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ABSTRACT

PALEOECOLOGY OF GLACIAL AND NON GLACIAL CARBONIFEROUS
FAUNAS DURING THE LATE PALEOZOIC ICE AGE IN PATAGONIA

by
Nicole L. Braun
The University of Wisconsin-Milwaukee, 2015
Under the Supervision of Dr. Margaret Fraiser
The Late Paleozoic Ice Age (LPIA) records the only icehouse to greenhouse

transition in Earth’s history that involved complex marine and terrestrial life and serves
as an analogue for Quaternary climate change. Identifying biotic responses to
paleoenvironmental variations during the LPIA is important in order to understand how
our modern fauna may respond to contemporary climate change. Low-paleolatitude (far-
field) marine faunas far from ice centers have been recognized and used as a global proxy
for biotic responses to the LPIA, but the biotic responses in high-paleolatitude (near-
field) regions close to Gondwanan ice centers have received much less attention. We
tested the hypothesis that paleocommunities within polar latitudes in glacially influenced
marine environments differed ecologically from paleocommunities distal to glacial
influence. This study focused on the paleoecology of the Tepuel-Genoa Basin located in
central Patagonia, Argentina to determine how conditions during the LPIA influenced
marine paleoecology in a near-field region. Quantitative stratigraphic and paleontological
analyses were conducted on sections near the base of the Pampa de Tepuel Formation.
Results from this study suggest that paleocommunities located near the base of the

formation were affected by stressful physical processes from glacial influences and

ii
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possible small debri flows. Paleoecommunities were dominated by sessile epifaunal
suspension feeders, abundant crinoid populations, and a lack of durophagus predation.
This data suggests that Paleozoic marine invertebrate communities in a near-field region
during the LPIA can be used as a potential proxy for modern glacial-marine communities.
It is interpreted that shifts in taxonomic composition occur throughout this basin
depending on environmental influences. The paleoecological changes observed in the
Pampa de Tepuel Formation could be indicative of the waxing and waning of glaciation

or of glacial and non-glacial intervals during this ice age.

iii

www.manaraa.com



To my parents,
Mike and Kellee Braun
and my sister,
Natalie Braun

ol LEl ZI]I_EISI iV

www.manharaa.com




© Copyright by Nicole Braun, 2015
All Rights Reserved

www.manharaa.com




TABLE OF CONTENTS

LIST OF FIGURES ... .o viii
LIST OF TABLES ...t ne e Xi
ACKNOWLEDGEMENTS ...ttt xii
1. INTRODUCTION .ttt sttt nbe e be e eenee s 1
L L HYPOTNESIS .ottt sttt et e st e et e et e s beese e besre e aesre e e e sreereeaenre s 5

2. GEOLOGIC SETTING ....ooiiiiiee ettt 6
2.1 BIOSErAtIGrAPNY ..o 11

B IMETHODS ...ttt b e be e b e 13
3.1 SedimentologiCal MEtNOUS .........ccoiiiiiii s 13
3.2 Pale0ecologiCal MEtNOGS...........oiiiiieieisese e 13
A RESULTS L.ttt bttt st b e st e et et e enbe e snbeesbeesntaen 19
4.1 LithOTaCies ANAIYSIS ....c.viiiiiiciiiece ettt st s sr e te e sresre e renre s 19
4.1.1 “Dispersed” Fossil Bearing Mudrock Facies ..........c.cccoooveiiiiiiiiiiiiieeecniei 19
4.1.2 “Densely Packed” Fossil Bearing Mudrock Facies..........ccccooveiiiiiiiiiiiiiiicnicnici 22
4.1.3 MaSSiVe DIamiCtite FACIES ..........cviveiirieiiiiiiiciiee e 22
4.1.4 Thin-bedded DiamiCtite FACIES ........ccovveiiriirieiieiseee e 23
4.1.5 Massive ConglomMErate FACIES.......ccueviiiiieieciee ettt 23
4.1.6 MaSSiVe SANASIONE FACIES ........cveuiiieiiieiiiiciieei e 26
4.1.7 Rippled Cross-Laminated Sandstone FaCIeS ..........ccoovviiirireneneieieisese e 26

4.2 LithOTaCies PAttEINS .....c.viiviieeiiciece ettt ettt ste e srneraeneenne s 26
4.3 Pale0ecologiCal RESUILS .........cc.oiiiiiiiiisie s 29
4.3.1 MUItIVAriate ANAIYSIS ......ccoriiriieieieii et 29
4.3.2 Diversity and ADUNGANCE .........cooiiiiiiiiie e 33
4.3.2 ECOIOQICAl ANAIYSIS......ccuiiiiiiieieiee e 38

5. DISCUSSION ...ttt ettt bt et e et e e s e e sbe e s nbeesbeeenteesreeenes 40
5.1 Environmental INterpretations ..........cooveoiiiiie et 40
5.2 Paleoecological INterpretations. ...........coeoiieiirieeiene et 42
5.3 Tepuel-Genoa Basin Study COMPAIiSONS..........ciueieiieieereerie e seeeeeeie e see e eeeseens 51
5.4 RegioNal COMPAIISONS. ... .cc.eiiiiiteeirtieeie et steeie et e e steeree e sseeseesaeaneeseeeseeneesreeseenaesneeneenseans 54

Vi

www.manaraa.com



5.5 Modern Global COMPAIISONS..........cciviiieiiieie st st sre e e 56

6. CONCLUSION ... oottt bbbttt et nb et 59
T.REFERENGCES ...ttt ettt a e 62
APPENAIX A bbbt e b e e e b e Rttt n et na e 73
APPENAIX Bttt 79

vii

www.manharaa.com




LIST OF FIGURES

Figure 1. Traditional and recent reconstructions of maximum glaciation in Gondwana
during the late Paleozoic. A) Traditional reconstruction showing a massive ice sheet.
B) Reconstruction during maximum glaciation during the Gzhelian to early
Sakmarian (Pennsylvanian—Early Permian). Data from Isbell, 2012. ........................ 3

Figure 2. Gondwana Supercontinent and the Late Paleozoic Ice Age basins with glacial
evidence in their stratigraphic record highlighted. Modified from Lépez-Gamundi
and Buatois, 1997, 2010; ISDEIl 2010.........ccuiviriiiiieriesie e 4

Figure 3. Map of Tepuel-Genoa Basin located in central Patagonia, Argentina. Modified
from Gonzalez and Diaz Saravia, 2010; Dineen et al., 2012.........ccccceecervrievvirinannns 8

Figure 4. Major basins of southern South America. Modified from Limarino and
Spalletti, 2006. .......cceeiieeiciece e e areers 9

Figure 5. Stratigraphy of the Tepuel group (Jaramillo, Pampa de Tepuel, and Mojon de
Herro formations) from the Tepuel-Genoa Basin. Modified from Suero, 1948........ 10

Figure 6. Lithostratigraphy and biostratigraphy of the Late Paleozoic in the Tepuel-Genoa
Basin. Modified from Taboada, 2008, 2010; Cesari et al., 2011.......cc.ccoccvvvrirnnnns 12

Figure 7. Google earth image of the Pampa de Tepuel Formation section including eleven
sampling horizons (indicated by yellow pins). ... 14

Figure 8. Generalized stratigraphic column (246.8 m) displaying identified and described
lithofacies. Note that sampling horizon 7 does not reside in measured section, but is
grouped with stratigraphic section 1 due to similarities in faunal composition. ...... 20

Figure 9. Generalized stratigraphic column (43.5 m) displaying identified and described
lithofacies. Note that sampling horizon 8 does not reside in measured section, but is
grouped with stratigraphic section 2 due to similarities in faunal composition. ...... 21

Figure 10. Fossil-bearing mudrock facies in which sampling horizons 8-11 reside.

Arrows show molded porosity interpreted to be caused by echinoderms. ............... 24
Figure 11. Laminations in diamictite faCies...........cccveiieiiiiicie e 24
Figure 12. Dropstone found in laminated diamictite. Photo credit John Isbell. ............... 25
Figure 13. Striated pebble found in float material near thin-bedded diamictite. .............. 25
Figure 14. Nuculopsis (bivalve) SPECIMENS. .........ccveiiieiieiie e 30
Figure 15. Phestia (DivalVe) SPECIMEN. .......cciviiiiiiiie st 30

viii

www.manaraa.com



Figure 16. Fenestella and Fistulamina (bryozoans) found in sampling horizons 8-11. ... 31

Figure 17. Cluster Analysis for sampling horizons 1-11 in the Pampa de Tepuel
Formation using Dice cluster analysis based on similarity...........ccccccoeiininnnnns 32

Figure 18. Multivariate Data Analysis for sampling horizons 1-11 in the Pampa de Tepuel
Formation using Detrended Correspondence analysis (DCA) plot showing the
relationship of all horizons based 0N tWO @XES. ........cccevererininieieee e 32

Figure 19. Alpha diversity of sampling horizons 1-11. .........ccccooviiiinieienene e 34

Figure 20. Mean rank order values of the different faunal classes recorded throughout
sampling horizons 1-11 in the Pampa de Tepuel Formation. Values closer to 1
indicate the most abundant taXa. ...........coceviiiiiiiii e 34

Figure 21. Breadth of Distribution of the different faunal classes recorded throughout
sampling horizons 1-11 in the Pampa de Tepuel Formation. Values equal to 1
indicate the taxon was present in all sampling hOrizons. ..o 35

Figure 22. Comparison of the relative abundance of individuals in sampling horizons 1-7
and relative abundance of individuals in sampling horizons 8-11...............ccccueeveee. 35

Figure 23. Comparison of different diversity indexes: Simpson’s Index, Shannon-Weiner
Index, and evenness. In Simpson’s Index, values closer to 1 indicate higher
diversity. In Shannon-Weiner Index, higher values indicate higher diversity (Hmax =
In(S), S= species richness). In evenness, values closer to 1 indicate a more evenly
distributed community with no one genus dominating............cccceeeevveveevieieeseennn, 37

Figure 24. Comparison of the relative abundance of the individuals in sampling horizons
1-7 and sampling horizons 8-11, displaying various life modes as a potential
indicator for overall environmental change throughout the Pampa de Tepuel
T 1= AT o ST 39

Figure 25. Comparison of the relative abundance of the individuals in sampling horizons
1-7 and sampling horizons 8-11, displaying various salinity tolerances as a potential
indicator for water salinity change throughout the Pampa de Tepuel Formation..... 39

Figure 26. Comparison model of the potential paleocommunity location of the lower
horizons (red) and the upper horizons (green). Modified from Isbell. .................... 42

Figure 27. Various environmental factors that affect benthic organisms based on where
they reside beneath sea level. Modified from Brenchley and Harper, 1998............. 45

Figure 28. Paleoecological reconstruction of lower sampling horizons during the LPIA.49

ix

www.manaraa.com



Figure 29. Paleoecological reconstruction of upper sampling horizons during the LPIA.50

Figure 30. Comparison of relative abundances in Braun, Pauls, and Dineen’s studies in
the Pampa de Tepuel FOrMAtioN. ..........ccoiveie e 53

Figure 31. Comparison of evenness between Tepuel-Genoa Basin studies by Dineen
(2010), Pauls (2014) and Braun (2015). ......cccueierieiieiieienienesiesee s 53

Figure 32. Comparison of alpha diversity between Tepuel-Genoa Basin studies by Dineen
(2010), Pauls (2014) and Braun (2015). .....cccevveieiieieeiie e 54

www.manharaa.com




LIST OF TABLES

Table 1. Facies descriptions and interpretations of the measured sections of the
Pampa de Tepuel Formation in the Tepuel-Genoa BasSin..........cenermernnenesseesessssneens 28

Xi

www.manharaa.com




ACKNOWLEDGEMENTS

I would like to express my most sincere thanks to my advisor, Dr. Margaret
Fraiser. This project would not have been possible without her professional guidance,
unwavering support and confidence in me. | would also like to deeply thank Dr. John
Isbell for his enormous help on this project; for both his guidance in the field and his
assistance while writing. | would like to thank Dr. Erik Gulbranson for his very helpful
insights and suggestions on the project.

I would also like to express gratitude to our Argentine collogues, Dr. Alejandra
Pagani and Dr. Arturo Taboada for their assistance in fossil identification and their
willingness to answer any questions in the field. | would also like to express an enormous
amount of thanks to Katie Pauls, who has been extremely helpful and supportive of this
project while in the field and in the office. I can’t thank you enough for being willing to
answer my infinite amount of questions.

A special thanks to the Society for Sedimentary Geologists, Center for Latin and
Caribbean Studies, Wisconsin Geologic Society, and the UWM Geosciences Department
for their financial support on this project in Argentina.

Finally, I would like to thank my parents, Mike and Kellee, for always assuring
me | can accomplish anything | set my mind to. | would not be where | am today without
their continuous support and optimism. To my sister and my best friend, Natalie, thank

you for believing in me and making me laugh along the way.

xii

www.manaraa.com



1. INTRODUCTION

The Late Paleozoic Ice Age (LPIA), which spanned most of the Carboniferous
and into the Permian (~70 myr), was an important climatic event in Earth’s history as it
was the longest and largest icehouse interval of the Phanerozoic (e.g. Fielding et al.,
2008; Montafiez and Poulsen, 2013). The end of the LPIA records the only icehouse to
greenhouse transition that involved biologically complex marine and terrestrial life
(Gastaldo et al., 1996; Isbell et al., 2003; Montafiez and Soreghan, 2006; Fielding et al.,
2008) and the subsequent shift to a greenhouse state serve as the most recent and
complete analogue for Quaternary climate change (Gastaldo et al., 1996; Montafiez and
Soreghan, 2006; Isbell et al., 2008a). Evidence suggesting a similar climatic shift today
can be observed in retreating glaciers, increasing sea levels, and increasing global
temperatures (e.g. Kaser et al., 2004; Harris et al., 2006; IPCC, 2014). Both intervals are
also characterized by low atmospheric CO, and multiple glacial intervals (Isbell et al.,
2003, Fielding et al., 2008a; Isbell et al., 2012, 2013; Frank et al., 2015).

Much LPIA research has focused on the extent and duration of glaciation in
Gondwana, the supercontinent that included present-day South America, Africa, India,
Australia, and Antarctica (e.g., Crowell and Frakes, 1970; Visser, 1997; Isbell et al.,
2003, 2012; Fielding et al., 2008a, 2008b; Stollhofen et al., 2008; Gulbranson et al.,
2010). Early hypotheses proposed that a single, massive ice-sheet covered Gondwana
during this time (Frakes and Crowell, 1969; Scotese et al., 1999). However, improved
chronostratigraphy and regional-scale sedimentologic analysis suggest that glaciation in
Gondwana during the LPIA fluctuated and consisted of multiple restricted ice sheets of 1-

8 million years in duration (Fig. 1) (e.g., Isbell et al. 2003, 2012; Fielding et al. 2008;
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Gulbranson et al., 2010). The pacing of glaciation in this emerging LPIA concept is
supported by radiometrically-calibrated reconstructions of eustasy from paleo low-
latitude settings (Eros et al., 2012). Geochemical, stratigraphic, and tectonic records
reveal evidence for multiple glacial episodes separated by nonglacial intervals (Fig. 2)
(Fielding et al., 2008b, Gulbranson et al., 2010, Lopez-Gamundi and Buatois, 2010).
These environmental changes likely had profound effects on the composition and
diversification of marine ecosystems during the LPIA (Clapham and James, 2008).

Paleobiologic studies suggest temperature associated with climate change can
often have consequences on the distribution and survival of species through indirect
changes in reproductive potential, abundance, or interspecific interactions (Clarke, 1993).
Factors such as viscosity, oxygen solubility, and carbonate equilibria of the oceans can
fluctuate with changes in climate and influence the physiology of many organisms
(Clarke, 1993). Much remains to be understood about the effects on the marine
paleoecology during this prominent climatic event.

Biotic responses to LPIA climate fluctuations in low-paleolatitude marine regions
far from ice centers (far-field) have been recognized and used as a global proxy. Upper
Mississippian marine paleocommunities in the far-field subtropics of North America
suggest a common biotic response to the onset of the LPIA is an increase in eurytopic
organisms (Bonelli and Patzkowsky, 2008, 2011). Other North American studies show
climatic fluctuations had little effect on the diversity of marine paleocommunities across
the Mississippian-Pennsylvanian boundary (Heim, 2009). A large-scale
macroevolutionary study showed that sluggish diversification and narrowly distributed

brachiopod genera did not recover to their preglacial configuration until after the LPIA
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A) Traditional View

Panthalassic
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Tepuel-Genoa
0 2000 km Basin
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B) Recent view
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and small
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Figure 1. Traditional and recent reconstructions of maximum glaciation in Gondwana
during the late Paleozoic. A) Traditional reconstruction showing a massive ice sheet.
B) Reconstruction during maximum glaciation during the Gzhelian to early Sakmarian
(Pennsylvanian—Early Permian). Data from Isbell, 2012.
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(Powell, 2005). However, far-field faunas undoubtedly responded differently compared

to those from high latitudes (near-field) (Waterhouse and Shi, 2010) and regional

ecological patterns in response to climate change do not always parallel global patterns

(Heim, 2009). Further analysis on near-field faunas during specific transitions from

glacial to non-glacial intervals of the LPIA is necessary to more fully understand how

faunas respond regionally to environmental change.

South America

0 2000 km
| S | ——|

Africa

Antarctica

Tepuel-Genoa
Basin

Panthalassic
Ocean

~

\ Australia

Glacial Episode Il
" Glacial Episode Il

Glacial Episode |

Figure 2. Gondwana Supercontinent and the Late Paleozoic Ice Age basins with glacial
evidence in their stratigraphic record highlighted. Modified from Lopez-Gamundi and

Buatois, 1997, 2010; Isbell 2010.

www.manaraa.com



1.1 Hypothesis

The objective of this study was to determine how conditions during the LPIA
influenced marine paleoecology in a near-field region. The overarching hypothesis that
was tested is that paleocommunities within and proximal to glaciomarine environments
differed ecologically from paleocommunities distal to glacial influence (near-field faunas
differed from far-field faunas). The specific aim of this study was to document the
paleoecological characteristics along an environmental gradient in a high-paleolatitude
region of Gondwana. The fauna within the Tepuel-Genoa Basin in the Chubut province
of Argentina was examined to more fully understand how biota at high paleolatitudes
responded to climate change. The two working hypotheses are: 1) faunas from glacial-
proximal environments were characterized by low diversity and were dominated by
genera with a broad latitudinal range (based on previous work by Powell, 2005); and 2)
faunas from glacial-distal environments were more diverse, larger in body size, and more
ecologically complex (based on previous work by Clarke et al. 2004; Dineen et al., 2012).
These regional ecologic patterns were compared to large-scale, global ecological patterns

in order to get a more robust understanding of how climate affected the biota.
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2. GEOLOGIC SETTING

During the late Paleozoic, the supercontinent Gondwana included now-recognized
continents of Australia, India, Antarctica, and parts of South Africa and South America.
The western margin of Gondwana is represented by numerous Upper Paleozoic basins in
southern South America and provides a well described and radiometrically-calibrated
record of paleoenvironmental change (Limarino and Spalletti, 2006; Gulbranson et al.,
2010; Césari et al., 2011), such as variations in sea level, tectonic activity, and changes in
climate during the LPIA (Lopez-Gamundi, 1997; Pazos et al., 2002; Limarino and
Spalletti, 2006; Henry et al., 2008, 2010, 2014, Limarino et al., 2014; Gulbranson et al.,
2015). The Tepuel-Genoa Basin located in central Patagonia, Argentina contains a rich
paleontological record and an exceptionally exposed succession (Limarino and Spalletti,
2006; Pagani and Taboada, 2010).

There are currently two conflicting hypotheses explaining the paleogeographic
position of Patagonia during the LPIA. The first proposes Patagonia as an autochthonous
block, or native terrane (eg. Forsythe, 1982; Dalla Salda et al. 1990) and the second
proposes Patagonia as an allocthonous terrane, or accreted terrane (Pankurst et al., 2006;
Ramos, 1984, 2008; Rapalini et al., 2010). After further analysis on magmatic belts and
their deformation and metamorphism, it is suggested that the basement of Patagonia is
not exotic to Gondwana (Ramos, 2008). This evidence, along with recent fossil
discoveries (Taboada, 2008; Pagani and Taboada, 2010), best supports the explanation
that Patagonia is a paraautochthonous terrane (Ramos, 2008; Rapalini, 2010). However,
this problem is not resolved at the present time. The basement rock of Patagonia consists

of two tectonic blocks: the North Patagonian Massif and the Deseado Massif in the south
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(Leanza, 1958; Harrington, 1962). It is suggested that western Patagonia and the
Antarctic Peninsula collided first with the North Patagonian Massif and then both
collided with Gondwana in the Late Paleozoic (Ramos, 2008).

In central Patagonia, Late Paleozoic rocks overlie Devonian granite and underlie
Lower Jurassic strata (Pagani & Taboada, 2010). The fossiliferous section of interest in
this study is located in the Tepuel-Genoa Basin with its outcrops located between
latitudes S 42°50° — S 44°40° and W 69°30” — W 71°20° (Fig. 3). The tectonic setting of
the basin is controversial. It has been interpreted as either a forearc basin or a retroarc
basin with minor deformation and a lack of metamorphism (Fig. 4) (Limarino and
Spalletti, 2006).

The high-paleolatitude proximity to glaciation of the Tepuel-Genoa Basin during
the LPIA, coupled with its near stratigraphic completeness of Mississippian to Early
Permian stratigraphy (cf. Isbell et al. 2003, Fielding et al., 2008; Isbell et al. 2012, 2013),
makes this an ideal study site. The Tepuel-Genoa basin includes three formations
including the Jaramillo, Pampa de Tepuel, and Mojon de Hierro formations. The
Jaramillo Formation includes yellow-gray to greenish-gray sandstone with a few
siltstones and diamictites and poor fossil content. The sediments that make up this unit
were deposited in a nearshore environment (Andreis et al., 1987, 1996; Pagani and
Taboada, 2010). This study focuses specifically on the Pampa de Tepuel Formation
(overlying the Jaramillio), which contains conglomerate, mudstone, sandstone, and
diamictite of probable fluctuating glacial and non-glacial influence (Fig. 5) (Taboada,
2010). Evidence for a glacially influenced interpretation of these strata is the presence of

lonestones and glacial pavements (e.g. Gonzalez et al., 2003; Gonzalez and Glasser,
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2008; Pagani and Taboada, 2010). Taboada (2010) has identified six diamictite levels,
interpreting them as representing six separate glacial intervals. However, the glacial
pavements may be the result of glide planes beneath slide blocks and the diamictites may
also be the result of debris flows in a basinal slope setting (Isbell et al., 2013; Pauls,
2014). Therefore, caution should be exercised in working with these sediments. The
overlying Mojon de Hierro Formation includes yellowish to greenish sandstone with
intercalated siltstone and conglomerate (Pagani and Taboada, 2010), interpreted as a

postglacial sea level rise (Lopez-Gamundi, 1989, 1997).

Tepuel Basin

1 .
\ i Tepuel Hill

. i L3
Chile " G coda EIMoli

Figure 3. Map of Tepuel-Genoa Basin located in central Patagonia, Argentina. Modified
from Gonzélez and Diaz Saravia, 2010; Dineen et al., 2012.
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2.1 Biostratigraphy

Studies by Pagani and Taboada (2010) focus on biostratigraphic correlation and
attempt to integrate the different faunal associations in order to create a unified
biozonation scheme for this region. Most skeletonized, macroscopic, marine invertebrate
groups are represented as body fossils throughout the Tepuel-Genoa Basin, with the most
diversified being brachiopod, bivalve, bryozoan, and gastropod groups (Pagani &
Taboada, 2010). The invertebrate fossils within the Pampa de Tepuel Formation are
divided into five units based on brachiopod and bivalve generic classifications
(Simanauska and Sabattini, 1997). Biostratigraphic schemes are based on faunal
distribution in the northern section of the Tepuel-Genoa Basin (Pagani and Taboada,
2010). The Pampa de Tepuel formation includes the Lanipustula biozone, characterized
by the presence of the Lanipustula brachiopod (Fig. 6). The fauna found within this

formation is suggested to be middle Carboniferous to early Permian in age.
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3. METHODS
In late March 2014, paleoecological and sedimentological fieldwork was
completed in Patagonia along with Dr. John Isbell (UWM), Dr. Arturo Taboada (LIEB),
Dr. Alejandra Pagani (CONICET), and UWM students Kathryn Pauls (Ph.D.) and Sarah
Survis (M.S.). Sedimentological and paleocological data were collected and used in
construction of stratigraphic columns, in paleoecological statistical analysis, and
construction of a regional paleoenvironmental map in order to determine the physical

processes that affected marine organisms in the Tepuel-Genoa Basin.

3.1 Sedimentological Methods
| examined two sections of marine strata with the UWM contingent near the base

of the Pampa de Tepuel Formation in the Tepuel-Genoa Basin. Stratigraphic sections
were measured using standard sedimentological techniques using a Brunton compass,
abney level, and Jacob’s staff. Sedimentary structures and stratigraphic surfaces were
identified and lithologies were determined in the field. This data was used to create
stratigraphic columns in order to establish paleoenvironmental context and identify
potential physical stresses that may have affected the paleocommunities in this basin. The

total stratigraphic thickness measured was approximately 290.3 meters.

3.2 Paleoecological Methods
It has been suggested that in order to produce a more thorough paleoecological
study, information such as counts of relative abundance of individuals, ecological niches,
and lithofacies descriptions should be included (e.g., Clapham et. al, 2006). All

macroscopic taxa were identified and recorded in the field, with the help of our Argentine
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Figure 7. Google earth image of the Pampa de Tepuel Formation section including eleven
sampling horizons (indicated by yellow pins).

colleagues, and the numbers of individuals (identified down to the genus level when
possible) were counted from a total of eleven different sampling horizons (Fig. 7). The
MNI (minimum number of individuals) method was used when counting brachiopod and
bivalve fossils in order to avoid overestimation of organisms (i.e. right and left valves
from a single bivalve individual were counted as only one individual) (Gilinski and
Bennington, 1994). Bryozoan fossils were counted using a 10 cm? grid system with lines
1 cm apart (Forcino et. al, 2013). At each gridline intersection, a count of one was
recorded for the bryozoan genus. If two taxa were occupying one intersection point, each
bryozoan received a count of one. Crinoid fragments were not taxonomically distinctive
and their ossicles and columnals were conservatively counted. Reliable and distinct

methods for estimating the number of crinoids on the basis of fragments are not available
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(Moore and Jeffords, 1968). In order to research the most effective approaches for
quantifying disarticulated crinoids, | thoroughly reviewed primary literature regarding
crinoid morphology and contacted crinoid specialists, such as Dr. Tatsuo Oji (Nagoya
University). Following correspondence and morphological research, | decided to quantify
crinoids based on stalk size differences and location in the sampling horizon. Articulated
stalks and ossicles found less than 4 cm away were counted as one individual.
Disarticulated fragments found grouped together (< 4 cm) were counted as one
individual.

In order to obtain the most robust paleoecological information, it has been
suggested that a count of at least 50 different individuals should be collected from each
fossil horizon (Forcino, 2012). At least 50 specimens were recorded for each sampling
horizon, with some horizons exceeding this count. For sampling horizons exceeding 50
counts, data were normalized by distributing random real numbers (greater than or equal
to 0 and less than 1) to each individual genus using Microsoft Excel. The 50 specimens
with the highest randomly assigned values were used in paleoecological statistical
analysis. Randomization of collected data reduces the chance that confounding variables
will influence our results. Constraining our data to 50 counts each will keep a statistical
consistency among our data when used in different analyses.

The diversity of the paleocommunities was calculated using a variety of diversity
indices including Simpson’s Diversity Index and Shannon-Weiner Index. Simpson’s
Diversity Index gives the probability that two randomly picked organisms are the same
species. Calculated diversity indexes that are close to a value of 1 indicate a very

dominant taxon within the designated sampling horizon. Likewise, if the value is minimal
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it can be inferred that all taxa within the sampling horizon are even (Hammer and Harper
2006). The Shannon-Weiner Index indicates the ability to predict the next collected
species. A high Shannon-Weiner value suggests that the sampling horizon possesses high
diversity. Both the Shannon-Weiner Index and Simpson’s Index are useful when
comparing paleocommunities within different environments (Hammer and Harper 2006).

Ecological dominance was determined through evenness, mean rank order, and
breadth of distribution. Ecological dominance is important to account for in a community
because dominant species have an equally, or more important influence on species
diversity and trophic structures (Clapham, et al. 2006). Evenness is the inverse measure
of dominance in a community and measures how evenly distributed the composition of
species are (Hammer and Harper, 2006). Mean rank order values assigns a rank to each
genera based on their general abundances. A breadth of distribution coefficient was
determined in order to measure how certain individuals were among sampling horizons
(Clapham et al., 2006). These types of analyses were conducted on each individual
sampling horizon. This data could then be used to compare paleocommunity distributions
between the two stratigraphic columns.

Z-test values were calculated in order to determine if there were statistically
significant differences between populations or groups. (Whitlock and Schluter, 2009). A
Z-test was completed between each of the beds in order to obtain a p-value, which was
used to reject the null hypothesis that all beds are statistically similar (>0.05) or accept
the null hypothesis (<0.05).

Trophic structures and modes of life of each individual within each sampling

horizon were determined using information available on the Paleobiology Database
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(Fossilworks.org) in the laboratory. Organisms were placed into guilds in order to
analyze the distribution of the fossil assemblage. Taxa were also classified as either
stenohaline or euryhaline in order to compare the overall population’s relationship with
salinity. This information aided in the reconstruction of paleocommunities in the Tepuel-
Genoa Basin during the LPIA.

PAST, a free online software package used in quantitative paleontology, was used
for multivariate data analysis and to generate rarefraction curves. The first multivariate
tests used were a type of classification analysis known as a cluster analysis. This test
identifies groups and subgroups based on a given distance of similarity measure
(Hammer and Harper, 2006). The most similar clusters are then grouped into
superclusters until all the clusters are joined, producing a tree called a dendrogram.
Abundances of individuals of each genus from each sampling horizon were input into the
PAST program in order to observe any distinct groupings. The strength of the groupings
was then evaluated by investigating the different clustering levels (Hammer and Harper,
2006). Detrended correspondence analysis was another multivariate analysis used. This
test attempts to group similar samples in similar positions on the ordination plot. The plot
can help to determine how genera respond to an environmental gradient (Hammer and
Harper, 2006). The two axes produced by detrended correspondence analysis were
assessed by analyzing the groupings of taxa.

Rarefraction curves were generated with PAST in order to make sure results
obtained were not due to a sampling bias in the field. The program randomly picked
specimens from the original sample and counted the number of individuals obtained. This

procedure was repeated in order to get a range of expected values. This repeated
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procedure revealed rarefraction curves with standard deviations and confidence intervals.
If the rarefraction curve flattens out, we can infer that our original sample has recovered

most of the species present in the population (Hammer and Harper, 2006).
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4. RESULTS

4.1 Lithofacies Analysis

Two sections near the base of the Pampa de Tepuel Formation were measured in
order to establish paleoenvironments during the height of the LPIA. A total of 246.8
meters with a dip of 70° (that decreases throughout a covered interval to 40°) and dip
direction of 146° was measured and created the first stratigraphic section (Fig. 8). The
second stratigraphic section (Fig. 9) was a total of 43.5 meters thick with a dip of 25° and
a dip direction of 125°. The late Paleozoic rocks within this basin underlie Jurassic strata
and were titled due to the uplift of the Andes during the Cenozoic (Pagani and Taboada,
2010). Strata from both sections were described and divided into seven different facies
associations: 1) “Dispersed” fossil-bearing mudrock facies, 2) “Densely packed” fossil-
bearing mudrock facies, 3) massive diamictite facies, 4) thin-bedded diamictite facies,
5) massive conglomerate facies, 6) rippled, cross laminated sandstone facies, and 7)
massive sandstone facies (Table 1). Detailed stratigraphic columns are available in

Appendix A.

4.1.1 “Dispersed” Fossil Bearing Mudrock Facies
This mudrock facies was common throughout the lower measured stratigraphic
section. In stratigraphic section 1, the mudrock facies measured about 192 meters in
thickness and is interrupted by multiple massive diamicite and massive sandstone facies
intervals (Fig. 8). The first gradational contact occured at 60 meters between the mudrock
facies and the massive sandstone. Between 90 and 183 meters was a fossiliferous interval
in which sampling horizons 1-6 were located (lateral to the measured section). Some

sampling horizons were vertically clustered together, such as sampling horizons 1, 2, and
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Figure 8. Generalized stratigraphic column (246.8 m) displaying identified and described
lithofacies. Note that sampling horizon 7 does not reside in measured section, but is
grouped with stratigraphic section 1 due to similarities in faunal composition.
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Figure 9. Generalized stratigraphic column (43.5 m) displaying identified and described
lithofacies. Note that sampling horizon 8 does not reside in measured section, but is
grouped with stratigraphic section 2 due to similarities in faunal composition.
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3, and sampling horizons 4 and 5; sampling horizon 6 was located farther away from the
clustered horizons. The stratigraphic positions of these sampling horizons were projected
onto the respective stratigraphic columns. According to Kidwell’s classification for
bioclastic fabrics, the sampling horizons found in this facies contained “dispersed” fossil
material. Marine invertebrate fossils found within these horizons include gastropods,
bivalves, corals, crinoids, hyoliths, polyplacophorans, and ostrocodes. The observed
grain-size in this facies consisted of very fine silt and clay-sized grains and appeared dark

gray to black in color.

4.1.2 “Densely Packed” Fossil Bearing Mudrock Facies

In the shorter measured stratigraphic section 2, the fossil-bearing mudrock facies
measured from 6 meters to 30 meters (Fig. 9). This facies contained sampling horizons 9-
11, with sampling horizons 9 and 10 sampled laterally from one another. These rocks
were classified as “densely packed” fossiliferous material according to Kidwell’s
classification for bioclastic fabrics. Marine invertebrate fossils found in these sampling
horizons included bryozoans, brachiopods, crinoids, and bivalves. This facies consisted
of greenish mudstone and contained characterstic wavy laminae and moldic porosity

(possibly from crinoid fossils) (Fig. 10).

4.1.3 Massive Diamictite Facies
The clast-poor massive diamictite facies was observed only in stratigraphic
section 1 and occurred at different intervals throughout the total measured unit (Fig. 8).
The first diamictite measures 19.5 meters in thickness and consists of fine sand matrix

with the maximum clast size measuring approximately 20 cm. Diamictite characterized
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by large clasts of granite and quartz and a few striated pebbles appeared again from 55 to

60 meters and formed a gradational contact with mudstone.

4.1.4 Thin-bedded Diamictite Facies

There were three thin-bedded diamictite units present in column 1: at 80 meters,
100 meters, and 244 meters (Fig. 8). The unit at 100 meters had fine laminations (Fig. 11)
and contained lonestones that pierce stratification (Fig. 12). Also included in this section
were striated pebbles found in the surrounding scree (Fig. 13). These lenses are different
from the massive diamictite in that they are enclosed by mudrock. The thickness of these
unitswass no more than 2 meters and they interrupted the fossil-bearing mudrock facies at
this level in the section. They occurred as both beds and as discontinuous lenses (with
lenses extending up to 4 meters). The last diamictite layer was 1.2 meters thick and
occured at 244 meters. It resided above a fine-grained sandstone with hummocky cross-

stratification and below a fine-grained sandstone with ripple marks.

4.1.5 Massive Conglomerate Facies
Massive conglomerate facies were found in both measured stratigraphic sections.
The matrix of this unit consisted of fine-grained sand with interbedded pebble-sized
clasts. No noticeable sedimentary structures were visible within the conglomerate facies
due to heavy lichen cover. In stratigraphic section 1, the conglomerate facies measured
approximately 3 to 4 meters in thickness (Fig. 8). In stratigraphic section 2, the

conglomerate facies measured about 2 meters in thickness (Fig. 9).
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Figure 10. Fossil-bearing mudrock facies in which sampling horizons 8-11 reside.
Arrows show molded porosity interpreted to be caused by echinoderms.
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4.1.6 Massive Sandstone Facies
Massive sandstone facies were found in both stratigraphic sections 1 and section
2. In stratigraphic section 1, the first observed fine- to medium-sized grained sandstone
occurred at 65 m and measured about 4 meters in thickness (Fig. 8). This was the only
massive sand that occured in the measured section. In stratigraphic section 2, a massive
medium- grained sandstone overlies cover at 39 meters and measured 3 meters in

thickness (Fig. 9). All bedding contacts were sharp, signifying an abrupt change in facies.

4.1.7 Rippled Cross-Laminated Sandstone Facies

This sandstone facies was observed as a ridge forming unit capping stratigraphic
column 1 (Fig. 8). A fine-grained sandstone also containing hummocky cross
stratification overlies cover at 243 meters and measured 2 meters in thickness. The fine-
grained sandstone was interrupted by a 1.2 meter thick diamictite and returned to a fine-
grained sandstone with ripple marks producing cross-laminations undulating just below
the top of the section. Lateral to the measured section, where this sandstone was well-
exposed, this facies was continuous, contained no mudstone interbeds, and was greater
than 10 m thick. Where the basal contact was exposed, sandstone of this facies abruptly

overlies the mudstone of the “dispersed” fossil-bearing mudrock facies.

4.2 Lithofacies Patterns
Stratigraphic column 1 was dominated by the fossiliferous mudstone facies, but
also contained massive conglomerate, massive diamictite, and massive sandstone facies
(Fig. 8). The section began with massive diamicite and transitioned between massive
conglomerate and a thin diamictite for approximately 8 meters. The fossiliferous

mudstone facies occurred at 20 meters before it was covered, indicating the presence of

www.manaraa.com



27

slope-forming units. At about 57 meters there was another diamictite that shared a
gradational contact between a fossiliferous mudstone facies. A massive sandstone facies,
a diamictite pod, and diamictite with laminations interrupted the fossiliferous mudstone
facies between 63 and 100 meters. At 100 meters, a stratified diamictite with laminations
and dropstones occured. A fine-grained sandstone with hummocky cross-bedding was
observed from 242 to 244.1 meters, which is overlain by a 1.2 meter thick diamictite. The
remaining layer, measuring from 242.5 meters to the top of the section at 246.8 meters,
consisted of fine-grained sandstone with ripple marks.

Stratigraphic section 2 included fossiliferous mudstone facies, massive sandstone
facies, and massive conglomerate facies (Fig. 9). The measured section began with cover
underlying a fossiliferous mudstone facies. More covered interval began at 40 meters,
and a massive conglomerate capped this sequence with no noticeable sedimentary

structures due to the heavy lichen cover.
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4.3 Paleoecological Results

| examined 11 different sampling horizons near the base of the Pampa de Tepuel
Formation, approximately 200 meters above a faulted contact with the Jaramillo
Formation. Sampling horizons 1-6 were located within the first measured stratigraphic
column and sampling horizons 9-11 were located within the second stratigraphic column;
sampling horizons 7 and 8 did not fall within the measured columns. However, horizon 7
was grouped with the lower 6 horizons and horizon 8 was grouped with the upper 3
horizons due to similarities in lithology and taxonomic composition. Sampling horizons
1-7 resided in the “dispersed” fossil-bearing mudrock facies and contained scattered
rounded, pebble-sized clasts with lignite fragments also present. The fauna was relatively
small in size (5 mm — 10 mm) and contained primarily bivalves (Nuculopsis, Fig. 14, and
Phestia, Fig. 15), crinoids, gastropods, ostracods, hyoliths, corals, and polyplacophora.
Sampling horizons 8-11 resided in a wavy, laminated “densely packed” fossil-bearing
mudrock with moldic porosity and an absence of clasts. Sampling horizons 8-11 were
much more abundant in fossils than the lower sampling horizons and the fossils appeared
to be slightly larger in size (10 mm -15 mm). Dominant taxa here included bryozoans

(Fenestella and Fistulamina, Fig. 16), crinoids, brachiopods, and the bivalve Paleolima.

4.3.1 Multivariate Analysis
Two multivariate analyses were conducted in order to further understand
community compositions and their response to the environment. Cluster analyses were
used in order to observe any distinct groupings. All cluster analyses (including Bray-
Curtis, Chord, Dice, Euclidean, and Rho) produced similar groupings of sampling

horizons. Sampling horizons 1-7 were grouped together and sampling horizons 8-11 were

www.manaraa.com



30

Figure 14. Nuculopsis (bivalve) specimens.

S

Figure 15. Phestia (bivalve) specimen.
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Figure 16. Fenestella and Fistulamina (bryozoans) found in sampling horizons 8-11.

grouped together based on both similarity and distance. Groupings within sampling
horizons 1-7 and 8-11 differed slightly depending on the cluster analysis used. The Dice
cluster analysis of our data resulted in a high correlation coefficient of 0.99 and was used
to determine the sub-group similarities (Fig. 17). Sampling horizon 6 was less similar
than the rest of sampling horizons and horizons 2 and 7 are very similar in taxa. Sampling
horizons 8 and 9 and horizons 10 and 11 shared similar compositions within their sub-
groupings.

Multivariate data analysis (DCA) was also conducted in order to understand how
genera responded to an environmental gradient. There was another distinct grouping
between sampling horizons 1-7 and sampling horizons 8-11 (Fig. 18). Sampling horizons
1-7 grouped closely together based on both axes; however, sampling horizons 8-11 group

together based on axis 1 while axis 2 caused them to spread out vertically.
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Figure 17. Cluster Analysis for sampling horizons 1-11 in the Pampa de Tepuel
Formation using Dice cluster analysis based on similarity.
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Figure 18. Multivariate Data Analysis for sampling horizons 1-11 in the Pampa de
Tepuel Formation using Detrended Correspondence analysis (DCA) plot showing the
relationship of all horizons based on two axes.
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4.3.2 Diversity and Abundance

A total of 893 individual specimens were counted in the field. Alpha diversity
within the sampling horizons ranged from 4 to 10 different genera within 12 different
classes (Fig. 19). The alpha diversity remained relatively consistent throughout the first 5
sampling horizons with a value ranging between 6 and 8. In sampling horizon 6, diversity
declined to an alpha value of 4 and then increased to 10 in sampling horizon 7. Sampling
horizon 7 had the highest alpha diversity value of all the eleven sampling horizons. Alpha
diversity for sampling horizons 8-11 remained consistent with values being either 4 or 5.
There does not appear to be an overall trend in each stratigraphic section, as the majority
of values remained between 4 and 8 with an exception of sampling horizon 7.

Crinoids were ranked 1% in overall abundance in sampling horizons 1-11, with a
value of 2.3, followed by gastropods at 5.3 and bryozoans at 5.8 (Fig. 20). Crinoids were
the only taxon that appeared in all eleven sampling horizons (Fig. 21). Bivalves were the
2" most widely distributed group, appearing in eight of the eleven sampling horizons.
Ostrocods, hyoliths, bryozoans, and brachiopods were more concentrated in a smaller
number of horizons.

The total abundances of the organisms were tallied for each sampling horizon and
are available in Appendix B. Crinoid, bivalve (specifically Phestia and Nuculopsis), and
gastropod populations dominated sampling horizons 1-7 (Fig. 22). The abundance of
crinoids remained consistent through out these beds, comprising about 50% of total taxa.
Bivalves and gastropods comprised the next highest total abundances, yet they fluctuated
from horizon to horizon. There was an absence of brachiopods, however, and one

cephalopod and smaller populations of ostracods, hyoliths, polyplacophorans, and corals
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Figure 19. Alpha diversity of sampling horizons 1-11.
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Figure 20. Mean rank order values of the different faunal classes recorded throughout
sampling horizons 1-11 in the Pampa de Tepuel Formation. Values closer to 1 indicate
the most abundant taxa.
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Figure 21. Breadth of Distribution of the different faunal classes recorded throughout
sampling horizons 1-11 in the Pampa de Tepuel Formation. Values equal to 1 indicate the
taxon was present in all sampling horizons.
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Figure 22. Comparison of the relative abundance of individuals in sampling horizons 1-7
and relative abundance of individuals in sampling horizons 8-11.
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are represented. There are no noticeable trends throughout the sampling horizons 1-7.
Sampling horizons 8-11 represented a different community composition, as they were
dominated by bryozoans (specifically Fistulamina and Fenestella) and brachiopods (Fig.
22). The abundance of bryozoans remained consistent through out these horizons,
comprising over 70% of total taxa. Small populations of crinoids are also represented, but
there was an absence of gastropods, bivalves, and other taxa that were present and
abundant in the sampling horizons 1-7 (with one exception; Paleolima, a bivalve,
appeared abruptly in sampling horizon 11).

Rarefraction curves (e.g. an indication of how accurately a faunal survey actually
represents the fauna in a particular area) were generated. Since the species accumulation
curve eventually flattened out, the results showed that a reasonable number of individuals
were collected and the samples collected in the field adequately represented the
community (Appendix B).

Diversity indices were calculated in order to determine the richness of organisms
throughout the sampling horizons. Shannon-Weiner index values (maximum value =
In(S), S=species richness) varied through the sampling horizons, ranging from higher
diversity at 1.64 to lower diversity at 0.90 (Fig. 23). Diversity in sampling horizons 1-7
remained above 1.27, with a drop in diversity in sampling horizon 4. Diversity values
remained around 1.2-1.4 in sampling horizons 8-11, but dropped below 1.0 in sampling
horizon 10. Diversity values for Simpson’s Diversity Index (values closer to 1 represent
higher diversity) represented similar trends, with a slight drop in diversity in sampling

horizons 4 and 10 (Fig. 23). The evenness values (e.g. measures how evenly distributed
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the composition of species is) for each sampling horizon also mimicked these results
(Fig. 23). Certain genera were slightly more dominant in sampling horizons 4 and 10,
which affected the diversity trends within stratigraphic sections. Calculated Z-Test values
(Appendix B) showed no statistical difference between sampling horizons. However, it
was important to not only rely on numerical statistics to make interpretations, but to also

look at ecological differences in a community.
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Figure 23. Comparison of different diversity indexes: Simpson’s Index, Shannon-Weiner
Index, and evenness. In Simpson’s Index, values closer to 1 indicate higher diversity. In
Shannon-Weiner Index, higher values indicate higher diversity (Hmax = In(S), S= species
richness). In evenness, values closer to 1 indicate a more evenly distributed community

with no one genus dominating.
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4.3.2 Ecological Analysis

The lower sampling horizons showed a numerical dominance in sessile, epifaunal,
suspension feeders that represented over 50% of the community (Fig. 24). There was a
small proportion of faculatitvely mobile, infaunal and epifaunal suspension feeders
(33%). The upper sampling horizons were dominated by sessile, epifaunal, suspension
feeders comprising 91% of the community. Modes of life throughout the lower sampling
horizons were more diverse than those in the upper sampling horizons, with a small
percentage of detrital feeders (sampling horizons 1, 2, 3, 5, and 7) and a nektonic
carnivore (sampling horizon 4). Salinity relationships among the groups of sampling
horizons were also compared. Stenohaline organisms dominated both sampling horizons
1-7 and sampling horizons 8-11 (Fig. 25). However, there were more euryhaline
organisms present in sampling horizons 1-7 at 37%, whereas euryhaline organisms

represented less than 10% of the community in sampling horizons 8-11.
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Sampling Horizons 1-7 Sampling Horizons 8-11
<1% 1%
4%

W Facultatively mobile, infaunal,
suspension feeder
W Facultatively mobile, infaunal,

m Sessile, epifaunal, suspension suspension feeder

feeder

w Facultatively mobile, epifaunal,

suspension feeder m Sessile, epifaunal, suspension

® Mobile, epifaunal, detritus feeder feeder

m Fast-moving, nektonic, carnivore Unknown

Unknown

Figure 24. Comparison of the relative abundance of the individuals in sampling horizons
1-7 and sampling horizons 8-11, displaying various life modes as a potential indicator for
overall environmental change throughout the Pampa de Tepuel Formation.

Sampling Horizons 1-7 Sampling Horizons 8-11

1%
m Stenohaline
m Stenohaline
M Euryhaline
® Euryhaline
» Unknown

Figure 25. Comparison of the relative abundance of the individuals in sampling horizons
1-7 and sampling horizons 8-11, displaying various salinity tolerances as a potential
indicator for water salinity change throughout the Pampa de Tepuel Formation.
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5. DISCUSSION

5.1 Environmental Interpretations

Results presented here suggest that the base of the Pampa de Tepuel Formation is
comprised of glacially-influenced marine strata deposited on a basinal slope beyond the
shelf-slope break (Pauls, 2014). First, a possible glacial signature is interpreted
throughout the lower stratigraphic section (Fig. 8) within the diamictite lithofacies. Near
the base of this measured section, a thick diamictite (approximately 28 meters) contained
quartzite and granite clasts, with striated clasts present in the surrounding scree. The
diamictite at 55 meters in stratigraphic section 1 contained pebbles with striations
oriented in all directions; interpreted here as ice-rafted debris. The stratified diamictite
just below sampling horizon 3 contained dropstones that pierce stratification. These
diamictites were deposited either as rain out from meltwater plumes and deposition of
pebbles as iceberg rafted debris, or as resedimented (debris flow) deposits. Regardless,
the occurrence of striated clasts and “dropstones” indicated a contemporaneous glacial
signal within this glacially-influenced marine deposit. These characteristics indicated an
active clastic depositional setting (movement and deposition of sediments by small debris
flows, meltwater plumes, and iceberg rafted debris) that likely would have impacted the
benthic fauna living there.

The fossiliferous mudstone lithofacies dominated stratigraphic section 1,
indicating more of an inactive or quiet, calm marine environment below storm wave base.
These intervals of diamictite, conglomerate, sandstone, and mudstone, suggested a
fluctuation between an active and inactive glaciomarine environment. While the strata
from stratigraphic section 1 seem to have been influenced by glaciation, the

paleocommunities were likely located tens of kilometers away from an active glacier that
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would have been located somewhere on the shelf (Fig. 26). Hummocky cross
stratification and wave-ripple cross-stratified sandstones at the top of section 1 indicated
deposition above storm wave base. Thick wave-ripple cross-stratified sandstone better
exposed elsewhere along the ridge capping this section indicated deposition on a
shoreface above normal wave base. These sandstones represented progradation of the
shelf across slope mudstones in this area. Although not enough evidence was collected to
determine whether seaward extension of the shelf was the result of normal regression or
progradation of the shelf edge during a relative sea-level fall, the abrupt change from
shelf mudstone to wave-reworked sandstones containing an absence of mudstone
interbeds was suggestive of a forced regression (cf. Plint, 1988; Posamentier and Allen,
1999; Clifton, 2006).

Stratigraphic section 2 was deposited several hundred meters higher
stratigraphically than section 1. Due to the absence of diamictite and striated lonestones,
no glacial indicators were found in this section. It is interpreted that strata in stratigraphic
section 1 were deposited slightly closer to glacial influences in the region and therefore
more likely to have been affected by meltwater plumes, whereas stratigraphic section 2
was deposited in calmer, clearer water farther from glacial influences and other stressful
physical processes (Fig. 26). The sandstone and conglomerate facies deposited near the
top are interpreted as another abrupt change from shelf mudstone to a coarse clastic
facies, suggesting a possible forced regression (cf. Plint, 1988; Posamentier and Allen,

1999; Clifton, 2006).
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Potential Paleocommunity Locations

Shelf Glacier Meltwater Plume

B - “lower” horizons”
[ = “upper” horizons”

Figure 26. Comparison model of the potential paleocommunity location of the lower
horizons (red) and the upper horizons (green). Modified from Isbell.

5.2 Paleoecological Interpretations

Multivariate data analysis suggested two groupings of the sampling horizons. All
cluster analyses performed grouped sampling horizons 1-7 and sampling horizons 8-11
together based on similarity (Fig. 17). Taxonomic composition was similar among
sampling horizons grouped in the same cluster of the dendrograms, implying that the
“upper sampling horizons” (8-11) were dissimilar in taxa compared to the “lower
sampling horizons” (1-7). The detrended correspondence analysis also implied a
separation between the upper and lower sampling horizons. The lower horizons were
clustered closely together based on axis 2, and slightly spread apart based on axis 1. The
upper horizons were grouped closely together based on axis 1, but were spread a great

distance apart based on axis 2 (Fig. 18). Axis 1 may account for a paleoenvironmental
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gradient; the lower sampling horizons had been influenced by indirect glacial effects and
sedimentation due to debris flows, whereas the upper horizons were isolated from those
effects. Axis 2 may represent the similarity of genera composition; the lower seven
sampling horizons were more similar in terms of generic composition and were clustered
close to one another, whereas the upper four sampling horizons are dissimilar and have a
greater distance between them.

Differences in the lower and upper sampling horizons can be explored by first
evaluating the limiting factors in an environment. Factors such as water temperature,
oxygen concentrations, water salinity, substrate, turbidity, and nutrients affect organisms’
interactions within a community, as well as their physiological processes (Anderson,
1983; Dayton, 1990; Carey, 1991; Clarke, 1993; Brenchley and Harper, 1998) (Fig. 27).
If any environmental factor shifts, it becomes a stressor and can affect community
diversity. The presence of stenohaline groups (taxa that cannot tolerate a large range of
salinities), such as brachiopods, corals, echnioderms, ammonoids, and larger benthic
forminifera, represent normal marine waters (Brenchley and Harper, 1998; Pagani and
Taboada, 2010). In stressful marine environments, there can be an increase in eurytopic
(taxa able to tolerate a large range of environments) (Brenchley and Harper, 1998) and
opportunistic taxa (taxa able to exploit vacant niches, quickly achieve high abundances,
and invade unstable faunas) (e.g. Levinton, 1970; Hallam and Wignall, 1997; Rodland
and Bottjer, 2001). Comparing feeding, mobility, substrate, and salinity preferences of
dominant genera in the upper and lower sampling horizons can provide further insight to

these paleoecological differences.
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Salinity is the first limiting factor to assess in these communities. Neither
brachiopods, ammonoids, nor forminifera (stenohaline taxa that are characteristic of
normal marine communities) (Brenchley and Harper, 1998) were observed in the lower
sampling horizons. The fauna represented a community with 63% stenohaline organisms
and 37% euryhaline organisms (Fig. 25). This euryhaline percentage is due to the large
abundance of bivalves observed throughout the first 7 sampling horizons. The presence
of euryhaline taxa suggested that there may have been fluctuating environmental
conditions, causing an increase in organisms that are better equipped to tolerate salinity
changes. On the contrary, the upper sampling horizons had over 90% stenohaline
organism and very few euryhaline organisms (8%). The abundance of euryahline
organisms in the lower horizons compared to the upper horizons was statistically
significant (z-value: 7.2, p-value = <0.0001). This data suggesed that salinity was
potentially more stable in the upper sampling horizons than it had been in the lower
sampling horizons.

Freshwater influxes from glacial melt often decrease ocean salinity, while the
formation of sea ice can release brine and increase ocean salinity (Eicken, 1992). Glacial
meltwater into a deep water basin may have had little influence on bottom waters as it
would be more buoyant than the sea water. The paleocommunities in this study were
deposited below storm wave base and the influx of meltwater in a surface plume probably
had little mixing with water below the pycnocline (depths less than 10-30 m) (Cottier et
al., 2010; Inall and Gillibrand, 2010). If there were fluctuations in salinity within these
communities, a more probable explanation would be due to the formation of sea ice. The

formation of sea ice releases brine that sinks into colder waters potentially raising the
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salinity of basin bottom waters and influencing the fauna living there (Cottier et al.,

2010).

Sea level
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Factors affecting benthos

Liﬁht
|||I|I|l Oxygen

Food

[

Salinity ——e————

Substrate _-d

Substrate mobility

Tidal Shoals <@ H

Turbidity ——o————

Figure 27. Various environmental factors that affect benthic organisms based on where
they reside beneath sea level. Modified from Brenchley and Harper, 1998.
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Colder ocean temperatures often accompany this glacial regime and are coupled
with high nutrient supply due to increased mixing within the water column (e.g.
Kirchman et al., 2009). A higher nutrient supply can appear beneficial to the productivity
of the organisms; however, the episodic conditions often produce low diversity (e.g.
Brenchley and Harper, 1998; Kirchman et al, 2009). Lower water temperatures, influxes
in ocean salinity, and fluctuations in nutrient supply could have potentially attributed to
the low biodiversity observed throughout the base of the Pampa de Tepuel Formation.

The most diverse and abundant fossil groups found within the Tepuel-Genoa
Basin are brachiopods, bryozoans, gastropods, and bivalves (Pagani and Taboada, 2010).
However, this composition was not observed throughout the paleocommunities near the
base of the Pampa de Tepuel Formation in this study. For example, there was an absence
of brachiopods and bryozoans within lower sampling horizon communities. Lanipustula
brachiopods were expected within sampling horizons 1-7, but were not observed. This
environment may not have been preferable for Lanipustla or immigration of these
brachiopods into this region may not have taken place yet. While Lanipusutla
brachiopods were absent, other organisms included in the biozone, such as bivalves
(Phestia and Nuculopsis), crinoids (Camptocrinus), and gastropods, dominated these
horizons (Fig. 22). However, diversity was low and the fauna seemed relatively
impoverished for paleocommunities within the Pampa de Tepuel Formation. These
characteristics, including the small body size of fauna, were likely a function of
fluctuations and stressors in environments located on basinal slopes beyond the shelf
slope break during both an interval that was glacially influenced and an interval when

glacial signatures were absent (e.g. Gutt, 2001; Wlodarska-Kowalczek et al., 2005).
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Bivalves are more diverse than brachiopods in central Argentina (Sterren and
Cisterna, 2010). This diversification of bivalves was generally reflected in the lower
seven sampling horizons of the Pampa de Tepuel Formation. Nuculoids, whom often
inhabit slightly dysaerobic, organic rich substrates, and Phestia, often associated with
stress conditions and found in opportunistic assemblages (Sterren, 2000; Simanauskas
and Cisterna, 2000; Lebold and Kammer, 2006; Sterren and Cisterna, 2010), were the
dominant bivalve groups within the lower sampling horizons. The presence of an
opportunistic assemblage could further indicate highly stressed and unstable ecological
conditions for these paleoecommunities. Glacial sedimentary records in the Paganzo, Rio
Blanco, and Calingasta-Uspallata basins in western Argentina are associated with low
diversity faunas and extreme temperature fluctuations, further facilitating the dominance
of bivalves compared to brachiopods (Sterren and Cisterna, 2010). Even though bivalves
and brachiopods exhibit a large number of morphological similarities, they often have
different metabolic demands; bivalves have the ability to withstand a wider range of
environmental conditions and exploit a greater number of habitats than brachiopods (e.g.
Steele-Petrovic, 1977; Sterren and Cisterna, 2010). These conditions may explain why
bivalves dominated the lower seven sampling horizons and brachiopods remained absent
throughout the base of the Pampa de Tepuel Formation.

It has also been suggested that along with salinity, turbidity affected the lower
sampling horizons greater than the upper sampling horizons. The lower sampling
horizons contained higher abundances of facultatively mobile or mobile taxa, whereas the
upper horizons were dominated by sessile, epifaunal, suspension feeders (Fig. 24). The

occurrence of mobile organisms could further suggest more active, stressful physical
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processes in the lower horizons. Since these organisms have the ability to move, they
could have potentially adapted better to their shifting habitats (e.g. Reynolds and
Casterlin, 1985; Hirzel, 2004).

Bryozoans, crinoids, and brachiopods dominated the upper sampling horizons
horizons, while bivalves remained absent (excluding sampling horizon 11) (Fig. 24).
Bryozoan genera are sensitive to particular environments; they are not common in areas
of high sedimentation and prefer calm, clear waters for attachment and feeding purposes
(Schopf, 1969; Taylor, 2005). Their presence would have indicated a calm, quiet marine
depositional environment. The return of the highly productive Lanipustula brachiopods in
the upper sampling horizons may have indicated the transition to the Lanipustula biozone
that dominated the Pampa de Tepuel Formation. The bivalve Paleolima appeared in the
uppermost sampling horizon. The arrival of this epifaunal, facultatively mobile bivalve
could have suggested migration to this environment due to changes in climate; a
biostratigraphic study on Paleolima would be necessary in order to support latitudinal
migration. However, these upper sampling horizons appeared to have been more stable
than the lower sampling horizons and resided in a more productive paleoenvironment
with fewer stressors and no glacial influences. A paleoecological reconstruction of the
lower paleocommunity (Fig. 28) and upper paleocommunity (Fig. 29) showed differences

in benthic ecological organization.
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Figure 28. Paleoecological reconstruction of lower sampling horizons during the LPIA.
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Figure 29. Paleoecological reconstruction of upper sampling horizons during the LPIA.
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5.3 Tepuel-Genoa Basin Study Comparisons

Two additional paleoecological studies were completed in the Tepuel-Genoa
Basin by Dineen in 2010 and Pauls in 2014. The relative abundances of shelled marine
invertebrates varied among all studies, with different organisms dominating the sampling
horizons (Fig. 30). Paleoecommunities from this study had lower evenness than previous
studies conducted by Dineen and Pauls (Fig. 31). Communities sampled by Paul and
Dineen had higher evenness, but also stronger variation throughout their sampling
horizons.

Dineen’s (2010) study in the Tepuel-Genoa Basin focused on the lower member
of the Pampa de Tepuel Formation, where deposition also took place in a deep marine
environment, possibly on a basin slope or basin floor setting. She interpreted the
environment to have been very distal to the glacial margin due to the absence of glacial
structures in sediments. The paleoecology of these communities varied from the results in
this study: rhynchonelliform brachiopods were overwhelming dominant, followed by
bryozoans, bivalves, crinoids, and corals. The only mode of life present in Dineen’s
(2010) succession was sessile, epifaunal suspension feeders, indicating a stable
environment with little turbidity and slow sedimentation rates. Opportunistic fauna were
not present in the sampled locations in this study, suggesting the fauna were not likely
suffering from stressful conditions.

The paleoecology of the faunas reported on by Dineen (2010) is similar in
composition to the upper sampling horizons in this study. Environments observed in the

upper sampling horizons in this study and in Dineen’s (2010) sampling horizons are
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interpreted to have been stable, deep marine with a lack of wave ripples and hummocky
cross-bedding.

The alpha diversity values in the study herein were lower than those recorded
from horizons sampled in Pauls’ (2014) study (Fig. 32). Pauls’ (2014) sampling horizons
were likely located in the upper portion of the Lanipustula biozone higher in the Pampa
de Tepuel Formation and represented a diverse faunal composition. Her established
communities were interpreted to have been in a stable, lower slope and basin floor
environment. Pauls’ (2012) results consisted of taxa that were absent from sampling
horizons near the base of the formation including ostracods, which accounted for over
50% of organisms in 4 of the 6 sampling horizons. The upper sampling horizons in Pauls’
(2014) study included opportunistic and mobile fauna, including the ostracod
Graphiadactylloids and the bivalves Phestia and Nuculopsis. Pauls’ (2014) fauna was
also larger in size (mean size = 20-25 mm) than the fauna observed in this study (mean
size = 5-15 mm), suggested that environment had an influence on physiological growth.
Paleoecological results differed throughout the Tepuel-Genoa Basin, suggesting a
possible shift in marine environments and glacial influences.

Paleocommunities from the lower sampling horizons within this study have a
more impoverished, opportunistic fauna with environmental stressors (possibly due to
distal glacial influences and or due to growth in a more active environment with higher
sediment fluxes) than studies previously conducted by Dineen and Pauls in different parts
of the Tepuel-Genoa Basin. These results suggested that the near-field fauna had different

ecological responses to physical processes throughout the formation.
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Figure 30. Comparison of relative abundances in Braun, Pauls, and Dineen’s studies in
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the Pampa de Tepuel Formation.
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Figure 31. Comparison of evenness between Tepuel-Genoa Basin studies by Dineen

(2010), Pauls (2014) and Braun (2015).
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Figure 32. Comparison of alpha diversity between Tepuel-Genoa Basin studies by
Dineen (2010), Pauls (2014) and Braun (2015).

5.4 Regional Comparisons

Regional studies on the LPIA are necessary because regional diversity and
ecological patterns do not always parallel global diversity (Heim, 2009; Waterhouse and
Shi, 2010). The results of this near-field study compared with results from previous far-
field studies suggest that the effects of the LPIA on taxonomic abundance varied with
latitude. In Upper Mississippian strata from the Illinois Basin, USA (a far-field locality),
it was concluded that eurytopes (broadly-adapted taxa) increased in abundance following
the onset of the LPIA (Bonelli and Patzkowsky, 2008, 2011). It was hypothesized that,
due to the increase in eurytopy, high levels of faunal persistence (taxa that endured and
survived times of environmental hardship) occurred in low latitude regions throughout

the LPIA (Holterhoff, 1996; Olszewski and Patzkowsky, 2001b). Other results at the
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Mississippian/Pennsylvanian boundary in southwestern Arkansas and northeastern
Oklahoma, USA suggest that although there was a taxonomic turnover event resulting
from brachiopod taxa shifting their latitudinal ranges, there was statistically no decrease
in total diversity. This turnover event was driven by extirpation (the removal of a certain
brachiopod genera), followed by latitudinal range shifts of taxa to the equator (Heim,
2009).

Overall global biotic responses during the LPIA are comparable to the Illinois
Basin results, indicating that the onset of glaciation in the late Mississippian weakened
latitudinal diversity gradients, with little faunal differentiation among depositional
environments and an increase in overall eurytopic taxa abundance (Powell, 2005, 2007).
This may have been due to the loss of stenotopic taxa that may have not been adapted to
fluctuations in sea level and climate (Powell, 2005, 2007).

Converse to the results from far-field basins, the paleoecological near-field study
herein combined with other previous studies from the Tepuel-Genoa Basin, indicated a
change occurred in faunal diversity and evenness over a paleoenvironmental gradient.
Alpha diversity remained relatively low near the base of the Pampa de Tepuel Formation,
with the presence of many opportunistic fauna (Nuculoids), suggesting a dynamic,
stressful paleoenvironment (Sterren, 2000; Simanauskas and Cisterna, 2000; Lebold and
Kammer, 2006; Sterren and Cisterna, 2010). These observations indicated that there are
direct and indirect environmental effects (i.e. debris flows and glacial influences) at both
the community level and individual level. The shift in diversity throughout the Tepuel-
Genoa Basin differed from Heim’s (2009) far-field study in North America, in which

total diversity remained relatively constant during the LPIA. It can be concluded that due
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to the changes in diversity and faunal composition throughout the Pampa de Tepuel
Formation, near-field ecosystems from this study responded differently to physical
processes experienced during the LPIA than previously studied far-field ecosystems. It is
suggested that near-field ecosystems are more sensitive to the physical environments,

whereas far-field ecosystems may have responded more to global changes in temperature.

5.5 Modern Global Comparisons

Antarctic marine invertebrate communities have many characteristics that
distinguish them from temperate and tropical communities. Antarctic benthic shelf faunas
are about five times slower in growth and metabolic rates compared to temperate ones
(e.g. Pearse et al., 1991; Brey and Clarke, 1993; Arntz et al., 1994, Peck and Robinson,
1994; Chapelle and Peck, 1995; Peck et al., 2000; Peck, 2002; McClintock et al., 2008a).
Invertebrates in this polar region are also highly stenothermal (exhibiting extreme
temperature sensitivity) (Peck, 1989; Peck et al., 2002; Peck et al., 2004b) and studies
suggest that an increase in global ocean temperatures will inhibit invertebrates to perform
essential biological functions for survival (Kidawa and Janecki, 2011). Southernmost
high latitude faunas were also observed to be less diverse than lower latitude faunas, with
possible reduced rates of speciation and extinction (Gutt, 2001; Clarke et al., 2004). It has
also been proposed that the waxing and waning of the Antarctic ice cap may influence
benthic species distributions and may have already fragmented populations and forced
them down the continental slope (Clarke and Crame, 1989, 1992). The Southern Ocean
surrounding Antarctica also contains low phytoplankton productivity, restricted to 2-3
months a year, causing a decrease in food availability (Barnes and Clarke, 1995b; Peck,

2005). This seasonality indirectly restricts glacially-influenced communities’
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physiological development. Ultimately, it is suggested that the communities of the
Antarctic reflect an ecological response to the glacial-marine environment, combined
with an evolutionary response to lack of predators (Clarke et al., 2004).

Modern Antarctic communities are currently experiencing effects from recent
climate change on the phenology, composition, distribution, and of species (Walther et
al., 2002; Parmesan, 2006). Global seawater has warmed by approximately 0.6°C over
the past 100 years (Levitus et al., 2000) and the projected increase in sea level will rise by
18-59 cm by the end of the 21st century (IPCC, 2014). Numerous Antarctic plants and
invertebrates have exhibited a latitudinal distribution change due to increased ocean
temperatures (Walther et al., 2002).

It has been suggested that modern Antarctic benthic shelf faunas resemble the
Paleozoic Fauna with their lack of several primary predator groups, the dominance of
suspension feeders, and abundant crinoid populations (Dell 1972, Aronson et al. 1997).
Communities within the Pampa de Tepuel Formation exhibited these key characteristics,
along with small body sizes and low taxonomic diversity. While ammonoids were
commonly found in far-field LPIA studies (e.g. Veevers and Powell, 1987; Bahrami, et
al., 2014), large populations of these organisms were absent from the Pampa de Tepuel
Formation, as well as in other near-field studies (Clapham and James, 2008). Sessile,
epifaunal, suspension feeders dominated the communities near the base of the formation,
possibly reflecting a lack of large durophagous predation populations due to cold ocean
temperatures (Aronson and Blake, 2001). A decrease in overall temperatures during this
time is suggested by studies from Henry et al. 2008, Marenssi et al., 2005, and

Gulbranson et al. 2010 that record glaciation in northwest Argentina during the latest
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Mississippian and earliest Pennsylvanian, well documented by similarly U-Pb calibrated
low-eusastic reconstructions (Bishop et al., 2009; Eros et al., 2012). It is also observed
that glacial-marine environments become more stable with increasing depth (Gutt, 2001),
possibly providing an explanation on why the upper sampling horizon community is
dominated by stenohaline communities and turbidity-sensitive bryozoan populations.
Glacial retreats and advances could also explain why a more stenohaline community
existed on the slope; the communities were driven to deeper waters from the continental
shelf from environmental perturbations.

Not only are these Carboniferous communities similar to Antarctic communities,
they also parallel modern Arctic benthic communities off the coast of Kongsfjord,
Norway (Wlodarska-Kowalczuk et al., 2005). Communities found near glacial bays are
also dominated by small-bodied, deposit feeders with low species diversity and richness
(WIlodarska-Kowalczuk et al., 2005). From this study in the Tepuel-Genoa Basin, it is
suggested that Paleozoic marine invertebrate communities in a near-field region during
the LPIA are sensitive to paleoenvironmental conditions in contrast to time-equivalent
far-field ecosystems, and thus provides a way to assess global-scale comparisons of high-
and low-paleolatitude ecologic change. It is also important to consider regional
differences when using the late Paleozoic communities in Gondwana as an analogue for
modern Antarctic ecosystems. Factors such as ocean circulation patterns, differences in

latitude, and glacier characteristics must also be considered.
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6. CONCLUSION

The climatic and environmental perturbations during the LPIA had different
impacts on the ecosystem and differed between regions. Previous studies on far-field
faunas have been used as a global proxy for paleocommunities during the duration of the
LPIA. Since regional patterns do not always parallel global patterns (Heim, 2009;
Waterhouse and Shi, 2010), the Tepuel-Genoa Basin provides an excellent opportunity to
evaluate Mississippian to Permian depositional history and paleoecological records from
a near-field region. High paleo-latitude studies coupled with low paleo-latitude studies
can be used to produce a more robust understanding of the overall ecological impacts of
the LPIA.

Paleocommunities observed in this study differed from one another. The lower
sampling horizons are hypothesized to be more glacially-influenced than the upper
sampling horizons, yet still deposited distally to the ice center on a lower shelf/slope
setting. Stratigraphic evidence for these inferences was the diamictite strata containing
dropstones and the occurrence of striated pebbles. It was hypothesized that the upper
sampling horizons were deposited in a calmer, clearer marine slope setting due to the
high abundance of bryozoan populations and absence of hummocky cross stratification
and wave ripples.

The paleocommunities studied herein were interpreted as somewhat impoverished
and less diverse compared to previous studies conducted in the Pampa de Tepuel
Formation. Crinoids and bivalves dominated the lower paleocommunities, but other key
members of the Paleozoic Fauna, such as brachiopods and bryozoans, were absent. This

composition suggests that these horizons were undergoing more active environmental
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changes (such as meltwater plume rain-out and small debris flows) than the upper
horizons were experiencing. There was also a statistically significant difference of
euryhaline organisms present between the upper and lower sampling horizons, suggesting
the upper sampling horizons experience less fluctuations in ocean salinity. The presence
of key opportunistic bivalves, such as Nuculopsis and Phestia, were also abundant in the
lower sampling horizons suggesting vacant niche invasion during times of environmental
stress. These communities were interpreted to be less stable than other communities
studied by Dineen (2010) and Pauls (2014), as their communities were higher in alpha
diversity, more even, and larger in overall body size.

From this study, it is inferred that far-field faunas during the LPIA responded
differently to climate change than near-field faunas. Far-field studies concluded that there
was little change in overall diversity throughout the LPIA and that there were high levels
of faunal persistence in the form of eurytopic communities. The near-field communities
in the Tepuel-Genoa Basin changed in taxonomic composition throughout the Pampa de
Tepuel Formation, with certain genera disappearing and reappearing depending on the
environment. The communities observed in this study were also compared to modern
Antarctic fauna due to the presence of abundant suspension feeding populations
(specifically crinoids), low diversity, and lack of primary predators (Dell 1972, Aronson
etal. 1997). It is suggested that these communities could potentially aid us in
understanding the biotic responses from modern Antarctic communities undergoing
modern climate change.

The conclusions from this paleoecological study help to further understand the

biotic responses of near-field faunas in Gondwana during the LPIA. Communities that
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are glacially influenced seem to be less stable and suffer greater ecological effects, at
least temporarily, than those located farther from ice centers. This study also aids in our
global understanding of how biotic responses to climate fluctuations differ between
regions. The paleoecology of communities during the LPIA is most strongly influenced

by changes in ocean temperatures, salinity, turbidity, and nutrient availability.
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Appendix A
Pampa de Tepuel Formation

Stratigraphic Columns
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Appendix B
Pampa de Tepuel Formation

Paleoecological Data
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Class Specimen | Locomotion | Life Habit | Diet ‘ Salinity Relationship Shell Bed Occurance (No Randomization) |
Phestia facultatively mobile infaunal deposit-suspension feeder euryhaline 1,2,3,4,56,7
Nuculopsis facultatively mobile infaunal deposit-suspension feeder euryhaline 1,2,3,4,56,7
Streblopteria sessile epifaunal suspension feeder euryhaline 4,5
Paleolima facultatively mobile epifaunal suspension feeder euryhaline 11
Crinoid Camptocrinus? sessile epifaunal suspension feeder stenohaline 1,2,3,4,56,7,8,9,10,11
Gastropoda Glabrocingulum? facultatively mobile epifaunal suspension feeder euryhaline 1,2,3,4,56,7
(o] di hiadactylloide mobile epifaunal detritivore-grazer stenohaline 2,4,5,6,7
Polypl t Polypl hran mobile epifaunal detritivore-grazer stenohaline 2,3,4,5
Cephlapod mobile nektonic carnivore stenohaline 3
Hyolith sessile epifaunal suspension feeder stenohaline 3,4,56,7
Rugosa sessile epifaunal suspension feeder stenohaline 57
I; l sessile epifaunal suspension feeder stenchaline 8,9,10,11
I F sessile epifaunal suspension feeder stenchaline 8,9,10,11
Lanipustula sessile epifaunal suspension feeder stenchaline 8,9,10,11
Spiriferidae sessile epifaunal suspension feeder stenohaline 8,9

Sampling Horizon 1

Taxa (Genera) #
Gastropod 6
Phestia
Crinoid 27
Ostracod
Nuculopsis
Hyolith
Unid. Fossil #1
Unid. Fossil #2
Unid. Bivalve

0o

RUlrR|lRFR|FR|~

Total 5

Randomized #
Gastropod 6
Phestia
Crinoid 26
Ostracod
Nuculopsis
Hyolith
Unid. Fossil #1
Unid. Fossil #2
Unid. Bivalve

(o]

(€, [ ISR\ [Ny (N I TN

Total 50
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Sampling Horizon 2
Taxa (Genera) #
Gastropod 11
Ostracod 4
Nuculopsis 7
Phestia 6
Crinoid 22
Unid. Bivalve 1
Polyplacophoran 2
Hyolith 1
Streblopteria 1
Total 55
Randomized #
Gastropod 9
Ostracod 4
Nuculopsis 6
Phestia 5
Crinoid 22
Unid. Bivalve 0
Polyplacophoran 2
Hyolith 1
Streblopteria 1
Total 50
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Sampling Horizon 3
Taxa (Genera) #
Gastropod 5
Crinoid 29
Ostracod 3
Nuculopsis 3
Phestia 3
Hyolith 3
Cnidarian- Rugosa 1
Unid. Bivalve 3
Total 50
Randomized #
Gastropod 5
Crinoid 29
Ostracod 3
Nuculopsis 3
Phestia 3
Hyolith 3
Cnidarian- Rugosa 1
Unid. Bivalve 3
Total 50

www.manharaa.com




83

Sampling Horizon 4
Taxa (Genera) #
Gastropod 19
Phestia 8
Nuculopsis
Crinoid 48
Fenetalus 1
Unid. Bivalve 2
Cephlapod 1
Hyolith 3
Polyplacophoran 1
Total 86
Randomized #
Gastropod 7
Phestia 5
Nuculopsis 1
Crinoid 32
Polyplacophoran 0
Unid. Bivalve 0
Cephlapod 1
Hyolith 4
Total 50
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Sampling Horizon 5

Taxa (Genera)

Gastropod 15
Crinoid 27
Phestia 3
Ostracod 1
Unid. Bivalve 2
Nuculopsis 3
Polyplacophoran 1

Total 52

Randomized

Gastropod 14
Crinoid 27
Phestia 3
Ostracod 1
Unid. Bivalve 2
Nuculopsis 2
Polyplacophoran 1

Total 50

84
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Sampling Horizon 6

Taxa (Genera)

Phestia 15
Gastropod 3
Nuculopsis 6
Crinoid 26
Unid. Fossil #1 1
Unid. Fossil #2 1
Unid. Bivalve 1

Total 53

Randomized

Phestia 14
Gastropod 3
Nuculopsis 5
Crinoid 25
Unid. Fossil #1 1
Unid. Fossil #2 1
Unid. Bivalve 1

Total 50

85
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Sampling Horizon 7

Taxa (Genera)

Polyplacophoran

[EEN

Nuculopsis

0o

Crinoid

D
(0]

Gastropod

Cnidarian (Rugosa?)

Streblopteria

Hyolith

Phestia

Fenetalus

Coleolus

Ostracod

Unid. Bivalve

WA RPWIO W N|F|0

Total

[0
Vo]

Randomized

Polyplacophoran

[EY

Nuculopsis

(93]

Crinoid

N
(o))

Gastropod

Cnidarian (Rugosa?)

Streblopteria

Hyolith

Phestia

Unid. Bivalve

Coleolus

Ostracod

wlolojlun|h~|IN|O|S

Total

v
o

86
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Sampling Horizon 8

Taxa (Genera)

Fistulamina bifurcata 39
Fenestella 41
Crinoid 21
Lanipustula 7
Spiriferidae 1
Unid. Fossil 1

Total 110

Randomized

Fistulamina bifurcata 21
Fenestella 15
Crinoid 8
Lanipustula 4
Spiriferidae 1
Unid. Fossil 1

Total 50

87
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Sampling Horizon 9

Taxa (Genera)

Fistulamina bifurcata 22
Fenestella 66
Crinoid 19
Spiriferidae 1
Lanipustula 6
Fenestella 1
penniretepora

Total 115

Randomized
Fistulamina bifurcata 10
Fenestella 27
Crinoid 9
Spiriferidae 1
Lanipustula 3
Fenestella 0

penniretepora
Total 50
Sampling Horizon 10

Taxa (Genera)
Crinoid 41
Fenestella 69
Fistulamina 12
Lanipustula 3
Total 125

Randomized
Crinoid 15
Fenestella 31
Fistulamina 3
Lanipustula 1
Total 50

88

www.manharaa.com



89

Sampling Horizon 11

Taxa (Genera) #
Lanipustula 4
Crinoid 26
Paleolima 28
Fenestella 45
Fistulamina 4
Total 107

Randomized #
Lanipustula 1
Crinoid 11
Paleolima 16
Fenestella 21
Fistulamina 1
Total 50
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Lower Beds Substrate Relationship

0% _ 1%

M Epifaunal
H Infaunal
H Nektic

= Unknown

Upper Beds Substrate Relationship

1%

H Epifaunal
M Infaunal

= Unknown
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Bottom Beds Feeding Type

4%<1% 1%

i Suspension feeder
W Detritus/Grazer
.. Carnivore

B Unknown

Top Beds Feeding Type

1%

i Suspension feeder

B Unknown
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Z-Test p1 p2 p (1-p) (1/n1)+(1/n2) V4

Bed 1 vs. Bed 2 0.12 0.16 0.14 0.86 0.04 | -0.576390418
Bed 1vs. Bed 3 0.12 0.14 0.13 0.87 0.04 | -0.297350517
Bed 1 vs. Bed 4 0.12 0.14 0.13 0.87 0.04 | -0.297350517
Bed 1 vs. Bed 5 0.12 0.12 0.12 0.88 0.04 0
Bed 1 vs. Bed 6 0.12 0.08 0.1 0.9 0.04 | 0.666666667
Bed 1 vs. Bed 7 0.12 0.16 0.14 0.86 0.04 | -0.576390418
Bed 1 vs. Bed 8 0.12 0.1 0.11 0.89 0.04 | 0.319601386
Bed 1vs.Bed 9 0.12 0.1 0.11 0.89 0.04 | 0.319601386
Bed 1 vs. Bed 10 0.12 0.1 0.11 0.89 0.04 | 0.319601386
Bed 1 vs. Bed 11 0.12 0.08 0.1 0.9 0.04 | 0.666666667
Bed 2 v.Bed 3 0.16 0.14 0.15 0.85 0.04 | 0.280056017
Bed 2 v. Bed 4 0.16 0.14 0.15 0.85 0.04 | 0.280056017
Bed 2 v. Bed 5 0.16 0.12 0.14 0.86 0.04 | 0.576390418
Bed 2 v. Bed 6 0.16 0.08 0.12 0.88 0.04 1.23091491
Bed 2 v. Bed 7 0.16 0.16 0.16 0.84 0.04 0
Bed 2 v. Bed 8 0.16 0.1 0.13 0.87 0.04 0.89205155
Bed 2 v. Bed 9 0.16 0.1 0.13 0.87 0.04 0.89205155
Bed 2 v. Bed 10 0.16 0.1 0.13 0.87 0.04 0.89205155
Bed 2 v. Bed 11 0.16 0.08 0.12 0.88 0.04 1.23091491
Bed 3v.Bed 4 0.14 0.14 0.14 0.86 0.04 0
Bed 3 v. Bed 5 0.14 0.12 0.13 0.87 0.04 | 0.297350517
Bed 3v. Bed 6 0.14 0.08 0.11 0.89 0.04 | 0.958804158
Bed 3 v. Bed 7 0.14 0.16 0.15 0.85 0.04 | -0.280056017
Bed 3v.Bed 8 0.14 0.1 0.12 0.88 0.04 | 0.615457455
Bed 3 v. Bed 9 0.14 0.1 0.12 0.88 0.04 | 0.615457455
Bed 3 v. Bed 10 0.14 0.1 0.12 0.88 0.04 | 0.615457455
Bed 3 v. Bed 11 0.14 0.08 0.11 0.89 0.04 | 0.958804158
Bed 4 v. Bed 5 0.14 0.12 0.13 0.87 0.04 | 0.297350517
Bed 4 v. Bed 6 0.14 0.08 0.11 0.89 0.04 | 0.958804158
Bed 4 v.Bed 7 0.14 0.16 0.15 0.85 0.04 | -0.280056017
Bed 4 v. Bed 8 0.14 0.1 0.12 0.88 0.04 | 0.615457455
Bed 4v.Bed 9 0.14 0.1 0.12 0.88 0.04 | 0.615457455
Bed 4 v. Bed 10 0.14 0.1 0.12 0.88 0.04 | 0.615457455
Bed 4 v. Bed 11 0.14 0.08 0.11 0.89 0.04 | 0.958804158
Bed 5 v. Bed 6 0.12 0.08 0.1 0.9 0.04 | 0.666666667
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Bed 5v.Bed 7 0.12 0.16 0.14 0.86 0.04 | -0.576390418
Bed 5v. Bed 8 0.12 0.1 0.11 0.89 0.04 | 0.319601386
Bed 5v.Bed 9 0.12 0.1 0.11 0.89 0.04 | 0.319601386
Bed 5 v. Bed 10 0.12 0.1 0.11 0.89 0.04 | 0.319601386
Bed 5v. Bed 11 0.12 0.08 0.1 0.9 0.04 | 0.666666667
Bed 6 v. Bed 7 0.08 0.16 0.12 0.88 0.04 -1.23091491
Bed 6 v.Bed 8 0.08 0.1 0.09 0.91 0.04 | -0.349428279
Bed 6 v.Bed 9 0.08 0.1 0.09 0.91 0.04 | -0.349428279
Bed 6 v. Bed 10 0.08 0.1 0.09 0.91 0.04 | -0.349428279
Bed 6 v. Bed 11 0.08 0.08 0.08 0.92 0.04 0
Bed 7 v.Bed 8 0.16 0.1 0.13 0.87 0.04 0.89205155
Bed 7 v. Bed 9 0.16 0.1 0.13 0.87 0.04 0.89205155
Bed 7 v. Bed 10 0.16 0.1 0.13 0.87 0.04 0.89205155
Bed 7 v.Bed 11 0.16 0.08 0.12 0.88 0.04 1.23091491
Bed 8 v.Bed 9 0.1 0.1 0.1 0.9 0.04 0
Bed 8 v. Bed 10 0.1 0.1 0.1 0.9 0.04 0
Bed 8 v.Bed 11 0.1 0.08 0.09 0.91 0.04 | 0.349428279
Bed 9 v. Bed 10 0.1 0.1 0.1 0.9 0.04 0
Bed 9v. Bed 11 0.1 0.08 0.09 0.91 0.04 | 0.349428279
Bed 10 v. Bed 0.1 0.08 0.09 0.91 0.04 | 0.349428279
11
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