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ABSTRACT

In the Appalachian foreland basin of the eastern United States, major
sedimentologic and geochemical changes occured during the Upper Ordovician
(Sandbian-Katian). The modification of ocean circulation patterns, introduction of turbid,
cool waters across eastern Laurentia, and the transport of fine-grained siliciclastics from
the Taconic highlands have been attributed to biofacies replacments and faunal turnover
in the basin. This study is a suite of systematic, paleoecological, and sedimentological
studies on the trilobite faunas and their associated sedimentary environments during this
time interval. High-resolution sequence statigraphic studies provide sea-level context,
and facilitate geographic and temporal comparison of trilobite biofacies within similar
depositional environments. Cumulatively, these studies demonstrate broad
paleoecological and systematic similarities in trilobite faunas during the deposition of late
Whiterockian and Mohawkian strata in two different Laurentian basins in Oklahoma and
Virginia. These similarities diverge due to the effects of foreland basin development
(relative sea level deepening, increase in siliciclastic input, and enhanced upwelling of
colder, dysoxic water), which resulted in diachronous trilobite extinction events, and the
spread of low diversity deep-water trilobite biofacies in Virginia. Moreover, many classic
trilobite associations (e.g., illaenid-chierurid buildup association) were extirpated from
the Taconic foreland basin during the same time interval. In regions outside the foreland
basin during the same stratigraphic time interval (Bromide-Viola transition) in
Oklahoma, diversity actually increases in similar environments, suggesting there is a

unique environmental signal in the foreland basin.
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CHAPTER 1: INTRODUCTION

In a NSF sponsored workshop in 2006, a series of contributors produced a
document called “Future Research Directions in Paleontology” that outlined plans for the
DETELO (Deep Time Earth Life Observatories) initiative. These observatories involve
integrated teams of paleontologists, sedimentologists and stratigraphers, geochemists and
other geoscientists all working on a particular question about Earth’s history. These
large-scale studies focus on integrating data sets of biologic, sedimentologic,
geochemical, and modeling data over an extended research period. Consequently, the
research questions must be important enough, and broad enough to justify such a large
expenditure of resources. My dissertation is a contribution towards one of these broad
interdisciplinary studies (NSF-EAR0819715), with the goal of understanding the effects
of the development of the Taconic foreland basin on the associated Laurentian biosphere
during the Mohawkian (Upper Ordovician).

In the Appalachian foreland basin of the eastern United States, major
sedimentologic and geochemical changes occured during the Upper Ordovician
(Sandbian-Katian): a switch from warm to cool water carbonate deposition, an increase in
fine-grained siliciclastics and an increase in the relative proportion of phosphatic grains
(Patzkowsky and Holland, 1993; Pope and Read, 1995, 1999; Holland and Patzkowsky,
1996). Modification of ocean circulation patterns and the introduction of turbid, nutrient
rich, cool waters across the eastern United States were the environmental factors driving
the lithologic changes (Patzkowsky and Holland, 1993; Pope and Read, 1995, 1999;
Holland and Patzkowsky, 1996), likely as a result of foreland basin development, and

possibly as a consequence of early Gondwanan glaciation (Saltzman and Young, 2005).



Biofacies replacements and faunal turnover in the foreland basin (e.g., Patzkowsky and
Holland, 1993; Holland and Patzkowsky, 1996; 2007) has been documented in
brachiopods and corals, corresponding well to the switch in carbonate types. The
replacement dynamics of trilobite biofacies in response to these changes has not been
investigated prior to this project.

Far outside the Taconic foreland basin, the Upper Ordovician (Sandbian) Bromide
Formation (Simpson Group) of Oklahoma has trilobite faunas that are conspicuous in
many different sedimentary environments, from pertidal carbonates to basinal shales and
mudstones. For this reason, the trilobite faunas of the Bromide are an ideal “control” to
evaluate biotic change in response to changing environmental factors in the foreland
basin. Systematic work has been done on some groups of trilobites in the Bromide and
Viola Formations (e.g., Esker, 1964; Shaw, 1974; Ludvigsen, 1978; Amati and Westrop,
2004). However, many groups remain poorly known. Proper systematic assignment is
essential for any research that uses estimates of abundance and diversity, as they could
become biased if specimens are assigned to artificial higher taxonomic groups. The
Bromide has previously been interpreted as a transgression-regression cycle, with facies
deepening upward until carbonate sedimentation exceeded available accommodation
space, reversing the cycle (Longman, 1976; Longman, 1982). In order to provide a
context for sea level and accommodation space change during the deposition of the
trilobite biofacies, I investigated the facies associations and sequence stratigraphic
patterns of the Bromide at a variety of hierarchical scales.

My dissertation focuses on current gaps in knowledge concerning trilobite

bioevents in the Sandbian of Oklahoma and Virginia. Specifically on depth related



biofacies (along ramp gradients), during stages two through five (Read, 1980) of the
Taconic Orogeny, with the unstudied portions of the Bromide Formation, Oklahoma
acting as a control to isolate patterns of trilobite biofacies replacement unique to the
foreland basin region. I document new and previously undescribed trilobite species
(chapters 2, 3, appendix 3) in Oklahoma, Virginia, and Missouri, and quantitatively
analyse their phylogenetic relationships. This allows direct counts of the constituent
genera across geographical locations to be compared and analyzed statistically without
systematic bias. Using measured sections, petrologic thin sections, hand samples, outcrop
gamma ray, well-logs and faunal analyses, I provide updated interpretations of the
depositional histories and facies architecture of the Bromide Formation in Oklahoma
(chapter 4, appendix 1), and of the Effna Limestone, Liberty Hall facies, and Botetourt
Member of the Edinburgh Formation in Virginia (chapter 5, appendix 1). This provides
the environmental context and reconstruction of sea level changes that are necessary for
the two paleoecologic studies (chapters 5, 6) on trilobite biofacies along depth gradients
in the Southern Oklahoma Aulacogen (SOA) and in the Taconic foreland basin.

In chapter 2, I described new species of tetralichine trilobites (Probolichas
kristiae, Amphilichas effnensis) from the Bromide Formation in Oklahoma, and the Effna
Limestone in Virginia, as well as all available type species of the group. Descriptive work
was supplemented by a quantitative phylogenetic analysis that was conducted using
MacClade (Maddison and Maddison, 2005), TNT (Goloboff et al., 2008) and PAUP
(Swofford, 2002) software. A strict consensus tree of nine equally most parsimonious
trees provides evidence that Probolichas Phleger, 1936 is a monophyletic group, and is

not synonymous with, or a sub-clade of Amphilichas Raymond, 1905. My analysis also



indicated that the genus Apatolichas Whittington, 1963 should be revised as it appears to
be synonymous with Amphilichas, and that the genus Pseudotupolichas Phleger, 1936
should be removed from the tribe Tetralichini because of low node support. Since these
genera are conspicuous in both the Bromide Formation in Oklahoma, and Effna
Limestone in Virginia, this chapter not only contributed to Ordovician trilobite
systematics, but improved the biologic resolution of my relative abundance counts.

In chapter 3, I explored the phylogenetic relationships of another problematic
trilobite group (Bumastoides) that is common in Mohawkian strata in Oklahoma and
Virginia. I described three new species (B. graffhami sp. nov; B. moundensis sp. nov; and
B. kimmswickensis sp. nov), developed character matrices and conducted a phylogenetic
analysis on all the well-documented species within the genus. In doing so, I compared the
performance of two separate continous character coding methodologies on my dataset.
Finite Mixture Coding (Strait et al., 1996) and coding continuous characters “as such”
(Golboloff et al., 2006) were used in the treatment of seven measured characters,
included in the larger matrix of 19 discrete characters. Both methodologies yielded
similar trees that had very high node support (symmetrical resampling group support and
GC values, Golboloff et al., 2005) suggesting that the monophyly of Bumastoides
required the removal of species that are more similar to the illaenid genus Stenopareia.
Once again, while my systematic work contributed to the overall study of illaenid
trilobites, it was also directly applicable to my estimates of biologic diversity in chapters
5 and 6.

Chapter 4 is a local paleoecological study of trilobite biofacies that were

deposited during the initial phases of the Taconic orogeny. The environments I studied



were two carbonate bioherms and their associated biostromes (Effna Limestone),
adjoining deep flank deposits (Botetourt Member of the Edinburgh Formation), and the
overlying outer-slope to basinal mudstones (Liberty Hall facies of the Edinburgh
Formation). I describe the lithofacies of the units, and made trilobite collections from
multiple levels within the units. I treated counts of trilobite individuals with QxR mode
cluster analysis, ordinations (NMDS, DCA), and rarefaction in PAST (Hammer et al.
2001) to define and characterize biofacies and environmental gradients. Biofacies were
clearly delineated along a depth gradient, with gradational compositional changes
between associations of trilobites with similar environmental preferences. In addition, the
data suggests that there may be faunal differences between the separate buildups. My
analysis demonstrates that the standard archetypes of triobite biofacies (e.g., illaenid-
cheirurid in buildups, Ampyx-nileids in slope settings) were present in the Taconic
foreland basin before major regional extirpation and reorganization in similar
environments in younger strata. Finally, my study shows quantitative evidence that there
are ecological differences between subenvironments in mud-mound complexes. These
issues have been discussed elsewhere (e.g., Ross, 1972; Mikulic, 1981) but not subject to
robust statistical treatment.

Prior to analyzing the patterns of faunal turnover and trilobite biodiversity in the
Bromide Formation, I conducted field work over the course of three years in order to
develop a robust sequence stratigraphic depositional model. Stratigraphic biases (much
like systematic biases) can distort patterns of faunal change and diversity. Sequence
stratigraphic techniques allow for the removal of facies bias, unconformity bias, and

condensation bias (Holland, 2000) in paleoecological studies. Moreover, a robust



sequence stratigraphic model also can account for biostratigraphic inconsenstencies due
to incomplete preservation of certain systems tracts in parts of a basin. Chapter 5 is my
primary sedimentological contribution to the dissertation. It involves describing and
reinterpreting the facies associations, bounding surfaces and sequences of the Bromide
Formation. My dataset was an assortment of detailed measured sections, portable gamma
ray logs, subsurface well logs, thin-sections, polished slabs, over 50 field-collected
paleontological collections, museum collections (Shaw, 1974; Sprinkle, 1982; Karim and
Westrop, 2002), and hundreds of lithologic samples and photographs. My study revealed
the presence of three major 3" order depositional cycles that document the transition
from a siliciclastic-dominated ramp to a carbonate-dominated ramp. Many levels of
cyclicity that have not previously been studied (meter-scale, decameter-scale, etc.)
suggest thythmic changes in rates of sea level rise and fall, and available sediment
supply. New correlations and facies associations suggests that the Pooleville Member of
the Bromide Formation may be condensed downramp, and provide the tools necessary to
correlate the sequences into the subsurface. Chapter 5 provides the necessary
environmental framework for the discussion of paleoecological trends in chapter 6.
Chapter 6 is a paleoecological study of the trilobite biofacies within the Bromide
Formation, their relation to environmental gradients, and how they integrate into the
sequence stratigraphic model developed in chapter 5. The statistical methods are similar
to chapter 4 (ordination, QxR mode cluster analysis, rarefaction, etc.), but I also made an
effort to account for the distribution of biofacies in relation to systems tracts and
depositional sequences. The Bromide is dominated by associations of isoteline trilobites

and other offshore elements (Cybeloides, Thaleops, Remopleurides, etc.) in the outer-



ramp environment, low diversity Anataphrus-illaenid (e.g., Failleana) dominated
associations in transgressive inner-ramp shoals, a Thaleops-Calyptaulax association in
middle-ramp settings, and a high diversity Lonchodomas-Frencrinuroides association in
middle to outer-ramp environments in the Criner Hills. Rarefaction analyses show that
trilobite diversity in comparable environments in the Viola Formation increased when
compared to the Bromide trilobite fauna.

Appendices 1-3 are additional work that I completed, but are not explicility
illustrated or discussed elsewhere. This includes illustrations and brief discussions of
Bromide trilobites not given phylogenetic treatment, annotated measured sections that
were not illustrated or have been reduced in size elsewhere in my dissertation, and
relative abundance counts of areas in Virginia that are not treated in any of my analyses.

Cumulatively, these chapters are my contribution towards NSF-EAR0819715.
They demonstrate broad paleoecological and systematic similarities in trilobite faunas
during the deposition of late Whiterockian and Mohawkian strata in two different
Laurentian basins. These similarities diverge due to the effects of foreland basin
development (relative sea level deepening, increase in siliciclastic input, and enhanced
upwelling of colder, dysoxic water), which resulted in diachronous trilobite extinction
events, and the spread of low diversity deep-water trilobite biofacies in Virginia.
Moreover, many classic trilobite associations (e.g., illaenid-chierurid buildup association)
were extirpated from the Taconic foreland basin during the same time interval.
Conversely, over the same stratigraphic time interval (Bromide-Viola transition) in
Oklahoma, diversity actually increases in similar environments, suggesting there is a

unique environmental signal in the foreland basin.
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CHAPTER 2: TETRALICHINE TRILOBITES FROM THE UPPER ORDOVICIAN OF
OKLAHOMA AND VIRGINIA, AND PHYLOGENETIC SYSTEMATICS OF THE

TETRALICHINI

ABSTRACT—New material, including a complete exoskeleton, from the Bromide
Formation of Oklahoma, allows a complete evaluation of Probolichas Phleger, 1936 and
necessitates a quantitative revision of the lichid tribe Tetralichini Phleger, 1936. A strict
consensus tree of nine equally parsimonious trees generated from a branch and bound
analysis indicates that the genus Probolichas is monophyletic, and should no longer be
restricted as synonymous with, or as a sub-clade of Amphilichas Raymond, 1905. The
genus Apatolichas Whittington, 1963 is revised as a synonym of Amphilichas, and the
Tetralichini is defined as clade with three genera: Amphilichas, Probolichas, and
Lyralichas Weber, 1948. Probolichas kristiae from the Bromide Formation and
Amphilichas effnensis from the Effna Formation of Virginia are new species.
INTRODUCTION
THE GENUS Probolichas was erected by Phleger (1936) to describe tetralichine
trilobites with an anterior projection (proboscis) from the median lobe, and an otherwise
Amphilichas-like grade of organization. Some authors have questioned the taxonomic
validity of Probolichas (Phleger, 1936) as a genus (Warburg, 1939; Thomas and
Holloway, 1988), because the presence of a proboscis was not viewed as a genus level
characteristic, especially when no pygidia have been associated with Probolichas
cranidia. There are three competing hypotheses presented in the literature: Probolichas is

a distinct genus (Phleger, 1936), Probolichas is a subgenus of Amphilichas (Evitt, 1951),
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and Probolichas is a synonym of Amphilichas (Warburg, 1939). We agree with Thomas
and Holloway (1988) that these hypotheses can be evaluated only when Probolichas
cranidia and pygidia are correctly associated with each other. Here, we describe new,
completely articulated material of Probolichas kristiae n. sp., from the Bromide
Formation (Cooper, 1956) of Oklahoma. In addition to new material, some of the relevant
Probolichas and Amphilichas specimens originally described from the Bromide by Shaw
(1974) are re-illustrated and re-described herein. These data are supplemented by
comparison to new tetralichine material from the Viola Springs Group of Oklahoma
(Finney, 1986; Amati and Westrop, 2006) and the Effna Limestone (Cooper, 1944;
Cooper, 1956; Read, 1980) of Virginia.

Pollitt et al., (2005) recognized the Tetralichini as a monophyletic group in their
extensive phylogenetic analysis of the Lichidae Hawle and Corda, 1847. However,
support for the Tetralichini as a clade was low, and their work focused on the higher
taxonomic groupings of the Lichidae (see Pollitt et al., 2005, fig. 9), so there remain
unanswered questions regarding the relationships of ingroup Tetralichini. Phleger (1936)
erected the genera Tetralichas and Kerakephalichas within (what is now) the Tetralichini,
but Thomas and Holloway (1988) treated them as synonyms of Amphilichas based on
their estimation of characters of generic importance. Furthermore, various authors
(Phleger, 1936; Tripp, 1957, Thomas and Holloway, 1988) have noted the significant
variation within Amphilichas, especially in comparison to the type species (4. lineatus
Angelin, 1854), which has markedly different longitudinal furrow morphology than most

species assigned to this genus. These issues combined with uncertainties over the correct
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sclerite associations for Probolichas demonstrate the need for a modern systematic
revision of the Tetralichini.

Herein we: 1) illustrate and describe Probolichas kristiae n. sp., Amphilichas
effnensis n.sp., and other tetralichine species from the Simpson Group of Oklahoma and
Effna Limestone of Virginia; 2) re-illustrate and re-describe (where necessary) type
specimens of tetralichine genera; 3) conduct a phylogenetic analysis of all genera within
the Tetralichini (Amphilichas, Probolichas, Apatolichas, Lyralichas, and
Pseudotupolichas Phleger, 1936); 4) Revise the Tetralichini using the results of the
phylogenetic analysis.

GEOLOGIC SETTING

Locality and collection information—Two localities in Oklahoma, and one in
Virginia yielded the trilobite collections used in this work. The Oklahoma collections are
from: Rock Crossing (RC) located 9 km southwest of Ardmore, OK and Tyson’s Quarry
(TQ), located 8 km southwest of Ardmore, OK (Figs. 1 and 2). We made additional
collections from RC and TQ to supplement those already made by Thomas Eckert
(Eckert, 1951, unpublished M.S. thesis) and those donated by Allen Graffham
(Geological Enterprises Ltd) to the Sam Noble Oklahoma Museum of Natural History.
The collections at TQ are taken from the upper Pooleville, in rudstone pavements
(interpreted as tempesites) that top blue massive carbonate wackestone (see Fig. 2). The
collections at RC were taken from 30.48-36.6 m (Eckert, 1951) below the Viola contact
in a light tan mudstone/wackestone facies of the Lower Pooleville (see Sprinkle, 1982, p.

363 for a detailed measured section).
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Porterfield Quarry (PQ, Fig 3) is an abandoned facility located approximately 7
km southwest of Saltville (Smyth County), Virginia. The quarry is exposed
approximately 1 km down the unlabeled service road (off VA 610), and consists of over 2
km of exposed rock along strike (SW to NE, see Fig. 3.3), although most of the Effna
buildup has been quarried out. The PQ collections are from boulders in the Effna
biohermal (Read, 1982) limestone (Fig. 3.3), left behind when the quarry ceased
operation.

Oklahoma stratigraphy and depositional setting.—The Bromide Formation
(Ulrich, 1911) is an Upper Ordovician (Sandbian; Turinian) mostly carbonate succession
that is the youngest unit in the Simpson Group, which also includes the Joins, Oil Creek,
McLish, and Tulip Creek formations (Cooper, 1956; Harris, 1957). In south-central
Oklahoma, the Bromide Formation is well exposed throughout the Arbuckle Mountains
and Criner Hills regions. It was deposited along a carbonate ramp that extended from the
Arbuckle Platform into the Southern Oklahoma Aulacogen (Fig. 1). The Southern
Oklahoma Aulacogen was a subsiding trough within the Oklahoma Basin, an arm of a
failed triple rift system (Longman, 1982a, b). The two sub-units of the Bromide
Formation are the stratigraphically older Mountain Lake Member, and the overlying
Pooleville Member (Cooper, 1956). The facies composition and fauna of these units
changes dramatically based on their location within the platform to aulacogen transition.
A lowstand systems tract of massive sandstones and sandy crinoidal grainstone
characterizes the lower Mountain Lake Member. These are overlain by meter scale deep
ramp cycles of carbonate mudstone, wackestone, and occasional rudstone. The cycle tops

are irregular, mineralized, starved surfaces, commonly associated with bryozoan obrution

15



horizons. Up-ramp, the Pooleville member consists of an early highstand interval of
shallow subtidal carbonate mudstone, wackestone, and grainstone, with heavily reworked
brachiopod and trilobite tempesites commonplace. The overlying late highstand peritidal
carbonates are commonly referred to as the Corbin Ranch Submember (Harris, 1957;
Amsden and Sweet, 1983).

The Bromide Formation faunas are very diverse. Bromide ostracods, conodonts,
brachiopods, acritarchs, bryozoans, and graptolites have been relatively well studied,
consisting of over 300 described species (see Fay and Graffham, 1982 for compilation).
Trilobites from the Bromide Formation have been studied (Esker, 1964; Shaw, 1974;
Ludvigsen, 1978; Karim and Westrop, 2002; Amati and Westrop, 2004; Amati and
Westrop, 2006), but there still remains much work in terms of the trilobite systematics,
biostratigraphy, and paleoecology. Preliminary observations indicate that the Mountain
Lake Member is characterized by low diversity assemblages dominated by “Homotelus ”,
with diversity rapidly increasing in the early highstand interval of the Pooleville.
Calyptaulax Cooper, 1930, Thaleops Conrad, 1843, Bumastoides Whittington, 1954,
Ceraurus, Green, 1832, Dolichoharpes Whittington, 1949, Harpidella M’Coy, 1849,
Remopleurides Portlock, 1843, Failleana Chatterton and Ludvigsen, 1976, Lonchodomas
Angelin, 1854, Amphilichas, and Probolichas occur in rudstone pavements in the
Pooleville. The majority of these genera become locally extinct or migrate out of the area
when peritidal conditions develop (see Amati and Westrop, 2006) during the Corbin
Ranch interval, indicating that trilobite diversity in the Bromide is highest in mid-ramp to

inner ramp environments.
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Virginia stratigraphy and depositional setting.—The Upper Ordovician
(Sandbian) carbonate ramp to basin transition in the Valley and Ridge province of
Virginia (see Read, 1982, fig. 1) contains numerous local buildup facies, referred to as
the Ward Cove, Rockdell, Murat, and Effna limestones. These build-ups are similar to
Carboniferous Waulsortian mounds (Wilson, 1975, Read, 1982) in that frame building
organism are of minor importance, and marine cementation in combination with baffling
of carbonate fines by bryozoans and pelmatazoan crinoids likely helped mound
development (Read, 1982; King, 1986). The Effna Formation (Fig. 3) is composed of
downslope buildups, which overlie shallower inner to midramp facies that include
wackestone of the Lincolnshire Limestone (referred to as the Lenoir downramp), and the
fenestral carbonates of the Mosheim Limestone. The Eftna underlies the Liberty Hall
Formation, which is an interbedded basinal shale and carbonate mudstone facies. The
Effna Formation consists of two sub-units (Sabol, 1958; Ruppel and Walker, 1977; Read
1982). The lower unit is a pelmatazoan and bryozoan grainstone, presumably biostromal,
which formed as debris was shed from the buildups. The other unit is the buildups (or
pods) themselves, which are primarily carbonate mudstone and wackestone, although
ramose, lacy, and encrusting bryozoans often form bafflestone. The Botetourt Limestone
(Cooper and Cooper, 1946) is a dark, nodular grainstone (wackestone and packstone are
developed locally) that flanks, interfingers, and overlies the Effna build-ups. At some
localities, (PQ for example, Fig. 3.3) the Botetourt extends across the younger buildup
facies. The lateral expression of the Botetourt is dynamic, and is best represented by
detailed facies maps (Read, 1982, figs. 6a, 7c). The Botetourt is generally interpreted as a

deeper water facies that formed on the flanks of downslope build-ups, and is transitional

17



between the Effna and basinal Liberty Hall facies (Read, 1982). The entire sequence
(Mosheim, Lincolnshire, Effna, Botetourt, Liberty Hall) is a transgressive ramp to basin
sequence, part of the regional onlap sequence during the early and middle stages of
downwarping during the Taconic foreland basin formation (Read, 1980).

Ramose bryozoans, lacy and encrusting bryozoans, pelmatozoans, brachiopods,
trilobites, mollusks, and calcareous algae dominate the fauna of the Effna buildup (see
Read, 1982, table 2 for fauna constituent percentages). Trilobites are a relatively low
percentage of the total abundance in the build-ups, but are fairly diverse. Our collections
in the Effna have yielded the following genera: Sphaerexochus Beyrich, 1845,
Bumastoides, Amphilichas, Illaenus Dalman, 1827, Kawina Barton, 1916, Ceraurus,
Calyptaulax, and Thaleops. Raymond (1925) described some of this fauna from his work
in the Holston (Effna) of Virginia.

PHYLOGENETIC ANALYSIS

Notes on taxa.— Lichas laciniatus (Dalman, 1827) was chosen as an outgroup
taxon based on its plesiomorphic glabellar and pygidial morphology (Thomas and
Holloway 1988), and on the results of previously published work (Pollitt et al., 2005).
Pollitt et al., (2005) constructed a cladogram of the family Lichidae with polarity
determined by reference to a lichakephalid outgroup taxon. Their 50% majority rule tree
placed the genus Lichas Dalman, 1827 as directly basal to the sister clades Tetralichini
and Echinolichini Phleger, 1936 (see Pollitt et al., 2005, fig. 8). Some plesiomorphic
characters (relative to tetralichines) possessed by Lichas are: the possession of furrow S1
(joining of the axial and longitudinal furrows), the presence of a bullar lobe, the lack of

pleural spines on the pygidium, and a subsemicircular pygidium (both shared with more
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basal lichids like Lichakephalina Sdzuy, 1955 and Acidaspidina Lazarenko, 1960). The
presence of distinct lateral lobes is a primitive character not only in relation to the
Tetralichini, but the Trilobita as a whole. Fused lateral lobes such as those of Amphilichas
are surely a derived characteristic. The lobation pattern in Lichas represents an
intermediate step before complete fusion of the lateral lobes, and therefore is an ideal
taxon to assess character polarity in taxa with composite lobes. Although several authors
(Phleger, 1936; Thomas and Holloway, 1988) considered Metopolichas Giirich, 1901 a
basal genus to tetralichines, we will not use it as an outgroup because the type material is
incompletely preserved (Thomas and Holloway, 1988).

The subfamily Tetralichinae (Phleger, 1936) as defined by Thomas and Holloway
(1988) includes Amphilichas, Probolichas, Lyralichas, and Apatolichas. They regarded
Kerakephalichas (Phleger, 1936) and following Warburg (1925), Acrolichas (Foerste,
1919) as junior synonyms of Amphilichas. Thomas and Holloway’s (1988) synonymy of
Kerakephalichas was based on their estimation that cranidial spinosity was not a
character of generic importance. We cannot investigate the relationship of
Kerakephalichas (i.e., Amphilichas rhinoceros Slocom, 1913) to other tetralichines
because the type material lacks a hypostome and pygidium, although we redescribe and
reillustrate the holotype cranidium (Fig. 7.1).

Pollitt et al. (2005) expanded the tribe Tetralichini to include Pseudotupolichas
(Phleger, 1936) based on their majority rule tree (Pollitt et al., 2005, fig. 9). However,
this clade was unresolved in their strict consensus tree, and the support for the
Tetralichini node in the majority rule tree was extremely low. Thomas and Holloway

(1988) assigned Pseudotupolichas to the subfamily Lichinae, so the relationships of this
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genus need to be evaluated. The taxa used in our analysis include the type species of
every genus within the Tetralichini: Probolichas robbinsi, Amphilichas lineatus,
Apatolichas jukesi, Lyralichas bronnikovi, and Pseudotupolichas ornatus. The type
specimens of Amphilichas, Probolichas, and “Kerakephalichas™ are re-illustrated here.
We were unable to secure loans of the types of Apatolichas, Lyralichas and
Pseudotupolichas, and our coding is based on published illustrations (Weber, 1932;
Phleger, 1936; Whittington, 1963; Thomas and Holloway, 1988), and evaluation of other
available material of the respective type species. We also consulted the literature for
illustrated non-type species (Evitt, 1951; Tripp, 1957; Shaw, 1974; Chatterton and
Ludvigsen, 1976; Owen, 1981; Westrop and Ludvigsen, 1983; Edgecombe et al. 2004) to
supplement physical material. In some instances we accept the pygidial assignment of
later authors to a particular species. For example, we follow the assignment of pygidia to
A. lineatus by Owen (1981). The taxa used here also represent all known species within
Probolichas, Apatolichas, and Lyralichas. Amphilichas is known from approximately 50
species; but in many instances, there is broad overlap in morphology, or the material is
fragmentary and sclerite associations are unknown. In some cases, we had to exclude
some species with unique characters, because they are incompletely known. For example,
A. hexadactylus (Opik, 1937) and A. narrawayi (Foerste, 1920) have elongated first and
second pleural furrows, but both are only known from pygidia (Thomas and Holloway,
1988). Correct association of exoskeletal parts should be completed on these species (as
well as other species known only from partial exoskeletons) before they are included in
any analysis. The species that we use here represent relatively complete specimens with a

broad range of morphology including different degrees of longitudinal furrow
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effacement, sculpture, and convexity. Our primary concern is the relationship between
Amphilichas and Probolichas, so we believe this is an adequate pool of species to
represent Amphilichas in the phylogenetic analysis.

It is important to note that even though we were unable to secure access to the
type material of Apatolichas jukesi (GSC 671a), our coding is primarily based on the type
species (Whittington, 1963, pl. 32, figs. 4-11; pl. 33, 34) rather than the material we
illustrated here (4. cf. 4. jukesi of Ross, 1972). Amphilichas cucullus (Meek and
Worthen, 1865; Foerste, 1920) codes the same as the Oklahoma material illustrated here
(A. cf. A. cucullus). Amphilichas cf. A. encyrtos (Edgecombe et al., 2004) was chosen
over A. encyrtos (Webby, 1974) because a more complete exoskeleton is known.

CHARACTERS AND CODING

The character terminology used here follows Thomas and Holloway (1988),
Whittington and Kelly (1997) and Pollitt et al. (2005). The dataset includes 13 ingroup
taxa, one outgroup taxon, and 28 characters with 70 states. These characters code
morphological features of the cranidium (13 characters), hypostome (4 characters) and
pygidium (11 characters). All the characters are binned into their respective states based
only on clearly discrete differences. Ratio based characters are also only used when there
are discrete (i.e. not a continuum of size ranges) differences in states, so that quantitative
methods such as gap weighting (Thiele, 1993) or finite mixture coding (Strait et al. 1996)
are not necessary. All characters are treated as unordered and (initially) weighted equally.
Parsimony uninformative characters (autapomorphic characters, e.g., the extra
interpleural furrow of Lyralichas or the effaced axial furrow of Apatolichas) and

redundant (i.e., similar sculptural characters in different parts of the exoskeleton)
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characters are omitted. Characters with states that were inapplicable for some species
(Characters 4-6, which describe the variation of the glabellar proboscis) were coded using
reductive coding (Strong and Lipscomb, 1999): inapplicable states were coded as “?”.
Characters 7, 8, 9, 18 are from Pollitt et al. (2005).

Cranidium.—

1. Posterior extent of longitudinal glabellar furrow: (0) doesn’t reach SO (e.g.,
Lyralichas bronnikovi, Thomas and Holloway, 1988, pl. 12, fig. 260); (1) extends to SO
(e.g., Amphilichas subpunctatus, Fig. 10.1); (2) remnant longitudinal furrow (e.g.
Amphilichas lineatus, Fig. 9.2).

2. Path of posterior end of longitudinal furrow: (0) curves abaxially below the palpebral
lobe (e.g., Pseudotupolichas ornatus, Thomas and Holloway, 1988, pl. 4, fig. 70); (1)
straight (e.g., Amphilichas subpunctatus, Fig. 10.1).

3. Anterior projection: (0) absent (e.g., Amphilichas lineatus, Fig. 9.4) (1) blunt anterior
or dorsal swelling of median lobe (e.g., Amphilichas cf. A. cucullus, Fig. 8.9); (2) present
as a proboscis (e.g., Probolichas kristiae, Fig. 7.3).

4. Proboscis width: (1) wide (e.g., Probolichas robbinsi, Fig. 6.1); (2) narrow (e.g.,
Probolichas kristiae, Fig. 7.3).

5. Longitudinal profile of proboscis: (1) straight (e.g., Probolichas robbinsi, Fig. 6.2);
(2) down-curved (e.g., Probolichas kristiae, Fig. 7.6).

6. Proboscis tuberculation: (1) circular along entire length of proboscis (e.g., Probolichas
robbinsi, Fig. 6.1); (2) progressively more elongate along length (e.g., Probolichas

kristiae, Fig. 7.6).
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7. Glabellar lobe L1a: (0) present, strongly expressed (e.g., Lichas laciniatus, Warburg,
1925, pl. 8, fig. 20); (1) present, weakly expressed (e.g., Apatolichas jukesi, Whittington,
1963, pl. 34, fig.11); (2) completely incorporated into a composite lateral lobe (e.g.,
Amphilichas subpuctatus, Fig. 9.11).
8. Width (tr) of palpebral lobe: (0) narrow relative to glabellar width (e.g.,
Pseudotupolichas ornatus, Thomas and Holloway, 1988, pl. 4, fig. 70); (1) wide relative
to glabellar width (e.g., Apatolichas jukesi, Whittington, 1963, pl. 34, fig. 10).
9. Glabellar lobation: (0) bullar lobe present (e.g., Lichas laciniatus, Warburg, 1925, pl.
8, fig. 20); (1) composite lateral lobe present, bullar lobe fused with other lateral glabellar
lobes (e.g., Amphilichas effnensis, Fig. 11.2).
10. Shape of SO: (0) transverse (e.g., Lichas laciniatus, Warburg, 1925, pl. 8, fig. 20);
(1) transverse medially, then deflected posteriorly (e.g., Probolichas robbinsi, Fig. 6.1).
11. Lateral incisions of longitudinal furrows at eye level: (0) absent (e.g., Probolichas
robbinsi, Fig. 6.1); (1) present (e.g., Probolichas kristiae, Fig. 6.6).
12. Anterior portion of median lobe: (0) non-punctate (e.g., Amphilichas aspratilis, Shaw,
1974, pl. 12, fig. 6); (1) punctate (e.g., Amphilichas subpunctatus, Fig. 9.11).
13. Preglabellar furrow: (0) complete (e.g., Amphilichas subpunctatus, Fig. 10.2); (1)
medially effaced (e.g., Amphilichas effnensis, Fig. 11.3)

Hypostome.—
14. Hypostome tuberculation: (0) absent (e.g., Pseudotupolichas ornatus, Thomas and

Holloway, 1988, pl. 4, fig. 67); (1) present (e.g., Probolichas kristiae, Fig. 9.10).
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15. Hypostome median body: (0) proportionally long length (sag) (e.g.,
Pseudotupolichas ornatus, Thomas and Holloway, 1988, pl. 4, fig. 67); (1) reduction in
length (sag) (e.g., Amphilichas subpunctatus, Fig. 10.7).
16. Hypostome anterior lobe: (0) sub-circular (e.g., Pseudotupolichas ornatus, Thomas
and Holloway, 1988, pl. 4, fig. 67); (1) sub-trapezoidal (e.g., Amphilichas subpunctatus
Fig. 10.7).
17. Hypostome posterior lobe: (0) long (sag), strongly anteriorly deflected (e.g., Lichas
laciniatus, Thomas and Holloway, 1988, pl. 1, fig. 10); (1) reduced in length (sag) (e.g.,
Probolichas kristiae, Fig. 9.10); (2) long (sag), transverse or slightly anteriorly deflected
(e.g., Amphilichas subpunctatus, Fig. 10.7).

Pygidium.—
18. Number of pleural furrow pairs (excluding post axial band): (0) three (e.g., Lichas
laciniatus, Thomas and Holloway, 1988, pl. 1, fig. 5); (1) two (e.g., Probolichas kristiae,
Fig. 8.3); (2) one (e.g., Apatolichas jukesi, Whittington, 1963, pl. 33, fig. 10); (3) four
(e.g., Lyralichas bronnikovi, Thomas and Holloway, 1988, pl. 12, fig. 264).
19. Extent of 1st pleural furrow: (0) terminates at pleural tip (e.g., Pseudotupolichas
ornatus, Thomas and Holloway, 1988, pl. 4, fig. 76); (1) terminates near fulcrum (e.g.,
Amphilichas subpunctatus, Fig. 9.12); (2) terminates near base of marginal spines (e.g.,
Probolichas kristiae, Fig. 8.3).
20. Number of complete axial ring furrows: (0) two (e.g., Lyralichas bronnikovi, Thomas
and Holloway, 1988, pl. 12, fig. 264); (1) one (e.g., Amphilichas effnensis Fig. 10.10).
21. Postaxial band: (0) well defined (e.g., Probolichas kristiae, Fig. 7.3); (1) absent or

poorly defined (e.g., Apatolichas jukesi, Whittington, 1963, pl. 33, fig. 10)
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22. Pygidial shape in dorsal view: (0) subcircular (e.g., Probolichas kristiae, Fig. 7.3);
(1) subtriangular (e.g., Apatolichas jukesi, Whittington 1963, pl. 33, fig. 10); (2)
subquadrate (e.g., Pseudotupolichas ornatus, Thomas and Holloway, 1988, pl. 4, fig. 76).
23. Ratio of pygidial length (sag) to width (tr): (0) length of pygidium approximately %
of of width (e.g., Probolichas kristiae, Fig. 8.3); (1) proportionally long and narrow,
approaching 1:1 ratio (e.g., Pseudotupolichas ornatus, Thomas and Holloway, 1988, pl.
4, fig. 76); (2) length of pygidium approximately "2 of width (e.g., Amphilichas cf.
encyrtos, Edgecombe et al. 2004, fig. 11H).

24. Shape of 2nd axial ring furrow: (0) horizontal (tr) (e.g., Amphilichas conradi,
Chatterton and Ludvigsen, 1976, pl. 18, fig. 56); (1) weakly chevron shaped (e.g.,
Amphilichas subpunctatus, Fig. 9.12); (2) strongly chevron shaped (e.g., Probolichas
kristiae, Fig. 8.3).

25. Sculpture of pygidium: (0) tubercles coarse and uniform in size (e.g., Amphilichas
subpunctatus, Fig. 9.12); (1) tubercles variable in size (e.g., Probolichas kristiae, Fig.
7.4).

26. Shape of post-axial band: (0) parallel sided or gently expanding posteriorly (e.g.,
Probolichas kristiae, Fig. 8.3); (1) narrowing posteriorly (e.g., Amphilichas subpunctatus,
Fig. 10.4).

27. Basal width (tr) distance between posterior-most (3" or 4™) pair of pygidial pleural
spines: (0) Posterior most spine lost (e.g., Lichas laciniatus, Thomas and Holloway,
1988, pl. 1 fig. 5); (1) very narrow, only an extremely shallow embayment separating
spines (e.g., Apatolichas jukesi, Whittington 1963, pl. 33, fig. 10); (2) narrow embayment

relative to transverse width of pleural spines (e.g., Amphilichas subpunctatus, Fig. 10.4);
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(3) wide embayment relative to transverse width of pleural spines (e.g., Probolichas
kristiae, Fig. 8.3); (4) wide embayment because of reduction in pleural spine size (e.g.,
Pseudotupolichas ornatus, Thomas and Holloway, 1988, pl. 4, fig. 76).

28. Shape of posterior-most pleurae: (0) short and broad (e.g., Amphilichas conradi,
Chatterton and Ludvigsen, 1976, pl. 18, fig. 56); (1) long and broad (e.g., Probolichas
kristiae, Fig. 8.3); (2) long and slender (e.g., Pseudotupolichas ornatus, Thomas and
Holloway, 1988, pl. 4, fig. 76).

Parsimony analysis.—All analyses were conducted in PAUP* version 4.0b10
(Swofford, 2002) using a branch and bound search algorithm, and the results were
checked using TNT (Goloboff et al., 2008; implicit enumeration). The settings for the
branch and bound analysis were as follows: gaps were treated as missing, the initial upper
bound was computed heuristically, addition sequence was furthest, zero length branches
were not collapsed, topological constraints were not enforced, and trees were treated as
un-rooted. Successive approximations reweighting (Farris, 1969) of the rescaled
consistency index (RC) was used to down-weight homoplastic characters. PAUP* was
also used to run additional analyses, such as calculation of the tree length frequency
distribution from 10,000 equally sampled random trees, and computation of 1,000
replicate bootstrap probabilities via a branch and bound algorithm. Bremer support values
(Bremer, 1994) were calculated by continually keeping trees with length values of N+1 in
PAUP*, where N = the tree length of the strict consensus tree. This was done until all
nodes collapsed. Character state optimization was performed in PAUP* and Winclada v.

1.00.08 (Nixon, 2002), and the results are shown in Fig. 5.
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Systematic methods.—Systematic diagnoses are primarily based on the
unambiguous state changes (i.e. those that occur at the same node under the assumptions
of both ACCTRAN and DELTRAN optimization), although in some instances we added
ambiguous state changes (and autapomorphic characters not included in the analysis) to
develop a more complete picture of the characters held by the group being diagnosed. We
have also provided node-based clade definitions (de Queiroz and Gauthier, 1990; De
Queiroz, 2007; modified by Maletz et al., 2009) based on the strict consensus tree, in
order to constrain the outcome of common ancestry relationships (i.e., a clade), while the
description and diagnoses provide data on how the components of that particular clade
are recognized. Clade definitions also clearly document synonymous taxa (e.g.,
Amphilichas and Apatolichas have the same clade definition; therefore they are
synonymous in an unambiguous fashion). In instances where a taxon cannot be defined as
the most recent common ancestor of two taxa (Lyralichas is only known from one
species), branch based definitions are used (de Queiroz and Gauthier, 1990; de Queiroz,
2007). We have opted to use a conventional Linnean classification with named ranks, so
the clade definitions are not used as the basis of the formal taxonomy, but as additional
information, documenting the clades exact location, and synonymy.

RESULTS

Parsimony analyses.—PAUP* retained 36 equally most parsimonious trees
(MPTs) with a tree length of 53+ steps. Successive approximations by the rescaled
consistency index (RC) down-weighted nine homoplastic characters, producing nine
MPTs. A strict consensus of these nine trees (Fig. 4) has a length of 34 steps, consistency

index (CI) of 0.79, retention index (RI) of 0.69, and RC of 0.55. We calculated 10,000
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random trees using the same specifications as the branch and bound analysis, resulting in
a frequency distribution with a mean tree length of 51.2 steps. No trees with a length
approaching 34 steps were retained, so the probability of getting a tree of 34 steps at
random is less than 1/10000, or p < 0.0001, suggesting there is a strong phylogenetic
signal in our data. The bootstrap values indicate that nodes 2-5, 9, and 10 (Fig. 4) are
supported in more than 50% of trees found in the analysis. The Bremer support value for
node 2 is three, nodes 3, 4, 6, 9, and 10 have values of two, and all other nodes have a
value of one.

Pseudotupolichas is the most basal ingroup taxon. Amphilichas, Probolichas,
Lyralichas and Apatolichas are united at node 2 (characters 2, state 1; 10, state 1; 15,
state 1; 17, state 2; 19, state 2) forming the Tetralichini clade. We exclude
Pseudotupolichas from the Tetralichini (following Thomas and Holloway, 1988) because
of the high number of supporting synapomorphies and bootstrap support (100%) at node
2. This suggests the possession of a composite lobe is not diagnostic of the Tetralichini
(which is supported by the fact that some echinolichines have completely fused
composite lobes). Lyralichas is a sister taxon to the rest of the tetralichines. Amphilichas,
“Apatolichas”, and Probolichas form a clade at node 3, based on hypostome
tuberculation (character 14, state 1) and hypostome anterior lobe shape (character 16,
state 1). Probolichas is monophyletic, and is a sister taxon to Amphilichas and
“Apatolichas”. The presence of a proboscis (character 3, state 2; node 4) unites all species
of Probolichas, while at node 5 P. kristiae and P. pandus are sister taxa based on their
shared longitudinal furrow incisions (character 11, state 1). Monophyly of Amphilichas

(including “Apatolichas™) is supported by the extent of the 1* pleural furrow (character
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19, state 1; node 6). An Amphilichas subclade is formed at node 7 based on the shape of
the 2™ pygidial axial furrow (character 24, state 1). Within that clade, 4. subpunctatus, A.
lineatus, and A. effnensis are united by their punctate anterior median lobe (character 12,
state 1; node 8). At node 9, A. effnensis and A. lineatus are sister taxa based on the
effacement of the pre-glabellar furrow (character 13, state 1). Apatolichas jukesi and A.
cf. encyrtos are united by the shape, pleural furrow number, and length/width ratio of the
pygidium (characters 18, state 1; 22, state 1; 23, state 1; node 10).

Classification.—The taxonomy that results from the strict consensus tree (Fig. 4)
defines three genera within the Tetralichini, and collapses Apatolichas into Amphilichas.
Under this interpretation, removing Apatolichas from Amphilichas would render
Amphilichas paraphyletic. This is perhaps the most striking change to the taxonomy of
the Tetralichini. It is necessary based on our hypothesis of common ancestry, since the
majority of MPTs support this interpretation. Modifying the placement of node 10 on the
MPTs (or consensus trees) results in a significantly less parsimonious result. Collapsing
the node would also have no effect on the resulting taxonomy. Our analysis diagnoses the
Amphilichas clade (node 6) based on the length of the pleural furrows, which are shorter
than those of Probolichas and Lyralichas. Although ambiguous based on the character
optimization, Amphilichas and Apatolichas also have identical hypostomal characters
(15-17), while Probolichas and Lyralichas only possess some, but not all of the same
states. For example, the hypostome of Probolichas is similar to Amphilichas, except the
posterior lobe is reduced in length (Fig. 9.10).

Our data also clearly support separation of Probolichas from Amphilichas, as

originally proposed by Phleger (1936). Although Thomas and Holloway (1988)
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suggested that the presence of a proboscis did not provide the basis for a new genus, our
analysis shows that this character, in combination with other apomorphies, supports
monophyly of Probolichas.

Phleger (1936) erected Tetralichas for species with complete (extending to
occipital furrow) longitudinal furrows, and restricted Amphilichas to those with
incomplete longitudinal furrows, as in A. lineatus. There is no support for Tetralichas in
our analysis, as 4. conradi, another species with incomplete longitudinal furrows
(character 1), is not part of the same sub-clade as 4. lineatus. Furthermore, Lyralichas
also has incomplete longitudinal furrows, but is not a sister taxon to 4. conradi or A.
lineatus.

SYSTEMATIC PALEONTOLOGY

[lustrated material (Figs. 6-11) was photographed at 1mm intervals with a Canon
EOS5 5D camera equipped with an 80 or 120mm lens. Images were then stacked using
Helicon focus 4.0.4 pro Multiprocessor (Helicon Soft, Ltd) with depth map rendering.
References to “length” refer to sagittal or exsagittal directions, and “width” refers to
transverse. Characters in diagnoses without state numbers are autapomorphies (separated
from the rest of the diagnosis by a semicolon), and weren’t included in the analysis.
Repository acronyms: OU: Sam Noble Oklahoma Museum of Natural History, USNM:
United States National Museum (Smithsonian), Ar: Swedish Museum of Natural History,
FMNH: Chicago Field Museum of Natural History.

Order: LICHIDA Moore, 1959
Family LICHIDAE Hawle & Corda, 1847

Subfamily LICHINAE Hawle & Corda, 1847
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Tribe TETRALICHINI Phleger, 1936

Diagnosis.—Longitudinal furrow straight (character 2, state 1), SO deflected
posteriorly (character 10, state 1), hypostome median body reduced in length (sag)
(character 15, state 1), hypostome posterior lobe transverse or reduced and slightly
anteriorly deflected (character 17, states 1 and 2) pleural furrows terminate at fulcrum or
near base of marginal spine (character 19, states 1 and 2).

Definition.—The clade stemming from the most recent common ancestor of
Lyralichas bronnikovi and Amphilichas cf. A. encyrtos and all of its descendants (node 2,
Fig. 4).

Genus PROBOLICHAS Phleger, 1936

Type Species.—Hoplolichas robbinsi Ulrich 1892, from the Sandbian of
Minnesota (by original designation).

Diagnosis.—Tetralichini with an elongated anterior projection (proboscis)
(character 3), strongly chevron shaped 2™ pygidial axial ring furrow (character 24), wide
embayment between posterior most pleural spines (character 27), long and broad
posterior most pleurae (character 28).

Definition.—The clade stemming from the most recent common ancestor of
Probolichas robbinsi and Probolichas pandus and all of its descendants (node 4, Fig. 4).

Discussion.—Probolichas was erected by Phleger (1936) who emphasized the
presence of an anterior projection from the median glabella in his diagnosis. Species
within this genus were otherwise thought to resemble Amphilichas. Evitt (1951) treated
Probolichas as a subgenus of Amphilichas because he believed all other glabellar features

to be identifical to Amphilichas. Warburg (1939) felt the proboscis was of little
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importance because similar structures occurred in other genera (e.g. Platylichas Giirich,
1901). Thomas and Holloway (1988) shared Warburg’s doubts about the taxonomic
utility of the prolongation, but tentatively accepted Probolichas as a valid genus, pending
confirmation of the sclerite association suggested by material from the Bromide
Formation (Thomas and Holloway, 1988, pl. 12, figs. 265, 270, 273). They reviewed
material of P. robbinsi and P. pandus, and concluded that further morphological
information was necessary before the genus could be properly assessed.

The complete material described herein, and the cladistic analysis presented in the
preceding sections allows for the status of Probolichas to be determined. Not all of the
synapomorphies (see diagnosis) that unite this genus were available for evaluation by
previous authors, who considered the proboscis the only relevant character for discussion.
Both Shaw (1974) and Thomas and Holloway (1988) noted that incomplete Probolichas
pygidia from the Bromide were distinct from those of Amphilichas, and pygidial
characters are tentatively (pygidia from P. pandus and P. robbinsi are not known) used to
diagnose the genus in addition to the presence of a proboscis.

PROBOLICHAS ROBBINSI (Ulrich, 1892)
Figures 6.1-6.3
Hoplolichas robbinsi, Ulrich, 1892, figs. 1a, 1b.
Probolichas robbinsi, Phleger, 1936, figs. 43, 44.

Diagnosis.—Probolichas with a wide (character 4, state 1), straight (character 5,

state 1) proboscis that has circular tubercles along its entire length (character 6, state 1);

transverse posterior occipital margin, proportionally short proboscis.
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Description.— Cranidium subtriangular in outline, width across the base of
proboscis 20% of cranidial length, and width across palpebral lobes 89% of its length.
Convexity of longitudinal profile very low, nearly flat in lateral view; slopes very gently
downward near the anterior end of cranidia (excluding proboscis). In anterior view,
convexity weak, sloping gently abaxially away from median line. Axial furrows narrow,
clearly defined grooves, bowed gently inward and descending almost vertically at
anterior; curved around edge of LO posteriorly. Glabella subrectangular in outline,
occupies 61% of cranidial width opposite palpebral lobes, narrows anteriorly. Short, wide
proboscis emerges from median lobe dorsally, occupying 40% of cranidial length, equal
to 23% of cranidial width opposite palpebral lobes. Proboscis width 40% of its length;
circular in cross section, abruptly rounded at anterior end, with flat longitudinal profile.
SO narrow, well-incised groove, transverse between longitudinal furrows, then abruptly
turning posteriorly at angle of approximately 20 degrees. Width of LO 61% of cranidial
width (across palpebral lobes), and length 5% of cranidial length. Posterior margin of LO
transverse. Longitudinal furrows are similar in depth to axial furrows, roughly parallel
between SO and glabellar mid-length, then diverging anteriorly, before descending
ventrally. They outline “bulb-shaped” medial lobe, comprising 42% of glabellar width
opposite palpebral lobes, but expanding anteriorly. Composite lobe curves abaxially,
accounting for 71% of cranidial length (excluding proboscis), and 29% of glabellar width
opposite palpebral lobes. Fixigena comprising 28% of maximum cranidial length in
dorsal view. Palpebral lobe and area incompletely preserved; palpebral furrow apparently
finely etched groove, curved strongly. Preocular area narrow, descending steeply

forward; posterior area slightly depressed just posterior of the palpebral lobe, descends
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less steeply than preocular area, with posterolateral projection much wider than
postocular area. Posterior border furrow slightly wider and deeper than axial furrow,
extends to sutural margin. Posterior border rectangular in outline, length at axial furrow
equal to about 3% of total cranidial length, slightly anteriorly directed, widening laterally
(exsag.). Suture incompletely preserved, appears strongly curved outward behind
palpebral lobe.

Dorsal exoskeleton ornamented by tubercles of three different sizes. Each
successive size class approximately 30-40% larger than the next lowest size, reaching up
to 0.33 mm in diameter. Smallest and medium sized tubercles densely and evenly
scattered across entire cranidium, largest size more prominent on the proboscis. One large
tubercle present in the middle anterior portion of both composite lobes.

Material Examined.—Holotype cranidium (USNM 41950, Figs. 6.1-6.3).

Occurrence.—Sandbian-Katian (Upper Ordovician) of the Galena group of
Minnesota (Evitt, 1951; Emerson et al., 2004).

Discussion.—Phleger (1936) designated Probolichas robbinsi as the type species
for Probolichas. His illustrations (Phleger, 1936, figs. 43, 44) are simple line drawings,
and the material was not redescribed. Probolichas robbinsi differs from P. pandus and P.
kristiae sp. nov in that the proboscid tubercles are not elongate, and the posterior margin
of the occipital ring is transverse rather than anteriorly curved. Probolichas robbinsi also
lacks lateral incisions to the longitudinal furrow, and has a proportionally shorter
proboscis than P. kristiae.

PROBOLICHAS KRISTIAE new species

Figures 6.4-6.6, 7.2-7.8, 8.2-8.3,9.1, 9.10
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Probolichas sp. Shaw, 1974, pg. 46, pl. 12, figs. 17, 19, 20
Probolichas? sp. Thomas and Holloway, 1988, pl. 12, figs. 265, 270, 273.

Diagnosis.—Probolichas with proboscis that is narrow (character 4, state 2),
down-curved (character 5, state 2), has elongate tubercles (character 6, state 2),
pronounced lateral incisions of longitudinal furrows opposite palpebral lobes (character
11, state 1); proportionally long proboscis.

Description—Cranidium accounts for 40% of dorsal exoskeletal length,
subtriangular in outline, width across base of proboscis 24% of cranidial length, width at
palpebral lobes 66% of length; longitudinal profile is weakly convex, increasing in slope
slightly near anterior end of the median lobe. Axial furrows deep, convex adaxially in
dorsal view, diving ventrally anterior of palpebral lobe until termination point, curved
around edge of LO posteriorly; preglabellar furrow not preserved. Glabella
subrectangular in outline (excluding proboscis), widest at palpebral lobes, tapering gently
towards the anterior border, glabellar width occupies 66% of cranidial width opposite
palpebral lobe. Proboscis originates from within median lobe, occupies 43% of total
cranidial length, equal to 15% of cranidial width at palpebral lobes; circular in cross-
section, bluntly rounded at anterior end. Proboscis width between 21-30% of its length.
Longitudinal profile of posterior part of proboscis slightly depressed, whereas anterior
end slightly raised, producing a down-curved appearance in lateral view. SO similar in
depth and width to axial furrow, with longitudinal furrows terminating at two equidistant
points along its width. LO wide (comprising 62% of cranidial width), slightly narrowing
(exsag.) abaxially. Posterior margin of LO curved forward in dorsal view. Longitudinal

furrows similar in depth and width to axial furrows, extending to SO, shallowing slightly
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posterior of lateral incisions; outline forwardly expanding median lobe, which comprises
41-44% of glabellar width across palpebral lobes. Longitudinal furrows abaxially outline
subrectangular composite lobes and curve strongly ventrally until intersecting with axial
furrow; lateral incisions opposite palpebral lobes strong, distorting slightly shape of
composite lobe. Composite lobes maintain even width over their longitudinal extent;
curving gently abaxially opposite palpebral lobe, then diving strongly ventrally. They
comprise 54-55% of cranidial length at most anterior extent, and 26-29% of glabellar
width across palpebral lobes. Fixigena curve adaxially, semielliptical in outline, slightly
narrowing anteriorly, comprising 28% of maximum cranidial length in dorsal view. Flat,
semicircular palpebral lobe lies opposite lateral incisions, equal to 14% of cranidial
length; outlined adaxially by shallow, curved palpebral furrow. Preocular area of fixigena
slightly curved, descending ventrally steeply; palpebral area approximately same width as
preocular area, curved slightly abaxially, accounting for 9-12% of cranidial width across
palpebral lobes; posterior area flat, with short, abruptly terminated posterolateral
projection that is approximately double width of preocular area. Posterior border furrows
shallow, slightly anteriorly directed, abaxially terminates at the sutural edge. Posterior
border short, subrectangular in outline, little change in length (exsag.) abaxially. Free
cheek broad and bluntly rounded, with maximum length 37% of cranidial length
(excluding proboscis), but narrowing gently (exsag.) distally; posterior margin flexed
backward, paralleling curvature of anterior thoracic segments.

Hypostome elliptical in outline, with length 55% of maximum width; well-
defined median notch in posterior border equal to 22% of hypostomal length. Anterior

margin well rounded, gently tapering abaxially into lateral notch, anterior border absent
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or incompletely preserved. Lateral border expands backward, passing without
interruption into broad, flat posterior border. Posterior border varies little in length except
at median notch, slightly raised dorsally in a band just forward of median notch,
maximum length (exsag.) equal to 48% of hypostomal length. Lateral border furrows
slightly sigmoidal, converging posteriorly, shallowing along margin of posterior lobe.
Median body sub-trapezoidal, comprises 71% of hypostomal length. Anterior lobe of
median body “bulb” shaped in outline, accounts for 96% of median body length. Middle
furrow shallow, present only abaxially, loosely defining the separation between posterior
and anterior lobes. Posterior lobe reduced in length (sag) and strongly curved. Posterior
border furrow transverse, deeper than lateral border furrow, clearly separating median
body from the posterior border.

Thorax of eleven segments, subrectangular in outline and slightly narrows
backwards; strongly convex (tr), length 53% of width. Axial lobe narrows backwards,
occupies 24% of thorax width at anterior. Axial furrow wider and deeper than cranidial
axial furrow, ring furrows shallow. Axial rings well defined, rectangular in outline, and
of roughly equal length. Pleurae horizontal for approximately 25% of their width, flexed
downward at fulcrum at approximately 30° from horizontal; narrowing gently into
bluntly spinose terminations. Pleural furrows shallow, extending beyond fulcrum, slightly
curved, anterior pleural bands slightly longer than posterior bands.

Pygidium sub-semicircular in outline, length 65-74% of maximum width, with
three pairs of pleurae. Axis accounts for 33-39% of pygidial length, and 20-21% of
pygidial width at first axial ring; tapers gently into a bluntly rounded U-shaped terminal

axial piece. First axial ring approximately the same length as last thoracic axial ring, but
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slightly narrower in width. Second axial ring slightly longer and less wide than the first;
bounded anteriorly by transverse axial ring furrow and posteriorly by strongly chevron
shaped ring furrow. Interpleural furrows finely etched, very gently sinuous, curving
outwards and backwawrd, extending to pygidial margin; furrows (interpleural?) on
adaxial sides of third pair parallel sided, joining axial furrows and outlining a post axial
band. Three pairs of broad and flat pleurae that become progressively wider and more
curved distally towards the rear; each terminates at blunt marginal spine. Interspine
region narrow (tr., exsag.), and sharply pointed adaxially between first and and second
pleurae, becoming wider (tr., exsag.) and more bluntly pointed between the 2™ and 3"
pair; 3" pair separated by more rounded embayment. Pleural furrows finely etched
grooves, extending across 40-45% of pleural width from axis, divide pleurae into sub-
equal anterior and posterior bands.

Dome shaped tubercles of primarily two sizes present on cranidial surface and
thorax; on a few specimens, 3" set of larger tubercles is present on cranidial surface.
Each larger size is approximately 30-40% larger than next lowest size, largest size
reaching up to 0.8 mm diameter on crandium. Tubercles on cranidium and thorax evenly
distributed. Tubercles on proboscis elongate, hollow, progressively more tilted towards
the anterior. Hypostomal median body heavily tuberculate, three separate sizes of
tubercle, effaced near posterior margin of anterior lobe. Terrace ridges present on outer
parts of lateral and posterior borders, becoming thinner adaxially, not extending to
median notch. Posterior border with widely spaced punctae. Pygidial tubercles are less
homogeneous, consisting of at least four different sizes. Extremely large dome-shaped

tubercles present only on pygidial surface, reaching up to 1.5 mm in diameter, without
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discernable pattern to their distribution. Thoracic tubercles are less prominent than those
of cranidium or pygidium.

Etymology.—After Kristi Carlucci.

Types.— Holotype, one complete specimen in dorsal view (OU 11260, Figs. 7.2-
7.3). paratypes, five partial cranidia (OU 11262, Figs. 7.5-7.6; 11263, Fig. 7.8; 8096,
Fig.7.7; 12483, Fig. 8.2; 12484; Fig. 9.4) two nearly complete pygidia (OU 11269, Fig.
8.3; 5203, Fig. 7.4), one thoracopygon (OU 11265, Fig. 6.4), one hypostome (OU 8091,
Fig. 9.10). Type locality is Rock Crossing (RC) at Hickory Creek, Carter County
Oklahoma.

Material Examined.— In addition to types, four additional partial cranidia and
five partial pygidia. One cranidium (OU 11271, Thomas and Holloway, 1988, pl. 12, fig.
265) and two pygidia (OU 11267, 11268, Thomas and Holloway, 1988, pl. 12, figs. 270,
273) have been illustrated. All material is stored in the Sam Noble Oklahoma Museum of
Natural History.

Occurrence.—Upper Ordovician (Turinian) of the Pooleville Member of the
Bromide Formation, Arbuckle Mountains, Oklahoma. Localities include Rock Crossing
(RC) and Tysons quarry (TQ), both near Ardmore, Oklahoma.

Discussion.—Probolichas kristiae n. sp. is the only species known from a
complete exoskeleton. Comparisons with the type species, P. robbinsi (Ulrich, 1892)
were made above. The proboscis of P. pandus is very robust and relatively short and
stands in stark contrast to the long and slender proboscis of P. kristiae. The pygidia of P.

robbinsi and P. pandus are currently not known, so comparison to P. kristiae is not
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possible. The pygidial characters used to supplement the diagnosis of Probolichas are
based solely on P. kristiae.
Genus AMPHILICHAS Raymond, 1905

Type Species.—Platymetopus lineatus Angelin, 1854, from the Boda Limestone
Formation, Sweden (by original designation).

Diagnosis.—Tetralichini with 1* pleural furrow extending to fulcrum (character
19, state 1), post axial band absent or narrows posteriorly (character 26, state 1), narrow
embayment of pygidial margin between posterior-most marginal spines (character 27,
states 1 and 2).

Definition.—The clade stemming from the most recent common ancestor of
Amphilichas subpunctatus and Amphilichas ct. A. encyrtos and all of its descendants
(node 6, Fig. 4).

Discussion—The diagnosis presented by Thomas and Holloway (1988) states
that Amphilichas is a tetralichine with a complete axial furrow, and varying levels of
effacement of the longitudinal furrow. The results of our analysis indicate that
Amphilichas is better diagnosed as a clade based on the extent of the pleural furrow, thus
incorporating Apatolichas into Amphilichas. The results section of this paper elaborates
on why this is necessary taxonomically. We follow previous authors (Warburg, 1939;
Tripp, 1957; Thomas and Holloway, 1988) in considering Acrolichas to be a junior
subjective synonym of Amphilichas. Our results also support those same authors’
treatment of Tetralichas as a junior subjective synonym of Amphilichas.

AMPHILICHAS LINEATUS (Angelin, 1854)

Figures 9.2-9.4
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Platymetopus lineatus Angelin, 1854, pl. 38, figs. 12, 12a.

Lichas lineatus Tornquist 1884, p. 36

Amphilichas lineatus Foerste, 1920, pl. 4, figs. 12a, 12b; Warburg, 1925, p.326, pl. 8,
figs. 39, 40; Warburg, 1939, p. 14; Owen, 1981, pl. 16, figs. 7-15; Thomas and Holloway,
1988, pl. 12, figs. 262, 266.

Diagnosis.—Amphilichas with remnant longitudinal furrow (character 1, state 2),
pre-glabellar furrow medially effaced (character 13, state 1); glabella extremely expanded
in width.

Description.—Cranidial length 80% of cranidial width opposite approximate level
of palpebral lobes. Longitudinal profile convexity very strong, overhanging the anterior
border; convexity (tr) of glabella relatively weak. Preglabellar furrow shallow, effaced
medially. Axial furrows deeper than preglabellar furrow, slightly converging posteriorly,
clearly defined grooves, curving around LO, anteriorly descending ventrally (nearly
vertical) before intersecting longitudinal furrow. Glabella subcircular in outline, narrows
slightly anteriorly, very wide compared to total cranidial width; widest opposite the
anterior-most extent of fixigena (in dorsal view), strongly rounded. SO nearly transverse
medially, slightly posteriorly directed abaxially, terminating at intersection with axial
furrow. LO subelliptical, edges very rounded, transverse medially, slightly posteriorly
directed towards lateral margins; length comprises 11% of cranidial length, and is widest
part of glabella, with width equal to 110% of glabellar width at (approximate) palpebral
level. Very shallow longitudinal expressed at anterior only and curves forward and
outward to intersect axial furrow near anterior end of glabella. Border furrow

approximately same depth and width as axial furrow.
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Irregularly scattered tubercles of three different sizes present on LO, fixigena,
posterior portion of glabella; each size class approximately 20-30% larger than the next
smallest size, largest tubercles reaching up to 0.21 mm, tubercles gradually become
effaced anteriorly, disappearing completely beyond level of palpebral lobe. Anteriorly,
glabella has evenly distributed punctae.

Material Examined.—Lectotype cranidium, (Ar 6040, Fig. 9.2-9.4).

Occurrence.—Ashgillian (Upper Ordovician) Boda Limestone of Dalarne,
Sweden (Angelin, 1854) and the Kjorrven, Bonsnes, and Husbergeya formations of the
Oslo region of Norway (Owen, 1981)

Discussion.— Amphilichas lineatus is distinct from most other species because
the longitudinal furrows are largely effaced and the glabella is very wide. Owen (1981,
pl. 16, figs. 7-15) assigned sclerites from Norway to this species. Although these
specimens are more tuberculate than the holotype and the longitudinal furrow is less
effaced, we tentatively follow Owen's interpretation (see also Thomas and Holloway,
1988).

AMPHILICHAS CF. A CUCULLUS (Meek and Worthen, 1865)
Figures 8.4-8.10
cf. Lichas cucullus Meek and Worthen, 1865, p. 266; Whiteaves, 1897, p. 236.
cf. Platymetopus cucullus Clarke, 1894, p.746, figs. 66, 67.
cf. Acrolichas cucullus Foerste, 1920, p. 30, pl. 1, figs a-g; Bradley, 1930, p. 264, pl. 29,
figs. 1-9; Shimer and Shrock, 1944, p. 649, pl. 170, figs. 19-22.

cf. Amphilichas cucullus Tripp, 1957, fig. 4q; Tripp, 1959, p. 498, fig. 395, 1c
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non Amphilichas cf. cucullus Westrop and Ludvigsen, 1983, pl. 9 figs 1, 6, pl. 10, figs. 1-
7.

Description.—Cranidium subtriangular in outline, with length 63% of cranidial
width opposite palpebral lobe. Longitudinal profile of cranidium very strongly convex,
particularly anteriorly. In anterior view, median lobe stands well above level of
composite lobes. Axial furrow uniformly narrow and deep; slightly curved inward
opposite palpebral lobe, then descends almost vertically in front of palpebral lobe to join
preglabellar furrow; posteriorly, axial furrows curve outward around margins of LO.
Glabella subpectangular in outline, with width comprising 68% of cranidial width
between palpebral lobes. SO same depth and width as axial furrow, transverse medially,
then posteriorly directed at about 30 degrees behind composite lobes. LO slightly arched
towards anterior, narrowing abaxially, accounting for 16-21% of cranidial length, and
64% of cranidial width opposite palpebral lobes. Longitudinal furrows deep, curved
gently outward anteriorly before descending steeply downward to terminate at axial
furrow. Median lobe expands anteriorly, comprising 38-41% of glabellar width opposite
palpebral lobes. Anterior portion of median lobe very prominent, swollen in appearance,
and bluntly pointed anteriorly. Composite lobes widen slightly anteriorly; subrectangular
in outline in dorsal view, c-shaped in lateral view. Composite lobes constitute 28-30% of
glabellar width opposite palpebral lobes, 66-67% of glabellar length. Fixigena strongly
curved laterally, boomerang shaped in outline (dorsal view), occupying 51% of cranidial
length in dorsal view. Palpebral lobe incompletely preserved, apparently semicircular;
palpebral furrow apparently curved, finely etched groove. Preocular area a very narrow

band that descends steeply forward; palpebral area slightly wider than preocular area,
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gently inflated, accounting for 8% of width across palpebral lobes; posterior area flat,
with posteriolateral projection of approximately double width of preocular area. Posterior
border short, nearly transverse and widens slightly abaxially. Posterior border furrow
narrowly etched groove, shallower than axial furrow, extending to sutural margin.

Hypostome elliptical in outline, with length 51% of width, well-defined median
notch in posterior border equal to 17% of hypostomal length. Anterior border obsolete
medially, expanding abaxially. Anterior margin well rounded, gently tapers abaxially into
lateral notch. Lateral border expands backwards dramatically, subtriangular in outline,
descends slightly ventrally into posterior border. Posterior border wide and flat,
narrowing gradually between shoulder and conspicuous median notch, length (exsag.)
equal to about 43% of hypostomal length. Lateral border furrows deep and wide,
converging adaxially until it intersects posterior border furrow. Median body
subtrapezoidal in outline, occupying 75% of hypostomal length. Anterior lobe large,
bulb-shaped in outline. Middle furrow present only abaxially, same depth and width as
lateral furrow, clearly delineating anterior and posterior lobes. Posterior lobe short,
transverse, subrectangular in outline, constituting 24% of median body length (sag.).
Posterior border furrow same depth and width as lateral furrow, transverse, clearly
separating median body from very weakly convex (tr) posterior border region.

Tubercles on cranidial surface of five different sizes. Size classes 1-4 are
approximately 30-40% larger than next lowest size; largest tubercles reaching up to 0.66
mm in diameter. Smaller sizes scattered randomly on cranidial surface, largest dome
shaped tubercles are aligned exsagitally on composite lobes (Fig. 8.5), but not on median

lobe. On LO, larger tubercles occur along posterior margin. On hypostome, median body
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heavily tuberculate, three separate sizes of tubercle, uniformly distributed on anterior
lobe. Terrace ridges minimally present on outer parts of lateral and posterior borders, not
extending to median notch. Tightly-packed tubercles on lateral border, posterior border
with widely spaced punctae.

Material Examined.— One almost complete cranidium (OU 12149, Figs. 8.7, 8.9-
8.10), one partial cranidium (OU 12147, Figs. 8.5-8.6, 8.8) and one complete hypostome
(OU 12146, Fig. 8.4).

Occurrence—Upper Ordovician (Sandbian) of Oklahoma (Viola Springs
Formation). OU 12146 and OU 12147 are from the Highway 99 section (41 and 46.5m
collections, see Amati and Westrop 2006, fig. 7), Pontotoc County Oklahoma. OU 12149
is from undifferentiated Viola Springs Formation, Lawrence Quarry, Pontotoc County,
Oklahoma.

Discussion.—Cranidia of Amphilichas cf. A. cucullus figured here (Figs. 8.4-
8.10), are very similar to those from the Kimmswick Limestone of Missouri (Meek and
Worthen, 1865, pg. 266; Foerste, 1920, pl. 1, c, d, e; Shimer and Shrock, 1944, pl. 170,
figs. 19-22) and the Trenton Group of the Ottawa region, Ontario (Foerste, 1920, pl. 1 a,
b). The dimensions of the composite lobes, glabella, and occipital lobes are very similar,
and both possess a slight dorsally projected swelling of the median lobe. The hypostome
of A. cf. A. cucullus (Fig. 8.4) is also nearly identical to the 4. cucullus hypostome from
the Kimmswick (Foerste, 1920, fig. 1g). There is no pygidium available for 4. cf. 4.
cucullus and A. cucullus itself is poorly known, so we prefer to use open nomenclature
until a complete association of exoskeletal parts can be made. Westrop and Ludvigsen

(1983, pl. 9 figs 1, 6, pl. 10, figs. 1-7) also identified sclerites from southern Manitoba as
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A. cf. A. cucullus. Their cranidia are similar to ours, except the swelling of the median
lobe is greater and producing a more pointed lateral profile (compare Westrop and
Ludvigsen, 1983, pl. 10, fig. 2 with Figs. 8.7, 8.10), the sculpture is slightly less coarse,
and the median lobe is relatively wider (tr) and longer (sag), so they are likely not
conspecific.

AMPHILICHAS RHINOCEROS (Slocom, 1913)

Figure 7.1

Amphilichas rhinoceros, Slocom, 1913, pl. 15, figs. 5, 6; Walter, 1924, pl. 18, figs. 7, 8;
Thomas and Holloway, 1988, pl. 12, fig. 255.
Kerakephalichas rhinoceros, Phleger, 1936, fig. 42.

Diagnosis.—Amphilichas with dorsal/anterior swelling of the median lobe
(character 3; state 1); one pair of spines developed on the anterior portion of the median
lobe, one spine developed on each composite lobe.

Description.—Cranidium incomplete but apparently subpentangular in outline.
Axial furrow finely etched groove, straight between posterior margin and a point just
behind posterior tip of palpebral lobe, then gradually diverging forward. Glabella
apparently subpentagonal in outline, widest in front of palpebral lobes. Longitudinal
furrows are shallow but clearly-defined grooves, roughly parallel between SO and point
opposite base of spine on composite lateral lobe, then diverging forward; anterior
termination point not preserved. SO somewhat deeper than axial and longitudinal
furrows, slightly curved towards the anterior. LO with gently rounded margins, width
equal to 63% of cranidial width between palpebral lobes, narrows slightly abaxially.

Posterior margin of LO transverse to slightly curved forward, showing doublure.
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Longitudinal furrows extend forward from SO; subparallel posteriorly but diverge along
curved path anteriorly; median lobe apparently bulb-shaped in outline. Minimum width
of median lobe at SO 71% of its maximum preserved width; width of median lobe
comprises 31% of glabellar width opposite palpebral lobes. Near anterior end of median
lobe, two dorsally elevated nodes form the base of vertically directed curved spines.
Composite lobes incompletely preserved, apparently subrectangular in outline, widest
between palpebral lobes, curving gently abaxially. Composite lobe accounts for about
35% of glabellar width opposite palpebral lobe. Each composite lobe carries long, stout
curved spine near axial furrow and opposite palpebral lobe (only based preserved on left
side of cranidium as ill-defined inflation). Fixigena incompletely preserved; palpebral
area apparently narrow (tr.); postocular area apparently flat, with posterolateral projection
approximately equal in width to palpebral area.

Cranidium has regularly scattered tubercles of four sizes present on exoskeletal
surface. Size classes 1-3 are 20-30% larger than next lowest size class. Largest size
tubercles are disproportionately large, reaching up to 1.25 mm in diameter, elliptical
shaped, denser on median lobe.

Material Examined.—Holotype cranidium (FMNH 11181, Fig. 7.1)

Occurrence.— Upper Ordovician (lower Maquoketa Formation) of Elgin, lowa,
USA.

Discussion—The specimen illustrated here is the holotype of Amphilichas
rhinoceros Slocom 1913, a species that was designated later as the type species of
Kerakaphalichas Phleger 1936. Following previous authors (Warburg, 1939; Tripp,

1957; Thomas and Holloway, 1988) Kerakaphalichas is treated as a junior synonym of
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Amphilichas. The spines on the cranidium are unique within the Tetralichini, but this
species shares all other features with Amphilichas, including the general lobation and
furrow patterns; the broadly inflated median lobe resembles those of both A. cucullus and
A. bicornis. The holotype specimen is compacted and incomplete anteriorly, so it is
impossible to tell if the convexity most resembles other species of Amphilichas, or a less
convex tetralichine such as Probolichas.

The specimen FMNH 11181 is an external mold, and was illustrated by Slocom
(1913) and Walter (1924), although both authors presented interpretive line drawings of
the dorsal cranidial exoskeleton (also Phleger, 1936, fig. 42). Although these
reconstructions seem to capture the cranidial morphology well, the length and orientation
of the spines is largely speculation. Our illustration (Fig. 7.1) is the first silicon cast of
FMNH 11181.

AMPHILICHAS SUBPUNCTATUS (Esker, 1964)
Figures 9.7-9.8, 9.11-9.12, 10.1-10.4, 10.7-10.8
Amphilichas subpunctatus Esker, 1964, pl. 3 figs. 1-4.
Amphilichas subpunctatus Shaw 1974, pl. 11, figs. 1-4; 7, 8, 11; pl. 12, figs. 1, 2, 4, 7-9,
11-14.

Diagnosis.—Amphilichas with a punctae dominated anterior portion of the
median lobe (character 12, state 1), small consistently sized tubercles (character 25, state
0), strongly punctate hypostome (covaries with character 14, state 0); macula on
hypostomal median body very well defined.

Description.— Cranidium subtriangular in outline, with length 65-72% of

cranidial width across palpebral lobes. Longitudinal profile strongly convex, median lobe
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overhanging the anterior border, convexity (tr) also high, with composite lobes depressed
below level of median lobe. Axial furrows finely etched grooves, gently convergent
between posterior margin and point just behind posterior tip of palpebral lobe, then
diverge gradually forward; in front of palpebral lobes, axial furrows descend almost
vertically downward to join preglabellar furrow. Glabella subpentagular in outline; width
opposite palpebral lobes 88-96% of length, widest just in front of palpebral lobes. SO
slightly deeper than axial furrow, transverse medially but deflected backward behind
composite lobes. LO width 78-79% of cranidial width at palpebral level, 15-16% of
cranidial length, narrows slightly abaxially. Posterior margin of LO very slightly arched
forward, flattening horizontally (tr) below fixigena. Longitudinal furrows clearly defined,
approximately same depth as axial furrows, subparallel between SO and point opposite
mid-length of palpebral lobe, then curving outward and steeply downward to terminate at
axial furrow. In dorsal view, median lobe bulb-shaped in outline, narrowest posteriorly,
expanding dramatically beyond palpebral lobes. In lateral view, median lobe very
prominent, overhanging anterior border, curving postero-ventrally beyond composite
lateral lobe. In dorsal view, composite lobes are bands that curve gently outward,
approximately equal width for their duration, length occupying 59-61% of cranidial
length, and 26-32% of glabellar width opposite palpebral lobes; in front of palpebral
lobes, composite lobes descend almost vertically forward. Palpebral lobe semielliptical in
outline, length equal to a little more than 20% of cranidial length, and centered behind
cranidial mid-length; elevated slightly above palpebral area of fixigena. Palpebral furrow
gently curved and shallows markedly opposite middle of palpebral lobe. Preoccular area

of fixigena is narrow band that descends steeply forward; palpebral area somewhat wider
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than preoccular area, accounting for 16-18% of cranidial width across palpebral lobes,
and gently inflated; posterior area less steeply sloping than preoccular area, with
relatively narrow (tr.) posterolateral projection that is roughly double width of postocular
area. Posterior border furrow nearly transverse, comparable in depth to SO and extends to
sutural margin. Posterior border convex, length at axial furrow equal to about 6% of
cranidial length, but expanding slightly abaxially. Sutural margin in front of palpebral
lobe not preserved; posterior branches diverge backward in sigmoid curve.

Hypostome elliptical in outline, with length 54% of width, with well-defined
median notch in posterior border equal to 18% of hypostomal length. Anterior margin
rounded; anterior border very short, narrowing abaxially, and is obsolete at sagittal line.
Lateral border expands backward, subtriangular in outline, and passes without
interruption into broad, nearly flat posterior border. Posterior border varies little in
length aside from at median notch; maximum length (exsag.) equal to about 40% of
hypostomal length. Lateral border furrows firmly impressed grooves that converge
gradually backward to join roughly transverse posterior border furrow. Median body
subtrapezoidal in outline; comprises 69% of hypostomal length. Anterior lobe also sub-
trapezoidal in outline, accounts for 74% of median body length. Middle furrow slightly
shallower than lateral border furrow, present only abaxially, slightly posteriorly directed,
terminates at macula. Posterior lobe sub-rectangular in outline, widening slightly
abaxially. Macula very pronounced, sub-rectangular in outline, orientated about 30° from
vertical.

Available pygidia incomplete but apparently subellipitcal in outline and weakly

convex. Axis comprises two segments plus long terminal piece, and occupies at least 41-

50



43% (estimated) of pygidial length, and 30-36% of pygidial width at first axial ring;
tapers backward and rounded posteriorly. Posterior end of axis defined by change in
slope between it and post-axial band. First axial ring furrow transverse, well-incised and
extends across entire width of axis; second ring furrow shallower, weakly chevron
shaped, effaced abaxially. One axial ring complete, rectangular in outline; second axial
ring incomplete, more rounded irregularly shape because of partial effacement of 2™ ring
furrow. Interpleural furrows same depth and width as pleural furrows, but shallow
abruptly for final 40% of their extent, curve outwards and backward; furrows
(interpleural?) on adaxial sides of third pair trend obliquely forward from pygidial
margin, joining axial furrows, outlining a posteriorly narrowing post-axial band. Three
pairs of flat, broad pleurae. First pleurae terminates in sharply pointed spine; others not
preserved. Interspine embayment somewhat larger (tr., exsag.) between 1% and o pleurae
than between between 2™ and 3™. Pleural furrows expressed on first two pairs of pleurae
only, similar in depth to 1** axial ring furrow; shallowing gradually posteriorly,
terminating at point immediately behind fulcrum. Pleurae divided into subequal anterior
and posterior bands.

Cranidium has three tubercle sizes, evenly scattered and densely packed on
exoskeletal surface. Each tubercle size is 20-30% larger than next smallest size, with
largest reaching up to 0.5 mm in diameter. Anteriorly, tubercles are effaced; widely
spaced punctae dominate the median lobe anteriorly. Pygidial sculpture consists of three
primary tubercle sizes on the axis, slightly elongate, largest size also reaching 0.5 mm in
diameter. At mid-point of pleurae, tubercles become more homogeneous, with loss of

largest size class. Hypostome median body strongly punctate; pits packed more tightly on
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lateral margins of anterior lobe, sparsely distributed near mid-line and on posterior lobe.
Prominent terrace ridges present on outer parts of lateral and posterior borders, extending
to a point just forward of median notch. Tubercles of two sizes also present on borders.
Widely spaced pits present on median portion of posterior border, behind posterior lobe.
Band of smooth exoskeleon occurs along margins of median notch.

Material Examined.— Material illustrated: One complete holotype cranidium (OU
5202, Figs. 10.1-10.3), two nearly complete cranidia (OU 12485, Figs. 9.7-9.8, 9.11;
12490, Fig. 10.8), two partial pygidia (OU 5201, Fig. 9.12; 12486, Fig. 10.4), one
complete hypostome (OU 12489, Fig. 10.7). Unfigured material includes two nearly
complete cranidia, three partial cranidia, one partial pygidia, one partial thorax, and one
complete hypostome.

Occurrence.— Upper Ordovician (Sandbian) Pooleville Member of the Bromide
Formation, Arbuckle Mountains, Oklahoma. Localities include Rock Crossing (RC) and
Tysons quarry (TQ), both near Ardmore, Oklahoma.

Discussion—Esker (1964) regarded the punctation on the ventral portion of the
median lobe as diagnostic of Amphilichas subpunctatus. However, as Shaw (1974) also
noted, there are numerous species that possess this character including A. minganensis, A.
Jukesi, A. lineatus, and A. effnensis. Our phylogenetic analysis suggests the punctation of
the median lobe is characteristic of an Amphilichas subclade that includes A4.
subpunctatus, A. lineatus and A. effnensis (Fig. 5). It should be noted that the removal of
tubercles on the composite lobes of the holotype (Figs. 10.1-10.3) is an artifact of
preparation. The natural anterior punctation is primarily on the median lobe (see Figs.

9.8,9.11).
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Shaw (1974) discussed the similar morphology between A. aspratalis (Bradley,
1930) from the Kimswick Limestone of Missouri, and 4. subpuctatus. However, these
two species are distinct from one another, with A. subpunctatus possessing a more
prominent median lobe, more convex (sag) cranidium, more evenly distributed, fine
tuberculation, and punctation on the anterior part of the median lobe.

Two distinct types of tetralichine hypostome have been recovered from the
Pooleville Member, and only two tetralichine species (Amphilichas subpunctatus and
Probolichas kristiae) are known from this unit. One of these includes the hypostome
assigned by Shaw (1974, pl. 12, fig.2; Fig. 9.10 here) to A. subpunctatus. This hypostome
is distinct from other species of Amphilichas in possessing a very reduced posterior lobe
of the median body, and is highly tuberculate. These observations, in addition to tubercle
shape and density, suggest this hypostome is better assigned to Probolichas kristiae. The
more Amphilichas-like, strongly punctate hypostome (Fig. 10.7) is assigned to A.
subpunctatus, whose cranidia are also punctate anteriorly. Shaw (1974, p. 43) mentioned,
but did not illustrate four other hypostomata, which he claimed showed a size-related
change in sculpture of the median body from coarse punctae to tubercles or smooth
surfaces. Our material shows no evidence of such a size-related gradient in sculpture, as
similar sized specimens are either tubercle- or punctae-dominated, and possess different
median body morphology. Shaw (1974, pl. 11, figs. 2, 8) illustrated one complete
specimen of A. subpunctatus (although this specimen cannot be located in the collections
of the Oklahoma Museum of Natural History), so the thorax of the species is known. In

general the appearance of Shaw’s specimens is similar to Figure 8.1. However, because
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the latter is incomplete, and thoracic segments are fairly similar across Amphilichas
species, a confident identification is not possible.
AMPHILICHAS CF. A. JUKESI (Billings, 1865)
Figures 9.5-9.6, 9.9

cf. Lichas jukesi Billings, 1865, fig. 269 a, b.
cf. Acrolichas jukesi Foerste, 1920, pl. 2, fig 1.
cf. Apatolichas jukesi Whittington, 1963, pl. 32, figs. 4-11; pl. 33, 34; Thomas and

Holloway, 1988, pl. 12, 259, 263, 267, 271.
Apatolichas cf. A. jukesi Ross, 1972, pl. 18 figs. 1-8; Fortey and Droser 1999, fig. 5.12).

Material Examined.—Material illustrated: One incomplete cephalon, USNM
167232¢, Ross (1972; Figs. 9.5-9.6, 9.9). Unfigured material includes two incomplete
cephala, USNM 167232 a, b, Ross (1972 pl. 18, figs. 1-5) one incomplete pygidia,
USNM 495786 Fortey and Droser (1999, fig. 5.12).

Occurrence—Middle Ordovician (Whiterockian) from the bioherm at
Meiklejohn Peak, Nevada (Ross, 1972) and the Antelope Valley Limestone, Whiterock
Canyon, Nevada (Fortey and Droser, 1999).

Discussion.—For a more complete systematic treatment of Amphilichas jukesi,
see Whittington (1963), and Ross (1972) for Amphilichas cf. A. jukesi. Tripp (1957)
assigned Apatolichas jukesi to Amphilichas, but later authors (Whittington, 1963; Ross,
1972; Fortey and Droser, 1999) considered the genus Apatolichas to be valid. Here, both
Apatolichas cf. A. jukesi (Ross, 1972; Fortey and Droser, 1999) and Apatolichas jukesi
(Whittington, 1963) are treated as species of Amphilichas. Amphilichas jukesi differs

from other species of Amphilichas because the axial furrow is effaced from
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approximately the midpoint of the palpebral lobe back to the occipital furrow, and there
is independent convexity in the composite lobe, where L1a would be located. However,
the genus Amphilichas is diagnosed here as a clade based on pleural furrow length and
other pygidial characters, and A4. jukesi possesses these traits. According to our analysis,
Apatolichas is nested within Amphilichas.

We agree with Fortey and Droser (1999) that there is circumstantial evidence for
treating the pygidium that they identified as Amphilichas ct. A. jukesi as conspecific with
the cranidia that Ross (1972) illustrated under the same name. It is likely that 4. cf. 4.
Jukesi is not conspecific with Amphilichas jukesi (Whittington, 1963). The pygidium of
A. cf. A. jukesi (Fortey and Droser, 1999, fig. 5.12) has considerably narrower (tr)
posterior-most spines, a more complete 2™ axial ring furrow, and slightly longer pleural
furrows. The cranidia of 4. cf. 4. jukesi are quite similar to those of A. jukesi (compare
Figs. 9.5-9.6, 9.9 to Whittington, 1963, pl. 32 figs. 4-6), but the latter exhibits more
pronounced effacement of the axial furrow, and a longer (sag), more angular shaped LO.

AMPHILICHAS EFFNENSIS new species
Figures 10.5-10.6, 10.10, 11.1-11.6

Diagnosis.—Amphilichas with densely punctate median lobe (character 12, state
1), preglabellar furrow effaced medially (character 13, state 1), post axial band poorly
defined (character 21, state 1); glabella slightly expanded in width (tr), subelliptical
composite lobes, dorso-ventrally compressed cranidium. Third pair of pygidial pleura
with near straight posterior margins with rounded, rather spinose termination.

Description.— Cranidium subcircular in outline, with length equal to 63-65% of

cranidial width across palpebral lobes. Longitudinal profile weakly convex except
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anteriorly, where it descends in a steep, forwardly convex curve. In anterior view, median
lobe rises well above composite lobes. Axial furrows well defined grooves, nearly
parallel between SO and palpebral lobes, then becoming bowed outward before
descending to join preglabellar furrow; preglabellar furrow shallows adaxially and is
effaced medially (Fig. 11.2). Glabella wide, subcircular in outline, length equal to 78-
84% of glabellar width opposite palpebral lobes. SO similar in depth to axial furrow,
transverse behind median lobe but deflected backward behind composite lobes at an
angle of about 20 degrees LO width 68-69% of cranidial width opposite palpebral lobes,
constitutes 13-16% of cranidial length. Posterior margin of LO transverse medially but
very slightly anteriorly directed abaxially. Longitudinal furrows comparable in depth to
axial furrows along most of their course but shallowing slightly near SO; parallel
between SO and palpebral lobes, then diverging forward and downward along curved
path. Median lobe accounts for 37-41% of glabellar width opposite palpebral lobes but
expands considerably at anterior. . Lateral composite lobes suboval in outline, widest just
forward of palpebral lobes, comprising 29-32% of glabellar width and 62-65% of length
in dorsal view. Palpebral lobe incompletely preserved but apparently small and centered
behind cranidial mid-length. Preocular area of fixigena narrow bands that slope steeply
forward. Palpebral area incompletely preserved but stands slightly above level of
palpebral lobe. Posterior area of fixigena slopes steeply downward; posterolateral
projection is about twice width of postocular area. Posterior border furrow well-incised,
directed slighly forward and extends to sutural margin. Posterior border short,

subrectangular in outline, widens abaxially.
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Pygidium appears subcircular in outline with maximum width 93% of maximum
length, with broad, flat pleural field. Axis tapers backward, length equal to about 55% of
maximum length, and occupies about 37% of pygidial width at anterior-most axial ring;
separated from triangular postaxial band only by slight change in slope. Axis with two
axial rings and a terminal piece composed of two segments. Articulating half-ring
semielliptical in outline, length (sag.) equal to minimum length (sag) of first axial ring;
articulating furrow finely etched, nearly transverse groove. First axial furrow curved
forward shallowing; first axial ring shortest medially but expands abaxially. Second axial
ring furrow curved backwards, nearly effaced medially and expressed abaxially as fine,
slit-like grooves that terminate before reaching axial furrows; second axial ring is
subelliptical in outline. Terminal piece accounts for about half of axis length and
subequally divided into two segments by barely perceptible, backwardly-curved furrow
that terminates short of axial furrows. Post-axial band poorly differentiated from axis.
Interpleural furrows separating first and second pairs of pleurae are shallow but clearly
defined and curve outward and backward; furrows (interpleural?) on adaxial sides of third
pair trend obliquely forward from pygidial margin, joining axial furrows and outlining
postaxial band. Three pairs of broad, flat pleurae; embayments of pygidial margin
separating pleural tips are narrow, slit-like. First and 2™ pairs of pleurae approximately
same length (exsag) with strongly curved lateral margins; second pair have spinose
terminations oriented backward and inward, tips of first pair not preserved. Third pair of
pleurae have nearly straight posterior margins, with rounded, rather than spinose adaxial

termination. Pleural furrows expressed only on first pair of pleurae as shallow, oblique
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grooves that terminate just short of fulcrum. Where evident, anterior and posterior
pleural bands subequal in length.

Sculpture. Cranidial exoskeleton strongly punctate, pits more closely packed on
median lobe, less conspicuous on composite lobe and LO. Cranidial tubercles of two
sizes, larger size reaching 0.40 mm in diameter and 20-30% larger than smaller size,
rounded and smooth, barely raised above exoskeletal surface; become ill-defined or
absent beyond palpebral lobes, leaving anterior median glabella punctae-dominated.
Pygidial tubercles of three primary sizes, each size class approximately 10-20% larger
than next lowest, largest size reaching 0.35 mm in diameter, very rounded, flat, spacing
tighter on axis.

Etymology.—After the Effna Formation.

Types.—Holotype cranidium (OU 12493, Figs. 11.1-11.3), paratype cranidia (OU
12487, Fig. 10.5; OU 12488, Fig. 10.6; OU 12494, Figs. 11.4-11.6), paratype pygidia
(OU 12492, Fig. 10.10). Type locality is Porterfield Quarry (PQ) in Smyth County
Virginia, Upper Ordovician (Sandbian) of the Effna Formation.

Material Examined.—In addition to types, unfigured material includes two partial
cranidia.

Occurrence—Known only from the type locality.

Discussion.—The only other species reported from the Effna Formation of
Virginia are Amphilichas minganensis (Billings, 1865) and 4. prominulus (Raymond,
1925, pl. 8, figs. 11, 12). The type material of 4. prominulus from the Effna is very
fragmentary, and it is impossible to state with any certainty that the specimen is even a

tetralichine, as the entire composite lobe is not preserved. Preservation aside, the
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specimen is dissimilar from 4. effnensis because the median lobe protrudes anteriorly and
the surface is not punctate. Raymond (1925) claimed to have found sclerites of 4.
minganensis Billings 1865 from the Effna, but none were illustrated. Based on his short
description, and other illustrations of 4. minganensis (Billings, 1865, pl 181, fig. 163a;
Raymond, 1905, pl. 14, figs. 1-3; Raymond, 1910, pl. 19, fig. 14; Shaw, 1968, pl.3, figs.
2-25), this species is morphologically distinct from A. effnensis. In A. minganensis, the
glabella is not expanded, the composite lobes are much narrower, the glabella is not as
dorso-ventrally compressed, and the sculpture is dissimilar.

Based on cranidal morphology, Amphilichas effnensis seems most similar to
Amphilichas trentonensis (Conrad, 1842; Foerste, 1920, pl.1, fig. a-c) from the Trenton of
New Jersey. Both share very rounded cranidia and composite lobes, although 4.
trentonensis possesses a narrower glabella, less dorso-ventral compression, and more
horizontal fixigena. The poorly defined post-axial band of A. effnensis (e.g., very slight
break in slope suggesting the end of the axial piece and start of the post-axial band) is
similar to A. jukesi, although the latter completely lacks a post-axial band. The 4.
effnensis pygidium is very similar to other North American tetralichines (Amphilichas
harrisi, Amphilichas conifrons, Amphilichas minganensis) pygidia in regards to the
effacement of the second pleural furrow. The straight posterior margins of the 3™ pair of
pleura are apparently unique to 4. effnensis.

AMPHILICHAS SP. 1
Figure 10.9
Material Examined.—One complete hypostome (OU 12491, Fig. 10.9) and one

partial hypostome.
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Occurrence.— Upper Ordovician (Sandbian) of the Effna Formation, Porterfield
Quarry (PQ) in Smyth County Virginia.

Discussion.—The sculpture of the Effna hypostome (Fig. 10.9) differs from
Amphilichas effnensis in that the tubercles are smaller, less rounded, and more dorsally
elevated above the exoskeletal surface. However, it undoubtedly belongs to a species of
Amphilichas as the median body is subtrapezoidal, and reduced in length (sag).
Amphilichas sp. 1 is distinct from the other species claimed to occur in the Effna by
Raymond (1925), such as 4. minganensis (Shaw, 1968, pl. 3, fig. 12), because the lateral
notches are less prominent, and the median body is tuberculate instead of punctate.

Genus LYRALICHAS Weber, 1948

Type Species.—Lichas (Amphilichas) bronnikovi Weber, 1932 from the
Ordovician of the Karatau Range, Turkestan (by original designation).

Diagnosis.—Tetralichini with an incomplete longitudinal glabellar furrow
(character 1, state 0), four pleural furrow pairs (character 18, state 3), two complete
pygidial axial ring furrows (character 20, state 0); three interpleural pygidial furrows, and
the abaxial movement of the axial furrow before intersecting with SO.

Definition.—The clade in which all species share a more recent common ancestor
with Lyralichas bronnikovi than with Amphilichas ct. A. encyrtos (left branch arising
from node 2, Fig. 4).

Discussion.—The monotypic genus Lyralichas differs from other tetralichines in
having four pleural furrow pairs, three well defined pygidial axial ring furrows, and an

abaxial curvature to the axial furrow near SO. Lyralichas shares many cranidial
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synapomorphies with other tetralichines (see node 2, Fig. 5), even though the pygidial

morphology is radically different. Thus, the genus is assigned confidently to Tetralichini.
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FIGURE /—Map of South-Central Oklahoma showing the localities where lichid material was
collected for this study. Rock Crossing is a creek bed exposure at the intersection of Hickory
Creek and D3265 Rd in the Criner Hills of Carter County, OK. Map coordinates for RC are
34.071, 97.169 (Lat/Long) and 14S, E0668976, N3771981 (UTM, NAD27). Tyson's Quarry
(TQ) (formerly Dunn Quarry) is a privately operated quarry southwest of Ardmore, OK. Map
coordinates and a specific topographic position for TQ are withheld at the request of the quarry
owner. Darkly shaded area indicates the approximate extent of the southern Oklahoma
aulacogen; lightly shaded area indicates the approximate extent of the Arbuckle Mountains

(modified from Karim and Westrop, 2002; Amati and Westrop, 2004).
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FIGURE 2—Stratigraphic section (TQ) in the Pooleville Member of the Bromide Formation,
arrows denote horizons collections were taken from. See Sprinkle, (1982, pg. 363) for a
measured section of the RC locality. Key to abbreviations: ms = mudstone, ws = wackestone, ps

= packstone, gs = grainstone or rudstone.

73



mwpg
SSSS

Tyson Quarry (TQ)

v
©
]
o]
v ]
c c
S £ S 2
8 § & ¢ S
< (o)) S c
v ] o c
— > o
& e % R
L [¢+] 7 (U]
(%] — Q 7}
° 3 £ g8 =
=) .2 — [e)
[ Ia) 3 = O
LT | > « @
HH] b,
« 7007 ‘doysap pue wiey

$191SN|D,SNJ2I0WOH,

25-

<) h p
~

19qUIaI\ 3]|IAS]00d--UOI1eWw.I0 dplwolg

T
wn

Siolaw

o

dnoun uosdwis

Chl|Viola Gp|F—==="]

ueluung

uepnMeyop

K

ueigpues

ueIAopIQ J2ddn

74



FIGURE 3—1, Stratigraphic section of the PQ locality, abbreviations are the same as Figure 2. 2,
South-western Virginia locality map showing the southern portion of the Broadford Quadrangle,
and the Porterfield Quarry (PQ) locality. The quarry is on VA 610/Valley Rd 4.8 km east of the
intersection of VA 610 and VA 635. Map coordinates for PQ are 36.878, -81.681 (Lat/Long) and
178, 439250, 4081420 (UTM, NAD27). 3, Complete quarry map (modified from Read, 1982)
based on multiple measured sections (collected and compiled by Sabol, 1958; Read, 1982,
lithologic terminology modified here). Black arrow denotes location of stratigraphic section in
Figure 3.1. The dotted line denotes the uncertain stratigraphic placement of the base of the
Mohawkian and Turinian. Holland and Patzkowsky (1996) show the top half of the build-up in
the Mohawkian and the bottom in the Whiterockian. Rather than picking an arbitrary dividing

line, we placed the base of the Effna at the base of the Mohawkian.
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FIGURE 4—Strict consensus tree of the nine MPTs retained from the parsimony analysis, and
recommended taxonomy of the Tetralichini. Tree length is 34 steps, Cl is 0.79, Rl is 0.69, and
RC is 0.55. Nodes are numbered for easy reference within the text. Nodes with bootstrap support
values >50%: (2) 100%, (3) 84%, (4) 63% (5) 61% (9) 62% (10) 77%. Bremer support value for

node 2 is three; nodes 3, 4, 6, 9, and 10 are two, all other nodes are one.

77



L. laciniatus

P. ornatus

L. bronnikovi

P. robbinsi

(00}

ALE P. kristiae
P. pandus
A. subpunctatus
) A. lineatus
©)
A. effnensis

A. aspratalis
A. cucullus
A. conradi

“Apatolichas” A. jukesi
E A. cf. A. encyrtos

78

Lyralichas

Seyd1[0qo1d

seyoryduy

TENEAEET)



FIGURE 5—Optimized character distribution showing character states that change
unambiguously on one of the nine MPTs (chosen because its topology is closest to the strict
consensus tree). Black circles indicate synapomorphic character states, and white circles indicate

homoplastic character states. Optimization was performed in PAUP* and checked in Winclada.
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FIGURE 6—Probolichas Phleger, 1936. All from the Bromide Formation, Upper Ordovician,
Oklahoma, except 1, 2 and 3, which are from the Prosser limestone, Upper Ordovician of
Minnesota. /-3, Probolichas robbinsi (Ulrich, 1892, figs. 1a, 1b) holotype cranidium, dorsal,
lateral, and anterior views, x3, USNM 041950. 4-6, Probolichas kristiae n. sp. 4, thoracopygon,

dorsal view, x1, OU 11265. 5, 6, cranidium, lateral and dorsal views, x1.5, OU 11261.
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FIGURE 7—Tetralichine trilobites. All from the Bromide Formation, Upper Ordovician of
Oklahoma, except 1, which is from the Middle Ordovician (lower Maquoketa) of lowa. /,
Amphilichas rhinoceros (Slocom, 1913 pl. 15, figs. 5, 6) cranidium, dorsal view, x1.6, FMNH
11181. Only the base of the dorsal median lobe spine is visible on the cast. 2, 3, Probolichas
kristiae, holotype, lateral view, x4, dorsal view, x3, OU 11260. 4, P. kristiae (Shaw, 1974, pl. 12,
fig. 17) pygidium, dorsal view, x1.3, OU 5203. 5, 6, P. kristiae proboscis, dorsal and lateral
views, x2, OU 11262. 7, P. kristiae (Shaw, 1974, pl.12 fig. 19) cranidium, dorsal view, x2.5, OU

8096. 8, P. kristiae cranidium, dorsal view, x3, OU 11263.
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FIGURE 8—Oklahoma tetralichines. 1-3 are from the Bromide Formation, 4-10 are from the
Viola Springs Formation, both (Upper Ordovician) of Oklahoma. /. Amphilichas sp. thorax,
lateral view, x1.5, OU 12482. 2. Probolichas kristiae proboscis, dorsal view, x1.5, OU 12483. 3.
P. kristiae pygidium, dorsal view, x2, OU 11269. 4, Amphilichas cf. A. cucullus hypostome,
dorsal view, x3, OU 12146. 5, 6, 8, A. cf. A. cucullus cranidium, dorsal, lateral, anterior views,
x3,0U 12147. 7,9, 10, A. cf. A. cucullus cranidium, anterior, dorsal, lateral views, x4, OU

12149.
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FIGURE 9—Tetralichines trilobites. 1, 7-8, 10-12 from the Bromide Formation (Upper
Ordovician) of Oklahoma, 2-4 are from the Boda Limestone Formation (Upper Ordovician) of
Sweden, 5, 6, 9 are from the Middle Ordovician (Whiterockian) bioherm at Meiklejohn Peak,
Nevada. I, Probolichas kristiae proboscis, dorsal view, x1.5, OU 12484. 2-4, Amphilichas
lineatus (Angelin, 1854, pl. 38, figs. 12, 12a), lectotype cranidium, lateral, anterior, dorsal views,
x6, Ar 6040. 5, 6, 9, Amphilichas cf. A. jukesi (Ross, 1972 pl. 18, figs.6-8), dorsal view x5,
lateral, anterior views, x6, USNM 167232c. 7, 8, 11, Amphilichas subpunctatus, dorsal, lateral,
anterior views, x2, OU 12485. 10, Probolichas kristiae (Shaw, 1974, pl. 12, fig. 2) hypostome,
dorsal view, x1.5, OU 8091 12, A. subpunctatus (Shaw, 1974, pl. 12, fig. 14) pygidium, dorsal

view, x2, OU 5201.
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FIGURE 10—Amphilichas Raymond, 1905. 1-4, 7-8 are from the Bromide Formation (Upper
Ordovician) of Oklahoma, 5-6, 9-10 are from the Effna Formation (Upper Ordovician) of
Virginia. -3, Amphilichas subpunctatus (Esker, 1964, pl. 3 figs. 1-4) holotype cranidium, dorsal,
anterior, lateral views, x2, OU 5203. 4, 4. subpunctatus pygidium, dorsal view, x2, OU 12486. 5,
Amphilichas effnensis, cranidium, dorsal view, x4, OU 12487. 6. A. effnensis cranidium, dorsal
view, x3, OU 12488. 7, A. subpunctatus hypostome, dorsal view, x3, OU 124809. §, 4.
subpunctatus cranidium, dorsal view, x2, OU 12490. 9, Amphilichas sp. 1 hypostome, dorsal

view, x2.5, OU 12491. 10, A. effnensis pygidium, dorsal view, x2.9, OU 12492.
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FIGURE [I—Amphilichas effnensis. All are from the Effna Formation (Upper
Ordovician) of Virginia. /-3, 4. effnensis, holotype cranidium, dorsal, lateral, anterior

views, x2.5, OU 12493. 4-6, A. effnensis, cranidium, dorsal, lateral, anterior views, x4,

OU 12494.
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APPENDIX /—Character matrix for the cladistics analysis. A question mark (?) indicates

missing data.
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CHAPTER 3: A SYSTEMATIC REVISION OF THE UPPER ORDOVICIAN
TRILOBITE GENUS BUMASTOIDES (TRILOBITA: ILLENIDAE) WITH NEW

SPECIES FROM OKLAHOMA, VIRGINIA, AND MISSOURI

Abstract

Species of the Ordovician illaenid trilobite genus Bumastoides Whittington, 1954,
have been notoriously difficult to classify because of their high degree of exoskeletal
effacement. New species from Oklahoma (B. graffhami, sp. nov), Virginia (B.
moundensis sp. nov), and Missouri (B. kimmswickensis sp. nov) provide more data for a
phylogenetic analysis on the genus. Continuous characters were treated as such, and
analyzed with finite mixture coding in two separate parsimony analyses. A strict
consensus tree of eight equally most parsimonious trees, and a weighted best-fit tree both
indicate that many species previously assigned to Bumastoides should be removed from
the genus. Both methods yielded a tree with similar topology, supporting the removal of
three Stenopareia-like species from Bumastoides. Based on the optimized character
distribution, the supporting synapomorphies for Bumastoides are: weak to effaced
cranidial axial furrow and lack of glabellar differentiation even by change in convexity,
dicuspid inner margin of pygidial doublure, subtrapezoidal pygidium, undifferentiated or
minimally expressed pygidial axis, long pygidial doublure, and maximum pygidial width
at half-length. The pygidial outline shape, length of pygidial doublure, and degree of
independent convexity on the cranidium are characters that may be useful in separating

species of Stenopareia and Bumastoides.

Introduction
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The Ordovician (Darriwilian-Hirnantian) illaenid trilobite genus Bumastoides was
originally erected by Whittington (1954) as a subgenus of Bumastus Murchison, 1839.
The former has, among other characters, fainter axial furrows, a distinctive lunette,
proportionally smaller palpebral lobes, and 8-10 segments in the thorax. Ludvigsen &
Chatterton (1980) elevated Bumastoides to full generic status, and placed the genus in the
Illaeninae. Later workers (e.g., Whittington 1997a) cited thoracic morphology to reiterate
that Bumastoides is an illaenid, rather than a styginid (as is Bumastus). Although the
taxonomic position of Bumastoides itself is currently well constrained, recognizing
taxonomic divisions within the genus has been problematic. The extremely high level of
exoskeletal effacement makes discrete differences difficult to identify, resulting in
species diagnoses that are not truly diagnostic. Shape differences that describe variation
along a curve for instance, are often relative, and not easily binned into discrete character
states. Chatterton & Ludvigsen (1976, p. 35) considered imperceptible axial furrows,
prominent lunettes, a steeply curved anterior cephalic profile, absence of a median
pustule, and an ovate to rounded subpentagonal pygidium to be diagnostic characters of
Bumastoides lenzi. While undoubtedly characteristic of B. lenzi, the same combination of
characters can also be used to describe other Bumastoides species. The vague diagnoses
of illanid genera closely related to Bumastoides (e.g., Stenopareia Holm, 1886; most
recent diagnosis by Curtis & Lane 1997, p. 18) further exacerbates the problem of
distinguishing between the taxa. Certain species could be placed in either Bumastoides or
Stenopareia according to current diagnoses. These issues, combined with new species

data from the Sandbian-Katian interval, demonstrate the need for a systematic revision of
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Bumastoides. Ideally, any revision of the genus should effectively deal with the
difficulties inherent in diagnosing species, and that is the approach taken here.

A cladistic analysis allows the relationships of ingroup Bumastoides to be
explored, and character optimization provides discrete apomorphies with which to
construct new diagnoses. Finite mixture coding (FMC) (Strait et al. 1996) allows for
subtle differences in quantitative characteristics to be binned into discrete states, and is
contrasted with a method that treats continuous characters as such (Goloboff et al. 2006).
The optimized character distribution is synthesized with descriptions and diagnoses of
previously documented Bumastoides species (including types) and new material from the
Upper Ordovician (Sandbian-Katian) of Oklahoma, Virginia, and Missouri.

Geologic setting of new material

Oklahoma

The Bromide Formation (Ulrich 1911) is an Upper Ordovician (Sandbian;
Turinian) carbonate-dominated succession that is the youngest unit of the Simpson Group
(Cooper 1956; Harris 1957). It is exposed throughout the Arbuckle Mountains and Criner
Hills region of south-central Oklahoma (see Fay et al. 1982, fig. 77; Carlucci et al. 2010,
fig. 1), and was deposited along a depth gradient from the Arbuckle Platform up-ramp, to
the subsiding Southern Oklahoma aulacogen down-ramp (Longman 1982a; 1982b) (Fig.
1A). Siliclastic material is common in the stratigraphically lower Mountain Lake Member
(Cooper 1956), often forming meter-scale cyclic packages with bryozoan and
pelmatozoan rich wackestone, packstone, and grainstone. Cycle tops are commonly
mineralized, starved surfaces, often associated with bryozoan rudstone horizons. Up-

ramp, the younger Pooleville Member is characterized by massive to thick-bedded
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carbonate mudstone, wackestone, and grainstone, with reworked tempestites
commonplace. A thin cap of peritidal carbonate is referred to as the Corbin Ranch
Submember (Harris 1957; Amsden & Sweet 1983). Down-ramp, the Pooleville is
composed of fine-grained, thickly bedded, laminated carbonate mudstone, and resembles
the overlying Viola Formation. Shaw (1974) and Carlucci et al. (2010) present
discussions of the trilobite fauna of the Bromide.

Three localities in the Bromide Formation yielded material of Bumastoides
graffhami sp. nov. Tyson’s Quarry (TQ) is a private quarry approximately 8 km
southwest of Ardmore, (Fig. 1A) in the Criner Hills region of Carter County (Carlucci et
al. 2010). The type specimen of B. graffhami was collected from the upper Pooleville
Member, in an interval of rudstone pavements (interpreted here as tempesites) that top
blue massive carbonate wackestone (see Carlucci et al. 2010, fig. 2 for a measured
section and approximate collection levels). Shaw (1974) assigned this material to the
nearby Rudd Quarry, but the original label specifies the “upper” quarry (TQ here,
formerly the Dunn quarry). The Daube Ranch (DRa) (formerly the Johnston Ranch)
locality (Fig. 1A) exposes the Bromide Formation along Spring Creek, below the dam
forming the upper Humbolt Lake in Murray County. The B. graffhami material was
collected 21.3m below the Viola contact, in a light tan, thinly bedded wackestone (with
localized packstone) that alternates with fissile tan shale (see Fay et al. 1982, pg. 336 for
a detailed measured section). The final locality is a roadcut along U.S. Highway 177 at its
intersection with Goddard Youth Road (Fig. 1A), approximately 13 km south of the town
of Sulphur, Murray County. The material of B. graffhami was collected at two collection

levels (Fig. 2). The lower collection is from thinly interbedded marly shale and
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wackestone. The shale layers thin very slightly upwards, and the percentage of bioclasts
increases upwards in the wackestone. The upper collection is from an interbedded
laminated carbonate mudstone, and brachiopod-rich fossiliferous wackestone. Rudstone
pavements often cap the wackestone beds, and are likely coeval with the pavements at
TQ from which the type specimen was collected.

Sclerites assigned to B. cf. B. milleri (Billings, 1859) were collected from the
Viola Springs Formation (Viola Group; Upper Ordovician, Katian) at the Highway 99
section, near Fittstown, south-central Oklahoma (Amati & Westrop, 2004, fig. 1; Amati
& Westrop 2006, figs 3 and 7). They occur in a bryozoan grainstone-to rudstone facies
(Amati & Westrop 2006, p. 521) between 18 — 34 m above the base of the Viola Springs
Formation.
Virginia

All material of Bumastoides moundensis sp. nov is from either the Effna
Formation or the Botetourt limestone (Cooper & Cooper 1946) in the Valley and Ridge
Province of Virginia (Read 1982, fig. 1). The Effna Formation was deposited in
downslope carbonate mud-mound buildups that are composed of a series of biohermal
pods flanked by grainstone (see Read 1998, fig. 4). These buildups form primarily by
marine cementation and baffling of carbonate fines by bryozoans and pelmatazoans, with
frame building organisms of little importance (Read 1982; King 1986). The first (often-
pod surrounding) unit of the Effna is a biostromal grainstone, which formed as debris was
shed from the mudstone pods (Sabol 1958; Ruppel and Walker 1977; Read 1982). The
other unit is the biohermal mudstone of the buildups, which is the primary constituent of

the pod facies. Both units are highly fossiliferous; Carlucci et al. (2010) provided a list of
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trilobite genera commonly found in the Effna. The Botetourt limestone is a dark, shaly,
nodular wackestone, packstone and grainstone that flanks, interfingers with, and overlies
the Effna. The Botetourt is considered to be transitional between the Effna and the
basinal Liberty Hall facies (Read 1982).

Two localities provided new material of Bumastoides moundensis. Porterfield
Quarry (PQ) is an abandoned facility located 7 km southwest of Saltville, in Smyth
County. The quarry is exposed approximately 1 km down an unlabeled service road off
VA 610 (see Carlucci et al. 2010 fig. 3-2 for a locality map). The PQ collections
(Carlucci et al. 2010, fig. 3-1) are from boulders of biohermal mudstone left behind when
the quarry ceased operation. The mudstone is massive and very fine grained with
bryozoans locally forming boundstone. Additional B. moundensis material was collected
from a roadcut along Interstate 77 near the town of Bland, in Bland County. The roadcut
is less than 1 km north of the Big Walker Mountain Tunnel exit. The material was
collected from 1 meter above the Effna/Botetourt contact in a black, nodular wackestone.
See Read (1982, fig. 7A) for a facies mosaic, ‘nodular, shaly skeletal limestone’ is here
referred to as the Botetourt.

Missouri and Illinois

Archival material from Missouri that was described by Bradley (1930) and
assigned here to B. billingsi (Raymond & Narraway, 1908) was collected from the Upper
Ordovician (Katian) "Kimmswick Limestone" (now Dunleith Formation of the
Kimmswick Subgroup; Templeton & Willman 1963) along the Mississippi River at
Batchtown, Illinois, and Glen Park, Missouri (Bradley 1925). New material of B.

kimmswickensis sp. nov. is from a previously undocumented roadcut along Missouri State
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Highway M, 0.5 km south of Antonia and about 6 km west of its intersection with
Interstate 55 at Barnhart (Fig. 1B). It occurs at a single horizon 90 cm above the base of
the Dunleith Formation, within a 44 cm thick interval of gray shale with bioclastic
packstone lenses and lime mudstone nodules; the House Springs Bentonite (Kolata et al.
1998, figs. 5, 8) forms the basal 8 cm of this interval.

Phylogenetic analysis

Taxonomic notes

The analysis used 16 ingroup species and one outgroup species, of which 15 have
been classified previously as Bumastoides, and two as Stenopareia Holm, 1886.
Stenopareia is an illaenid genus that is considered to be closely related to Bumastoides
because it also exhibits a high degree of exoskeletal effacement, has prominent lunettes,
and has an inflated, highly convex cranidium with the eyes positioned just forward of the
posterior border. The type species of Stenopareia, S. linnarssoni Holm, 1882 was chosen
as the outgroup taxon because its morphology has been well documented, and it occupies
a relatively basal position within Stenopareia. The pygidia of species of Stenopareia are
clearly distinct from those of Bumastoides (subsemicircular, with faint expression of the
axis), and they possess more pronounced axial furrows over all three tagmata.

Whiteley et al. (2002) treated Bumastus globosus Billings, 1859 as a species of
Bumastoides, though it has never formally been placed in the genus. Based on evaluation
of the lectotype (GSC1090b; Shaw 1968, pl. 17, figs. 20-21, 22, 24) and hypotypes, this
species does not belong to Bumastoides, and was not used in our analysis. The deeply
incised axial furrows (Shaw 1968, pl. 17, fig. 15), wide cephalic axis, and highly convex

thoracic axis are unlike any species of Bumastoides, and Westrop & Ludvigsen (1983)
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placed it in Stenopareia. All species formally named as Bumastoides were considered for
inclusion, but some were omitted from the analysis because the known material is too
incomplete to code properly (e.g., B. scoticus, Tripp, 1965; B. fornax, Tripp, 1980; B.
tricuspidatus, Edgecombe et al. 2006). B. rivilus was the only Scottish species included.
The types of other Scottish species placed in Bumastoides (B. fornax Tripp, 1980, pl. 1,
figs. 6-10; B. scoticus Tripp, 1965) were borrowed by us, but both were far too damaged
and incomplete to code for the parsimony analysis. The type material for B. fornax is so
badly damaged we would hesitate to identify it to the genus level. Bumastus lioderma
Raymond, 1925 may belong to Bumastoides, but is only known from a partial cranidium,
so it cannot be adequately assessed phylogenetically.
Characters and coding

The dataset includes 20 unordered characters (10 binary, 10 multistate) with a
total of 52 states (see Appendix 1). These characters code morphological features of the
cranidium (7 characters), thorax (2 characters), and pygidium (11 characters). All
characters were binned into their states based on clearly discrete differences or
statistically defined bins (see Finite Mixture Coding below). Characters that could not
reliably be placed into discrete categories, parsimony uninformative characters, or those
that dramatically covary with each other were removed in the initial analysis. A second
analysis (20 discrete, 6 measured) retained continuous characters (Appendix 2) that could
not be discretized (Goloboff et al. 2006). There is some small degree of covariation in the
pygidial characters. For example, the location of maximum (tr) width has some bearing
on the overall pygidial shape, but is only one component of a more complex feature. In

all such instances the characters code differently from each other. Characters with
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inapplicable states for some species were coded using reductive coding (Strong &
Lipscomb 1999) (e.g., species with a completely effaced axial furrow in character 1, were
not coded again in character 5); inapplicable states were coded as ‘?’. In Bumastoides,
sculptural characters of the cranidium and pygidium are often decoupled (e.g., terrace
lines on the cranidium are not always associated with lines on the pygdium, and vice
versa), so similar sculptural characters (e.g., terrace lines) are coded independently on the
two tagmata. Finally, some characters were omitted simply because the variation in
preservation made it impossible to detect discrete states where they may have existed
(e.g., the presence or absence of a pygidial articulating facet border, or the number of
terrace lines on the thoracic articulating facets).

The simple morphology and furrow effacement in Bumastoides makes the use of
continuous measured characters an attractive option. Some measured character data were
taken from literature sources (Bumastoides tenuirugosus, Troedsson, 1928; Westrop &
Ludvigsen 1983; Bumastoides lenzi, Chatterton & Ludvigsen, 1976; Bumastoides
solangeae, Hunda et al., 2003; Stenopareia linnarssoni, Holm, 1882; Warburg 1925;
Stenopareia grandis, Billings, 1859; Chatterton & Ludvigsen 2004). Literature
illustrations were only used if the orientation of the specimens was comparable to those
used in our figures (Figs. 6-26). The majority of measured data are taken from the
material illustrated here and non-illustrated material of the same species in our
collections. The proportions we used are those that can be confidently measured in a
majority of species included in the analysis. To avoid large amounts of missing data,

some measured features used in the systematic descriptions were not used in the analysis
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(e.g., proportion of eye length in lateral view). Material that has obviously been flattened
(e.g., Fig. 19E) was not measured.

Finite Mixture Coding. We follow the approach developed in Strait et al. (1996),
automated by the program FMC Box (Sheets 2003). This method identifies a number of
possible normal distribution models that best describe the character data, and then uses
the Aikake Information Criterion (AIC, Akaike 1974) to assess the goodness of fit for
each model. The model with the lowest AIC score and the highest weight (probability of
that model being correct compared to the others) is the optimal distribution for binning
character states. Characters that show a high relative probability of a one-model
distribution were removed from the analysis; others were binned into their respective
distribution by a group probability assignment based on the magnitude of the normal
function at the specimen value. Finite Mixture Coding (FMC) is a particularly good
approach for binning measured character states here because it potentially allows for the
isolation of discrete character data from a genus which otherwise has very few ingroup
apomorphies. In six of the seven measured ratio characters, a one-distribution model was
clearly best supported (Figs. 3A-F have AIC values of 0, and relative probability of a one
distribution model being correct of >99.7%). These characters were removed from the
first analysis because their values cannot confidently be assigned to discrete bins:
cranidial length (sag.) in proportion to width (tr.) across palpebral lobes (Fig. 3A),
maximum length (sag.) of lunettes in proportion to cranidial length (exsag.) in dorsal
view (Fig. 3B), maximum width (tr.) of one lunette in proportion to width (tr.) across
palpebral lobes (Fig. 3C), percentage of total exoskeletal length occupied by the

cranidium (in lateral view) (Fig. 3D), percentage of total exoskeletal length occupied by
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the pygidium (in lateral view) (Fig. 3E), width of one palpebral lobe as a percentage of
cranidial width across palpebral lobes (Fig. 3F). The maximum length/width ratio of the
pygidium best fits a four-distribution model (Fig. 3G) and it was retained for the first
phylogenetic analysis. The inability of FMC to bin measured characters into more than
one discrete state highlights the difficulty of diagnosing new species of Bumastoides with
concrete, unequivocal evidence. We suggest that vague references to character
proportions be omitted from diagnoses of new species (e.g., lunettes proportionally wide,
long, etc.), and instead only be used for pairwise comparisons (e.g, B. holei has
proportionally wider lunettes than B. moundensis). These data also show that measured
characters with clear gaps in their distribution still best fit a one-bin model, suggesting
that some workers may be overestimating the utility of measured characters (unless they
are treated as such).

Continuous characters coded as such. Goloboff et al. (2006) suggested analyzing
continuous characters as such, rather than applying methods that make the data discrete.
The characters that were removed based on the results of the FMC analysis were retained
in a second analysis that treated them as additive characters with terminal ranges from -
1/+1 standard error (SE). Following Goloboff et al. (2006), scaling problems associated
with increased branch-lengths were controlled by using implied weights (Goloboff 1993)
with a concavity constant (k) of three. The implied weight ratio is less than the ratio
implied by the difference of scale, and is one method of balancing the contributions of the
characters, making them more even.

Measured characters are identified with an asterix (*) in the list below.
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Cranidium. 1. Axial furrow: (0) well-defined and with glabella expressed by
independent convexity (e.g., B. aplatus, Fig. 26F); (1) weak or effaced and glabella not
differentiated even by change in convexity (e.g., B. graffhami, Fig. 19B).

2. Path of posterior branch of facial suture: (0) nearly straight backwards to posterior
margin (no posterolateral projection) (e.g., B. holei, Fig. 14E); (1) backwards and
outwards, forming a small subtriangular posterolateral projection (e.g., B.
kimmswickensis, Fig. 23E).

3. Median tubercle near posterior margin: (0) absent (e.g., B. moundensis, Fig. 20C); (1)
present-circular (e.g., B. bellevillensis, Fig. 10A); (2) present-elliptical (e.g., B.
graffhami, Fig. 19E).

4. Predominant shape of lunette: (0) crescentic; deeply incised adaxially, shallowing
dramatically abaxially (e.g., B. moundensis, Fig. 21B); (1) elliptical; relatively consistent
impression (e.g., B. holei, Fig. 13C); (2) lunettes absent (e.g., B. gardensis, Fig. 26G).

5. Path of the axial furrow: (0) straight (e.g., S. grandis, Chatteron & Ludvigsen 2004, pl.
2, fig. 10); (1) converging inwards (e.g., B. bellevillensis, Fig. 10A).

6. Pitting on internal mould: (0) absent (e.g., B. aplatus, Fig. 26C); (1) present and widely
spaced (e.g., B. graffhami, Fig. 19C); (2) present; densely distributed (e.g., B.
moundensis, Fig. 21A).

7. Cranidial terrace lines: (0) absent (e.g., S. linnarssoni, Warburg 1925, pl. 2, fig. 17);
(1) only present anteriorly and ventrally (e.g., B. graffhami, Fig. 19B); (2) present on
most of cranidial exoskeletal surface (e.g., B. beckeri, Fig. 11A).

Thorax. 8. Number of thoracic segments: (0) 9 (e.g., B. milleri, Fig. 7H); (1) 8 (e.g., B.

bellevillensis, Fig. 10D.); (2) 10 (e.g., B. porrectus, Fig. 16E).
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9. Dorsal extent of the articulating facet: (0) below the axial furrow (e.g., B. porrectus,
Fig. 15D); (1) to the axial furrow (e.g., B. graffhami, Fig. 18B).

Pygidium. 10. Number of cusps on dorsal inner margin of doublure: (0) one (e.g., S.
linnarssoni, Jaanusson 1954, fig. 10F); (1) none (e.g., B. rivilus, Fig. 26A); (2) two (e.g.,
B. kimmswickensis, Fig. 22H).

11. Large paired pygidial muscle scars on exfoliated material: (0) absent (e.g., B.
tenuirugosus, Fig. 17A); (1) present (e.g., B. billingsi, Fig. 8B).

12. Shape in outline: (0) semicircular (e.g., B. rivilus, Fig. 26A); (1) subtrapezoidal to
rounded subtrapezoidal (e.g., B. porrectus, Fig. 15G); (2) elliptical (e.g., B. gardensis,
Fig. 26H).

13. Median depression on dorsal surface (ventral ridge) of doublure inner margin: (0)
absent (e.g., Bumastoides solangeae, Hunda et al. 2003, pl. 1 fig. 2); (1) complete (e.g.,
B. kimmswickensis, Fig. 23H); (2) effaced posteriorly (e.g., B. bellevillensis, Fig. 10E).
14. Concentric terrace lines on dorsal exoskeleton: (0) absent (e.g., B. kimmswickensis,
Fig. 22D); (1) present (e.g., B. holei, Fig. 14D)

15. Undulating terrace lines directed inward from lateral margins on dorsal exoskeleton:
(0) present (e.g., B. grafthami, Fig. 18C); (1) absent (e.g., B. porrectus, Fig. 16D).

16. *Ratio of max pygidial length (sag.) to max pygidial width (tr.): (0) (e.g., B.
gardensis, Fig. 26H); (1) (e.g., B. graffhami, Fig. 18F); (2) (e.g., B. porrectus, Fig. 15A);
(3) (e.g., B. moundensis, Fig. 20F).

17. Expression of axial furrow: (0) minor lateral notches that flank medial anterior
margin (e.g., B. aplatus, Fig. 26D); (1) present; outline a convex and well-defined axis

(e.g., B. gardensis, Fig. 26H); (2) completely effaced (e.g., B. beckeri, Fig. 11F).
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18. Location of pygidial maximum width (tr.): (0) at or near the anterior end (e.g., B.
rivilus, Fig. 26A); (1) at half-length (sag.) (e.g., B. kimmswickensis, Fig. 22D).

19. Length (sag.) of doublure: (0) short; approximately 30% of pygidial length (e.g., B.
rivilus, Fig. 26A) (1) long; approximately 60% of pygidial length (e.g., B. billingsi, Fig.
9E).

20. Pitting on pygidial dorsal exoskeleton: (0) present (e.g., B. gardensis, Fig. 26H); (1)
absent (e.g., B. porrectus, Fig. 16B).

Results

Parsimony analysis

The data matrix was constructed in MacClade 4.08 OS X (Maddison & Maddison
2005), and parsimony and related analyses were conducted in PAUP* version 4.0b10
(Swofford 2002), and checked in TNT (Goloboff et al. 2008; implicit enumeration). A
branch and bound search algorithm was used with the following settings: the initial upper
bound was computed heuristically, addition sequence was furthest, zero length branches
were not collapsed, topological constraints were not enforced, and trees were treated as
unrooted. All characters were unordered, weighted equally, and parsimony informative.
PAUP* retained eight equally most parsimonious trees (MPTs) with a tree length of 56
steps, a consistency index (CI) of 0.57, retention index (RI) of 0.69, and a rescaled
consistency index (RC) of 0.40; the strict consensus tree is shown in Fig. 4, and one of
the eight MPTs in Fig. SA (chosen because it retains some relationships that are present
in multiple MPTs, e.g., Bumastoides holei, and B. billingsi as sister taxa). Calculation of
a tree length distribution of 10,000 equally sampled random trees (with the same settings

as the parsimony analysis) resulted in a mean tree length of 91.5 steps, with no retained
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trees approaching 56 steps. The probability of getting a tree of 56 steps at random is less
than 0.0001. Symmetric resampling (33% probability) group support (see Fig. 4) and GC
values (frequency differences, see Goloboff et al. 2005) were calculated by a 1,000
replicate implicit enumeration algorithm, with two clades (nodes 4 and 9) appearing in at
least 50% of the replicates. Bremer support values (Bremer 1994) were calculated by
continually keeping trees with length values of N + 1 in PAUP* (checked in TNT), where
N = the tree length of the strict consensus tree. Three clades have Bremer support values
(Bremer 1994) of higher than 1 (nodes 1, 4 and 9: see Fig. 4).

A second analysis (continuous characters as such) used the same search algorithm
(implicit enumeration) and settings in TNT as the first, with the exception of the implied
weights. One tree (Fig. 5B) with a best-fit value of 8.47 was retained. Symmetric
resampling group support of greater than 50% is present on the equivalents of node 2 and
4 (Fig. 4). Bumastoides milleri and B. graffhami (node 9) still have relatively high
support, as does an arrangement not found in the initial analysis (B. beckeri and B.
moundensis). In general, the support values are higher on the more basal nodes in the
second analysis (compare Fig. 4 to Fig. 5B), but much of the resolved portions of the
Bumastoides clade have contradictory (i.e. negative) GC values. The second tree also has
more homoplasy in the optimization of the discrete characters (CI of 0.53, RI: 0.62, RC:
0.33). The broad topology of the second tree is similar to the first, with high support
(82/80 in the former, 61/60 in the latter) for the same Bumastoides clade that excludes B.
rivulus, B. aplatus, and B. gardensis. These data indicate that changing the treatment of
continuous characters has little effect on the most important question here: what taxa

belong in Bumastoides? The second analysis retains some other arrangements not found
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in the first (e.g., B. holei and B. bellevillensis as sister taxa), but this relationship is not
well supported, and has little bearing on the overall goals of revision. We think it is best
to use the FMC driven results (Fig.4) as the basis of the taxonomy because the strict
consensus tree conservatively collapses much of the poorly supported in-group
Bumastoides, and in general contains fewer assumptions than the second analysis.

The strict consensus tree (Fig. 4) is partially pectinate, and demonstrates a well-
supported monophyletic group (Bumastoides) at node 4. B. aplatus Raymond, 1925, B.
rivilus Ingham & Tripp, 1991, and B. gardensis Shaw, 1968 are excluded from
Bumastoides because of the clade support and high number of apomorphies at node 4
(Fig. 5A). Nearly all of the pygidial characteristics shared by Bumastoides (characters 10,
12, 17, 18, 19) and one cranidial characteristic (character 1) exclude these three taxa, all
of which generally share more features with Stenopareia. These three taxa (nodes 1-3 on
Fig. 4) appear to render Stenopareia paraphyletic in the context of this analysis, but the
species included here are inadequate to assess the monophyly of the genus as a whole (an
option beyond the scope of this study). In the absence of an updated systematic revision
of Stenopareia, we chose to provisionally regard these taxa as Stenopareia sensu lato. In
this way, no new superfluous genera are formed within the Illaenidae, and the placement
is consistent with the assessment of later authors who doubted the original assignment of
B. gardensis and B. aplatus to Bumastoides (Chatterton & Ludvigsen 1976; Westrop &
Ludvigsen 1983). Whittington (1954) also expressed concern about his placement of B.
aplatus in Bumastoides, suggesting that the pygidial attributes of the species were not

characteristic of the rest of the genus. Similarly, Shaw (1968) hesitantly placed B.
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gardensis in Bumastoides because of its similarity with B. aplatus, and Ingham & Tripp
(1991) referred to their new species as ‘Bumastoides? tivilus’.
Character optimization

Figure 5A is a character state optimization of unambiguous state changes (those
present at the same node under both the assumptions of ACCTRAN and DELTRAN
optimization) on one of the eight MPTs. Stenopareia grandis is the most basal ingroup
taxon. The rest of the ingroup is united at node 1 based on converging inward axial
furrows (character 5, state 1) and the loss of one cusp on the pygidial doublure (character
10, state 1). At node 2, cranidial terrace lines are present only anteriorly and ventrally
(character 7, state 1), and at node 3, pitting on the pygidial dorsal exoskeleton is lost
(character 20, state 1). Bumastoides species are united at node 4 by their shared axial
furrow impression (character 1, state 1), two cusps on the doublure (character 10, state 2),
subtrapezoidal pygidial shape (character 12, state 1), lack of axis expression (character
17, state 2), half-length location of maximum pygidial width (character 18, state 1), and
long length of doublure (character 19, state 1). The pygidial median depression (ventral
ridge) is complete at node 5 (character 13, state 1). At node 6, the pitting on the cranidial
internal mould changes to densely distributed (character 6, state 2), and at node 7 the
median posterior tubercle is present (character 3, state 1), and the shape of the lunette is
elliptical (character 4, state 1). The pitting on the cranidial internal mould changes from
densely to loosely distributed at node 8 (character 6, state 1). B. milleri and B. graffhami
are sister taxa at node 9, based on a predominantly crescentic lunette (character 4, state 0)

and pygidial undulating terrace lines (character 15, state 0). B. beckeri and B.
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kimmswickensis are sister taxa at node 10 based on terrace lines covering the entire

cranidial exoskeleton (character 7, state 2).
Systematic palacontology

lustrated material was photographed at 1mm intervals with a Canon E05 5D
camera equipped with a 65, 80, or 120 mm lens. Images were stacked using Helicon
Focus 4.04 Pro Multiprocessor (Helicon Soft, Ltd). References to length are in the
sagittal direction, and width in transverse, unless otherwise noted. Outline shapes (e.g.,
crescentic) refer to dorsal view, unless specified otherwise. For the standard cranidial
dorsal view, the midpoint of the lunette is approximately opposite the top of the palpebral
lobe. The palpebral lobe (or eye if preserved) was oriented horizontal for the standard
lateral view. Diagnostic characters which do not reference a character from the cladistic
analysis are autapomorphies of that species, and are separated from the rest of the
characters with a semicolon. Systematic diagnoses are based primarily on unambiguous
state changes in Figure 5A, although ambiguous states (e.g., number of thoracic
segments) and autapomorphies are also used to create a complete (and unique) character
assemblage for each species. The clade definitions (de Queiroz & Gauthier 1990; de
Queiroz 2007) for Bumastoides are based on the strict consensus tree. We are using a
Linnean classification with named ranks, so the clade definitions are not the basis of the
formal taxonomy, but additional information that specifies the clades exact location on
the consensus tree. Repository acronyms are as follows: OU, Sam Noble Oklahoma
Museum of Natural History; NYSM, New York State Museum, Albany; GLAHM;
Hunterian Museum and Art Gallery, Glasgow; MCZ, Museum of Comparative Zoology,

Harvard University; CM, Carnegie Museum of Natural History, Pittsburgh; GSC,
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Geological Survey of Canada, Ottawa; SUI, University of lowa Paleontology Repository,
Iowa City; UC, P, Field Museum of Natural History, Chicago.
Class TRILOBITA Walch, 1771
Order CORYNEXOCHIDA Kobayashi, 1935
Suborder ILLAENINA Jaanusson, 1959
Family ILLAENIDAE Hawle & Corda, 1847
Genus BUMASTOIDES Whittington, 1954
Type Species. /llaneus milleri, Billings, 1859 from the Trenton Group of Ontario, by
original designation.
Definition. The clade Bumastoides is the common ancestor of B. porrectus and B.
solangea and all of its descendants (Fig. 4, node 4). To underscore the importance of
character 1, an apomorphy-based definition may also be useful: Bumastoides is the clade
stemming from the first ancestor to possess an axial furrow that is weak or effaced and
glabella not differentiated even by change in convexity from the rest of the cranidium.
Diagnosis. Cranidial axial furrow weak or effaced and glabella not differentiated even by
change in convexity from the rest of the cranidium (character 1, state 1), dicuspid inner
margin of pygidial doublure (character 10, state 2), pygidia subtrapezoidal or rounded
subtrapezoidal (character 12, state 1), pygidial axis expression is undifferentiated or
minimally expressed (character 17, states 0, 2), location of maximum pygidial width is at
half-length (sag.) (character 18, state 1), pygidial doublure length (sag.) is long (character
19, state 1).
Remarks. Raymond (1916) and Troedsson (1928) recognized that Ordovician species

referred to as Bumastus were a distinct group from Silurian bumastids, but did not
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propose a new taxonomic group to describe them. In his work on a trilobite fauna from
Baffin Island, Whittington (1954) erected Bumastoides as a subgenus of Bumastus based
on the following differences: axial furrows are faint or absent, the lunette is distinctive,
the palpebral lobe is smaller and placed farther back from the midline, there are 8-10
segments in the thorax, and the maximum width of the pygidium is at half length (sag.).
He originally placed B. milleri, B. bellevillensis, B. beckeri, B. billingsi, B. porrectus, and
B. tenuirugosus into this taxon, and speculated that species with distinctive pygidia like
B. aplatus might also belong in it because their cranidia were similar to Bumastoides. We
show here that these species differ in an important cranidial feature (character 1), and a
wide variety of pygidial characters, and are best placed in Stenopareia (or at the very
least excluded from Bumastoides). Ludvigsen & Chatterton (1980) elevated Bumastoides
to full generic status, and placed it in the Illaeninae based on the presence of a forward
turning rostral flange in B. lenzi. This placement was supported by Whittington (1997a)
because Bumastoides also shares a wide variety of other features with illaenids: a down-
curving doublure with the anterior edge lying below the ventral ridge, a virtually non-
fulcrate thorax, narrow pleurae and a wide thoracic axis.

Besides the effacement of the Bumastoides exoskeleton, one of the largest barriers
to the construction of accurate phylogenetic reconstructions has been the inconsistent
assessment of the number of thoracic segments by some authors (see B. milleri remarks
below for examples). Material with anywhere from 8-10 thoracic segments have been
placed into the same species because of the lack of identifying features. There is no
evidence that the number of thoracic segments varies in holaspids, so the number of

segments should be considered diagnostic in material that is obviously morphologically

114



mature. Ludvigsen & Chatterton (1980) and Chatterton (1980) demonstrated that illaenid
trilobites could vary dramatically during their holaspid ontogeny (but not in the number
of thoracic segments). Coupled with the lack of morphology in the group, it is clear that
extreme rigor is necessary to delineate new species of Bumastoides.

Bumastoides milleri (Billings, 1859)

(Figs. 6-7)

1859 Illaenus milleri Billings: 375, fig. 10
1877 Illaenus milleri Walcott: 71.
1908 Bumastus milleri Raymond & Narraway: 254, pl. 61, figs. 3-5, 9-10.
? 1927 Bumastus milleri Walter: 222, pl. 17, fig. 2.
1954 Bumastoides milleri Whittington: 224, pl. 62, figs. 16-18, 20, 25-26, 29.
1957 Bumastus trentonensis Fisher: 16, pl. 6, fig. 9.
1987 Bumastoides milleri DeMott: 91, pl. 6, figs. 20-23.
1997b Bumastoides milleri Whittington: 12, fig. 9, 1-4.
non 2002 Bumastoides milleri Whiteley et al.: 211, pl. 6.
Diagnosis. Median tubercle present and circular (character 3, state 1), lunette
predominantly crescentic (character 4, state 0), nine thoracic segments (character 8, state
0), low length to width ratio of pygidia (51-58%) (character 16, state 0).
Material. Figured material includes four incomplete individuals (holotype GSC 1319b,
Figs. 6A-D; NYSM 10757, Figs. 7A-B, E, F; SUI 125988, Figs. 7C, G; and SUI 125975,
Figs. 7D, H), one incomplete cranidium (MCZ 145734, Figs. 6E-G). Unfigured material

includes one thoracopygon (MCZ 107232, DeMott 1987, pl. 6, figs. 20-21), one nearly
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complete individual (MCZ107233, DeMott 1987, pl. 6, figs. 22-23), and ten other partial
specimens (SUI 125976-79, 125981-82, 125985-87, 125989).

Occurrence. Upper Ordovician (Sandbian-Katian) of the Selby Formation and
“Rockland Formations” (lower Trenton Group), New York and Ontario, the Platteville
Group (Iowa, Wisconsin, and Illinois), and the Maquoketa Formation of lowa.
Description. Cranidium occupies 36-38% of total exoskeletal length; elliptical, length
66-70% of width across palpebral lobes; inflated, longitudinal and transverse profiles
strongly convex, anterior part of the cranidium curving downwards strongly. Anterior
margin convex forwards, posterior margin slightly convex backwards, flattened medially.
Axial furrows weak, terminating just posterior of lunettes. Lunettes just forward of
palpebral lobe, comprise 18-23% of cranidial length (exsag.), each equal to 6-7% of
cranidial width opposite palpebral lobes, crescentic, deeply impressed adaxially then
shallowing abaxially; expressed on both external surface (Fig. 6F) and internal mould
(Fig. 7B). Eyes large, crescentic, situated close to posterior margin, account for 31-35%
of cranidial length in lateral view. Palpebral lobes semicircular, each equal to 22-25% of
cranidial length and 4-5% of width, palpebral furrow extremely weak, primarily defined
by change in slope at fixigena, curved slightly inwards. Posterior branch of facial suture
extends backwards and outwards to the posterior margin, posterolateral projection
subtriangular, sharply terminating at a point behind the eye. Anterior branches converge
forward and downward along curved paths, joining rostral suture at a point approximately
in front of lunette. Librigena subsemicircular with rounded genal angle, dorsal surface
smooth except terrace lines which extend over sutural margin onto posterior margin of

librigena. Exoskeletal surface smooth posteriorly, slightly undulating closely packed
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terrace lines present only abaxially, becoming more widely spaced, prominent, and
medially complete towards anterior margin. Widely spaced pits present on cranidial
internal mould. Circular median tubercle present on dorsal surface, close to posterior
margin (Fig. 7A, B).

Thorax of nine segments; strongly convex (tr.), longitudinal profile nearly flat.
Axial furrows very weak, defined only by slight change in pleural angle at fulcrum. Axis
wide, evenly arched (tr.), subrectangular in outine, comprising approximately 79-80% of
thoracic width. Axial rings subrectangular, narrowing (sag.) very slightly backwards.
Pleura without furrows, slightly narrower (sag.) than axial rings, directed primarily
outwards and downwards (minimally fulcrate), terminations rounded. Articulating facets
rounded subtriangular, with eight to nine terrace lines that initially nearly parallel each
other, than converge upwards, extend to just below the axial furrow, well-defined border.

Pygidium wide (tr.) and short (sag.), accounts for 28-32% of total exoskeletal
length; subtrapezoidal with rounded anterior corners, sharp posterior corners, and well-
rounded posterior margin, length equal to 51-58% of maximum width, longitudinal
profile initially convex backwards lightly, then strongly convex backwards towards
posterior end, convex (tr.) abaxially, flat medially. Axis undifferentiated. Dorsal inner
margin of pygidial doublure appears bicuspid and curved backward, terrace lines extend
inward and slightly downward, dorsal most terrace lines mirror angle of inner margin.
Articulating facet subsemicircular with well-defined border, rounded ventral margin, six
undulating terrace lines converge upwards, extends dorsally to axial furrow. Dorsal

exoskeleton smooth except three straight terrace lines that follow lateral margins, and
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three undulating terrace lines that extend inward and upward from lateral margins.
Widely spaced pits present on pygidial internal mould.
Remarks. Bumastoides milleri has been used as a catch-all for Bumastoides-type
trilobites since it was first described by Billings (1859). Clarke (1897) and Whittington
(1954) assigned holaspid material with anywhere from eight to ten thoracic segments to
B. milleri. Walter (1927) assumed a cranidium from the Platteville Limestone in Iowa
was B. milleri, even though it was damaged and indistinct. Whiteley et al. (2002, p. 211,
pl. 6) assigned a specimen with ten thoracic segments to B. milleri. As advocated by
DeMott (1987), and from the type material from Ontario, B. milleri should be restricted
to species with nine thoracic segments. Species with eight or ten segments show
consistent character assemblages that separate them from B. milleri (see other diagnoses).

Clarke (1897) considered Bumatoides milleri a synonym of Illaenus trentonensis
Emmons, 1842. The location of the original /. trentonensis material is not known, but the
small illustration (Emmons 1842, p. 390, fig. 3) shows a trilobite with well-incised axial
furrows, eight thoracic segments, a subtriangular pygidium, and a rather flattened
cranidial profile. An assignment of this species to Bumastoides is doubtful at best (see
also Raymond 1925). Later hypotypes (Clarke 1897; Fisher 1957) of ‘B. trentonensis’
can confidently be assigned to other Trenton species of Bumastoides (B. milleri, NYSM
10757, Figs. 7A-B, E, F; B. porrectus, NYSM 4158, Figs. 16A-E).

Bumastoides billingsi (Raymond & Narraway, 1908)
(Figs. 8-9)

1908 Bumastus billingsi Raymond & Narraway: 253, pl. 62, figs. 1-2.

1913 Bumastus billingsi Raymond: 34, pl. 3, fig 12.
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1930 Bumastus billingsi Bradley: 254-256, pl. 28, figs. 1-7.

1979 Bumastoides billingsi Ludvigsen: 47, figs. 28C-D.

Diagnosis. Predominant shape of lunette is elliptical (character 4, state 1), path of the
cranidial axial furrow is straight (character 5, state 0), ten thoracic segments (character 8,
state 2), large paired muscle scars present on pygidium (character 11, state 1), ratio of
pygidial length to width is high (76-83%) (character 16, state 3), axial furrow expressed
as notches flanking center of the pygidial anterior margin (character 17, state 0).
Material. Figured material includes two exfoliated, nearly complete individuals
(plastotype CM 5472, Figs.8A-E, see also Ludvigsen 1979, fig. 28C, D for images of the
actual specimen; UC 10776, Figs. 9F, 1-J), one exfoliated cranidium (UC 20700a, Figs.
9A-C), and two exfoliated pygidia (UC 20710a Figs. 9D-E; UC 20710b, Figs. 9G, H).
Unfigured material includes one librigena (UC 5858a), four incomplete pygidia
(UC5858b-d; UC20710c), and two exfoliated cranidia (UC5858e-f).

Occurrence. Upper Ordovician (Katian) of the Trenton Group, Hull Quebec, and the
“Kimmswick Limestone” (Dunleith Formation) of Missouri and Illinois.

Description. Cranidium occupies approximately 34% of total exoskeletal length,
semicircular, length 67-74% of width across palpebral lobes; inflated, longitudinal and
transverse profile strongly convex, anterior part of cranidium curving downwards
strongly. Anterior margin strongly convex forwards, posterior margin gently convex
backwards. Axial furrows straight, approximately 25% of maximum lunette width,
terminating at adaxial side of lunette. Lunettes just forward of palpebral lobe, comprise
17-21% of cranidial length (exsag.), each equal to 8% of cranidial width opposite

palpebral lobes, elliptical, deeply impressed only as a narrow adaxial band, otherwise
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uniform impression throughout. Eyes small, crescentic, situated close to posterior margin,
accounts for 23-26% of cranidial length in lateral view. Palpebral lobes apparently
semicircular. Anterior branches of facial suture converge forward and downward along
curved paths. Anterior margin of rostral plate gently bowed, rostral plate apparently
subtriangular. Librigena subsemicircular with strongly rounded genal angle, border well-
defined, barely perceptible loosely spaced pitting on dorsal surface, terrace lines
developed at a point anterior and ventral of palpebral lobes. Widely spaced pitting present
on cranidial internal mould, median tubercle absent.

Thorax of ten segments; strongly convex (tr.), longitudinal profile flat. Axial
furrows defined only by slight change in pleural angle at fulcrum. Axis wide, evenly
arched (tr.), subrectangular. Axial rings subrectangular, gradually narrowing (sag.)
posteriorly. Pleura without furrows, slightly narrower (sag.) than axial rings, directed
outwards and downwards (minimally fulcrate), terminations bluntly rounded. Thoracic
dorsal exoskeleton smooth.

Pygidium accounts for 35% of total exoskeletal length; subtrapezoidal, anterior
corners and posterior margin well rounded, length equal to 76-83% of maximum width,
longitudinal profile initially flat, then convex towards the posterior end, gently convex
(tr.). Axis expressed as a slight protrusion medially, slight depressions laterally flanking
axis. Anterior ventral ridge pronounced, following curvature of the anterior margin.
Doublure inner margin dicuspid, median depression on doublure wide, terminates just
above posterior margin. Paired subrectangular muscle scars, evenly distributed pits, and

median ridge expressed on internal mould.
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Remarks. Raymond & Narraway (1908) described Bumastoides billingsi as a new
species, citing its large size, stronger cranidial dorsal furrows, wider thoracic axis, and
stronger lunettes as the primary differences between it and B. milleri. They also
suggested that B. billingsi could be synonymous with Emmon’s (1842) larger specimen
of Bumastus trentonensis (Emmons, 1842, p. 390, fig. 1). Like the smaller specimen
(Emmons 1842, p. 390, fig. 3, see remarks under B. milleri) this specimen almost
certainly does not belong to Bumastoides. The elongated pygidium and well-incised axial
furrows that diverge beyond the lunettes strongly suggest this material is best assigned to
Failleana Chatterton & Ludvigsen, 1976.

Bradley (1930) described material from the Kimmswick Limestone (Fig. 9) that
we consider conspecific with the material from Quebec. He noted the similarity with B.
holei, a sister taxon relationship present in 3/8 of our MPTs. Both are of generally very
large size, have deep, elliptical lunettes, a wide thoracic axis, and well-defined, paired
pygidial muscle scars. B. billingsi differs from B. holei in the length/width ratio of the
pygidium (70-74% in the latter, 76-83% in the former), the residual axis expression at
the pygidial anterior border, and the density of cranidial internal mould pitting.

Bumastoides bellevillensis (Raymond & Narraway, 1908)
(Fig. 10)

1908 Bumastus bellevillensis Raymond & Narraway: 253, pl. 61, figs. 6-7.
Diagnosis. Median cranidial tubercle present (character 3, state 1), eight thoracic
segments (character 8, state 1), median pygidal depression on doublure effaced
posteriorly (character 13, state 2); median ridge on cranidial internal mould.

Material. One incomplete entire individual (holotype CM 1900, Figs. 10A-E).
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Occurrence. Upper Ordovician (Katian) of the Trenton Group (almost certainly Verulam
Formation; Ludvigsen 1979, fig. 3), Belleville, Ontario.

Description. Cranidium comprises 36% of total exoskeletal length; elliptical, length 66%
of width at palpebral lobes; inflated, longitudinal and transverse profile strongly convex,
anterior part of cranidium curving downwards strongly. Anterior margin convex
forwards, posterior margin gently convex backwards. Median cranidial ridge present on
internal mould, extends from just above anterior margin to a point near lunette base.
Axial furrows narrow, converging gently forward, terminating at adaxial side of lunette,
width approximately 20% of maximum lunette width. Lunettes just forward of palpebral
lobe, occupying 21% of cranidial length (exsag.) each equal to 8% of width across
palpebral lobes, deeply impressed adaxially, shallowing abaxially. Eyes crescentic,
located close to posterior margin, account for 32% of cranidial length in lateral view.
Palpebral lobes semicircular, each equal to 21% of cranidial length and 5% of cranidial
width, palpebral furrow extremely weak, defined largely by change in slope at fixigena.
Posterior branch of facial suture extends straight backwards to posterior margin
(posterolateral projection absent). Anterior branches converge forward and downward
along gently curved paths, joining rostral suture at a point in front of lunette. Anterior
margin of rostral plate nearly transverse. Librigena apparently subsemicircular with
rounded genal angle, dorsal surface smooth, well defined terrace lines present on rounded
lateral and ventral margins of librigena. Tightly packed, transverse terrace lines on rostral
plate. Pitting on cranidial internal mould widely spaced and evenly distributed. Circular

posterior median tubercle present on cranidial internal mould.
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Thorax of eight segments; strongly convex (tr.), longitudinal profile nearly flat.
Axial furrows very weak, bowed outwards near mid-length of thorax. Axis wide, evenly
arched (tr.), subrectangular. Axial rings subrectangular, narrowing (sag.) slightly
backwards. Pleura without furrows, directed strongly downwards, slightly backwards and
outwards at fulcrum. Articulating facets broad, slightly overlapping each other;
subtriangular, extend upwards to axial furrow, six terrace lines converge upwards. Dorsal
surface smooth.

Pygidium occupies 33% of total exoskeletal length; subtrapezoidal, with gently
rounded anterior corners, and well-rounded posterior margin, length equal to 66% of
maximum width, longitudinal profile initially flat, then convex backwards towards the
posterior end, convex (tr.) abaxially, nearly flat medially, axis undifferentiated. Dorsal
inner margin of doublure curved backwards and bicuspid, median depression present only
anteriorly. Evenly spaced, slightly undulating terrace lines transverse across doublure,
near inner margin terrace lines extend dorsally along cusps, effaced medially.

Remarks. Bumastoides bellevillensis is easily distinguishable from other species because
it has three autapomorphies: a sagittal ridge on the cranidum, eight thoracic segments,
and a depression on the dorsal surface of doublure that is only expressed anteriorly.
Bumastoides beckeri (Slocom, 1913)

(Figs. 11-12)
1913 Bumastus beckeri Slocom: 54, pl. 14, figs. 1-4.
1927 Bumastus milleri Walter: 220, pl. 18, figs. 10-11.
Diagnosis. Continuous terrace lines cover entire cranidial exoskeleton (character 7, state

2), thorax of ten segments (character 8, state 2), concentric terrace lines on pygidium
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present (character 14, state 1), undulatory terrace lines directed inwards from pygidial
lateral margins present (character 15, state 0); transverse terrace lines present on the first
four segments of the thorax.

Material. Figured material includes a nearly complete enrolled specimen (holotype UC
41154, Figs. 11A-E), a nearly complete individual (SUI 125973, Figs. 12A-F), a partially
exfoliated individual (SUI 125984, Fig. 12G-H) and an incomplete thoracopygon (P
16708, Figs. 11F-G).

Occurrence. Upper Ordovician (Hirnantian) of the Maquoketa Formation, Fayette
County, lowa.

Description. Cranidium accounts for 32-34% of total exoskeletal length; semicircular,
length 70% of width across palpebral lobes; inflated, longitudinal and transverse profiles
convex, anterior part of cranidium curving downwards strongly. Anterior margin convex
forwards, posterior slightly convex backwards. Axial furrows completely effaced,
lunettes just forward of palpebral lobe, elliptical, equal impression throughout, occupying
29% of cranidial length (exsag.), each lunette equal to 4% of cranidial width across
palpebral lobes. Eyes small, crescentic, situated close to posterior margin, occupy 28-
30% of cranidial length in lateral view. Palpebral lobes semicircular, each comprises 3-
4% of cranidial width, equal to 13% of cranidial length, palpebral furrow only defined by
change in slope at fixigena. Posterior branch of facial suture extends backwards and
outwards forming a small posterolateral projection. Anterior branches converge forward
and downward along gently curved paths, intersection with rostral suture not preserved.
Librigena subsemicircular, with well-rounded genal angle and well-defined border.

Dorsal surface covered in continuous, transverse, slightly undulatory terrace lines
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(including librigena), with slight hiatuses near lunette and postocular area; barely
perceptible pitting present between terrace lines. Posterior median tubercle absent.

Thorax of ten segments; strongly convex (tr.), axial furrows weak, bowed
outwards near thoracic mid-length. Axis wide, subrectangular, evenly arched (tr.),
comprising 79-81% of thoracic width. Axial rings subrectangular, narrowing slightly in
length (sag.) backwards, four to five terrace lines present on first three segments, two
ridges on fourth segment. Pleura without furrows, slightly narrower than axial rings,
directed outwards and downwards (minimally fulcrate), terminations transverse, with
well-defined border. Articulating facets subtriangular, slightly overlapping, broad, extend
to just below axial furrow, nine to ten terrace lines converge upwards. Aside from terrace
lines, thoracic dorsal exoskeletal surface smooth.

Pygidium occupies 31-32% of total exoskeletal length; subtrapezoidal with
rounded anterior corners and well-rounded posterior margin, length equal to 61-63% of
maximum width, longitudinal profile initially flat, abruptly convex backwards towards
posterior end, strongly convex (tr.) abaxially, weakly convex medially (tr.). Axis
undifferentiated. Articulating facet subtriangular, extending to just below the axial
furrow. Three widely spaced concentric terrace lines on dorsal surface mirror pygidial
outline, terminating near posterior margin. Undulating terrace lines extend inward from
lateral margins, effaced medially.

Remarks. Slocom (1913) considered Bumastoides beckeri to be closely allied with B.
billingsi based on its gross morphology. Bumastoides beckeri is more closely related to B.
kimmswickensis (see remarks below for a comparison), a species not known by Slocom.

They are sister taxa, united by their shared possession of terrace lines over the majority of
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the cranidial exoskeleton. New material from the Maquoketa of Fayette County, lowa
(Fig. 12), is conspecific with the holotype.

Bumastoides holei (Foerste, 1920)

(Figs. 13-14)

1920 Bumastus holei Foerste: 214, pl. 21, figs. 15a, b; pl. 22, figs. a, b.
1925 Bumastus holei Raymond: 213, pl. 8, figs. 5, 6.
1999 Bumastoides holei Brett et al.: 294, pl. 7, fig. 4.
2002 Bumastoides holei Whiteley et al.: 209, pl. 4; 210, pl. 5.
Diagnosis. Path of the posterior branch of the facial suture is straight backwards
(character 2, state 0), median tubercle present near posterior margin of cranidium
(character 3, state 1), predominant shape of lunette is elliptical (character 4, state 1),
pitting on cranidial internal mould densely distributed (character 6, state 2), paired
pygidial muscle scars visible (character 11, state 1), concentric terrace lines present on
pygidial exoskeleton (character 14, state 1); thoracic and pygidial surface granulose.
Material. Figured material includes two exfoliated but otherwise nearly complete
individuals (MCZ 144798, Figs. 13E-F, 14A-C; plesiotype MCZ 101148, Figs. 13A-D),
and one complete individual (MCZ 115909, Figs. 14D-H). Unfigured material includes
two incomplete whole individuals (MCZ 144799; 145650), and one exfoliated cranidium
with partial thorax (NYSM E998).
Occurrence. Upper Ordovician (Katian) of the Rust Formation (Trenton Group), Trenton
Falls, New York and the Kimmswick Limestone of Ralls County, Missouri.
Description. Cranidium accounts for 35-36% of total exoskeletal length; semicircular,

length 68-69% of width across palpebral lobes; strongly inflated, longitudinal and
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transverse profiles convex, anterior part of cranidium curving downwards strongly.
Anterior margin convex forwards, posterior margin nearly transverse. Axial furrows
weak, converging slightly inwards, terminating on adaxial side of lunette, width
approximately 40% of maximum lunette width. Lunettes large, just forward of palpebral
lobes, comprise 26-28% of cranidial length (exsag.), each equal to 11-12% of cranidial
width across palpebral lobes, elliptical, deeply impressed adaxially, otherwise equal
impression throughout. Eyes small, approximately equal in length to lunette, crescentic,
situated close to posterior margin, occupies 25-28% of cranidial length in lateral view.
Posterior branch of facial suture extends straight backwards (posterolateral projection
absent), to posterior margin. Anterior branches initially divergent, then converging
forward and downward along gently curved paths, apparently joining rostral suture at a
point forward of lunette. Librigena subsemicircular, with well-rounded genal angle.
Dorsal surface smooth except for thin, undulating, evenly spaced terrace lines on anterior
portion of cranidium, internal mould of cranidia heavily punctate, evenly distributed
small pits over entire surface. Circular posterior median tubercle present on cranidial
internal mould.

Thorax of ten segments; strongly convex (tr.), longitudinal profile flat. Axial
furrows weak, slightly bowed outwards near mid-length of thorax. Axis wide,
subrectangular, evenly arched (tr.), comprising 74-76% of thoracic width. Axial rings
subrectangular, narrowing (sag.) slightly backwards. Pleura without furrows, slightly
narrower than axial rings, directed outwards and downwards (minimally fulcrate),
terminations transverse. Articulating facets broad, non-overlapping, subtriangular,

extending to just below axial furrow, seven to nine terrace lines converge upwards.
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Thoracic dorsal exoskeletal surface covered in very fine granules of approximately even
size.

Pygidium accounts for 33-35% of total exoskeletal length; subtrapezoidal with
rounded anterior corners and well-rounded posterior margin, length equal to 70-74% of
maximum width, longitudinal profile initially flat, gently convex backwards towards
posterior end, strongly convex (tr.) abaxially, weakly convex medially. Axis
undifferentiated. Depression present medially on doublure, extending to posterior margin.
Paired subrectangular muscle scars visible on internal mould. Articulating facet
subsemicircular, extending to anterior corner, six terrace lines converge upwards. Six
weak, evenly spaced concentric terrace lines on the dorsal surface mimic the pygidial
outline, terminating near posterior margin, effaced medially. Granules on exoskeleton
similar in shape and distribution to thorax. Pitting on internal mould of same size and
distribution as crandia.

Remarks. The original material (a cranidium and associated pygidia) described by
Foerste (1920) is from the Kimmswick Limestone, though the location of the type
material is currently unknown (Brett et al. 1999). Raymond (1925) redescribed the
species based on material from the Trenton Formation collected by Dr. C.D. Walcott,
some of which is re-illustrated here. He noted the close similarity between Bumastoides
holei and B. billingsi, citing the possession of the cranidial median tubercle, fainter dorsal
furrows, and the strongly punctate appearance of the internal cast as the primary
differences. We add to those differences the granulose texture of the surface (covaries
with the pitting on the internal mould, but seems absent on the cranidial surface), and the

lack of axis expression at the anterior border. Brett et al. (1997) and Whitely et al. (2002)
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illustrated more of the Trenton material (MCZ 115909, Figs. 14D-H), but did not
describe it.

Bumastoides porrectus (Raymond, 1925)

(Figs. 15-16)

1897 Bumastus trentonensis Clarke: 718, fig. 32.
1925 Bumastus porrectus Raymond: 213, pl. 8, figs. 7, 8.
1947 Bumastus porrectus Wilson: 35, pl. 7, figs. 7-9.
1987 Bumastoides porrectus DeMott: 91, pl. 6, figs. 24-28, 30-31.
1999 Bumastoides porrectus Brett et al.: 294, pl. 7, fig. 5.
2002 Bumastoides porrectus Whiteley et al.: 212, pl. 7.
Diagnosis. Posterior median tubercle faint, but present (character 3, state 1), ten thoracic
segments (character 8, state 2), pygidial concentric terrace lines absent (character 14,
state 0), undulatory terrace lines on pygidia absent (character 15, state 0).
Material. Figured material includes two complete individuals (holotype MCZ 101147,
Figs. 15A-B, D-F; NYSM 4158, Figs 16A-E), one complete cranidium (MCZ 107234,
Fig. 15C), one exfoliated cranidium (MCZ 107235, Fig. 15H), and one partially
exfoliated pygidium (MCZ 107236, Fig. 15G).
Occurrence. Upper Ordovician (Katian) of the Denley Formation (Trenton Group),
Trenton Falls, New York and the Guttenberg Formation (Decorah Group), lowa and
Wisconsin.
Description. Cranidium occupies 37% of total exoskeletal length; semicircular, length
64-70% of width across palpebral lobes; inflated, longitudinal and transverse profile

strongly convex. Anterior margin well rounded, convex forward, posterior margin very
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slightly convex backwards. Axial furrows very weak, converging slightly inwards,
terminating on adaxial side of lunette, width approximately 75% of maximum lunette
width. Lunettes just forward of palpebral lobe, comprise 21-25% of cranidial length
(exsag.), each equal to 7% of cranidial width opposite palpebral lobes, elliptical,
impression relatively even throughout. Eyes crescentic, situated directly in front of
posterior margin, occupy 32-33% of cranidial length in lateral view. Palpebral lobes
semicircular, each equal to 16-19% of cranidial length and 4-5% of width; palpebral
furrow extremely weak, defined largely by change in slope at fixigena, curved slightly
inwards. Posterior branch of facial suture extends backwards and outwards to posterior
margin, outlining a small, triangular, posterolateral projection which sharply terminates
behind the eye. Anterior branches initially subparallel forward, then converging forward
and downward on slightly curved paths, apparently terminating at the rostral suture at a
point forward and between lunette and palpebral lobe. Librigena narrow (tr.),
subsemicircular, genal angle well rounded. Posterior and lateral exoskeletal surface
smooth; shallow, discontinuous, undulating terrace lines developed forward of palpebral
lobe, becoming straighter and more complete towards the anterior margin; extending just
beyond the edge of librigena. Very small circular posterior median tubercle present on
cranidial internal mould, barely perceptible on exoskeletal surface.

Thorax of ten segments; strongly convex (tr.), longitudinal profile flat. Axial
furrows very weak, defined only by slight change in pleural angle at fulcrum, bowed
outwards near mid-length of thorax. Axis wide, subrectangular, evenly arched (tr.),
occupying 76-81% of thoracic width. Axial rings subrectangular, maintaining equal

length on all ten segments. Pleura without furrows, approximately same length (sag.) as
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axial rings, directed outwards and downwards (minimally fulcrate), terminations gently
rounded. Articulating facets broad, not overlapping, rounded subtriangular, dorsally
terminating well before axial furrow, ten terrace lines converge upwards. Thoracic dorsal
exoskeletal surface smooth.

Pygidium accounts for 33-35% of total exoskeletal length; subtrapezoidal with
rounded anterior corners and well-rounded posterior margin, length equal to 63-68% of
maximum width, longitudinal profile initially flat, then convex backwards towards
posterior end, weakly convex (tr.) medially, strongly convex (tr.) abaxially. Axis
undifferentiated. Anterior ventral ridge pronounced, following curvature of the anterior
pygidial margin. Articulating facet narrow (sag.), subtriangular, five terrace lines
converge upwards. Dorsal surface smooth except for thin terrace lines along lateral
margins, medially effaced near anterior pygidial margin.

Remarks. Raymond (1925) erected this species partly to accommodate an exoskeleton
that Clarke (1897, NYSM 4158, Figs. 16A-E) identified as Bumastus trentonesis but
which clearly was not conspecific with the types of Bumastus trentonensis Emmons,
1842 (see remarks under B. milleri). The holotype of B. porrectus (MCZ 101147, Figs.
15A-B, D-F) and Clarke's specimen come from the upper Trenton Group at Trenton Falls
NY, and are clearly the same species. Raymond (1925) cited the ‘almost total absence’ of
dorsal furrows from the cranidium as the primary difference between B. porrectus and B.
milleri. Distinguishing between completely effaced and very faint dorsal furrows (e.g.,
splitting character 1, state 1, into separate bins) is nearly impossible in Bumastoides,
especially given the varying exposure to weathering between specimens. We think it

better to distinguish B. porrectus from morphologically similar species (e.g., B. milleri,
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B. holei) based on more discrete characteristics such as the number of thoracic axial
rings, and absence of sculpture.

DeMott (1987) described and figured new Bumastoides porrectus material from
the Decorah Group of Wisconsin (Figs. 15C,G-H). We tentatively accept these as
conspecific, except for the pygidia (Bumastoides cf. B. porrectus Fig. 15G), which was
found at a different locality from the cranidia, and has a more rounded outline than other
B. porrectus pygidia. DeMott (1987) stated that the median cranidial tubercle was absent
in all specimens of B. porrectus. Material he illustrated (MCZ 107235, Fig. 15H) has
been exfoliated in the intervening years, and shows the tubercle. Furthermore, the
holotype shows the tubercle through the exoskeleton under very high magnification.
Rather than lacking this feature, it seems that the tubercle is simply less conspicuous than
other species. In general, B. porrectus possess more subdued sculptural features across
the entire exoskeleton, so the difficulty recognizing the median tubercle is not surprising.
Brett et al. (1999) and Whitely et al. (2002) reillustrated the holotype, but did not
redescribe it.

Bumastoides tenuirugosus (Troedsson, 1928)
(Fig. 17)
1928 Bumastus tenuirugosus Troedsson: 43, pl. 15, figs. 1-10.
1983 Bumastoides tenuirugosus Westrop & Ludvigsen: 39-40, pl. 4, figs. 1-2, 5, 7-8; pl.
5, figs. 1-6.
Diagnosis. Path of the axial furrow straight (character 5, state 0), pitting on the cranidial

internal mould absent (character 6, state 0), terrace lines present on the entire cranidial
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exoskeleton (character 7, state 2), thorax of ten segments (character 8, state 2), concentric
terrace lines present on pygidial exoskeleton (character 14, state 1).

Material. Figured material includes one exfoliated thoracopygon (OU 12483 Fig.
17A,C), an incomplete cranidium (OU 12495, Fig. 17B, D-E), and an exfoliated
pygidium (OU 12496, Fig. 17F-G). Unfigured material includes an incomplete
cranidium.

Occurrence. Upper Ordovician (Katian) Cape Calhoun Formation of Northern
Greenland, and the Upper Ordovician (Katian) Selkirk Member of the Red River
Formation, Garson, southern Manitoba.

Description. See Westrop & Ludvigsen (1983).

Remarks. Though Bumastoides tenuirgusosus has no definitive sister taxon relationship
with any other species (Fig. 4), it is most similar to B. billingsi in having straight
cranidial axial furrows (though they are more deeply incised in the latter), and strong,
elliptical lunettes. B. tenuirgusosus shares complete terrace lines (character 7; state 2)
with the Midwestern species (B. beckeri and B. kimmswickensis), but the MPTs do not
indicate that this character is a synapomorphy that would unite all three taxa.

Raymond (1916) suggested that the number of thoracic segments could vary
within a single species of Bumastus (Bumastoides). Troedsson (1928) took issue with this
statement and while noting some degree of ontogenetic variation in B. tenuirugosus,
indicated that even the smallest individuals of B. tenuirugosus have ten thoracic
segments.

Westrop & Ludvigsen (1983) described specimens of Bumastoides tenuirugosus

from the Selkirk Member of the Red River Formation that is conspecific with the Cape
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Calhoun material. The sclerites illustrated here are also from the Selkirk Member at
Garson, and are considered conspecific with all other specimens of B. tenuirugosus.
Westrop & Ludvigsen (1983) noted the wide range of variation in the lunette definition
and cranidial length/width ratio of the Selkirk material. These differences are likely due
to preservation and ontogenetic variation (Westrop & Ludvigsen 1983), and all the
material probably belongs to just the one species.

Bumastoides lenzi Chatterton & Ludvigsen, 1976
1976 Bumastoides lenzi Chatterton & Ludvigsen: 35, pl. 4, figs. 40-42; pl. 5, figs. 1-31.
Diagnosis. Posterior median tubercle absent (character 3, state 0), lunette predominantly
crescentic (character 4, state 0), pitting on cranidial internal mould absent (character 6,
state 1), concentric terrace lines absent on pygidium (character 14, state 0); cranidium
subquadrate.
Occurrence. Upper Ordovician (Sandbian) of the Esbataottine Formation, of the South
Nahanni River area of the District of Mackenzie, Canada.
Remarks. See Bumastoides solangeae below.

Bumastoides solangeae Hunda et al., 2003

2003 Bumastoides solangeae Hunda et al.: 11, pl. 1, figs. 1-26.
Diagnosis. Median tubercle on cranidium absent (character 3, state 0), pygidium
rounded subtrapezoidal (character 12, state 1), median dorsal depression (ventral ridge)
on pygidial doublure absent (character 13, state 0); librigena subtriangular, subangular
genal angles, cranidium subcircular.
Occurrence. Upper Ordovician (Hirnantian) of the Whittaker Formation, Mackenzie

Mountains, Canada.
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Remarks., Bumastoides solangeae is the only Hirnantian species known besides B.
beckeri. The material from the Whittaker Formation is most similar to B. lenzi, but they
differ in cranidial outline, librigena outline, and the absence of the axial furrow and
median depression on the doublure of the former. The two species are not sister taxa in
any of the MPTs, but they always occupy successive nodes at the base of the
Bumastoides clade.

B. solangeae shares a subtriangular librigena with B. kimmswickensis, but this
character was not coded due to the lack of well-preserved isolated librigena in most
material.

“Bumastoides” tricuspidatus Edgecombe et al., 2006

2006 Bumastoides tricuspidatus Edgecombe et al.: 375, figs. 2-4.
Occurrence. Upper Ordovician (Sandbian) of the Ida Bay Limestone, Gordon Group, Ida
Bay, southern Tasmania.
Remarks. Bumastoides tricuspidatus is a potentially important species because it is not
Laurentian, and has a series of features not shared with the rest of the genus. A dicuspid
doublure and subtrapezoidal to rounded subtrapezoidal pygidium are clear
synapomorphies of Bumastoides (Fig. SA). In contrast, B. tricuspidatus has a median
projection on the inner margin of the doublure (tricuspid), and an elongate, subtriangular
pygidium. The strongly pitted dorsal exoskeleton is also uncharacteristic of other
Bumastoides species.

B. tricuspidatus was excluded from our analysis because the material is very
fragmentary, and many taxonomically useful features are not preserved: the lunettes,

number of thoracic axial rings, cranidial median tubercle etc. Further work (and better
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material) is necessary to determine the position of this species within Bumastoides, or if it
should be the basis of a new illaenid genus entirely.

Bumastoides graffhami sp. nov.

(Figs. 18-19)

1974 Bumastoides cf. B. milleri Shaw: 20, pl. 4, figs. 19, 20, 23.
Diagnosis. Axial furrow completely effaced (character 1, state 1), median tubercle on
cranidium elliptical (character 3, state 2), ten thoracic segments (character 8, state 2),
undulatory terrace lines present on pygidia (Fig. 18B) (character 15, state 0).
Derivation of Name. Named after Allen Graftham, who collected the holotype material
(Shaw 1974, p. 17).
Material. Figured material includes one complete but damaged specimen (holotype OU
5204, Figs. 18A-D), one incomplete enrolled individual (OU 12497, Figs. 18F-G), one
complete pygidium (OU 12498, Figs. 18F), one partially exfoliated cranidium (OU 19A-
D, Figs. 19A-D), one thoracopygon (OU 12500, Fig. 19E), and one completely exfoliated
cranidium (OU 12501, Fig. 19F). All figured material besides the holotype are designated
here as paratypes. Unfigured material includes seven partial cranidia and three partial
pygidia.
Occurrence. Upper Ordovician (Sandbian) of the lower Pooleville Member of the
Bromide Formation, Arbuckle Mountains region of Oklahoma. Localities include Hwy
177, TQ, and DRa.
Description. Cranidium occupies 30% of total exoskeletal length; elliptical, length 63-
69% of width at palpebral lobe; inflated, longitudinal and transverse profile strongly

convex, anterior part of cranidium curving downwards strongly. Anterior margin convex
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forwards, posterior margin convex backwards, flattened medially. Axial furrows
completely effaced. Lunettes just forward of palpebral lobe, comprise 17-20% of
cranidial length (exsag.), each equal to 6% of cranidial width opposite palpebral lobes,
crescentic, deeply impressed adaxially then shallowing abaxially. Eyes crescentic,
situated close to posterior margin, account for 21% of cranidial length in lateral view.
Palpebral lobes semicircular, each equal to 17% of cranidial length and 5% of width;
palpebral furrow extremely weak, defined largely by change in slope at fixigena, curved
slightly inwards. Posterior branch of facial suture extends straight backwards to posterior
margin (posterolateral projection absent). Anterior branches converge forward and
downward along gently curved paths, joining rostral suture at a point approximately in
front of lunette. Anterior margin of rostral plate transverse. Librigena subsemicircular
with rounded genal angle, dorsal surface smooth except faint terrace lines near sutural
margin, rounded lateral margin rounded with well-defined, tightly packed terrace lines.
Widely spaced pits present on posterior half of cranidium, visible on internal moulds and
exoskeleton, but absent anterior of palpebral lobes. Exoskeletal surface otherwise smooth
posteriorly, slightly undulating, widely spaced terrace lines develop anterior of palpebral
lobes, becoming tighter packed and more prominent towards anterior margin. Elongated
posterior median tubercle present on cranidial internal mould.

Thorax of ten segments; strongly convex (tr.), longitudinal profile nearly flat.
Axial furrows weak, bowed outwards near mid-length of thorax. Axis wide, evenly
arched (tr.), subrectangular, comprising 78-79% of thoracic width. Axial rings
subrectangular, maintaining equal length on all ten segments. Pleura without furrows,

approximately same length (sag.) as axial rings, directed outwards and downwards
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(minimally fulcrate), terminations nearly transverse. Articulating facets broad,
overlapping each other; subtriangular, extend almost to axial furrow, eight to ten closely
spaced chevron shaped terrace lines converge upwards. Articulating half-ring apparently
long (tr.), extending laterally to axial furrow. Dorsal thoracic exoskeletal surface smooth.
Pygidium occupies 34% of total exoskeletal length; subtrapezoidal, with rounded
anterior corners and well-rounded posterior margin, length equal to 63-70% of maximum
width, longitudinal profile initially flat, then convex backwards towards posterior end,
convex (tr.) abaxially, flat medially. Axis undifferentiated. Dorsal inner margin of
pygidial doublure incompletely preserved but apparently curved backwards and dicuspid,
depression present medially, transverse terrace lines mirror margin of doublure.
Articulating facet subtriangular, extending upward to thoracic axial furrow, terrace lines
less pronounced than on lateral margins. Four straight terrace lines follow the lateral
margins, becoming fainter adaxially. Thin, undulating terrace lines extend inward and
upward from lateral margins, effaced medially.
Remarks. Bumastoides graffhami is morphologically very similar to B. milleri, as they
are sister taxa in all 8 MPT’s. Shaw (1974) did not name a new species for the Oklahoma
material, and instead used open nomenclature. Our revised diagnosis restricts B. milleri to
exoskeletons with nine thoracic segments, so a new name is needed for the Oklahoma
specimens with 10 segments. Bumastoides graffhami also possesses an elliptical cranidial
tubercle (Fig. 19F), which further distinguishes it from B. milleri, which has a circular
tubercle. B. graffhami is separated from other 10 segmented species (e.g., B. porrectus, B.

holei, B. billingsi) in having undulatory terrace lines on the pygidium, completely effaced
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axial furrows, lack of pygidial muscle scars, and aforementioned elliptical cranidial
tubercle.

Bumastoides moundensis sp. nov.

(Figs. 20-21)

Diagnosis. Median tubercle on cranidium absent (character 3, state 0), lunettes
predominantly crescentic (character 4, state 0), pitting on cranidial internal mould
densely distributed (character 6, state 2), ten thoracic segments (character 8, state 2),
pygidium rounded subtrapezoidal (character 12, state 1), concentric terrace lines present
on pygidium (character 14, state 1), ratio of maximum pygidial length to width high (78-
82%) (character 16, state 3); glabella strongly inflated, orientation of lunette and eye not
parallel (Fig. 21C).
Derivation of Name. After the Effna carbonate mud-mounds, in which this species is
particularly abundant.
Material. Figured material includes one damaged and exfoliated, but otherwise complete
individual (holotype OU 12502, Figs. 20C-D), one thoracopygon (OU 12503, Figs. 20A-
B), two exfoliated cranidia (OU 12504, Fig. 20E; OU 12506, Figs. 21A-B, D), one partial
pygidium (OU 12505, Figs. 20F-H), and one complete cranidium (OU 12507, Figs. 21C,
E-F). All figured material other than the holotype are designated here as paratypes.
Unfigured material includes a large number of partial cranidia and pygidia.
Occurrence. Upper Ordovician (lower Sandbian) of the Effna Formation, Valley and
Ridge region of Virginia. Localities include Interstate 77 and Porterfield Quarry (PQ).
Description. Cranidium occupies approximately 37% of total exoskeletal length;

circular, length 73-76% of width at palpebral lobe, inflated, longitudinal and transverse
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profile strongly convex, glabella overhanging anterior border. Anterior margin convex
forwards, posterior margin convex backwards, flattened medially. Axial furrows very
weak, converging gently forwards, terminating on adaxial side of lunette. Lunettes just
forward of palpebral lobe, narrow (tr.), crescentic, impression abruptly shallowing
abaxially, occupying 14% of cranidial length (exsag.), each lunette equal to 3-4% of
cranidial width across palpebral lobes. Eyes crescentic, situated close to posterior margin,
comprise 23-25% of cranidial length in lateral view. Palpebral lobes small, semicircular,
each occupies 3% of cranidial width, equal to 7% of cranidial length; palpebral furrow
weak, bowed inwards. Posterior branch of facial suture extends backwards and outwards
behind the eye, extending to posterior margin, outlines a small triangular posterolateral
projection, which sharply terminates behind eye. Anterior branches converge forward and
downward on slightly curved paths, apparently terminating at rostral suture at a point in
front of lunette. Rostral suture transverse, rostral plate rounded subtrapezoidal, deeply
incised, terrace lines become progressively more chevron shaped ventrally. Librigena
subsemicircular with rounded genal angle, dorsal surface smooth, some terrace lines
developed near sutural margins, convex lateral margin with tightly packed terrace lines.
Dorsal exoskeleton smooth until terrace lines develop at a point anterior of palpebral
lobes, becoming progressively tighter and more pronounced towards anterior margin.
Evenly spaced, uniformly sized pits present in internal moulds, apparently covering entire
cranidium. Median tubercle absent.

Thorax of ten segments; strongly convex (tr.), longitudinal profile flat. Axial
furrows weak and wide, directed backwards nearly subparallel. Axis wide,

subrectangular, evenly arched (tr.), comprising 74% of thoracic width. Axial rings

140



subrectangular, transverse medially, curved slightly backwards at axial furrow,
approximately equal in length (sag.). Pleura without furrows, approximately same length
(sag.) as axial rings, directed outwards and downwards (minimally fulcrate), terminations
nearly transverse. Articulating facets overlapping, broad, clearly defined, rounded
subtriangular, extend almost to axial furrow, ten to twelve branching terrace lines
converge upwards and towards pleural margins. Thoracic dorsal exoskeletal surface
smooth.

Pygidium occupies 31% of total exoskeletal length; subcircular (rounded
subtrapezoidal), anterior corners and posterior margin well rounded, length equal to 78-
82% of maximum width, longitudinal profile initially gently convex backwards, then
strongly convex towards posterior end, gently convex (tr.). Axis undifferentiated.
Anterior ventral ridge pronounced, following curvature of anterior pygidial margin.
Three pronounced terrace lines directed along lateral margins, terminating before anterior
margin. Four weak, widely spaced concentric terrace lines on dorsal surface mirror
pygidial outline, terminating near posterior margin. Evenly distributed pits of one size are
present near posterior and anterior margins on internal moulds.

Remarks. Bumastoides moundensis does not have a sister taxon in any of the eight
MPTs. It always occupies the node immediately above the northern Canadian species
(node 6 on the strict consensus, Fig. 4), and is basal to the rest of Bumastoides. It differs
from all other species in the degree of its glabellar inflation, and the non-parallel
orientation of the lunettes and eye (likely due in part to the glabellar inflation). In terms
of its overall shape, B. moundensis is most similar to B. tenuirugosus because of the

rounded appearance to the pygidium, wide axis, and cephalic outline. Besides its
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autapomorphies, the former differs in its lack of terrace lines on the entire cranidium, the
absence of the cranidial tubercle, and crescentic lunettes.

Raymond (1925) described three species of Bumastus from the Effna (referred to
by him as the Holston). Bumastus dispassus is probably best placed in Failleana (see
Raymond 1925, pl. 7, fig. 6) because the axial furrows appear to diverge forward of the
eyes, and the pygidium is elongated. Bumastus lioderma is known only from a damaged,
partial cranidium, which is less inflated than in Bumastoides moundensis, and the strong,
elliptical lunettes are different from the narrow, crescentic lunettes of the latter. Finally,
B. longiops is morphologically very similar to B. aplatus, and based on the pygidium,
almost certainly belongs to the group of species assigned here to Stenopareia (see
Stenopareia remarks below).

Bumastoides kimmswickensis sp. nov.

(Figs. 22-23)

Diagnosis. Median tubercle on cranidium present (character 3, state 0), discontinuous
terrace lines present on entire cranidial exoskeletal surface (character 7, state 2), nine
thoracic segments (character §; state 0), concentric terrace lines on pygidium absent
(character 14, state 0), undulatory terrace lines on pygidium absent (character 15, state 1);
librigena subtriangular.
Derivation of Name. After the "Kimmswick Limestone" as defined in pioneering studies
of the Ordovician of Missouri (e.g. Bradley 1930).
Material. Figured material includes one thoracopygon (holotype OU 12508, Figs. 22H-
J), three exfoliated cranidia (OU 12509, Figs. 22A-C; OU 12510, Figs. 22E-G; OU

12512, Figs. 23A-C), two nearly complete cranidia (OU 12513, Fig. 23D; OU 12514,
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Fig. 23E), one complete pygidium (OU 12511, Fig. 22D), one exfoliated pygidium (OU
12516, Fig. 23H), and one complete librigena (OU 12515, Fig. 23F-G). All figured
material besides the holotype are designated here as paratypes. Unfigured material
includes a large number of partial cranidia, pygidia, and librigena.

Occurrence. Upper Ordovician (Katian) of the lower Kimmswick Limestone, Jefferson
County, Missouri, Hwy M locality.

Description. Cranidium semicircular, length 68-73% of width at palpebral lobes,
inflated, longitudinal profile very convex (nearly vertical), transverse profile somewhat
convex. Anterior margin convex forwards, posterior margin slightly convex backwards,
flattened medially. Axial furrows very weak, converging gently forwards, terminating on
adaxial side of lunette. Lunettes just forward of palpebral lobe, narrow (tr.), elliptical,
impression gradually shallowing abaxially, occupying 22-25% of cranidial length
(exsag.), each lunette equal to 8% of cranidial width across palpebral lobes. Eyes
crescentic, situated close to posterior margin. Palpebral lobes long (sag.), semicircular,
each accounts for 5% of cranidial width, equal to 19-22% of cranidial length; palpebral
furrow effaced. Posterior branch of facial suture extends backwards then sharply
outwards behind the eye, extending to posterior margin, outlines a triangular
posterolateral projection, which sharply terminates behind eye. Anterior branches
converge forward and downward on slightly curved paths, apparently terminating at
rostral suture at a point in front of lunette. Librigena wide (tr.), subtriangular with
rounded but slightly angulate genal angle, dorsal surface covered in widely spaced,
evenly sized pits. Well-developed straight terrace lines packed tightly on rounded lateral

margin of librigena, more widely spaced on doublure, undulatory terrace lines migrate
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inward from lateral margin towards sutural margin. Dorsal exoskeleton covered in widely
spaced pits of one size, undulatory terrace lines present on entire cranidium except in a
band between lunettes. Terrace lines migrating inward from lateral margins appear to
deflect around lunettes, joining transverse terrace lines at posterior and anterior margins.
Terrace lines generally discontinuous becoming more complete, well-incised, and
transverse near anterior margin. Evenly spaced, uniformly sized pits present on internal
moulds, covering entire cranidium. Posterior median tubercle circular, prominent on
internal mould.

Thorax of nine segments; strongly convex (tr.), longitudinal profile flat. Axial
furrows barely perceptible, only defined by very slight change in pleural angle. Axis
wide, subrectangular, evenly arched (tr.). Axial rings subrectangular, transverse medially,
curved slightly backwards at axial furrow, approximately equal in length (sag.). Pleura
without furrows, approximately same length (sag.) as axial rings, directed outwards and
downwards, slightly backwards (minimally fulcrate), terminations incomplete.
Articulating facets incomplete, but dorsal extent is well below axial furrow, eight to nine
terrace lines converge upwards. Thoracic dorsal exoskeletal surface smooth.

Pygidium subtrapezoidal, anterior corners and posterior margin well rounded,
posterior corners sharp, length equal to 69-72% of maximum width, longitudinal profile
initially gently convex backwards, then strongly convex towards posterior end, gently
convex (tr.). Axis undifferentiated. One terrace ridge present along lateral margins,
terminating before anterior margin, otherwise dorsal exoskeleton completely smooth.
Articulating facet subtriangular, extending to just below axial furrow, six terrace lines

converge upwards, border prominent. Inner margin of doublure discuspid, anterior-most
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ridge follows path of inner margin, terrace lines slightly undulatory and transverse,
medial depression wider anteriorly, narrows posteriorly, terminating just before posterior
margin.

Remarks. Bumastoides kimmswickensis differs from other species found in the
Kimmswick Limestone (B. billingsi, B. holei) in having one less thoracic segment, terrace
lines covering the majority of the cranidium, and in the shape of the librigena. In all 8
MPTs B. kimmswickensis is the sister taxon of B. beckeri from the Maquoketa Formation
of Iowa, united by their shared possession of terrace lines covering the cranidium. The
details of the terrace lines are slightly different however, as B. beckeri retains transverse
terrace lines between the lunettes, whereas in B. kimmswickensis they are very faint. The
latter also has one fewer thoracic segment, a smoother pygidial exoskeleton, and
generally more discontinuous terrace lines.

The smallest individuals of B. kimmswickensis (Figs. 22E-G; 23D, E) illustrate the
range of morphological change in illaenid trilobites during holaspid ontogeny (Chatterton
1980; Ludvigsen & Chatterton 1980), observed in Bumastoides by Westrop & Ludvigsen
(1983). In early holaspids, the lunettes are slightly narrower, the axial furrows are deeper,
the terrace lines are stronger, and the glabella is less inflated. These changes are clear
when viewing progressively larger specimens: Figs. 22A-C, x2.8; 23A-C, x4; 22E-G, x5;
23D, x6; 23E, x8. An ontogenetic interpretation of this variation is supported by the
presence of only a single pygidium type (e.g., Fig. 22D) associated with B.
kimmswickensis cranidia. As noted by Chatterton & Ludvigsen (2004), conservatism
should be used when delineating new species of illaenids that change dramatically during

holaspid ontogeny. In Stenopareia grandis, they found smaller individuals had stronger

145



terrace lines, a more forward genal angle, and a rounder pygidium. In agreement with
Chatterton & Ludvigsen (2004) we find no larger specimens with similar morphology to
the smaller individuals, and conclude that there is allometric shape change from early to
late holaspids in this material. This issue is further complicated by the inability of FMC
to detect discrete states in continuous shape changes in Bumastoides. Extreme caution
should be used by workers attempting to identify new species of Bumastoides based on
limited samples, minor differences in shape, or only with early holaspid material.

Bumastoides cf. B. milleri (Billings, 1859)

(Figs. 24-25)

Material. Figured material includes one mostly testate cranidium (OU 12521, Figs. 25A-
B), three exfoliated cranidia (OU 12517, Fig. 24A; OU 12037, Figs. 24B-D; OU 12518,
Fig. 24F) and four pygidia in different stages of exfoliation (OU 12039, Fig. 24G; OU
12519, Fig. 24E; OU 12520, Fig. 24H; OU 12522, Figs. 25C-E). Unfigured material
includes a large number of partial pygidia and cranidia.
Occurrence. Upper Ordovician (Katian) of the Viola Springs Formation (Viola Group),
Highway 99 section, near Fittstown, south-central Oklahoma (see Amati & Westrop
2006, figs 3 and 7).
Remarks. The Viola Springs material is nearly identical to Bumastoides milleri material
from the Trenton. The pygidium is relatively short (sag.) and wide (tr.) with sharp
posterior corners, the medial cranidial tubercle is circular and prominent, and the general
shape of the cranidia is similar. Even given these similarities, we think it best to use open

nomenclature on this material until a complete exoskeleton is discovered because the
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number of thoracic segments is also an important diagnostic character of Bumastoides
species.

Genus STENOPAREIA Holm, 1886
Remarks. Chatterton & Ludvigsen (1976) and Westrop & Ludvigsen (1983) both agreed
that S. aplatus and S. gardensis should be moved out of Bumastoides based on the
transverse anterior margin (semicircular) of the pygidium, and possibly based on the
depth of the axial furrow. The results of our analysis support these claims, and also apply
to S. rivulus (S. globosus had been revised previously by Westrop & Ludvigsen 1983). In
Bumastoides the cranidial axial furrow is weakly incised and the glabella is not expressed
by a change in slope of the glabella (in mature holaspids), whereas the opposite is true of
Stenopareia. The latter also has a semicircular outline of the pygidium (character 12) and
shorter length of the pygidial doublure (character 19). Stenopareia species also always
retain residual expression of the pygidial axis (character 17), though in Bumastoides,
some species (B. billingsi) still show some minor expression of axial furrow on the
pygidium. So this character should be useful in diagnosing species of Stenopariea, but is
of limited use in Bumastoides. The number of cusps on the inner margin of the pygidial
doublure (character 10) is useful as a diagnostic character of Bumastoides (if B.
tricuspidatus Edgecombe et al. 2006 is excluded from the genus) as all species with
complete material are dicuspid, but is not likely to be useful in distinguishing between the
two genera. The number of cusps is highly variable within Stenopareia, with anywhere
from zero to two cusps claimed (e.g., compare S. /innarssoni, Jaaunsson 1954, fig 10F to
S. avus, Jaaunsson 1954, fig. 10E.). As shown by Bruton & Owen (1988, p. 252), the

original description of the S. linnarssoni doublure in Warburg (1925) was incorrect, and
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it does have a single cusp. We think it is more likely these issues indicate the need for a
systematic revision of Stenopareia, rather than demonstrating a wide variety of doublure
morphologies within the genus.

Diagnoses are not provided for the species transferred provisionally to
Stenopareia, as this is best done in a revision of Stenopareia that includes all nominal
species. Curtis & Lane (1997) provided the most recent diagnosis of Stenopareia, but it is
so vague that it does not exclude other species of Illaenidae: ‘cephalon strongly convex
longitudinally, pygidium smaller and flatter. Cranidial axial furrow shallow, only present
behind shallow lateral muscle impression. Eyes small, and placed far back. Hypostome
subquadrate with small triangular anterior wings. Thorax with 9 segments. Anterior
sagittal margin of pygidial doublure modified, usually into cusps. Exoskeletal surface
with terrace ridges; doublural surfaces with prominent terrace ridges’. This work provides
criteria to distinguish between Bumastoides and Stenopareia, but the latter is still in need
of a detailed revision.

“Stenopareia’ aplatus (Raymond, 1925)

(Figs. 26C-F)

1925 Bumastus aplatus Raymond: 119, pl. 8, figs. 3-4.
1968 Bumastoides aplatus Shaw: 43, pl. 16, fig. 19; pl. 17, figs. 1-14.
Material. Figured material include one cranidium without librigena (holotype MCZ
101150, Figs. 26C-, E-F) and one complete pygidium (paratype MCZ 101151, Fig. 26D).
Occurrence. Middle Ordovician (Darriwilian) of the Day Point and Crown Point
Formations (Chazy Group), Isle La Motte, Vermont, Champlain Valley of New York,

and the lower Lenoir Limestone, Bluff City, Tennessee.
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Remarks. Whittington (1954) questioned the placement of Stenopareia aplatus in
Bumastoides based on the transverse anterior margin. Shaw (1968) stated that this
assignment was fairly certain based on its flattened axis and pygidium, and smooth
exoskeleton. We now know that many species of Bumastoides have highly sculptured
surfaces, and that axial furrow of S. aplatus is incised much deeper than in species of
Bumastoides.

“Stenopareia’ gardensis (Shaw, 1968)

(Figs. 26G-J)

1968 Bumastoides gardensis Shaw; 44. P1. 16, figs. 12-18.
Material. Figured material includes one exfoliated cranidium (holotype NYSM 12456,
Figs. 26G, J) and one complete pygidium (paratype NYSM 12457, Figs. 26H-1).
Occurrence. Middle Ordovician (Darriwilian) of the Day Point Formation (Chazy
Group), Isle La Motte, Vermont, Chazy and Valcour Island, New York.
Remarks. Shaw (1968) noted that the cranidium of Stenopareia gardensis was similar to
S. aplatus. He also stated that the pygidial features (raised axis, low length to width
ratio), besides the doublure, were more similar to Nanillaenus Jaanusson, 1954. Amati &
Westrop (2004) synonymised Thaleops and Nanillaenus based on the presence of a long,
high angle pygidial articulating facet. The facet of S. gardensis is not at a high enough
angle to be placed in Thaleops as defined by Amati & Westrop (2004). Further, the
cranidial morphology precludes the possibility that this material belongs to other
Thaleops species in the Day Point Formation (7. punctatus, Raymond, 1905; T.

raymondi, Shaw, 1968). We think these issues should be explored more, but provisionally
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place S. gardensis in Stenopareia as was suggested by Chatterton & Ludvigsen (1976)
and Westrop & Ludvigsen (1983).

“Stenopareia’ rivulus (Ingham & Tripp, 1991)

(Figs. 26A-B)

1991 Bumastoides rivulus Ingham & Tripp: 42, figs. 10a-f.
Material. Figured material includes a damaged, exfoliated cranidium (holotype GLAHM
A8302, Fig. 26B) and an exfoliated pygidium (paratype GLAHM A8313, Fig. 26A)
Occurrence. Upper Ordovician (Sandbian) of the Jubilation Member, Doularg
Formation, (Albany Group), Girvan district, southwest Scotland.
Remarks. Ingham & Tripp (1991) were uncertain regarding their placement of S. rivulus
in Bumastoides, and that hesitation seems correct, as both the pygidium and cranidium of
this species more strongly resemble Stenopareia, and it was resolved outside the
Bumastoides clade in all of the MPTs. The pygidium of B. scoticus (GLAHM A5860a,
Tripp 1965, fig. 31a) is semicircular, with a narrow (sag.) doublure, strongly resembling
S. rivulus. This species should also be placed in Stenopareia sensu lato.
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Figure 1. A, Oklahoma locality map, 177, 34.405 lat, 96.950 long, UTM NAD27 14S
0688414, 3808808, Daube (Johnston) Ranch (DRa), 34.377 lat, 97.321 long, UTM
NAD27 14S 0654400, 380508085, coordinates for Tyson’s Quarry (TQ) are withheld at
request of the quarry owner. B, Missouri locality map, Hwy M, 38.359 lat, 90.465 long,
UTM NAD27 15S 0721533 4248502. VA localities are not shown, as they have been
illustrated elsewhere (Read 1982, fig. 1; Carlucci et al. 2010, fig. 3-2). The coordinates
for [-77 are 37.745 lat, 79.513 long, UTM NAD27 17S 630905, 4178443, PQ is 36.878

lat, 81.681 long, UTM NAD27 17S 439250, 4081420.
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Figure 2. Stratigraphic section of the 177 locality showing the upper Mountain Lake and
Pooleville Members (lower Mountain Lake not shown) of the Bromide Formation.

Arrows denote collection levels. Question mark (?) indicates uncertainty associated with
the continuity of the shale. Key to abbreviations: ms = mudstone, ws = wackestone, ps =

packstone, gs = grainstone, rs = rudstone.
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Figure 3. A-G, Results of the Finite Mixture Coding (FMC). Each model number refers
to the number of normal distributions being evaluated (e.g., model one is one normal
distribution). The relative AIC score is the goodness of fit of that model using Aikake
Information Criterion (Akaike 1974). The weight is the probability of that model being
correct relative to the other models. The x-axis is the percentile result of that ratio
character; the y-axis is the number of taxa. The program FMCBox (Sheets 2003) was

used for all calculations. See text for explanation of the characters.
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Figure 4. Strict consensus tree of the eight MPTs retained from the first parsimony
analysis, with recommended taxonomy of Bumastoides. B. rivulus, B. aplatus, and B.
gardensis are here placed in Stenopareia sensu lato. Tree length is 56 steps, Cl is 0.57, RI
is 0.69, and RC is 0.40. The first number displayed on the top of branches is the
symmetric resampling support value for the successive node; the second number is the
GC value. The numbers on the bottom of the branches are the Bremer Support (if greater
than one) value for the successive node. Nodes are numbered for easy reference within

the text.
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Figure 5. A, Optimized character distribution showing character states that change
unambiguously on one of the eight MPTs from the first analysis. Black circles show
synapomorphic character states, and white circles indicate homoplastic character states.
Optimization was performed in PAUP* version 4.0b10 (Swofford 2002), and checked in
TNT (Goloboff et al. 2008). B, The best tree found from a second parsimony analysis
(implicit enumeration in TNT) that treated continuous characters as such. Implied
weighting with a concavity constant (k) of three scaled characters contributions to branch
length. The first number displayed to the left of branches is the symmetric resampling
support value for the successive node; the second number is the GC value. Best-fit value

is 8.47, Clis 0.53, Rl is 0.62, and RC is 0.33 (excluding continuous data).
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Figure 6. Bumastoides milleri (Billings, 1859). A-D, Upper Ordovician Selby Formation,
near Ottawa, Ontario; E-G, Upper Ordovician Trenton Group of Herkimer County, New
York. A-D, holotype, exfoliated dorsal exoskeleton (GSC 1319b), x 3 (Billings 1859, p.
375, fig. 10): A, dorsal view; B, posterior view; C, lateral view; D, anterior view. E-G,
testate cranidium (MCZ 145734), x 3.5: E, lateral view; F, dorsal view; G, anterior

VIEWS.
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Figure 7. Bumastoides milleri (Billings, 1859) (A-B, E, G revised from Bumastus
trentonensis). A-B, E, G, Upper Ordovician “Rockland Formation” (Trenton Group), of
Hamilton County, New York; C, G, Upper Ordovician Maquoketa Formation of lowa; D,
H, Upper Ordovician Platteville Formation of lowa. A-B, E, F, exfoliated, partial dorsal
exoskeleton (NYSM 10757), x 1.8 (Fisher 1957, pl. 16, fig. 9): A, dorsal view; B,
cranidial dorsal view; E, lateral view; F anterior view. C, G, dorsal exoskeleton (SUI
125988), x 3: C, lateral view; G, dorsal view. D, H, partially exfoliated, dorsal

exoskeleton, (SUI 125975), x 1.2: D, lateral view; H, dorsal view.
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Figure 8. Bumastoides billingsi (Raymond & Narraway, 1908), Upper Ordovician
Trenton Group, Hull Quebec. A-E, plastotype, exfoliated dorsal exoskeleton (CM 5472),
x .95 (Raymond & Narraway 1908, pl. 62, figs. 1-2): A, lateral view; B, dorsal view; C,

oblique lateral view; D, anterior view; E, cranidial dorsal view.
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Figure 9. Bumastoides billingsi (Raymond & Narraway, 1908). A-C, Upper Ordovician
Kimmswick Limestone of Batchtown, Illinois; D-I, Kimmswick Limestone of Glen Park,
Missouri. A-C, exfoliated cranidium (UC 20700), x 1.5 (Bradley 1930, pl. 28, fig. 1): A,
dorsal view; B, anterior view; C, lateral view. D-E, exfoliated pygidium (UC20710a), x
1.5 (Bradley 1930, pl. 28, fig. 2): D, posterior view; E, dorsal view. G, H, exfoliated
pygidium (UC 20710b), x 1.6 (Bradley 1930, pl. 28, fig. 3): G, lateral view; H, dorsal
view. F, I-J exfoliated dorsal exoskeleton (UC 10776), x 1.4 (Bradley, 1930, pl. 28, figs.

6-7): F, lateral view; I, dorsal view; J, anterior view.
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Figure 10. Bumastoides bellevillensis (Raymond & Narraway, 1908), Upper Ordovician
Verulam Formation (Trenton Group), Belleville Ontario. A-E, holotype, partially
exfoliated dorsal exoskeleton (CM 1900), x 2.6 (Raymond & Narraway 1908, pl. 61, figs.
6-7): A, cranidial dorsal view; B, anterior view; C, dorsal view; D, lateral view; E,

posterior view.
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Figure 11. Bumastoides beckeri (Slocom, 1913), Upper Ordovician Maquoketa
Formation, Fayette County, lowa. A-E, holotype, enrolled dorsal exoskeleton (UC
41154), x 1.4 (Slocom 1913, pl. 14, figs. 1-3): A, cranidial dorsal view; B, dorsal view;
C, anterior view; D, lateral view; E, posterior view. F-H, thoracopygon (P16708), x 1.6,

(Slocom 1913, pl. 14, fig. 4): F, dorsal view; G, lateral view; H, posterior view.
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Figure 12. Bumastoides beckeri (Slocom, 1913), Upper Ordovician Maquoketa
Formation, Fayette County, lowa. A-F, dorsal exoskeleton (SUI 125973), x .85: A,
anterior view; B, cranidial dorsal view; C, oblique lateral view; D, dorsal view; E, lateral
view; F, posterior view. G-H, partially exfoliated dorsal exoskeleton (SUI 125984), x

.85: G, lateral view; H, dorsal view.

182



183



Figure 13. Bumastoides holei (Foerste, 1920), Upper Ordovician Rust Formation
(Trenton Group) of Trenton Falls, Oneida County, New York. A-D, plesiotype, exfoliated
dorsal exoskeleton (MCZ 101148), x 1.2 (Raymond 1925, pl. 8, figs. 5, 6, intentionally
exfoliated since the Raymond illustrations?): A, oblique lateral view; B, lateral view; C,
dorsal view; D, anterior view. E-F, partially exfoliated dorsal exoskeleton (MCZ

144798), x 1.5: E, dorsal view; F, lateral view.
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Figure 14. Bumastoides holei (Foerste, 1920), Upper Ordovician Rust Formation
(Trenton Group) of Trenton Falls, Oneida County, New York. A-C, partially exfoliated
dorsal exoskeleton (MCZ 144798), x 1.5: A, posterior view; B, oblique lateral view; C,
anterior view. D-H, dorsal exoskeleton (MCZ 115909), x 1.5 (Brett et al. 1999, pl. 7, fig.
4): D, dorsal view; E, oblique lateral view; F, lateral view; G, posterior view; H,

cranidial dorsal view.
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Figure 15. A-F, Bumastoides porrectus (Raymond, 1925). A-B, D-F, Upper Ordovician
Denley Formation (Trenton Group) of Trenton Falls, Oneida County, New York; C, H
from the Upper Ordovician Guttenberg Formation (Decorah Group), of Guttenberg and
McGregor, lowa and Fennimore West, Wisconsin. A-B, D-F, holotype, dorsal
exoskeleton (MCZ 101147), x 2.5 (Raymond 1925, pl. 8, figs. 7, 8): A, dorsal view; B,
oblique lateral view; D, lateral view; E, anterior view; F, posterior view. C, testate
cranidium (MCZ 107234), x 2.6, dorsal view (DeMott 1987, pl. 6, figs. 24-26). H,
exfoliated cranidium (MCZ 107235), x 3, dorsal view (DeMott 1987, pl. 6, figs. 27-28).
G, Bumastoides cf. B. porrectus (Raymond, 1925), Upper Ordovician Guttenberg
Formation (Decorah Group), partially exfoliated pygidium (MCZ 107236), x 2.6, dorsal

view (DeMott 1987, pl. 6, figs. 29-31).
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Figure 16. Bumastoides porrectus Raymond, 1925 (originally identified by Clarke 1897,
fig. 32 as Bumastus trentonensis), Upper Ordovician Trenton Group of Trenton Falls,
Oneida County, New York. A-E, dorsal exoskeleton (NYSM 4158), x 2 (Clarke 1897,
fig. 32): A, anterior view; B, posterior view; C, dorsal view; D, oblique lateral view; E,

lateral view.
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Figure 17. Bumastoides tenuirugosus Troedsson, 1928, Upper Ordovician Selkirk
Member of the Red River Formation, Garson, southern Manitoba. A,C, thoracopygon
(OU 12483), x 1: A, posterior view; C, lateral view; x1.2. B, D-E, partially exfoliated
cranidium (OU 12495), x 2.3: B, anterior view; D, dorsal view; E, lateral view. F-G,

exfoliated pygidium (OU 12496), x 2: F, dorsal view; G, posterior view.
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Figure 18. Bumastoides graffhami sp. nov., Upper Ordovician Bromide Formation
(Simpson Group), Arbuckle Mountains region of south-central Oklahoma. A-D,
holotype, dorsal exoskeleton (OU 5204), x 1.8 (Shaw 1974, pl. 4, figs. 19-20, 23): A,
dorsal view; B, lateral view; C, oblique lateral view; x 2: D, posterior view. E, G,
thoracopygon (OU 12497), x 1: E, lateral view; x 1.3: G, dorsal view. F, testate pygidium

(OU 12498), x 1.6, dorsal view.
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Figure 19. Bumastoides graffhami sp. nov., Upper Ordovician Bromide Formation
(Simpson Group), Arbuckle Mountains region of south-central Oklahoma. A-D, partially
exfoliated cranidium (OU 12499), x 2: A, posterior view; C, dorsal view; D, anterior
view; x3: B, lateral view. E, thoracopygon (OU 12500), x 1.5, dorsal view. F, exfoliated

cranidium (OU 12501), x 2, dorsal view.
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Figure 20. Bumastoides moundensis sp. nov., Upper Ordovician Effna Formation, Smyth
County, southwestern Virginia. A-B, thoracopygon (OU 12503), x 1: A, dorsal view; B,
lateral view. C-D, holotype, exfoliated dorsal exoskeleton (OU 12502), x 1: C, dorsal
view; D, lateral view. E, exfoliated cranidium (OU 12504), x 1.6, dorsal view. F-H,

testate pygidium (OU 12505), x 1.5: F, dorsal view; G, lateral view; H, posterior view.
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Figure 21. Bumastoides moundensis sp. nov., A-B, D, Upper Ordovician Botetourt
Limestone, Bland County, Virginia; C, E-F, from the Upper Ordovician Effna
Formation, Smyth County, southwestern Virginia. A-B, D, exfoliated cranidium (OU
12506), x 1.5: A, lateral view; B, dorsal view; D, anterior view. C, E-F, testate cranidium

(OU 12507), x 2: C, lateral view; x 1.5: E, anterior view; F, dorsal view.
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Figure 22. Bumastoides kimmswickensis sp. nov., Upper Ordovician Kimmswick
Limestone, Jefferson County, Missouri. A-C, partially exfoliated cranidium (OU 12509),
x 2.8: A, dorsal view; B, lateral view; C, anterior view. D, pygidium (OU 12511), x 4.1,
dorsal view. E-G, partially exfoliated cranidium (OU 12510) x 5: E, lateral view; F,
anterior view; G, dorsal view. H-J, holotype, thoracopygon (OU 12508), x 3: H, lateral

view; I, dorsal view; J, posterior view.
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Figure 23. Bumastoides kimmswickensis sp. nov., Upper Ordovician Kimmswick
Limestone, Jefferson County, Missouri. A-C, exfoliated cranidium (OU 12512), x 4: A,
dorsal view; B, anterior view; C, lateral view. D, testate cranidium (OU12513), x 6,
dorsal view. E, testate cranidium (OU 12514), x 8, dorsal view. F-G, librigena (OU
12515), x 8: F, dorsal view; G, lateral view. H, exfoliated pygidium (OU 12516), x 4,

dorsal view.
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Figure 24. Bumastoides cf. B. milleri (Billings, 1859), Upper Ordovician Viola Springs
Formation (Viola Group), near Fittstown, south-central Oklahoma. A, exfoliated
cranidium (OU 12517), x 2, dorsal view. B-D, exfoliated cranidium (OU 12037), x 2: B,
dorsal view; C, lateral view; D, anterior view. E, exfoliated pygidium (OU 12519), x 2,
dorsal view. F, exfoliated cranidium (OU 12518), x 2.5, dorsal view. G, partially
exfoliated pygidium, (OU 12039), x 2, dorsal view. H, partially exfoliated pygidium (OU

12520), x 3, dorsal view.
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Figure 25. Bumastoides cf. B. milleri (Billings, 1859), Upper Ordovician Viola Springs
Formation (Viola Group), near Fittstown, south-central Oklahoma. A-B, mostly testate
cranidium (OU 12521) x 4.2: A, dorsal view; B, posterior view. C-E, exfoliated

pygidium (OU 12522) x 2: C, dorsal view; E, posterior view; x 2.5: D, lateral view.
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Figure 26. A-B, “Stenopareia” rivulus (Ingham & Tripp, 1991), Upper Ordovician
Doularg Formation (Albany Group), southwest Scotland. A, exfoliated pygidium
(GLAHM A8313), x 1.5, dorsal view (Ingham & Tripp 1991, fig. 10f). B, holotype,
exfoliated cranidium, (LAHM A8302), x 3, dorsal view (Ingham & Tripp 1991, fig. 10a-
b). C-F, “Stenopareia” aplatus (Raymond, 1925), Middle Ordovician lower Chazy
Group, Isle La Motte, Vermont. C, E-F, holotype, partially exfoliated cranidium (MCZ
101150), x 2 (Raymond 1925, pl. 8, fig. 3): C, dorsal view; E, anterior view; x2.5: F,
lateral view; x2.3. D, testate pygidium (MCZ 101151), x 2.5, dorsal view (Raymond
1925, pl. 8, fig. 4). G-J, “Stenopareia” gardensis (Shaw, 1968), Middle Ordovician Day
Point Formation (Chazy Group), near Chazy New York. G, J, holotype, partially
exfoliated cranidium, (NYSM 12456), x 4 (Shaw 1968, pl. 16, figs 12, 15, 17): G, dorsal
view; J, lateral view. H-I, testate pygidium, (NYSM 12457), x 3 (Shaw 1968, pl. 16, figs.

13, 16): H, dorsal view; I, posterior view.
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Appendix 1. Character data matrix used in the cladistic analysis. A question mark (?)

denotes missing data.
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Appendix 2. Means for measured data. Characters 1-6 were only used in the second
analysis; all values expressed as percents, a question mark (?) denotes missing data.
Character 1: maximum width (tr.) of one lunette in proportion to width (tr.) across
palpebral lobes; character 2: cranidial length (sag.) in proportion to width (tr.) across
palpebral lobes; character 3: maximum length (sag.) of lunettes in proportion to cranidial
length (exsag.) in dorsal view; character 4: percentage of total exoskeletal length
occupied by the cranidium (in lateral view); character 5: width of one palpebral lobe as a
percentage of cranidial width across palpebral lobes; character 6: percentage of total
exoskeletal length occupied by the pygidium (in lateral view); character 7: ratio of max

pygidial length (sag.) to max pygidial width (tr.).
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CHAPTER 4: SEQUENCE STRATIGRAPHY AND FACIES ARCHITECTURE OF

THE UPPER ORDOVICIAN BROMIDE FORMATION, OKLAHOMA

ABSTRACT
The late Whiterockian to Mohawkian Bromide Formation succession in south-central
Oklahoma was deposited along a mixed siliciclastic-carbonate ramp that distally
steepened into the Southern Oklahoma Aulocogen (SOA). The depositional history and
environmental context of the unit are reconsidered using lithofacies analysis and the
characterization of sequence stratigraphic patterns at a variety of hierarchical scales. The
dataset consists of measured sections, polished slabs and hand samples, thin sections,
paleontological collections, outcrop and subsurface gamma ray, and high-resolution study
of bounding surfaces and event beds. Inner-ramp (above FWWB) lithofacies suggest
deposition in a range of environments: tidal flats, lagoons, shoreface, semi-restricted
shallow subtidal, and bioclastic shoals. Middle-ramp environments (between FWWB and
SWB) are thick and faunally diverse, and consist of rhythmically bedded marls,
wackestone, packstone, and clastic shales. Outer-ramp environments (below SWB) are
represented by either fissile tan-green shales or thin-bedded carbonate mudstones and
shales. Ramp stratigraphy, facies associations and bounding surfaces suggest that three
3" order depositional sequences are present in the Bromide. They demonstrate the
transition from a primarily clastic ramp in the late Whiterockian to a carbonate-
dominated ramp in the Mohawkian. These sequences show that the deposition of the
Bromide was considerably more complex than the simple transgressive-regressive cycle

traditionally used to describe accommodation dynamics in the basin. Meter and
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decameter-scale cycles are common within the depositional sequences, and the Corbin
Ranch Submember records an important peritidal sequence prior to a major sequence
boundary with the younger Viola Formation. New correlations based on measured
sections, outcrop gamma ray profiles, and subsurface well logs suggest that the middle
Bromide depositional sequence expanded down-ramp, while the carbonate-dominated
upper sequence shows condensation deep within the SOA. Moreover, newly documented
facies associations and correlations necessitate the addition of a reference section to the
Pooleville and the promotion of the lower sand unit to submember status.
INTRODUCTION

Late Whiterockian through Mohawkian deposits in the Arbuckle Mountains and
Criner Hills regions of Oklahoma (Fig. 1) are recorded as the mixed carbonate-
siliciclastic Bromide Formation (Ulrich 1911). Bromide strata in south-central Oklahoma
were deposited along a carbonate ramp extending from the Arbuckle Platform into the
Southern Oklahoma Aulacogen (SOA) (Fig. 1), a subsiding trough filled by an
embayment of the [apetus Ocean (Bambach et al. 1980). The Bromide is the youngest
formation of the Simpson Group, which also includes the Joins, Oil Creek, McLish, and
Tulip Creek formations (Cooper 1956; Harris 1957). Ulrich (1911) first used the term
Bromide for a series of rocks between the Simpson and Viola formations, and defined the
type section in the Arbuckles. Cooper (1956) divided the Bromide into the Pooleville and
Mountain Lake members. The Mountain Lake is the older unit, and is characterized by a
dynamic succession of quartz sandstone, interbedded sandstone and shale, and shale and
limestone (primarily pelmatozoan grainstone in the lower Mountain Lake). Bauer (1994)

considered the lower Mountain Lake to be Whiterockian based on the presence of the
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conodont Cahabagnathus sweeti. In the middle and upper Mountain Lake, a Mohawkian
conodont fauna replaces C. sweeti. These mixed carbonate-siliclastic units eventually
give way to the Pooleville Member, a thick-bedded to massive unit of carbonate mud-,
wacke-, and packstone. Harris (1957) noted the lithologic distinction of the fine-grained,
dolomitic, and fenestral unit that capped the Pooleville at some localities in the northern
Arbuckle Mountains. He defined this unit as the Corbin Ranch Formation, although it is
now commonly referred to as a submember of the Bromide Formation (e.g., Derby et al.
1991). Harris (1957) considered the Corbin Ranch to be Trentonian in age because of the
lack of a distinctive Black River fauna, and suggested there were significant erosional
hiatuses between the Pooleville and Corbin Ranch. More recently, Bauer (1994) noted
that the conodont fauna of the intertidal Corbin Ranch includes forms that range from
Blackriveran (Whiterockian) to Mohawkian, and could not constrain the age of the unit.
In addition to the studies that have discussed the correlation and lithologic
patterns of the Bromide (e.g., Ulrich 1911; Decker 1931; Cooper 1956; Longman 1976,
1977, 1982a 1982b; Fay and Graftham 1982b; Suhm 1997; Wahlman 2010), the
subsurface patterns (Schramm 1964), diverse trilobite (e.g., Laudon 1939; Sutherland and
Amsden 1959; Shaw 1974; Karim and Westrop 2002; Carlucci et al. 2010; Carlucci et al.
2012), echinoderm (e.g., Fay et al. 1982a; Sprinkle 1982), ostracod (e.g., Harris 1957;
Williams 1990; Williams and Siveter 1996), conodont (e.g., Sweet 1984; Bauer 1990;
Bauer 1994), chitinozoan (e.g., Grahn and Miller 1986), graptolite (e.g., Finney 1986),
bryozoan (e.g., Cuffey and Cuffey 1995), and gastropod (e.g., Rohr and Johns 1990)
faunas have been investigated. The most comprehensive outcrop-based studies of the

Bromide were conducted by Longman (1976; 1982a, 1982b) and Fay et al. (1982b).
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Based on extensive measured sections and electric logs they showed that the deposition
of the Bromide thickens down-ramp from the hingeline of the SOA. They further
suggested that the Bromide was deposited during a period of slow steady subsidence of
the SOA, where early deposition was in storm-dominated settings, with the shallowest
water to the northeast. Longman (1982a, b) noted that one complete transgressive-
regressive cycle is present in the Bromide, with the transgressive basal sandstones and
shales evolving to a shelf-margin carbonate buildup. Further, Longman (1982a, b)
observed that episodic deposition of Bromide sandstones often exceeded the rate of
subsidence during the transgression, suggesting there were complications with his
simplified higher rank sequence interpretation. Above the sandstones, Longman (1982a,
b) speculated that the basinal lithofacies were deposited as part of the same transgression.
Eventually, water depth shallowed along the hingeline of the SOA, and a biosparite
buildup developed, with a landward low-energy lagoon on the Arbuckle Platform
(Longman 1982a, b). Under the Longman model, tectonic instability increased, clastic
deposition shut down, and the upper Bromide was deposited as a regressive limestone
sequence. Cessation of subsidence accelerated the regressive cycle of the Pooleville.

Most of the literature on the Bromide predates the development of modern
sequence stratigraphy as a discipline. Here, we reconsider the facies architecture,
bounding surfaces, depositional history, and correlation of the Bromide Formation,
within a robust, high-resolution sequence stratigraphic framework. Multiple hierarchical
levels of cyclicity in the formation were not recognized in previous work, and yield
important clues about the depositional setting of the Bromide.

PALEOGEOGRAPHIC AND TECTONIC SETTING
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In the late Cambrian and Ordovician, Oklahoma strata were deposited in a broad
epeiric sea (Oklahoma Basin, Fig. 1) that extended across the majority of the state.
Relatively simple epeirogenic processes affected the landscape of what would be
Oklahoma during this time, in contrast to the complex orogenic structural basins common
in the Pennsylvanian (Johnson 1991). The Oklahoma Basin lies just to the west of the
margins of the Ouachita Trough, and is dominated by shallow-marine carbonates
interbedded with sandstones and shales. Most authors (e.g., Longman 1982a, b; Johnson
1991) consider the SOA to be the depocenter of the Oklahoma Basin, as subsidence rates
and sediment thickness are considerably higher than in shallow bank environments
outside the SOA. The SOA trended to the northwest, and persisted through most of the
Paleozoic, influencing the deposition of multiple formations (Longman 1982b). It extends
across an area that includes the Arkoma Basin, Arbuckle Uplift, Ardmore Basin, and the
Anadarko Basin, all of which contain Bromide deposits (Fig. 1). To the north, the SOA
was bordered by the stable Arbuckle platform (Longman 1982b), which was a desert
region that likely supplied wind-blown sand deposited as sheets in the basins. In the
lower to middle Whiterockian, Simpson Group deposition began when the carbonate
shelf that bordered the SOA was exposed (McPherson et al. 1988). Wind-blown sands
were reworked and mantled the carbonate platform (Johnson 1988), and eventually were
overlain by marine shales and carbonates. This pattern occurred during the deposition of
each formation of the Simpson Group.

Subsurface isopach maps of Bromide units (Schramm 1964, figs. 14-16) show the
extensive sandstone deposition on the Arbuckle Platform, suggesting sediment

provenance from the north and east. To the south and west along the flanks of the Texas
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arch, the sandstones become thinner, while carbonates increase in thickness. Carbonates
thin laterally, in particular to the east along the Ouachita Front. Shales are thickest to the
south, especially along the hinge of the SOA. The Corbin Ranch Submember is missing
in parts of south-central Oklahoma, in particular near and within the SOA, and may
disconformibly overlie older Bromide Strata to the east and west (Schramm figs. 3, 16).
Dolomites are thickest to the northeast, above the Ouachita Front (see Wahlman 2010),
and provide evidence of an arid paleoclimate (Wahlman 2010, fig. 4). In summary,
Bromide deposition took place during a period of relative stability of the Oklahoma
Basin, where shallow carbonate-dominated seas bordered a subsiding aulacogen, and
were periodically interrupted by clastic sediment supply from the north and east.
METHODS

Nine detailed measured sections, two portable gamma ray logs, ten subsurface
well logs, nine thin-sections, 19 polished slabs, over 50 field-collected paleontological
collections, museum collections (Shaw 1974; Sprinkle 1982; Karim and Westrop 2002),
and hundreds of lithologic samples and photographs constitute the dataset for this study.
Sedimentary lithology, texture, cycles, surfaces and grain components were recorded in
the field for all measured sections, at a decimeter-scale where necessary. Surfaces were
correlated between measured sections by physical comparison if possible, and otherwise
by stacking patterns and facies offsets. The natural radioactivity (gamma-ray) of the I-
35N and 177 sections was measured in cycles per second (CPS) using a Scintrex
Differential Spectrometer GRS-500 at 0.5 m intervals, averaged over a span of 30
seconds.

Sequence Terminology
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The term sequences are used here to imply a succession of genetic deposits that
form during a full cycle of change in accommodation and sediment supply. Meter-scale
cycles are the smallest unit that can be correlated across sections, and contain both a
deepening and shallowing component. We use the colloquial term “micro” (e.g., micro-
HST) to denote the components of meter-scale cycles (5™ order) that are small-scale
analogues to systems tracts of higher rank (3" order) sequences. We follow Catuneanu et
al. (2009) and use the less ambiguous term “rank” when referring to hierarchical stacking
levels. Stacked sets of low rank cycles are nested within systems tracts, which are the
components of the higher rank sequences (Catuneanu et al. 2009). Stacked sets of low-
rank cycles show consistent progradational, retrogradational or aggradational patterns
that are associated with specific systems tracts. Complete high rank sequences (3" order)
follow the terminology of Hunt and Tucker (1992; 1995) (i.e., depositional sequence IV
of Catuneanu et al. 2009), where “normal” regressive systems tracts (HST and LST) are
distinguished from forced regressions (FSST), and transgressive deposits are a distinct
unit (TST).

A sequence boundary (SB) represents the lowest relative sea level, and is
expressed as a subaerial unconformity or correlative conformity. In addition to sequence
boundaries, we recognize three sequence stratigraphic surfaces. Transgressive surfaces
(TS) (Posamentier and Vail 1988) mark the onset of marine flooding and condensation as
either forced or normal regression switches to retrogradational stacking. In the former,
the transgressive surface is the same as the sequence boundary and in the latter it caps the
LST. The maximum flooding surface (MFS) (Van Wagoner et al. 1988) marks the onset

of normal marine regression (progradational stacking), and is characterized by
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considerable condensation and the farthest inferred landward extent of deep-water facies.
Our forced regression surface (FRS) (McLaughlin et al. 2004) signifies the abrupt facies
offset that characterizes the switch from normal to forced regression, and separates HST
from FSST deposits.

LOCALITIES

Nine measured sections were taken from eight localities (see Fig. 1 caption for
coordinates) in south-central Oklahoma. Six of the sections were taken from localities in
the Arbuckle Mountains (HWY99, 177, I-35N, I-35S, MLQ, DRa), and three from the
Criner Hills (RCS, RCL, TQ). In a paleogeographic context, the localities form a transect
from south of the Arbuckle Platform (up-ramp), through the hinge of the SOA, and down
into the aulacogen. We modified the nomenclature of two localities to account for new
ownership. The Dunn Quarry (Fay et al. 1982b; Karim and Westrop 2002) is now the
Tyson Quarry (TQ), and the Johnston Ranch (Fay et al. 1982b) is the new Daube Ranch
(DRa) locality.

Ulrich (1911) first used the term “Bromide” for a unit that lay unconformably
below the “Viola Limestone” (Fig. 2), but did not propose any type locality or section.
Edson (1927) proposed that the type locality of the Bromide be placed at the McLish
Ranch, in the town of Bromide, Coal County, Oklahoma. This locality was not accessible
for this study (see Fay et al. 1982b, section 5, p. 343). The type sections of the Mountain
Lake and Pooleville Members of the Bromide were proposed by Cooper (1956) to be
placed at the Johnston Ranch (DRa here). Cooper defined the Mountain Lake to include
the basal fine-grained quartz arenite sandstone, an overlying interbedded illitic-chloritic

shale and sandstone, and an uppermost limestone and shale sequence at the top (Fay and
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Graffham 1982). Cooper confined the Pooleville to the various limestones (occasionally
interbedded with calcareous shales and marls) above the Mountain Lake, in particular
near the SOA axis. The petroleum industry common refers to the Pooleville and Corbin
Ranch as the “Bromide dense” based on its subsurface properties, though this may also
include parts of the overlying Viola Springs Formation lime mudstone.

We use the [-35N section as a standard reference for correlation and discussion of
sequences because it is well-preserved, nearly complete, and has previously been well-
studied biostratigraphically (e.g., Bauer 1994). Our composite section utilizes the north
and south sides of I-35, and the median to create a nearly complete succession of
Bromide units. The I-35N locality is near the hinge of the SOA, and provides an excellent
opportunity to correlate with both up-ramp and down-ramp sections. Moreover, the
completeness and preservation of the 1-35 section allows it to serve as an ideal “model”
to characterize both meter-scale and higher rank sequences.

SEDIMENTARY FACIES

Sedimentary facies (Figs. 3-6) provide the necessary environmental information
to interpret facies associations within depositional sequences, the extent of lateral change
along the carbonate ramp, and preservational features (e.g., condensation) that may aid in
inferring sediment supply. Depositional regime terminology of ramp systems follows
Wright and Burchette (1996) and Jones (2010). Facies are not interpreted in isolation, but
rather considered in relation to one another, and within their bounding surfaces. Thus, we
use facies associations (Reading 1996) within sequences as the primary mode of
interpreting environmental signatures. We incorporate and occasionally reconsider the

facies subdivisions of previous authors (e.g., Longman 1976; Longman 1982a, b) based
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on the addition of sequence stratigraphic data, and are careful to note important
observations and interpretations made in other studies (e.g., Pollastro 1991). Within each
member, facies are considered in order of their inferred paleobathymetric position
(nearshore to basin).
Pontotoc Member

We formally (Salvador 1994, p. 14) designate the basal sandstone sequence in the
Bromide Formation as the Pontotoc Member, with the HWY 99 outcrop (Figs. 1, 7)
between Fittstown and Pontotoc Oklahoma, as the type locality. In his original definition
of the Mountain Lake, Cooper (1956) did not place the sandstones in the member, though
Fay and Graftham (1982) suggested they should be included in the unit. Our new
designation is necessary to separate the primarily sandstone and siltstone unit from the
largely limestone and marl succession in the Mountain Lake. Moreover, the discovery of
a significant mineralized transgressive surface (RC) at the top of the sandstone sequence
suggests they are temporal units, and indeed are traceable from the Arbuckle Platform
into the deepest part of the SOA. In the absence of the transgressive surface, the rather
abrupt transition from predominantly sandstone to limestone lithofacies is the criterion
for recognition of the Pontotoc Member. The following facies descriptions serve as our
characterization of the new formal unit.
Massive to Crossbedded Sandstone Facies.—Sandstone in the Pontotoc Member is
composed of detrital, fine to medium grained, well-sorted, well-rounded, frosted quartz
arenite (Folk 1980) grains, with small percentages of clay minerals, feldspar and other
rock fragments (carbonate bioclasts). Some beds are more enriched in bryozoan and

pelmatozoan bioclasts (but not to the extent of the “sandy crinoidal grainstone” of the
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Mountain Lake, which are primarily limestones, Fig. 4E), and are best characterized as a
sublitharenite. In a petrologic study of the Bromide sandstones, Pollastro (1991) noted a
paragenetic sequence of early iron-poor calcite and quartz overgrowth cement, an
intermediate transition to iron-rich calcite or dolomitic cement, and late diagenesis
ferroan dolomite, ankerite and quartz cement. Bedding is generally thinner down-ramp
(3-5 cm), but ranges from massive to thick-bedded (~10 cm), with ripples and hummocky
cross-beds common. Up-ramp (e.g., HWY99) cross-beds are thicker bedded, tabular and
almost exclusively quartz sand except for thin mud drapes that form flaser-bedded units.
Large-scale (e.g.. dune-sized), unidirectional, tabular cross-beds are only present up-
ramp. Down-ramp (e.g., RC), wave ripples and hummocky cross-beds are thinner
bedded, have internal silt-laminae, and are finer-grained. Massive to thick-bedded,
heavily bioturbated mature sandstone (e.g., [-35N) overlies the cross-bedded and thinner
bedded units, and locally is present as discrete beds within the bedded sandstone.

In the most up-ramp section at HWY99, this facies is interpreted as being
deposited in an upper shoreface environment, dominated by unidirectional flow of tabular
dunes, where longshore bars are provided wave protection (Plint 2010). Flaser-bedded
units may represent tidally-influenced foreshore environments that are the shallowest
strata in the Pontotoc Member. Moving down-ramp toward the hingeline, this facies is
characteristic of subtidal middle shoreface deposits, which are considerably finer-grained,
and extensively bioturbated. Within the SOA, this facies is dominated by very silty, wave
rippled and occasionally hummocky cross-stratified packages that are interlayered with

mud, and represent the lower shoreface and offshore transition (Clifton 2006). Generally
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speaking, this facies is characteristic of a prograding, normally regressive, wave-
dominated shoreface.

Interbedded Sandstone and Shale Facies—This facies is similar to the thin-bedded
sandstone described above, except that it is coupled with clastic shale interbeds; the sand
is finer grained, and it lacks cross bedding. Abundance of silt and bioclasts (bryozoan and
echinoderm) increases in this facies relative to the cross-bedded sandstones, with some
beds best characterized as siltstones.

The lack of cross-bedding and ripples, and abundance of fines suggest that this
rhythmic facies was transitional between shoreface and offshore deposits (inner-ramp),
but likely still receiving sand from the lower shoreface.

Mountain Lake Member
Fenestral Mudstone.—Superficially similar to the Corbin Ranch (see below), a thin
(~20cm) unit of fine carbonate mudstone overlies the FSST rippled grainstone in
sequence 1. The unit shows very small fenestrae, internal lamination, and contains well-
preserved ostracod fossils.

We interpret this unit as a restricted inner-ramp deposit from either a shallow
lagoon or tidal flat environment, and the shallowest facies of the Mountain Lake
Member. The fine carbonate grain size suggests very low energy conditions favorable to
the accumulation of lime mud. A tidal ravinement surface separates the fenestral
mudstone facies from overlying coarse brachiopod and trilobite grainstone and rudstone
that were deposited early in the transgression of sequence 2.

Rippled Calcisiltite and Grainstone.—The rippled calcisiltite and grainstone facies

overlies surfaces of forced regression (FSST). The facies is characterized by couplets of
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white, thin-bedded (~2cm) wave rippled calcisiltite and medium bedded packstones or
red-hued very coarse grainstones (Fig. 4A). The grainstones are comprised of large
pelmatozoan bioclasts, but are otherwise not fossiliferous. In sequence 1, a cross-bedded
crinoidal grainstone is also part of a FSST, but is interbedded with shale rather than
calcisiltite.

This facies is characteristic of high energy, detached shoreface deposits (Bergman
and Snedden 1999) that were deposited on a wave-dominated inner-ramp during forced
regression. Rippled calcisiltites and grainstone packages sharply overlie deeper facies,
with little to no transitional facies, suggesting they record relative-sea level fall (Plint
1991; Hunt and Gawthorpe 2000). Up-ramp, this facies is adjacent to tidal or lagoonal
deposits (if present), and passes down-ramp into open marine wackestone and packstone
(sequence 2), or interbedded grainstone, rudstone and shale (sequence 1).

Interbedded Grainstone, Rudstone and Shale.—The interbedded grainstone and shale
facies (Fig. 4E, 6D) is common in the lower Mountain Lake, both within and outside the
SOA. It is composed of thin to medium-bedded (cm scale), poorly sorted, nodular
grainstones and rudstones interbedded with green to tan fissile shale. Packstones and
mudstones (Fig. 4F) are present locally. Bioclastic grainstone and rudstone beds are often
slightly sandy, containing small percentages of well-rounded quartz grains. Shales are
chloritic and illitic (Longman 1982a), and weather from green to tan. Grainstone beds are
highly fossiliferous, poorly sorted and show signs of condensation, such as simple
bioturbated and modified firmgrounds (McLaughlin et al. 2008), and authigenic mineral
crusts. Grainstones primarily consist of disarticulated crinoids and cystoids (e.g.,

Diabolocrinus, Platycystites, Sinclairocystis, Oklahomacystis, Pirocystella), and ramose
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and massive bryozoans (e.g., Batostoma, Dianulites, Lunaferamita. Champlainopora).
Rudstone beds within the shales consist of nearly intact colonies of massive and ramose
bryozoans, brachiopods (e.g., Sowerbyella, Bellimurina, Valcourea) and receptaculitids,
and are sharply overlain by green shales. In grainstones and rudstone, bioclasts range
from lightly abraded to nearly pristine. The interbedded grainstone and shale facies
shows remarkably little down-ramp facies change (Fig. 8). The primary difference is the
increase in shale thickness (e.g. RC as compared to [-35) at localities well within the
SOA.

The shales, grainstones and rudstones of this facies were deposited just basinward
of the lower shoreface deposits of the Pontotoc Member, but likely represent a broad
bathymetric range, from upper middle-ramp to upper outer-ramp. They were deposited at,
or below fair weather wave base. Longman (1982) noted that early in the deposition of
the Mountain Lake, the limestones in this facies succession transitioned from primarily
crinoidal grainstones to beds with intact cystoids and bryozoans (rudstones). He
suggested that this was a consequence of decreased current energy. While we agree, our
data suggest this transition represents a 3" order shift from a transgressive (TST), high-
energy environment, to a more clastic-rich progradational sequence (HST). Moreover,
Longman (1976; 1982b) suggested that the limestone beds were storm-deposited, and the
shale accumulated during “quiet times” in the waning periods of storms. While there are
undoubtedly some tempesite beds in this facies, they are discrete layers that do not form
the entire bed. The episodic starvation model of Datillo et al. (2008) explains the genesis
of the pristine rudstones during the early HST. Bryozoan colonies and cystoids are

completely articulated and in life position, suggesting they were growing in-situ before
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being smothered by episodic mud blanketing (obrution horizons). Further, we find no
evidence of pre-existing, fair-weather mixed deposits of mud and skeletal debris that
would form the raw material for storm winnowing into shell beds and shales (see Datillo
et al. 2008, fig. 5). Rather, the beds are either discrete unfossiliferous green shales, or thin
beds of pristine articulated fossils (Fig. 6D).

Condensed Packstone and Wackestone.—The condensed packstone, wackestone and
minor grainstone beds form sharp based caps to the rhythmite facies. Generally, this
facies consists of fossiliferous, amalgamated wackestone or packstone beds that are
medium gray, nodular, with shales either absent or highly indurated. This facies often has
heavily mineralized authigenic crusts, or capping hardgrounds indicative of highly
sediment starved periods. Greater condensation of the wackestone and packstone relative
to the adjacent shalier rhythmite facies is further supported by generally higher
radioactivity (Fig. 9) in the former, despite the lack of shale. The fossil biota is well-
preserved and similar to the rhythmite facies, with isoteline trilobites, strophomenid
brachiopods, ramose bryozoans, and gastropods somewhat commonplace. Bioclasts range
from moderately abraded to pristine, and burrows are conspicuous. Down-ramp from the
SOA hingeline (e.g., DRa), the condensed packstone beds tend to be much thinner.

The condensed packstone and wackestone facies was deposited in a lower middle-
ramp to outer-ramp environment. The wide variety of fossil preservation and presence of
burrows suggests deposition between fair-weather and storm weather wave base. The
bathymetric position is similar to the rhythmic limestone and shale that characterizes the
Mountain Lake, with the primary difference being the direction of low rank sea-level

oscillation, and therefore the reduction of the supply of siliciclastics, and degree of
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condensation. The nodular fabric of this facies is likely a function of both bioturbation
and pressure solution during burial. Hardgrounds, cementation by calcite-spar and
authigenic pyrites and iron-oxides all suggest this facies was deposited very slowly.
Rhythmic Mudstone, Wackestone and Shale.—The limestone and shale rhythmite
facies (Figs. 3A; 4C, D) is comprised of couplets of thin (3-10 cm), tan to gray, planar to
nodular bedded mudstone and wackestone, with argillaceous sublaminated shale of
varying thickness. Whole rock mineralogy from x-ray diffraction studies of Bromide
carbonates (Pollastro 1991, table 1) indicate high percentages of acid-soluble carbonate,
calcite, quartz and clay minerals (illite-smecite, kaolinite, and chlorite), and low
percentages of dolomite, ankerite, plagioclase, and K-spar. Bedding is fairly regular, with
the shales slightly thinner than the limestone beds. Depending on the cycle, shale
interbeds thin or thicken upwards, but most often are relatively equal throughout.
Sedimentary structures in the limestone beds include mottled fabrics from bioturbation
(Fig. 4D), Chondrites, disrupted laminae (Fig. 4C), vertical burrows (often pyritized), and
thin shell pavements of strophomenid brachiopods, and trilobites (Isotelus, Thaleops,
Calyptaulax, Remopleurides) that have been interpreted as below storm wave base
obrution horizons (Karim and Westrop 2002). Fossil material is more disarticulated up-
ramp (I-35) than down-ramp (DRa, RC), but is generally well-preserved at both. Other
common fossils include straight cephalopods, receptaculitids, echinoderm fragments,
gastropods (e.g.,Cyclonema, Eotomaria) and ostracods (e.g., Anisocyamus, Bromidella).
Shales are not nearly as fossiliferous, although cephalopods and articulated
receptaculitids are found occasionally. Near or slightly within the SOA hingeline (e.g.,

177, 1-35, DRa), the rhythmite facies is more nodular and has a thicker shale component
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when compared to the same facies within the SOA (e.g., RC, TQ), which is more evenly
bedded, but less shaly. The faunas are nearly identical, except that the extraordinarily
well-preserved obrution horizons are only preserved at DRa, RC, and TQ, although this
may be a function of exposure and weathering. The expansion of this facies between the
SOA hingeline and the Criner Hills is attributed to the drastic increase in the shale
component of the unit (see isopach map, Longman 1982b, fig. 1), and the expansion of
sequence 2 as a whole (see sequence stratigraphy section).

Our interpretation of the rhythmite facies differs somewhat from Longman (1976;
1982b), who suggested that the rhythmites in the Mountain Lake were only deposited
along the SOA hingeline. We expand the range of the facies deeper down-ramp, which is
an implication of our new correlations and condensation hypothesis of the Pooleville in
the SOA (see discussion for details). This facies spans a range of environments from
middle (moderate energy) to outer (low energy) ramp, with a wide degree of variation in
preservation of bioclasts (tempesites to obrution horizons deeper down-ramp). Deposition
was likely between fair weather and storm weather wave base, though the main character
of the facies (decimeter-scale shale and marls interbedded with thicker mudstone and
wackestone) is conspicuous along the gradient. Thin tempesite beds are interpreted as the
distal expression of storm waves just above storm wave base, and the obrution horizons
as rapid influxes of sediment which buried in-situ living organisms (Datillo et al. 2008;
Brett et al. 2008). Though the facies locally becomes very thin and planar bedded,
sediments are never truly laminated, suggesting that there is always at least some
bioturbation along the ramp gradient. Longman notes the variability of the rhythmite

facies, which he referred to as basinal, but the fauna and degree of bioturbation both
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suggest deposition in a range from middle to outer-ramp. Generally speaking, the
rhythmite facies is characteristic of other Ordovician outer slope deposits that are
produced by pelagic carbonates and clays between fair weather and storm weather wave
base (e.g., the Kope Formation, or Bromley Shale, McLaughlin et al. 2004).
Thin bedded Mudstone and Shale. —This facies is only present deep into the SOA, and
consists of thin-bedded (~5cm), fine-grained lime mudstone, with very thin partings of
shale and marls. Bedding is generally consistent, but eventually doubles in thickness in
younger strata, as it becomes more fossiliferous. We correlate this facies with the upper
rhythmite facies up-ramp at [-35N, which is a departure from the standard model of
Bromide deposition (see discussion). Packstone horizons of extremely well-preserved and
often articulated sclerites of the trilobite Lonchodomas are common at multiple levels.
Other fossils include straight cephalopods, graptolites and inarticulate brachiopods.
Thin-bedded mudstones and shales in the SOA (RC) were deposited in the
bathymetrically deepest unit that preserves fossils, characteristic of outer-ramp to basin
deposits that were low energy, dysoxic, and typically below storm level wave base. The
fauna is low in diversity, and includes extraordinarily well-preserved (e.g.,
Lonchodomas), suggesting that the deposition of lime mud and marls may have been
relatively rapid. Lonchodomas shell horizons have not been extensively reworked, and
show little to no evidence of abrasion. Sediments are not laminated, which suggests there
was at least some bioturbation, but there is no significant evidence of storm scouring or
reworking that would indicate a bathymetric position above storm weather wave base.

Gentle sorting of Lonchodomas material may represent the very distal expression of

233



storm-generated currents. This facies grades into middle/outer-ramp rhythmites up-ramp,
which are thicker bedded and more storm-influenced.
Fissile Illitic-Chloritic Shale.—This facies is characterized by a fissile, clay-rich,
sublaminated green shale that weathers to a tan color. The facies is common at multiple
levels within the Bromide, and is thickest in the lower Mountain Lake. There are two
separate occurrences of the clay-rich green shale in the Mountain Lake. The first consists
of two or three distinct units of shale (sequence 1) that generally overlie the interbedded
grainstone and shale facies, and become progressively thicker down-ramp from 177 to
DRa. Localities near the center of the SOA (RC) have similar thicknesses of shale as I-
35. The second occurrence of clay-rich shale facies is in the upper Mountain Lake
(sequence 2), where Bromide deposition was more carbonate-dominated. The uppermost
occurrence of the facies is thickest near the hingeline (177), and thins both up-ramp and
down-ramp from the SOA hinge (e.g., [-35, Figs. 7, 8, 9). The upper shale is not present
within the Criner Hills. Whole rock mineralogy (Pollastro 1991) of the clay component of
the shale facies indicates that the composition is approximately 88-100% illite-smectite,
4% chlorite, and <1% kaolinite. Quartz, pyrite, and feldspar comprised 0-14% of the
shale minerologic component (Pollastro 1991, table 2). This relative proportion of clay
minerals is similar in shales interbedded with Bromide carbonates (e.g., the rhythmite
facies).

Pollastro (1991) suggested that the clay-rich and quartz-poor mineralogy of
Bromide Formation shales indicates provenance from either modification of volcanic
debris, or that silica was expelled during progressive burial in early diagenesis (possibly

being transported up-dip and facilitating sandstone cementation). We cannot provide
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evidence that either supports or rejects Pollastro’s statements about the provenance of
Bromide Formation shales; however, it is certain that there were two separate source
areas for siliciclastics for the upper and lower shales. The organic-rich muds of the lower
shale were deposited in anoxic to dysoxic basinal waters below storm level wave base,
and it predictably thickens down-ramp. Evidence of bioturbation or fossils is absent
where the shale is a continuous (i.e., not interbedded with limestone) facies. In contrast,
the upper shale is similar in appearance, but it thickens along the hingeline and is thinner
or potentially absent in many areas of the basin. It does not contain any sedimentary
structures such as desiccation cracks, stromatolites, teepee structures, or fossils
(lepertiditian ostracods, gastropods etc.) that would indicate it was a tidal flat mudstone.
We tentatively suggest it may represent a lowstand deposit of siliclastics, since it directly
overlies a major sequence boundary. Alternatively, it could represent the earliest portion
of the overlying transgression where there was a lag time between the sequence boundary
and establishment of the carbonate factory (Jones 2010). Though we feel it is unlikely to
be derived from volcanic material (because of the thickness), the possibility remains that
the quartz-poor mineralogy of the shale indicates an event-driven deposit.

Pooleville Member
Massive to Nodular Lime Mudstone.—This facies comprises the majority of the
Pooleville Member, and consists of gray, dark blue, or tan mudstone (Fig. 5B) that is
massive or nodular bedded, stylolitic, peloidal (Fig. 3C) and heavily bioturbated.
Recrystallization to microspar is relatively common (see Longman 1977 for details) in
burrows and mottled features. Mudstone is often interbedded with more fossiliferous and

thinner bedded units of wackestone. Fossils include ostracods, gastropods, tabulate corals
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(Tetradium), receptaculitids, and brachiopods. Steep-sided scoured channels and lenses of
skeletal hash (gastropods, brachiopods) are common from up-ramp (HWY99) localities
all the way down into the SOA (DRa). Bioclasts are highly abraded, and scoured lenses
typically pinch out laterally. Three small bundles of an extremely fine-grained lime
mudstone of slightly different character are traceable across several localities near the
SOA hinge. Black chert nodules are conspicuous at the [-35 section, but are not common
in the Pooleville at other localities.

The extensive evidence of bioturbation and mottled features coupled with the
presence of low diversity shallow water fauna (e.g., tabulate corals, lepertiditian
ostracods) suggest this facies was deposited in a shallow subtidal environment that was
within the photic zone, and somewhat restricted, such as a lagoon or shallow protected
inner-ramp. The presence of scour features suggests that this environment was subject to
occasional large erosive storm waves, where storm winnowing could rework and
concentrate bioclasts. This facies graded down-ramp into deeper, mid-ramp deposits
(wackestone with rudstone pavements), and up-ramp into the Corbin Ranch tidal flats.
The absence of the transgressive shoal grainstone and packstone facies in adjacent strata
suggests that the distribution of transgressive sands was a mosaic, lacking significant
linear trends. Both Wilkinson et al. (1999) and Wright and Burgess (2005) note that
lateral migration of facies belts rarely produces idealized successions, with carbonate
mosaics and frequency-area relationships being a better explanation of the spatial
distribution of lithofacies.

Bioclastic Grainstone and Packstone.—The packstone and grainstone facies (Fig. 3D)

in the Pooleville Member (sequence 3, TST) consists of dark blue to gray, medium-
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bedded (5-10cm), thick-bedded (10-20cm) or massive beds of rubbly, fossiliferous
argillaceous limestone. Packstone layers are often interbedded with grainstones, and in
some instances, wavy or rubbly grainstones are interbedded with more planar beds. This
facies is similar to the condensed packstone and grainstone caps of the Mountain Lake,
but the former is grainstone dominated, and the latter packstone dominated. Moreover,
the bioclastic grainstone and packstone facies while highly fossiliferous, is less diverse,
with isoteline (Anataphrus) and illaenid (Failleana) trilobites, ramose bryozoans, and
echinoderm debris as the primary constituents of the fauna. Authigenic mineral crusts of
pyrite and iron oxide are common at multiple levels within the unit, particularly on the
tops of grainstone beds. Far up-ramp (HWY99), this facies is considerably more massive,
and exhibits low inclination cross-bedding in the correlative facies.

We interpret this facies as a transgressive package of high energy, inner-ramp
shoals and mid-ramp packstones, both of which were subject to either constant wave
agitation, or frequent storm reworking (above storm wave base). This mosaic blanket of
carbonate sands was deposited along an energy gradient from HWY99 well up-ramp, into
DRa in the aulacogen. Though there is siliclastic sediment in packstones, and in some
local shale partings, the unit as a whole is considerably well-washed; suggesting much of
the detrital mud was sequestered close to the shoreline. Longman (1982b) interpreted this
facies as a “biosparite buildup” present along the hingeline of the aulacogen, indicating
that the carbonate ramp had evolved to a platform regime with a sharp shelf-slope break
(Wilson 1975). We suggest that deposition in the Pooleville is still best characterized as a
ramp-dominated regime, as this facies is present well into the aulacogen (DRa), exhibits

considerable bedding with no relief, and shows gradational trends along the inner-ramp,
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from cross-bedded carbonate sands to thin-bedded grainstones and packstones. Previous
authors have placed this facies at the top of the Mountain Lake; however, we include it in
the Pooleville because it is a temporal unit that can be corrrelated across sections, and is
part of the same depositional sequence as the rest of the Pooleville. Furthermore, we
suggest later in this paper that much of the Pooleville is condensed down-ramp, meaning
that the original designation of the Pooleville (Cooper 1956, at DRa) was based on strata
that are likely equivalent to the Mountain Lake up-ramp. So, we formally propose that I-
35N should become a reference section with our descriptions serving as a template to
recognize our revised concept of this member.
Wackestone with Rudstone Pavements.—The primary component of this facies is a
light blue-gray, medium to thick bedded (15-20 cm), slightly nodular, tan-weathering
wackestone (Fig. 5C). Packstone is present locally. Beds are often capped by rudstone
pavements of pristine, diverse, articulated brachiopods (e.g., Sowerbyella, Strophomena,
Plectoglossa), trilobites (Calyptaulax, Bumastoides, Thaleops), ramose bryozoans, and
cystoids preserved in life position. The wackestone is otherwise slightly mottled and
bioturbated. The thickness of the wackestone is similar between localities near the edge
of the SOA (2-4 meters), though it is not present deep within the SOA (see discussion
below, our correlations diverge from those previously published). Well up-ramp
(HWY99) the facies is a massive, rubbly wackestone with most bedding lost. Along the
hingeline (177), the facies is interbedded with very thin marls (1-2cm), which are not
present at [-35N.

The wackestone with rudstone pavement facies is interpreted as being deposited

in a subtidal, moderate energy, mid-ramp environment that was between storm and fair
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weather wave base, and not subject to regular wave agitation of the sea floor (i.e.,
fossiliferous beds are unwinnowed, Fig. 5C, Datillo et al. 2008). This interpretation is
supported by the presence of known (Carlucci and Westrop 2012), open marine trilobites
(e.g., Calyptaulax and Thaleops). Up-ramp this facies merges with the higher energy
thin-bedded packstones and grainstones of the lowermost Pooleville. Along the SOA
hingline (I-35), Longman (1982) correlated this facies with the couplets of rhythmic shale
and carbonate with prominent Isotelus beds at DRa, RC, and TQ deep within the SOA.
We disagree with this correlation for a number of reasons (see discussion), and instead
correlate it with the open marine, well-bedded, fossiliferous wackestone near the top of
the Pooleville at RC and TQ.

Corbin Ranch Submember
Fenestral and Microbial Laminated Mudstones—Carbonate mudstones of the
Pooleville gradually grade vertically into white to dark gray, dense mudstones with
fenestral cavities (Fig. SA, D), microbial laminations, desiccation cracks, vertical tubes
and oxidation marks. Cycles of well-bedded (10-20 cm) fenestral mudstone and thinner
bedded (2-4 cm) rubbly wackestone are common both up-ramp on the Arbuckle Platform
and near the SOA hinge. Wackestone beds have mm to cm scale shaly interbeds, and lack
fenestrae. The fauna primarily consists of ostracods (e.g., Leperditella, Ningulella,
Ctenobolbina), corals (Tetradium), conodonts, brachiopods (Ancistrorhyncha),
gastropods, cyanobacteria and rarely trilobites (Bathuyrus). On the Arbuckle platform
(HWY99), the fenestral units are slightly thicker than at I-35N, and the facies is not
present in the Criner Hills. Amsden and Sweet (1983, fig. 12) showed that the Corbin

Ranch fenestral facies was nearly identical at HWY99 and I-35 in terms of the relative
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percentages of micrite, fenestrae, and bioclasts. Fenestral mudstones of the Corbin Ranch
are predominantly calcium carbonate mud in our study areas, with generally around 1%
dolomite based on whole rock mineralogy (Amsden and Sweet 1983, unpublished
supplemental data). Stylolitic margins and fenestral cavities are filled with fibrous calcite,
and often lined with dolomite cement (Fig. 3B), but complete dolomitization of the
Corbin Ranch is restricted to areas in far eastern Oklahoma on the Ozark Uplift
(Schramm 1964, fig. 16). Wahlman (2010) describes in detail the fabric-retentive
microcrystalline dolomites and replacive dolomites of the Bromide in eastern Oklahoma.
The fenestral and microbial laminated mudstone facies was deposited in the low
energy intertidal to supratidal zones of a tidal flat. Sedimentary structures of clotted
mudstones with early fibrous cemented fenestrae, desiccation cracks, and microbial
laminites unambiguously indicate deposition in both intertidal and supratidal
environments (see Pratt 2010, fig. 7). This facies is gradually replaced down-ramp by the
Tetradium-dominated inner-ramp deposits of upper Pooleville. The fenestral mudstone
facies represents the shallowest bathymetric position of low rank cycles in the Corbin
Ranch (see the sequence stratigraphy section for details), and together with the subtidal
wackestone likely represents a complete cycle of subtidal to supratidal environments.
Amsden and Sweet (1983) suggested that the restricted fauna, fenestrae, and desiccation
cracks were similar to those of Andros Island (Hardie 1977) in the Bahamas, and
represent deposition in high intertidal and supratidal environments.
Grainstone and packstones.—This facies and the below-wave base laminated mudstone
and shale facies are previously unrecognized units within the Corbin Ranch Submember

at HWY99, and may have been included in the Viola Formation in prior studies.
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However, they are lithologically more similar to Bromide strata, and immediately
underlie the characteristic Viola lithology. A very thin (cm-scale) packstone unit overlies
fenestral beds, with corals, gastropods, and echinoderm debris overlain by an extremely
irregular mineralized hardground (Fig. SE, Fig 10E) that is either a low-rank sequence
boundary or tidal ravinement surface. Fine-grained bioclastic grainstone overlies this
surface and contains a similar irregular erosive surface, which is interpreted as a wave-
ravinement surface (Cattaneo and Steel 2003). Just above the bioclastic grainstone, well-
preserved diplograptid graptolites and trilobites (Cryptolithus) are present at the contact
with overlying laminated mudstones.

This facies is interpreted as the expression of the landward shift of the shoreline
as Corbin Ranch tidal flats and then inner-ramp shoal environments were scoured by
wave action. Elsewhere in the basin, the transition from Corbin Ranch to deep subtidal
Viola is unconformable, but at HWY99 it is preserved in one meter of highly condensed
strata. This facies records the shallow inner-ramp as its erosional surfaces migrated
landwards (Boyd 2010), and is immediately adjacent to fenestral tidal flats that were also
eroded during marine transgression.

Below-wave base laminated mudstones and shale.—This facies consists of a white to
light gray lime mudstone (Fig. 5F) interbedded with a fissile to marly shale. Mudstones
are internally laminated, thin (3-6cm) and evenly bedded, and contain abundant
diplograptid graptolites and trilobites (Cryptolithus). Shale interbeds thicken upwards
from 1 cm to 5 cm near the base of the Viola contact.

This facies is similar to the low diversity Lonchodomas and graptolite dominated,

thin-bedded mudstone and shale facies present deep within the SOA, and lacks the
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characteristic lithology of the overlying Viola Formation. Thus, we infer that its
deposition took place in a bathymetrically similar outer-ramp to basin environment, and
below storm level wave base.

SEQUENCE ARCHITECTURE

Parasequences ( 6™ order)

Mountain Lake Member.—Parasequences are recognized as gradual shoaling upward
cycles of 0.5-2 meters that are present within larger, shallowing upward micro-HST’s
(see Figs. 10A, 11). Individual parasequences are not mappable across sections, and may
represent very low rank regional progradation (allocyclic) from variation in sediment
supply of terrigenous mud onto the slope. The relative thickness of the limestone beds,
extent of abrasion and reworking of bioclasts, and decrease in interbedded shale are used
to infer shallowing upward cyclicity. The gradual and subtle facies transitions stand in
stark contrast to the abrupt boundaries of the meter-scale cycles.
Corbin Ranch Member.—Shallowing upward cycles of 0.15-0.4 meters in the Corbin
Ranch are best recognized at HWY99, and generally consist of alternating units of
fenestral lime mudstones and rubbly shale and wackestone. Fine lime mudstone (often
with Tetradium and small fenestrae, Fig. 5SA) shallows upward into clotted mudstones
with large fenestrae (Fig. 5D) and desiccation cracks. Thus, each parasequence ranges
from inner-ramp subtidal (wackestone), to possibly lagoonal intertidal (lime mudstone),
and then supratidal tidal flats (clotted fenestral mudstone). There are a similar number of
cycles at HWY99 and I-35 (3-4); they are similar in thickness and also show strong
ordered shallowing upward trends, so we expect they are allocyclic. Autocyclic cycles

that record primary signals of tidal-flat migration would likely result in laterally
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discontinuous, unordered cycles with variable thickness (Pratt 2010), a trend that does not
best describe peritidal beds in the Corbin Ranch. These descriptions are simplifications,
as modeling experiments (e.g., Burgess et al. 2001; Burgess 2006) suggest that autocyclic
processes can also form ordered cycles. Burgess (2006) also states that autocyclic
generation can only truly be rejected if there is evidence of subaerial exposure of subtidal
beds from relative sea-level fall.

One complete meter-scale cycle is present above Corbin Ranch parasequences,
and preserves both shallowing and deepening components, as well as characteristic
surfaces (see below). Cyclicity in the Corbin Ranch is best expressed as a peritidal series
of asymmetrical shallowing upward cycles followed by a symmetric cycle that includes
the preservation of a trangressive wave dominated coastline.

Meter-scale cycles (5™ order)
Mountain Lake Member.—Meter-scale cycles in the Mountain Lake Member (within
3" order sequences 1-2, Figs. 7, 8) consist of alternating micro-TST’s and HST’s (meter-
scale analogues of systems tracts, Fig. 10A, B) that form packages of “time rich” and
“time poor” deposits (Brett and Algeo 2001; Brett et al. 2008). Sequence 1 micro-HSTs
range from (.75 to 2.5 meters in thickness, and micro-TST’s are 0.6 to 1 meter thick. In
sequence 1, micro-HSTs are units of predominantly siliciclastic shale, interbedded with
thin beds of nodular bryozoan and echinoderm grainstone. TSTs are amalgamated and
nodular beds of bryozoans and echinoderm grainstone that are starved of siliciclastic
sediment, and much more poorly sorted than bioclasts in the HST’s. Authigenic mineral
crusts (iron-oxide or pyrite) or heavily bioturbated firmgrounds (McLaughlin et al. 2008)

commonly cap corroded flooding surfaces, and merged transgressive/sequence boundary
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surfaces at the bases of the beds are very irregular facies offsets that show evidence of
scouring. Sequence 2 meter-scale cycles are generally thicker than in sequence 1, with
micro HST’s that range from 0.2 to 3.8 meters in thickness, and micro-TST’s from 0.5 to
6.7 meters thick. In sequence 2, micro-HSTs consist of progradational to aggradational
interbedded shale and limestone rhythms, often with a thin indurated basal wackestone or
packstone bed (Fig. 10B) that immediately underlies the rhythmites. Micro-HSTs are
thinly planar bedded near their base, and gradually become more nodular as they decrease
in siliciclastic content, and are correlatable from I-35 into the aulacogen (sequence 2, Fig.
8). Low rank transgressive surfaces/sequence boundaries sharply overlie the micro-
HST’s, and are often irregular erosive disconformities (e.g., Fig. 6E). Sequence 2 micro-
TSTs are indurated wackestone and packstone that are shale-poor, show evidence of
condensation upwards, such as high radioactivity on gamma ray (Fig. 9), poor sorting,
pyritization of bioclasts, and flooding surfaces that are heavily stained with iron-oxide
and pyrite mineral crusts. Throughout the Mountain Lake Member, low rank maximum
flooding surfaces (MFS) signify an abrupt shift to finer-grained, more siliciclastic-rich
facies, and also represent the highest degree of sediment starvation in the micro-sequence
(maximum sediment starvation, Baum and Vail 1988; Brett et al. 2004).

These patterns suggest that meter-scale cycles in the Mountain Lake Member are
best characterized as symmetric low rank sequences that are responding to changes in
relative sea level, and contain both deepening and shallowing components. Based on
work in other Ordovician meter-scale cycles (e.g., Kope Formation), alternatives include
shallowing upward cycles (e.g., Jennette 1986), deepening upward cycles (e.g., Tobin

1982), or variation in the frequency and intensity of large storms (e.g., Holland et al.
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1997, 2008). We reject these alternatives because of the erosive contact between micro-
HST’s and TST’s, condensing upward features of the indurated limestones, and presence
of multiple event beds (obrution and tempesites) within each cycle. Given the short
duration of the cycles, the primarily signal is likely eustatic (extrinsic) rather than
regional tectonics of the basin (intrinsic), but small-scale intrabasinal processes should
not be discounted.

Pooleville Member.—In the Pooleville, meter-scale cycles are often lost, since much of
the unit is massive, and individual beds are difficult to discern. However, the grainstone-
and packstone- dominated unit (sequence 3, TST) may show similar meter-scale cyclicity
as the Mountain Lake (Fig. 10C). In this case, the micro-HST (3.7 meters) is represented
by slightly shaly, rubbly packstone, with thinly interbedded grainstone (Fig. 10C). Micro-
TSTs are 2.6-2.9 meters in thickness, massive, and well-washed, with many sedimentary
structures indicative of condensation: authigenic mineral crusts, pyrite and iron oxide
halos on bioclasts, poor sorting, and high levels on gamma ray (Fig. 9). While the entire
3" order TST in sequence 3 shows features indicative of condensation, lower rank
cyclicity is evidenced by the relative degree of clastic starvation in the micro-TST
compared to the micro-HST.

Corbin Ranch Submember.— Above peritidal shallowing upward cycles, and before
the transition to the Viola Formation lithofacies, a complete low rank sequence is
preserved (Fig. 10D) at HWY99. The micro-HST consists of rubbly wackestone and thin
shale interbeds, which are overlain by a fenestral mudstone with ostracod and gastropod
bioclasts. This HST unit is equivalent to the peritidal parasequences described earlier.

However, in this last sequence the deepening upward TST package is preserved. The
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micro-TST consists of highly condensed bioclastic packstone and grainstone (including a
possible bentonite, see Rosenau et al. 2012), which preserves two highly irregular
scoured surfaces. The first lies between the fenestral mudstone and bioclastic grainstone,
and is interpreted as a tidal ravinement surface or a low rank sequence boundary. The
second surface is within a slightly higher grainstone bed, and is interpreted as a wave
ravinement surface. Finally, the packstone and grainstone beds grade into mudstone, and
are abruptly overlain by a flooding surface (Fig. 5F). The overlying laminated mudstone
and shale facies contains abundant cryptolithine trilobites and graptolites, and is similar
to one of the deepest facies of the Mountain Lake (the low diversity Lonchodomas
facies). Thus, the Corbin Ranch Member at HWY99 records a nearly complete package
through a transgressive coastline, including most of the expected surfaces in their
appropriate order (e.g., Boyd 2010, fig. 29). This transition is not preserved elsewhere in
the basin that we are aware of, and we have confirmed via scintillometer the gradual
transition as compared to the abrupt increase in radioactivity found at I-35 and 177 (Fig.
9).

Decameter-scale cycles (4™ order)
Mountain Lake Member.—In outcrops that are extremely well exposed (e.g., [-35)
decameter-scale cycles are apparent. Multiple meter-scale cycles (2-5) comprise 4™ order
cycles of generally between 4.5-13.5 meters (Fig. 11). They are comparable in thickness
to 4™ order cycles of Vail et al (1991) and Brett et al (2004) and likely represent
depositional cycles of a few hundred thousand years or less. Decameter-scale cycles are
thinnest in the 3™ order TST of sequences 1 and 2, and considerably thicker during the

major HST interval in sequence 2. Stacked sets of meter-scale cycles form packages that
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are comparatively carbonate-rich and shale-poor upward. Moreover, in all except for one
decameter-scale cycle (Sequence 2, HST), the total thickness of meter-scale cycles tends
to thin upward. Hence, decameter-scale cycles in the Mountain Lake are best
characterized as packages of meter-scale cycles that are decreasing in total thickness
upward, but increasing in the proportion of limestone thickness. Decameter-scale cycles
can be split into two primary hemicycles; a lower shalier rhythmite-dominated unit, and
an upper grainstone (sequence 1) or wackestone/packstone-dominated (sequence 2) unit
(Fig. 11). The upper limestone hemicycle is characterized by an upward increase in fossil
bioclasts, mineral staining, and hardgrounds. Since the micro-HST’s in meter-scale
cycles tend to thin upward, the basal portion of the rhythmite hemicycle is shaliest, and is
inferred to be representative of the deepest highstand conditions of the 4™ order cycles.
Consequently, the primary signal of decameter-scale cycles consists of depth-related
oscillations in siliclastic sediment supply that are of lower rank than those of the
depositional sequences.

Depositional Sequences (3" order)

Stacked sets of decameter-scale cycles comprise composite systems tracts that
show net trends characteristic of progradational, aggradational, or retrogradational
stacking, and are components of large scale, 3" order depositional sequences in the
Bromide Formation. Depositional sequences comprised of systems tracts are the highest
rank of cyclicity recognized here, and our primary unit for discussions of basin
architecture and large-scale depositional dynamics. They are temporally analogous to the
3" order parasequence sets of Pope and Read (1997) and the high rank composite

sequences of Brett et al (2004), and likely represent periods of approximately one million
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years. The Bromide Formation encompasses a period of deposition through most of the
Sandbian, which according to Finney (2005, fig. 2) is about five million years in duration.
Intuitively, this makes sense with our observations, especially given the major
unconformity at the Bromide/Viola contact. We outline below the major bounding
surfaces of each sequence, their lateral variation (where possible), the facies of each
systems tract, and the estimated relative variation in depth through each sequence.
Sequence 1.—Sequence 1 is highly condensed relative to sequences 2 and 3, and is the
last depositional sequence of the Whiterockian in Oklahoma. The progradational to
aggradational series of massive, hummocky cross-stratified, and rippled sandstones and
siltstones (Pontotoc Member) forms the base of the Bromide and is interpreted as a 31
order LST. Mature sands, and clay-rich silts suggest that fluvial-deltaic and eolian-
derived sediment was deposited into the basin as a shallow lowstand wedge, which
extended well into the SOA (the sands are still thick in the Criner Hills region).
Carbonate deposition largely ceased during LST conditions in sequence 1. This wedge
was deposited as massive sandstones and siltstones that conceivably downlap onto a
sequence boundary. A thick unit of aggradational massive sandstone typically overlies
obviously cross-stratified and flaser bedded units, suggesting the rates of aggradation
increased through time, as would be expected during lowstand normal regression
(Catuneanu 2006; Catuneanu et al. 2009). The relatively rapid increase in carbonate
bioclasts above the sandstones implies that the shallow, siliciclastic lowstand wedge may
have formed a platform that was suitable for carbonate deposition as sea levels rose (e.g.,
Handford and Loucks 1993, fig. 15). Lower Mountain Lake (now Pontotoc) sandstones

have typically been characterized as the base of a high rank trangression, but when
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considered at lower ranks, they are probably best characterized as LST deposits just prior
to major condensation and transgression in sequence 1. Longman (1982a, b) noted that
episodic deposition of sandstones often exceeded the rate of subsidence, and so are likely
progradational in some areas of the basin.

The transgressive surface (TS) is a facies offset (and mineralized surface at RC)
that shows a shift from sandstones to bioclastic grainstones that show obvious signs of
condensation such as hardgrounds, firmgrounds, and authigenic mineral crusts. The TST
succession in sequence 1 consists of two thin 4™ order decameter-scale cycles that are
grainstone-dominated, and show upward signs of increasing condensation. While not as
well exposed at the 177 roadcut, our data suggest that the thickness of the sequence 1
TST is nearly identical from I-35N to 177. The MFS tops the most condensed grainstone
bed, and immediately underlies an increase in siliciclastic shale. Intact massive and
branching bryozoan colonies are preserved at obrution horizons in the sequence 1 HST
shale sequence, whereas reworked crinoidal grainstone was more common during the
TST. The increase in siliclastics suggests that a drop in the rate of sea level rise allowed
for the progradation of previously sequestered sediment. The lower HST sequence is
remarkably consistent from I-35 into the SOA, with the facies succession evolving from
shale and rudstones to basinal shale, back into interbeds just below the FRS. The FRS is
an erosive surface that corresponds to the abrupt onset of base-level fall, and a change
from progradation with aggradation to progradation with downstepping attributes
(Posamentier and Morris 2000; Catuneanu et al. 2009). Offshore marine shale and
rudstones are abruptly overlain by rippled grainstones and shale, and then cross-bedded

crinoidal grainstone (FSST) that was obviously subject to constant wave agitation of the
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sea floor. A 20 cm bed of fine lagoonal mudstone, with ostracods and small fenestrae
represents the shallowest facies of sequence 1, at the top of the FSST, with the SB
directly on top of the bed.

Lateral facies variation within sequence 1 is relatively minor, though it
encompasses the widest bathymetric range of depositional environments relative to
sequences 2 and 3. LST sandstones range from upper shoreface near the Arbuckle
Platform (Longman 1982b, fig. 2) to lower shoreface within the SOA, and based on
isopach maps, thicken down-ramp (Schramm 1964, fig. 14). Falling stage deposits show
the shallowest sedimentary structures at [-35N, but up-ramp deposits are either not
preserved (HWY99) or poorly exposed (177). Given the similarity of facies stacking
patterns across sequence 1, cycles of base-level rise and fall were likely uniform
throughout the study area.

Sequence 2.—At the onset of sequence 2, a brachiopod hash (abraded rudstone) overlies
the irregular, slightly wavy SB. Within the hash, a prominent irregular surface is
interpreted as a wave ravinement surface that separates inner-ramp trangressive deposits
from the backramp. The TST is dominated by trilobite packstones and crinoidal
grainstones with minor shales that form two very condensed 4™ order decameter-scale
cycles of upward thickening carbonates. The sequence 2 TST is thickest at [-35N, and
slightly thinner both up-ramp (177) and down-ramp into the Criner Hills region. As in
sequence 1, the MFS tops the thickest and most condensed grainstone bed just prior to the
facies offset that signals a change to the rhythmite facies of the middle Mountain Lake
Member. The HST deposits in sequence 2 show stacking patterns that are primarily

aggradational in its early phases, and strongly progradational in later phases, indicating
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decelerating base-level rise. The early HST is rich in siliclastic muds as would be
expected in mixed carbonate-siliclastic systems (Mclaughlin et al. 2004). The lower
portion of the HST preserves obrution beds of trilobites, echinoderms, cephalopods and
brachiopods (I-35, DRa, TQ, RC) that suggest rapid deposition of mud layers. As the rate
of progradation increased, the sediment influx increased from the carbonate factory (i.e.,
highstand shedding, Schlager et al. 1994), allowing for the preservation of thick, higher
energy wackestone and packstone beds during late HST. The trilobite fauna changes
considerably from early to late HST, with a low diversity Isotelus assemblage
characteristic of outer-ramp environments (Carlucci and Westrop 2012) transitioning to a
more diverse illaenid-asaphid fauna more characteristic of shallow marine settings. The
sequence 2 HST is the thickest systems tract in the Bromide because, unlike sequence 1
(siliclastic dominated) and sequence 3 (carbonate dominated), it is receiving sediment
both from the carbonate factory and previously sequestered clastics. The HST is thickest
at DRa because it is shalier than the other localities, but it follows a similar pattern, with
low energy obrution beds being gradually replaced by brachiopod dominated mudstone
and rudstones within storm-level wave base. The FRS is a sharp facies offset (Plint 1991;
Plint and Nummedal 2000) between the rhythmite facies and a high-energy ripplied
calcisiltite and grainstone unit that represents a time period of rapid sea level fall
(Cauneanu et al. 2009) not dependent on sediment supply. The FSST is missing deep
within the basin, and is only present at I-35 and 177.

Similarly to sequence 1, the range in lateral facies variation between localities in
sequence 2 is minor. Sequence 2 is slightly thinner up-ramp at 177, and thicker down-

ramp at DRa. Within the SOA, sequence 2 ranges bathymetrically from outer-ramp to
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middle-ramp, but does not show as wide a range of variation as [-35 because the FSST is
not preserved. We interpret the overlying siliciclastic shale as a probable basinal LST
deposit, but suggest ambiguity because of the possibility that it is a modified volcanic
deposit (Pollastro 1991).
Sequence 3.—The transgressive surface of sequence 3 is a sharp-based contact between
interbedded shale and limestone of the LST and a series of relatively well-washed
packstones and grainstones. The sequence 3 TST is composed of a series of characteristic
dark blue or tan grainstones and packstones that exhibit many features of condensation
(see facies descriptions), and deepening upward patterns. The top grainstone bed is the
most condensed, showing an extremely high degree of mineral crusts, pyrite replacement
of bioclasts, and very poor sorting. This bed is traceable from far up-ramp (HWY99) into
the SOA (DRa). In the Criner Hills, the TST is not preserved, but represented by a series
of hardgrounds just prior to the rapid shallowing pattern characteristic of the Pooleville.
The sequence 3 TST is thickest at 177, and would likely be thickest at HWY99 (based on
the capping grainstone bed) if it were preserved. There is a general trend towards gradual
thinning of the TST down-ramp until it is only represented by a strongly condensed
interval of hardgrounds. The rather inconsistent pattern of the TST between basal and
capping grainstones (compare [-35 and 177, Fig. 7), and its presence across most of the
study area suggest that these grainstones formed a complex transgressive mosaic (Wright
and Burgess 2005) rather than a shelf edge buildup as suggested by Longman (1982b).
The MFS is the stained surface between the capping grainstone bed and open
marine deposits that are more enriched in lime mud. The HST deposits in sequence 3

show stacking patterns that are initially aggradational and represented by mid-ramp
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wackestones (Fig. 5C) in its early phases, and then strongly progradational (inner-ramp
marine to lagoonal to tidal flat facies). During the rapid shallowing of late HST and
deposition of backramp (inner-ramp, shoreward of shoals) peritidal facies, down-ramp
localities (e.g., RC) are represented by a very fossiliferous (e.g., Calyptaulax, Isotelus,
Lonchodomas, Frencrinuroides) wackestone that is similar to the open marine
wackestone at I-35N. The sequence 3 HST becomes condensed down-ramp, as the
distance from the carbonate factory increases (Fig. 7, 9).

The thickness and assumed variation in bathymetric change during the sequence 3
TST is similar from 177 through DRa. The unit is remarkably similar across localities,
allowing for individual beds to be traced down-ramp. The greatest lateral variation in
facies during the deposition of the Bromide takes place in the sequence 3 HST, which
includes the upper Pooleville and Corbin Ranch Submembers. At I-35N and South, 177,
and HWY99 the HST shows a shallowing upward trend from mid-ramp to backramp
deposits. In the SOA (DRa, RC), the HST is comparatively thinner, and shows
shallowing upward trends from outer-ramp to storm dominated mid-ramp deposits, but
never reaches the inner-ramp.

DISCUSSION

We present here updated descriptions of the facies, bounding surfaces, and cyclic
architecture present within the Bromide Formation of Oklahoma. Our data provide
support for three major contributions to the study of this unit: updated facies associations
and basin-ramp depositional models, a much finer delineation of cyclicity and sequences,
and new correlations that suggest the Pooleville is condensed down-ramp, and the

Mountain Lake expanded.
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Implications for the Transgressive-Regressive Model

Many authors (e.g., Longman 1976, 1982a, b; Finney 1986; Bauer 1994) have
discussed the presence of a major high rank transgressive-regressive (T-R) sequence in
the Bromide Formation (shown here on Figs.7 and 8 for comparison with our sequence
stratigraphic interpretation). Under this model the basal sandstone unit is recording a
transgression that continues until the deepest portion of the Mountain Lake (rhythmites),
which then begins to infill, forming the regressive carbonate interval of the upper
Bromide. T-R sequences were originally designated as a sedimentary unit deposited
between the beginning of one transgression to the base of the next (Johnson and Murphy
1984; Johnson et al. 1985; Catuneanu et al. 2009). Updated models of the T-R sequence
emphasize the importance of subaerial unconformities and marine maximum regression
surfaces (Embry and Johannessen 1992), but are limited by the cryptic and diachronous
nature of maximum regression surfaces in deep-water and the lack of differentiation
between normal and forced regression (Catuneanu et al. 2009). We do not find sufficient
evidence of the appropriate bounding surfaces for a formal high rank T-R sequence, and
suggest that it should only be used as a general descriptor of high rank subsidence in the
study area. Moreover, the traditional use of the T-R sequence to describe Bromide
deposits relies on classifying the strata based on the inferred position of sea level, rather
than variation in the rate of sea-level change and sedimentation.

Candelaria and Handford (1995) have suggested that the entire Bromide is part of
a 3" order sequence that includes the Tulip Creek Sandstone as early TST, and the
Bromide as late TST and HST. Candelaria and Handford (1995) outlined a conceptual

model of Simpson Group sequence stratigraphy that postulated that each basal sandstone
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unit is trangressive, with overlying shales and carbonates as highstand. They note that
their model is not based on physical evidence of bounding surfaces, and that data is still
required to support their hypothesis. We do not speculate on the large-scale geometry of
the entire Simpson Group as it is beyond the scope of this study. Based on estimates of
global sea level (Ross and Ross 1995) that show multiple cycles of sea-level rise and fall
during the Mohawkian, estimates of the duration of Bromide-aged deposits (e.g., Finney
2005), and the traditional use of 3" order depositional sequences (e.g., Pope and Read
1997; Holland and Patzkowsky 1996; McLaughlin et al. 2004) in outcrop studies, we
speculate that the patterns described by Candelaria and Handford (1995) are best
characterized as higher rank than 3" order. These geometries not seen in outcrop scale
studies are likely of intermediate rank (between 3 and 2™ order) as the Tulip Creek-
Bromide interval spans a large portion of the Darriwilian and the entire Sandbian (>5
ma). Thus, our three major depositional sequences are likely nested within these
potentially higher rank patterns. Sequence 2 undoubtedly reaches the deepest bathymetric
extent, with sequences 1 and 3 forming shallower bookends (Fig. 12). This certainly
could be interpreted as evidence of a transgressive-regressive cycle of subsidence and
infilling/uplift over the span of several million years. However, we should note some
concerns with the idea that most Simpson Group sandstones are components of major
TST’s. Isopach maps (e.g., Schramm 1964) show that Bromide sandstones thicken down-
ramp towards the SOA, with thick deposits along the hingeline, and well into parts of the
basin (e.g., RC). Catuneanu (2006) notes that TST deposits are typically subject to non-
deposition in the shelf-edge region, with more distal marine deposits starved of

terrigenous sediment. Further, as discussed here and in Longman (1981; 1982a), Bromide
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sandstones show evidence of progradational stacking. At ranks higher than we can
resolve here (e.g., seismic), the presence of a topset (rather than offlap and truncation)
would provide evidence for large-scale lowstand wedges (Catuneanu 2006). Candeleria
and Handford (1995) suggested that the sandstone sequence in the Oil Creek Formation
(also Simpson Group) was more representative of LST-wedge type deposits than the
Bromide because of sandstone distribution along the basin margin of the SOA.
Implications for Intrabasinal and Subsurface Correlation

Lithofacies and sequence stratigraphic analyses suggest that the upper Bromide
Formation underwent significant down-ramp condensation and shut-down of carbonate
production, which is in contrast to previous interpretations of massive down-ramp
expansion of carbonate deposits in the Pooleville (Longman 1976, 1982; Finney 1986).
Previous interpretations have suggested that the center of the aulacogen was still at
moderate subtidal depth and receiving sediment while deposition was intertidal or had
ceased up-ramp (Finney 1986). However, we present evidence that this pattern was true
only for the upper portion of the down-ramp sections (sequence 3 HST) rather than nearly
70 meters at DRa and 40 meters at RC (see Fay et al. 1982b, fig. 78). Longman (1982a)
stated that the basinal deposits in the lower Pooleville within the SOA (e.g., DRa, RC)
and those of the upper Mountain Lake along the hingeline (e.g., I-35) shared the same
characteristic bedding (compare Figs 4C and 4D, and 6C and 6E). We provide evidence
here that they are broadly correlative. In other words, we push the correlations upwards,
and place the down-ramp expansion of the Bromide thickness (see Longman 1982b, fig.
1) into the more clastic dominated Mountain Lake, rather than the primarily carbonate

Pooleville Member.
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Our evidence to support this assertion is multi-faceted. The correlation of the
sequence 3 TST and characteristic fine mudstone beds (“C” on Figs. 7 and 8) between I-
35 north and south and DRa show down-ramp compression of the upper Pooleville,
which is supported by the presence of hardgrounds in a similar position during the
sequence 3 TST in the Criner Hills (RC). The thin limestone sequence above the
sequence 3 TST at DRa is the only unit characteristic of Pooleville lithology. The other
deposits are rhythmically bedded like the Mountain Lake, and follow the same patterns of
initially deepening, and then aggrading, and finally shallowing dramatically as the
sequence 2 Mountain Lake deposits up-ramp. They have expanded in thickness because
they are appreciably shalier. One reason this correlation may not have been considered
earlier is the apparent increase in bioclasts from [-35 to DRa in the rhythmite packages.
This is almost certainly an artifact of weathering, as the down-ramp localities (DRa, RC)
are in creek beds, whereas [-35N is a steep vertical face. Our investigation has uncovered
extremely similar strophomenid beds, straight cephalopods, and identical species of
trilobites among the rhythmite packages. The same species of Thaleops and Ceraurinella
trilobites occur at DRa and the lower Mountain Lake at [-35N, whereas different species
of the same genera occur in the Pooleville at I-35N and TQ. Moreover, an identical
species of the planktic Remopleurides is found in the lower to middle Mountain Lake at
I-35 and the basal “Pooleville” rhythmites at RC. In other words, the species-level
similarities in the trilobite faunas of the rhythmite facies of DRa and RC supports our
assertion that it correlates with the same facies up-ramp, rather than with the Pooleville.
There is also evidence that the rthythmites are deeper down-ramp; as they are shalier, the

bioclasts are less reworked, they tend to be less nodular (compare Figs. 6C, E), and
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achieve a deeper bathymetric position in sequence 2 (Lonchodomas mudstone, “B” on
Fig. 8). Trilobites that have been considered part of the Pooleville Fauna (e.g.,
Probolichas, Frencrinuroides; Shaw 1974) are also present within the Mountain Lake,
suggesting they are facies controlled rather than useful temporal markers. Similarly, the
lower and upper echinoderm zones used by Sprinkle (1982) to aid in correlation of
Bromide sections are almost certainly recurring biofacies rather than temporal units. The
correlations used by Sprinkle (1982, fig. 28) stress the importance of echinoderm density
as a correlation tool, even though similar assemblages of echinoderms are present almost
ubiquitously throughout the Bromide. In our opinion, this has led to some erroneous
suggested correlations between [-35N and DRa. Moreover, the upper and lower
echinoderm zones of Sprinkle (1982) are not present within the Criner Hills, which has a
considerably different echinoderm fauna, suggesting the use of these zones for correlation
purposes is questionable.

Sequences 1-3 can be correlated into the subsurface (Fig. 9) based on the
comparison of outcrop gamma ray scintillometer (CPS) and subsurface well logs (API).
Though scintillometer measurements are point counts, and subsurface logs continuous
profiles, they are sufficiently similar to permit correlation (Ettensohn et al. 1979).
Gamma ray correlations were further informed by bulk density and neutron porosity, as
well as comparison of facies between [-35 and 177. The correlations were done
independently of the conventions used in the oil and gas industry because of
nomenclatural differences. For example, much of the “Bromide” sands in the subsurface
actually correspond to the Tulip Creek on the surface, and the Bromide dense is often the

lower Viola Springs Formation. Therefore our correlations are based on our outcrop
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gamma ray observations. For instance, where the Corbin Ranch is complete (e.g., I-35N,
Fig. 9) rather than faulted out (e.g., 177, Fig. 9), there is a double-pronged excursion into
the Viola, over dense, and low CPS limestones. Sequence 1 is characterized by low API
sandstones (LST), which are overlain by interbedded sandstones then grainstones (TST),
which result in large amplitude fluctuations of gamma ray values. The HST in sequence 1
(the lower green shale dominated unit of the Bromide) is easily traceable into the surface
across the study area. Gamma ray radioactivity drops dramatically during the FSST into
sequence 2, where the rhythmite packages thicken down-ramp. Individual excursions can
be correlated between Healy 1-11 and Pruitt 1, showing the expansion of sequence 2 deep
into the basin. Pruitt 1 is between DRa and RC, and supports our conclusion that
sequence 2 expands down-ramp and sequence 3 (i.e., the Pooleville) thins. The LST shale
of sequence 3 is thickest along the SOA hingeline, but traceable across the subsurface
study area. The sequence 3 TST generally increases in radioactivity upwards, and has two
broad excursions that are easily correlated. This is overlain by a shallowing upward
sequence of dense and low radioactivity limestones (HST) that is sharply overlain by the
characteristic Viola excursion. The shale excursion in Pruitt 1 corresponds to the shaly
unit present at DRa (Fig. 8) during the sequence 3 HST.
Depositional Model of the Bromide

Previous workers (e.g., Longman 1976, 1982a, b) have suggested that a carbonate
ramp system in the Mountain Lake evolved into a rimmed platform, with a distinct shelf
edge biosparite buildup during Pooleville deposition. Our facies associations and
correlations suggest that deposition of the Bromide is best characterized as an unrimmed

ramp that distally steepened into the SOA (Fig. 12). The biosparites that Longman
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considered a buildup show extensive evidence of condensation, and are traceable from far
up-ramp into the SOA (DRa), and are best considered a transgressive mosaic rather than
a buildup. Moreover, our study yielded no evidence of in situ organic buildups near the
platform edge or upper slope during the deposition of the Bromide. Our new correlations
all imply gradational differences between nearshore, wave-agitated facies and offshore
environments. A consequence of these correlations is that the center of the SOA was not
a major carbonate depocenter while inner-ramp environments were intertidal (Finney
1986). In other words, our model suggests that during deposition of the upper Pooleville,
inner-ramp deposits along the SOA hingeline graded into middle-ramp environments that
were farther from the carbonate factory. Thus, our facies data places a more continuous
and less dramatic change in facies moving down-ramp. Isopach maps (Lonman 1982, fig.
1) show a gradual increase in thickness moving down-ramp, generally supporting this
interpretation. The contour of highest thickness is about half way into the SOA (DRa Fig.
8, Pruitt 1 Fig. 9), and corresponds well to where the ramp becomes distally steepened.
Under old models (Longman 1976; 1982a, b; Finney 1986) it is possible for the deepest
facies of the Criner Hills (Lonchodomas mudstone) to be deposited at the same time as
the shallowest facies (lagoonal to fenestral mudstones) up-ramp. Moreover, since there
are multiple facies transitions during “Pooleville” deposition in the Criner Hills, the SOA
would have to be experiencing multiple subsidence and uplift events that did not effect
up-ramp localities (which shallow unidirectionally during sequence 3 HST). Williams
and Siveter (1996) noted the lack of regression during much of the Pooleville deposition
within the SOA, but did not suggest a reason the pattern differed so much from up-ramp

localities. A strongly rimmed platform would also limit the ease in which sediment can
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be transported into the basin (James et al. 2010), which contradicts the extreme expansion
of the Bromide thickness down-ramp. While there was undoubtedly semi-restricted
lagoonal-type deposits behind bioclastic shoals during Pooleville deposition (Fig. 12), the
complexity of nearshore facies and high energy inner-ramp tempesites (Fig. 5C), are
better explained by a model that allows for extensive waves and swells to move directly
onto the ramp (James et al. 2010).

An updated model of Bromide deposition (Fig. 12) shows three 3" order
sequences that demonstrate the gradual transition (Fig. 9) from a siliciclastic dominated
ramp (sequence 1), to a mixed siliclastic-carbonate ramp (sequence 2), to a warm-water,
neritic carbonate ramp (sequence 3). Tidal environments are dominated by siliciclastic,
flaser-bedded facies in sequence 1, and by sequence 3 similar environments are
dominated by fenestral and microbial laminated lime muds. Middle-ramp environments
are dominated by silt, sand and grainstone during the deposition of sequence 1; marls and
wackestone during sequence 2, then finally to nodular limestones in sequence 3. This
pattern is consistent across environments, with sequence 2 recording a transitional period
between depositional regimes.

The Age of the Bromide

Holland and Patzkowsky (1996) identified six 3™ order depositional sequences in
the Mohawkian of the Cincinnati Arch and Appalachian basins. In Oklahoma, the
Guttenburg carbon isotope excursion (GICE) has been recognized at the Fittstown
(HWY99) section in the Viola Springs Formation (Young et al. 2005; Rosenau et al.
2012), which has been associated with the M5SA depositional sequence (Brett et al. 2004)

in the Lexington Limestone in Kentucky, Trenton Limestone in Virginia, and the Dolly
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Ridge Formation in West Virginia. This places an upper limit on the age of the Bromide
Formation (equivalent to the latest Turinian; M4 in eastern North America). The lower
limit has been less well discussed, though Bauer (1994) suggested that the Bromide is
late Whiterockian to Mohawkian based on comparison of the conodont fauna with the
range standards of Sweet (1984) and Bergstrom (1983). In the lower Mountain Lake, C.
sweeti is indicative of the late Whiterockian, and is replaced by Mohawkian conodonts
Baltoniodus gerdae and Eoplacognathus elongatus in the Mountain Lake. Bauer (1994,
table 2) noted that C. sweeti showed a strong proclivity for shallower water
environments, while B. gerdae possessed deep-water facies control. Even though B.
gerdae has been found in multiple horizons at RC in the Criner Hills, and only in the
deepest portion of the upper Mountain Lake at [-35N, it should not be taken as evidence
that the deep SOA is stratigraphically younger than up-ramp localities because of the
deep-water inclination of that conodont. In other words, it is expected that it would not be
present in the shallow water environments of the Pooleville along the SOA hingeline.
Independent estimates of the age of the upper strata in the Criner Hills compared to 1-35
are inconclusive. Decker (1935, 1941) and Finney (1986) showed that graptolites from
the upper Bromide (Amplexograptus maxwelli, Dicellograptus flexuosus) are diagnostic
of the British D. multidens Zone. The D. multidens zone spans the Deicke, Millbrig, and
Kinnekulle bentonites, and based on 40Ar/39Ar dating (Min et al. 2001) is 6.8 + 2.8 Ma
in duration. Consequently, the duration is too long to be useful in evaluating whether
sequence 3 is condensed down-ramp relative to [-35N. Interestingly, both Bauer (1994)
and Rosenau (2012) found Phragmodus undatus at HWY 99 (far up-ramp), but it has not

been found in the Criner Hills. This is strong evidence that the Pooleville within the SOA
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is not significantly younger, and therefore indicative of a period of deposition while up-
ramp environments were subaerially exposed (Finney 1986). For simplicity’s sake, we
place the contact between the Whiterockian and Mohawkian (Figs. 7 and 8) at the first
appearance of obviously Mohawkian conodonts (e.g., E. elongatus).

A high-resolution interbasinal correlation is beyond the scope of this paper, but
general comparisons can be made to the depositional sequences of eastern North
America. The latest Whiterockian sequence in the Appalachians (Wa-1) and the
Mohawkian sequences (M1-M4) of Holland and Patzkowsky (1996) are similar in
temporal scale to those of the Bromide Formation. The trilobite fauna (see Carlucci et al.
2010; Carlucci and Westrop 2012; Carlucci et al. 2012) of the Mountain Lake and
Pooleville (sequences 2 and 3) show remarkable similarities to those of the Effna and
Edinburgh (Botetourt and Liberty Hall facies), which span the Wa-1 through M3
sequences. Low diversity, deep-water associations of Lonchodomas and/or Ampyx with
Isotelus are common in the Edinburgh and upper Mountain Lake. Furthermore, shallow-
water fauna across the two basins are represented by closely related species of
Amphilichas, Probolichas, Thaleops, Bumastoides, and Calyptaulax. Given the position
of the Whiterockian/Mohawkian boundary and faunal similarities, it is likely that
sequences 1-3 in the Bromide broadly correlate with the latest Wa-1 and M1-M4 in
eastern North America. Based on their interpretation of the bentonite stratigraphy
(potentially the Deicke and Millbrig) and conodont zonation, Rosenau et al. (2012)
considered the Pooleville (sequence 3) as equivalent to M4 in eastern North America.

CONCLUSIONS
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The late Whiterockian to Mohawkian Bromide Formation succession in south-
central Oklahoma was deposited along a mixed siliciclastic-carbonate ramp that distally
steepened into the Southern Oklahoma Aulocogen (SOA). Inner-ramp (above FWWB)
lithofacies suggest deposition in a range of environments: tidal flats, lagoons, shoreface,
semi-restricted shallow marine, and bioclastic shoals. High-energy storm deposits are
common in the inner-ramp, suggesting that they were not restricted enough to limit the
incursion of waves and swells onto the ramp. Middle-ramp environments (between
FWWB and SWB) are thick and diverse, and consist of rhythmically bedded marls,
wackestone, packstone, clastic shales and sandstones. Outer-ramp environments (below
SWB) are represented by either fissile green shales or thin-bedded mudstones and shales.
Ramp stratigraphy, facies associations and bounding surfaces suggest the deposition of
three 3" order depositional sequences that demonstrate the transition from a primarily
clastic ramp to a carbonate-dominated ramp. Sequence stratigraphic analysis shows that
the stacking patterns and cyclicity in the Bromide are considerably more complicated
than the simple transgressive-regressive cycle traditionally used to describe
accommodation dynamics in the basin. At lower ranks, decameter-scale packages thicken
upwards in terms of their carbonate components, and often have thinning upward meter-
scale cycles. Meter-scale cycles show evidence of both shallowing (micro-HST) and
deepening (micro-TST) upward trends. New correlations based on measured sections,
outcrop gamma ray profiles, and subsurface well logs suggest that sequence 2 expanded
down-ramp, while the primarily carbonate sequence 3 exhibits strong condensation deep

within the SOA. Moreover, newly documented facies associations and correlations

264



necessitate the addition of a reference section (I-35N) to the Pooleville, and the
promotion of the lower sand unit to formal submember status (Pontotoc Member).
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Fi1G. 1.—Paleogeographic setting and locality maps for the Bromide Formation in
Oklahoma. A) Map of the southwestern United States showing approximate outline of the
Oklahoma Basin, the SOA and other tectonic features (modified from Johnson et al.
1988; 1991). The size of the Arbuckle Mountains relative to the other features is
exaggerated to show detail. B) Arbuckle Mountains map showing study localities, major

highways, and their position relative to the SOA (modified from Ham 1969; Fay et al.

1982b).
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F1G. 2.—Stratigraphic setting of the Bromide Formation. Conodont zones from Derby et
al. (1991), Bauer (1994) and Rosenau et al. (2012). Chronostratigraphy is from Derby et

al. (1991) and Bergstrom et al. (2008).
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FiG. 3.—Representative thin sections of various Bromide facies, scale bars =2 mm. A)
Marly (lime and clastic mud) wackestone with algal fragment from sequence 2 HST. B)
Fenestral mudstone from sequence 3 HST, voids filled with coarse sparry calcite, and
dolomite rhombs along rims. C) Peloidal, microcrystalline mudstone from sequence 3
HST. D) Pelmatozoan and bryozoan packstone to grainstone, showing extensive rim
cementation, from sequence 3 TST. E) Lime mudstone with calcite intraclast and matrix
filled ostracod, sequence 3 HST. F) Grainstone with abraded and reworked bioclasts from

the backstepping sequence at HWY99, near transgressive ravinement structures (Fig.

10D).
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F1G. 4—Representative polished slabs of Mountain Lake facies (except B, which is
Pooleville), left is up on vertical slabs, scale bars =2 cm. A) Rippled grainstone from
sequence 2 FSST. B) Condensed fossiliferous grainstone from sequence 3 TST. C) down-
ramp (DRa) wackestone from the rhythmite facies, with isoteline pavement, and
cephalopod fragment, sequence 2 HST. D) Bioturbated mudstone to wackestone from the
rhythmite facies at I-35N, sequence 2 HST. E) Condensed grainstone with ramose
bryozoans in cross-section, sequence 1 TST. F) Heavily bioturbated and mottled

mudstone, sequence 2 late HST.
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F1G. 5.— Representative polished slabs of Pooleville facies, left is up on vertical slabs,
scale bars = 2 cm. A) Tetradium and cyanobacterial wackestone, showing very small
fenestral pores, sequence 3 HST. B) Nodular, stylolitic mudstone, sequence 3 HST. C)
Trilobite and brachiopod obrution horizon during early HST, sequence 3. D) Clotted
mudstone with very large fenestral pores, sequence 3 HST. E) Ravinement surface or
sequence boundary separating lagoonal or tidal mudstone from bioclastic grainstone,
backstepping sequence at HWY99 (Fig. 10D). F) Laminated mudstone and shale in the

HWY99 backstepping sequence, below Viola contact.
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F1G. 6.—Oucrop photographs showing cyclicity and facies stacking patterns. A) Multiple
meter-scale cycles at [-35N. The middle cycle shows two shallowing upward cycles
within the micro-HST, person for scale. B) The nodular bedded rhythmite facies of shale
and mudstone/wackestone at I-35N, rock hammer for scale. C) The rhythmite facies at
RC, previously interpreted to be lower Pooleville, here interpreted as correlative with the
Mountain Lake, scale bar = 1 m. D) Meter-scale cycles within the shalier sequence 1,
lower Mountain Lake, I-35N, scale bar = 1 m. E) Contact between the micro-TST and
micro-HST in a meter-scale cycle, [-35N, rock hammer for scale. F) Rippled grainstones

and calcisiltites, sequence 2 FSST, I-35N, pencil for scale.
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Fi1G. 7—Chronostratigraphy, depositional sequences, bounding surfaces, and correlation

of Bromide sections from I-35N up-ramp. See Figure 1B for horizontal scale.
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F1G. 8. —Depositional sequences, bounding surfaces, and correlation of Bromide sections

from I-35N down-ramp. See Figure 1B for horizontal scale.
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F1G. 9.—Correlation of depositional sequences into the subsurface. Note the expansion of
sequence 2 moving down-ramp into the SOA. Outcrop gamma ray measured in cycles per
second (Scintrex Differential Spectrometer GRS-500) at 0.5 m intervals, averaged over a
span of 30 seconds. Correlations were done independently of, and differ from, naming
conventions and formation tops used in the petroleum industry (see text for details).

Dotted lines connect missing data points.
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F1G. 10.—Meter-scale cycles and low rank sequences from the Mountain Lake and
Pooleville Members and their associated lithofacies and surfaces. A) Meter-scale cycle
from the lower Mountain Lake, sequence 1. B) Meter-scale cycle from the middle to
upper Mountain Lake, sequence 2. C) Meter-scale cycle from the lower Pooleville,
sequence 3. D) Low rank sequence at the top of the Corbin Ranch, including a
transgressive coastline succession not preserved elsewhere. E) Facies succession during
the FSST in sequence 2. LRSB = low rank sequence boundary, LRMFS = low rank

maximum flooding surface, RS = ravinement surface.
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FiG. 11.—Example of low rank cyclic hierarchy (6" — 4™ order), modeled after sequence 2
of I-35N. Ranges show the variation in thickness of each cycle across the Bromide

Formation.
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F1G. 12.—Conceptual summary of Bromide depositional environments and associated
facies in sequences 1-3, and across bathymetric settings. FWWB = fair weather wave
base, SWB = storm wave base. N/A denotes the absence of a particular ramp
environment within the study area during deposition of the corresponding depositional

sequence.
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CHAPTER 5: TRILOBITE BIOFACIES ALONG AN ORDOVICIAN (SANDBIAN)
CARBONATE BUILDUP TO BASIN GRADIENT, SOUTHWESTERN VIRGINIA.
ABSTRACT

The Upper Ordovician Effna, Botetourt, and Liberty Hall limestones of Virginia record
deposition in several paleoenvironments along a carbonate ramp during the early history
of the Taconic Foreland Basin. Four distinct lithofacies are present, i.e., biohermal
mudstone and wackestone, biostromal grainstone, nodular deep flank limestone and
shale, and basinal mudstones and shale, and each of these is associated with different
trilobite biofacies. Cluster analysis and ordination define biofacies, and characterize
gradients and patterns within the trilobite relative abundance data. Biofacies are clearly
delineated along a depth gradient, with gradational compositional changes between
associations. The moderate-diversity bioherm biofacies is dominated by illaenids
({llaenus, Bumastoides) and cheirurids (Sphaerexochus). The high-diversity biostromal
biofacies is also an illaenid-cheirurid association, but is proportionally enriched in
cheirurids, and includes off-bank elements not common in the bioherm. The high-
diversity deep flank facies is associated with an Ampyx-Isotelus-Nileus assemblage that
gradationally replaces the biostromal biofacies. The deep flank gives way to a low
diversity Isotelus-Calyptaulax-Raymondaspis association of cosmopolitan trilobites in the
outer slope and basin environment. These biofacies characterize local environments in the
Taconic Foreland Basin just prior to, and in the initial phases of tectonically driven
oceanographic change that led to regional extirpation of the buildup fauna and the
reorganization of deep-water trilobite biofacies. New associations of taxa not found

elsewhere in Laurentia are common within the foreland basin, suggesting that the
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archetypal biofacies described here are reorganized with the onset of regional
environmental change.
INTRODUCTION

During the Middle-Late Ordovician, trilobite faunas underwent a decline in
relative importance to the marine biosphere, with the replacement of the Cambrian
evolutionary fauna (Sepkoski, 1981; Sepkoski and Miller, 1985; Stanley, 2007) by the
Paleozoic evolutionary fauna. There has been some debate as to whether trilobites
underwent a real decline in absolute abundance and became displaced offshore (Sepkoski
and Miller, 1985; Droser et al., 1996; Miller et al., 1998) or if the decline was an artifact
of dilution (Westrop and Adrain, 1998; Adrain et al., 1998, 2000). The dilution
hypothesis is supported by compilations (e.g., Adrain et al., 2000) of diversity gradients
from environments across Laurentia as well as more localized studies of individual
gradients (Amati and Westrop, 2006). The Appalachian foreland basin is an important
area for further evaluation of biotic change in the Ordovician because patterns of
diversity and turnover of trilobite faunas appear to differ from those in the rest of
Laurentia (Amati and Westrop, 2006) and may reflect regional controls. During the
Taconic Orogeny, changing paleoceanographic conditions (Patzkowsky and Holland,
1993, 1996) or onset of Gondwanan glaciation (Pope and Read, 1998; Pope, 2004;
Saltzman and Young, 2005) caused regional biofacies replacements and extinctions in
brachiopod and coral faunas in eastern North America. These changes to the biosphere
coincide with increased siliciclastic influx, upwelling of cool nutrient-rich water, and a
change in the style of carbonate sedimentation (Patzkowsky and Holland, 1993, 1996). In

this paper, we examine trilobite biofacies associated with buildup and buildup-related
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lithofacies in the Middle-Upper Ordovician boundary interval in the foreland basin. The
Effna-Botetourt-Liberty Hall units span the Wa to M3 depositional sequences (latest
Whiterockian—-Mohawkian) of Holland and Patzkowsky (1996) and correspond to stages
two and three of basin development (Read, 1980) in southwestern Virginia. The
smothering of the Effna downslope carbonate buildups by basinal Liberty Hall limestone
and shale are a microcosm of the regional-scale drowning of the carbonate ramp. Hence,
these environments are an ideal baseline to compare with environmentally disturbed
trilobite biofacies in younger foreland-basin strata. We hypothesize that these biofacies
will fit the traditional paradigm of Ordovician depth-partitioned trilobite assemblages
(see review below), before they are regionally extirpated and replaced by biofacies that
show evidence of environmental disruption.

Further, these data allow for quantitative treatment of trilobite faunas in
biohermal, biostromal, and deep-flank depositional settings, across separate buildups, and
in response to depth and siliciclastic gradients. The trilobite faunas of several different
Paleozoic carbonate buildups have been studied both taxonomically (e.g., Whittington,
1963; Shaw, 1968; Ross, 1972) and taphonomically (e.g., Suzuki and Bergstrom, 1999).
Mikulic (1981) described the similarity of trilobite faunas across Paleozoic buildups
(tendency for high illaenid, cheirurid, and lichid abundance), but a quantitative biofacies
analysis on different subenvironments of these buildups has not been done. At small
scales, Suzuki and Bergstrom (1999) identified spatial differentiation of trilobites
between the surface and cavities within the Ordovician Boda buildups in Sweden. At
larger scales, numerous authors have produced taxonomic studies (e.g., Warburg, 1925;

Shaw, 1968; Ross, 1972) whose data suggest paleoecologic partitioning of trilobite
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faunas between Ordovician buildups and their surrounding beds, but we provide the first
quantitative evidence of this pattern.
PREVIOUS WORK ON ORDOVICIAN TRILOBITE BIOFACIES

Studies on Ordovician trilobite faunas have shown that certain taxa show
consistent, long-term environmental associations that define biofacies. These biofacies
traditionally are partitioned along a depth gradient, from inner- to outer-ramp
environments. Fortey (1975) and Fortey and Barnes (1977) documented four trilobite
“communities” in the Lower—Middle Ordovician of Spitsbergen, Norway: a high-
diversity, shelf edge illaenid- and cheirurid-dominated biofacies associated with
grainstone; an upper slope, high-diversity nileid-, asaphid-, and raphiophorid-dominated
assemblage associated with well-oxygenated mudstones; a deep-water, lower-slope
olenid biofacies associated with dark, laminated mudstones; and a pelagic biofacies
dominated by telephinid trilobites that is preserved in all environments. Shaw and Fortey
(1977) reviewed literature on Middle Ordovician trilobites and provided faunal lists at the
generic level for most relatively well-studied units in North America (generic diversity
estimated by the number of lists on which a genus occurred). They found very low
generic diversity in inner shelf facies, populated by bathyurids, and relatively high
diversity in outer shelf facies, with pterogometopid, isoteline, and illaenid genera
particularly common. Shelf edge faunas were fairly diverse, with lichid, illaenid, and
harpetid genera most represented. Upper slope faunas were also diverse, although nileid
and raphiophorid genera were the most abundant trilobites in a disproportionate number
of lists. Finally, lower slope faunas were of very low diversity, with only the genus

Triarthrus and trinucleid genera present in any of the faunal lists. These data were not
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treated quantitatively or with relative abundance data, but do provide a starting point for
future work on Ordovician trilobite biofacies. Chatterton and Ludvigsen (1976) and
Ludvigsen (1978) quantitatively showed four trilobite biofacies along a bathymetric
profile of the Broken Skull, Esbataottine, Sunblood, and Road River Formations,
Middle—Upper Ordovician of northern Canada. With increasing depth, four biofacies
were defined: a low-diversity Bathyurus in peritidal facies (see also Tremblay and
Westrop, 1991); a low-diversity Isotelus biofacies; a high-diversity Calyptaulax-
Ceraurinella dominated biofacies; and a moderate-diversity, deep water Dimeropyge-
dominated biofacies. Zhou et al. (2001) found evidence of a nileid biofacies in the
Darriwilian-Llanvirnian of China that is associated with illaenids and interpreted as
shallower than the nileid biofacies in Fortey (1975). They also found a raphiophorid
(Ampyx, Pytine) biofacies in outer shelf muddy substrates and a cyclopygid biofacies in
condensed graptolitic shales (Zhou et al., 2001). In a quantitative analysis of trilobite
faunas along a single Ordovician Laurentian shelf-to-basin transect (Sandbian—Katian
Viola Group, Oklahoma), Amati and Westrop (2006) identified a Bumastoides-dominated
shoal biofacies in bryozoan grainstone and rudstone; farther down-ramp, they found a
higher diversity Thaleops biofacies in wackestone and rudstone. This biofacies gave way
to an outer-ramp, low-diversity, cryptolithine biofacies associated with carbonate
mudstone.
GEOLOGIC SETTING

The downslope buildups are located in the Valley and Ridge province (Fig. 1) in

the Appalachians of Virginia, USA, were deposited on top of shallow ramp carbonates

that trended northeast (nearly parallel to the Tazewell arch), and lay just inside the
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northwest margins of the Taconic Foreland Basin (Fig. 1B; Read, 1980). The buildups are
part of a transgressive package (Fig. 2A, Mosheim, New Market, Lincolnshire, and Effna
Limestones, and the Edinburg Formation) that unconformably overlie carbonates of the
Knox and Beekmantown Groups (Read, 1980). This package is the regional onlap
succession (Wa—M3 depositional sequences of Holland and Patzkowsky, 1996) that was
deposited during the early and middle stages of downwarping during the development of
the Taconic Foreland Basin. The downslope buildups are distributed in a broad belt (~50
km wide NW to SE) along the margins of the basin (Fig. 1B; Read, 1982, fig. 4), and
were eventually infilled by Liberty Hall (Edinburg Formation) basinal shales and
limestone. The Effna and Liberty Hall have informally been referred to as formations, but
we follow the formal classification of Cooper and Cooper (1946) and describe the Liberty
Hall as a facies of the Edinburg, and downslope buildups as the Effna Limestone. The
Effna and Porterfield buildups (both Effna Limestone) (Figs. 1-3) are broadly similar to
other down-ramp, Waulsortian-style (Wilson, 1975) Paleozoic mud mounds (e.g.,
Meiklejohn Peak; Krause, 2001) in that frame-building organisms are of little

importance. High carbonate production associated with pelmatozoans, bryozoans, and
calcareous algae, when coupled with extensive marine cementation, allowed the
formation of rigid structures that drove buildup growth (Read, 1982).

The Effna Limestone includes the core and pod biohermal facies, and the
underlying, overlying and flanking biostromal facies of the downslope buildups. The
buildup cores are predominantly fine-grained mudstone and wackestone, with
Stromatactis structures very common, and scattered bryozoan bafflestone relatively rare.

Small, satellite, biohermal pods of mudstone and wackestone commonly flank the main
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biohermal core of the buildups. The core and pods are underlain, interfinger with, and are
often enveloped by a pelmatozoan-bryozoan biostromal grainstone (Fig. 4). The
grainstone grades laterally into the Botetourt Member of the Edinburg (Cooper and
Cooper, 1946); a black, nodular-bedded wacke-, packe-, and grainstone interbedded with
indurated shale. Facies of the Botetourt often cut across the buildups (Fig. 2B), which
Read (1982) interpreted as recording rapid drowning events. Following hardground and
phosphatic crust development, upbuilding of the Effna was reinitiated, often evolving
from biostromal to biohermal deposition. During the final drowning of the buildups, rate
of increase in accommodation space permanently outpaced the sedimentation rate,
flooding the mounds with dysoxic to anoxic basin waters of the Liberty Hall facies of the
Edinburg Formation. Increased turbidity and decrease of light penetration from elevated
clastic influx may have drastically decreased carbonate production, although Read (1982)
argued that killing of bank biotas by anoxic basin water was the dominant process that
terminated buildup development.

The Porterfield buildup is exposed at the Porterfield Quarry (PQ), an abandoned
facility located 7 km southwest of Saltville, in Smyth County, Virginia (Fig. 1A). The
quarry is located ~1 km down an unlabeled service road (off State Route VA 610). The
PQ core buildup collections (Fig. 2B) are from boulders of biohermal mudstone left
behind when the quarry ceased operation. The Effna buildup is best exposed on a roadcut
along Interstate 77 (Fig. 3) near the town of Bland, in Bland County. The roadcut is less
than 1 km north of the Big Walker Mountain Tunnel exit. At both localities, all non-
bioherm collections were made in situ rather than from blocks. We visited a third

downslope buildup, the Catawba, to confirm the facies relationships of Read (1982, fig.
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6B), but any collectable material is completely flooded by a man-made lake, which was
part of a restoration project by the quarry owners.
LITHOFACIES

We focus our observations and interpretations on the large-scale facies trends
most relevant to trilobite preservation and environmental history. Read (1982, p. 198)
provides a more detailed treatment of the microfabrics and thin-section petrology,
including a longer discussion of uncommon bryozoan baffle- and boundstone. Tables 1
and 2 summarize our observations of the lithology, bedding, structures, fauna, and
interrelationships of the Effna bioherm (core and pod) and biostrome lithofacies, the
Botetourt deep flank lithofacies, and the outer ramp-to-basin Liberty Hall lithofacies (see
Fig. 4 for representative examples).

Interpretations

Mudstone of the core and pod facies was likely deposited in place, where mud
accumulation outpaced the deposition of skeletal grainstone. Baffling bryozoans and
pelmatozoans facilitated the accumulation of lime mud by trapping fines (Read, 1982).
Initial mud mound growth took place during a lower order transgression, as an increase in
water depth and ocean circulation reinvigorated sediment accumulation (catch-up phase
of Kendall and Schlager, 1981; Neumann and Macintyre, 1985; Emery and Myers, 1996;
Reading, 1996). Extensive marine cementation formed hardgrounds and void fills that
inhibited erosion and produced hard substrata for encrusting organisms. Marine cement is
conspicuous throughout the core and pod facies, and likely produced surfaces that
calcareous algae (see Read, 1982, fig. 10A) could encrust, which in turn produced more

fine lime mud. Small pods similarly formed on the margins of the bioherms, caused by
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local production of rigid mounds (overlying biostromal sands) from marine cementation
and by baffling of lime mud by bryozoans.

We agree with Read (1982) that the core and pod facies is similar to Waulsortian
mound core facies (Wilson, 1975; Lees and Miller, 1995) because of the extensive lime
mud, lack of frame-building organisms, abundant hardgrounds and stromatactis
structures, and association with pelmatozoan biostromal beds. The grainstone beds are
also similar to those that separate Waulsortian-type mounds from off-bank deposits (Lees
and Miller, 1995). Such biostromal units are typically interpreted as in-sifu accumulations
of grains from pelmatozoan-bryozoan assemblages that formed meadows or thickets that
extended onto bank tops. Although these types of biostrome deposits are generally
considered to be autochthonous, the steep slopes on the flanks of the bioherm likely
produced at least some downslope movement of debris. The biostromal facies is then best
characterized as a combination of in-situ pelmatozoan-bryozoan meadow growth and
minor input of debris shed from the buildup. These meadows are often considered sea-
floor stabilization communities (e.g., Batten-Hender and Dix, 2006) that facilitated
buildup growth. As core complexes developed, these communities would have deposited
skeletal grains on the periphery of muddy bioherms.

Botetourt limestone and shale are deeper-water deposits that are transitional
between the Effna Limestone and the dysoxic to anoxic outer ramp and basin. They
formed on the deep flank of the buildups or during brief drowning events prior to buildup
growth (Read, 1982). Backstepping meter-scale cycles are progressively more clastic and
less buildup influenced through the Botetourt Member. Abundant organics and pyrite

suggests reducing conditions through the backstepping interval. The expression of the
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Botetourt around deep slope buildups in southwestern Virginia is somewhat different
than in northern Virginia because it was deposited on the deep flank of the biostrome,
although it is likely part of the same nodular, slope-derived facies belt. The nodular fabric
of the Botetourt facies is likely a function of diagenetic processes (Fliigel, 2004), such as
selective marine cementation around centers of nucleation, followed by compaction and
grain-to-grain pressure solution of uncemented sediments. A general decrease in early
cementation is evident downslope, which is supported by the extensive marine
cementation on the buildups and biostrome, patchy marine cementation on the deep flank,
and rare cementation in the basin. Botetourt tongues divide the buildup succession into
upper and lower intervals (e.g., PQ, Fig. 2B) and were interpreted by Read (1998) as
potentially recording fourth-order sea level rise. We think it is likely that the biostrome
that forms the lower interval represents the transgressive systems tract (TST) and
highstand systems tract (HST) phases of buildup development, whereas the Botetourt
tongues record drowning and therefore the give-up phase of buildup development. The
succeeding biohermal core represents a new HST phase of buildup development,
followed by another drowning with the reappearance of Botetourt facies (e.g., Fig. 3),
suggesting there may be two complete depositional sequences associated with buildup
development (Emery and Myers, 1996). The presence of hardgrounds on the top of the
Botetourt tongues supports this interpretation. Holland and Patzkowsky (1996) showed
that the Effna buildup cut across the Wa and M1 depositional sequences, so the tops of
the Botetourt tongues may represent a sequence boundary, though this needs to be

corroborated by biostratigraphic evidence. The deep-water tongue is mappable across
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some of the downslope buildups (PQ and Catawba), but is not visible at I-77 because this
site only preserves the buildup crest.

Deep flank deposits eventually give way to the black mudstone and shale of the
Liberty Hall facies (Edinburg Formation). The deposition of the Liberty Hall facies
coincides with an increase in subsidence from widespread downwarping of the foreland
basin in southwestern Virginia (Read, 1980). Clastics derived from tectonic highlands
were deposited along the basin margins and fined out into outer ramp and basin
environments (Read, 1980). The Liberty Hall facies is transitional between the
downslope carbonate-dominated environment and the deepest part of the clastic basin
(Paperville Shale; Read, 1980, fig. 1B). Slump beds and conglomerates likely indicate
gravity transport along the deep slope, associated with the tectonic uplift of the eastern
portion of the foreland basin (Lowry, 1974; Read, 1980). Previously unrecognized
tectonic features (Table 2) of the Effna—Liberty Hall contact at PQ raise concerns about
the nature of the facies changes at this locality, although a more detailed analysis is
beyond the scope of this paper.

METHODS

Our dataset (Appendix 1) consists of 14 collections from the PQ and 1-77
localities, six of which are from the Porterfield Buildup and associated facies and eight
from the Effna buildup and associated facies (e.g., Liberty Hall beds). Of these, four are
from the bioherm facies (PQEB1, PQEBI1-1, PQEB1-2, PQEB?2), four from the biostrome
(PQEGS3, 17758EG, I77EG2, I177EG3), four from the deep flank (PQBT1, [77BT1,
17760BT, 17767.5BT), and two from the outer ramp-to-basin (I7774LH, 17777LH) facies.

Whenever possible, all collections were sampled laterally within units, to the greatest

314



extent allowed along strike (usually a few meters), and the vertical extent of sampling
was less than one meter. Two of the core and pod facies collections are replicate samples
from a larger collection of biohermal blocks produced by quarrying. They were randomly
split into subcollections of approximately equal area in order to test for evenness in
trilobite abundances within the bioherm. In other words, we wanted to test if the variation
in trilobite abundances from one set of blocks was less than the variation of the bioherm
as a whole.

The collections yielded 1954 trilobite sclerites that represent a minimum of 1244
individuals, with a mean sample size of 89. Generic relative abundance data was used for
all analyses, and is reflective of within-habitat, time-averaged assemblages. Generic data
has advantages over species-level data in biofacies analysis. Species are best used in
biostratigraphic studies since their short ranges allow for fine temporal division.
Biofacies are long-term, time-averaged associations of taxa in different environments so
the longer temporal ranges of genera better reveal such patterns as lithofacies tracking
(Ludvigsen et al., 1986). From a practical standpoint, hundreds of incomplete sclerites
and those damaged either taphonomically or by splitting of rock samples can be
identified to the generic level confidently, but not necessarily to individual species. All
specimens are housed at the Sam Noble Oklahoma Museum of Natural History (OU),
Norman, Oklahoma.

Three multivariate methods were implemented in PAST v. 2.08 (PAlaeontological
STatistics; Hammer et al., 2001) to evaluate the dataset. Prior to analysis, the dataset was
subject to a within-sample percent transformation (Jongman et al., 1995) in order to

standardize differences in abundance among taxa. A Bray-Curtis metric (Bray and Curtis,
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1957) was used in all analyses except the detrended correspondence analysis (DCA),
which requires a chi-square distance matrix. Using Bray-Curtis universally allowed us to
maintain consistency between analyses. Unweighted pair group with arithmetic mean
(UPGMA) Q x R mode cluster analysis was used as an exploratory method to define
biofacies. Ordination techniques, non-metric multidimensional scaling (NMDS), and
DCA were used to detect ecologic gradients among collections and genera. There has
been some debate concerning the utility of DCA in recent years (e.g., see McCune and
Grace, 2002 for discussion), but it has successfully recovered the primary gradients
typical of ecological (e.g., Patapova and Charles, 2002) and paleoecological studies (e.g.,
Holland, 2005; Holland and Patzkowsky, 2007). NMDS is particularly good at
visualizing differences in taxonomic composition. Under Bray-Curtis, a Q-mode NMDS
with a value of 100 shows identical sample composition with no overlap in composition
at 0. In an R-mode analysis, a value of 100 means the abundances of two genera are
identical, and a value of 0 means the two genera have no samples in common. In NMDS,
stress values are used to assess the adequacy of the ordination results. Stress is calculated
by measuring the goodness of fit between the non-parametric regression of Euclidean
distance against the dissimilarities in a Bray-Curtis matrix (Clarke and Warwick, 1994)
and is a measure of how well the ordination preserves the actual sample dissimilarities.
Stress increases with sample size and with the degree of mismatch between the
complexity of ecologic gradients and the number of specified dimensions (McCune and
Grace, 2002). The implementation in PAST runs a sequence of 11 trials with random
initial conditions and reports the result with the smallest stress (Hammer et al., 2001). In

our dataset there was no appreciable drop in stress as we increased dimensionality from
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2D to 3D, and the interpretations of the ordinations were the same in both cases, so we
report the 2D results here.
Taxonomic Notes

Most taxonomic assignments are based on previous work (Cooper, 1953; Tripp
and Evitt, 1986; Amati and Westrop, 2004; Adrain, 2005; Carlucci et al., 2010, 2011).
Carlucci et al. (2011) revised Bumastoides, which necessitated the removal of some
species from the genus. We place one species into “Stenopareia” as a placeholder,
because there currently exists no genera that encompass Bumastoides-like trilobites with
deep axial furrows on the cranidium, a subtriangularly inflated cranidium, and parallel-
sided pygidia. This placement does not reflect common ancestry, but is a short-term
nomenclatural solution until the Illaenidae is revised.

RESULTS
Q x R Mode Cluster Analysis

The Q mode cluster analysis shows separate groupings for biohermal, biostromal,
deep flank, and outer ramp-to-basin environments (Fig. 5); however, samples from
identical lithofacies of the Botetourt limestone at PQ (PQBT4) and I-77 (I77BT1,
17767.5BT, 17760BT) belong to different biofacies. Otherwise, biofacies are lithofacies
specific, suggesting that the original biotic distribution is preserved in these data. All
groupings record a unique trilobite biofacies, with gradational compositional changes
between environments. Shallow-water collections form a distinct Q-mode cluster that
corresponds to an R-mode cluster (cluster 2) composed of abundant illaenid, cheuirurid,
and lichid taxa; a biostromal subcluster is differentiated from a biohermal subcluster by

the presence of taxa (e.g., Calyptaulax, Raymondaspis; "Decoroproetus") that are also
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components of the deeper water biofacies. Deeper-water collections form a distinct Q-
mode cluster that corresponds to an R-mode cluster (cluster 1) of abundant isoteline,
nileid, pterygometopid, and styginid taxa; a deep flank subcluster is differentiated from
an outer ramp-to-basin subcluster by the retention of taxa (e.g., Thaleops, Illaenus) that
are components of the shallow-water biofacies. The Botetourt deep flank at PQ clusters
more closely with the bioherm and biostrome biofacies than it does with the deep flank
collections from I-77. This collection contains both a shallow-water fauna (/llaenus,
Thaleops), elements from the deep-water fauna (Ampyx), and some taxa that are not
found in any other collections (e.g., Pliomerella, Holdenia). The main Botetourt deep
flank cluster also contains rare elements typical of the shallow water biofacies, but is
dominated by a completely new fauna (Ampyx, Isotelus, Nileus, Arthrorhachis,
Raymondaspis). In the outer ramp-to-basin biofacies, formerly common elements become
rarer (e.g., Nileus), and Isotelus, Raymondaspis, and Calyptaulax dominate the relative
abundance patterns. Rare taxa include trilobites reported from deep-water facies in the
literature, such as Dionide and Robergia.

Cluster analysis is used here primarily to discriminate biofacies, but a gradational
pattern is still clear, as deeper biofacies in the Q-mode (Fig. 5, right to left) gradually
incorporate more taxa from the deep-water R-mode cluster. Common taxa in a particular
biofacies become rare in the adjacent deeper biofacies.

Ordination (NMDS and DCA)

Q-mode NMDS (Fig. 6A) with a stress value of 0.082 show that depth (i.e.,

position along the onbank to offbank transition) correlates well with the first axis. The

extent of siliciclastic input and marine cementation also varies along the same gradient,
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but it is impossible to separate these environmental signals from depth. The collections
are well grouped by biofacies, with only the deep flank collections showing a large
amount of variation in axis 1 scores. The collections are also clearly sorted by buildup,
which suggests that the Effna and Porterfield buildups may not have been deposited
coevally, or else that local factors impacted strongly on the composition of faunas. Since
some facies are better exposed at the different buildups (e.g., the main buildup is not
exposed at [-77, only the crest), this is only conjectural. The Botetourt at PQ (biofacies 3,
Fig. 6), however, is just as close in ordination space to the buildup and biostromal
collections as it is to the deep flank (Botetourt) collections at [-77. We expect this is for
two reasons. Firstly, this result shows that in this case, local factors may exert a stronger
control than position along the depth gradient. Secondly, this collection is from the
Botetourt tongue at PQ, which represents a brief drowning event prior to development of
the main biohermal core, and is therefore stratigraphically younger than the Botetourt at
I-77 which overlies the buildup crest. The Q-mode DCA analysis (Fig. 6B) produced
eigenvalues of 0.73 for axis 1 and 0.074 for axis 2, and is fairly similar in structure to the
NMDS. The gradient along axis 1 is more evident as the transition between environments
is more gradual. Under both NMDS and DCA, the large sample (PQEBI1) that was split
into replicate bioherm collections (PQEB1-1, PQEB1-2), and the collection from another
set of boulders (PQEB?2) are equidistant from each other in ordination space, suggesting
an similar distribution of taxa both within and between boulders.

The R-mode NMDS (Fig. 6C) has a stress value of 0.28, indicating a moderate
amount of disagreement between the rank order similarity and Euclidean distance in

ordination space. The NMDS shows a strong gradient along axis 1, with taxa associated

319



with the deepest environments having the most negative score. Taxa that are highly
constrained by lithofacies (e.g., Probolichas, which is only found in the bioherm) group
close to their biofacies centroids, whereas more cosmopolitan taxa (e.g., Isotelus,
Calyptaulax) lie between multiple biofacies centroids. The R-mode DCA (Fig. 6D) has
eigenvalues of 0.73 for axis 1 and 0.19 for axis 2, and shows a similar sorting of taxa
along a depth gradient (axis 1). Taxa from the bioherm and biostrome biofacies are
strongly associated with each other, and those from deep flank and outer ramp-to-basin
biofacies are also well grouped in ordination space, supporting the R-mode groupings
(shallow and deep water fauna) found in the cluster analysis. Sorting along axis 2 in both
NMDS and DCA does not appear to be related to any discernable environmental variable
related to trilobite ecology.
Rarefaction

Rarefaction techniques were used to facilitate comparison of generic diversity and
sampling effort between biofacies. Rarefaction curves for each biofacies (Fig. 7) show
approximately three separate diversity profiles. With expected values of 90 individuals
(the highest possible sample size that allows collections from all five biofacies to be
included), the biohermal biofacies (//laenus-Bumastoides-Sphaerexochus-"Stenopareia”
preserves 7.87 + 2.08 genera, the biostromal biofacies (Sphaerexochus-Ilaenus-
Thaleops), 10.50 + 2.78, the PQ deep flank biofacies (//laenus-Thaleops), 10.98 £ 2.76,
the 1-77 deep flank biofacies (Ampyx-Isotelus-Nileus), 13.89 + 2.08, and the outer ramp-
to-basin biofacies (Isotelus-Calyptaulax-Raymondaspis), 7.0 + 0.0. There is some overlap
in the 95% confidence intervals at low sampling effort (Fig. 7, caption), but when

expected diversity is rarified to 210 individuals, confidence intervals no longer overlap,
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suggesting statistically different diversity profiles between the high diversity, deep flank
and biostrome biofacies and the moderate diversity bioherm. Biostromal and deep flank
biofacies are extremely diverse, whereas the biohermal biofacies is less diverse when
rarified to any number of individuals; the outer ramp-to-basin biofacies shows the lowest
diversity of any sampling effort. When rarified to 90 individuals, the outer ramp-to-basin
biofacies is statistically different (95% confidence) from both the deep flank and
biostromal biofacies, but not the bioherm. Qualitatively, however, we still think it is best
to place the biofacies into three separate diversity profiles, given overall generic richness.
The 1-77 deep flank biofacies is the most diverse at any expected value in which it is
present. All of the biofacies appear adequately sampled, although the PQ deep flank
biofacies is comparatively under sampled. This is perhaps unsurprising since this
collection did not cluster well with the other deep flank samples, and is therefore
composed of fewer individuals (143). More importantly, the uneven distribution of
illaenids compared to rare taxa in this biofacies is likely the primary control on the
trajectory of the rarefaction curve. Interpreting curves that extensively cross others is
somewhat problematic because rarefaction does not allow for any extrapolation (Raup,
1975). Hence, the relative diversity of the PQ deep flank biofacies must remain in doubt.
Evenness metrics calculated in PAST (Hammer et al., 2001) confirm the uneven
distribution of taxa in the PQ deep flank biofacies. Simpson evenness (1-Simpson index
of dominance, Simpson, 1949) yielded values of 0.75 for the bioherm, 0.82 for the
biostrome, 0.48 for the PQ deep flank, 0.86 for the I-77 deep flank, and 0.67 for the outer
ramp to basin, suggesting that the probability of picking the same taxa with two random

individuals from the PQ deep flank is higher. Similarly, Pielou’s equitability index (J)
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(Hammer and Harper, 2006) produced values of 0.68 for the bioherm, 0.70 for the
biostrome, 0.43 for the PQ deep flank, 0.83 for the I-77 deep flank, and 0.73 for the
basin.
TRILOBITE BIOFACIES

In his study of the Ordovician bioherm at Meiklejohn Peak, Nevada, Ross (1972)
found numerous trilobite, brachiopod, and bivalve genera that were confined either to the
bioherm or the biostromal flank environment, but suggested that the presence of half
(16/32) of the bioherm fauna in the flank facies indicated storm sweeping and downslope
transport of the bioclasts; however, we consider all trilobite biofacies defined in this
study to be autochthonous assemblages that reflect environmental rather than taphonomic
associations. While there was likely some downslope movement of material from the
bioherm to the biostrome, we argue this has had a negligible effect on the overall
biofacies patterns. Read (1982) and Ruppel and Walker (1982) both described
sedimentologic features that supported an interpretation of the biostromal facies of the
Effna and Holston buildups as pelmatozoan meadows or thickets, reflecting in-situ
accumulation. Moreover, distribution patterns of many of the more abundant taxa
indicate that significant transportation of trilobites between lithofacies is highly unlikely.
Changes in composition between biostromal and biohermal facies include species and
genera that are morphologically very similar and thus would exhibit similar taphonomic
behavior. For example, Bumastoides is one of the dominant taxa in both the bioherm and
biostrome, but "Stenopareia" is abundant only in the bioherm. Similarly, two different
species of Sphaerexochus (Fig. 8C, F) both occur in similar abundance in the bioherm,

but only one is well represented in the biostrome. There is no obvious taphonomic
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process that would transport Bumastoides but not "Stenopareia" downslope, or one
species of Sphaerexochus but not another. Finally, growth series of the more abundant
species are found consistently together in all respective biofacies, so that there is no
evidence of extensive size sorting.

In the Chazy reefs of New York, Shaw (1968) also found that numerous genera
were confined to off-reef facies (Failleana, Uromystrum, Nileoides, Paraceraurus, etc.),
whereas others were more common in reef than in off-reef facies (Hyboaspis,
“Bumastus,” Isotelus, Nieszkowskia). Mikulic (1976) reported very similar patterns to
ours on the Silurian Thornton Reef of Illinois, with the trilobite composition of the
pelmatozoan flank beds showing considerable differentiation from the buildup core (more
enriched in cheirurids and rarer taxa). These studies conform to our interpretation that
there is an environmental gradient from buildup to basin and that overlapping taxa share
similar environmental preferences. This should not be taken to imply that winnowing or
small-scale transport by waves and currents does not occur in reef facies (see Westrop
and Rudkin, 1999 for an example), but it does indicate that changes in faunal composition
between buildups and associated flanking facies preserve the original environmental
distribution patterns of trilobite taxa.

Effna Bioherm Illlaenus-Bumastoides-Sphaerexochus-“Stenopareia”’ Biofacies

Mlaenids ({/llaenus, Bumastoides, “Stenopareia’) contributed the majority of
trilobite sclerites in the biohermal environment (Fig. 8), constituting 74% of the fauna.
Cheirurids (Sphaerexochus, Acanthoparypha) constitute slightly < 15% of the total and
lichids (Amphichas, Probolichas) only 8%. Other taxa are a minor component of

biohermal diversity. Fortey (1975) and Mikulic (1981) compiled data for Middle
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Ordovician trilobite abundances in buildups. The allochthonous carbonate boulders of the
Cow Head Breccia in Newfoundland yielded a fauna composed of 29% illaenids, 20%
cheirurids, and 15% lichids (Whittington, 1963). The Tourmakeady Limestone
(Skevington, 1971) of western Ireland possessed a fauna composed of 23% illaenids,
16% dimeropygids, and 15% cheirurids. A silicified fauna from the Tourmakeady
Limestone (Adrain and Fortey, 1997) differed in composition from samples cracked out
of the rock, particularly in the high abundance of Celmus, but still included more than
40% illaenids and cheirurids. Other studies (e.g., Shaw, 1968; Ross, 1972; Fortey, 1975)
have shown similar patterns, with bathyurids, proetids, and harpetids all constituting at
least some portion of buildup relative abundance. The Effna Limestone contains all the
elements of the standard illaenid-cheirurid buildup biofacies, but is proportionally
enriched in illaenids. The Effna bioherm is most similar compositionally to the Cow
Head Breccia of Whittington (1963), though somewhat less diverse. Based on the Cow
Head assemblage, Fortey (1975) noted that lichids might be an additional element that is
characteristic of Ordovician buildups. More specifically, it seems that tetralichines
(Carlucci et al., 2010) are associated with Ordovician buildup assemblages.
Effna Biostromal Sphaeoroxochus-Illaenus-Thaleops Biofacies

Illaenids comprise 57% of the total number of individuals in the biostromal
pelmatozoan environment, but “Stenopareia” is rare and the relative abundance of
Thaleops rises dramatically (Fig. 8). Cheirurids increase in relative abundance relative to
the bioherm fauna, composing 24% of individuals. Several species of Calyptaulax are
major new elements in the biostrome (10%), and lichids drop in relative importance

(3%). Though direct comparison (e.g., with ANOSIM) of the Effna and PQ biostromal
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collections is not possible because of low sample size, it is worth noting that in both the
biostrome and deep flank, the dominant illaenid at PQ is //laenus, while Thaleops is the
most abundant at the 1-77 site.

Ross (1972) found Illlaenus, Nileus, Arthrorhachis, Kawina, and Carrickia in the
biostromal “shallow flank™ of the buildup complex at Meiklejohn Peak, suggesting broad
similarities compositionally with the Effna, although Calyptaulax is absent from his
collections. Calcarenites of the Fleury Member (Day Point Formation) have also yielded
a similar fauna to the Effna biostrome: Calyptaulax, Bumastoides, Amphilichas,
Sphaerexochus, Isotelus, and "Encrinuroides"” (Shaw, 1968).

Botetourt Deep-Flank Biofacies

lllaenus-Thaleops Biofacies.—The deep flank at PQ is more similar to the
bioherm than the equivalent facies at [-77, but is stratigraphically younger, as it cuts
across the pelmatozoan biostrome prior to buildup development (Read, 1982). Illaenids
(primarily /llaenus and Thaleops) are an astounding 90% of relative abundance, with
various rare genera contributing only minor percentages (Pliomerella, Calyptaulax,
Nileus, Isotelus, Holdenia) to the total (Fig. 9).

Ampyx-Isotelus-Nileus Biofacies (I-77 site).—Raphiophorid trilobites (Ampyx
spp.) dominate this biofacies with 26% of the relative abundance (Fig. 9). Asaphids
(Isotelus) and nileids (Nileus) are also very common, accounting for 22% of generic
abundance together. Illaenids (mainly 7haleops) constitute 21% of relative abundance,
with /llaenus and Bumastoides a more minor component of diversity than in shallower
biofacies. Raymondaspis (6%), “Decoroproetus” (5%), Arthrorhachis (4%), and

Calyptaulax (3%) are all somewhat common in the deep-flank association.
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Compositionally and lithologically, the deep-flank biofacies is very similar to the nileid
community (Valhallfonna Formation) of Fortey (1975), which was present in an upper
slope environment, and associated with dark limestones and shales. In our study, the
nodular limestone and shale are on the deep flank of the biostrome, but also may occupy
a similar position to Fortey’s fauna bathymetrically. Both the Botetourt and Valhallfonna
assemblages are dominated by raphiophorids (4mpyx in the former; Ampyxina in the
latter), nileids (Nileus; Peraspis), asaphids (Isotelus; Niobe), styginids (Raymondaspis)
and agnostid arthropods (Arthrorhachis; Geragnostus, Micragnostus), with “leftover”
elements from the illaenid-cheirurid shallow water environment. Zhou et al. (2001) found
evidence of separate Nileus-dominated, and Ampyx-dominated biofacies in the
Ordovician Pagoda Formation, China. The latter biofacies is expressed at deeper water
depths, which they interpreted as similar bathymetrically to the nileid “community” of
Fortey (1975). In our collections, the distribution of nileids and raphiophorids are
strongly associated with each other. Illaenids in our deep flank biofacies are a higher
proportion of relative abundance when compared to similar environments in the
Valhallfonna Formation, but Zhou et al. (2001) recorded high abundance of Panderia
associated with Nileus.

Liberty Hall Outer Ramp-to-Basin Isotelus-Raymondaspis-Calyptaulax Biofacies

Isotelus accounts for 51% of relative abundance in the outer ramp-to-basin

environment (Fig. 9). Calyptaulax (19%) and Raymondaspis (14%) are also major
elements of the trilobite fauna. Dionide, Nileus, Robergia, and Salteria are all
proportionally rare and comprise the rest of the fauna. Cosmopolitan fauna dominate this

biofacies; trilobites that show strong facies-control are notably absent. Isotelus is
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particularly common in outer ramp, deep-water environments in the foreland basin of
Virginia (Tripp and Evitt, 1986). We interpret this biofacies as the initial expression of
the assemblage that exists deeper into the foreland basin. A deep-water fauna has been
reported (Cooper, 1953; Bartholomew and Tillman, 1977) from the Lusters Gate and
Roanoke Cement (no longer accessible) localities in the Liberty Hall, 60 and 100 km
west of [-77. Cooper (1953) illustrated Dionide, Porterfieldia, Raymondaspis, Robergia,
Calyptaulax and Edmundsonia from the Liberty Hall of Virginia. Preliminary data from
the Liberty Hall facies of the Edinburgh Formation at Tumbling Run and Strasburg
Junction in northern Virginia also suggest an association of Isotelus and Calyptaulax, in
combination with rare deep-water trilobites.
DISCUSSION
Diversity Patterns

The diversity patterns shown here are similar to the trilobite communities from
the Middle Ordovician Valhallfonna Formation of Spitsbergen (Fortey, 1975). The
allochthonous boulders from the illaenid-cheirurid community of Fortey (1975) were
likely from shelf-edge reef complexes and possessed less than half of the diversity of the
autochthonous nileid-raphiophorid outer slope community. Further, the olenid lower
slope community of Fortey (1975), which is analogous to our outer ramp, low diversity
biofacies, was the least diverse of the Valhallfonna assemblages. Data on trilobite
diversity in different buildup environments is sparse, but some authors have presented
tabulations. Suzuki and Bergstrom (1999) noted that trilobites were diverse within the
bioherms, but rare on pelmatozoan flank facies of the Boda Limestone in Dalarne,

Sweden. Ross (1972, fig. 11) reported trilobite generic richness of 36 within the bioherm
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at Meiklejohn Peak, Nevada, and 20 for the flanking beds. Since the present study is one
of the only attempts to quantify these differences, it is uncertain if the elevated trilobite
biostrome diversity of the Effna and Porterfield buildups is a unique environmental
feature compared to other buildup complexes. Though Read (1982, p. 202) considered
Effna biostromal facies as largely in-sifu accumulations, it is possible that extensive
downslope movement of biohermal debris could promote time-averaged mixing of
biohermal and biostromal trilobites; however, we do not think that transportation played a
significant role in influencing diversity in this case (see discussion under Trilobite
Biofacies). A third alternative is that the biostromal facies are just less well sampled in
the Boda and Meiklejohn Peak buildups.

Paleoecological Patterns
Different trilobite groups in Ordovician carbonate buildups have been shown to occupy
several microenvironments on mound surfaces and cavities (Suzuki and Bergstrom,
1999). We show evidence herein that there is a similar paleoenvironmental partitioning at
larger scales (Fig. 10), namely between bioherm, biostrome, deep flank, and possibly
between buildups. In addition, we extend the work of previous authors (Fortey, 1975;
Chatterton and Ludvigsen, 1976; Shaw and Fortey, 1977; Amati and Westrop, 2006),
who have documented trilobite biofacies along depth transects in Laurentian
environments. Amati and Westrop (2006) documented the transition from Bumastoides-
dominated shoals to Thaleops-dominated midramp environments in the Viola Formation,
Oklahoma. In our data from older strata, Thaleops is also associated with deeper
environments (biostrome, deep flank) whereas Bumastoides is more abundant in the

shallower bioherm. Thus, although separated temporally (early Sandbian in the Effna
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compared to Katian in the Viola) and environmentally (buildup complex in the Effna,
ramp shoals and wackestone in the Viola), species of closely related illaenid genera show
consistent relative responses to water depth. Similarly, cosmopolitan genera in our study
also show wide-ranging environmental tolerances in the Katian of Oklahoma (Zsotelus,
Calyptaulax; Amati and Westrop, 2006, fig. 8). Shaw and Fortey (1977, table 4)
compiled a list of Middle—Late Ordovician Laurentian trilobite genera and their
relationship to facies (environments). We are able to quantitatively support many of these
relationships (e.g., Nileus, Raymondaspis, and Ampyx are dominant genera in upper slope
environments), and also expand others (e.g., Isotelus and Calyptaulax can be dominant
genera in environments deeper than shelf environments).

Our results suggest there are differences in trilobite composition between the
Effna biohermal and biostromal environments within the illaenid-cheirurid association.
Ross (1972) stated there were no obvious categories of reef dwellers or flank dwellers in
Nevada or elsewhere in North America, but we think this signal is actually present in
many other Ordovician buildups, necessitating a closer look at the biostromal portion of
other buildup complexes. Mikulic (1976) presented evidence that the Silurian Thornton
Reef in Illinois showed environmental differentiation between pelmatozoan peripheral
beds and the buildup core. In fact, the broad patterns are very similar to what we found
here (see Mikulic, 1981, tables 4—-6) with larger sample sizes. Cheirurids are enriched in
relative abundance relative to the bioherm, with rare taxa and those that are common
downslope (“atypical buildup-dwelling trilobites” of Mikulic, 1981, p. 49) appearing only
in the biostrome. Mikulic (1981) attributed this pattern to trilobites temporarily migrating

to the buildup periphery, although it could simply record a general gradient in trilobite
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distribution. We expect the biostromal environment in the Effna (and potentially other
buildups) to be represented by a slightly deeper-water trilobite fauna, particularly if the
environment is a true biostrome rather than just a flank facies associated with the main
bioherm. In other words, the biostromal intermound environment is transitional between
the bioherm fauna and slope fauna (Ampyx-Isotelus-Nileus biofacies herein). This
interpretation is supported by the gradational nature of relative abundance change during
the on-bank to off-bank transition.

The illaenid-cheirurid association has been identified within and outside of
Laurentia and through the entirety of the Middle—Late Ordovician. The earliest
occurrence of the association is in the Whiterockian (Dapingian) Tourmakeady
Limestone, Ireland (Fortey, 1975; Adrain and Fortey, 1997), and it has also been found in
the Darriwilian of the Table Head Formation, Newfoundland (Whittington, 1963);
Meiklejohn bioherm, Nevada (Ross, 1972); Valhallfonna Formation, Spitsbergen (Fortey
1975; Fortey and Barnes, 1977); Crown Point and Valcour reefs, New York (Shaw,
1968); the Sandbian of Kazakhstan (Apollonov, 1975); Lepaena Limestone, Sweden
(Warburg, 1925); the Katian of the Boda Limestone, Sweden (Warburg, 1925); and the
Chair of Kildare Limestone, Ireland (Dean, 1978). Our work extends the geographic
range of the association into the Taconic Foreland Basin of the early Sandbian. The
illaenid-cheirurid association can also be traced into the Silurian, though many of the
constituent genera change. Mikulic (1981) noted that in the early Silurian Stenopareia
replaces /llaenus and Bumastoides as the dominant buildup illaenid, and in the late

Silurian the styginid Bumastus replaces Stenopareia. There are some taxonomic issues
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with Stenopareia (see Carlucci et al., 2011), but in general these patterns seem
stratigraphically consistent.
Relationship To Foreland Basin Environmental Change

Patzkowsky and Holland (1993, 1996) recorded extinctions of brachiopod fauna
at their M4-MS5 sequence boundary which coincided with tectonically driven
environmental change. Trilobite faunas may have undergone similar regional extinctions
or biofacies replacements in response to oceanographic changes in water temperature,
siliciclastic input, increased turbidity, and phosphatization (Patzkowsky and Holland,
1993, 1996; Amati and Westrop, 2006). The Liberty Hallfacies in southwestern Virginia
was deposited during widespread downwarping of the Taconic Foreland Basin (stage 3 of
Read, 1980, p. 1608). Highland-derived clastics were deposited into the basin margin
from the east (Paperville Shale), fining down-ramp into the dysoxic and anoxic outer
slope—basin deposits of the Liberty Hall facies. When carbonate production on the
buildups could no longer keep pace with the creation of accommodation space, sulfide
and phosphatic crusts formed on the buildups as cold, phosphatic, low oxygen basin
waters smothered the buildups (Read, 1982). The biofacies we describe provide a
snapshot of the trilobite faunas of southwestern Virginia prior to the major environmental
changes associated with foreland basin development. They are also the youngest
Ordovician buildup-related trilobite faunas documented to date in the Appalachian region
of the United States. Along with buildups, the illaenid-cheirurid biofacies was essentially
extirpated from eastern North America during the late Ordovician, although it persists in
coeval shallow, subtidal, level-bottom settings elsewhere (e.g., Red River Formation of

Manitoba; Westrop and Ludvigsen, 1983).
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These faunas provide a valuable baseline that allows for comparison with trilobite
biofacies adversely impacted by M4-M5 (Holland and Patzkowsky, 1996) environmental
changes. More specifically they represent the depositional status quo in the foreland basin
during the late Whiterockian (Dapingian) and early Mohawkian (Sandbian). The widely
reported paleoecologic groupings (e.g., illaenids and cheirurids dominating buildups,
raphiophorids and nileids dominating slope environments, etc.) are conspicuous. Work in
progress (Carlucci and Westrop, unpublished data) in areas outside the foreland basin
(e.g., the Bromide Formation of Oklahoma; Carlucci et al., 2010) during the coeval late
Whiterockian—early Mohawkian interval suggest the presence of similar deep-water
isoteline-raphiophorid assemblages, which also dominate the Edinburg Formation
(Cooper and Cooper, 1946) of the foreland basin in northern Virginia. This deep-water
association was reorganized at the M4-MS5 boundary, and the similarities between areas
outside the basin and those within decrease dramatically with the appearance of new
associations of taxa. In Virginia, a low diversity cryptolithine biofacies spreads across the
basin (Carlucci and Westrop, unpublished data) as a rapid influx of clastic sediment was
deposited (Martinsburg Formation; McBride, 1962). Amati and Westrop (2006) noted
that in the Sugar River Formation of New York, a similar low diversity cryptolithine
biofacies emerges into a shallow water environment, with bioclastic tempesites indicative
of a midramp setting. Outside the foreland basin, (e.g., Viola Springs Formation; Amati
and Westrop, 2006), the low diversity crypolithine biofacies is restricted to deep-water
environments, with a normal shallow-water trilobite fauna present in environments
between fair-weather and storm wave base. As mentioned above, many genera show

consistent relationships in response to water depth, even given temporal and geographic

332



variation. Preliminary evidence suggests that changing environmental conditions
reorganized these relationships within the foreland basin, as well as dramatically reduced
diversity when compared to similar environments outside the basin. All of the taxa
extirpated from the foreland basin persist in other parts of Laurentia, suggesting that this
is a regional signal unique to the foreland basin, and the biofacies we described here
document persistent environmental associations immediately prior to the changes.
CONCLUSIONS

The late Whiterockian—Mohawkian (Darriwilian—Sandbian) carbonate buildup-to-
basin transect in southwest Virginia was occupied by a series of trilobite biofacies.
Trilobite composition gradationally changed along a depth gradient, from the bioherm, to
the biostrome, deep flank, and into the outer slope—basin environment. The most
abundant trilobites in the bioherm were /llaenus, Bumastoides, “Stenopareia,” and
Sphaerexochus, whereas the biostromal environment was dominated by Sphaerexochus,
lllaenus, and Thaleops. The illaenid-cheirurid association was replaced by an Ampyx-,
Isotelus-, and Nileus-dominated biofacies in the nodular limestone of the deep flank.
Outer slope and basinal mudstone and shale were occupied by a low diversity Isotelus-
Calyptaulax-Raymondaspis association, which is interpreted as the initial expression of a
deep water fauna more common in the western portion of the foreland basin. Generic
diversity in the biostrome and deep flank is higher than in the bioherm, likely because the
transitional environment favored a wider range of tolerances. Other Ordovician carbonate
buildups may show similar patterns in trilobite distribution, even though previous studies
have combined the faunas. The illaenid-cheirurid and Nileus biofacies associations first

described by Fortey (1975) were conspicuous in Ordovician carbonate ramp deposits and
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we expand their range into the Taconic Foreland basin. Later in the history of the basin,

however, both buildups and the associated illaenid-cheirurid biofacies were extirpated

from the basin, likely due to severe, tectonically driven environmental change.
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FIGURE 1—Locality and buildup maps in southwestern Virginia, USA. A) Locality
map (U.S. Geological Survey) of the Porterfield Quarry (PQ) and I-77 roadcuts. I-77
coordinates: 37.745° N, 79.513° W; UTM NAD27 17S 630905, 4178443; PQ
coordinates: 36.878° N, 81.681° W; UTM NAD27 17S 439250, 4081420. B) Distribution
of the Effna and Porterfield buildups in relation to each other, foreland basin axis,
margin, and Taconic highlands (modified from Dennison and Woodward, 1963;
Dennison, 1970; Read, 1982). C) Outline of Virginia; small black rectangle shows the

map location in A; gray rectangle shows the extent of coverage in B.
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FIGURE 2—Stratigraphic setting and PQ locality maps. A) Simplified stratigraphic
chart, showing Mohawkian (Sandiban) units of southwestern Virginia in approximate
relation to the depositional sequences of Holland and Patzkowsky (1996). Formation
names do not correspond directly with depositional sequence boundaries. B) Complete
quarry map (modified from Read, 1982) based on multiple measured sections (collected
and compiled by Sabol, 1958; Read, 1982; lithologic terminology modified here). Black

circles = collection levels.
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FIGURE 3—Facies mosaic of the I-77 locality showing the crest of the Effna buildup
(note the complex relationship between biohermal mudstone and biostromal grainstone),
the nodular Botetourt limestone, and the evenly bedded Liberty Hall beds (modified from

Read, 1982). Black circles = collection levels. Note vertical exaggeration on the y axis.
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TABLE 1—Effha bioherm and biostrome lithofacies.
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Carbonate buildup core and pod lithofacies (Effna)

Lithology: Fine grained white lime mudstone, wackestone, and bafflestone
with bryozoans that act as sediment barriers.

Bedding and structures: Massively bedded, conchoidal fracture, calcite
cement forms extensive hardgrounds, pockets, stringers. Stromatactis
structures (cm to dm) are elongate, with smooth bases, irregular digitate
roofs. Void fills are equant cement or internally laminated geopetal mud,
with bladed and fibrous cement on cavity margins. Wackestone commonly
found in lenses or pockets within mudstone host rock, rarely interbedded
with mudstone.

Fauna: Well-preserved and often articulated pelmatazoan, bryozoan (ramose,
(lacy, and encrusting), trilobite, brachiopod, gastropod, ostracod, and
calcareous algae bioclasts.

Interrelationships: At PQ, central mudstone and wackestone biohermal
core interfingers with biostromal grainstone at the margins. Meter
scale mudstone and wackestone pods flank the central bioherm, and
are enveloped by Botetourt limestone. At [-77, the crest of the core and
pod lithofacies forms a complex mosaic of interfingering with the
biostrome (Fig. 3). Small pods of biohermal mudstone are completely
enveloped by biostromal grainstone.

Biostromal grainstone lithofacies (Effna)

Lithology: Coarse grained white to light grey pelmatazoan and bryozoan
grainstone, local packestone and bryozoan rudstone.

Bedding and structures: Grainstone is thick-bedded with rare cross-bedding.
Calcite cement is bladed or fibrous, forming hardgrounds and stylolitic
stringers. Phosphatic crusts often top thick-bedded units.

Fauna: Similar to the bioherm, with calcareous algae (Girvanella,
Solenopora), echinoderms, and bryozoans proportionally enriched (see
Read, 1982, table 2).

Interrelationships: At PQ, biostromal grainstone underlies and flanks the
the main bioherm, interfingering with both the core and pods facies, and
the Botetourt at the margins. At I-77 (Fig. 3) grainstone interfingers with,
and envelops the core and pod facies at the crest of the bioherm, and
occurs immediately below a sharp contact with the Botetourt.
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TABLE 2—Botetourt and Liberty Hall lithofacies.
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Deep flank nodular limestone and shale lithofacies (Botetourt)

Lithology: Occurs as two subfacies, black shaly mudstone, wackestone
and packestone, or dark grey to black pelmatazoan grainstone (Fig. 4B).

Bedding and structures: Nodular bedded, with thin seams of indurated clastic
shale and marls. Mudstone, wackestone, and packestone all show patchy
marine cementation, local hardgrounds, and stylolitic stringers. Surfaces
between limestone and shale are commonly sharp. Meter scale cycles
are expressed as nodular limestone and shale that are in sharp contact with
condensed grainstone caps. The caps become thinner upward through
both successions at PQ and I-77.

Fauna: Similar to the biostrome, with calcareous algae considerably more
uncommon (see Read, 1982, table 2).

Interrelationships: At PQ, the Botetourt overlies and interfingers with the
Effna buildup at its margins, and overlies the biostrome laterally. A tongue
of nodular limesone extends across the biostromal portion of the buildup
(Fig. 2B), and was deposited prior to buildup formation. Exposed quarry
walls show the Botetourt enveloping small peripheral biohermal pods. At
I-77 (Fig. 3) the Botetourt is in sharp contact with the Effna grainstone at
the crest, and grades into more evenly bedded Liberty Hall lithofacies.

Mudstone and shale lithofacies (Liberty Hall)

Lithology: Black lime mudstone, with thin clastic, shale partings
(Edinburg Formation of Cooper and Cooper, 1949).

Bedding and structures: Thick and evenly bedded, lime mudstone internally
massive to well-laminated. Mudstone beds often characterized by
wackestone and packestone tops with scoured erosional bases (Fig. 4E)
that are dominated by pyritized bioclasts. Pyritization is likely the product
of late diagenesis, as much of the detail on trilobite sclerites is not
preserved. Intraformational conglomerates have been reported by several
authors (Lowry, 1974; Moshier, 1977; Read, 1980). Meter scale cycle tops
are often expressed as a change to less well-bedded and more nodular
beds, reminiscent of the Botetourt.

Fauna: Trilobites, small gastropods, and inarticulate brachiopods.

Interrelationships: At PQ, the contact between the Liberty Hall and the
bioherm (and flanking pods) is tectonized, with crumpled beds, slickensides
and fault gouges.
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FIGURE 4—Representative polished slabs of lithofacies in the Effna, Botetourt, and
Liberty Hall limestones. A) Effna pelmatozoan grainstone interpreted as biostromal
intermound deposits. B) Botetourt grainstone, which forms meter-scale cycle tops in the
backstepping unit. C) Effna mudstone, bioturbated, with numerous Stromatactis
structures, interpreted as a biohermal deposit. D) Botetourt, nodular bedded wackestone
and packstone, interbedded with indurated shale, interpreted as a deep flank (slope)
deposit. E) Liberty Hall lime mudstone, with wackestone bed top on irregular surface,

interpreted as an outer slope deposit.
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FIGURE 5—Results of Q- and R-mode cluster analysis of 14 collections from PQ and I-
77, southwestern Virginia. Data were transformed into percentage within sample prior to
analysis. Biofacies defined by intersections of Q- and R-mode clusters. dotted lines =
paleoenvironmental boundaries sorted along the Q-mode. R-mode cluster 1 = deep-water
fauna, cluster 2 = shallow-water fauna, cluster 3 = rare taxa. Note how progressively
deeper environments gradationally incorporate more elements from the deep-water
cluster and fewer from the shallow water cluster. Shapes at terminal branches represent

the biofacies that best characterizes that collection.
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FIGURE 6—Q- and R-mode ordination analyses showing trilobite biofacies,
paleoenvironment, and buildup locality. A) Q-mode two dimensional (2D), non-metric
multidimensional scaling (NMDS) with a stress of 0.082. B) Q-mode detrended
correspondence analysis (DCA). C) R-mode 2D NMDS with a stress of 0.28. D) R-mode
DCA. Trilobite biofacies (denoted by numbers in R-mode) correspond to approximate
centroid position of inclusive genera. Generic names abbreviated to their first four letters

(see Appendix 1, Figs. 8-9).
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FIGURE 7—Rarefaction curves for PQ and [-77 collections, grouped by trilobite
biofacies. Three diversity profiles are described here: high diversity for the biostromal
and deep flank biofacies, moderate diversity for the bioherm biofacies, and low diversity
for the outer slope to basin biofacies. When expected diversity is rarified to 100
individuals, 95% confidence intervals are 8.04 & 2.08 (biofacies 1), 10.91 £2.78
(biofacies 2), 11.73 £ 2.52 (biofacies 3), and 14.18 + 2.0 (biofacies 4). When rarified to
200 individuals, confidence intervals are 9.39 + 1.86 (biofacies 1), 13.56 = 2.46
(biofacies 2), and 15.76 + 0.92 (biofacies 4). At 300 individuals, confidence intervals are

10.2 &+ 1.5 (biofacies 1) and 15.37 £+ 1.46 (biofacies 2).

360



Number of genera

184

Outer ramp to basin

A Moderate diversity lllaenus-Bumastoides-Sphaerexochus-"Stenopareia” biofacies (1)

@ High diversity Sphaerexochus-lllaenus-Thaleops biofacies (2)
X High diversity lllaenus-Thaleops biofacies (3)

O High diversity Ampyx-Isotelus-Nileus biofacies (4)

O Low diversity Isotelus-Calyptaulax-Raymondaspis biofacies (5)

50 100 150 200 250 300 350
Number of individuals

361

400 450



FIGURE 8—Trilobites common in the bioherm and biostromal biofacies. All specimens
housed at the Sam Noble Oklahoma Museum of Natural History (OU). A, D) Illaenus sp.,
cranidium, OU 13972, x5 and pygidium, OU 13975, x7.9. B) Scotoharpes sp., cranidium,
OU 13973, x3. C) Sphaerexochus sp. 1, cranidium, OU 13974, x6 E) Acanthoparypha
sp., cranidium, OU 13976, x8. F) Sphaerexochus sp. 2, cranidium, OU 13977, x4. G, J)
Thaleops cf. T. fieldi (Raymond, 1925), cranidium, OU 13978, x3.6 and pygidium, x2.7,
OU 13981. H) Probolichas sp., median glabella, OU 13979, x4. I) Bumastoides
moundensis (Carlucci et al., 2011), enrolled individual, OU 13980, x4. K, N)
Amphilichas effnensis (Carlucci et al., 2010) holotype cranidium, OU 12493, x3.5 and
pygidium, OU 12492, x2.4. L-M) “Stenopareia” (see Taxonomic Notes) sp., pygidium,
OU 13982, x1.3 and cranidium, OU 13983, x1.5. Thin scale bars = 5mm, thick scale bars

= 2mm.
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FIGURE 9—Trilobites common in the deep flank and outer slope—basin biofacies. All
specimens housed at the Sam Noble Oklahoma Museum of Natural History (OU). A, D)
Isotelus cf. I. giselae (Tripp and Evitt, 1986), pygidium, OU 13984, x2.4 and cranidium,
OU 13971, x2.9. B) Arthrorhachis cf. A. elspethi (Raymond, 1925), pygidium, OU
13985, x7. C, F) Nileus sp., pygidium, OU 13986, x5.1 and cranidium, OU 13969, x2.3.
E, 1) Calyptaulax cf. C. strasburgensis (Ulrich and Delo, 1940), pygidium, OU 13970, x5
and cranidium, OU 13967, x5.7. G, K) Raymondaspis gregaria (Raymond, 1920),
pygidium, OU 13965, x5.1 and cranidium OU 13968, x6.5. H, J) Ampyx camurus
(Raymond, 1925), cranidium, OU 13966, x5.7 and pygidium, OU13964, x4.2. Thin scale

bars = 5Smm, thick scale bars = 2mm.
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FIGURE 10—Conceptual diagram of an idealized downslope buildup (see also Read,
1998, fig. 4E) showing biofacies, lithofacies, and environmental interpretations. Trilobite

biofacies defined by the cluster analysis (Fig. 5).
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APPENDIX 1—Relative abundance counts for all 14 collections.
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CHAPTER 6: TRILOBITE BIOFACIES OF THE BROMIDE FORMATION:
PALEOECOLOGICAL PATTERNS, COMPARISON WITH THE VIOLA

FORMATION AND INTEGRATION WITH SEQUENCE STRATIGRAPHY

Introduction

Paleoecologic studies have shown (e.g., Fortey 1975; Chatterton & Ludvigsen
1976; Amati & Westrop 2006; Carlucci & Westrop 2012) that certain groups of trilobites
demonstrate consistent responses to environmental gradients in a variety of stratigraphic
and depositional settings. These associations (biofacies) have only recently undergone
intense study in the Upper Ordovician, a time period when the Taconic Orogeny (Read
1980) was underway in eastern Laurentia and glacial conditions may have been
developing in Gondwana (Pope & Read 1998; Pope 2004; Saltzman & Young 2005).
During the Upper Ordovician (Sandbian) in Oklahoma, the Bromide Formation (Ulrich
1911) was deposited in a shallow carbonate ramp that steepened into the Southern
Oklahoma Aulacogen (SOA) (Carlucci 2012, chapter 4), a major depozone in the region.
The depositional setting was relatively stable during the Sandbian, and three successive
3" order depositional cycles (Carlucci 2012, chapter 4) record its evolution from a
siliciclastic to a primarily carbonate ramp. In contrast to the extirpation of several
trilobite associations and reorganization of deep-water cryptolithine biofacies during the
development of the Taconic Foreland Basin (Amati & Westrop 2006; Carlucci &
Westrop 2012), the diverse trilobite fauna of the Bromide Formation was relatively
unaffected by major tectonic processes. Consequently, the trilobite fauna of the Bromide

offers an excellent opportunity to quantitatively describe trilobite associations in stable
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environments, which can be compared with previous work that differs both temporally
(e.g., Amati & Westrop 2006) and geographically (e.g., Fortey 1975; Carlucci & Westrop
2012). Traditional models of trilobite biofacies (e.g., Fortey 1975; Fortey & Barnes 1977)
in the Ordovician show that depth-related associations control the distribution and
abundance of taxa, e.g., nileids and raphiophorids dominant in the outer-ramp
environment. Additional quantitative treatments of Upper Ordovician biofacies are sparse
and diversity trends across environments have not been adequately explored. Moreover,
the sequence stratigraphy of the Bromide Formation is well documented (Longman 1982;
Carlucci 2012, chapter 4) at high-resolution, and provides the opportunity to address
issues of condensation bias (Brett 1998; Holland 2000), and diversity patterns within and
between systems tracts and depositional sequences. Since the carbonate ramp in the
Bromide spans three depositional sequences, each of which exhibits a dominant
sedimentology (i.e., siliciclastic, mixed, and carbonate), similar environments can be
compared between successive sequences in terms of their diversity and biofacies
composition. Integration of sequence stratigraphic and biofacies data has been done on
many fossil groups (e.g, Brett 1998; Holland & Patzkowsky 2007), but to our knowledge
trilobites have not been analyzed in this way. The predictive framework of sequence
stratigraphy allows for replacement of marine communities and tracking patterns of
biofacies belts (Brett 1998) to be estimated. In addition, the relative contribution of
facies, condensation, and unconformity bias (Holland 2000) in distorting biologic data
can be assessed in a sequence-based predictive framework. Testable hypotheses have
been suggested or modeled (Holland 1996, 2000; Abbott & Carter 1997), e.g., abrupt

abundance changes are present across major flooding surfaces, transgressive systems
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tracts (TST) show rapid biofacies change because of condensation, highstand systems
tracts (HST) and lowstands (LST) should show more gradual replacement dynamics, and
major biofacies change is expected across sequence boundaries. Amati & Westrop (2006)
noted the increase in trilobite diversity in shallow subtidal environments across the
boundary between the Bromide and Viola Springs Formations; a pattern that differs from
the Taconic Foreland Basin (Carlucci & Westrop 2012) in similarly aged strata. Since
this study focuses on the Bromide Formation, we can address the diversity and biofacies
replacement dynamics across a much greater breath of depositional environments than
done by Amati and Westrop (2006).

We have two objectives concerning trilobite paleoecology during the deposition
of the Bromide Formation in Oklahoma. First, we analyze the trilobite fauna of the
Bromide to see how the distribution of biofacies is affected by environmental gradients
(e.g., depth) and sequence architecture. Secondly, we compare diversity and biofacies
replacement trends in the Bromide with regions undergoing tectonically influenced
bioevents, and within younger strata in the same basin. This will paint a broad picture of
trilobite biofacies dynamics in Laurentia during the Mohawkian.

Materials and methods

The dataset for our study includes 19 trilobite collections from five outcrop
localities in the Bromide Formation (I35N, 177, DRa, TQ, RC, see Carlucci 2012,
chapter 4 for detailed measured sections and locality maps). The collections were taken
from a variety of facies that were deposited along a gradient from inner-ramp storm-
influenced environments to below storm-wave base outer-ramp settings. See Carlucci

(2012, chapter 4) for a summary of each lithofacies, sedimentological properties, and
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inferred depositional environments. Vertical variation for most collections ranged from 0-
2.35 meters and was always sampled within an identical facies. Where possible,
collections were sampled laterally as much as possible along strike. Of the 19 total
collections, 12 are from the Mountain Lake Member of the Bromide Formation, and
seven are from the Pooleville Member. Similarly, 12 were taken from depositional
sequence 2, seven from depositional sequence 3, five from a 3 order TST, and 14 from a
3 order HST.

Relative abundance counts were taken from field collections at the generic level
because the longer temporal ranges of genera better reveal patterns such as lithofacies
tracking (Ludvigsen et al. 1986; Carlucci & Westrop 2012), whereas species level data
are preferable in biostratigraphic studies. Field samples were broken down to increase
surface area, whitened with ammonium chloride, and scanned under binocular
microscopes to ensure that small sclerites were readily visible and counted. The final
dataset consisted of 1561 trilobite sclerites that were conclusively individuals. The mean
sample size per collection was 82.2 (mode of 60), and the individuals represented a total
of 23 genera.

We used three quantitative techniques to study the dataset (Q and R mode Non-
metric Multidimensional Scaling, NMDS; QxR mode cluster analysis; Rarefaction),
which were implemented in PAST v. 2.08 (Hammer et al. 2001), and one qualitative tool
(time-environment matrices). The dataset (Tables 1 and 2) was subject to a within-sample
percent transformation (Jongman et al., 1995) to standardize differences in relative
abundance among taxa. A Bray-Curtis metric (Bray & Curtis, 1957) was used to estimate

similarity in the NMDS and QxR mode cluster analysis, allowing us to maintain
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consistency across the different statistical treatments. Unweighted pair group with
arithmetic mean (UPGMA) Q (collections) x R (genera) mode cluster analysis was used
as an exploratory method to characterize and define biofacies. NMDS was used to detect
paleoecologic gradients among collections (Q) and genera (R), and to visualize
differences in taxonomic composition in ordination space. A Q-mode NMDS with a
value of 100 shows identical sample composition with no overlap in composition at 0.
Under R-mode, a value of 100 means the abundances of two genera are identical, and a
value of 0 means the two genera have no samples in common (Carlucci & Westrop
2012). Stress values are used to assess the adequacy of the ordination results and are
calculated by measuring the goodness of fit between the non-parametric regression of
Euclidean distance against the dissimilarities in a Bray-Curtis matrix (Clarke & Warwick,
1994). Stress values are a measure of how well the ordination preserves the actual sample
dissimilarities. Consequently, stress increases with sample size and with the degree of
conflict between gradient complexity and the number of specified dimensions (McCune
& Grace, 2002). The implementation in PAST runs a sequence of 11 trials with random
initial conditions and reports the result with the smallest stress (Hammer et al. 2001).
Since the number of ordination dimensions is arbitrary in NMDS, we evaluated the stress
versus the number of dimensions to see if adding a 3" dimension substantially lowered
the stress value. Finally, rarefaction was used to estimate taxonomic diversity and
sampling effort between collections of different sizes. The implementation in PAST
follows an algorithm by Krebs (1989) that uses a log gamma function for computing

combinatorial terms.
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Time-environment analysis (Holland 1997; Brett 1998) is a qualitative method of
documenting patterns of origination, extinction and migration on continental or regional
scales (Holland 1997), though it can be used to describe biotic events within a single
depositional basin. Here, we use systems tracts and depositional sequences as the
temporal unit, and biofacies previously defined by cluster analysis as the spatial unit.
Time-environment analysis allows the timing of biotic events (e.g., migration) to be
considered while accounting for potential sequence stratigraphic biases.

Results

The Q-mode cluster analysis (Fig. 1) shows separate groupings for TST
grainstones or packstones (biofacies 4; sequence 2 and 3), outer-ramp limestone-shale
rhythmites (biofacies 3; sequence 2), lower Pooleville middle-ramp wackestones
(biofacies 2; sequence 3), and outer-ramp mudstone and shale (biofacies 1; sequence 2),
with inner to middle-ramp deposits (biofacies 1; sequence 3) from localities in the Criner
Hills. The latter cluster indicates that the locality effect is stronger than the environmental
one, whereas all of the other biofacies are lithofacies-specific. All of the collections taken
from a 3™ order TST (across sequences) are clustered together, which is not surprising
considering that they represent bathymetrically similar environments. In addition, the
collections from condensed grainstones are less well-preserved than the other collections,
and are therefore enriched in large, robust trilobites (e.g., Isotelines, Failleana). This
suggests that there may also be a taphonomic effect on this cluster. R-mode clusters are
difficult to interpret because a very large number of trilobites within the study are either
highly cosmopolitan (e.g., Isotelus, Thaleops, Calyptaulax), present only at one locality

(e.g., Pandaspinapyga, Hemiarges, Ceratocephala, Sphaerocoryphe), or are present
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across a wide temporal range (e.g., Failleana). We include the R-mode results to easily
summarize the abundances within the Q-mode clusters, but do not assign any particular
meaning to the clustering patterns.

A 2D solution to the Q-mode NMDS was used (Fig. 2A) because a 3™ dimension
only slightly decreased stress values (0.1595 to .1043). The first axis correlates
reasonably well with depth (based on the depositional models of Carlucci 2012, chapter
4), with the exception of the Tyson Quarry collections (biofacies 1; BrTQslab1, 2), which
are bathymetrically shallower than the limestone-shale rhythmites of biofacies 3 (Fig.
2A). The second axis correlates with temporal position (e.g., stratigraphy). There is a
clear break between collections taken from the Pooleville (sequence 3) and Mountain
Lake members (sequence 2), as modified by Carlucci (2012, chapter 4). In ordination
space, Bromide collections are also well-grouped by biofacies and inferred sedimentary
environment, and by 3" order systems tract. A 2D R-mode NMDS ordination (Fig. 2B)
has a fairly high stress value (0.2498), which suggests moderate levels of disagreement
between the rank order similarity and Euclidean distance in ordination space. A temporal
or depth gradient is not obvious in the data; however, there is a trend for more
cosmopolitan taxa (e.g., Thaleops, Isotelus, Calyptaulax) to lie near multiple biofacies
centroids. Taxa that are highly constrained by lithofacies (e.g., Ceratocephala) obviously
group near their biofacies centroids.

Rarefaction curves were made for all four biofacies (Fig. 3) to allow for
comparison of diversity estimates and sampling effort. When rarified to 159 individuals
(the highest possible sample size that includes all four biofacies), biofacies 1 preserves

11.15 £ 2.64 genera, biofacies 2 preserves 9.0 £ 0, biofacies 3 preserves 9.0 + 2.60, and
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biofacies 4 preserves 6.39 + 1.32. When rarified to 200 individuals, there are two
statistically significant (95% confidence intervals) diversity profiles; high diversity
(biofacies 1 and 3) and low diversity (biofacies 4). When rarified to 363 individuals,
biofacies 1 and 3 have statistically significant differences in generic diversity. At both
low and high sampling effort, the inner to middle ramp wackestones of the Criner Hills
are the most diverse, and the condensed packstones and grainstones of TST’s at [-35N
retain the lowest diversity. Multiple evenness metrics (e.g., 1-Simpson index of
dominance, Simpson 1949; Pielou’s equitability index (J); Hammer & Harper 2006)
yielded relative similar values that were not statistically different (boostrapped 95%
confidence intervals).
Trilobite biofacies of the Bromide
Biofacies 1: High Diversity Lonchodomas-Frencrinuroides
The high diversity Lonchodomas-Frencrinuroides biofacies consists of two
separate facies in the Criner Hills localities of the Bromide Formation (TQ, RC). The first
is a thin-bedded lime mudstone and shale that we interpret as an outer-ramp deposit. This
grades relatively abruptly in a shallowing upward succession of more nodular and storm-
influened wackestones, packstones and shales, that shows the highest diversity facies of
the Bromide. Lonchodomas consists of 57.6% of the relative abundance, Frencrinuroides
16%, Isotelus 9.6%, Calyptaulax 5.2%, Dolichoharpes 3.8% and Ceraurus 2.2%. Other
elements in biofacies 1 combined constitute less than 10% of the fauna.
Biofacies 2: Thaleops-Calyptaulax
Biofacies 2 is associated with a middle-ramp wackestone with rudstone

pavements in the Pooleville that has some elements in common with biofacies 1 (e.g.,
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Holia, and the same species of Dolichoharpes, Calyptaulax, and Thaleops). Thaleops
constitutes 49.1% of the biofacies 2 relative abundance; Calyptaulax 27.0%, Bumastoides
and Isotelus 6.9%, and Dolichoharpes 5.7%. Other elements constitute less than 5% of
the fauna.
Biofacies 3: Isotelus-Thaleops-Failleana-Remopleurides

Biofacies 3 is an association of cosmopolitan and deep-water trilobites with the
outer-ramp limestone-shale rhythmites, which is the deepest facies of the Bromide in
sequence 2 outside of the Criner Hills region. Isotelus is particularly abundant in this
facies as it comprises 69.5% of relative abundance (see Carlucci & Westrop 2012 for
another example of Isotelus-dominance in outer-ramp settings in the Mohawkian).
Thaleops comprises 9.8% of relative abundance, Failleana 6.9%, Remopleurides 6.6%,
and Calyptaulax 3.2%. All other elements constitute less than 5% of generic abundance.

Biofacies 4: Low Diversity Anataphrus-Failleana

The low diversity Anataphrus-Failleana biofacies is associated with interbedded
grainstones and shales in the lower Mountain Lake, and a similar (but less shaly) interval
in the lower Pooleville. Both facies were deposited during a 3" order transgression, and
show extensive signs of condensation and sediment starvation relative to Highstand
deposits. Anataphrus represents 76% of relative abundance, Failleana 13.3%, Thaleops
and Isotelus 4.2%. Other elements make up less than 3% of the generic abundance. The
presence of almost exclusively large, robust, and convex trilobites, and general poor
preservation of these facies, leads us to believe that there is likely some taphonomic bias
in this biofacies. Hence, biofacies 4 may be best characterized as a “taphofacies”; though

it is possible the original biologic distribution did not include smaller trilobites.
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Comparison with paleoecological patterns of the Viola Formation and Taconic
foreland basin

Our results here indicate that in addition to depth and depositional environment,
temporal information (depositional sequence) and locality also strongly influence the
similarity of biofacies composition in the Bromide Formation. There are also statistically
significant differences between biofacies diversity in TST and HST deposits, though it is
likely taphonomic in nature. Furthermore, collections taken from within one 3" order
TST (Fig. 2A, upper right quadrant) do not show more rapid vertical shifts in biofacies
composition as compared to HST samples, as would be expected during a highly
condensed interval. However, the generally poor preservation of TST packstones and
grainstones may have obscured the signal. As would be expected based on predictions
(Holland 2000), there is evidence of a shift in biofacies composition across sequence
boundaries (Fig. 2A).

Carlucci & Westrop (2012) quantitatively described trilobite biofacies in a coeval
series of environments (Fig. 4) within the Taconic foreland basin (Read 1980) during the
early Mohawkian. Some of the sedimentary environments are not present in both regions
(e.g., bioherms), but they can be compared to bathymetrically similar deposits (e.g.,
middle-ramp). Rarified to 100 individuals, there are no statistically significant
compositional differences between middle-ramp wackestones (biofacies 2) in the
Bromide and in the Effna Limestone of Virginia. Similarly, diverse middle-ramp
wackestones of the Criner Hills of Oklahoma (biofacies 1) are not significantly different
from biostromal middle-ramp deposits of Virginia when rarified to 300 individuals. Deep

flank (outer-ramp) deposits of the Botetourt Member of the Edinburg Formation
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(Carlucci & Westrop 2012, fig. 7) are significantly more diverse than outer-ramp
rhythmites of the Bromide Formation when rarified to over 200 individuals. While they
are dominated by a very similar fauna (raphiophorids, isotelines) characteristic of outer-
ramp environments, there are a considerable number of faunal elements in the foreland
basin that are not found in Oklahoma. Trilobites that traditionally dominate abundance in
bioherms (illaenids and chierurids) are not found in the Bromide Formation, even in
deposits considered by Longman (1982) to be buildup-derived. Carlucci & Westrop
(2012) noted that the illaenid-chierurid association was extirpated from the Taconic
foreland basin near the onset of environmental change, and that outer-ramp environments
in OK and VA were populated by similar faunas. At the M4-MS5 sequence boundary,
these similarities diverge, and low diversity cryptolithine biofacies spread across the
foreland basin (Amati & Westrop 2006). In contrast, comparison of biofacies of the
Bromide Formation to the Viola Springs Formation across the same coeval sequence
boundary indicates that diversity increases in similar environments. Generic diversity of
the inner-ramp Bumastoides and middle-ramp Thaleops biofacies of Amati & Westrop
(2006, fig. 8) is significantly (non-overlapping 95% confidence intervals) higher when
compared to the inner- and middle-ramp Bromide biofacies. This difference is evident at
a variety of sampling efforts. This difference is not present on rarified outer-slope
biofacies data; however, the presence of abundant graptolites and internal lamination in
the Viola deep-water facies suggests it was deposited at much greater depth than the
Bromide.
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Table 1. Relative abundance counts for 9 of 19 collections taken from the Bromide

Formation.
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Table 2. Relative abundance counts for 10 of 19 collections taken from the Bromide

Formation.
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Fig. 1. Results of Q- and R-mode cluster analysis of 19 collections from the Bromide
Formation. Data were transformed into percentage within sample prior to analysis.

Shapes at terminal branches represent the biofacies that best characterizes that collection.
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Fig. 2. Q and R-mode NMDS ordinations showing trilobite biofacies, inferred
bathymetric position, depositional sequence, and systems tract of each collection. A, Q-
mode 2D NMDS with a stress of 0.1595. B, R-mode 2D NMDS with a stress of 0.2498,

numbers denote approximate biofacies centroid position of inclusive genera.
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Fig. 3. Rarefaction curves for all Bromide trilobite collections, grouped by trilobite

biofacies. See text for 95% confidence intervals at select sampling efforts.
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Fig. 4. Time environment matrix summarizing the relationships between trilobite
biofacies, inferred depositional environment, and depositional sequence during the early
to late Mohawkian in Oklahoma and Virginia. Dotted lines denote uncertain boundaries.
Virginia depositional sequences from Holland & Patkowsky (1996). The peritidal

biofacies in Oklahoma was not part of the analysis here, but follows Ludvigsen (1983).
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APPENDIX 1: ANNOTATED MEASURED SECTIONS
Appendix 1 is a catalog of all the sections I measured for my dissertation,
including those that are figured at broader views in other chapters. In some instances
(e.g., Tumbling Run, Strasburg Junction) the measured sections were not used in any
chapter, but contributed towards the larger NSF EAR0819715 project. All sections are

figured at a scale of 1 cm = 1 m, and are shown with younger strata to the left.

carb mud- wacke- or packestone bedded

carb mud- wacke- or packestone nodular

carb mud- wacke- or packestone massive

bioclastic grainstone

- clastic to marly shale

crossbedded sandstone

massive sandstone

thick bedded sandstone

sandy crinoidal grainstone

calcisiltite

covered

eo® fenestral fabric

AAA microbial laminates
——— CM SCale rudstone or shell pavements
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APPENDIX 2: ILLUSTRATIONS AND NOTES ON REMAINING TRILOBITES OF
THE BROMIDE FORMATION, OKLAHOMA

[lustrated material was photographed at 1mm intervals with a Canon E05 5D
camera equipped with a 65, 80, or 120 mm lens. Images were stacked using Helicon
Focus 4.04 Pro Multiprocessor (Helicon Soft, Ltd). All material is housed at the Sam
Noble Oklahoma Museum of Natural History, with the OU repository acronym.
Systematic nomenclature follows Jell & Adrain (2002).

Class TRILOBITA Walch, 1771
Order CORYNEXOCHIDA Kobayashi, 1935
Suborder ILLAENINA Jaanusson, 1959
Family ILLAENIDAE Hawle & Corda, 1847
Genus Thaleops Conrad, 1843
Thaleops sp. 1
(Figs. 1A-L)
Occurrence. DRa36.2 (Figs. lA-C), [35N6.85 (Figs. 1D-I), I35N17 (Figs. 1K-L).
Remarks. Thaleops sp. 1 differs from other Bromide Formation species because the
exoskeleton is not punctate as in 7. jaanussoni, the axial furrows are weaker; the
pygidium is narrower (sag.), with the articulating facets expressed at a flatter angle than
T. mobydicki or T. jaanussoni.
Thaleops jaanussoni Amati & Westrop, 2004
(Figs. 2A-F, H-K)

Occurrence. TQ (Figs. 2A-C), [35N36.6 (Figs. 2D-F, H-K), I35N47-48 (not pictured).

Thaleops mobydicki Amati & Westrop, 2004
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(Fig. 2G)
Occurrence. TQ (Fig. 2G)
Family STYGINIDAE
Genus Failleana Chatterton & Ludvigsen, 1976
Failleana sp. 1
(Figs. 3A-1, 4A-F, J, K)
Occurrence. [35N0-3 (Figs. 3B, F), I35N17 (Figs. 3A, C-D, G-I), Sycamore Creek (Fig.
3E), I35N18-19 (Figs. 4A-C), I35N36.6 (Figs. 4D-F, J-K).
Remarks. The morphology of Failleana sp. 1 is remarkably consistent throughout the
Bromide Formation, even though it is found in a variety of lithofacies. It differs from
Failleana limbatus because the path of the axial furrow is nearly straight towards the
lunette, until it diverges forward on the anterior side of the lunette. In contrast, Failleana
limbatus has an axial furrow that converges strongly inward from the genal angle,
forming a sickle-shape in lateral view.
Failleana limbatus Raymond, 1910
(Figs. 4G-1)
Occurrence. TQ (Figs. 4G-I).
Order ASAPHIDA Burmeister, 1843
Suborder ASAPHINA Salter, 1864
Family ASAPHIDAE Burmeister, 1843
Subfamily ISOTELINAE Angelin, 1854
Genus Anataphrus Whittington, 1954

Anataphrus sp. 1
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(Figs. 5A-B, D-F, H)

Occurrence. [35N6.85 (Figs. 5A-B, D-F, H).

Anataphrus sp. 2

(Figs. 5I-K)

Occurrence. [35N7.8 (Figs. 5I-K).
Remarks. Compared to species 1, Anataphrus sp. 2 has a pygidium that is proportionally
shorter (sag.) and wider (tr.), with a more pronounced pygidial axis, and a narrower (sag.)
pygidial border.

Anataphrus sp. 3

(Fig. 5G)

Occurrence. [35N7.8 (Fig. 5G).

Remarks. Anataphrus sp. 3 has a better-rounded cranidial anterior margin, larger
palpebral lobes, and wider (tr.) postero-lateral projections than other Anataphrus species.
Anataphrus sp. 4
(Fig. 5C)

Occurrence. [35N36.6 (Fig. 5C).
Remarks. Anataphrus sp. 4 has regular dense pitting over the entire cranidium whereas
other species develop pits only on the postero-lateral projection and near the anterior
margin.
Genus Isotelus Dekay, 1824
Isotelus bromidensis Esker, 1964
(Figs 6A-D)

Occurrence. DRa36.2 (Figs. 6A-D), RCS20 (not pictured), TQO0-2.4 (not pictured).
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Isotelus sp. 2
(Figs. 6E-G)
Occurrence. RCL49.2 (Figs. 6E-F), RCL51.3 (Fig. 6G).
Family REMOPLEURIDIDAE Hawle & Corda, 1847
Subfamily REMOPLEURIDINAE Hawle & Corda, 1847
Genus Remopleurides Portlock, 1843
Remopleurides sp. 1
(Figs. 7A-L)
Occurrence. [35N17 (Figs. 7A-L).
Superfamily TRINUCLEIOIDEA Hawle & Corda, 1847
Family RAPHIOPHORIDAE Angelin, 1854
Genus Lonchodomas Angelin, 1854
Lonchodomas mcgheei Decker, 1931
(Figs. 8A-H)
Occurrence. RC unlabeled (Fig. 8A-B), RCL50.6C-D, F-H), RC51.3 (Fig. 8E).
Order HARPETIDA Hawle & Corda, 1847
Family HARPETIDAE Hawle & Corda, 1847
Genus Dolichoharpes Whittington, 1949
Dolichoharpes reticulata Whittington, 1949
(Figs. 9A-C)
Occurrence. TQ (Figs.9A-C).
Order PHACOPIDA Salter, 1864

Suborder PHACOPINA Struve, 1959
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Family PTERYGOMETOPIDAE Reed, 1905
Genus Calyptaulax Cooper, 1930
Calyptaulax annulata Raymond, 1905
(Figs. 9D-J, 10A-I)
Occurrence. [35N47-48 (Figs. 9D-J), DRa36.2 (Figs. 10A-E), TQ (Figs. 10F-I).
Family CHEIRURIDAE Hawle & Corda, 1847
Subfamily CHEIRURINAE Hawle & Corda, 1847
Genus Ceraurinella Cooper, 1953
Ceraurinella sp. 1
(Fig. 11A, F, G-H)
Occurrence. DRa36.2 (Figs. 11A, G-H), I35N17 (Fig. 11F)
“Ceraurinella” sp. 2
(Fig. 11B-C, E, )
Occurrence. TQ (Fig. 11B-C, E, I).
Remarks. “Ceraurinella” sp. 2 differs from species 1 by having a proportionally wider
(tr.) posterior area, broader genal spine, and more prominent paired tubercles on the
glabella. Moreover, the pygidium is unlike any other species of Ceraurinella,
necessitating open nomenclaure here. In this species, the most medial pair of pygidial
pleural spines is not present.
Genus Ceraurus Green, 1832
Ceraurus ruidus Cooper, 1953
(Figs. 11D, J-K)

Occurrence. TQ (Figs. 11D, J-K).
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Subfamily ACANTHOPARYPHINAE Whittington & Evitt, 1954
Genus Holia Bradley, 1930
Holia sp. 1
(Figs. 12A-B, D)
Occurrence. 17723.2-23.5 (Fig. 12A-B, D).
Holia sp. 2

(Figs. 12H-K)
Occurrence. TQ (Figs. 12H-K).
Remarks. Holia sp. 2 is clearly morphologically distinct from species 1, as it lacks a
robust occipital spine. It may possesss a “thorn-like” spine (Adrain, 1998), but the
specimens are damaged, so we cannot say conclusively. Species 2 also has a more
pronounced anterior border, and lacks the fine, dense granules of species 1.

Genus Pandaspinapyga Esker & Levin, 1964
Pandaspinapyga salsa Esker, 1964

(Figs. 12C, F)

Occurrence. TQ (Figs. 12C, F)
Subfamily DEIPHONINAE Raymond, 1913
Genus Sphaerocoryphe Angelin, 1854
Sphaerocoryphe sp. 1

(Figs. 12E-G)

Occurrence. TQ (Figs. 12E-G)
Family ENCRINURIDAE Angelin, 1854

Genus Frencrinuroides Lespérance & Desbiens, 1995
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Frencrinuroides capitonis Frederickson, 1964
(Figs. 13A-C, E-F, I-], L)
Occurrence. TQ (Figs. 13A-C, E-F, I-], L).
Subfamily CYBELINAE Holliday, 1942
Genus Cybeloides Slocum, 1913
Cybeloides sp. 1
(Figs. 12D, G-H, K, N)
Occurrence. [35N7.5 (Figs. 12D, G-H), I35N4.85 (Figs. K, N).
Order ODONTOPLEURIDA Whittington, 1959
Family ODONTOPLEURIDAE Burmeister, 1843
Genus Ceratocephala Warder, 1838
Ceratocephala graffhami Shaw, 1974
(Fig. 14E)
Occurrence. TQ (Fig. 14E).
Genus Apianurus Whittington, 1956
Apianurus sp. 1
(Figs. 14A, C)
Occurrence. TQ (Figs. 14A, C).
Order LICHIDA MOORE, 1959
Family LICHIDAE Hawle & Corda, 1847
Subfamily TROCHURINAE Phleger, 1936
Genus Hemiarges Giirich, 1901

Hemiarges sp. 1
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(Figs. 14B, D, F, H)
Occurrence. TQ (Figs. 14B, D, F, H)
Order PROETIDA Fortey & Owens 1975
Family DIMEROPYGIDAE Hupe 1953
Genus Mesotaphraspis Whittington & Evitt, 1954
Mesotaphraspis sp. 1
(Fig. 14G)
Occurrence. [35N6.85 (Fig. 14G).
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Figure 1. Thaleops sp. 1. A-C, testate cranidium (OU 12495) x 6.7: A, dorsal view; B,
oblique view; C, posterior view. D-F, H, testate cranidium (OU 12496), x 4.7: D, dorsal
view; E, oblique view; F, anterior view; H, posterior view. G, L, testate pygidium (OU
12497), x 10: G, dorsal view; L, posterior view. J, partially exfoliated pygidium (OU

12498), x 4: J, dorsal view. K, L, partially foliated cranidium (OU 12499), x 2.66: K,

dorsal view, L, anterior view.
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Figure 2. Thaleops jaanussoni (Amati & Westrop, 2004). A-C, partially exfoliated
cranidium (OU 7995), x 6: A, dorsal view; B, posterior view; C, anterior view. D,
partially exfoliated cranidium (OU 12500), x 6.7, dorsal view. E-F, H-1, testate
cranidium (OU 12501), x 6.7: E, posterior view; F, lateral view; H, anterior view; I,
dorsal view. J, exfoliated pygidium (OU 12502), x 7, dorsal view. K, exfoliated
pygidium (OU 12503), x 6.7, dorsal view. Thaleops mobydicki (Amati & Westrop, 2004).

G, testate pygidium (OU 12503), x 6.7, dorsal view.
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Figure 3. Failleana sp. 1. A, C-D, testate cranidium (OU 12504), x 3.3: A, dorsal view;
C, lateral view, x 4; D, anterior view. B, F, exfoliated pygidium (OU 12505) x 4: B,
dorsal view; F, posterior view. E, partially exfoliated cranidium (OU 12506), x 4.5,
dorsal view. G-I, partially exfoliated pygidium (OU 12507), x 2.66: G, dorsal view; H,

posterior view; I, lateral view.
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Figure 4. Failleana sp. 1. A, cranidium (OU 12508), x 8, dorsal view. B-F, partially
exfoliated cranidium (OU 12509), x 6.7: B, anterior view; C, anterior view; F, lateral
view. D-E, partially exfoliated cranidium (OU 12510), x 4.67: D, dorsal view; E, lateral
view. J-K, partially exfoliated pygidium (OU 12511), x 3: J, posterior view; K, dorsal
view. Failleana limbatus (Raymond, 1910). G-I, cranidium (OU 12512), x 3.1: G, dorsal

view; H, lateral view; I, anterior view.
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Figure 5. Anataphrus sp. 1. A, D, exfoliated cranidium (OU 12513), x 5.3: A, dorsal
view; D, lateral view. B, E, testate pygidium (OU 12514), x 5.3: B, dorsal view; E,
posterior view. H, exfoliated pygidium (OU 12515), x 5.3, dorsal view. F, hypostome
(OU 12516) x 6.7, dorsal view. Anataphrus sp. 2. I, K, exfoliated pygidium (OU 12517),
x 4.7: 1, dorsal view; K, posterior view. J, testate cranidium (OU 12518), x 4, dorsal
view. Anataphrus sp. 3. G, partially exfoliated cranidium (OU 12519), x 4.7, dorsal view.

Anataphrus sp. 4. C, cranidium (OU 12520), x 5, dorsal view.
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Figure 6. Isotelus Bromidensis (Esker, 1964). A, C, testate cephalon (OU 12521), x 4: A,
dorsal view; C, anterior view. B, D, exfoliated pygidium (OU 12522), x 4: B, dorsal
view; D, posterior view. Isotelus sp. 2. E, testate pygidium (OU 12523), x 10.6, dorsal
view. F, transitory pygidium (OU 12524), x 14, dorsal view. G, testate cranidium (OU

12525), x 10.6, dorsal view.
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Figure 7. Remopleurides sp.1. A-C, thoracopygon (OU 12526), x 13.3: A, dorsal view;
B, lateral view; C, posterior view. D-E, thoracopygon (OU 12527), x 9.3: D, dorsal view;
E, posterior view, x 10. F-G, I, testate cranidium (OU 12528), x 6.7: F, dorsal view; G,
lateral view; I, anterior view. H, K, L, testate cranidium (OU 12529), x 8: H, dorsal
view; K, posterior view; L, lateral view. J, testate cranidium (OU 12530), x 8, dorsal

view.
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Figure 8. Lonchodomas mcgheei (Decker, 1931). A, complete individual (OU 12531), x
4, dorsal view. B, topotype complete individual (OU 3448), x 4.2, dorsal view. C-D, G,
cranidium (OU 12532), x 6.7: C, dorsal view; D, lateral view, x7; G, anterior view. E,
damaged individual (OU 12533), x 8, dorsal view. F, H, pygidium (OU 12534), x 10.6:

F, dorsal view, H, posterior view.
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Figure 9. Dolichoharpes reticulata (Whittington, 1949). A-C, complete individual (OU
12535), x 4.6: A, dorsal view; B, anterior view; C, lateral view. Calyptaulax annulata
(Raymond, 1905). D, F-G, cranidium (OU 12535), x 6.7: D, dorsal view; F, lateral view;
G, anterior view. E, cranidium (OU 12537), x 4, dorsal view. H-J, pygidium (OU

12538), x 7: H, posterior view; I, lateral view; J, dorsal view.
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Figure 10. Calyptaulax annulata (Raymond, 1905). A-B, E, cranidium (OU 12539), x
6.7: A, dorsal view; B, anterior view; E, lateral view. C-D, pygidium (OU 12540), x 8: C,
dorsal view; D, lateral view. F, pygidium (OU 12541), x 8, dorsal view. G-I, cranidium

(OU 12542), x 6.5: G, dorsal view; H, anterior view, x6.5; I, lateral view, x 6.5.
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Figure 11. Ceraurinella sp. 1. A, cranidium (OU 12543), x 4.7, dorsal view. F, damaged
cranidium (OU 12544), x 5.3, dorsal view. G, pygidium (OU 12545), x 8, dorsal view. H,
pygidium (OU 12546), x 8, dorsal view. Ceraurinella sp. 2. B-C, E, cranidium (OU
12547), x 5.3: B, dorsal view; C, anterior view; E, lateral view. I, pygidium (OU 12548),
x 3.3, dorsal view. Ceraurus ruidus (Cooper, 1953). D, cranidium (OU 12549), x 4,

dorsal view. J-K, cranidium (OU 12550), x 4: J, dorsal view; K, lateral view.
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Figure 12. Holia sp. 1. A-B, D, cranidium (OU 12551), x 8: A, dorsal view; B, lateral
view; D, anterior view. Holia sp. 2. H-1, K, cranidium (OU 12552), x 3.3: H, anterior
view; I, dorsal view; K, lateral view. J, cranidium (OU 12553), x 4, dorsal view.
Pandaspinapyga salsa. C, F, cranidium (OU 12554), x 4: C, lateral view; F, dorsal view.
Sphaerocoryphe sp. 1. E, G, cranidium (OU 12555), x 8: E, dorsal view; G, lateral view,

x 8.6.
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Figure 13. Frencrinuroides capitonis (Frederickson, 1964). A-C, E, F, complete

individual (OU 12556), x 5.4: A, dorsal view; B, oblique lateral view; C, lateral view; E,
anterior view, x 6.1; F, posterior view. I, L, pygidium (OU 12557), x 6.7: I, dorsal view;
L, posterior view. J, M, cranidium (OU 12558), x 6.7: J, lateral view; M, dorsal view, x
5.3. Cybeloides sp. 1. D, G-H, cranidium (OU 12559), x 5.3: D, anterior view; G, dorsal
view; H, lateral view, x 6.7. K, N, cranidium (OU 12560), x 6: K, dorsal view; N, lateral

view, X 6.7.
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Figure 14. Apianurus sp. 1. A, C, cranidium (OU 12561), x 5.3: A, dorsal view; C,
posterior view. Hemiarges sp. 1. B, D, cranidium (OU 12562), x 8: B, dorsal view; D,
anterior view. F, H, cranidium (OU 12563), x 8: F, dorsal view; H, lateral view.
Ceratocephala graffhami (Shaw, 1974). E, cranidium (OU 12564), x 5.3, dorsal view.

Mesotaphraspis sp. 1. G, cranidium (OU 12565), x 25.3, dorsal view.
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APPENDIX 3: TRILOBITE RELATIVE ABUNDANCE DATA NOT SHOWN IN
CHAPTERS
This appendix shows the data for to relative abundance counts that were not part
of the paleoecological studies in Chapters 5 or 6, but part of my contribution towards the

larger NSF- EAR0819715 project.

SJ34.6  [WoodVA 31.8
Calyptaulax 35 0
Cryptolithus 0 47
Flexicalymene 0 2
Isotelus 2 5
Ampyx 3 0
Arthrorhachis 10 0
Remopleurides 8 0
Lonchodomas 12 0
Apianurus 1 0

TABLE 1—Relative abundance counts for two collections in Northern Virginia. SJ34.6
is from the Strasburg Junction locality (Cooper and Cooper, 1946) in the Edinburgh
Formation; see measured section in appendix 1. The Woodstock VA collection is from a
roadcut through the Oranda and Martinsburg Formations, on the south side of East

Reservoir Road (N38° 51.997 and W78° 30.764), measured section also in appendix 1.
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