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ABSTRACT

SEDIMENTOLOGY AND PALEOECOLOGY OF FOSSIL-BEARING,IBH-LATITUDE
MARINE AND GLACIALLY INFLUELNCED DEPOSITS IN THE TEPUEL BASIN,
PATAGONIA, ARGENTINA

by

Kathryn N. Pauls

The University of Wisconsin-Milwaukee, 2014
Under the Supervision of Dr. John Isbell and Drriygaet Fraiser

The glacial and non-glacial intervals of the Lasde®zoic Ice Age (LPIA) are of
great interest because they are our best deemtialegue for Pleistocene climate
change. The changes and adaptations of the b&&geam in the rock record, can serve as
a proxy for understanding future trends in Eartiitmate system. Most of the known
LPIA marine faunal data come from low-latitudinagions, and thus have been used as a
global proxy. However, modern organisms in the-lattudes (far-field basins) respond
differently to a changing climate relative to mariorganisms in the polar regions (near-
field basins). In high-paleolatitude regions, géhand non-glacial communities were
ecologically dissimilar and may have had a dissintésponse to climate change relative
to contemporaneous fauna at low-paleolatitudess ifhportant to understand the how
different global climate regimes affected the adhjpity of the fauna that lived within
them.

This study focuses on a high-latitude fauna fromTkepuel-Genoa Basin in
Chubut Province in Patagonia, Argentina in orddseatier understand the responses of a
high-latitude fauna to changing environmental ctads, and to develop a more robust
understanding of climate change and its impacthermiosphere. The Pampa de Tepuel



Formation records Mississippian to Permian depwsii history within the Tepuel Basin.
Based on current age models for the basin, theyzerhlsection reported here occurs in
the upper portion of thieanipustula biozone, likely from the late Bashkirian to thelga
Moscovian. Field work consisted of counts of sigdil beds and a 276-meter
stratigraphic section was measured and describedar to identify the lithofacies that
indicate changes in depositional environments. fdbsil count data was analyzed using
various methods such as relative abundance coroparidiversity indices and
multivariate tests in order to determine and beat&dine the paleoecology of the
Lanipustula biozone and its fauna, which has not been accshmali to date.

This particular section of the Pampa de Tepuel &tion in the Sierra de Tepuel
is representative of at least two depositional sages, with evidence of a late highstand
and falling stage systems tract in the lower partbthe section followed by a
transgressive systems tract at the top of themecilhere is also the appearance of
slump and slide blocks throughout the section dmdforms in the middle of the section
suggesting that clastics periodically made it tht® deeper parts of the basin. Much of
the strata described in this study can be relatesbtmal marine processes acting on the
outershelf and slope of the Tepuel Basin rather ttaving occurred in a glacial marine
setting. There are only minor glacial signaturiesesved within this portion of the
formation. However, other parts of the Pampa Deu€epormation did accumulate in a
glaciomarine setting. The paleoecology data sugbgasthere may be a new faunal
composition near the top of the section that dadininto theLanipustula biozone,
although there is no statistically significant diénce taxonomically based on the relative

abundance values and diversity indices. Resultiseomultivariate analyses of the



paleocommunities seem to reflect that changesaaital depositional and
environmental settings may be the cause for anggdsseen in the faunal assemblages
within the previously establishednipustula biozone. By continuing research on the
LPIA, we may be better able to understand the foreddal factors of species and
ecosystem instability because of the substantiar@mmental and climatic shifts that

occurred.
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Chapter 1: Introduction

Problem

The Late Paleozoic Ice Age (LPIA), which lastedgloly 90 million years during
the Carboniferous and Permian, is one of the nmpgbrtant climatic events in Earth’s
history. The end of the LPIA is the only examipléhe rock record during which a
biologically complex Earth shifted from an icehoypessibly bipolar) to a greenhouse
state (Gastaldo et al., 1996; Isbell et al., 2@03,2; Soreghan, 2004; Montafiez and
Soreghan, 2006; Montafiez et al., 2007; Fieldirg.e2008a, 2008b). Because of this,
the LPIA serves as an analogue for possible changdsnate occurring today (e.g.

IPCC, 2007).

Much research concerning the LPIA focuses on detengnthe timing and extent
of the glaciations in Gondwana, the supercontitiegt existed during the Paleozoic and
Mesozoic, which was composed primarily of Africeugh America, Australia, India, and
Antarctica. Past hypotheses implibdt there was one large ice sheet that covered
Gondwana, and that it persisted for the 70-80 Matthn of the LPIA (Figure 1)
(Frakes, 1979; Scotese, 1999). More recent rebemdence has shown that there were
multiple smaller ice centers located across theigent with numerous glacial intervals
of several million years separated from non-glacigdrvals of equal duration (Crowell
and Frakes, 1970; Visser, 1997; Isbell et al., 2@032; Fielding et al., 2008a, 2008b;
Gulbranson et al., 2010; Taboada, 2010). Theseagjlaas most likely occurred on
smaller scales and in different local regions oh@@ana, which is supported by proxy-

based reconstruction of atmospheric,@laat suggest atmospheric carbon dioxide levels
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Figure 1. Traditional and Recent reconstructionsiakimum glaciation during
the late Paleozoic Ice Age. A) Traditional recomstion showing a massive ice
sheet. B) Reconstruction of Gondwana during maxirglaniation during the
Gzhelian to early Sakmarian (Pennsylvanian—Eariynian) based on recent
data and ice flow directions. Ice flow directioms &#om various studies. C)
Location map for selected Gondwana basins anddmglsl for the Carbonifero
and Permian mentioned in the text. From Isbell.e812.



were low (less than 500 ppm) and modeling studhasinhdicate that at such low
atmospheric C@concentrations only multiple smaller ice sheetsildde stable (Royer
et al., 2004; Montafiez et al., 2007; Poulsen ¢2@D7; Montafiez and Poulsen, 2013).
Thus, an emerging perspective of the LPIA is fogrmom these studies, providing new
insight into the glaciation-climate relationshipdathe forcing and feedback mechanisms
that drive such global change (c.f. Heckel, 19908 Isbell et al., 2003, 2008; 2012;
Royer et al., 2004; Montanez et al., 2007; Da\2€88; Rygel et al., 2008; Horton and
Poulsen, 2009; Gulbranson et al., 2010). Furthezntbere are many

paleoenvironmental and paleoecological aspectseofPIA that are unknown.

Most of what is understood about the biotic eSeaftthe LPIA comes from
paleoecological studies of ‘far-field’ (e.g. lowtitade sites, such as North America,
Europe and parts of Asia) successions, as opposedadr-field’ records (e.g. high-
latitude sites, such as South America, southerit&fAntarctica, and Australia) which
contain glacigenic deposits. These studies havarteppthat the LPIA was characterized
by low rates of faunal turnover, suggesting instibed faunal and paleoecological
compositions persisted and that this was the nocoradiition during times of high-
amplitude and high-frequency glacioeustasy (StaafelyPowell, 2003; Powell, 2005;
Bonelli and Patzkowsky, 2008; Heim, 2009; Dineealgt2012). It appears that genera
with larger geographic ranges due to broader plogical adaptations and habitat
preferences came into dominance during the LP1A@oand Patzkowsky, 2008;
Clapham and James, 2008). The results from tleedeefd studies are often taken to be
the example for the whole globe. However, newé&tence has shown that the near-field

biota of Gondwana did not respond in the same nraam®w-latitude faunas



(Waterhouse and Shi, 2010). In contrast to thaséidld studies, a recent study
conducted on two LPIA near-field basins from westérgentina, the Paganzo Basin and
the Rio Blanco Basin, has shown that marine inbeates were living in ecologically
complex and diverse faunal assemblages (Dinedn €042). Even though these two
basins are at a similar paleolatitude, there weterded differences in the changes of the
faunal compositions, such as an increase in eaadbdiversity in one location while
there was a decrease in diversity in another lonatirhese differences were most likely
due to different positions that they occupied witbiacial depositional environments due
to the proximity to marine-ending glaciers (Dinextral., 2012). Further studies are
needed in order to add to our understanding of th@biota are affected within these
changing high-latitude depositional systems. Algtof the Pampa de Tepuel Formation
within the near-field Tepuel-Genoa Basin (also Te®asin) and the Lanipustula
biozone will add to this understanding as thererntds/et been a complete

paleoecological analysis of thanipustula biozone and its fauna.

Hypothesis

The ultimate goals of this research project anenerstand the depositional
environments in a near-field setting during theAPuch as the Pampa de Tepuel
Formation within the Tepuel Basin, and to deterntiveerelationship of faunal diversity
and abundance as a function of paleoenvironmespbyifically determining the ecology
of the fauna composing thenipustula biozone. The hypothesis to be tested states that
changes in depositional environments at high-pateoties, whether in glacially-
influenced or open marine conditions, will affdog hiota that live there and may create

changes within paleocommunity compositions. Theipustula biozone in the Tepuel



Basin in southern Argentina provides the meansifoin-depth study of a local high-
latitude LPIA ecosystem, which can then be linkadioto global ecological patterns
(e.g., Stanley and Powell, 2005; Clapham and Ja2@€8; Bonelli and Patzkowsky,
2008; Powell, 2008). Although thanipustula fauna is endemic to the Tepuel Basin, the
patterns and trends determined in the paleoecaagye used as a proxy for fauna

living in similar conditions later in the rock recb The LPIA is important for
understanding the fundamental factors of ecosyststability because of the substantial
environmental and climatic shift that occurred. dytinuing research on the LPIA and
its changing climate, we may be better able to tstded how the biota responded to

changing environmental conditions.

Goals

The overall goals for this project are to deternthreecomposition of the
paleocommunities within a measured section of trapa de Tepuel Formation, and to
assess the relationship of ecosystem compositidegositional environments and how
those changed through time, using aspects suaiawe abundance, diversity, and
guild organization. In addition to that, | am laad at the depositional processes via the
construction of a stratigraphic column and ideaéifion and interpretation of the
lithofacies throughout the section in order toiaithe understanding of the
environmental transitions in this near-field baduming the LPIA. The data developed
from this project will further help to define thgerall impact of environmental change

on marine faunal communities during the LPIA.



Geologic Setting

Presentday southern Argentina was part of the southwestengin of
Gondwana which experienced a com| geologic history due to tectimm sea-level and
climate changethat occurreduring the LPIA (Figure 2) Patagonia, which is tf
southernmostegion of Argentina, had a tectonic history durihg late Paleozoic that
still to be resolved. There are several hypothregardinghe paleogeography of tl
Patagonian terranacluding two opposing viewpoints: one proposiest Patagonia we
previously accreted to Gondwana by the Devonian,(BPglla Salda et al., 1990), a
another proposdbat Patagonia was an allocthonous terrane (Pasikéual., 2006
Ramos 2008; Rapalini et al., 201(Recent paleomagnetic dating and geophy:
studies suggest that Patagonia accreted to the Antd&enmsula during th
Carboniferous, and then later accreted to Southr&smeéuring the Permian (Pankhu

et al., 2006; Ramos, 2008; Rapalini et al., 201€nil et al., 2012
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Figure 2 Stratigraphic cross section of the Patagoniaterduring the Pennsylvani

From Ramos, 2008.




Tepuel Basin

The Tepuel Basin, also referred to as the Tepuek&er the Langifieo-Genoa
Basin (i.e. Lopéz Gamundi, 1987, 1989; Gonzale23),9s today located in western
Patagonia. During the LPIA, the Tepuel basin veasated near or within the South Polar
Circle at approximate 70-80°S paleolatitude (Goezdonorino, 1992; Figure 3).

Owing to the two different hypotheses over the eenary processes of the Patagonian
terrane, the Tepuel Basin has been interpretedthsabforearc and a foreland basin
(Limarino and Spalletti, 2006; Ramos, 2008; Tabaaadh Shi, 2011). However, recent
work suggests that the Tepuel Basin was a forabasdh, which formed adjacent to a
magmatic arc during the accretion of Patagonia¢oAntarctic Peninsula (cf. Pankhurst
et al., 2006; Ramos, 2008; Rapalini et al., 201€nii et al., 2012). In either scenario,
the basin was a rapidly subsiding embayment albadg*anthalassan margin of
Gondwana.

In comparison to other basins in Gondwana (e.gariZa Calingasta-Uspallata,
Karoo, Transantarctic, Tazmanian), the Tepuel Basittains perhaps the only
continuous succession of strata due to high subse&deates, with strata ranging from the
Early Mississippian to the Early Permian (Tournag@Artkinsian) (cf. Lopéz Gamundi,
1997; Limarino and Spalletti, 2006; Rocha-Camp@882 Fielding et al., 2008; Isbell et
al., 2003, 2012). The basin consists of nearlp® deters of glacigenic marine rocks,
which comprise the Tepuel Group (i.e. the Jarankibomation, the Pampa de Tepuel
Formation, and the Mojén de Hierro Formation) ia Bierra de Tepuel and EI Molle; the
Rio Genoa Formation in the Rio Genoa Valley; ardLiis Salinas Formation in

Languifieo Hills (Figure 4 and 5; Keidel, 1922; Rietky, 1933, 1936; Suero, 1948,



1953, 1958; Freytes, 1971; Lesta and Ferello, 1B7@hchi and Page, 1980; Andreis et

al., 1987, 1996; Lopéz Gamundi, 1989, 1997).

310 Ma PLATES/UTIG
Moscovian (Pennsylvanian) March 15, 2001

Figure 3 Plate reconstruction of Gondwana during the Patkeozoic
at 310 Ma.
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Figure 4. Map of Tepuel-Genoa Basin located irtre¢iPatagonia,

Argentina. Modified from Gonzalez and Diaz Sargi@10).
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Stratigraphy of the Tepuel Group

The Tepuel Group comprises more than 5,000 metdéhe strata within the
basin, and is divided into three main formatiohs, daramillo, the Pampa de Tepuel, and
the Mojon de Hierro (Page et al., 1984; Paganikaitbada, 2010 ). The Jaramillo
Formation was deposited during the Viséan and stmef approximately 1,000 meters
of littoral sandstone deposits in open shelf emrments (Figure 6). This succession
represents the depositional environments beforernket of glaciation into the basin
(Pagani and Taboada, 2010). The thickest suceessibe basin, at over 2,900 meters,
is the Pampa de Tepuel Formation, deposited dtiimd/iddle Carboniferous to Early
Permian (Visean to middle Asselian), and is charatd by mudstone, sandstone,
conglomerate, and diamictite (Gonzalez Bonorinal et1988; Taboada, 2010). The
interpretations of the depositional environmentthefPampa de Tepuel Formation have
been controversial. The formation was originatiierpreted as a glacially-influenced
marine deposit (Suero, 1948), which was furthepsued by later studies (Frakes et al.,
1969; Frakes and Crowell, 1969; Lopez Gamundi andhiino, 1984; Page et al., 1984;
Lépez Gamundi, 1987; Gonzéalez Bonorino et al., 18#zalez Bonorino, 1992). It
has also been previously regarded as a more caotdirgiccession that was deposited by
glaciers at the shoreline or in the littoral zosdtee glaciers advanced and retreated
within the basin (Gonzalez, 1972, 2002; Gonzalez@Glasser, 2008; Gonzalez and Diaz
Saravia, 2010). Within the Pampa de Tepuel Foonathere are six diamictites that
have been identified by Taboada (2010) as poténtipresenting six different glacial
events. However, the diamcitites may have alsoltes$ in part, from other depositional

processes, including: debris flows associated sutbmarine channels and fans, shallow
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marine gravity flows, and direct influence of groed glaciers (Frakes et al., 1969;
Frakes and Crowell, 1969; Page et al., 1984; Ldpemnundi and Limarino, 1984; L6pez
Gamundi, 1987; Gonzalez Bonorino et al., 1988, 1@@hz4alez, 1972, 2002). The
Pampa de Tepuel Formation also contains seversilifesous horizons which are used
to biostratigraphically date the formation (Pagamil Taboada, 2010; Taboada and Shi,
2011). The youngest portion of the Tepuel Graughé Mojén de Hierro Formation,
which was deposited during the Permian (Asseliatmgkian) and consists of marine
blue-black shale at the base, which may represshod-lived rise in sea level that
grades into more continental sandstone and congideneear the top, as well as
diamictites and sandstones (Gonzalez Bonorino, ;198#z Gamundi, 1997; Diaz

Saravia and Jones, 1999).
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Paleoecol ogy of the Tepuel Group

There have been several marine biostratigraphiatmoms used over the years to
describe the units within the Tepuel Basin. Thstfand most widely-used scheme was
introduced by Amos and Rolleri (1965) and was basethe identification of two
brachiopod taxd,evipustula levis andCancrinella farleyensis. The biozones have since
been modified several times (e.g. Amos et al., 1Sthzalez, 1981; Archangelsky and
Marrquez Toigo, 1980; Simanauskas and Sabatti®i7;1aboada, 2001; Pagani and
Sabattini, 2002; Taboada et al., 2006; TaboadeSan®008; Taboada and Pagani,
2010), and thus creating the controversy over daeteage and timing of the depositional
environments within the basin. The depositionairmments in the basin appear to
shift from littoral deposits of the Jaramillo, tagiomarine deposits of the Pampa de
Tepuel, and finally to marine and glacially infleed marine deposits of the Mojon de
Hierro (LOpez Gamundi, 1989; Gonzalez, 2006; PagadiTaboada, 2010). The faunal
assemblages within the Tepuel Group are thougtafkect these shifts in environments,
starting with the lack of an easily identifiabl@bone in the Jaramillo Formation (Pagani

and Taboada, 2010).

Within the Jaramillo, there have been few, poongserved fossils recovered, but
they have been identified as belonging to a brackiater fauna, including gastropods
and bivalves along with some plant remains (DiaaBa and Jones, 1999; Pagani and
Taboada, 2010). The Pampa de Tepuel Formatiomicsrat least two Pennsylvanian-
aged marine faunal assemblages composed mosthidbivater invertebrate organisms
(Suero, 1948; Simanauskas, 1996; Simanauskas d&adtiSa 1997; Taboada et al.,

2006; Pagani and Taboada, 2010) (Figure 7). Thednd oldest faunal assemblage is
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the Lanipustula biozone, which was previously categorized ad #vgpustula levis

biozone, which also occurs in western Argentinetafgetic and eastern Australian basins
(Simanauskas, 1996; Simanauskas and Sabattini; T&®dada, 2001; Taboada et al.,
2006; Taboada and Shi, 2008; Pagani and Taboad@).20T helanipustula biozone is
classified as a cold-water fauna, characterizeddoypustula patagoniensis as well as
other brachiopods, bivalves, gastropods, bryozaastsacods, corals, and scarce
trilobites (Suero, 1948; Simanauskas, 1996; Simsiteiand Sabattini, 1997; Taboada et
al., 2006; Pagani and Taboada, 2010). This biohasanost recently been interpreted to
span the middle Carboniferous (Serpukhovian-Bagior the middle Late
Carboniferous (Moscovian-Kasimovian), but appeaise no younger than the
Westphalian (Taboada, 2001, 2008; Taboada etGfl§;2l'aboada and Shi, 2008; Pagani
and Taboada, 2010). The second faunal asseminldige Pampa de Tepuel Formation is
the Tuberculatella Zone, which appears about 500 m abovd_trepustula Zone and

continues to the top of the formation, coveringwhb&0 m of the
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formation (Taboada, 2001, 2008; Taboada et al.6R0Uhis fauna is characterized by
the brachiopoduberculatella laevicaudata, and contains a fauna similar to the previous
Lanipustula assemblage, but is altogether more brachiopod-uatetl with the additional
appearances &ferchojania archboldi sp.,Amosi sueroi Simanauskas, arieecheria
patagonica (Taboada et al., 2006; Taboada, 2008; Pagani ahdalda, 2010). The
Tuberculatella fauna shifts in the Mojén de Hierro Formationtie tvarmer-water fauna
of the Costatumulus Biozone, which coincides with the climate ameliama and sea

level rise that occurs during this time (Gonzalk)6; Taboada et al., 2006). This faunal
assemblage includes brachiopods, including its sake€ostatumulus amosi sp.,

bivalves, gastropods, bryozoans, cephalopods, mmoids (Suero, 1948; Taboada, 2001,

2008; Taboada et al., 2006; Pagani and Taboad@).201
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Chapter 2: Methods
| conducted field work in March 2012 in Patagomiag was aided in the field by
Dr. Margaret Fraiser, Dr. John Isbell, Dr. Erik Gdnson (UWM), Dr. Arturo Taboada
(LIEB) and Dr. Alejandra Pagani (CONICET), and DyM/ilmeth (UWM). This project
is part of a more extensive project examining tha&a and paleoecology of the LPIA in
Patagonia by the members of the field party. Sedtological and paleoecological
methods both in the field and in the laboratoryevesed to reconstruct the

paleoenvironments of the Tepuel-Genoa Basin.

Sedimentological Analysis

For this project | examined the marine strata efflampa de Tepuel Formation in
the Sierra de Tepuel within the Tepuel-Genoa Béstality coordinates, S 41°41°43”,
W 70°43'46”, Figures 9,10). The Sierra de Tepoehlity was chosen because it
contains one of the most continuous successiotieofepuel Group strata (Figure 7).
During field work sedimentary and deformationaustures, lithology, contacts, and
bounding surfaces were described and analyzed st&ngard sedimentological
techniques to measure a stratigraphic sectiongusifacob’s staff, abbney level and
Brunton compass. This data was then used to caeadteonstruct stratigraphic columns
as well as to conduct a facies analysis. The smutiny and soft-sediment deformational
and structures were studied reconstruct depositgatangs and apparent sea-level
change. The facies analysis was used in conjunatith the paleoecological data
gathered to 1) interpret the changing depositienaironments, 2) record the glacial

influence on the system, 3) understand the chahgéshelf-slope environments undergo
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during sea-level transgressions, and 4) deterrhim@drious physical stresses that affect

the marine system, which aids in paleoecologicalist.

Study

Argentina Area

\ * Tepuel Hills]
Tepuel Basin *

7 G.Costa®

Figure 8. Map of Tepuel-Genoa Basin located inre¢tatagonia,
Argentina. Modified from Dineen et al., 2012; Golezdand Diaz

Saravia, 2010.



Figure 9. Google Earth map showing the locatiothef
study area (indicated by yellow star) relativehe t
approximate outline of the Tepuel Basin (in red).
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Figure 10. Google Earth images of the Sierra deu@kegection, including
outline of measured section, and shell bed loeslitred circles).
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Paleoecological analysis

For the paleontological portion of the project, gemera were identified and
recorded in order to determine the abundance artdiliy of the biota while in the field.
In the laboratory, changes in diversity and eves@@song the fossil beds were
determined using various diversity indices, sucBiagpson’s index of diversity and the
Shannon-Weiner diversity index. The life habitdgl &ophic level information of the
specimens were compiled using the paleoecologifatmation available in the

Paleobiology Databasét{p://paleodb.or which aid in the reconstruction of the

paleocommunities. Statistical analyses, suchasttident’s t-test and z-test, were also

conducted in order to determine the significancthe$e changes.

In order to determine a thorough analysis of thlegecology in a specific
locality, it has been suggested that a count of BAlspecimens need be taken (Forcino,
2012). To comply with this rule, at least 50 ftsse/ere counted per shell bed, with
three out of the six beds averaging over 300 spatémone with only 55 specimens and
the rest with closer to 250 specimens. As thd sleels were not sampled equally, the
data was then rarefied in order to ascertain tisaifficient example of the community
was recorded (Hammer and Harper, 2006 )Z-t#&st was then performed in order to
determine if there were statistically significaiffetences among the shell beds (pes
0.05, wherg < 0.05 is considered to be statistically signifiga Thep values for the
shell beds ranged from 0.14 to 0.20 and therefi@@at considered to be taxonomically
statistically significant from one another (forwl table ofp values from th&-test,

consult Appendix B).
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In order to estimate the biodiversity of a paleooamity, a variety of
biodiversity indices and values were used, inclgd{it) Simpson’s index of diversity;
(2) Shannon-Wiener index of diversity; (3) mearkrander; and (4) breadth of
distribution. For each fossil shell bed, calcolas were made in order to compare the

change in paleocommunities during the change ilr@mwents.

For the Simpson’s index, both the dominance awdrdity values were
calculated, but only the index of diversity will beed for comparison. The following

equations were used for this index:

Simpson’s index of dominanc® =£2%=1
N(N-1)

Simpson’s index of diversityl—D = 1- (M)

N(N-1)
For both of these equations, D is the index of c@mcen is the number of specimens
counted for each phylum, and N is the total nunabespecimens for the entire level. |If
there is a shell bed with a dominance index closmng, then this indicates that there is
one dominant taxon for that particular fossil honZSimpson, 1948; Hammer and
Harper, 2006). Instead, though, for this studyatthor focused on the Simpson’s index
of diversity, which the opposite of dominance. Tiex of diversity demonstrates the
overall diversity of a shell bed, with values clogeone indicating a higher diversity.

The Shannon-Wiener index was also calculatedgubia following equation:

H =Y p;Inp;

wherep; =n/N. This index indicates the ability to predicetbpecies of the next
collected specimen (Shannon, 1948; Hammer and H&p@6). In other words, if the
species are evenly distributed, the H’ value wdaddigh, so therefore, high H’ values

represent high diversity. Using both Shannon’indnd Simpson’s index values
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provide useful insights when comparing diversityhii a stratigraphic section (Hammer
and Harper, 2006).

The relative abundance and dominance of the diftespecimens in a shell bed
were quantified in order to determine any changdaunal assemblages throughout the
measured section. This was done using rank ordebeeadth of distribution (Clapham
et al., 2006). Mean rank-order allows for the omaigof the taxa according to their
general abundances. Breadth of distribution vaheasure the proportions of shell beds
in which the taxon was present. Comparing theseviaues allows for the observation
of changes in dominance in a locality (Clapham.e2806). Together, these various
analyses were powerful tools in demonstrating &)dmanges in biodiversity and
abundances throughout this section, 2) the mammevhich the paleocommunities
responded to glacial stresses, 3) the responskgtoating glaciation/non-glaciation

environments in a glaciomarine shelf setting.

Multivariate analyses have been done on stratigcafp lower faunal
assemblages in the Sierra de Tepuel in the pésB{manauskas and Sabattini, 1997),
but there has not been a comprehensive analysesaothd_anipustula fauna since
there have been changes made to the faunal asggnanid the redefinition of the new
brachiopod species (Pagani and Taboada, 2010} stinly attempts to delve deeper into
this fossil-rich section of the Pampa de Tepuehtairon in order to determine the
paleoecology of theanipustula fauna as it is currently understood in the literat |
used two multivariate analyses, a detrended casregnce analysis and two types of
cluster analysis (Bray-Curtis and Chord distangsig the PAST software package in

order to better determine the similarities betwinenshell beds as time progresses
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through the section (Hammer et al., 2001). A deteel correspondence analysis (DCA)
attempts to group similar compositions of faunaimilar positions together on a plot
(Hammer et al., 2001). These groupings can tharsbkd to interpret environmental
conditions. A non-metric multidimensional scalisgch as the Bray-Curtis and Chord
distance cluster analyses, attempts to group fazgmapositions from field counts into a
two- or three-dimensional coordinate system in otdeshow spatial and ecological
comparisons between paleocommunities based oraesityitoefficients for each pair of

samples (Hammer et al., 2001; Dineen et al., 2012).
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Chapter 3. Lithofacies Analysis

Originally, numerous studies determined that gidan in Gondwana shifted
from west to east during the late Paleozoic ice(ag§¢A), as the super continent drifted
over the South Pole (Caputo and Crowell, 1985; Edpamundi, 1997; Isbell et al.,
2003). Although it was previously thought thatrthevere three major glacial phases
(e.g. Lopez Gamundi and Martinez, 2000; Isbell.e803; Fielding et al., 2008a,
2008b), it now appears that the timing and locatibglaciation waxed and waned
diachronously across the supercontinent (Fieldtrad.£2008b; Isbell et al., 2012, 2013),
Therefore, localized near-field projects, suchhés dne, are important in understanding

the bigger picture of the LPIA.

The depositional settings within the Tepuel Basimain controversial (Frakes
and Crowell, 1969; Gonzalez Borino et al. 1988,29%pez Gamundi, 1997; Gonzalez
1997, 2010). The controversy revolves around #posditional setting and the proximity
of the glaciers within the basin through time. tptetations of the Pampa de Tepuel
Formation, in particular, are contentious. Originahe formation was interpreted as a
glacially-derived marine deposit (Suero, 1948)tekatudies also support this
interpretation (Frakes and Crowell, 1969; Pagd.e1884; Lopez Gamundi, 1987;
Gonzalez Bonorino et al., 1988; Gonzalez Bonorii#®2). In contrast to these
interpretations, the Pampa de Tepuel Formatioralsasbeen regarded as a more
continental succession that was deposited by gkaiehe shoreline, or in the littoral
zone with marine transgressions as the glacieraraehd and retreated within the basin
(Gonzaélez, 1972, 2002; Gonzalez and Glasser, 2B68zalez and Diaz Saravia, 2010).

This present study takes a closer look at the maigdttion of this formation and presents
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a modified interpretation of the depositional sejtihrough the identification and

subsequent interpretation of the lithofacies is fhortion of the formation.

A) Sierra de Tepuel

Mudroek

Lateral shelf sandstones 3rd Sand body
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Figure 11. Aerial image of the Sierra de Tepuellgtarea with the measured
section (highlighted with red arrows) and the sudiog outcrops. Yellow
indicates slide blocks. Orange indicates shelbdip. Green indicates slide
blocks and slumps along the slope.

The measured section occurs to the south of a sickession of mudrock that in
the upper middle portion of the exposure containsrdginuous sandstone body that can
be traced for over 1 km across the exposure. Apprately 400 m from the measured
section, this sandstone changes apparent orieméaditross a nodal point and begins
dipping at 1 to 5 degrees depositional dip. Beythiglnodal point, the sandstone

becomes discontinuous and contains the lenticaladstone body described above.
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Together, these sandstones, the continuous saedstonthe discontinuous sandstone
bodies in the middle of the section, define whitlket al (2013) identified as a
“clinoform set” that is on a scale of hundreds aftens (Figure 11; cf. Henriksen et al.,
2011). They interpreted the continuous sandstomave been deposited on a shelf
within the basin, the nodal point to representsielf-slope break and the dipping
discontinuous sandstone bodies to have been degasitthe upper part of the slope.
Therefore, the measured section represents agsaattiic section recording sediment

deposited beyond the shelf slope break.

In basins with sufficient sediment supply and adtewuccommodation space, the
basinward progradation of clastic wedges resulteendeposition of clinoforms on delta
and shoreface scales (e.g. tens of meters), asmwselh shelf margin scales (e.g. hundreds
of meters or more) (Pirmez et al., 1998; Steel@ls#n, 2002; Henriksen et al., 2009;
Henriksen et al., 2011). These clinoforms at thefsnargin scale can be used to
determine shelf-edge trajectories, which can gmsgght into fluctuating sediment supply
and accommodation in deeper parts of the basirel(8tel Olsen, 2002; Henriksen et al.,
2011). As the shelf progrades into the basin,rsedt on the slope moves down along
the dipping clinoform, where it is subject to gtgmiriven mass transport processes
(Swift and Thorne, 1991; Steel and Olsen, 2002)thMthis area of the Tepuel Basin
(Sierra de Tepuel), it seems as though there segi@s of clinoforms present (Figure 11;
Isbell et al., 2013a). Identifying clinoforms wittha basin and understanding that
clinoforms represent regressive-transgressive ssames can lead to creating a more

complete depositional history (Steel and Olsen2200
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Strata of the Pampa de Tepuel Formation at theunegésection in the Sierra de
Tepuel are divided into six facies associationgo&sil-bearing mudrock facies
association, 2) deformed sandstone and mudrockdassociation, 3) thin interbedded
sandstone and mudrock facies association, 4) dppless-laminated facies association,
5) channel-form sandstone facies association antb8¥ive diamictite facies association
(Table 1). The facies associations and the regutiepositional processes are described
and interpreted within this chapter (Figure I)e entire stratigraphic column for the
measured section (276 meters) is available in AgpeA. The strata at the Sierra de
Tepuel locality dip 36° towards the East (strudtdig). Tilting of the strata occurred

during the Cenozoic uplift of the Andes.
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Figure 12. Generalized and simplified stratigrapfolumn (276m) displaying the facies
identified and described in this chapter. NoteiguFe 11, that the shell beds (1-5) occur
lateral to the measured section and are containtbthwhick mudrock deposits.
Abbreviations of the different facies associatians as follows: Mim, the mudrock
facies; Sdf, deformed sandstone and mudrock, 8hizdntally laminated sandstone and
mudrock; Srl, ripple cross-laminated; Chm, charfoel; Dmm, massive diamictit&ee
Table 1 for a description and interpretation offéx@es associations.
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Fossil-bearing Mudrock Facies Association

Description

The fossil-bearing mudrock facies associatiorormmon throughout the
measured section. There are two main mudrockdassociation occurrences, separated
into subfacies associations, a lower mudrock faaresan upper mudrock facies. The
lower mudrock facies spans approximately 120 metktise measured vertical section
and extends below the start of the measured seasiovell. Strata of this lower mudrock
subfacies envelopes the lowermost lenticular saly,bivhere there is evidence of
shearing within the mudrock that lies below thisdsaody, and an abrupt return to the
mudrock at the top of the sand body. The lowefaibs contains numerous
fossiliferous horizons (Shell Beds 1-5), most oichhare located lateral to the measured
section, and were located in clusters (e.g. 1n@,3are located near each other; 4 and 5
are located close together). The marine inverteldossils recorded in the fossiliferous
beds included brachiopods, bivalves, ostracodsoi$, gastropods, scaphopods,
hyoliths, bryozoans, and corals, most of whicham®ociated with and included in the
Lanipustula biozone (Pagani and Taboada, 2010). This lowelrauk subfacies is
abruptly overlain, by a 25-meter thick deformedeaonntaining highly fissile mudrocks
and sandstone boudins, which in turn is overlaithieyinterbedded sandstone and

mudrock facies association, and finally by the selceand body (Figure 11, 12, and13).
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Figure 13. Profile view of outcrops displaying #ganse of the mudrock facies
association with shell beds labeled (#1-6).

The upper mudrock facies spans approximately Seméetween the two upper
major sandstone bodies. The grain size withinfduss observed at these localities
consists of laminations of very fine sand to giltl @lay-sized particles, and is dark grey
to brown in color. There is one identified fé$sirizon (Shell Bed 6) located within
this upper mudrock succession which consists mos$thyvalves, ostracods, gastropods,
crinoids, and scaphopods. There are also rardgelcobble-sized lonestones found
within the strata as well. The lonestone are dedinand are usually quartzite in
composition, with one large cobble displaying agilale bullet-like shape (Figure 14).
This lonestone-bearing mudrock transitions intoreektone-free mudrock near the
uppermost appearance of this facies associatiamuppermost mudrock succession is
overlain by another deformation zone, which corg@widence of fissile mudrock and
boudins at the base of another horizontally laneidatandstone and mudrock facies

association.
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S =3

Figure 14. Bulletshaped clast in upper mudrock subfa

Inter pretation

The absence of glacial indicators within the mullifacies association in tt
lower portion of the stratigraphic column suggekts these mudrock facies we
deposited under noglacial open marine conditions or deposited dista@n active ice
front. The depositional processes of this facresnaainly due to settlin-out of
hemipelagic material suspended within the wateurool. Marine conditions al
indicated by the presence of the marine fossiladowithin the six shell beds (Figu
13). The lower mudrock subfacies association vegesited in dower energ)
environment, probably along the lower basin sl An absence of sedimente
structures in the mudrock produced by wave activitjcates deposition well belo

stormwave base. The shearing and boudinage structeeesas the contact beten the
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mudrock and the lowermost sand body most likelyuoex due to mass movement of
this sand body along a glide plane from a shallpwere clastic-rich environment onto
the basin slope, where the mudrock facies assoniatas being deposited. This would
also account for the abrupt return to mudrock atttip of this sand body, as settle-out
processes would have continued after the slidekfsgbhonp ceased moving, which would
have resulted in the sharp contact between thébsees. Other deformed sandstone

bodies also occur lateral to the measured section.

The upper mudrock subfacies contains scatteredgtones, which may have been
deposited by a combination of settling from susmangom the distal portions of a
meltwater plumes and rain-out from floating iceaiprocess termed “two component
mixing” (Powell and Domack, 2002). This processursavhen finer-grained particles,
such as clay and silt, settle from suspension withé water column at the same time that
gravel-size material is being deposited from meltfoom sea ice or icebergs (Thomas
and Connell, 1985; Gilbert, 1990). The presendeudiet-shaped clasts and deposition in
deep water suggest that rafting was due to icebrather than sea ice or as outsized
clasts in debris flows (Carto and Eyles, 2012; lis#teal., 2011, 2013b). However,
because the strata contain rare lonestones thaeegenterpreted as dropstones, this
could also have been the result of ice rafted ddiwing deposited in association with
deposition of hemipelagic muds on the basinal skopkbasin floor during a relative sea
level high stand or during the early part of aif@lstage system track (Powell, 1984;
Powell and Domack, 2002). The transition from kinee-bearing mudrock to a
lonestone-free mudrock probably indicates a cessati ice-rafted debris deposition and

a return to more clastic-starved conditions dudangpssible glacial retreat. The upper
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contact of this upper mudrock subfacies with therimedded sandstone and mudrock
facies shows similarities to the lower mudrock swi¥s, in that there are fissiled and
boudinage structures present. A sheared uppeadonith the overlying interbedded
sandstone and mudrock facies may also be the @sidtvelopment of a glide plane,

along which the next facies association was tramsganto the basin slope.

Defor med sandstone and mudstone bodies facies association

Description

The folded and internally deformed sandstone faagsociation occurs mainly in
the lower and upper portions of the measured se¢#®7m and 255-261m), with the
occasional occurrence of smaller deformed sandelsddund encased in the mudrock
facies association (117-118m). The grain sizénisffacies is mainly fine-grained
sandstone contained in bedding up to 10 to 15metdirs thick, although it consists of
some interbedded mud layers up to 10 centimetdigdkness. This facies also consists
of two subfacies associations, a subfacies thatshittle deformation and a highly

deformed sand body subfacies.

The slightly deformed subfacies is found in metaals to 20 meters-thick blocks
that are 10-100 meters in length (found mostly f@27m in the measured section).
These blocks rest on fissile and boudin-bearingnoaidintervals that measure up to 50
cm in thickness. The blocks tend to occur alontdp wmaller blocks that are concentrated
in zones that are elongate and teardrop-like irrapgnce over distances of tens to a
hundred meters (Figure 15). The sand bodies sfsiliibofacies show very little internal

deformation throughout the blocks, but may conliginic-shape reverse faults in the
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thicker, or frontal, portions of the blocks. Mple faults may also occur within the
horizon, or possibly within a single sandstone b@flgure 16). The upper contact is
usually sharp in relation to the mudrock that aeerlt, and can have rare wave ripples

preserved on the top of the sandstone blocks.

A)Sierra de Tepuel

=< - —

= .

e \ - ﬂ X
il = .
== _ ~"«—— Sandstone blocks ————» ¥~ "~

-

Figure 15. Aerial image of teardrop shape of detrsandstone
bodies.
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The highly deformed sand body subfacies (117-1186:261m) display major
internal deformation features, which includes fotites and small-scale faulting. This
subfacies, like the previous subfacies, also @st$ssile and boudin-bearing mudrock,
which occurs in smaller intervals of a few to a fans of centimeters thick. The sand
bodies are mostly discontinuous, usually a few rsete 10-meters thick and a few tens
of meters long. The sandstone body at the topeofrteasured section also contained
overturned fold noses, which are a few meters tlatkhe front, or leading-end, of the
sand body, as well as internal fault structuresclvdisplay a few millimeters offset, and

some brecciated intervals within the sandstonedso@igure 17).
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Figure 16. Small centimeter-scale faults in upgeesely deformed sandstone
facies association.



Figure 17 Fold nose in upper deformed sandstone subfguaesof the thir and
uppermost sand body.

Interpretation

The lowest sand body (sand body #1 in Figure 1ih@imeasured section
interpreted here as a slide block, where a slidenmss movement of a coherent bloc
strata transported downslope along a glidee, or shear surface, without inter
deformatiorand may have travelled some hundredmeters to hundreds kilometers
down slopegElliot and Williams, 1988; Shanmugam et al., 199dberg and Vorrer
1995; Dimakis et al., 2000; Shanmugam, 2006). fidsde and boudi-bearing mudrocl
served as the glide plane, or décollement, alonghwthese slightly deformed sa
bodies were mang. As the slide blocks moved downslope, theydtate the underlyin

mudrock, and created a shear zone which is evidengehefissile andboudinage
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structures seen at the base of the sand bodiesthidker portions of the sand bodies are
interpreted as the front, or leading-end, of tidesblocks. As the movement decreased
in velocity, and eventually stopping, the frontloé slide block would cease movement
first, followed by the material behind it. Thidfdrential cessation of movement would
have created a “back-up” effect, causing the stidving material to ramp up onto the
sandstone at the front of the sliding body, cregtire listric-shaped reverse faults seen in
many of these slide blocks (Allen, 1985; Collingomd Thompson, 1989; Ricci Lucchi,
1995; Ben and Evans, 1998; Isbell, 2010). Thegerse faults are also similar to those
found in the mass transport deposits of the JejEaswation at Quebrada de Las Lajas in
the Paganzo Basin in western Argentina (Dykstid.e2006). The upper surfaces of
some of these sand bodies display ripple structwieish would not occur in the deeper
environments of the slope, as it is well below stavave base. The fact that these are
preserved seems to indicate that these sand bedresnot originally deposited at this
location, but are instead the product of remohiiiaraof shelf edge deposits after primary

deposition occurred (Strachan, 2002).

The upper sand body (sand body #3 in Figure libfespreted as a slump, which
is defined as a rotational mass movement of a eolhdtock of strata along a concave-up
glide plane, or shear surface, with internal deftion within the body (Elliot and
Williams, 1988; Shanmugam et al., 1994; Laberg\doden, 1995; Dimakis et al., 2000;
Shanmugam, 2006). Much like for the lower sanddmdf the slightly-deformed
subfacies, the fissile and boudin-bearing mudr@rkes as the décollement for this
highly deformed subfacies. The upper sand body maag started as a slide block like

the ones of the slightly-deformed subfacies, buhasement continued down the
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clinoform and further into the deeper basin envinents, the block became internally

folded resulting in an internally chaotic slumpdko

The presence of folds observed in relation to exddeof shear zones and glide
planes at the lower contacts of these sand bodliksates that these internally deformed
sandstones were deposited due to mass movementharasgsortation processes. The
sharp upper contact, as opposed to a gradationapwith the mudrock facies
association for both the lower and upper sanddtodéess further supports the
interpretation of these sand bodies as mass traaspo deposits, as the mudrock facies
seems to encase the discontinuous blocks, wheawrdatgnal contact would indicate a
transitional change in depositional environmermeformation of these sandstone beds
most likely occurred as a result of slope failuokdwed by the downslope movement
and transportation of the bodies, which causeddlaéng, sliding, slumping, and
boudinage structures observed in the field (Pi®684; Norem et al., 1990; Mulder and
Cochonat, 1996; Strachan, 2002; Lee et al., 200k causes of these mass movements
were most likely due to the buildup of excess goessure due to high sediment input, or
the oversteepening of deposits at the shelf-slopakaLaberg and Vorren, 1995;

Dimakis et al., 2000; Lee et al., 2007).

A third cause of the mass movements may have haetodslope instability
created by earthquakes, as continental slopesa@egrees or less and are usually stable
and there is a lessened influence of storm-waveitgdbeyond the shelf-slope break
(Lee and Edwards, 1986; Lee et al., 2007). Theadéortwo scenarios are more likely the
case as the sediment input changed within the T&asin due toeither fluctuations in

the position of glaciers, changes in sea levdiatshelf slope break, or due to tectonic
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activity in the form of earthquakes potentially guaed during Patagonia’s accretion to

South America as suggested by Ramos (2008).

Horizontally laminated sandstone and mudrock facies association

Description

The thin interbedded sandstone and mudrock fasgsciation mainly occurs
near the middle of the measured section (159-16@netween the lower thick fossil-
bearing mudrock facies and the overlying channefiftacies (Figure 18). The
interbedded sandstone and mudrock facies assaoteocontinuous across the outcrop.
This horizontally laminated facies consists of thezlded sandstone beds that range from
a few centimeters to a few tens of centimetersates(Figure 19). The sandstone layers
are interbedded with laminated mudrock, which islenap of both mudstone and
siltstone, and range in thickness from a few cesii@rs to around 10 centimeters. The
lower contacts of sandstones units in this subsaeied to be erosional to sharp, and
occasionally display load structures or guttersa3the sandstone layers are usually
ungraded to graded, and range in grain size fray-firee to fine-grained sandstone. A
few of these beds display some internal foldindwitll-developed fold noses. These
interbedded layers have a sharp to gradationalruggeact with the rippled cross-
laminated facies, and can be found to intercalatie tive rippled cross-laminated facies

(Figure 20).



Figur' 1 Hori
association.

Z0

ntally lami

ot

nateuntérbe

g 2 T RE
dded sandstone and

115" A
mudro

byt

ck fa

42




43

Ful
s

Figure 20 Interfingerin
facies.

g wav-rippled facies with horizontally laminated interloled



44

Inter pretation

The presence of the thin planar and interbeddedssane and mudrock facies
association indicates a rapid and fluctuating ckeangnvironmental and depositional
energy, which commonly occurs in shelf break emuiments, turbidites, and in wave
dominated coastlines below normal wave base, bmteabtorm wave base (Powell and
Cowan, 1986; Boulton, 1990). The appearance atbotally laminated layers is
consistent with the definition of they Turbidite interval as described by Talling et al.
(2012). Talling et al. (2012) describes this in&to be deposited from relatively low-
density turbidity currents that are fully turbulergar the bed. Horizontally laminated
sandstones are also deposited by geostrophic tsitteat represent return flow of water
along the sea bottom away from coastlines duriogrssurges. Such events result in
deep water deposition from episodic underflow auis€Basilici et al., 2012). The fine-
grained horizontally laminated sandstone beds werst likely deposited by turbidity
currents or possibly underflows, and could havesipbg been triggered by slope failure
or storm activity (Dott and Bourgeouis, 1982; Loggamundi, 1997; Gani, 2004;
Posamentier and Walker, 2006; Winsemann et al.7;Z08lling et al., 2012). The
erosional lower contacts recorded in the directiglarlying mudrock facies is most likely
due to the scouring caused by the underflow cusr@Pdwell and Cowan, 1986; Boulton,

1990; Powell and Domack, 2002).
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Rippled cross-laminated facies association

Description

Like the horizontally laminated facies, this ripgleross-laminated subfacies is
also laterally continuous across the outcrop. Gdmal contacts of this facies may be
interbedded with the horizontally laminated faces previously mentioned (Figure 20).
The facies becomes more abundant farther to thé mdrere it is contained in a
coarsening upward facies associated within theimootis sandstone body as part of the
topset of the clinoform set studied by Isbell e{a013a). These rippled units start with
interbedded sandstone and mudstone/siltstone layéne base and coarsen upward
through the succession to very-fine to medium-grdisandstone beds. Upward, the
mudrock interbeds are lost entirely. For the npast, wave-ripple cross-laminations
dominate (Figure 21), with the occasional appeasio symmetrical interference
ripples preserved on some bedding planes (Figure P2ere are a few interbeds of the
horizontally laminated mudrock units that are a t@mtimeters thick. A few beds in this
facies display internal deformation, such as fajdith well-developed fold noses and
deformed ripples (Figure 23), while other beds ldigfioaded bases. Rare beds of
hummocky cross-stratification also occur (Figurg. ZBhe upper contact of this facies is
erosional when it is overlain by massive sandstmues and sharp when it is overlain

by the mudrock facies association.
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crosskaminations
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Inter pretation

The internal deformation, such as deformed rigpiectures, suggest deposition
and movement along a depositional slope, which estggpid deposition by processes
that trap high water content within the sand, ahdttvsupports the interpretation that
these deposits were remobilized after depositicsnaal-scale slumps. The massive
diamictite facies directly overlies this interbedd@ndstone and mudrock facies
association, and suggest that these events watedeh time and space as potentially

linked events depositing debrites and turbidites.

This facies association also contains ripple stmest/ wave ripple cross-
laminations that are symmetrical and can be idedti&s wave ripple cross-laminations.
The interlaminations of the mudrock indicate a dggmnal environment that is below
normal wave base, as any mud would be winnowed awayo the constant wave
activity. Therefore, it can be inferred that thepples record storm wave activity
(Baird, 1962; Reineck and Singh, 1980). The raesgrvation of hummocky cross-
within this facies are anomalous as such interbeéddaedstones and mudstone typically
contain abundant hummocky cross-stratificationeifharity in this succession suggests
that wave energy/storm energy may have been dardperleis section. Dowdeswell et
al. (2000), Clifton (2006), and Murray (2013) rejpgampened wave activity in polar
settings to be the result of possible sea ice coVhe scarcity of the hummocky cross-
stratification could also indicate an absence gf¢borms. Since these structures occur at
what is interpreted here to be the shelf-slopelyreig waves would be expected to break
as they encounter the shallower shelf waters, aridese should be a greater presence of

these structures here.
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Channel-form sandstone facies association

Description

The channel-form sandstone facies associationrec@ar the middle of this
measured section (160 m) and occurs on one ofiseerttinuous sandstone bodies on the
dipping clinoform (Figures 11, 15, and 25). Theatgamated channel complex overlies
the horizontally laminated sandstone and mudrocie$awith an erosional surface, and it
underlies the mudrock and massive diamictite faggs®ciations. The grain sizes of the
channel facies association is medium-grained sandsand contains occasional
intermittent outsized clasts, some of which arselm 10 cm in diameter. There are also
soft sediment deformation features, such as watape and large-scale load structures
observed in the lower portion of this facies (Fg@6). Grading appears to be normal

throughout this facies association.

The channel complex sand body is located laterahtl above the wave-rippled
cross-laminated sandstone facies assemblage réeldortias portion of the measured
section (176-181 m). Channel-form bodies condisivo to four large lenticular
structures each of which spans about 65 metersdiin\and about 1.5-2 meters in
thickness. There is also one larger lenticulayboehr the bottom of this sandstone
ridge, which spans the length of the outcrop. B&ase of each channel-form body is

loaded into the underlying strata and may contatiernal folds.
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Figure 25. Channdbrm facies association, outlined are the chanaglamalgamate
lenticular bodies. The lenticular bodies of theabgamated channels have been outli
in yellow. The structural dip of the section is into the phetbereas, the depositior
dip is off to the right.



Figure 26 Water escape structures and fli structures seen |
the channeform facies association in the Pampalépuel
Formation.

51



52

Inter pretation

Submarine channels are known to form and feed sdodhe deep basin (Steel et
al., 2008; Henriksen et al., 2011). These subamgiebannels can open into the basin and
are known to occur on the slope beyond the sheffesbreak and to be sites of turbidites
and mass transport activity (Petter, 2005; Steal.eP008). The base of the lenticular
bodies observed in this massive ridge-forming stames(sand body #2 in Figure 11)
displays evidence of erosion, which could have deened by the bypass of sediment
over the shelf-slope break onto the upper slopatfBbharya and Giosan, 2003; Steel et
al., 2008). The interpretation of this facies asealgamation of submarine channels
seems to fit the overall interpretation that thiglate ridge-forming sandstone was

deposited in an environment feeding sand into gepdr basin.

Water escape structures, such as the flame stesctilnserved in this facies
association (Figure 6), formed as the result oidrdpposition and subsequent
dewatering of the deposits due to the compactiahlignefaction of the water-saturated
substrates, or possibly due to the loading of @gsubstrate by adding additional
sediment as the sediment was making its way oesltelf edge and onto the slope
(Henry, 2007). Furthermore, the fact that the loeantacts of this facies are bounded by
erosional contacts with probable turbidites (seezdatally laminated sandstone facies
association above) and overlain by debrites (sessMa diamictite facies association

below) that are located along the basin slope,®ipphis interpretation.
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M assive diamictite facies association

Description

The massive diamictite facies is located aboveckiznel-form sandstone facies
association, which occurs near the top of the steéamticular sandstone body (182-
186m, and 198-202m). This facies has sharp planandulating lower and upper
contacts with the underlying and overlying mudréméies association. Beds range in
thickness from 10 centimeters to a few meters tfite§ure 27). The grain size within
this facies is mainly medium sand and some muditlalgo contains numerous outsized
clasts, which includes granite to quartzite, tieatitto protrude above the bedding at the
upper surface (Figure 28). Internally, the diantécis massive with randomly oriented
floating clast set in the finer grained matrix. el¢lasts are mostly well-rounded pebble
to cobble-sized and do not show any clear evidehsgiations, faceted faces, or bullet-
shape. This facies is associated with small ardiumesized folds and slumps (10-

50cm), and in some places drapes over the slurdp fol
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Figure 27 Massive diamictite facies associatiweakly stratified witk
pebbles and cobbles suspended in a --muddy matrix.
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Figure 28 Pebbles protruding from top of a surface in tressive
diamictite facies associatic
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Inter pretation

Massive diamictites are not uncommon in glaciome&gnvironments or shelf
edge settings and can form from varying depositipnacesses (Eyles and Eyles, 2000;
Mulder and Alexander, 2001; Powell and Domack, 2@i2el and Olsen, 2002; Henry,
2007). These processes can include 1) rain-oclagf silt, and sand from meltwater
plumes emanating from the terminus of a glaciemé&l-out of material from the base of
a glacier near the grounding line, 3) rain-outlaleo boulder-sized material from
icebergs, 4) iceberg turbation, and 5) subaqueebhsggflow (Anderson et al., 1983;
Eyles et al., 1985; Montcrieff and Hambrey, 199@ntbrey et al., 1991; Woodworth-
Lynas and Dowdeswell, 1994; Evans and Pudsey, 2002)sharp contacts also suggest
that this diamictite was not the result of a grdqwacess such as a meltwater plume
depositing the material, nor was it the resultceberg turbation, as there were no
striations recorded on the clasts nor grooved sasfédentified on the underlying

sedimentary rocks (Powell and Domack, 2002).

Due to the presence of the mudrock facies assougiatiimmediate contact with
the massive diamictite (182-202m), its associatidh slump folds, its sharp upper and
lower contacts, the presence of randomly orientetihg clasts, and the occurrence of
clasts that protrude from the upper surface otihies, this massive diamictite facies is
interpreted to be the result of debris flow deposdl process (Carto and Eyles, 2012).
These were deposited in association with slumpsédd blocks that were likely
deposited in deeper water beyond the shelf slogakbiTheir association with such
deposits suggest that they may have been genesgalt of the mass movement

process where debris flows result from disintegabf slump and slide blocks
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(Maejima, 1988; Eyles, 1990; Noda et al., 2013uch deposition of these diamictites is
consistent with previous interpretations for thenpPa de Tepuel Formation (Frakes et al.,
1969; Frakes and Crowell, 1969; Page et al., 1B8dez Gamundi, 1987). For this
facies association, the term diamictite referstaat glacial deposit, but a mixture of

clasts and matrix that has been redeposited (D@&1; Carto and Eyles, 2012).

Environments in which there are high rates of medit accumulation may be
susceptible to re-sedimentation, especially asti@df-slope break, and can collapse
causing mass movement and debris flows to occue$iE$990; Powell and Domack,
2002; Carto and Eyles, 2012; Noda et al., 2013)tivily such as storm waves as well as
shock and movement from earthquakes can also daises flows in marine
environments (Powell and Domack, 2002; Tallingletz912). The resulting deposits
are known as debrites (Mulder and Alexander, 2@Hni, 2004; Talling et al., 2012;

Carto and Eyles, 2012).

Discussion

As previously discussed, the Pampa de Tepuel Remmaas originally
interpreted as a glacially-derived marine depditefo, 1948; Frakes et al., 1969; Frakes
and Crowell, 1969; Page et al., 1984; Lépez Gamuréfi7; Gonzalez Bonorino et al.,
1988; Gonzalez Bonorino, 1992). Parts of this fation have also been interpreted as
having a more continental origin, with depositiataring at the shoreline or within the
littoral zone by glacial processes (Gonzalez, 12082; Gonzalez and Glasser, 2008;
Gonzalez and Diaz Saravia, 2010). Results preddmre suggest that in the measured
section from the middle of the Pampa de Tepuel Rtion the deposits are primarily

marine and were deposited at or near the sheledbogak. A glacial signature is only
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evident by the lonestones observed in the sedtimnever, lonestones are equivocal
evidence of glaciation and can be formed throughermous non-glacial processes such
as: floatation, tree rafting, and volcanic erupsioioreover, the ubiquitous nature of
large slide blocks of sandstone suggests that e@astics could have been delivered to
this portion of the basin via mass transport dudatastrophic failure of coarse clastic
debris and mass movement to the shelf-slope biidals, the Pampa de Tepuel
Formation is more easily explained by depositisoamted with the outer shelf, shelf

slope break, and deposition on the slope withinTdyguel Basin.

A) Sierra de Tepuel

Black Shale

Mui‘ock ,!
Slump Bloeks
l Shelf-Slope Break

Shelf Onlap %,  Shell Bed 6
/\/ Slope - Yo

Shell Beds 4, 5 K

\v‘z

Slope Mudrock == — > Slumps =

Shell Beds 1, 2,37~ 3 \ 4 G Slumjf)s
« - and Slides |

Figure 29. Aerial image of the Sierra de Tepuedlgtiocation. The measured section is
marked by the red arrows. The shelf sandstoneslatelblocks have been highlighted
in bright yellow, and the slumps that are locatedv the clinoform (here indicated as
“Slope”) are highlighted in the lighter yellow; shieeds sampled from are marked by
blue circlesThe generalized stratigraphic column has been lupeth correspond to tl
locations of the major sandstone bodies meastutesifield.
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The measured section is located to the soutmofial point where a continuous
sandstone body changes its apparent depositignalndi begins to dip more steeply into
the depositional basin (Figure 29). For this porid the basin fill, Isbell et al (2013a)
interpreted this point as the shelf slope breale Jlelf is interpreted to lie to the north
and discontinuous more steeply dipping (depositidipg slope and basinal deposits are
interpreted to lie to the south of this nodal poirterefore, the measured section contains
sedimentation deposited on the basin slope. The dfathie measured section begins with
a deep-water mudrock that contains a lenticuladsimme body originally deposited in
shallow water near the shelf slope break prior &ssrtransport into deeper water as a
slide block (Elliot and Williams, 1988; Shanmugatalk, 1994; Laberg and Vorren,
1995; Dimakis et al., 2000; Bryn et al., 2005; Rasal., 2005; Solheim et al., 2005;
Shanmugam, 2006). A deep water environment fonthérock is supported by the
absence of wave structures and the occurrencerofatonarine fossils. During periods
of high sea-level, the outer shelf and basin slgmomes clastic-starved and little
sediment make it into the deep basin (Henriksexl. e2011). Above and adjacent to the
slide block, the mudrock continues upward. Thegmes of established faunal
communities within the mudrock indicates that theinment was relatively stable

enough to support an abundance of life, whichssuised in the succeeding chapter.

Gravity-driven processes initiated by lowering eddevel and high sedimentation
rates are largely responsible for mass movemergediments into deep-marine
environments (Swift and Thorne, 1991; Bryn et2005; Rise et al., 2005; Steel and
Olsen, 2002; Solheim et al., 2005; Shanmugam, 200B6js explains the occurrence of

large lower and upper sandstone bodies within teasured section. According to the
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characteristics previously described, these sandgtxies were originally deposited in a
clastic-rich, shallower-water setting, which thardéd and slid down the slope where
they are encased in deep-water deposits of theaokidacies associations (Bryn et al.,
2005; Rise et al., 2005; Solheim et al., 2005; &hayam, 2006; Noda et al., 2013).
Additional episodic slumping and sliding of shallevater sandstones continued down
the slope during mudrock deposition as indicatethkyoccurrence of a small sandstone
slump block at 115m above the base of the sectidrbg the occurrence of larger slump
and slide blocks located laterally to this parthef measured section. These blocks have
fold noses and internal chaotically deformed begldas seen in Figure 16, 17).

Mudrock occurs upward until about 159 meters alibedbase of the section where the
fine-grained mudrock coarsens into interbeddedstands. These interbedded sands
and mudrock are interpreted to have been depdsyte@dass transportation processes,
specifically by turbidity currents, which represenbasin-ward progression of the
clinoform. Deposition of these units on the slogeally occurs during late high stand or
during the falling stage of relative sea level wisediment bypass of the shelf occurs due

to a lack of accommodation space (Steel et al.8R00

Immediately overlying these turbidites are sma#llsenassive diamictites (169-
172m), which are interpreted as debris flow degoSihese debrites, underlying
turbidites, and slump/slide blocks are all liketyated as part of the mass transport
deposits associated with deposition at the edgepobgrading basinal shelf (Steel and
Olsen, 2002; Steel et al., 2008; Henriksen ek8ll1). The middle portion of this second
sand body contains channelized deposits suggesgwvgopment of slope channels that

transported coarse sediment away from the she# add onto the distant basin floor.



60

Throughout this portion of the section, multipledés of symmetrical wave ripples and
interference wave ripples occur lateral to the dehsandstone body. These ripples
formed in deeper water, below normal wave basthesare separated by thin mud
layers, indicating episodic wave activity likelyrgrated during storm events as
suggested by the occurrence of rare hummocky atoasfication (Basilici et al., 2012).
The upper part of the slope can still be influenbgdavave activity especially because
waves are bigger as deep water waves strike ther ghgpe and outer shelf (Basilici et
al., 2012). The scarcity of the hummocky crosatsted structures may be due to an

absence of large storms, or possibly due to theepiee of sea ice.

Above these channels, large outsized cobbles aathin massive bedded
diamictites. These deposits are interpreted assidws. These deposits are
interspersed with brief sections of mudrock, whigre again deposited due to settling
from suspension. These strata, which are contamadlipping clinoform include
turbidites, debrites and slump/slide blocks, albich suggest high sedimentation rates
at the shelf edge due to a low-stand of relatigeleeel. Above this clinoform, a second
clinoform composed of lenticular sandstones, tutesdand debrites occurs at
approximately 200 m above the base of the sectidhen traced laterally, this clinoform

laps onto the underlying clinoform suggesting dhfer slight drop in relative sea level.

At the top of the section, a large and internaétjodmed sand body displays
several fold noses on both meter and centimetdes¢gigures 16, 17). This upper sand
body is interpreted as amalgamated slump depdsiesslump located at the very top of
this section might be indicative of a short-liveihtroduction of clastics onto the lower

slope environments due to the destabilization efstielf-edge as the transgression
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occurred, but further evidence of this is requifddda et al., 2013). The slumps located
here are encased by mudrock. Shell bed 6 is ldeathin this upper mudrock facies,
lateral to the slumps, and may be indicative adtam to a deep-water depositional
environment in which the fauna was able to estald@mmunities. The system seems to
return to a clastic-starved depositional environhaere to a major transgression due to
the appearance of black shale and mudrock recqudedbove the measured
stratigraphic section. This mudrock unit quickhades into very dark black shale as the
Pampa de Tepuel Formation continues upward ab@vm#asured section. This
mudrock unit is several hundred meters thick ardlieranother laterally continuous
sandstone horizon. The change from the amalganshtew to the thick dark shale likely
represents a major rise in relative sea level hadack stepping of clastics across the

shelf to the north.

Combining together the processes of each of theserithed facies, an overall
understanding of the depositional environmentssiadf-edge trajectory of this
measured portion of the Pampa de Tepuel Formatiorbe determined. Overall, these
facies were deposited in a depositional settingdhs at or near the shelf-slope break
(Figure 11). ldentifying the clinoforms and thsiacking patterns within this section
help to identify depositional environments and diag relative sea level within the

distal, deep-water portions of the basin.
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Chapter 4: Paleoecology Analysis

The faunal assemblage at this section of The &derTepuel is representative of
the Lanipustula patagoniensis Biozone, which is unique to the Tepuel Basin
(Simanauskas and Sabattini, 1997; Azcuy et al.7208boada, 2010; Pagani and
Taboada, 2010, Pagani et al., 2012). There arg foagiliferous horizons in the Pampa
de Tepuel Formation at several locations througitet Sierra de Tepuel (e.g. as listed
and described in Suero, 1948 and Freytes, 1975riPagd Taboada, 2010), and in the
past years these have been revisited and cataleguzih a better understanding of this
Lanipustula fauna (Simanauskas and Sabattini, 1997; Pagariianoada, 2010). For
this particular study, | examined beds describesbase of the highest-known
stratigraphically in the biozone (Freytes, 1971gd&ta and Taboada, 2010; Pagani et al.,
2012). These beds are located lateral to and wbithe measured section that was
described in the previous chapter (Figure 30),@main primarily rhynchonelliform
brachiopods, bivalves, ostracodes, bryozoans, thgolscaphopods, crinoids, and rare
gastropods and corals. Out of the fossiliferouszibas, six shell beds were randomly
chosen due to their proximity (within 1 km) to pi@ysly identified shell bed horizons
(FT1-13 Bed from Freytes, 1971). This part ofsketion is approximately 1300 meters
above the base of the Pampa de Tepuel Formatidrisdncated stratigraphically above
the most fossiliferous locality within the formati¢c.f. FT1-13 Bed in Freytes, 1971;
Pagani and Taboada, 2010; Pagani et al., 2012helpast few decades, new material
collected from this locality has produced a moreedie fauna than was previously
regarded (Simanauskas, 1996; Simanauskas and i8ald®&®7; Pagani and Taboada,

2010).
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Figure 30. Sierra de Tepuel field section with $heshell beds (SB #1-6) demarcated.
The major stratigraphy features have been higtdjlas they relate to the environments

in which each paleocommunity was living.
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Far-field studies have reported that the LPIA waaracterized by low rates of
faunal turnover, suggesting that ecological pezsist was the normal condition during
times of high-amplitude and high-frequency glacgiaay (Stanley and Powell, 2003;
Powell, 2005; Bonelli and Patzkowsky, 2008; HeidQ2, Dineen et al., 2012). Due to
these changing conditions, it has been reportddtioadly adaptive taxa (eurytopes)
increased regionally in subtropical latitudes (Rtdry and Harper, 1998; Bonelli and
Patzkowsky, 2008, 2011; Heim, 2009). This patteay have been caused by the failure
of fauna with more limited environmental tolerant@sope with and adapt to the
changing conditions during climate fluctuationsaf8ey and Powell, 2003; Clapham and
James, 2008). The Tepuel Basin, as a near-fieldl®@ana basin, would have
experienced high-frequency fluctuations in glacifllences, which could have led to a
variety of disruptions in the ecosystem, and wdhigs be reflected in the faunal
communities. In this portion of the study, | usedariety of quantitative paleoecological
analyses in order to determine how the paleocomtmesrof theLanipustula fauna were

influenced, on a local scale, by the changing emwvirental factors in the Tepuel Basin.

Diversity and Richness

A total of 1261 individual specimens were countadul list of taxa available in
Appendix B). Alpha diversity varied widely betwetire shell beds, ranging from 10 to
25 species in at least 12 different Classes. Tgteaaiversity in Shell Bed 1 is 17
(relatively high in this study) and declines toit@®hell Bed 2, which is then followed by
a substantial increase in Shell Bed 4 at 25 speridshe highest in this study (Table 2).
The next two shell beds (5-6) show an increase aftkecline from Shell Bed 4 (from 25

species to 12 species), but there is an increase inumber of species at Shell Bed 6 (14
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species; Table 2). There is no overall trend thhawt the section; rather, the diversity
seems to fluctuate from shell bed to shell bediataat 17 (Shell Bed 1) and ending at
14 (Shell Bed 6). The alpha diversities in thiglgtremained higher in comparison to
the alpha diversities recorded from beds samplediatation that is stratigraphically

lower within theLanipustula zone in the Pampa de Tepuel Formation (c.f. Din2eh0).

Shell Bed 6 14
Shell Bed 5 5(Shell Bed 5 12
Shell Bed 4 4|Shell Bed 4 25
Shell Bed 3 6|Shell Bed 3 12
Shell Bed 2 12|(Shell Bed 2 10
Shell Bed 1 9|Shell Bed 1 17
Dineen, 2010 This Study

Table 2. Comparative table with alpha diversityuesl for shell beds in the
Pampa de Tepuel Formation from a past study (Dir2@t0) and this curre
study. Shell Beds #1-6 (with #1 being the lowésitgraphically and #6
being thehighest stratigraphically) in the Pampa de Tepwehtation. Alph:
diversity is the total number of species presetitiwieach shell bed.

The relative abundances of the individual organigrase tallied for each shell
bed (Figure 31). Figure 2 shows that the abundaattaxa vary from one bed to
another, and that the first five shell beds shamda faunal compositions. The
abundances of bivalves to brachiopods relativeath ®ther and to other organisms
change from one shell bed to another (with a rarid=9% in Shell Bed 3 to 26.1% in
Shell Bed 5 for the brachiopod populations), arghduld be noted that there is an
absence of any brachiopod specimens recorded iiretdecounts from Shell Bed 6

(Figure 31). Overall, ostracodes are ranked &tgt.17, followed by bivalves at 2.83 and



66

brachiopods at 3.17 (Figure 32). Gastropods asgén abundance, though not a
statistically significant increase (evalues range from 0.14 to 0.2 through the section)
while hyoliths, corals and bryozoans gradually pisar through the section, also not
statistically significant (Figure 31, Figure 3Z}rinoids decrease in abundance from
Shell Bed 1 to Shell Bed 5 and then increase imdance at Shell Bed 6, but this trend is

also not a statistically significant trend (Fig3®).

Shell Bed 1 Shell Bed 2 Shell Bed 3 W Ostracode
0.3%. 1.6% 1.1% 7.3%- 2.7% .
03%_ | __03% S M Brachiopod
i M Hyolith
3.9%_
M Bivalve
4 M Gastropod
3.4%
Shell Bed 4 Shell Bed 5 Shell Bed 6 ¥ Crinoids
0.3% 5.7%
2.2% _1.1% 5.7%
5.4% A
o " Bryozoan
W Corals
5.7%
Scaphopod
™ Unld Fossil

Figure 31.Relative abundances of individuals in each shell(&8). Shell Beds #1-6,
Total = 1261 individuals. SB #1, 308 individual® 82, 89 individuals. SB #3, 330
individuals. SB #4, 387 individuals. SB #5, 92 widuals. SB #6, 53 individuals.
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Figure 32Mean rank-order and Breadth of distribution valokthe different faunal
Classes recorded in Shell Beds #1-6 in the Pama&pleel Formation. Mean rank-
order allows for the ordering of the taxa accordimgheir general abundances, with
values closer to 1 indicating the most abundard.tdreadth of distribution values
measure the proportions of shell beds in whichtdlken was present, values equal to 1
indicates that a taxon was present in all shelspethere values that equal 0.5 indicate a
single taxon present in only half of those shetlde

Based on the Simpson’s Index of Diversity (1/Dy(ehe higher the number
calculated, the greater the overall paleocommuditgrsity) calculations, the beds are
more diverse in some levels and less diverse iarsth The dominance values range
from 0.41 to 0.74 (Table 3). The lowest valuenirShell Bed 3, corresponds to the bed
with the most ostracodes counted, which indicaigls bstracode dominance within the
bed. And, inversely, the two shell beds (Shell882 and 6) with the highest values are

also the beds with the fewest ostracodes counted.
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Shell bed Simpson's Diversity Index (1/D) Shannon Index (H') Evenness (e) |Dominance (d)
rell Bed 6 0.67 1.27 0.74 0.26
shell Bed 5 0.57 1.11 0.62 0.38
0.62 1.31 0.6 0.4
ell Bed 3 0.41 0.93 0.52 0.48
0.74 1.46 0.81 0.19
vell Bed 1 0.63 1.45 0.55 0.45

Table 3.Simpson Index of Diversity (1/D), Shannon Index)(ldvenness (e), and
dominance (d) values for shell beds #1-6 (with #6he& stratigraphically highest shell
bed) of the Pampa de Tepuel Formation. Simpsaregaiange from 0 to 1, with 1
having highest diversity. H’ values range frono@Gtmaximum of 1/number of groups
organisms, with higher values indicating higheredsity. Evenness (e) values range f
0 to 1, with the higher numbers indicating morergyelistributed groups of individuals
throughout the shell bed. Dominance (d) valuegedrom 0 to 1, with higher values
indicating a dominance of groups of individualsotighout the shell bed.

Another statistic, the Shannon-Weiner Index (H:(¢he higher the number
calculated, the more evenly the organisms areiloligéd throughout a paleocommunity)
was calculated in order to further assess the amgedand richness in shell beds through
time (Shannon, 1948). The results for the six hadged from 0.93 to 1.46 (Table 3). In
Table 3, both the Simpson’s and Shannon-Weinexitrgeds mimic one another, and
again there is a sharp decrease in diversity aadress at Shell Bed 3, which is then

followed by fluctuating values between the remagrshell beds.

For a further look into the distribution of the gax the shell beds throughout
time, the evenness (e) and dominance (d) was eadclifrom the Shannon Indices of
each bed (Table 3). Overall, the evenness vatigstiigher evenness numbers indicates
that the taxa were evenly distributed in that patéir bed, whereas higher dominance
numbers would indicate that a particular taxon mase dominant over the others in a

shell bed) indicate that the taxa in each shellveeck fairly evenly distributed, with a
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drop in evenness at the same Shell Bed 3, as dedgrreviously (Table 3). These
results are consistent with the shell beds stugliediously lower in the Pampa de Tepuel

Formation (c.f. Dineen, 2010; Table 4).

Shell Bed |Simpson Index of Diversity (D) Shannon Index (H') | Evenness (e) | Dominance (d)
0.341 0.727 0.452 0.548
0.5 0.914 0.659 0.341
0.389 0.846 0.472 0.528
0.827 1.889 0.76 0.24
0.68 1.542 0.702 0.298

Table 4.Diversity index values from previously publisheddst. Modifiedfrom Dineen
2010.

Trophicand Tiering Analysis

Shell Beds 1-5 exhibit a numerical dominance ofitibre-grazers, which can be
attributed to the dominance of ostracodes (Fig@)e $hell Bed 6 is different from other
shell beds in that the number of deposit feedeneases, while the abundance of
detritivore-grazers decreases. When comparingtiaages in tiering, once again, Shell
Beds 1-5 showed similar compositions, with epifdamal a mostly actively mobile taxa
(Figures 34, 35). Shell Bed 6 displayed differgmracteristics in that there was a
decrease in the epifaunal to infaunal organisnoras well as the reappearance of some

nektobenthic organisms.
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Figure 33. Comparison of the relative abundandéeindividuals in each shell
bed (#1-6) displaying various feeding habits astetial indicator for increase in
turbidity throughout the measured section of thenpade Tepuel Formation.
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Figure 34. Comparison of the relative abundandé@findividuals in each
shell bed (#1-6) displaying changes in the tietfexgls as a potential indicator
for environmental stresses in the measured secfitte Pampa de Tepuel
Formation.
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Figure 35. Comparison of the relative abundandé@individuals in each shell bed (#1-
6) displaying changes in organism mobility as aeptél indicator for environmental
stresses in the measured section of the Pampapie[Teormation
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Multivariate Analyses

A detrended correspondence analysis (DCA) and anm&tric multidimensional
scaling (NMS) were used to evaluate the paleoconitreann relation to one another
through the section. The DCA showed that ShellsBethrough 5 plotted in a similar
location, toward the right side of the axis, witleell Bed 6 plotted to the left of the axis
(Figure 36). To further support these findingg, MMS analysis was performed,
measuring for the Bray-Curtis distance, as wethasChord distance (Figures 37, 38).
The findings from these measurements corroborat® @A output, wherein the Bray-
Curtis and Chord distance clusters (cohpeneticficoaits 0.9889 and 0.9956,
respectively), for Shell Beds 1- 5 show strong Enties, and are thus grouped together
apart from Shell Bed 6, once again highlightingdiféerence in faunal composition

found in Shell Bed 6 (Figure 38).

o] «6

Figure 36. Multivariate analysis for the Eémpa éeliel Formation, Tepu&enoe
Basin. Detrended correspondence analysis (DCA)shlowving the relationship of
the 6 shell beds studied.
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Figure 38. Multivariate analysis for the Pampa dedel Formation, Tepuel-
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Discussion

At this location in the Pampa de Tepuel Formattbare is evidence of an
established faunal composition, thanipustula fauna (in Shell Beds 1-5), gradually
changing to a new faunal composition (in Shell Bgds fluctuations occurred in the
depositional conditions, from basin floor enviromtgeto shallower upper slope and
outer shelf environments, in the Tepuel Basin (F@g29). The biological activity and
processes in this near-field basin are primariiyrection of fluctuations in turbidity and

sedimentation rates as this marine system changaagdhe LPIA.

Despite the lack of sedimentologic evidence fociglily influenced stratigraphy
in the Pampa de Tepuel Fm., the time interval saitierein contains a record of
glaciation in NW Argentina (Henry et al., 2008; Granson et al., 2010) and eastern
Australia (Fielding et al., 2008), thus shiftingostrates or possible fluctuations in water
salinity or oxygen concentrations, could have kedttessful conditions that facilitated
paleocommunities that tended to be low in divergtigure 40; Brenchley and Harper,
1998; Portner, 2001; Peck et al., 2004; ClaphamJantks, 2008; Badyrka et al., 2013).
In normal (i.e. environments without stressors)imeawaters during the Paleozoic, one
would expect to see brachiopods, corals, echinosleammonoids, and benthic
foraminifera (Brenchley and Harper, 1998; Pagadi Baboada, 2010). If stress is
introduced into the system, such as a shift intikedasea-level, there may be an increase
in opportunistic and eurytopic, or generalist, takavironments that undergo frequent
periods of stress (e.g. fluctuations in turbidgybstrate stability, oxygen, and salinity;

Figure 40) tend to be characterized by more malg@anisms, which can rapidly move
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to and colonize other environments (e.g. opportimiaxa; Wignall, 1994; Brenchley

and Harper, 1998; Sterren and Cisterna, 2010).
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Figure 40. Various environmental factors that arevikn to affect benthic
organisms based on their position within a marm@renment. Modified
from Brenchley and Harper, 1998.

In the rock record, diversity can appear to inceesken there is a mixing of
shells from different environments because of plalgrocesses, or it can be skewed
when there is an abundance of small taxa, sudhedsitge numbers of counted
ostracodes, as seen in Figure 31 (Brenchley anpdrat998; Clapham et al., 2006).
Diversity and abundance of skeletonized marineriebeates can also change depending
on the specific environments in which a commurstiocated (Brenchley and Harper,
1998; Portner, 2001; Peck et al., 2004; ClaphamJantks, 2008; Badyrka et al., 2013).
Fossil abundances vary depending on the envirorahseiting; i.e. the abundances
increase from inner to mid-shelf facies, and thecrelases as one moves into deeper

shelf facies (Brenchley and Harper, 1998). Chamgése abundances of the different
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the feeding habits can indicate the amount of ditypin the system. Changes in tiering,
which refers to the life position of the organigmrelation to the substrate, can be used to
determine substrate stability. Comparing the f@®sindances, diversity indices and
changes in tiering of the shell beds throughowdcian, the changes and trends can be

used to evaluate environments.

In this study, the diversity remains relatively iigproughout the section,
although the decrease in diversity seen in Shall Beas has been stated, is most likely
due to the sharp increase in the abundance ofstin@codes at this level. This increase is
most likely due to a sampling bias that could hiaeen caused by a possible taphonomic
bias, patchy distribution of individuals, or timeeaaging (Kidwell and Holland, 1991;
Bennington, 2003; Dineen et al., 2012). Basedherrésults from the analyses, the lower
five shell beds show a distinct separation front diahe uppermost shell bed (i.e. Shell
Bed 6; Figures 36-38, 39). Based on this separatiercan deduce that the
paleocommunities of Shell Beds 1-5 were livingimikr environments, with similar
faunal compositions and can be placed withinLtfw@ pustula biozone. Shell Bed 6
comprised a different faunal community and may Hasen living in different
environmental conditions. The fauna of Shell Beslilbbe discussed in more detail later

in this chapter.

Paleoecology of the Lanipustulafauna

As discussed in the previous chapter, the secfitimeoPampa de Tepuel
Formation examined in this study includes facied ttere deposited in the outer shelf

and upper slope depositional settings (Figure 1tlis likely that thelLanipustula fauna
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(Shell Beds 1-5) recorded in these beds lived fanrky stable substrate within the low
energy environment of the slope, which is evidenth@ lower five beds reside well

within the expanse of the lower mudrock facies eisgion.

The lower five shell beds show similarities to besls that have been published
previously (c.f. Dineen, 2010). Both the previgusiudied beds (c.f Dineen, 2010), and
the lower 5 shell beds studied here consist ofaively diverse fauna composed of
dominantly epifaunal organisms. The shell beddistiihere differ in that they consist
predominantly of actively mobile detritivores dwethe statistically abundant ostracodes
recorded. This is in contrast to the lower shetldfrom a previous study (c.f. Dineen,
2010) that consisted of mostly sessile suspensiediig organisms, which indicates that
these lower paleocommunities lived on a stabletsatiesand likely experienced little
turbidity. Unlike the underlying beds from a prews study (c.f. Dineen, 2010), the
paleocommunities in this study contained highemalances of bivalves rather than
brachiopods. The most abundant organism in thié lsbes of this study, the ostracod,
was also not present in the previous study, whathiccindicate that the environments

may have been shifting.

Ostracodes are a eurytopic taxon and have theyataillive in most environments
(Dodd and Stanton, 1986; Brenchley and Harper, 1B%& Saravia and Jones, 1999). In
the Tepuel Basin, there are at least eight spefiestracodes that have been identified,
but there has been only one species of ostracothaisebeen positively identified at this
field locality, which isGraphiadactylloides patagoniensis (Diaz Saravia and Jones, 1999;
Pagani and Taboada, 2010). This genus has beemleecin sediments from the shelf-

slope break environments of North American and gean basins, which corresponds to
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the depositional environments interpreted here ¢Berand Collinson, 1958; Green,
1963; Blumenstengel, 1975; Grindel, 1975; Lane81®7az Saravia and Jones, 1999).
The presence of this genus in the Tepuel Basimeisouthern-most recorded occurrence,
which may indicate that these ostracodes are taléoacolder water temperatures and
were able to adapt to changes within the maring@mwient (Diaz Saravia and Jones,
1999). In addition to the presence of the ostraspthere are two bivalve genera found
in these shell beds that are considered to be gkstedaxa (e.gNuculopsis andPhestia;
Kammer et al., 1986; Sterren and Cisterna, 20T0gse genera have been linked to
dysaerobic and unstable substrate conditions, wdaohindicate stressed environments
(Sterren and Cisterna, 2010). There is not a pnatkince of either genus in the lower
five shell beds, but they do increase in appearémoe Shell Bed 4 to Shell Bed 6,
though not significantly (e.gp = 0.2 from SB 4 to SB 5 amu= 0.19 from SB 5 to SB 6).
The appearance of these genera may be a connedtexifieriodic disruptions
introduced by the slide blocks that moved downsibee to the basin floor environments
where these established and diverse paleocommamigee living, although further

investigation is needed to determine if this patisrsignificant.

Paleoecology of a potentially new fauna

The paleocommunity of the uppermost shell bedr(@his study is unlike the
faunal compositions in the lower five beds, and dlso different from the study
conducted by Dineen (2010). The most notable miffee in the fauna of this shell bed is
that there were no brachiopods positively iderdifi}m field counts, although after
some study of the site material in the lab, a parof the unidentified fossils counted

here were later identified as brachiopods, butethneas a distinct lack of the diagnostic
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specied.anipustula patagoniensis (A. Pagani, personal communication). Instead, the
most abundant organisms in this shell bed are\mgal Shell Bed 6 also displayed
different characteristics in that there was a desgen the epifaunal to infaunal organism
ratio, though not a statistically significant dease, although it may be important to note
that this decrease in ratio may be due to theidrastuction in number of ostracodes
counted in this level. There was also the reagrear of some nektobenthic organisms,
as well as other mobile fauna (elNyiculopsis andPhestia; Appendix B). The lack of
Lanipustula and an increase in mobile taxa than in the lowar $hell beds is most likely
due to a majochange in environment as this shell bed is locabexe the incursion of
the shelf and clinoform facies into the deepergaftthe basin. The stresses in the
environment are most likely due to an unstable tsates which has been considered to
be an important factor in the distribution of briagdods and bivalves (Sterren and

Cisterna, 2010).

In addition, the sliding of large bodies of sedimemnich as the slide blocks and
slumps discussed in the previous chapter, woul@ lsaused periodic disruptions to the
otherwise stable slope environment. There may hsgebeen changes in the nutrient
supply, oxygen levels, and temperature as the depud environments shifted landward
(Sterren and Cisterna, 2010; Badyrka et al., 20Bsyalves and brachiopods have
different metabolic demands in relation to enviremtal factors such as the ones
previously listed (Tomasovych, 2006; Sterren argtetna, 2010; Badyrka et al., 2013).
As the depositional environments in the basin shifs possible that these ambient water
factors would have affected the established loveéggrommunities (Shell Beds 1-5),

and this could have led to a new faunal composaio®hell Bed 6, one that would have
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had the ability to adapt to the new conditionsis®hell bed is also located in the section
directly overlying the low stand system, and thehfesst regression into the system,
which could have been caused by changes in relsgiadevel within the basin, and may
have coincided with sea ice, which tends to plaigaificant role in the biological
productivity as well as the abundances and divessif the faunal communities (Powell,
2005). This uppermost shell bed is also define®@&gani et al. (2012) as being poorly
diverse in comparison to previously studied shetldin this location. In almost every
respect, Shell Bed 6 is different than those inldleer five levels, which indicates that
there may be a new faunal composition at this josih the basin, but further analysis is

needed to determine the significance of this.
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Chapter 5. Discussion

The interpretations of the depositional settingthinithe Tepuel Basin are still in
guestion (Frakes and Crowell, 1969; Gonzalez Bowoet al. 1988, 1992; Lépez
Gamundi, 1997; Gonzalez 1997, 2010). The contsyueavolves around the
depositional setting and the proximity of the géasiwithin the basin through time.
Interpretations of the Pampa de Tepuel Formatiopatrticular, are contentious.
Originally, the formation was interpreted as a @lyg-derived marine deposit (Suero,
1948). Later studies also support this interpi@tafFrakes and Crowell, 1969; Page et
al., 1984; Lopez Gamundi, 1987; Gonzélez Bonortrad.e1988; Gonzalez Bonorino,
1992). In contrast to these interpretations, thmPa de Tepuel Formation has also been
regarded as a more continental succession thatlegssited by glaciers at the shoreline,
or in the littoral zone with marine transgressiasghe glaciers advanced and retreated
within the basin (Gonzélez, 1972, 2002; Gonzalekz@lasser, 2008; Gonzalez and Diaz
Saravia, 2010). This study presents a closer lotheamiddle portion of this formation
and proposes a modified interpretation of the deiposl setting through the
identification and subsequent interpretation oflitefacies in this portion of the
formation. This project then uses that informaiioorder to better understand the
controls on the establishment and distribution specific faunal zone, tHeanipustula

Biozone.

In this study, a majority of the depositional preses are interpreted to be marine-
dominated in this portion of the Pampa de Tepuetfation, and are most similar to
processes found in normal shelf and slope facibg;hwinclude: settling from suspension

of hemipelagic muds, wave and storm activity, siidand slumping, as well as
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deposition from turbidity currents. The measurettisa contains three main lenticular
sand bodies (e.g. near the base, the upper middiem and at the very top), a set of
clinoforms, as well as thick successions of mudradiere the shell beds are located
(Figure 41). At the base of the measured sectitimeigirst lenticular sand body. Lateral
to this, within the lower mudrock succession, &eefirst five shell beds (#1-5). The
upper middle portion of the section contains theoad major set of lenticular sand
bodies, which dips at a 1-5 degree angle (depasitidip) with respect to the sand bodies
located to the north. These middle sand bodiegpdsmthe clinoforms within this

portion of the Pampa de Tepuel Formation. Anosiuecession of mudrock separates the
second set of sand bodies from the third and upp&rtenticular sand body, and the last
shell bed (#6) is located within this mudrock swssten. Within these deposits there is a
brief (about 10-20m) coarsening-upward succes$imugh the middle of the section,
due to the progradation of the shelf into the bési the clinoform). This is followed by
a brief fining-upward succession from the middledshody to the top of the second
clinoform that abruptly changes to mudrock throtigirest of the measured section.
This measured section represents portions of tgoesees within the basin: a late
highstand, followed by a lowstand systems tracttdueregression and relative sea level
fall, which is then followed by a transgressiveteyss tract and a second late

highstand/falling stage package (Figure 41; Stedl@lsen, 2002).
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slope and basin floor environments, which allowadie establishment of such a

diverse fauna.

The lower five shell beds studied here consist @ atively diverse fauna
composed of dominantly epifaunal and actively mebilganisms. The most abundant
organism in the lower five shell beds of this studhs the ostraco@raphiadactylloides
patagoniensis. Ostracodes are a eurytopic taxon and have fhityab live in most
environments (Dodd and Stanton, 1986; BrenchleytHamper, 1998; Diaz Saravia and
Jones, 1999). The species of ostracod that hasithestified here, seems to indicate that
these ostracodes are tolerant to a wide variethahges and environments, as they are
found near the shelf-slope break environments witlaisins (Benson and Collinson,

1958; Green, 1963; Blumenstengel, 1975; Grindél5;1Rane,
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1978; Diaz Saravia and Jones, 1999; Pagani ancadlab2010). Two bivalve genera,
Nuculopsis andPhestia, found in these lower five shell beds are congideo be
generalist and opportunistic taxa that have beded to dysaerobic and unstable
substrate conditions that may indicate stressett@amients (Kammer et al., 1986;
Sterren and Cisterna, 2010). As there is not dgménance of either genus in the lower
five shell beds, the appearance may be a reflecfitime periodic disruptions introduced
by the slide blocks that moved down the slope ¢othsin floor environments where
these established and diverse paleocommunitiesliverg. The mudrock facies
association occurs upward until the fine-grainedirook coarsens into interbedded

sandstones a few tens of meters below the dipgindssone clinoform.

The interbedded sandstone facies, here interpastéarbidites, are deposited as
the shelf-slope break progrades further basinwarthgd a late high stand or during the
falling stage of relative sea level when sedimepiass of the shelf occurs due to a lack
of accommodation space (Steel et al., 2008). Tiheform is evidenced by slide/slump
blocks and slope channel deposits at 175-181 meldrs appearance of the clinoform is
indicative of shallower marine processes as clastansit across the shelf to the shelf-
slope break. Density-driven, sediment-laden cusrdraining down the slope through
slope channels transported coarse sediment awawthre shelf edge and into the deeper
basin during a sea-level low stand (Figure 42d)e dnlap onto the nodal point, as
indicated in Figure 41, represents a brief aggradatf the clinoform, which indicates
that the lowstand persisted through a short intexfyeontinued relative sea level fall.
The massive diamictite facies sections, here iné¢ed as debris flows, bounds the top of

this second onlapping clinoform, and suggests naeti high sedimentation rates at the
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shelf-slope break. There were no body fossils dowrithin this portion of the section as
the Lanipustula fauna seems to be found within deeper slope emviemts. High rates of
sedimentation and storm activity are indicatedH®yrtumerous levels of wave ripples
and the occurrence of hummocky cross-stratificat@uch conditions would have

created stressful living conditions for a fauna tiygpears to occupy calmer deeper water
conditions. During this time, shell beds contagnifanipustula fauna would most likely

be found further to the south of this measured@ecas that is the interpreted location of

deeper basin environments.

The abrupt return to the mudrock facies above lineform deposits marks the
occurrence of a flooding surface as a relativeleeal-transgression occured and the
shoreline retreated landward allowing for a deepgunipward succession (Figure 42b).
Shell bed 6 is located within this upper mudroakida, which seems to be indicative of a
return to a basin floor or upper slope environnveimére fauna were able to establish
communities. Lateral to the shell bed and locatebsitionally higher along the
interpreted slope of the basin is a set of amalgasnslump bodies (Figure 41). These
slumps, which are the third set of sand bodiestéatat the very top of this section, could
be indicative of a destabilization of the shelf-e@dg the transgression occurred causing
clastics to move onto the lower slope (Noda e&l1,3). The slumps here, like the slide
blocks found at the base of the measured sectierglso encased in mudrock, which
indicates that clastic-starved conditions persigtetie distal portion of the basin during
the transgression. This upper mudrock unit gramtesvery black shale as the Pampa de
Tepuel Formation continues above the measuredsedihis mudrock unit is several

hundred meters thick and ends in another latecalhfinuous sandstone horizon, which
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is proposed to be another incursion of shelf iheodeep basin and the start of a new

depostional sequence.

The paleocommunity of Shell Bed 6 in this studpuiph showing no statistical
taxonomic difference, displays a slightly differéatinal composition from the lower five
beds, as evidenced by the multivariate analysidteesThe most notable difference in
the fauna of this shell bed is that there was @ndislack of the diagnostic brachiopod
specied._anipustula patagoniensis, which suggest that the shell bed is no longeatkxst
within theLanipustula Biozone (A. Pagani, personal communication). ost
abundant organisms in this bed are bivalves, wisiellso a change from the lower shell
beds that are dominated Byaphiadactylloides. There was also the reappearance of
some nektobenthic organisms, as well as other edduina (e.gtreblochondria,
Nuculopsis andPhestia; Appendix B). The lack dfanipustula and an increase in mobile
taxa over what was contained in the lower five Idbedls is most likely due to a major
change in environment as this shell bed is locatexte the incursion of the shelf and

clinoform facies into the deeper parts of the basin

Shifts in community composition after periods okss have been introduced into
the marine system are not uncommon (Brenchley argéd, 1998; Badyrka et al.,
2013). As the relative sea level rose, there naasgtibeen changes in oxygen
concentrations, the nutrient supply, and possildyewtemperature as the water depths,
and therefore the depositional environments, shiitadward during the transgression
(Sterren and Cisterna, 2010; Badyrka et al., 20B®alves and brachiopods have
different metabolic demands in relation to envir@mtal factors such as the ones

previously listed, and can potentially toleratesses such as low oxygen concentrations
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and unstable substrates, which could account &déminance of bivalves in this
paleocommunity (Tomasovych, 2006; Sterren and @iate2010; Badyrka et al., 2013).
As the depositional environments in the basin gtofn a late highstand to lowstand into
a transgressive sequence, it is possible that trabe&ent water factors would have
affected the established lower paleocommunitiegl{&eds 1-5) of thé.anipustula

fauna. The shifting of the shelf and basin flasirelative sea level fell and subsequently
rose again potentially creating inhospitable coodg that led to a possible different
faunal composition at Shell Bed 6, but further gsigland data is needed in order to

determine if this is a significant trend.

The stratigraphic section described in this thisism the middle portion of the
Pampa de Tepuel Formation is most easily relatemtmal marine processes acting
along the outer shelf, shelf slope break, slopekasih floor in the Tepuel Basin. Despite
having been deposited at a high paleo-latitudenduhie late Paleozoic Ice Age (LPIA),
these strata record only a minimal glacial influen®are outsized clasts contained
within mudstones are the only evidence suggestimgsaible glacial origin. However,
such clasts also can be rafted by sea ice, vegetati be transported by mass transport
processes (Thomas and Connell, 1985; Gilbert, 1980zin, 2002; Isbell et al., 2013).
Elsewhere in the Pampa de Tepuel Formation, thiggsine diamictites and striated,
bullet-shaped dropstones are common, which atted#position in a glaciomarine

setting or in a glacially influenced marine setting

Originally, numerous studies determined that glammain Gondwana shifted
from west to east during the LPIA, as the supetinent drifted over the South Pole

(Caputo and Crowell, 1985; Lépez Gamundi, 1997%llsdd al., 2003). Although it was
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previously thought that there were three majoriglgzhases (e.g. Lopez Gamundi and
Martinez, 2000; Isbell et al., 2003; Fielding et @D08a, 2008b), it now appears that the
timing and location of glaciation waxed and wane&thkronously across the
supercontinent (Visser, 1997; Isbell et al., 2XBL2; Fielding et al., 2008a, 2008Db;
Gulbranson et al., 2010), Therefore, localized 1fieddl projects, such as this one, are
important in understanding the bigger picture @f ti?1A. The findings from this project
show that there was not always glaciation withm plolar basins during the LPIA, and
that the sequences recorded in these basins @abeabiue to changes in relative sea level

with little to no influence from local glaciers.

Because of the Tepuel Basin’s location within tloeit§ Polar Circle during
deposition, it is important to consider how palenoaunities responded to changing
conditions within different environments. The maeology of thd.anipustula fauna is
still not well understood. The data presented h#rmpts to create a more thorough
analysis of the paleoecology, but there is stilchto be done. As there is only one shell
bed in this section that is different compositibpahnd has been interpreted to have
existed in a different sequence, more sampling :&ebte done in order to corroborate
the findings here. The sampling should includearsdrell beds that are stratigraphically
higher than Shell Bed 6 in order to determine mhfer detail how this new faunal
composition reacted as the basin ultimately deepbeéore shallowing again at the top
of the second sequence. Questions to be addriegsede: Is there really a new fauna?
Are there similarities between the new fauna asmdl ofi theLanipustula fauna that lived
in the Tepuel Basin? What types of trends areethieany, for the duration of the

Lanipustula fauna in the basin? Does thanipustula fauna mirror the trends published
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in Sterren and Cisterna (2010), with a post-gla@ahal composition and an intra-glacial
faunal composition, and does that explain the gifiees seen here in this study as

compared to the previously published study by Din@®10)?
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Chapter 6. Conclusion

The Pampa de Tepuel Formation records Mississigpi&ermian depositional
history within the Tepuel Basin. Based on curiayg models for the basin, the
depositional section reported here occurs in thpeuportion of the_anipustula biozone
likely from the late Bashkirian to the early Mos@v. This particular section of the
Pampa de Tepuel Formation in the Sierra de Tepuebresentative of at least two
depositional sequences. The mudrock units ofscsion contains evidence of open
marine conditions on the upper slope environmehéstioer a non-glacial interval or in
an environment distal to an active ice front. Hegrethe presence of rare dropstones
suggest that limited glacial activity was still peat along basin margins shedding ice
into the basin. The mudrock unit grades into as®&@ng-upward succession, which
contains the appearance of massive slump andldbd&s as well as the clinoform in the
middle of the section. This middle portion hasrbederpreted here as a regression, and
a progradation of the shelf-slope break basinwiéietyl do to a fall in relative sea level
and during a relative sea-level lowstand. Theofirm is overlain by an abrupt return to
mudrock and another massive slump at the top cdebbBon. The upper portion of the
section is interpreted here as a transgressioa aatlirn to open marine conditions,
similar to conditions seen in the lower part of sieetion with major retrogradation of
coarse clastics landward across the shelf leatiegtudy area starved of such sediment.
At that time, the study area would have been latate lower slope-basin floor setting.
Continued deposition allowed for progradation obther shelf edge succession ~300 m

higher in the section.
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The fauna in this area records established pateoumities followed by a shift in
the faunal composition of the uppermost shell lpetthé section. At the base of this
section, the paleocommunities represent a divanseal composition that is indicative of
the Lanipustula biozone, and consisted of ostracodes, brachiofmpgsyes, hyoliths,
crinoids, gastropods, bryozoans, and corals. dWwerlmost paleocommunities (1-5)
show little difference to one another compositibnahd ecologically. The
paleocommunities were relatively diverse and comighiabundant fauna. It is interpreted
here that these were stable and established cortieauiiving on lower slope and basin
floor environments that may have experienced sastarbances due to the sliding

bodies.

Some of the more notable differences, though mtissically significant, were
recorded in upper shell beds (4 and 5) with theeapgnce of more opportunistic and
mobile fauna, such as the ostracaphiadactylloides, and the bivalveBhestia and
Nuculopsis. These changes in faunal composition may be @atlgators of the shifting
depositional environments, as the clinoform progdaishto the basin, although this trend
needs to be further tested. The uppermost shel(@emay indicate shift to a new fauna,
one that is not as diverse as tamipustula fauna and contains more mobile taxa, but the
significance of this needs to be further analyzikélso does not contain the diagnostic
brachiopod specietanipustula patagoniensis, and therefore cannot be at this tim
regarded as part of theanipustula biozone. Regardless, this paleocommunity would
have existed after the retreat of the clinoformfyiwhat is interpreted here in this study

to be a transgression. The fauna here may indibatehe environment was not as
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hospitable as the one that the lower fauna wasdiin, which may or may not account

for the reported lower diversity and the higher ib@mof mobile and opportunistic taxa.

The conclusions from this project contribute to erstinding the complex
relationship the depositional environments of edd basins have with the
establishment and diversification of the faunal owmities that live within them. The
data also contribute to defining the complex natirne LPIA, and how the timing and
duration of the glacial intervals occurring acr@mdwana affected the paleoecology.
The paleoecology of the marine fauna during theAL§dems to be dependent upon the

localized environmental factors, including turbydiivater depth and ice proximity.
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Appendix A
Pampa de Tepue Formation

Stratigraphic Columns
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Appendix B
Pampa de Tepue Formation

Paleocecological Data
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Shell bed 1v. Shell Bed 2 8.1287 50 8.77213 50 0.169008 0.830992

Shell bed 1v. Shell Bed 3 8.1287 50 6.69058 50 0.148193 0.851807
Shell bed 1v. Shell Bed 4 8.1287 50 10.9322 50 0.190609 0.809391
Shell bed 1v. Shell Bed 5 8.1287 50 9.5737 50 0.177024 0.822976
Shell bed 1v. Shell Bed 6 8.1287 50 9 50 0.171287 0.828713
Shell Bed 2v. Shell Bed3  8.77213 50 6.69058 50 0.154627 0.845373
Shell Bed 2v. Shell Bed4  8.77213 50 10.9322 50 0.197043 0.802957
Shell Bed 2v. Shell Bed5  8.77213 50 9.5737 50 0.183458 0.816542
Shell Bed 2v. ShellBed 6  8.77213 50 9 50 0.177721 0.822279
Shell Bed 3v. Shell Bed4  6.69058 50 10.9322 50 0.176228 0.823772
Shell Bed 3v. Shell Bed5  6.69058 50 9.5737 50 0.162643 0.837357
Shell Bed 3v.Shell Bed6  6.69058 50 9 50 0.156906 0.843094
Shell Bed 4v. Shell Bed 5  10.9322 50 9.5737 50 0.205059 0.794941
Shell Bed 4v. Shell Bed 6  10.9322 50 9 50 0.199322 0.800678
Shell Bed 5v. Shell Bed 6 9.5737 50 9 50 0.185737 0.814263

Table 1. A z-test using the rarefied taxonomic datrder to determine for statistically

significant differences in faunal compositions frome shell bed to another. Statistical

significance is determined when p < 0.05. Thelpa&in this study remain well above
0.05 and are therefore not statisticallysignificant
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Figure 1. Alpha Diversity, or the total number pesies per shell bed, as the shell beds

(#1-6) progress through the section stratigraplyi¢at the upper portion of the Pampa
de Tepuel Formation.

Ostracode

Brachiopod

Hyolith

Bivalve

Gastropod

Crinoid

Coral

Scaphopod

Bryozoan

1517,

3.17,

4.00

2.83

5.83

3.50

6.00

6.00

6.17

1.00

0.83

0.83

1.00

0.50

1.00

0.50

0.50

0.50

Table 2. Mean rank-order and Breadth of distributialues of the different faunal

Classes recorded in Shell Beds #1-6 in the Pamdapeel Formation. Mean rank-

order allows for the ordering of the taxa accordmgheir general abundances. Breadth

of distribution values measure the proportionshaflisbeds in which the taxon was
present.
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|Shell Bed 1

{Locomotion: Life Habit: ‘Diet: Environment |# ‘
Graphiadactylloides? actively mobile epifaunal detritivore, grazer hypersaline, marine, brackish, freshwater 165
Crinoids stationary upper-level epifaunal suspension feeder 83
Lanipustula stationary low-level epifaunal suspension feeder 19
Hyolithids facultatively mobile epifaunal suspension feeder marine 6
Krotovia? stationary low-level epifaunal suspension feeder 6
Nuculopsis facultatively mobile infaunal deposit feeder-suspension feeder 6
Scaphopod slow-moving shallow infaunal deposit feeder 5
Orbiculopecten stationary low-level epifaunal suspension feeder marine, brackish 3
small bivalve pieces 2
Schizodus facultatively mobile infaunal suspension feeder 2
Paleoneilo facultatively mobile infaunal deposit feeder 2
Unidentified spirifer stationary epifaunal suspension feeder 2
Rugose stationary epifaunal suspension feeder 1
Fenestra stationary epifaunal suspension feeder 1
Costuloplica stationary epifaunal suspension feeder 1
Euchondria stationary epifaunal suspension feeder 1
Calcareous 1
Atomodesmata facultatively mobile infaunal suspension feeder 1
Unidentified brachiopod stationary epifaunal suspension feeder 1
Shell Bed 2 Locomotion: lLife Habit: |Diet: Environment |# |
Graphiadactylloides? actively mobile epifaunal detritivore, grazer hypersaline, marine, brackish, freshwater 36
Paleoneilo facultatively mobile infaunal deposit feeder 19
Crinoid stationary upper-level epifaunal suspension feeder 13
Lanipustula stationary low-level epifaunal suspension feeder 9
Beecheria? (Vercheria) stationary epifaunal suspension feeder 3
Unidentified Spiriferiid stationary epifaunal suspension feeder 3
ST PRSP, i e 1 P TP P P PP A
Shell Bed 3 Locomotion ILife Habit: \Diel IEnvironmam |# |
Graphiadactylloides? actively mobile epifaunal detritivore, grazer hypersaline, marine, brackish, freshwater 250
Crinoid stationary upper-level epifaunal suspension feeder 24
Hyolith facultatively mobile epifaunal suspension feeder marine 17
Paleoneilo facultatively mobile infaunal deposit feeder 11
Rugose stationary epifaunal suspension feeder 9
Lanipustula stationary low-level epifaunal suspension feeder 9
Streblochondria actively mobile, swimming  nektobenthic suspension feeder marine 4
Unidentified Brachiopod stationary epifaunal suspension feeder 2
Spiriferiid? stationary epifaunal suspension feeder 1
Beecheria? (Vercheria) stationary epifaunal suspension feeder 1
Pecteniid? actively mobile epifaunal suspension feeder marine, brackish 1
Bivalve? 1

**Note that “#” indicates the number of individuaisunted.
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Shell Bed 4 ILocomotion: [Diet: [Environment [# ]
Graphiadactylloides? actively mobile epifaunal detritivore, grazer hypersaline, marine, brackish, freshwater 224
Hyolith facultatively mobile epifaunal suspension feeder marine 43
Lanipustula stationary low-level epifaunal suspension feeder 26
Crinoid stationary upper-level epifaunal suspension feeder 19
Spiriferidellidae (big) stationary epifaunal suspension feeder 15
Beecheria? (Vercheria) stationary epifaunal suspension feeder 7
Paleoneilo facultatively mobile infaunal deposit feeder 7
Spiriferinella stationary low-level epifaunal suspension feeder 7
Orbiculopecten stationary low-level epifaunal suspension feeder marine, brackish 6
Phestia tepuelensis facultatively mobile infaunal deposit feeder-suspension feeder coastal, inner, outer shelf, deep ocean 5|
Spiriferidae indet. stationary epifaunal suspension feeder 4
Gastropod actively mobile epifaunal 4
Unidentified brachs stationary epifaunal suspension feeder 3
Rugose stationary epifaunal suspension feeder 3
U 3
Streblochondria actively mobile, swimming  nektobenthic suspension feeder marine 2
Paraconularia stationary epifaunal suspension feeder 1
Euchondria stationary epifaunal suspension feeder 1
Paleolima stationary epifaunal suspension feeder marine, brackish 1
Euchondria indet. stationary epifaunal suspension feeder 1
Paleotaxodont indet. stationary epifaunal suspension feeder 1
Unidentified (little) spir. stationary epifaunal suspension feeder 1
Branching bryozoan stationary epifaunal suspension feeder al
Nuculopsis facultatively mobile infaunal deposit feeder-suspension feeder 1
Scaphopod slow-moving shallow infaunal deposit feeder il
Shell Bed 5 [Lc:omoiion: |Lif5 Habit: ‘Di)t: |Emr‘|:‘onmem

Graphiadactylloides? actively mobile epifaunal detritivore, grazer hypersaline, marine, brackish, freshwater 55
Lanipustula stationary low-level epifaunal suspension feeder 13
Hyolith facultatively mobile epifaunal suspension feeder marine 5
Beecheria? (Vercheria) stationary epifaunal suspension feeder 4
Spiriferellina stationary low-level epifaunal suspension feeder 4
Unidentified Spiriferid stationary epifaunal suspension feeder 3
Gastropod actively mobile epifaunal 2
Phestia facultatively mobile infaunal deposit feeder-suspension feeder coastal, inner, outer shelf, deep ocean 2
Euchondriidae Unident. Bvalve stationary epifaunal suspension feeder 1
Paleoneilo facultatively mobile infaunal deposit feeder 1
Krotovia? stationary low-level epifaunal suspension feeder il
Crinoid stationary upper-level epifaunal suspension feeder 1

**Note that “#” indicates the number of individuadsunted.
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Shell Bed 6 JLocomotion: [Life Habit: [Diet: [Environment [+ ]
Leptodesma? stationary epifaunal suspension feeder marine, brackish

Graphiadactylloides? actively mobile epifaunal detritivore, grazer hypersaline, marine, brackish, freshwater

Nuculopsis (patagoniensis?) facultatively mobile infaunal deposit feeder-suspension feeder

Unidentified bivalve3
Crinoid

Phestia tepuelensis
Scaphopod
Unidentified gastro
Unidentified fossil
Plant remains
Unidentified bivalvel
Unidentified bivalve2
Nuculopsis nuculanella
Streblochondria

stationary
facultatively mobile
slow-moving
actively mobile

facultatively mobile

actively mobile, swimming

upper-level epifaunal
infaunal

shallow infaunal
epifaunal

infaunal
nektobenthic

suspension feeder
deposit feeder-suspension feeder
deposit feeder

deposit feeder-suspension feeder
suspension feeder

**Note that “#” indicates the number of individuadsunted.

coastal, inner, outer shelf, deep ocean

marine
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