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ABSTRACT
Middle and Upper Ordovician strata of the Appalachian foreland basin have served as a
model system for understanding the structure of marine ecosystems on multiple scales (Bretsky,
1970; Springer and Bambach, 1985). A primary finding of these studies is that marine fossil
assemblages are related to gradients in water depth and sediment carbonate content. Bretsky
(1970) identified Peterson-type communities related to water depth and a siliclastic-carbonate
gradient based on the abundant taxa. Springer and Bambach (1985) performed gradient analysis
of fossil assemblages in Virginia and identified water depth (or factors related to water depth) as
the primary control on fossil distributions. Multivariate analysis of new collections from the
Reedsville shale in central Pennsylvania revealed a water-depth gradient in faunal composition
that ranges from shoreface to offshore (below storm wavebase) environments. Fossil
assemblages are associated with Bretsky’s deep-water Sowerbyella-Onniella community and the
shallower Orthorhynchula-Ambonychia association. The faunal gradient in central Pennsylvania
shares many characteristics with the depth gradient in Virginia. However, there are some
significant differences in the shoreface environments, with the abundant brachiopod
Orthorhynchula in central Pennsylvania, rather than abundant brachiopods Hebertella and
Zygospira and the bivalve Ambonychia in Virginia. Differences in taxonomic composition in
shoreface environments may reflect the increasing carbonate content of these environments, as
the species uniquely present in south-west Virginia are located in a more carbonate-rich region of
the Taconic Foreland Basin than the central Pennsylvania samples.
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Chapter 1
Introduction
Documenting species distribution across environments and through time is essential for
understanding the history of life. Fossil species distributions can be used to test models and
hypotheses of ecological conditions and responses to large-scale environmental shifts. This
understanding is critical for improving predictive models of species response to modern climate
change. For example, species distributions of fossil Laurus, an extant example of niche
habitation, have been used to predict the refugia the species will retreat to under prolonged
periods of stress (Rodríguez-Sánchez and Arroyo, 2008).
Fossil species distribution is a critical characteristic used in phylogenetics, paleoecology,
and biostratigraphy. Understanding the characteristics that drive species distributions is key to
understanding how ecosystems are shaped in deep time. Fossils are the only means to analyze
ecological change over long periods of time, and how species react to changing environments
(Patzkowsky and Holland, 2012). But when faunal gradients are compared at different moments
in time, types of preferred positions along the gradient are highly conserved (Holland and Zaffos,
2011). This environmental information is only available through studying the fossil record, and
connecting the association of species distribution to ecological factors drive these analyses.
Changes in the environmental distributions of species over geologic time are a major component
to understanding the effects of mass extinctions, and has implications for modern anthropogenic
change.
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The Ordovician Period ended in a mass extinction of 85% of marine life, the second
largest of the colloquially named “Big Five” mass extinctions (Sheehan, 2001). The extinction of
marine fauna was not random, as there was preferential extinction within specific environments
(Sheehan, 2001). The selective extinction of taxa reflected the differing effects of the glaciationdriven extinction event, such as change in ocean circulation and temperature decline (Finnegan et
al., 2011) . Among the brachiopods, a diverse Paleozoic fauna, the pentamerid, athyrid, and
spiriferid clades expanded into vacated environmental niches, while endemic epicontinental
species suffered greatly from loss of habitat (Sheehan, 2001). In order to understand the
influences of this non-random extinction of certain clades, the factors controlling the species’
distribution need to be elucidated. In the case of the Ordovician taxa, a favorable region to do so
is the Taconic Foreland Basin.
The Taconic Foreland Basin fossils and environments have played a significant role in
the historical development of paleoecological paradigms. This region is well-suited for analyzing
species distribution and ecological gradients, because it records an environmental gradient from
proximal to deep offshore marine environments over several million years. The environment of
the basin changed significantly through the Upper Ordovician as a result of the influx of
synorgenic sediment from the Taconic Orogeny that overwhelmed the previously stable
carbonate platform. The response of the faunal communities to the change in these
environmental variables is revealed by species distributions. The methods used to measure these
environmental trends have changed over time, but the data obtained during earlier studies is
valuable for re-evaluating our understanding of ecosystems in the basin.
Bretsky (1970) was the first to use the diverse fauna of the Upper Ordovician to define
Peterson-type communities by species abundance and co-occurrence. He noted two controlling
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factors of species distribution: relative basin depth and substrate composition (siliciclastic or
carbonate). The use of distinct, bounded associations restricted the nuances of paleoecology,
because modern faunal communities are shown to present themselves as continuous gradients
along environmental axis (Whittaker, 1970). Cisne and Rabe (1978) used community gradients
to support the hypothesis that indirect gradient (water depth) signals can be quantitatively
identified in the paleontological record, and tied to time-correlative points. Springer and
Bambach (1985) revisited the application of ecological gradients on a local scale using
multivariate analyses, and found their results did not align with the clearly defined, shore-parallel
communities of Bretsky (1970). Instead, they found variations of associations depending on
factors (amount of sediment, frequency of disturbance, etc.) related to local depth and distance
from the clastic source. This methodology provides an opportunity to quantitatively define the
influence of indirect gradients of water depth and substrate composition that have previously
been described, but not numerically tied to stratigraphic positions in the northern region of the
Taconic Foreland Basin using faunal gradients.
My study clarifies the distribution of fossil species along a depth gradient, and across a
geographic area in relation to changing abiotic factors (ratio of siliclastic-carbonate input, and
basin depth). My study also modernizes the understanding of Peterson-type communities and
ecological gradients of the Taconic Foreland Basin. Paleoecological relations in this region have
not been revisited since the 1970s, and there is a lag between recent advancements in
paleoecology, such as the use of multivariate analyses, and the utilization of the Appalachian
Basin as a model system. In central Pennsylvania, the clastic influence of the Taconic Orogeny is
much stronger than the southern region of the basin, restricting the carbonate component of the
lithologic gradient and simplifying the factors controlling species distribution. Isolating these
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variables improves our understanding of the factors controlling species distribution, and provides
a comparison for gradient and community studies done by Springer and Bambach (1985) in areas
of carbonate-rich environments along the basin axis.
Jenkins and Holland (2016) studied the environmental gradients of the Upper Ordovician,
using a nonmetric multidimensional scaling (NMDS) ordination. They found that continental
provinces were characterized by specific, abundant taxa, and a gradient of similarity that changes
through the Middle to Upper Ordovician. However, their study was limited to one type of
environment, at a shallow subtidal depth. My study expands on their analysis, focusing on the
multivariate factors controlling a wide range of environments from deep offshore to proximal
nearshore.
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Chapter 2
Paleoecological Background
The field of paleoecology has largely followed the precedents of modern ecology, as
techniques used on extant fauna have been adapted and applied to fossil groups. The methods,
theories, and approaches to analyzing paleoecological data have also changed with new
paradigms in ecology. The definition of ecological communities has evolved since its inceptions
in the early 20th century as groups of species defined as distinct, bounded “associations” as per
the Community-Unit theory (Whittaker, 1970). This hypothesis contrasted with the
Individualistic hypothesis, which stated that species distribute themselves separately, and do not
form definite groupings (Whittaker, 1970). During the 1970s, modern ecological studies found
that species tended to form bell-shaped abundance curves throughout their preferred habitat.
When multiple species’ preferred habitat overlap, their co-occurrence was defined into looser
“communities”. This habitual or niche model of species distributions led to the foundation of the
ecological gradients approach (Whittaker, 1970).
Ecological gradients are characterized into three types: direct or single factor, indirect or
complex, and resource (Austin, 1980). In vegetation models, altitude is an example of an indirect
gradient, because it is the assemblage of several factors (rainfall, wind, and temperature) that
correlate to a confounding influence (Austin et al., 1984). In marine systems, water depth is an
example of an indirect gradient because many factors such as sunlight, water pressure, wave
shear strength, sediment grain size, substrate consistency, nutrients, particle flux, temperature,
salinity, and oxygen concentration correlate with water depth (Patzkowsky and Holland, 2012).
For paleontological studies, it is important to be mindful when dissecting indirect gradients into
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their potential components, as the relationship and magnitude of these contributing factors might
not be preserved in the fossil record (Patzkowsky and Holland, 2012).
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Chapter 3
Geologic Background
The Upper Ordovician strata in the Appalachians were first named and described in detail
in the late 19th and early 20th century as a part of the ongoing effort to formally characterize the
geologic ages. The fauna of these strata likewise received attention and use as biostratigraphic
indicators (Ulrich, 1911). The depositional context of the Upper Ordovician made this area
useful for paleoecological work.
During the Ordovician, the continent of Laurentia was situated at sub-tropical latitudes,
and had extended carbonate deposition along its margins. Central Pennsylvania was located at
25° South, on the margin of Laurentia (Harper, 2013). During the Middle to Upper Ordovician, a
convergent boundary developed as an island arc collided with the North American plate,
developing a foreland basin. The Upper Ordovician stratigraphy in central Pennsylvania is the
transitional sequence of the filling of this foreland basin with synorogenic sediments from the
Taconic Orogeny (Figure 1).
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Figure 1: Stratigraphic Correlation of the Middle to Upper Ordovician in the Appalachians
Figure 1: Correlative stratigraphic column of the Middle to Upper Ordovician in central
Pennsylvania and in south-west Virginia, adapted from Taylor and Loch, 2015.

The Middle Ordovician carbonate shelf environment is represented by the Coburn and
Salona formations. The overlying Antes Shale represents the first influx of synorgenic sediments
from the Taconic Orogeny that overcame the carbonate system. The fauna of the Antes Shale is
characterized by the graptolite Climacograptus spiniferus biostratigraphic zone and the trilobite
Triarthus eatoni (Swartz, 1955). The Antes is a thin, fissile layer of thinly bedded black shale,
indicative of a deep, severely oxygen-stressed environment (Beares et al., 2002). The
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stratigraphic designation of the Antes shale has been debated, with conflict over whether it
should be its own formation or instead be grouped as the most basal occurrence of the Reedsville
(Kay, 1944; Gross, 1955).
The Reedsville Formation is a mixed shale, siltstone, and sandstone unit, and is
interpreted as the transition from a deep, offshore environment to a proximal shoreface. The
deposition of the Reedsville was a result of storm event turbidites (Conrad, 1984). The
Reedsville Formation is variably overlain by the Bald Eagle Formation, or unconformably by the
Juniata formation. Characterizing these formations was traditionally based on the presence or
absence of fossils, as well as color. The Reedsville Formation is characterized by grey shale,
with increasingly fossiliferous sandstone interbeds towards the top of the formation (Thompson,
1970). The Bald Eagle Formation is an un-fossiliferous, grey-green sandstone, and has a larger
grain size than the Reedsville (Thompson, 1970). The Juniata Formation is also an
unfossiliferous sandstone, but has a distinctive red color that sets it apart from the Bald Eagle
(Thompson, 1970). The Bald Eagle and Juniata Formations are interpreted as extremely
proximal, possibly alluvial sediments shed from the Taconic highlands.
This general pattern of succession of lithologies and environments extends throughout the
entire Taconic Basin, from Tennessee to Pennsylvania. In eastern Pennsylvania and Virginia, the
Reedsville Formation correlates to the Martinsburg Formation. Historically, Ulrich correlated the
upper 2/3 of the Martinsburg Formation in northeastern Pennsylvania to the Reedsville
Formation in central Pennsylvania (1911). McBride (1962) described the Martinsburg and
Reedsville as lithofacies of one another, which Bretsky (1970) accepted and used as the basis of
his study.
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Paleontology of the Reedsville
In addition to contributing to the understanding of the basin ecologies, this study
characterizes the diverse fossils of the Reedsville shale, which has not been has not been
revisited since the first work on the faunal composition (Gross, 1955). New collections from this
study add to the limited record of Ordovician ophiuroids in Pennsylvania, with the first
ophiuroids in the Reedsville formation and in central Pennsylvania. This is believed to be the
first discovery of a Pennsylvania ophiuroid since the destruction of the Swatara Gap outcrop in
2004.
The history of paleontologic interest in the Reedsville Formation began with the
usefulness of its biostratigraphic markers. The Orthorhynchula linneyi zone at the top of the
Reedsville Formation and Martinsburg Formation was well known since the earliest work on the
area (Brassler 1919). The co-occurrence with gastropods, bivalve molluscs, ryhnchonellid
brachiopods, and trepostome bryozoans was also noted early on (Swartz, 1955; Bretsky, 1970).
The first all-encompassing analysis of the Reedsville fauna was conducted by C.M. Gross in
1955, finalized in a Master’s thesis entitled “The fauna of the Reedsville Shale at Antes Gap,
Pennsylvania”. Gross investigated multiple localities of the Reedsville around central
Pennsylvania, but concentrated on the stratigraphic interval from the Antes Shale type locality.
He was the first to divide the Reedsville into faunal zones based on abundant species, recording
extensive fossils of brachiopods, trilobites, gastropods, cephalopods, and bivalves (Table 1).

11

Table 1: Gross's (1955) Faunal Zones of the Reedsville Formation
Zone

Also contains

Triarthus eatoni and Dicranograptus

Leptobolus insignis, Leptobolus latus,

nicholsoni

Leptobolus walcotti, Diplograptus amplexicaulis

Schizocrania filosa

None

Resserella rogata, Resserella

Common: Hallopora sp., Sowerbyella rugosa,

multisecta, Resserella meeki

Rafinesquina alternata, Rafinesquina alternata
plana, Zygospira modesta, Byssonychia radiate,
Modiolopsis sp., Sinuites graniostriatus/Sinuites
sp.
Rare: Cryptolithus lorrainensis, Bellerophon sp.,
Hormotoma gracilis, Lyrodesma sp., Liospira
sp., Paractinoceras sp., Orthoceras sp.

Orthorhynchula linneyi

Ctenodonta sp., Technophorus cancellatus

In the 1970s, the Upper Ordovician of Pennsylvania was included in a large-scale study
by Bretsky on faunal communities. Bretsky focused on the ecological relationships of the
invertebrates using their geographic ranges, co-occurrences, and populations. Since Bretsky’s
work the Reedsville Formation has been largely overlooked by academia, while remaining of
interest to local professional societies. The Field Conference of Pennsylvania Geologists has led
field trips to Reedsville localities twice in the last eleven years, confirming the regional
abundance of fossils (Barta, 2007; Harper, 2013).
Swatara Gap was a prolific Martinsburg/Reedsville Formation outcrop that produced
abundant, well-preserved fossils. It was profiled as an exemplar locality demonstrating the
diversity of Upper Ordovician fauna, and was a popular collecting site for amateurs (Lehman and
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Pope, 1989). Swatara Gap was interpreted as a shallow, subtidal environment with a muddy
substrate deposited during storm events (Lehman and Pope, 1989). Lehman and Pope placed it
within the Reedsville Formation based on the presence of fossils, which differentiated it from the
Martinsburg Formation according to Ulrich’s classification. Swatara Gap was well known for its
abundance of echinoderms, including 3 species of Ophiuroidea and 5 species of Asteroidea
(Lehman and Pope, 1989). Unfortunately, the site was destroyed in 2004 during highway
construction.
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Chapter 4
Methods
Outcrops of the Reedsville Formation were found by looking for marked shale pits on
topographic maps. Each locality was visited and evaluated on the scale of exposure of the
outcrop and observed points of interest, such as high-quality preservation or unique fossils. Two
localities were selected for study, one in Rothrock State Forest in Furnace Gap, Pennsylvania and
a second at Milroy, Pennsylvania (Figure 2).

Figure 2: Locations of Field Sites
Figure 2: Field sites involved in this study: central Pennsylvania samples are labeled “Milroy”
and “Furnace Gap”, the Narrows, Virginia site from Springer and Bambach (1985), and the
range of collections from Bretsky (1970) is encompassed by the dotted line.
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The Furnace Gap locality has excellent preservation quality and unusual organisms not
found at other localities, such as ophiuroids and cephalopods. It was measured during the
summer 2016 field season, and samples were collected during the 2016 and 2017 field seasons.
The Milroy outcrop preserves a complete section of the Reedsville Formation, and a clear
contact with the Bald Eagle Formation. The Milroy locality was measured and sampled during
the 2017 field season. Outcrops were measured using a Laser Technology Impulse laser range
finder to the nearest tenth of a meter. For finer scale measurements, a Jacob staff was used to the
nearest centimeter. Facies were described on the basis of composition, texture (grain size and
shape), sedimentary structures, association, and the presence of fossils.
Fossil collections were made at every stratigraphic interval where there were sufficient
numbers of individuals. Collections consisted of 25 or more individuals to aid in statistical
analyses (Patzkowsky and Holland, 2012). In addition to whole specimens, partial specimens
were added to estimate the minimum number of individuals present. For brachiopods, the total
quantity of brachial valves and pedicle valves was recorded, and the larger quantity of brachial or
pedicle valves was used to determine the number of individuals represented by partial specimens.
Fossils without the hinge portion of the valve were not counted. For trilobites, the total quantity
of cephala and pygidia sections was recorded, and the larger quantity of cephala or pygidia was
used to determine the number of individuals represented by partial specimens. For gastropods,
the higher quantity of specimens preserving the apex or more than 50% of the specimen was
used to determine the number of individuals represented by partial specimens. Crinoids were
recorded as present or absent, as well as the morphology type of columnal (thick-walled, thinwalled, or stelleroid form).
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Each collection was constrained to a stratigraphic interval, lithologic context (type of
preservation, associated sedimentary structures), and to a facies. Species were identified in the
field using Bretsky (1970). Species abundance was recorded on the Faunal Tally template
created by the UGA Stratigraphic Paleoecology lab (Holland, 2018).
Species abundance data for each central Pennsylvania locality was entered into Taxon
(Hunt Mountain Software) and converted into a .csv matrix format. The data set from
southwestern Virginia was obtained from Appendix B and C of the unpublished dissertation
“Community Gradients In the Martinsburg Formation (Ordovician), Southwestern Virginia”
(Springer, 1982). The species abundance data was associated with the stratigraphic position and
lithology of the sample; either carbonate, fine-grained siliciclastic, or coarse-grained siliciclastic.
The data set from the entire basin was retrieved from Table 3 of Bretsky (1970) and recorded on
a relative species abundance scale (a “Taxonomic density scale”), calculated by taking the
absolute number of specimens per 100 square feet of exposed rock (Table 2). To compare
Bretsky’s data to the new central Pennsylvania collections using statistical analyses, the samples
were converted to this relative abundance scale.

Table 2: Bretsky’s (1970) scale of relative and absolute abundance
Relative abundance notation

Absolute number of specimens per 100
square feet

1

1-9

2

10-24

3

25-99

4

100-250

5

250
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Statistical analysis of the data was performed in R (R Core Team, 2017). Multivariate
analyses were used to find factors controlling the variation in the faunal composition along the
ecological gradients. The multivariate analyses were performed using the Vegan and Cluster
libraries. To analyze trends in the data within and between localities, two types of ordination
methods were used. The first was detrended correspondence analysis (DCA) and the second was
non-metric multidimensional scaling (NMDS). Both of these ordinations are based on the species
abundance data and are used to show relationships between collections or localities. The DCA
was created using the decostand() function. The NMDS was created using the metaMDS()
function, and plotted with both species scores and samples scores. The cluster analyses were
created using the library Cluster, and calculated using a Bray-Curtis distance. The function
hclust() was used in conjunction with Ward’s method. A two-way cluster analysis was created
with an overlain “heat map” showing the strength of correlation between the two cluster
analyses. These clusters were also calculated using a Bray-Curtis distance, and plotted using the
library Sparcl.
Fossils were photographed using a Pentax K-5 SLR digital camera with a macro 100 mm
F/2.8 lens. Superior detail and clarity of small specimens was achieved through the process of
“focus-stacking” multiple photographs of the fossil. The camera was mounted on a vertical track,
using the StackShot controller to automate movement of the camera platform up and down. The
StackShot software took a set number of pictures at a preset distance increment, capturing the
entire depth of the three-dimensional fossil. Zerenestacker aligned and stacked the images using
the “PMax” or pyramid algorithm to preserve detail.
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Chapter 5
Results

Measured sections
A 180-meter section of the Milroy locality was measured and described in a stratigraphic
section (Figure 3). The beds were overturned, and strike was measured as N 43° E, and dip as
57° E. The section displayed continuous exposure, and the upper boundary of the formation with
the overlying Bald Eagle Formation was identified. The Bald Eagle contact was characterized by
an increase in grain size from very fine sand to fine or medium sand, an abrupt change from
fossiliferous to un-fossiliferous, and by ripple marks. The lower boundary with the Antes shale
was not identified, as overburden obscured the lowest strata of the road cut. Four lithofacies were
identified: the Red/Brown Mudstone facies (RBM), the Grey Mudstone facies (GM), the
Interbedded Very Fine Sands and Silts facies (IVFSS), and the Very Fine Sands and Silt facies
(VFSS). The Red/Brown Mudstone facies is siliciclastic silt with some clay, thinly bedded, and
is associated with similar tabular shale layers. It is interpreted as a deep marine environment. The
Grey Mudstone facies is siltier than the Red/Brown Mudstone facies and has thicker beds (cm
scale). It is interpreted as a deep marine or offshore environment. The Red/Brown Mudstone
facies is thinly interbedded with the Grey Mudstone facies. The Interbedded Very Fine Sands
and Silts facies is siliciclastic with very fine sand and silt, and thick (1/2 meter) beds, which
alternate with thinly bedded, siltier intervals. It is interpreted as a record of an offshore
environment, potentially near the storm wave base as indicated by the erosional contact between
the sandy beds and silt beds. The Very Fine Sand and Silt Facies is siliclastic with greater
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abundance of sand beds than the Interbedded Very Fine Sands and Silts facies. It has thick (1/2
meter) beds, and is interpreted as reflecting an environment between fair and storm wave base.
Thirteen collections of 25 or more individuals were recorded, and represent all four lithofacies.
The central Pennsylvania Milroy locality preserved a shallowing upward sequence from a
deep offshore to proximal environment. There was an increase in grain size from silt to very fine
sand, as well as ripple marks at the top of the most proximal lithofacies.
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Figure 3: Milroy Stratigraphic Column
Figure 3: Stratigraphic column of the Milroy locality in central Pennsylvania. The samples are
marked at their stratigraphic interval with a red line.
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A 27-meter section of the Furnace Gap locality was measured and described in a
stratigraphic section (Figure 4). The upper and lower contacts of the Reedsville were not found.
Between field seasons, the site was heavily disturbed and only five collections were recorded, as
a majority of the mapped section was either removed or covered in fresh overburden. Two
lithofacies were identified, the lower Thinly Bedded Sandy Siltstone, and the upper Medium
Bedded Sandstone. The lower facies was thinly bedded sandy siltstone interbedded with
mudstone. Moving up section, the ratio of silt to sand content decreased, and the frequency of the
mudstone beds also decreased. The majority of the fossil species were found in this facies. The
upper facies was medium-bedded sandstone interbedded with mudstone. The beds were thicker
(1/2 m scale) than the Thinly Bedded Sandy Siltstone facies. Fossil diversity in this facies was
low, but included brachiopods and crinoids. The upper limit of this facies could not be
determined.
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Figure 4: Furnace Gap Stratigraphic Column
Figure 4: Stratigraphic columns of the Furnace Gap locality in central Pennsylvania. The samples
are marked at their stratigraphic interval with a red line. The ophiuroid fossils were collected at
the interval marked with the star symbol.
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Gradient analysis of central Pennsylvania
Detrended correspondence analysis of the faunal composition of the samples showed a
clustering related to depth (Figure 5). Samples interpreted lithologically as representing offshore
environments clustered together, while more proximal samples separated along DCA Axis 1,
which represented the majority of variability within the samples. On Axis 1, deeper water
samples are represented at negative values, while shallower samples are represent at positive
values.

Figure 5: DCA of Milroy Locality
Figure 5: Detrended correspondence analysis (DCA) of the Milroy collections, using abundance
to compare associations of the collections. The samples are colored according to their lithofacies,
the Red/Brown Mudstone facies = Blue, the Grey Mudstone facies = Green, the Interbedded
Very Fine Sands and Silts facies = Yellow, and the Very Fine Sands and Silts facies = Red.
Sample MR001 is not shown, as it does not contain any co-occurring species.
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At Milroy, there were three overlapping biofacies, characterized by the abundance of
representative species (Figure 6). The first was characterized by the abundance of Lingula sp.
and Orthorhynchula linneyi and was found in the Very Fine Sands and Silts lithofacies. The
second biofacies was characterized by trepostome bryozoans (Hallopora sp.) and Rafinesquina,
and was found in the Grey Mudstone lithofacies. The third biofacies was characterized by
Onniella, Sowerbyella, and Hallopora sp., and was found in the Grey Mudstone and Red/Brown
Mudstone lithofacies. These biofacies are correlated to lithofacies that represent environments at
different depths. The Orthorhynchula-Lingula biofacies is the most proximal environment, while
the Sowerbyella-Onniella biofacies represents the most distal, offshore environment.
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Figure 6: Two-Way Analysis of Milroy Locality
Figure 6: The two-way analysis with overlain heat map of the fauna of Milroy, Pennsylvania.
Species are clustered vertically by co-occurrence, and the samples are clustered horizontally by
faunal similarity. The color scale represents the “strength” of the abundance of the species in
each sample. Identified communities are outlined: community A is the Onniella, Sowerbyella,
and Hallopora sp. community, community B is the Lingula sp. and Orthorhynchula linneyi
community, and community C is the Hallopora sp. and Rafinesquina community.
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The Furnace Gap samples overlapped with the fauna from the Grey Mudstone Facies and
the Red/Brown Mudstone facies of Milroy (Figure 7). These facies matched the lithologic
context of Furnace Gap, which was composed of thinly bedded silts and mudstones.

Figure 7: DCA of central Pennsylvania
Figure 7: DCA of the central Pennsylvania collections from both the Furnace Gap and Milroy
localities. The Milroy samples are colored according to their lithofacies, and the Furnace Gap
samples are in black.
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Gradient comparison between central Pennsylvania and south-west Virginia
The composition of the Narrows, Virginia fauna was strongly correlated with the
lithology. In the DCA, the samples from carbonate, mudstone, and sandstone lithology separated
distinctly into clusters on Axis 1 (Figure 8). There was a large range of the carbonates and
siliclastic samples on Axis 2. Central Pennsylvania samples clustered with the mudstone and
carbonate samples on Axis 1. There is one central Pennsylvania sample, MR001 that contained
Orthorhynchula linneyi and Lingula, and clustered with the Narrows sandstones on Axis 1. DCA
Axis 1 is interpreted as a siliciclastic gradient, with the sandstones on the far right, and
mudstones on the left. DCA Axis 2 is interpreted as a carbonate gradient, composed of a large
spread of the Narrows carbonates. Two Narrows carbonate samples, DNR16 and DNR28C, are
fully separated from the range of the Narrows mudstones on Axis 2. This trend is caused by the
abundance of high-spired gastropods in those samples.
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Figure 8: DCA comparison of central PA to south-west Virginia
Figure 8: DCA of the central Pennsylvania and Narrows, Virginia collections, using abundance
data of all taxa. The Narrows samples are colored by lithology, and the central Pennsylvania
samples are colored black. Outlier central Pennsylvania sample MR001 is specified, as well as
two Narrows carbonate samples that do not overlap the range of the Narrows mudstones on Axis
2.

28

Placement of central Pennsylvania ecology in the foreland basin
A nonmetric multidimensional scaling (NMDS) analysis of Bretsky’s basin-wide study
revealed differentiation along two main axes (Figure 9). Along Axis 1, the Pennsylvania and
Maryland samples clustered to the left, while Tennessee, Virginia, and West Virginia samples
clustered toward the right. On Axis 2, there was a distinct separation between the Tennessee
samples and the rest of the data set, with several Virginia samples in between the Tennessee
samples and majority of the Pennsylvania, Maryland, and West Virginia samples. The central
Pennsylvania samples clustered with the other Pennsylvania samples on Axis 1 and 2, with one
outlier sample. Sample MR001 from the Milroy locality shifted toward the Virginia samples on
Axis 1 and 2. Axis 1 is interpreted as a basin-scale depth gradient, with the relatively shallower
southern samples on the right and the deeper northern samples on the left. Axis 2 is interpreted as
a siliclastic-carbonate gradient, with the carbonate-rich samples from Tennessee separating from
the siliclastic-influenced samples from Pennsylvania and Maryland, and the samples from
Virginia ranging in between. The clustering of the Virginia samples from Bretsky (1970) at the
carbonate-rich end of the lithologic gradient corroborates the presence of fauna preferring
carbonate lithologies in south-west Virginia from Springer and Bambach (1985).
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Figure 9: NMDS of central Pennsylvania and Bretsky (1970)
Figure 9: Nonmetric multidimensional scaling (NMDS) analysis of Bretsky’s dataset and added
central Pennsylvania localities, using the relative abundance of all taxa. Each point represents a
sample, and colors indicate the state from which the samples come. The scores of relevant
species are indicated by (+). Outlier central Pennsylvania sample MR001 is specified.
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Chapter 6
Discussion
Upper Ordovician fossils collected from central Pennsylvania proved valuable in
quantifying faunal change in an evolving basin environment and analyzing faunal change along
environmental gradients. The Reedsville Formation in central Pennsylvania represents a
shallowing-upward sequence from a deep subtidal to a proximal subtidal environment. The fauna
of this formation can be characterized into three main biofacies; The Orthorhynchula-Lingula
biofacies, the Rafinesquina-Hallopora biofacies, and the Sowerbyella-Onniella biofacies. These
biofacies are correlated to lithofacies that reflect environments at different depths, with the
Orthorhynchula-Lingula biofacies representing the most proximal environment, and the
Sowerbyella-Onniella biofacies representing the most distal, offshore environment. These faunal
abundance differences are evidence of an indirect gradient, preserved quantitatively in the fossil
record. Tying lithologic and faunal composition characteristics to environmental interpretations
provides a more accurate means to independently determine the environmental context when
some of the characteristics are not represented in an outcrop. An opportunity to test this approach
presented itself with the Furnace Gap locality, which had unique fossil features (preservation of
ophiuroids) but limited exposure and lacked stratigraphic context of the contact with the
formation above or below it. Comparing the faunal composition of the Furnace Gap samples to
the Milroy locality estimates their placement within the Reedsville Formation. The Furnace Gap
samples are most closely related to the samples from the Grey Mudstone and Red/Brown
Mudstone lithofacies from Milroy. Based on the lithofacies, the Furnace Gap locality represents
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a distal, offshore environment. This correlates with the ecological interpretation based on the
presence of the ophiuroid species, which preferred to live in deep, low disturbance environments
(Cramer, 1957)
At the regional scale, when compared to the environmental gradient from Narrows,
Virginia, the central Pennsylvania samples share the most similarities with samples from the
siliclastic and carbonate lithofacies. The faunal abundances in the DCA reflect similarities to
taxa from the carbonate lithology as a result of the abundance of Onniella sp. and Sowerbyella
rugosa. While both the central Pennsylvania and south-west Virginia gradients reflect a similar
range of depth and type of environment, the faunal composition of these gradients differs with
the presence and absence of several species. Abundant taxa in the Narrows, such as Zygospira
and Isotellids, are not found in central Pennsylvania. Zygospira characterizes the Orthorhynchula
zone in the southern range of the Taconic basin. In contrast, central Pennsylvania contains
abundant Flexicalymene, which is not found in southwestern Virginia. Absences of these species
reflect a faunal response to the carbonate-siliciclastic gradient along the Taconic basin axis. The
presence of species that prefer carbonate-rich environments like Zygospira in Virginia, and their
absence from Pennsylvania at similar near-shore depths, indicates the siliclastic-carbonate
balance heavily influences faunal composition.
Bretsky’s historical basin-wide study was re-examined through a modern statistical
analysis. The interpretation of NMDS Axis 1 as a basin-scale depth gradient, and Axis 2 as a
siliclastic-carbonate gradient, supports Bretsky’s conclusions that faunal composition in the
Taconic Foreland Basin is dependent upon depth and lithologic gradients. Placing species’ scores
over the NMDS analysis shows the environmental preference of the species. For example,
Ambonychia cultrata clusters with the samples from Tennessee that represent a shallow,
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carbonate dominated environment. The central Pennsylvania samples cluster within Bretsky’s
samples from Pennsylvania, representing a deeper, siliclastic-dominated environment that fall
within Bretsky’s defined Sowerbyella-Onniella community. There was one outlier sample,
MR001, which contained Lingula, Orthorhynchula linneyi, and gastropods. Because it represents
a proximal shoreface environment, it more closely corresponds to toward the Virginia samples
that represent a shallower environment than the Pennsylvania samples. The concurrence of this
study with Bretsky’s paleoecological conclusions supports the continued application of historical
datasets in modern analyses.
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Chapter 7
Conclusions
Using 17 collections and approximately 450 fossil individuals, ecological composition
and environmental gradients of the Upper Ordovician were analyzed at multiple scales. Local
deposits of the Reedsville Formation in central Pennsylvania represent a continuous shallowingupward succession of depositional environments. Faunal composition changes along these
gradients, and can be used to contextualize isolated outcrops. At a regional scale, compositional
differences between the Virginia and Pennsylvania depth gradients reflect the influence of
siliclastic content in the northern region of the Taconic Foreland Basin. Statistical re-analysis of
Bretsky’s (1970) communities supported his conclusions regarding the basin-wide influences on
faunal taxa. Using historical data sets for modern analyses opens new avenues for future
advances in paleoecology.
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Museum Exhibit Proposal
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Introduction
I have been investigating and analyzing fossils from outcrops overlooking Nittany Valley
for three years. This research dovetails with my goal to study museum collections, and I saw the
opportunity to create an exhibit to educate the public on the importance and relevance of the
fossils they can find in their backyard. There is a strong community of amateur geologists in
State College, many of whom belong to the Nittany Mineralogical Society. As a child I attended
their talks and fieldtrips. These experiences kindled my passion for paleontology, and now drive
me to add to the body of scientific knowledge about the area.

Background
Pennsylvania provides an ideal setting for studying extinct life and the ancient past. The
state preserves nearly 4 billion years of geologic history from the Precambrian to the Quaternary,
and has been the subject of intensive scientific work for over 200 years. Universities like the
Pennsylvania State University founded some of the earliest geology programs in the country,
teaching generations about the local landscape. The effect of geology on industry, agriculture,
commerce, recreation, and the environment is constantly brought to the forefront of
Pennsylvanian current events, and educating the public on this influence is a critical mission of
the earth sciences.
The Earth and Mineral Sciences Museum on the ground floor of Deike building covers a
wide range of topics, from ocean acidification to antique mining equipment. However, the
narrative centers around Pennsylvania geology and the role Penn State has played in shaping its
history, with fossil amphibian trackways from the Devonian, and the eternally popular
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Carboniferous coal swamp stumps. A recent addition, the restored Pennsylvania relief map first
exhibited at the Chicago World’s Fair in 1893 looms colorfully over the gallery. With other
exhibits covering the Devonian and Carboniferous time periods, there is a gap to be filled on the
Ordovician, the remaining prominent time period exposed in central Pennsylvania. The proposed
exhibit on the Reedsville Formation would fill this niche for modern, local research conducted
by an undergraduate student.
The Reedsville Formation is a mixed shale and sandstone unit found between the
limestone valley floors and the sandstone caps of the mountaintops in the Valley and Ridge
province. It is 445 million years old, dating to the Upper Ordovician period, a time when life was
restricted to the oceans. This marine life was diverse, but would look extremely foreign to us.
The Reedsville Formation preserves brachiopods, bivalves, cephalopods, crinoids, ophiuroids,
graptolites, trilobites, and bryozoans.
The Reedsville Formation is exposed in two ways; highway road cuts through the ridges
and as small, usually commercial shale pits for use as gravel road fill. Topographic maps of
Pennsylvania are dotted with hundreds of these local excavations marked with a hammer and
pick. Despite their abundance, Reedsville fossils have not been studied closely, and what they
tell us about the ecology and environment of these ancient marine communities has not been revisited since the 1980s.

Scientific Importance
The Taconic Foreland Basin was formed during the Taconic orogeny, a mountain
building event between an island arc and the North American plate. The basin extended from
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Tennessee to Pennsylvania, and was a warm, shallow marine environment. The Reedsville Shale
represents the transition from a deeper water environment to a shallow water environment as the
basin filled with synorogenic sediments from the Taconic Orogeny.
There is a long history of using the Middle and Upper Ordovician strata of the
Appalachian foreland basin as a model system for understanding the structure of marine
ecosystems on multiple scales (Bretsky, 1970; Springer and Bambach, 1985). The primary
finding of these studies is that marine fossil assemblages are related to gradients in water depth
and carbonate content. Bretsky (1970) identified Peterson-type communities related to water
depth and a siliclastic-carbonate gradient based on the abundant taxa. His study was extensive
and covered a large distance, with over 100 samples from Tennessee to Pennsylvania. Springer
and Bambach (1985) was at a regional scale, and performed gradient analysis of fossil
assemblages in Virginia and identified water depth (or factors related to water depth) as the
primary control on fossil distributions.
The goal of my undergraduate research was to see how the fossils in central Pennsylvania
fit into these studies, and what new information they could add to the understanding of the basin.
Multivariate analysis of the new collections revealed a water-depth gradient in faunal
composition that ranges from shoreface to offshore (below storm wavebase) environments.
Central Pennsylvania fossil assemblages are associated with Bretsky’s deep-water SowerbyellaOnniella community and the shallower Orthorhynchula-Ambonychia association. The faunal
gradient in central Pennsylvania shares many characteristics with the depth gradient in Virginia.
However, there are some significant differences in the shoreface environments, with the
abundant brachiopod Orthorhynchula in central Pennsylvania, compared to abundant
brachiopods Hebertella and Zygospira and the bivalve Ambonychia in Virginia.
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Multivariate analysis of Ordovician fossil assemblages in the Appalachian Taconic
Foreland Basin improves our understanding of the factors that control the distribution of these
marine assemblages. Central Pennsylvania assemblages are arrayed along depth in a carbonatepoor region of the basin. The structure of the gradient shares many features with the similar
gradient in Virginia, except that differences in taxonomic composition in shoreface environments
may reflect the increasing carbonate content of these environments.

Proposed Exhibit Design
The focus of the exhibit will be on the fossils themselves; and what they can inform us
about the time period in which they lived. Their scientific value centers around their utility to
define ecological communities, therefore the fossils will be arranged according to their cooccurrences with one another. These community groups will be placed in order based on their
position in the depth gradient, from shallowest to deepest.

Table 3: Specimens for Exhibit
Environment
Shoreface community

Species
Orthorhynchula linneyi
Lingula sp.
Gastropods

Proximate shelf

Rafinesquina alternata

community

Crinoids
Hallopora sp.
(Trepostome Bryozoans)
Orthocone cephalopod
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Distal shelf community

Ophiuroids
Onniella multisecta
Crinoids
Flexicalymene
Sowerbyella sericea

Deep offshore

Graptolites

community

Triarthrus eatoni

These are the fossil species of which collections have been made, and specimens are
available for the exhibit. They are grouped by simplified communities in relative placement
along a depth gradient of shallow to deep.
The introductory text of the exhibit will include a cross-section diagram of a basin shelf
with the labeled communities in order. This will give the visitors a figure to refer to when
looking at the relationships between community groups. The introduction section will also
feature an artistic reconstruction of the fauna to convey the diversity of this time period.
Each of the species will be accompanied with identifying text (Figure 10), and smaller
fossils (such as crinoid disks, trilobites) will be accompanied by focus-stacked images.
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Figure 10: Lingula sp. Exhibit Label
Figure 10: Sample label for fossil specimens of Lingula sp. As a smaller fossil, a focus-stacked
image is included showing morphological details. The scientific name, general type of fossil
(Brachiopod) and ecology are discussed.
Focus stacking is a process in which multiple images are taken of a specimen at different
focal depths then combined into one image to create a clear composite photo with a greater range
of focal depth (Figure 11, Figure 12). This technique is effective for emphasizing the complex
morphology of uncompressed fossils, as well as showing detail in extremely small fossils.
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Figure 11: Focus Stacked Image of Trepostome Bryozoans
Figure 11: Example of focus-stacked image showing small-scale detail of crinoid disks and
interior preservation of trepostome bryozoans (Hallopora sp.). Scale 1 cm.
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Figure 12: Focus Stacked Image of Furnace Gap Ophiuroids
Figure 12: Example of focus-stacked image showing oral surface of ophiuroid fossils (~1 cm in
diameter) preserved on two stratigraphic layers. Collected from the Furnace Gap locality.

The second major narrative of the exhibit will be the discovery of ophiuroid fossils by the
author, which are the first to be found in central Pennsylvania. Historically, Ordovician
ophiuroids were well described from Swatara Gap, Pennsylvania (~100 miles away) in the
correlative Martinsburg Formation (Cramer, 1957). Unfortunately, the site was completely
destroyed during a highway expansion in 2004. Fortunately, an ophiuroid specimen from this
locality has been donated so they can be displayed together and visitors can observe the
differences in preservation and morphology (Figure 13). The text accompanying this section of
the exhibit will emphasize the need for museum collections to preserve fossils from threatened
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localities, the potential for future discoveries, and how one person can add to the body of
scientific knowledge.

Figure 13: Ophiuroid from Swatara Gap, Pennsylvania
Figure 13: An ophiuroid from the since-destroyed Swatara Gap fossil locality. It is significantly
less detailed and more poorly preserved than the central Pennsylvania specimens, but does share
the characteristic yellow-orange mineral preservation. Generously donated by Paul Zell.

Conservation and Display Concerns

The Reedsville fossils do not require intensive preparation or curation. The major
concern is to maintain relatively constant humidity within the exhibit case, as rapid fluctuations
of humidity could cause the larger slabs of shale to fracture and split. This is an educational
opportunity to discuss methods to keep fossils under consistent conditions, and explainhow
museum curators measure the conditions of exhibits.
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The smaller fossils require small boxes or containers to group them together for display.
They are often encased in larger pieces of matrix with multiple individuals and species on the
same surface, so labels or notation on the fossils themselves could point to the specific individual
being discussed.

Costs

•

Printing labels and accompanying pictures

•

Specimen boxes, cushioning supports

Estimated Total: $40.00
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Appendix A

Data Matrix of central Pennsylvania Samples

Ambonychia
praecursa
Bryzoans
(encrusting)
Bryzoans
smallramose
Crinoids
star
Crinoids
thickwall
Crinoids
thinwall

FG
001

FG
002

FG
003

FG
004

FG
005

MR
001

MR
002

MR
003

MR
004

MR
005

MR
006

MR
007

MR
008

MR
009

MR
010

MR
011

MR
012

MR
013

5

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

2

0

0

0

0

20

6

9

2

0

0

6

17

5

2

4

4

16

5

16

12

20

9

0

1

1

1

0

0

0

0

1

1

1

0

0

0

0

1

1

1

1

1

1

1

0

0

1

1

1

1

1

1

1

1

1

1

1

1

0

0

0

0

0

0

0

0

0

0

1

0

1

1

0

0

0

0

Flexicalymene

0

7

0

2

0

0

0

0

0

1

0

0

0

0

0

1

2

0

Gastropods

1

0

0

0

0

3

0

0

0

0

0

0

0

0

0

0

0

0

Lingula
Modiolopsis
modiolaris
Onniella
multisecta

0

0

0

0

0

5

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

12

0

20

0

0

0

0

21

17

10

10

9

13

2

13

4

14

Orthorhynchula
linneyi

0

0

0

0

0

23

0

0

0

0

0

0

0

0

0

0

0

0

Rafinesquina
alternata

0

0

17

0

21

0

20

9

0

0

0

0

0

0

7

0

0

0

Sowerbyella
sericea

0

0

0

1

4

0

0

0

0

9

6

16

0

5

0

0

2

2
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For honors class project, a field guide of known stromatolite localities from
literature and publications. Contains photographs taken personally from each
site, geologic context, and historic information.

2015

“Madison Group Mississippian Fossils, Montana”
2014
For the Paleontological Society Field Course on Stratigraphic Paleoecology
in the Tobacco Root Mountains, a comprehensive field guide for identifying fossils
from literature sources. Included photographs and descriptions of each species, used by
subsequent field camps through 2017.
Technological Skills
R Code, Artec 3-D, Adobe Photoshop, Adobe Illustrator, Image stacking software
Service
“Ask a Scientist” volunteer, We Are for Science
Central Pennsylvania People’s Climate Day
Junior Education Day volunteer, Nittany Mineralogical Society

2017
2016, 2017, 2018

Professional Society Memberships
The Paleontological Society
Geological Society of America
Society for the Preservation of Natural History Collections
Association For Women Geoscientists
Extracurricular Activities
Hockey Management Association
Penn State Fly Fishing Club
Friends of Penn State Men’s Hockey Booster Club
News and Media Coverage
“Here’s how one Penn State student is making an impact in paleontology around State College”, The
Daily Collegian, November 10, 2017.
“EMS undergraduate uncovers over 300 fossils at local site during summer research”, Penn State
News, October 24, 2017.
“Geobiology student wins 2016 Undergraduate Excellence in Paleontology Award”,
Penn State News, October 24, 2016.
Cover image of Pennsylvania Geology, Volume 45, Winter 2015.
“Geosciences student finds rare starfish fossil in Happy Valley”, Penn State College of EMS News,
June 25, 2015.

