

3.34

2.29

9.05

2.25

0.103

2.23

0.161

60.63

0.47

99.09

GR-NC-136

18.63

0.368

4.71

5.88

4.98

3.39

0.026

0.83

0.108

59.5

0.82

99.24

GR-NC-130

16.26

0.322

6.12

3.84

4.16

4.46

0.045

0.84

0.116

62.67

0.56

99.39

GR-NC-84

14.88

0.278

4.77

3.46

4.12

3.18

0.054

1.14

0.115

66.41

0.54

98.95

GR-NC-84-20

13.87

0.271

5.06

2.92

3.89

3.83

0.027

1.14

0.099

67.13

0.49

98.73

GR-NC-WP-134

15.24

1.357

5.03

3.78

6.25

5.26

0.068

0.32

0.114

61.3

0.48

99.2

GR-NC-133

13.77

0.219

5.62

2.71

4.49

5.68

0.059

0.76

0.099

65.49

0.42

99.32

GR-NC-132

15.17

0.272

5.39

3.45

5.1

4.46

0.041

0.86

0.089

63.91

0.47

99.21

GR-NC-132-1

14.82

0.282

5.05

3.46

4.84

4.09

0.029

0.87

0.101

65.03

0.51

99.08

GR-NC-122

13.75

2.944

4.51

3.21

6.94

5.55

0.053

0.85

0.124

60.6

0.48

99.01

GR-NC-139

12.58

2.794

4.47

3.06

4.93

2.07

0.056

1.7

0.16

66.62

0.51

98.95

GR-NC-140

12.14

3.601

5.42

2.36

6.04

4.15

0.047

1.41

0.16

63.47

0.49

99.29

GR-DC-1

16.31

1.197

5.21

4.07

5.33

5.11

0.038

0.78

0.11

60.25

0.54

98.95

CH-SCC34-180

22.59

0.116

2.43

6.57

5.45

2.88

0.005

0.14

0.055

57.22

0.8

98.26

CH-B52-73

20.47

0.064

2.58

5.73

5.1

1.05

0.007

0.09

0.048

63.53

0.84

99.51

SP indicates a sample from the Spokane Formation.
GR-NC indicates a sample from the Greyson Formation along Newlan Creek.
GR-DC indicates a sample from the Greyson Formation along Deep Creek.
CH indicates a sample from the Chamberlain Formation.
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