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ABSTRACT
LATE PALEOZOIC GLACIATION AND ICE SHEET COLLAPSE OVER WESTERN
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by
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The late Paleozoic ice agLPIA; 345280 million years ago) provides the last
complete record of a major deglaciation on a vegetated Earth, and therefore can serve as a
proxy for Earthés inevitabl e Thisprojesti ti on ou
analyze<xlimate chage during and following the LPIA using two different approaches:

1) Detailed sedimentology analyses iokfglacially-influenced formationg Argentina

and Australidn order to determine the size and thermal regime of glaciers during the
LPIA.

2) An investigation of massive volcanism along the Panthalassan margin of Gondwana as
a source of Cethat may have contributed to tbadof the LPIA and to two ensuing
extinction events.

During the LPIA, glaciation occurred over the supercontinent Gondwana, and
resulting glacial deposits are found in South America, Africa, Antarctica, India, and
Australia. This project focuses on glacial and gdatial outcrops in western Argentina
and Tasmania, Australia that were deposited in western and eastern Gondwana,
regpectively. A study of outcrops from these two regions enables characterization and

comparison of the early stages of the LPIA (when Argentina was glaciated) and when



glaciation was at its peak (when Tasmania was glaciat&@cial and posglacial
depods are analyzed using sedimentologic field techniqueast¢opretdepositional
events, thin section analysis to determine the micromorphology of the deposits, and
mineralogical X-ray diffraction, or XRD) andelemental X-ray fluorescenceor XRP
analyss to differentiate sediment sources and deteritiaexygenation of the
environments.

Atmospheric CQfluctuations have been linked to ice volume fluctuations during
the LPIA, and CQinput from massive volcanism is considered a major driver of the
Middle and Late Permian extinctions (261 and 250 million years ago, respectively).
Although these events were previously considered as unrelated, volcanism along the
subducting Panthalassan margin of Gondwana occurred throughout both the deglaciation
of theLPIA and the Permian extinctions. Therefore, this study will also explore the
hypothesis that Panthalassan margin volcanism influenced both deglaciation and the
Permian extinctions. Ultimately this dissertation wilprove the understanding of
climatechange during and following the LPIA and infopredictions for when and how

Earth will experience deglaciation in the future.
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Chapter 1: Introduction

The geologic record of the late Paleozoic ice age (LPIA) is highly significant to
the scientific community because it provides the last completed®f the transition
from an icehouseo greenhouse Earthhabited bya complexbiota(Gastaldo et al.,
1996) Earth is presently in anicehous¢ at e, and understanding E
the LPIA will aid the scientific community in anticipag when and how Earth will
return to a greenhouse state, what environmental duvi#réorce the transition, and
how organisms will respond to such changes. During the LPIA, glaciation occurred in
the southern hemisphere over Gondwanapamssiblyin the northern hemisphere in
Siberia(Frakes, 1979; Chumakov, 1994), but timelerstanding of the timing,
boundaries, and charactdrthe LPIA is only fragmentary at presefithe geographic
and temporal extent of the glaciation is debated, as it was olygihatlight that one
massive ice sheet covered much of the Gondwana supercontinent for 60 million years
(e.g., Frakes, 197%eevers and Powell987; Crowell 1999 Scotese, 1999). However,
ongoing research is revealing that the LPIA consisted of numshauter glacial
intervals of 18 Ma duration separated by nglacial conditions of equal duration
(Dickins, 1997; Lépez Gamundi, 199isser, 1997]sbell et al., 2008; Fielding et al.,
2008k Gulbranson et al., 201.0This project will test the hypbesis that glaciers in
western Argentina and Tasmania occurred as ice caps and small ice sheets instead of the
classically interpreted supercontinerdahble ice shegand it explores drivers of climate
change throughout the late Paleozoic
LPIA studiesen be cl assified as Afar field, o

at | ow |l atitudes during the LPIA armd idf ar 6



high latitude regions that were influenced by glacial waxing and waning. When the far
field and near field records were studied independently, diverging conclusions about the
LPIA developed, such as the idea of a supercontisieat! ice sheet in the absence of
near field evidence. Thus, an important mission for LPIA research is to recteditec
records in order to more fully understand issues suchsate fluctuationsglacial size
and distributionand biotic responsaluring the LPIA.
The Far Field Record

A prevailing hypothesis of the LPIA is that fluctuations in Gondwanan giaciat
resulted in the deposition of cyclothems in the northern hemisphere (Wanless and
Shepard, 1936). While research on the northern hemisphere cyclothems (the far field
record) has been ongoing for the last century, widespread exploration of the Gondwanan
glacial deposits (the near field record) did siatrtin earnest until Frakes, Crowell, and
their colleaguesommenced their Gondwanan fielorki n t h e(e.dl, §rékesgtesal.,
1966; Frakes and Crowell, 1969). The presentation of the glacioeagtdsthem
hypothesis and the easier accessibility of the field sites in the northern hemisphere in
comparison to the Gondwanan glacial deposits resulted in a paradigm of LPIA glaciation
extrapolated from relative sea level fluctuations inferred from thiettyems rather than
direct glacial evidence (e.g. Heckel, 1977; Ross and Ross, 1987).

Estimates of the magnitude of eustatic fluctuations during the LPIA vary widely,
from 200+ m (Heckel, 1977, 1990; Ross and Ross, 1987) to as little as 50 m (Ishell et a
2003b). Larger estimates are derived from depths of erosional surfaces and facies
juxtapositions in northerhemisphere field sites (Heckel, 1997, 1990; Soreghan and

Giles, 1999). Ross and Ross (1987) generated a Carbonifeeomsan sedevel curve



with rapid (<100 ky) eustatic fluctuations of as much as 240 m from confidential
stratigraphic data (proprietary to Gulf Oil Exploration and Production). The level of
detalil in the sea level curve and apparent corroboration with the cyclothem hypothesis
resulted in this being a widely cited study. However, a recent reexaminationlevskea
fluctuations by Rygel et al. (2008) using a combination of far and near field data
concluded that maximum eustatic fluctuations during the LPIA weiel@® m. Rygl
et al. (2008) contested the findings of Ross and Ross (1987), because {imagngtude
sea level fluctuations cannot be duplicated from public access data, and in many instances
the sea level curve does not correspond with-koawn climatic condition in the late
Paleozoic, such as those during the+todate Pennsylvanian (Moscovi&rhelian) and
the middle Permian (late ArtinskidnRoadian). Both of these intervals are now
considered nowlacial (Fielding et al., 2008a), but the Ross and R@&&7(leustatic
curve records sea level fluctuations of over 200 m for both of these time spans,
magnitudes that are impossible without active, supercontsiead glacial waxing and
waning.

A formula was developed by Paterson (1972) to calculate theoredaip
between glacier size (S) and ice volume (V):

log(V) = 1.23[log(S)i 1]

with the water equivalent of ice volume equal to 91.7% of V (cf. Denton et al., 1971,
Crowley and Baum, 1991). Using these relationships and correcting for isostasy,
Crowley and Baum (1991) determined that an ice sheet 20.3 kritf) (approximately
the combined area of Canada and the United Stated)l have to completely melt in

order to produce a eustatic change of 100 m. Isbell et al. (2003b) went on to illustrate



that wren applied to Gondwanan glaciation, such a glacier would cover all of Antarctica,
southern and much of central Africa and extend into Australia and eastern South
America. In order to produce a 200 m change in sea level, as required by the hypotheses
of Heckel (1977) and Ross and Ross (1987), the responsible ice sheet would be 34.6 x
10° km? and would blanket all of southern Gondwana (Isbell et al., 2003b). Such massive
ice sheets are not highly sensitive to climatic fluctuations, and could not comgletely
and collapse repeatedly according to the periodicity of cyclothems (Isbell et al., 2008b;
cf. DeConto and Pollard, 2003; Horton and Poulsen, 2009), especially on the timescales
proposed by Ross and Ross (1987). Further, near field research ondamiea
Gondwanan glacial deposits suggests that glaciation occurred as multiple ice sheets and
alpine glaciers, rather than one supercontinental ice sheet (cf. Dickins, 1996; 1997; Isbell
et al., 2003a; 2003b; Fielding et al., 2008a; 2008b; Henry &0818a in pres}. Smaller
ice sheets sequester much smaller volumes of water than the massive ice sheets described
above, so much so that 10 ice sheets covering a total of 33%mi (essentially all of
Gondwana) would only alter sea level by 59.1isbéll et al., 2003b). These arguments
are not meant to imply that glacioeustasy did not contribute to the transgressive
regressive cycles recorded in the cyclothems, but rather suggest that more sophisticated
interplays of tectonics, depositional eveatsg glacioeustatic changes resulted in the
Euramerican cyclothems than the former, simplistic hypothesis expresses.

Far field studies on biota during the LPIA, primarily focused on terrestrial plants
and marine animals, have revealed how organisms rdsegdo the onset, dation, and
end oftheiceageUnder st anding the biotic response

LPIA is especially instructive for how fauna and flora will respond to the inevitable



future deglaciation of Earth. Also, these studieslikely more useful for anticipating
future biotic changes than conclusions drawn from Pleistocene glacial/interglacial
fluctuations, because an icehowgeenhouse transition produces more pronounced
oceanographic, atmospheric, and geochemical changeglacial/interglacial cycles.
Future work is needed to determine if the transition from icehouse to greenhouse
conditions in themid-Sakmariar(Early Permian) occurred at an equivalent rate to
glacial/interglacial transitions during the Pleistocembe stratigraphic record presented
herein (Chapter 5, section 5), suggests rapid climatic change at the end of the icehouse in
the midSakmarian, with the loss of ice sheets extending to sea level over a maximum
timeframe of two million years (see Figi}4

The initiation of the LPIA was marked by a secamder mass extinction (Stanley
and Powell, 2003)and this climatic revolution ushered in new distributions of plants and
animals across the glob@&he growth of glaciers changed atmospheric circufatio
patterns, contractintpe intertropical convergence zoameund the equator, so that low
latitudes experienced stitumid to evewet conditions DiMichele et al., 2001Powell,
2003. Additionally, seasonal fluctuations were more pronounced in tempgegitns.
These changes caused vegetational turnover, as lycopsids, pteridosperms, and tree ferns
became dominant at low latitudes, and lycophytes were usurped by cordaiteans and seed
bearing tree ferns in the north temperate Angaran region (Gastaldal80&;
DiMichele et al., 2001; Montarfiez et al., 2007). In response to cooling, bryozoans and
brachiopods migrated to lower latitudes (Ross, 1981; Raymond et al., 1989).

Throughout the LPIA, origination and extinction rates were low, half of what they

were before the onset of the ice age (Stanley and Powell, 2003; Powell, 2005).



Organisms that survived extinction at the onset of the LPIA were likely to exhibit the
following characteristics: 1. they had large, stable populations; 2. they lived ihea nic
that was environmentally variable, so they were resilient against changing environmental
conditions; 3. they lived over a large geographic area; 4. they did not exhibit stereotypical
behavior i.e., they dichot behave in unique ways from other orgarsisbhut instead
employedcommon feeding/mating/burrowing/etc. behaviobs they were able to
reproduce efficiently; and 6. they were able to migrate long distances (Hansen, 1978;
Jablonski, 1986; Stanley and Powell, 2003).

As icehouse conditions collegx$ at the end of the Early Permian, origination and
extinction rates rebounded (Stanley and Powell, 2003; Powell, 2005). Brachiopods
migrated back to preehouse latitudes (Raymond et al., 1989). In the floral realm,
vegetational overturn occurred onoere as the climate became hotter, drier, and less
seasonal. Initially, opportunistic plants grew profusely,dweintuallyxeromorphic
plants reclaimed dominance (Gastaldo et al., 1996; DiMichele et al., 2001;dpeta
al., 2007). Thesgpes ofobsevations can be used to predict evolutionary trends for
other biota throughout the LPIA and even other periods of climate change, including
biotic changes ithe future.

The Near Field Record

Glacial deposits in South America, Africa, Antarctica, Inéiastralia, and in
smallerGondwanan crustal fragments now distributedsia and the Arabian Peninsula
provide information on the extent of glaciation otfex southern supercontigifiig. 1;
Laskar and Mitra, 1976; Collinson et al., 1994; Lopez Gamu®di7; Visser, 1997,

Garzanti and Sciunnach, 1997; Wopfner and Casshyap, 1997; Isbell2G83, 2003b,



2008a, 2008c; Fielding et al., 2008a; Henry et al., 800&rtin et al., 2008; among
others). It is currently thought thate LPIA commenced ové&ondwana in preseilay
South America in the Late Devonian (Caputo et al., 2008; Glacial | of Isbell et al., 2003b;
Fig. 1), and glaciation over western South America was at its maximum during the
NamurianWestphalian (Late Mississippian to Early Pennagiian;L6épez Gamundi,
1997 Glacial Il of Isbell et al., 2003b; Fig).1In the latest Carboniferous to Early
Permian, the LPIA reached its acme as ice centers occurred across eastern South
America, South Africa, Antarctica, Australia, India, southerreAand the Arabian
Peninsula (Caputo and Crowell, 19&mrzanti and Sciunnach, 1997; Wopfner and
Casshyap, 1997; Glacial 11l ¢gbell et al., 2003b, 2008a; Fielding et al., 2008a; Martin et
al., 2008; Fig. 1). The shift in glaciation from western Gormtbwi@ central and eastern
Gondwana is related to the migration of Gondwana across the South Pole (Fig. 1; Caputo
and Crowell, 1985; Powell and Li, 1994; Crowell, 1999; Li and Powell, 2001; Fielding et
al., 2008bjLawver et al., 2008). The main phase @& LHPIA ended in Australia during
the Sakmarian (Early Permian), when Earth transitioned into a greenhouse state; yet
localized alpine glaciers continued in eastern Austthli@ughthe end of theCapitanian
(Late Permian; Fielding et al., 2008a, 2008b).
Causes of Gondwana Glaciation

Theinterplay of shifting lithospheric plates (Caputo and Crowell, 193bith
and Read, 200@Baltzman 2003 and atmospheric partial pressure of,GQaC0,)
fluctuations Montafezet al., 2007) influenced the waxing and wanof LPIA
glaciation. The shift in glaciation from northwestern South America to across the

Gondwanan mainland to Australia has long been associated with continental drift across



the South Pole (Du Toit, 1921; Wegener, 1929; Crowell and Frakes, 197&lCro
1978), and the collapse of the ice age was strongly influenced by the northward migration
and clockwise rotation of the supercontinent (Caputo and Crowell, 1985). Another major
tectonic event in the late Paleozoic, the docking of Euramerica witbvzora to form
Pangea in the Late Mississippian, may have also strongly influenced glacfatosmg
the oceanic gateway between Euramerica and Gondwana mayntr@ased
precipitationin the southern hemisphere, fostergrgwth of ice sheetd=(g. 2; Smith and
Read, 2000Saltzman2003. Di v e r §’@isotopemignatures in the Panthalassan and
Tethyan Oceans (Saltzman, 2088pport this hypothesis

Close correlation ghCO; levels with certain Permian glacial/interglacial intervals
demonstrated by Montafiez et al. (2007) indicate tlesrdrouse gas@gerealso a major
driver ofclimatein the late PaleozoicMontafiez et al. (2007) usp@0O, measurements
from soil minerals and marine invertebrate shells to showp®@ levels were low,
typically < 500 parts per million by volume (ppmwduring glacial intervals in the
Asselian and ArtinskiarR(l and P2 glacial intervals of Fielding et al., 2008g; 3). In
contrast, during neglacial intervals in the Gzhelian, the Sakmarian, and the late
Artinskian,pCO; levels increased, to as high 5000 ppmv in the Artinskian. In
addition, the global*®Cc  a A°@ cutvesalso correlate moderately well with
glacial/interglacial fluctuations during the LPIA, shifting positively during periods of
glaciation (Frank et al., 2008). Therefore eveffescting the carbon cycle, such as
organic carbon burial in peat forming forests and heavy siliciclastic erosion, are

hypothesized to also influence glaciation (Berner, 2004).



A final major control on glaciation during the LPIA was the presence of elevated
paleotopography produced by tectonic uplift. Powell and Veevers (1987) and Eyles
(1993) identify compressive tectonics along the Panthalassan margin of Gondwana (Fig.
1), beginning with the collision of the Chilenia terrane against western South America
the Late Tournasiakarly Visean, as an instigating condition for the LPIA. Further,
Powell and Veevers (1987) call attention to the latitudinal position of South America and
Australia when glaciation began in those areas. In South America, glacetiomed in
Peru, Bolivia, and Brazil in the latest Devonian to Visean (Glacial | of Isbell et al.,
2003b; Fig. 4), and in Australia, glaciation began in the Namurian (Glacial 1l of Isbell et
al., 2003b; C1 and C2 of Fielding et al., 2008a; Fig. 4). riyuie onset of glaciation,
both of thesaiteswere located at mithtitudes (30= 60°), not high latitudes, and
glaciation went on to spread across each respective crustal block. Therefore, rather than
polar latitude, onset of glaciation appears tacioie with orogenesis: in South America,
convergence and accretion along the Panthalassan margin, and in Australia, uplift along
the Tasman Fold Belt (Powell and Veevers 1987). This availability of topographic
surfaces above the equilibrium line altit @A) in South America and Australia
allowed daciers to nucleate and grow (cf. Isbell et al., 2010). The ELA is the
altitude/boundary on a glacier that separates areas of annual net ablation below from
annual net accumulation abovBecause the ELAses and falls with climat¢
fluctuations and tectonic evenfsaleotopography and the ELA should be considered
controlling factors on glacier distribution throughout the many phases of the LPIA

The Dissertation Work
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The primary focus of this project is ghaciation during the early stages of the
LPIA in western Argentina and the main phase of the LPIA in Tasmania, Australia
(Glacial 1l and 111 of Isbell et al., 2003b, respectively). Both western Argentina and
Tasmania contain excellent exposures of ICGaeboniferous to Permian glacigenic rocks
and are ripe for detailed sedimentologic studies, as the present body of work on the two
areas is mostly limited to stratigraphic summaries (e.g., Clarke, 1989; L6pez Gamundi,
1997; Azcuy et al., 1999; Limarino ak, 2006; Rogala et al., 2007yhe advent of
geomorphology and sedimentology studies of modern glacimarine environments (e.g.,
Dowdeswell et al., 1994; Powell et al., 1996; Anderson, 1999; Cowan et al., 1999) has
provided a vast new source of informationaking it possible for scientists to gain a
more accurateral detailed characterization aficient glacigenic stratéStudy of the
sedimentology of the glacigenic formations of western Argentina and Tasmania will
provide information on the size, timingnd thermal regime of glaciedsring the early
stagesand theacmeof glaciation over Gondwana.

An ultimate question concerning the initiation, fluctuations, and end of the LPIA
is: What caused the climate to change? Isbell e2@08) suggestedhat the causes for
LPIA deglaciation may have been the samthaslrivers that resulted in the Late
Permian extinctions, because both events are linked to incne@sedFig. 3), and
fluctuations inpCO, have long been linked to corresponding temperatiamges. The
link between increasingCO, and elevated temperatures is especially significant to
modern society, g3C0O; has increased by o+ikird since the industrial revolution, to 380
ppmv, and may reach 2000 ppmv when fossil fuel resources aredexip@ump, 2002).

Thus, the secondary focus of this project is to examine sources,d6@D as
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volcanism) during the late Paleozoic in order to examine the drivers of the climatic
fluctuations during the LPIA and the Middle and Late Permian extinctibnsm the
Late Carboniferous to the Triassic, volcanism occurred along the convergent
Panthalassan margin of Gondwana, and may be a previously unrecognized contributor to
the end of the LPIA and the ef@ladalupian and eAglermian extinctions. This pah
of the dissertation will use a literature review to test the hypothesis that the large volume
of volcanism along the Panthalassan margin released a substantial amoupntrab @@
atmosphere that contributed to late Paleozoic environmental andjieabliisturbances.

Therefore, this project aims to answer specific questions about climate
fluctuations during the late Paleozoic: 1) How can the sedimentology and sequence
stratigraphy of glacially influenced strata in western Argentina inform our sitacheling
of the early stages of the LPIA? 2) What information does the sedimentology of
Tasmanian glacial deposits provide on glacial dynamics and size during the peak of
Gondwanan glaciation? 3) Is the collapse of the LPIA related to later environmental
changes in the Permian, such as the@nddalupian and erAdermian mass extinctions?
This project examines the initiation, peak, and collapse of the LPIA using sedimentology
field methods, laboratory work, and literature review in order to provide atavasd
produceand tesinformed hypotheses on climate change throughout the LPIA. Below
are the objectives for the work produced in this dissertation.
Dissertation Objectives

1. In order to characterize glaciation over western Gondwana during the begginnin
of the ice age, | studieti¢ glacial sedimentology and sequence stratigraphy of

Serpukhovian Bashkirianglacially influenced sata in westcentral Argentina.
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The Serpukhovian Bashkirianglacial interval is the last time western Argentina
was glacated during the LPIA, and a sedimentologic and stratigraphic study
establishes a record dépositional processes, paleoredox conditions géaudal
advance/retreat cycle3.he Agua de Jaguahd EIl ImperiaFormatiors arethe

focus of this portion ofite study, and the nearby Hoyada Verde and Tramojo
Formations are also included in the analysis of regional glacial conditions.

.l also performed detailed sedimentology analysis of the latest Carboniférous
Early Permian (GzhelianSakmarian?) Wynyd Formation in Tasmania,

Australia in order to characterize glaciation in the region during the main phase of
the LPIA. In addition, Tasmanian glacial and pgisicial stratigraphy is

compared to that in neighboring basins in Gondwdslacigenic stratan the
Wynyard Formation of Tasmania are a thick, poalbgumented succession that
are palaeogeogrhjally important to the LPIA, becausigey provide a linko
helpcorrelat better studied glacigenic successions in Antarctica and Australia.
Synthesiing the stratigraphic records of these three areas will better identify and
constrain the effects that the LPI A had
better enable climate models to deduce the major drivers of ice growth and
deglaciation during the LRl

. Finally, I examinedhe role of CQas a driver of climate change during the LPIA
and the Middle and Late Permiaxploringvolcanism along the Panthalassan
margin as a source of G@nd thus a contributing driver of climate change during
the latePaleozoic. Shifting C&evels have been linked to the initiation,

fluctuations, and breakp of LPIA glaciers (Montafiez et al., 2007), and increased
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CO;, from volcanism is considered the ultimate cause of the Middle and Late

Permian extinctions (er@uaddupian and enChanghsingianFig. 3; Zhou et

al., 2002; Payne and Kump, 2007). In this portion of the dissertéation,

investigatecemissions fronvolcanc provincesalong the Panthalassan margin of

Gondwandrom the literatureasdriving bothof these mpr Paleozoic events.
Significance of Research

The work presented in this dissertation is valuable to multiple audiences. This
project provides detailed information on glacial to pglatial transitions during the
LPIA in understudied areas in Argemdi and Australia. The present body of work on
LPIA sedimentary rocks in the western basins of Argentina is made up primarily of
reviews of stratigraphy, with less than ten detailed sedimentology publications. The
deficiency of glacial sedimentology stediof Tasmania is even greater, as there is no
detailed published work on the Wynyard Formation. Therefore, this research provides
valuable information to scientists working in western Argentina and Tasmania and on the
LPIA. But most importantly, this pfect caters to a wider audience because it
investigates ancient climate change by determiningites thermal regime, and timing
of glaciersduring the commencement and main ghathe LPIA, and explores
Panthalassan margin volcanism as a driver tf b®1A deglaciation and Permian
extinctions. Investigatinghe LPIA deglaciation and Cg&as a driver of climate change
will inform society why climate change occurs and how global warming is manifested in
Earth systems.

This project also implements nemethods in sedimentology research:

micromorphology and-xay analytical techniques. Presently, micromorphology studies



14

on glacial deposits are rare but are gaining popularity as a method of understanding
depositional dynamics (cf. Menzies, 2000; van deeMet al., 2003). Similarly,
mineralogical (as determined by XRD) and elemental (as determined by XRF) sihadies
underutilized in LPIA studies, despite the informatibese methodsan provide on
depositional settings (cf., Scheffler et al., 2003,68)00rherefore, use of these methods
introduces new perspectives on LPIA research.
Dissertation Structure

This disgrtationconsists ofive manuscripts written to be published in scientific
journals, followed by & i nal  éhapienthat gxpgloédbe idea of the elevation of
paleotopography as a control on glaciatidrne formatting style of the journal
Palaeogeography, Palaeoclimatology, Palaeoecolugy been adopted for this
dissertation, beauise the manuscrgpof Chapter3 (Agua de Jaguel Forran) and
Chapter 5 (Wynyard Formatiohpve beenpublished in tis journal
Chapter 2

Chapt er Qarbonderous gladigenit ddposits of the Protoprecordillera of
westcentral Argentindé and descri bes t heglablamaodbtten gl ac
basins surrounding the Protoprecordillera in west central Argentina. Based on the
sedimentary record in seven different formations in the Calingéstallata, Rio Blanco,
and Paganzo Basins, it is hypothesized that the region was glaciated bygédpiars
locatedin the Protoprecordilleraandthatthe melting of these glaciers in the Bashkirian
did notaffect eustatic fluctuations, because the glaciers were too small to instigate a

change in global selavel. This paper was published in 200&ieological Society of
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Ameri ca speci alResplngthe Lata Paleazoic Ide Ade in&ithe aimd
Space, 0 edited by Christopher Fielding, Tr
Chapter3

Chapter3is titledii M FGarboniferous deglaciation of the Proteqordillera,
Argentina, recorded in the Agua de Jaguel paleovall&ythis paper, the sedimentology
and stratigraphy of the Agua de Jaguel Formation of west central Argentina is described
and interpreted, andcludesa geochemicaknd mineralogicastudy of mudrocks in the
formationconducted using-ray diffraction and xray fluorescenceUsing these
methods, the depositional environment is reconstructed and a glacial sequence
stratigraphy model is developed for west central Argentiffais manuscripwas
published in 2010 ia Palaeogeography, Palaeoclimatology, Palaeoecokugcial
v o | u me Environmergad progesses and biotic responses at high latitudes: a study of
Late Palaeozoic sequences, biotas and palaeoenvironmental changes in Gondwana a
northern Eurasiaedited by Guang Shi and Bruce Waterhouse. Preliminary data for this
project were reported in a nat Deglagaton Geol og
in a Pennsylvanian paleovalley of western Argentina: the Agua de JagletiBoma

(Henry et al., 2008b) and in a paper providing an overview of the glacial record of west

centr al @Garbgraferaus gla@genicfileposits of the Protoprecordillera of west
central Argentina ( Henry et al ., 2008a).
Chapter 4

Chapter 4 is titlediThe late Paleozoic El Imperial Formation, western Argentina:
Glacial to posiglacial transition and stratigraphic correlations withr@lated basins in

sout hwestern Gondwana. 0 This paper descri
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Formation and coelates the stratigraphy of the San Rafael Basin in western Argentina
with the Protoprecordilleran basins to the north and the Tepuel Basin to the south. This
paper is in press iBondwana Research
Chapter5

Chapte'5i st Rrdglhcelddepdsition amdeformation in the Wynyard
Formation, Tasmania: a process analysis This paper analyzes th
Wynyard Formation in detail, and the micromorphology of Wynyard diamictites is also
described. The Tasmanian glacial and qgbatial straigraphy is then compared the
glacial and posglacial successions of southern Africa, Antarctica, and eastern Australia.
Preliminary results were presented at a regional Geological Society of America talk,
fiEarly Permian glacial advancetreat cyclesecorded in the Wynyard Formation of
Tasmania, Australa ( He nr y e This papemwas p2blisbel ia ) .
Palaeogeography, Palaeoclimatology, Palaeoecoliogd012
Chapter6

Chapter6i s t RamtHalasdan fmargin volcanism: a driver of deglaciand
extinction in the late Paleozo@? Thi s paper pCes8nenvirobmneertalt he r
events during the late Paleozoic and explores volcanism along the Panthalassan margin of
Gondwana as a contributor of €@uring these events. The volcanicks of the
Choiyoi Group of Argentina compose the largest known volcanic province generated
along the Panthalassan margin during the late Palebzaaidy Mesozoic (cfLopez
Gamundiet al., 1994)and CQ output is estimated for these rocks. The iddadhis

paper wer e pr ePoteniial emvdronmental tcdnsgequenaes &f Painthalassan
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margin volcanism in the late Paleoawic ( Henry et al ., 2009b) at
Society of America conference.
Chapter7

Chapter7 is the concludinghapter that also explores paleotopography as a
control on glaciation during the LPIAThis chapter explores potential explanatitors
the initiation and collapse glaciationover western Argentina during Glacial Il (mid
Carboniferous) andver Tasmania dring Glacial Il (Early Permian; Fig. 4) are
explored.The work presented inths chapt er contEvaludtions&dd t o t h
glacial paradoxes during the late Paleozoic Ice Age using the concept of the equilibrium
line altitude (ELA) as a control gglaciaticn 6 by | sbel | et al. (2012

Gondwana Research
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Figurel. Gondwanan basins containing glacigenic deposits of the LPIA. Estimates by
Powell and Li (1994) and Lawver et al. (2008) of the path admpebnder throughout the
Carboniferous and Permian are illustrated. Yellow dots in the Lawver et al. (2008) polar
wander path represent 10 million year time intervals. Modified from Isbell et al. (2003b).
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Figure2. Paleogeo@phic reconstructions of Gondwana throughout the late Paleozoic
from Blakey (2008). The series of illustrations shows the docking of Laurussia with
Gondwana to form Pangea in the Early Permian.
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Abstract
Glacigenic strata associated with fxtoprecordilleravere deposited in the

CalingastaUspallata and Rio Blanco baekc basins and the Paganzo foreland biasin
westcentral Argentina during the early Pennsylvanian (upper Namurian; iBashk
These basins were formed due to tectonic loading and later postcolleskbe@sion in a
convergemmargin setting along the western margin of Gondwanang the Chafic and
Rio Blanco tectonic events. Uplift of tikeotoprecordillerdold-andthrust belt during
the latest Visearearliest Namurian (Serpukhoviamsulted in the development of a
widespread unconformity that formed the-gtacialbasin floors. During the Namurian,
alpine glaciers carved deep valleys into the upland,ice drainedadially away from
theProtoprecordilleraValley glaciers or arce cap also occupied basement uplifts in the
Sierras Pampeanas to the east. Icegrmasnded below sea level in the Calingasta
Uspallata and Rio Blanco Basins, whtnek glacimarine succesons were deposited. In
the Paganzo Basin, a thin glacgalkcession was deposited in both terrestrial and
glacimarine settings. Throughout tReotoprecordillera region, deposition is interpreted

to have occurred (1) subglacial(2) in morainal bankg3) as a result aettling from
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suspension out of meltwatplumes, (4) as ratout from melting icebergs, and/or (5)
from mass movement asédiment gravity flows. An abrupt upward transition from
diamictites to marbearingdropstonefree mudrocks mé&s glacial retreat and
establishment of sedimestarvedmarine conditions. Above this, coarsenungward
successions and truncation surfasigeal either postglacial deltaic progradation during a
forced regression or fluviahcision associated with a $alevel fall. Although much is
known about these strataany questions remain, including the age of the deposits,
environments of depositioand the mechanisms responsible for the observed
stratigraphic architecture.
Keywords:Protopecordillera, late Bleozoic ice age (LPIA), Argentina, Namurian.
1. Introduction

Lowermost Pennsylvanian (upper Namurian; Bashkirsar@ta exposed in the
Precordillera of westentral Argentina werdeposited along the convergent margin of
Gondwana in valleysut into a féd-andthrust belt, thé’rotoprecordilleraand in
adjacent basins (Calingadtespallata, Rio Blanco, and PagarBasins; Figs. 56, and7,
cf. Azcuy et al., 1999; Limarino arfgpalletti, 2006; Limarino et al., 2006). These strata
represent amportant ecord of sedimentation because they were depasitendg the
initial stages (Bashkirian) of the main phase ofl#te Paleozoic ice age (LPIA)
(Limarino et al., 2006). Importasummaries of the rocks in this region may be found in
reportsby Salfty andGorustovich (1983), Archangelsky et al. (1988pezGamundi
(1987, 1997), Lopetsamundi et al. (1994)imarino et al. (1993, 2002, 2005, 2006),
and Azcuy et al(1999). Many of these studies represent regignale investigations

without much attentio given to glacial sedimentology. Ongcently have investigators



32

begun to look at the glacial depositsgreater detail (e.g., Gonzéalez, 1981; Lépez
Gamundi, 1987Limarino and Gutiérrez, 1990; Marenssi et al., 2005; Kneliex.,
2004; Dykstra et al.2006).

This paper summarizes previous research on LPIA depodsite
Protoprecordilleraand preliminary investigations conductaglthe authors in the area.
The mper also identifis andliscusses a number of questions concerning the deposits
thatnee further investigation, including:
A What was the age of tfnareweht@ci ati on (i ni't
A What was the nature of the preglacial an
A Under what environmedepasited?2condi ti ons wer e
A We r watatddpesited from an ice sheet, ice cajframn valley glaciers draining the
Protoprecordillerandadjacent areas?
A What mechani sms dr ove redultipgstsatigtaphgen of t he
2. Geologic Setting

Namurian strata of the LPIA repodtén this paper arexposed in and adjacent to
an actively deforming Cenozoic felghdthrust belt, the Precordillera, which is
superimposed on a laRaleozoic foldandthrust belt, thd’rotoprecordillergFig. 5A).
According to the tectonic model des@tbby Limarino et a2006), the
Protoprecordillerdormed during the MiddI®evonian to earliest Mississippian Chaiiic
orogeny and evolveflom an obducted accretionary prism (eastward subductioninto
collisional foldandthrust belt (both eastwardrd westwardlirectedthrusting) during
the accretion of the Chilenia terratoethe watern margin of Gondwana (Fig. Bamos

et al., 19841986; LopezGamundi et al., 1994; Limarino et al., 2006)tHis model, the
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CalingastaJspallata, Rio Blanco, and anzoBasins were formed as foreland basins.
By the Pennsylvaniasubduction had shifted westward, and postcollisional extension
(Rio Blanco tectonic phase) allowed these basins to widebalearc setting (Limarino
et al., 2006). Initial sedimentatidm the Rio Blanco and Calingastispallata Basins
produced intercalatecbntinental and marine sandstones, mud rocks, diamiatite,
conglomerate (De Rosa, 1983; Limarino and Spal&i06). At the top of this
succession, Fauqué and Limarino (1988JLimarino et al. (1993) interpreted rare local
accumulation®f dropstonebearing mud rocks, mud rocks containing diamidéteses,
and thin diamictitehatcontairedstriated and facetedasts as glaciallynfluenced ice
rafted, iceberglump, and sedinme gravity flow deposits. These strata contain
palynomorph®f probable Visean age (Limarino et al., 2006). Visean glatiala are
highly deformed and have not been extensively studliptift of the Protoprecordillera
and synorogenic sedimentationthe Rio Blanco and Calingadtispallata Basins
culminatedwith intense folding and faulting during the late Mississipflatest Visean
earliest Namurian) Rio Blanco tectonic evripezGamundi et al., 1994; Limarino et
al., 2006). This event imarked ly a regional unconformity, which along the margins of
the Rio Blanco and Calingastispallata Basins separates mde¢ormed Visean and
older strata below from less deformddmurian and younger strata above.

During the Pennsylvanian, tirotoprecordillean highlandseparated the mainly
continental Paganzo Basin from opaarineconditions in the Rio Blanco and
CalingastaspallataBasins (Fig. B; Limarino et al., 2006). The latter two basimsre
located between the folandthrust belt and a volcanarc located to the west in present

day Chile (Azcuy et al., 1999jmarino and Spalletti, 2006). Namurian sedimentation
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occurredn paleovalleys cut into therotoprecordillerand on an irregulagrosion
surface in the adjacent basins (Lofigamundi et al.1994; Kneller et al., 2004;
Limarino et al., 2006). The eastern pafrthe Paganzo Basin was broken by uplifts of
cratonic Pampeamasement rocks, which included Precambrian metamorphiloaed
Paleozoic granitic rocks (Lépe&zamundi et al., 1994).

Namurian sedimentation associated with Bretoprecordilleravas glacigenic in
nature and occurred withpaleovalleys in the foldndthrust belt (e.g., Agua de Jaguel
Formation Jejenes Formation; Lép&zamundi et al., 1994; Knellet al. 2004; Limarino
et al., 2006), on the adjacent Rio Blamarwl CalingastdJspallta marine basin floors
(Figs. %A and7; e.g., Hoyada Verde Formation), and in the western portitimeof
Paganzo Basin (Guandacol Formation). Throughout weAtgentina, glacigenic rocks
areoverlain by marine mudrocldeposited during a Namurian postglacial transgression
(Limarinoet al., 2002). These strata are in turn overlain by either regressidstone
and mudrocks deposited in shoreface environm@atganzo Basin), or they are
erosbnally truncated by fluviadleposits (Calingastdspallata and Rio Blanco Basins).
3.Age

The age of the uppermost Mississippian and loweriidestsylvanian glacigenic
succession in westentral Argentinas constrained by fossils and lithostratigraphye Th
Rio Blancounconformity at the base of the succession truncates stratprofitable
Visean palynomorphs, and, based on regional correlatiolhgentina, it is estimated to
be no younger than earliddamurian (Serpukhovian; Limarino and Gutiérrez, 9%t
Hoyada Verde in the Calingastispallata Basin, post glacial mudrocks contain

brachiopods, bivalvegrinoids, and bryozoan¥hese fossils are assigned to the
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Namurian to early WestphaligBerpukhovian to Bashkiriahgevipustulazone; Amos
and Roleri, 1965; Cisterna, 1999). Therefore, glacigenic strata depositecitbst
Protoprecordillerare considered to be late Namur{@ashkirian; Fig. J. In the Huaco
area of the Paganzo Basigsal strata of the Guandacol Formation rest on the Rio
Blanco unconformity. These strata contain palynomorphs assignbe Raistrickia
densé Convolutispora muriornatassemblagbiozone (DM, subzone A). Césari and
Gutiérrez (2000) correlatdtlis zone with late Namurian (Bashkirian) strata elsewimere
GondwanaThe occurrence of plant fossils belonging toNla¢horhacopteris
BotrychiopsisGinkgophyllum(NBG zone)indicates a Namuria/estphalian age for the
postglacial mudrocks (Gutiérrez et al., 1995). Based on fossils in the Rio Blashco
Paganzo Basins, ig reasonable to assign a late Namu(Bashkirian) age to the
glaciation and a latest Namurian (late Bashkirtargarly Westphalian age (early
Moscovian) to the ensuingpstglacial transgression (Fig.Limarino et al., 2002, 2006).
However, biostragraphic constraints have only been establisitesifew sites, and a
precise correlation with international tireales that are based on invertebrate fossils
remains problemati¢Césari and Gutiérrez, 2000).
4. Glacigenic deposits of the Protoprecordillea

This paper focuses on Namurian glacigenic strata depasitieith paleovalleys
cut into theProtoprecordilleraand stratéhat were deposited in the nearby Paganzo, Rio
Blanco, andCalingastaUspallata Basins. Figure®\dand7 show the name#ycations
and ages of glacigenic deposits described in this report.

4.1 Paleovalleys
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A number of paleovalleys containing Namurian depositegpesed in the
Precordillera and adjacent areas (Kneller e28I04; Limarino et al., 2005; Dykstra et
al., 2006). Thse valleyswhich contain deposits of glacigenic and postglacial diamictite,
conglomerate, sandstone, and mogk, were tens to hundredémeters deep and as
much as several kilometers wide. Tgeeovalleys are oriented perpendicular to oblique
to the tend ofthe ProtoprecordilleraHowever, some small paleovalleys wittire range
are oriented subparallel to the trend of the ancientdaltthrust belt. Three of the
largest paleovalleys are exposedgua de Jaguel, Quebrada de las Lajas, and Quebrada
Grande(Fig. 5A). These valleys and their deposits are described next.
4.1.1.Agua de Jaguel

Strata of the Agua de Jaguel Formation, located 17 km dfNEpallata in the
CalingastaJspallata Basin, were depositedaitarge paleovalley located along the
southwestern margin of ti&rotoprecordillergFigs.5A and B). These strata, which are
steeply dipping due to Cenozoic tectonism, overlie an anga@nformity cut into
highly folded and faulted Mississippiamd older siliciclastic rocks deformed chgithe
Chaiiic and Ri@®lanco orogenies (Fi@).

At least three unconformiligounded depositional sequencesur within strata
of the Agua de Jaguel Formation (R&y. These sequences consist of a thick, lower
glacigenic sequencaeverlain by two sequers containing fluvial and shallomarine
deposits. The lower two sequences occur in anvaineae the base of the formation is
mainly covered by Quaternaayd recent bajada deposits. However, in the northern
portion of their outcrop, these sequences lap sedimentarpasement rocks (Fi§).

The third sequence rests on a relatively-relief (tens of meters) erosion surface that
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either truncatedeposits of sequence two or cuts sedimentary basementiefcksned
during the Rio Blanco tectonic movemeWwte estimatéhat the paleovalley containing
the lower two depositionaequences was at least 700 m deep, and at least 5 km wide.
This estimate is based on the following observations:
A onlap of sequences | arocks(FigB), and part
A 't h e stoffséqaekcesd and Il (Fig and8),
A the width of the out coccorfFigB)eandt wher e
At h-eelieficloavacter of the truncation surface separa@egience 1l from sequence
Il and from sedimentarigasement rocks where sequences | and Il are not pregsnh
suggests that sequences | and Il were never depasitieel northern portion of the
outcrop belt (Fig8).

Glacigenic deposits occur within sequence | in the Agu#adéel Formation and
are diplayed in the stratigraphic columnhingure 3. These strataonsist of massive
and stratifed diamictitemassive conglomerate, massive and graded sandstone,
crossbeddedandstone, dropstoiiearing mudrock (dropstones daeeted and striated),
and mudock containing thin marl bed¥hroughout the glacigenic sequence, centimeter
to meterscaledeformational structures, including slumps, slides, folds, loadimdj,
dewatering structures are common. However, slumps, sidddplds are especially
abundat within diamictite facies in thiewer portion of the formation. A transition from
glacigenic togpostglacial deposits occurs above the last dropstone in{€igabB).
Above this surface, mudcks predominate and pagsward into a dropstorieee
coargningupward succession. Ancision surface sepaes strata in sequence | from

fluvial andshallowrmarine deposits in sequence IlI.

of

sequ
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We interpret the clagioor and clastich diamictites as havinigeen deposited in
ice-proximal settings, by ratout frommeltwater plumes, iceberg rafting, and sediment
gravity flows(slides, slumps, and debris flows). Interbedded sandstonegermeted as
turbidity current deposits, which may have baeygered by largescale sediment
gravity flows and mass movemeiihe combination of these deposits suggests that initial
deposition may have been along a morainal bank, in frontidéaater glacier that
occupied the paleovalley or fjord. Mudrocks were deposited by clay and silt settling from
suspensiofollowing retreat of the glacier up the fjord. However, the occurrentes
dropstone intervals indicate that either a calvindgraet was still in contact with marine
waters or the glacial idead readvanced into the paleovallegd icebergs were rafting
debris dowrthe fjord. The coarseningpward mudrock to crossbeddsahdstone
succession near the top of sequence | suggibts that a shoreface prograded down the
fjord, or that marineurrents (e.g., longshore currents) built a bar (e.g., spit) atmss
mouthof the fjord. A flooding surface overlain by dropstdmsaringmudrocks suggests
the occurrence of icebergs in t#wea until late in the deposition of sequence I. The
transition todropstonefree mudrocks is indicative of the retreat of theragin fran
the area. Truncation surfaces capping each deposisegaknce within the Agua de
Jagiel Formation suggdbtictuations in relative base level.

Paleocurrent orientations taken from sole marks (grdowance, and flute marks
and striations) and the entation of conglomeratnd sandstone channel bodies indicate
flow down thepaleovalley toward the SW, away from fRetoprecordillera

Mudrocks in sequences Il and 1l of the Agua de Jagtiel Formetiotain

brachiopods, gastropods, bivalves, cephalspaad corals (cf. Taboada, 1985). Based on
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the presence of tHarachiopodCancrinella Amos and Rolleri (1965) and Taboada
(1985) identifed these strata as Upper Carboniferous (Pennsylvaoniaower Permian.
Because diamictites occur at the basthe Agua de Jaguel Formation in sequence I,
they are considereid be the same age as the diamictites in the Hoyada Verde
Formation described later in this paper (L&&amundi, 1987).
4.1.2.Quebrada de las Lajas and Quebrada Grande

Paleovalley complexes @uebrada de las Lajas and Quebr@dande are
exposed in the Sierra Chica del Zonda rtkearcity of San Juan and have been described
by Bercowski(1983), Kneller et al. (2004), Limarino et al. (2005), &ydkstra et al.
(2006). Glacigenic deposits are taned withinstrata defied as the Jejenes Formation
of the Paganzo Basiifrigs. %A, 5C, and7).

The paleovalley at Quebrada de las Lajas is cut into limestdries Ordovician
San Juan Formation. The valley-5 km long, up to 1000 m deep, and vamewidth
from 200 t01000 m; the original valley walls slope at up toi>@° (Dykstraet al.,
2006). The valley is oriented SWE and widens towarthe NE. Paleocurrent
orientations indicate that flow was NE dothe axis of the paleovalley (FigA). The
glacigenic and postglaciabrtion of the valley fl is ~300 m thick and consists of a
complicated succession of conglomerate, sandstone, and sifestteee(Fig.5C).
Dykstra et al. (2006) interpreted the basal conglomesatelstone, and siltstong a
having been deposited ice-contact deltas and de&ater lacustrine settings with
depositionfrom iceberg rafting. Deformation within the conglomerates/ have been
the result of glacitectonic activity. Breccias aldhg sides of the paleovalley regent

talus and scree deposithese strata also include an abundance of-{scgke
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deformation(tens of meters thick and hundreds of meters long) in the fostummip and
slide blocks. Upward, within the paleovalley fill, tgp135 m of laminated mudste
with rare sandstone and conglomeglteets indicate marine inundation of the valley.
Thesestrata grade upward into a sandstone succession, as much &si€k), aeposited
from turbidity flows. These strata are overlaindbgoarseningipward successn of
sandstone and conglomerateerpreted as a prograding coaggained delta.

A larger paleovalley is exposed 17 km to the SSE at Queladale (FighA,
Kneller et al., 2004). This paleovalleyas cut into limestone of the San Juan Formation
and déormedsiliciclastic turbidites of the Ordovicia8ilurian Rinconada Formation.
The paleovalley has a-8 orientation, but toward ttemuth, it changes to a N\WE
trend. Valley width is <1 km ithe north but widens to ~2 km in the SE. A large tributary
valley, ~0.5 km wide, enters the main valley from the west. Smaller tributdigys
enter from the northeast. Within the main paleovaliefef on the basal unconformity is
>900 m, and the glacigenamd postglacial deposits constitute ~500 m of theeydill.

Massive diamictite and crudely stratified diamictite ugd3om thck occur at the
base of the fi in depressions cut in thealley floor (Kneller et al., 2004). Clasts in the
diamictites consistf local Lower Paleozoic sedimentary clasts amgtsl composeof
crystalline basement rocks, which may have been derivedkinomin basement outcrops
10 km to the SE or in the Sierras PampeaB@gm to the east. Kneller et al. (2004)
interpreted thesstrata as lodgment tills and resedimented debi@gsrlyingsandstones
with 10-m-thick, NNW-dipping clinoforms suggesharine inundation followed by rapid
progradation of Gilberypedeltas and associated deftiain braided streams. Upward,

an ~150m-thick dropstonébearing, mudstone succession vitim sandstones and
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conglomeratic beds occurs. These stvatee probably deposited from glacial meltwater
plumes, icebergafting, and turbidity currents. The succession is capped by36@em

of sandstone deposited by undevik (hyperpycnal flowsand dher mass movement and
sediment gravity flow deposits.

Kneller etal. (2004) reported that iceofiv in the valley wasoward the NW, with
the valley swinging toward the north, whiishsupported by the directions of the
prograding Gilbertypedeltas andite clasts derived from crystalline basement rocks.
Kneller et al. (2004) and Dykstra et al. (2006) interpréiatth paleofjord fills as the
record of a deglaciation event resultinga relative sedevel rise and later relative sea
level fall, whichtheyconcluded was the result of glacial rebound. Both paleovhllley
are remarkably thick. In order to explain such gte@mknesses, the authors suggested
that initial accommodation waseated by overdeepening of the valley due to glacial
erosion.
4.2.CalingastaUspallata Basird Hoyada Verde

Strata of the Hoyada Verde Formation were deposited iGdlirgastaUspallata
Basin and are now exposed in an anticlinhenSierra de Barreal, located 2.5 km east of
the town of BarreaglFigs. 5A, , and7). This unit forms the core of the anticlinad
consists of 175 m of glacigenic deposits and 85 m of postglacidbcks. The base of
the formation is not exposed at thesality, anda fluvial incision surface at the base of
the overlyingTres Saltos Formain truncates strata in the Hoyada Verde Formatan
depth of over 200 m (Buatois and Limarino, 2003).

Strata in the Hoyada Verde Formation are divided into lfthofacies (LOpez

Gamundi, 1987):
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(1) massive sandy diamictites with and without a stribtadder pavement,
(2) stratified muddy diamictites,

(3) pebbly mudocks with dropstones, and

(4) laminated fossiliferous mudstones and fine sandstones.

Strata in the Hoyada Verde Formation are perhapswdststudied glacigenic
strata in western Argentin(Frakes an@rowell, 1969; Gonzélez, 1981; Lop&amundi,
1987, 1997Azcuy et al., 1999). Nevertheless, interpretations of depositional
environments remain ambiguous. The occurrence of stratii@edictites, dropstone
bearing mud rocks, and invertelgdbssilsindicates the importance of subaqueous
marine depositiorHHowever, the occurrence of a striated boulder pavement provides
evidence for ice contact or grounded ice advance, at least logihiy the area (Lépez
Gamundi, 1987). Gonzéalez (198mjarpretedall diamictites in tie Hoyada Verde
Formation as sublacialin origin. LépezGamundi (1987, 1989) and Lop&amundi
andMartinez (2000), however, suggested that massive diamistitiesdeposited by
subglacial processes, while stratified diatités represent deposition from sediment
gravity flows and icebergafting. In our study, some massive diamictites display
gradationatontacts with nderlying dropstondearing mudocks, suggestinthat these
diamictites resulted from either high ratesagbergrain-out or settling from suspension
from meltwater plumesoupled with iceberg rainut. The change from stratified
diamictiteto mudocks containing.evipustulazone fossils indicatesaange from ice
proximal to opermarine conditions. This emgemay represent glacial retreat from the
area, and/or a relative rigesea level (Gonzalez, 1981; L6p&amundi, 1989).

Sandstonexnd conglomerate in the overlying Tres Saltos Formation bhese
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interpreted as braidestreaniiincised valley fills, whth cutdeeply into the underlying
Hoyada Verde Formation during a relatfed in sea level (Buatois and Limarino, 2003).

Paleocurrent orientations taken from the striated boplaeement (clast-axes
and striations) in the Hoyada Verde Formaiiwicae that ice flowed toward the SSW
(Gonzélez, 1981 6pezGamundi and Martinez, 2000). These directions are paxallel
orientations taken from cro$aminations contained withitne finegrained postglacial
sandstones near the top of the formaflaipezGamundi and Martinez, 2000).
4.3.Paganzo Basi® Huaco Area

Glacigenic strata exposed on the northeastern side Bir#oerdillera along Los
Pozuelos Creek, Loma de Los Piojasd in the Agua Hedionda anticline (Lopez
Gamundi et al., 1992,6pezGamundi ad Martinez, 2000; Limarino et al., 20@205;
Pazos, 2002; Marenssi et al., 2005) occur at the base Gidredacol Formation (Fig.
7). These strata were deposited inwestern portion of the Paganzo Basin along the
eastern flank ofhe Protoprecordikra(Figs.5A and5E).

In this area, glacigenic strata rest on striated pavemenitsta@ither Ordovician
Limestone (San Juan Formation) or Ordovigdmiclastic rocks (Los Azules
Formation). The pavement®ntain striations, nailhead striations, atictamline
erosionalfeatures that resemble roches moutonnées. A striated pebble paatnent
occurs within diamictite at Los Pozuelos Creek. dhentation of these structures
indicates that ice flowed toward thdW (LopezGamundi and Martinez, 2000;avenssi
et al., 2005).

4.4.Los Pozuelos Creek
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At Los Pozuelos Creek, a complex succession of diamiatitghymites, and mud
rocks overlies a sloping striated basensmtace cut into limestones of the San Juan
Formation (Marensst al., 2005). Diamidke units consist of decimetaio meterthick
lensshaped bodies of coargeained matrixsupported massivend stratifed diamictite.
Clasts are locally derived and are almmstlusively (90%) limestone. Some of the
diamictites displayglast support, monal grading, inverse grading, and/or deformational
structures including internal shear planes. Erosional suréaxer boulder pavements
separate the diamictites into foureterthick packages that together form a diamictite
complex.Laterally, indivicual packages grade into stratified clinofdiawies, which
consist of dropstonbearing couplets of thinlgedded diamictite and paraH@minated
mudstone. Upwardithin the complex, the packages display a bstelpping oretro-
gradational architectunghere the uppermost packag@aps onto the sloping basement
surface. The diamictite compléxoverlain by metethick stratified facies that consist of
dropstonebearing couplets of thinly bedded diamictite gadalletlaminated mudstone.
Clasts withinthe stratified faciesonsist of both locally derived limestone clasts and
exotic graniteand metamorphic clasts derived from the Sierras Pampdacaigd 50
km to the east. In turn, the stratified facies are ovebdgia meteitthick succession of
mudgone containing thin malbeds and rare fingrained sandstones.

Marenssi et al. (2005) interpreted the diamictites as subg(atatix-supported
massive and sheared diamictites), subaquennsut (stratified diamictites), and
noncohesive sedimegtavity flow deposits (gaded and clasgupported diamiges)that
formed as part of a retrogradational morainal bank. $aoks form along fluctuating

grounding lines of retreating temper&tesubpolar tidewater glaciers (Cai et al., 1997,
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Powelland Alley, 1997). Stratified lithofacies at Los Pozuelos Cneskilted from
resedimentation by subaqueous cohesive sedignavity flows derived from the
morainal bank, debris flows followingtreat of the glacier out of the area, raurt of
debrisfrom icebegs, and settling of fines from suspension. Overlymgistone and marl
have been interpreted to be the result of settiffghes from suspension and carbonate
deposition due tperiods of sediment starvation in op@@rine conditions durinthe
post gla@l transgression following retreat of the ice fr¢eft Limarino et al., 2002;
Marenssi et al., 2005). The glacigesicccession at Los Pozuelos Creek is overlain by
thick sandstoneimterpreted as deltaic deposits of a prograding, postglacial, highstand
systems tract (Limarino et al., 2002).
4.5.Agua Hedionda Anticline

A 50-m-thick glacigenic succession exposed along theHRiaco and in the Agua
Hedionda anticline overlies irregulmpography cut into limestone dfe San Juan
Formation (Fig. &; Lépez-Gamundi and Martinez, 2000; Pazos, 2002; Limaeireal.,
2005). In places, the contact is a polished striated sudAdtbeugh the striated surface at
the base of the section was cledhyg result of subglacial erosion, the origin of the
overlying masivediamictites is ambiguous. Lép&amundi and Martinez (200ahd
Pazos (2002) interpreted the lower portion of the succeasitodgment tills. However,
Limarino et al. (2002) pointed out thiese deposits could also have been deposited as
sedimengravity flows or by ice rafting/iceberg dump in a proximal glaciomasetting.
Stratified diamictites with dropstones were likely deposiigdiebris flows, while mud
rocks represent settling frosuspension. Clasts within both stratified diamictite i

rock facies represent debris released from icebergs (Limarino 2082, 2005).
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Overlying black shales suggest deposition duringpttetglacial transgression, while the
overlying coarseningipwardsuccession suggests deposition from progradingslelt
(Limarinoet al., 2002, 2005; Pazos, 2002).
5. Ice-flow directions and icespreading centers

Ice-dispersal patterns in western Argentina are identified trerorientation of
glacial valleys, striations on bedrock surfaaad boulder pavements, crdasination
and sole marks frorassociated sandstone beds, orientation of channel bodies, clast
compodgtions, and from crosstratification within pogglacialsandstones (Lopez
Gamundi et al., 1994; Kneller et al., 2004/kstra et al., 2006; Marenssi et,&005).
Paleocurrent orientatiomgithin glacial and postglacial deposits suggest a conmaleial
drainage pattern away from tReotoprecordillerandflow away from the area of the
Quaternary Pie de Palo and Famatipéft of the Sierras Pampeas lcated to the east
(Fig. BA). Clasts within diamictites and dropstebearing mud rocks ithe Calingasta
Uspallata Basin consist primarily of sandstdeeived from Middle to Lower Paleozoic
strata now exposealong the western side of the PrecordillerddézGamundi and
Martinez, 2000). However, rare granite, volcanic, metamowoiddimestone clasts also
occur as dropstones near the top ofglaeial succession at Agua de Jaguel, suggesting
that these exoticlasts were rafted in by faraveled icebags. Along the eastemargin
of the Precordillera, conglomerates in the Quebradagieajas paleovalley contain
limestone, chert, volcanic, amaetasedimentary clasts. The limestone and chert were
derivedfrom local limestones of the San Juan Formatiqosed in thevalley walls.
Although volcanic and metamorphic clasts arequotently exposed in the adjacent

Precordillera, the NW paleoflodirections in the paleovalley suggest a provenance in the
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Protoprecordillera (Dykstra et al., 2006). Elsewherengl the eastemmargin, limestone,
sandstone, granite, gneiss, and metamorghgts also occur (Lopeg2amundi and
Martinez, 2000; Knelleet al., 2004; Marenssi et al., 2005; Dykstra et al., 2006).
Paleoflow directions suggest that the granite, gnembpther metamorphidasts were
derived from the east, where they averently exposed in the major part of the Sierras
Pampeanasncluding the Pie de Palo uplift (cf. Lop€&amundi and/artinez, 2000;
Marenssi et al., 2005; Kneller et al., 2004). Sedicssissippian age granitic rocks occur
in the northern portion dhe Precordillera (Limarino et al., 2006), but flow directions
from aroundthe Huaco area indicate icewildrom the SE.

During the late Niaurian, facies and palée-flow patternsuggesthat at least
two ice centers occurred in the Precordilleragion ofwestcentral Argentina (Figs./5
and6). The Protoprecordilleravas likely the location of alpine glaciatioms suggested
by the abundance of paleovalleys, or paleofj§tdpezGamundi et al., 1992; Lépez
Gamundi, 1997 6pezGamundi and Breitkreuz, 1997). Flow directions sugtexdt
another ice center was located to the east on thgeFPalo Arch (cf. LopeGamundi
and Martinez, 2000; Knellet al., 2004; Marenssi et al., 200&)is unknown whether
icein this area was contained within valley glaciers or ifcarcap (<50,000 kA
Sparse data indicating flow off tiff@matina System suggest that an ice center may have
alsooccurred to thearth (Fig. 3A). LopezGamundi and Biitkreuz (1997) suggested
that only small glacial centers were scatteasgslind southern South America at this time.
These centers weligely located on uplifts and arches that broke this portion of
Gondwana into a series of cratonic, retroarc, andeatedbasins (Fig6; cf. Limarino

and Spalletti, 2006). While it hd&en suggested that an ice sheet was present in the
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Parana Basibased on striated pavements and a lack of paleorelief (Roatmgos et al.,
2000), other workers maintain that there tigdievidence that any large ice sheet
occurred in Gondwana at thahe (LopezGamundi, 1997; Isbell et al., 2003).

6. Postglacial transgression

The transition from glacial to postglacial deposits occurs asrort stratigraphic
interval in westcentralArgentina (Fig.9). The transition is recorded by a progressive
vertical changérom diamctites to dropstonbearing mudbcks or rhythmitesnd then
into markbearing mud rocks without dropstones. Thange occurs locally over a few
decimeters (e.g., loPozuelo€reek), or over several tens of meters (e.g., Agua de
JaguelLopezGamundi and Martinez, 2000; Marenssi et al., 2005).

In the CalingastdJspallata and Rio Blanco Basins, tenge from glacial to
postglacial conditions occurs over a stratigmanterval of up to a few tens of meters.
Here, postglaciainudocks upto 100 m thick occur. These nmadks contain thimarl
beds near their base, followed by a coarsenjmngard successiaof interstratifed fine
grained sandstones and mud ro@kg, Hoyada Verde). A flvial erosion surface with
up to 200 nof relief truncates the glacial and postglacial succession in liasges
(Limarino et al., 2002).

In the Paganzo Basin, the glacial to postglacial transitozars over a few
decimeters to a e meters. Along the westemargin of the basin, the postglacial
mudrocks are only a femeters thick. These strata consist of massive and stratified black
mudrocks comaining thin marl beds. The muatks coarsenpward and are overlain by a

thick (tens oimeters) successimf thick-bedded (decimeter to meter) sandstone beds
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interpretedas prograding deltas deposited during a forced regreggidamarino et al.,
2002; Pazos, 2002; Dykstra et al., 2006).
7. Sequence stratigraphy

The glacial and postglaadisuccessions in western Argent{ikég. 9) are
attributed to a combination of forcing mechanismeluding glacial advaneeetreat
cycles, glacieeustasy, andlacioisostasy. In sequence stratigraphic terms, Pazos (2002)
ascribed the basal unconformitythe onset of glaciation andaconcomitant glacio
eustatic fall in sea level. In his scenariodssigned the glacial deposits to the early
portion of a transgressisystem tract. Although this might be true for the Paganzo
Basin,LopezGamundi and/artinez (2000) noted that glacial pavemenithin the
Hoyada Verde Formation suggest that multgikecial advances and retreats occurred in
the CalingastdJspallataBasin, and that glaciers were likely grounded well below sea
level to the west of thBrotoprecordilleraThe change frordiamictites to dropstone
bearing mudbcks signals retreat of thee front durhg deglaciation and likely reftts an
early stage ofransgression (transgressive systems tract; Limarino et al., 2083y.
authors have terpreted the change from dropstdrearingmudrocks to dropstonéee
mudrocks as the resuf rapid marine fhoding during the late stage of transgression
(e.g., LépezGamundi, 1997; Limarino et al., 2002; Pazos, 260®ller et al., 2004,
Dykstra et &, 2006; Marenssi et al., 2009)herefore, they consider marl deposition
synonymous with sedimestarvation (condensed zone) during maximum marine
inundation(Fig. 9). Finally, deltaic progradation is interpreted to hageurred during a
highstand sysims tract, and deltaic progradatemd fluvial incision are interpreted to

have occurred during forced regression during glacial rebound (Bjdalling-stage
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systems tract; Limarino et al., 2002; Pazos, 2002; Kneller &08l4; Dykstra et al.,
2006.

The sequence stratigraphic model for western Argenitimiag the Namurian
glacial cycle assumes that the glacial successi@ns closely linked to continentatale
glaciation, andhat the drivers of glacial sequence stratigraphy were simitivers of
stratigraphic sequences on katitude continentashelves. Powell and Cooper (2002)
cautioned against linkingpparent changes in water depth in glacimarine successions to
eustasy or, in many cases, even to relativdesesd changes. Aan examp®, fining-
and/or coarsenirgpward stratal successioos lowlatitude shelves are typically linked
to changes in relativeea level. However, in a glacarine setting, facies changes and
changes in grain size can be dueitberchanges in water depth changes in proximity
to an ice front without a change in watipth. It is important to point out that the
waxing and wanin@f alpine glaciers and/or iamps associated with the
Protopecordillera would have had little effect on world sea leVekrdore, a wide
range of factors (i.e., eustasy; tectonics; glastide; and local, regionahnd global
climate change) needs be considered when interpreting controls on accommodation
andsedimentation across glaciated basin margins (cf. Powell, Ba@dton, 1990;
Powell and Cooper, 2002).

Although the currently accepted stratigraphic model foPtleeoprecordillera
provides a reasonable interpretation oflemnsylvanian geology in western Argentina,
there are severalconsistencies between modet¢gictions and the observeecord. The
model is valid for continental glaciation where glaedVance and retreat cycles drive or

are synchronous witbustatic changes. However, thetoprecordillerand the adjacent
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Pie de Palo Arch were likely the esibf either alpine glaciem small ice caps. Mass
balance fluctuations of a single ice d&®0,000 krfl) would have produced eustatic
change of no morthan 0.62 m (Isbell et al., 2003). Additional ice caps to theveast
also have had negligible imgtaon world sea level. Therefora, ice sheet of immense
size located elsewhere in Gondwavexing and waning in concert with ice in west
central Argentinas required to make such a scenario work.

The magnitude of subsidence and uplift due to gléagaling and unloading is
dependent on ice volume. Ice shge0,000 km) produce the greatest lithospheric
response wheriéexural subsidence is greatest beneath the center of thledetand
decreasing subsidence outward. Likewise, the greatestint ofpostglacial rebound
occurs beneath the ice sheet dadreases to zero some distance beyond the former ice
margins.Smaller ice volumes produce smaller flexural response, ardpseand alpine
glaciers produce minor amounts of subsidearodyor uplift ¢f. Benn and Evans, 1998).
Glacioisostasy mayave played a role in the creation and destruction of accommodation
space in the basins surrounding Eretoprecordilleraassuggested by the occurrence of
a postglacial forced regressionthe Paganzo Basiand the development of a fluvial
incisionsurface in the Calingastaspallata and Rio Blanco Basins. However,
observations suggest that loss of accommodation spacgresséesst to the west (~200 m
of fluvial incision). This scenario imtenable becauserequires a large ice sheet, and it
also suggestthat the center of the ice sheet would have been locatednev€alingasta
Uspallata Basin rather than to the east. Availalidence indicates that glaeostasy
associated with alpinglaciers in he Protoprecordilleraould not have produced the

observed incision. The importance of ice in the western SiPaapeanas is presently
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poorly constrained. Future study in tihagion may help to resolve issues concerning
glacioisostasy irthis part of @ndwana.

The role that tectonism may have played during and follotiagNamurian
glaciation in western Argentina is unknovdecause all of the basins were actively
subsiding during thigaterval, it is reasonable to assume that tectonic forcing exanted
influence on the stratigraphy. Further studies in wegkegentina, including subsidence
analysis, are required to resolve roles that tectonic, glacial, eustatic, and climatic
driversplayed in contributing to the stratigraphy in this region.

8. Conclusions

Glacigenic strata in therotoprecordilleravere depositeth a glacimarine
environment during the late Namurian witls@dmentary basins (Fig). However,
glacial terrestrial conditionsiay have occurred in the Paganzo Basin during statys
of glacigenic deposition. The glaciation was charactetigeapine glaciation and the
possible occurrence of an ice qa®0,000 krf) to the east in the area of the Pie de Palo
Arch (Fig. 9). Current data do not support the occurrence of an ice EHf&8000 kn) in
this part of Gondwana during the early Pennsylvargarata characterized by massive
and stratified diamictiteglropstonebearing mudocks, and strata containing slump and
slide blocks indicate that deposition occurred inpoximal toice-distal settings, from
settling from suspension out of melt wapdimes, rairout from icebergs, sediment
gravity flows (debrisand turbidity flows), and mass wasting. Sheared diamictite and
striated surfaces suggest that subglacial deposition alsored transition from
glacial depos# to mudocks indicates glaciaktreat and development of sediment

starved marine conditior{&ig. 9). This change may have been due to marine inundation,
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deepening of marine waters, or simply due to retreat dfaocgs out of the various
basins. Bas¢evel fall within all three basinis signaled by rapid delta progradation
(during forced regressiomy by fluvial incision (Fig9). However, the causes for this
baselevelfall are unknown.

Although strata in th@recordilleran area of Argentina arkgreat interest in
understanding the LPIA, because they nthginitial stage of the main phase of
Gondwana glaciation, arigecause of their location along the western margin of the
supercontinenta number of impo&nt questions need further investigatibhese
include: (1) What is the age of the probable Visglacial strata, and under what
conditions were they deposite(?) Did glacial conditions persist from the Visean into
theNamurian? (3) When did glaciatitregin and end during tidamurian glacial stage?
(4) Under what environmental conditiowere the Namurian strata deposited? (5) Did
glacial loadingand unloading play a critical role in the development of the glanil
postglacial stratigraphy? (6) Wihaere the thermal conditiormsd size of the depositing
glaciers? (7) Was an ice sh@e¢sent anywhere in South America during this time
interval?(8) What role did glaci®ustasy, glackisostasy, and/or tectonisphay during
deposition of these strat&hswers to these and othguestions are critical in
understanding the history of Gondwaglaciation and the influence that the LPIA had on
Ear t h 6 s chpnhicalsandcbmlbgjcal systems.
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Figureb. (A) Map showing the location of keyratigraphic sections the Calingasta
Uspallata, Rio Blanco, and Paganzo Basinsdifed from Limarino et al., 2006).
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AguaHedionda Anticline (AH). Arrows show paleege-flow directions.Pale@urrent
data are from Scalabrini Ortiz (1972), Andreis et al. (19/&)ezGamundi and Amos
(1985), Buatois and Mangano (1994ypezGamundi and Martinez (20) Kneller et

al. (2004), Marensgt al. (2005), Dykstra et al. (2006), and this paper. Lin& Nj i s t
line of cross section shown in Figure 2. Inset map shows the locatiba study area
and the location of other basins that contain Lower Penmsgivglacigenic strata
(modified from Isbell et al., 2003; Limariremd Spalletti, 2006). (B) The glacigenic
succession in sequence 1 of &gua de Jaguel Formation; (C) Quebrada de las Lajas,
Jejenes Formatiomedrafted from Dykstra et al. (2006); (Dphada Verde Formation;
(E) Agua Hedionda Anticline, Guandacol Formation, redrafted ffazps (2002). All
section thicknesses are in meters.
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Figure6. Cross section along transedtANig. 1A) showing the tectonic configuration
of the CalingastdJspallataBasin, the Protoprecordillera, and the Paganzo Basin, and the
location and type of glaciers present (modified fiamarino et al., 2006).
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Permianstrata for sites in the Calingadtispallata, Rio Blanco, and Paganzo Basins
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mentioned in théext (units and ages are based on Taboada, 1988z®amundi et al.,
1994; Azcuy et al.1999; LépezGamundi and Martinez, 2003; Limarino et al., 2005).
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Figure9. Time-space diagram summarizing the Carboniferous depositional history of the
Protopecordillera. The line of section traverses the Rio BlansinB&uandacol
Embayment, and theaganzo Basin (see Fig. 1A) (modified from Limarino et al., 2006).
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Abstract

The Agua de Jaguel Formation near Uspallata, Mendoza Province, Argentina, was
deposited within a paleovalley along the southeastern margin of the Calibgasitata
Basin adjacet to the Protoprecordillera. The basal glacigenic sequence of the formation
was deposited in th®erpukhovian Early Bashkirian, near the beginning of the late
Paleozoic ice age. The sequence is composed of diamictite, conglomerate, sandstone,
and mudock and records four depositional stages within a paleofjororainal bank
deposition by a webased tidewater glacier, 2. glacial retreat succession where ice
retreated up the fjord out of the immediate area, allowing iceberg deposition of
dropstonesaind dump deposits, 3. continued glacial retreat with ice receding onto land,
allowing a shoreface to develop within the paleovalley, and 4. transgression across the
shoreface and resumption of iceberg deposition. The thickness and facies of this
successio are similar to deposits within modern Alaskan fjords housing temperate

tidewater glaciers. Comparison of the Agua de Jaguel Formation with Alaskan fjords
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indicates that sequence stratigraphy used for low latitude deposits must be applied with
caution, a8 glacimarine ice retreat within a fjord produces strata surfaces that are easily
misidentified as flooding surfaces resulting from changes in water depth. Likewise, the
transgression during stage 4 is significant as it indicates a rise in sea levettiratd
duringglaciationof the Protoprecordillera, thus suggesting thattransgression between
stage 3 and 4 was not driven by input of glacial meltwakelditionally, the sediment
geochemistryndicates that the bottom waters of the paleovalleseva@oxic, which may
help explain the absence of bioturbation in the sequence as well as in other ancient
glacimarine paleovalleys. The deglaciation succession and transgression are also
recorded in the nearby Hoyada Verde and Tramojo Formations, swopissed that all
three formations record one glacial event in the Protoprecordillera. Overlying fluvial and
shallow marine strata in the Agua de Jaguel, Hoyada Verde, and Tramojo Formations
show no indication of continued glaciation in the Protopretierdifollowing stage 4 and
equivalent strata. The deglaciation succession of the Agua de Jaguel Formation affirms
the emerging concept that the late Paleozoic ice age was characterized by alpine glaciers,
ice caps, and small ice sheets that were notimeaesough to have driven eustatic
fluctuations of 100 m+ as previously understood, and that ice never covered westernmost
Gondwana during later LPIA events.
Keywords: Agua de Jaguel Formation, Protoprecordillera, late Paleozoic ice age,
Argentina
1. Introduction

The late Palaeozoic ice age (LPIA) is one of the most significant icehouse

intervals in Earthdés history because the
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significant effects on Earthds -physical
Caboniferous to miePermian. These effects include: 1) cyclic eustatic change that
formed the palaeoequatorial Euramerican cyclothems, 2) a seco@dmass extinction,
3) retarded rates of origination and extinction, and 4) dominance of terrestrial plant
adapted to subhumid to everwet conditions (Frakes et al., G2&2aldo et al., 1996;
Stanley and Powell, 2008jontafiez and Soreghan, 2006; Montafiez et al., 2007; Isbell et
al., 2008b). Further, the LPIgrovides the last complete record of the tramsifrom
icehouse to greenhouse conditions on a vegetated Earth (Gastaldo et al., 1996), and
therefore serves as a proxy for Earthos
state.

During the IPIA, glaciation occurred iboththe southern hersphere over
Gondwana and in the northern hemisplareéheSiberian crustal block (Frakes and
Crowell, 1969; Chumakov, 1994The LPIA commenced over Gondwana in preskay
western Argentina in the Visean (middle Mississippian), with its maximum exiémtsi
region occurring during the Namurian (Serpokian to early Bashkirian: Late
Mississippiarto Early PennsylvaniarLimarino et al., 2006; Henry et al., 2008;
Gulbranson et al2010. In the latest Carboniferous through Early Permian, glaciation
shifted southeastward and reached its acme as individual ice centers occurred across
eastern South America, South Africa, Antarctica, Australia, India, southern Asia, and the
Arabian Peninsula as Gondwana migrated across the South Pole (Laskar and Mitra, 197
Caputo and Crowell, 198&%arzanti and Sciunnach, 199Gpez Gamundi, 1997; Visser,
1997;Wopfner and Casshyap, 1997; Collinson et al., 18®&ll et al., 2003a; Fielding

et al., 2008; Martin et al., 2008). The main phase of the LPIA ended né&zakimarian
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Artinskian boundary (Early Permian), when Earth began transitioning into a greenhouse
state; however, small ice sheets, ice caps, and localized alpine glaciers continued in
eastern Australia until the Capitanian (Bembrick, 1983; Bamberry 4085, Fielding et
al., 2008).

The traditional understanding of the LPIAti&t a single, supercontinesized
ice sheet covered Gondwana for over 90 Ma (Ziegler et al., 1997; Hyde et al., 1999).
Many reconstructions display ice extending over much efd@@na throughout the
LPIA, and even recent models show that ice covered western Argentina throughout the
Carboniferous and Permian (e.g., Scotese, 1997; Scotese et al., 1999; Horton and
Poulsen, 2009). Climatic fluctuations affecting the mass balanbe iofe¢ sheet were
considered to have resulted in Milankovitale eustatic chges of as much as 14@0
m andcontributed to the development of Pennsylvanian-bealing cyclothems in the
present northern hemisphere (Wanless and Shepard, 1936; H&8&IRygel et al.,
2008). However, recent modeling by Horton and Poulsen (2009) questions whether large
ice sheets would have been capable of producing such changes in sea level due to
Milankovitch forcing. Expanded fieldwork on Gondwanan glacigeniosiép has
recently led to the interpretation of multiple, smaller glaciers during the LPIA, with small
ice sheets, ice caps, and alpine glaciers waxing and waning across Gondwana (Dickins,
1997;Lépez Gamundi, 199Tsbell et al., 2003a; Fielding et alQ@3; Henry et al.,
2008). Improved chronostratigraphic control of LPIA glacigenic deposits is revealing
thatthe LPIA consisted of numeroshorter glacial intervals of-& My duration
separated by neglacial conditions of equal duratioRiélding et al. 2008; Stollhofen et

al., 2008;Gulbranson et al., 20).0
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The Agua de Jagiel Formation was deposited during the LPIA in paegnt
westcentral Argentina (FigL0), which was located on the southwestern margin of
Gondwana, at an estimated palaeolagtot40°- 50° S(Scotese and Barrett, 1990;
Torsvik and Cocks, 2004; Blakey, 2008However, econstructions by Lawver et al.
(2007) place the basin between 50 to 6palBeolatitude during the Namurian
(Serpukovian to Early Bashkirian)The glacigenisequence of the formation described
in this paper was depositedtimre Namurian, when glaciation was at its maximum over
western Argentina but had not yet expanded across central and western Gondwana
(Glacial 11 of Isbell et al., 2003b)The goals of thd paper are to characterize the
lithofacies of the glacigenic sequence in Agria de Jaguel Formatipmterpret the
depositional setting based on sedimentary featunggeralogy X-ray diffractior), and
bulk geochemistryx‘ray fluorescence analy3$jsnd thereby elucidate glacial dynamics
and climate changes during this tim& detailed sedimentologic analysis of the glacial
retreat succession of the Agua de Jaguel Formation enables the development of glacial
sequence stratigraphy of the region an@téel understanding of how glacigenic facies
signal glacial dynamics in ancient environments. This will allow for refinement of high
latitude proxy records for glacial advance/retreat cycles and glacioeustatics during the
late Palaeozoic. Furthermoredsaentologic and stratigraphic analysis of this formation
will test the emerging concept that Gondwana was glaciated by small ice sheets, ice caps,
and alpine glaciers that waxed and waned ov8rMy timeframes, and that this area was
not glaciated durinthe Late Pennsylvanian and Early Permian, thus refining the history
of the LPIA in this region of Gondwana.

2. Geologic Setting and Stratigraphy



68

The Agua de Jagiel Formation was deposited along the present eastern margin of
the CalingastdJspallata Bag, adjacent to a late Palaeozoic mountain range, the
Protoprecordillera (Figll). The Protoprecordillera was a fetfarust belt that is now
overprinted by the Precordillera, an active Cenozoictiotdst belt located just east of
the Andes. The Protogcordillera formed as the Chilenia terrain accreted to the western
margin of Gondwana from the Middle Devonian to Early Mississippian {#)g.As a
result, the Calingastdspallata Basin developed as a peripheral foreland basin on the
western side ofte Protoprecordillera (Ramos et al., 1984, 1986; Limarino et al., 2006).
During the Mississippian, the Calingastapallata Basin transitioned into a baaic
basin as subduction shifted westward, encasing the basin between a volcanic arc on the
west andhe Protoprecordillera folthrust belt on the east (Azcuy et al., 1999; Limarino
and Spalletti, 2006; Limarino et al., 2006). Termination of Protoprecordillera uplift was
marked by Rio Blanco tectonism that resulted in an unconformity that cuts actess ol
strata in the Calingastdspallata and neighboring Paganzo and Rio Blanco Basins (Fig.
10, Limarino et al., 2006). Along the eastern margin of the Calingdspallata Basin,
the Rio Blanco unconformity separates highly deformed Upper Devonian and
Mississippian strata below from latest Mississippian and younger strata above.

The Protoprecordillera formed a topographic high from which alpine glaciers
nucleated during the Namurian (Limarino et al., 2006; Henry et al., 2008). Glacigenic
strata were deosited in both palaeovalley and open marine settings and are identified in
the three basins that surround the Protoprecordillera: the CalifggsédlataRio
Blanco, and the Paganzo Basins (Figy. 16pez Gamundi, 1997; Henry et al., 2008).

These baswrecord glacigenic sedimentation followed by mudrock deposition that
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formed during a pogglacial transgression at the end of the Namurian (Limarino et al.,
2002), although data from the Agua de Jaguel Formation (discussed below) indicates that
glaciers vere still present at the beginning of the transgression. The transgressive
deposits are incised by a regional unconformity that extends throughout the three basins.
Above the unconformity, regressive sandstones and mudstones were deposited in the
Paganzdasin, and incised valleys filled with fluvial and shallow marine shelfal deposits
occur in the Calingastdspallata and Rio Blanco Basins.

Three depositional sequences have been identified in the Agua de Jaguel
Formation: a lower sequence containing @anic deposits and two overlying sequences
containing fluvial and shallow marine deposits (Ciccioli et al., 2008; Henry et al., 2008).
The lower sequence is greater than 530 m thick, contains diamictite, conglomerate,
sandstone, and mudrock (Henry et2008), and is analyzed intdd herein. Namurian
spores have been identified from the lower glacigenic sequence (Césari, personal
communication). In the two overlying fluvial and shallow marine sequences,
brachiopod¢Costatumulus amasigastropods,itsalves, cephalopods, and corals have
been identified in mudrock, constraining these strata as Pennsylvanian to Lower Permian
(Amos and Rolleri, 1965; Taboada, 1985, 2006). However, a dacitic lava at the base of
sequence 3 returned a date of 307.2 + 5a2(Mech, 2002; Koukharsky et al., 2009)
indicating a Middle Pennsylvanian (Moscovian) age for the middle portion of the
formation.

The lower two sequences of the Agua de Jaguel Formation were deposited in a
palaeovalley/palaeofjord cut into Mississigip and older siliciclastic bedrock of the

Protoprecordillera (Henry et al., 2008). An angular unconformity separates the basement
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rocks, which are highly deformed due to Rio Blanco tectonism, from overlying Agua de
Jagiel strata. Although the base @& thrmation is not exposed, the older, deformed
basement rocks form the walls of the palaeovalley. Based on the geometry of the Agua
de Jaguel outcrop, the palaeovalley is estimated to be greater than 700 m deep and up to 5
km wide (Fig.12).
3. Study Area and Methodology

The Agua de Jaguel Formation is located 17 km northeast of the town of
Uspall ata, Mendoza, ab, 1% SBafigthphk BeGtionswfthé 9 U 1 4
formation were logged through three different exposures in the formatigs 12i 13).
Palaeoflow measurements were collected using a Brunton compass and were corrected
for structural dip. Pebble counts noting lithology, rounding, and sphericity were recorded
frompebbles O 4 mm in diameter, and apparent
pl anes was measured for pebbles O 2 c¢cm in
Formation have been lightly metamorphosed as a result of Cenozoic deformation and
therefore are peasively cleaved and dip at ~90#h anorth-southstrike The outcrop
belt is essentially oriented perpendicular to depositional strike.

Mineralogical and geochemical analyses of mudrock and marl from the glacigenic
sequence of the Agua de Jagiel Foromatvere conducted usingray diffraction (XRD)
and xray fluorescence (XRF). Seven samples of mudrock and marl were analyzed by
XRD and XRF, and samples were numbered based on the logged section and elevation in
the section. For example, sampl@38 was from Log 1, at 258 m in the logged section
(Fig. 13). Samples were first powdered in a tungsten carbide shatterbox. XRD analyses

of random powder mounts were obtained using a Bruker D8 Focus XRD (Cu Ka
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radi ati on, 0.i80° mngg BaK en@rgydidparsiz detect@pitial
mineral identification was done by comparison to the International Centre for Diffraction
Data PDF database, arelative abundances were determined by quantitative Rietveld
analysisu si ng Br uker 0s FOTXBPa#&8ysis, samples wareedried for 8
hours at 105 €, and then 1.000 g of sample was mixed with 1 g ammonium nitrate
(oxidizer) and 10.000 g LiT:LiM flux with an integrated LiBr naretting agent. From
the mixture, a glass bead was made using ai@itenroutine on a Claisse M4 fluxer
(maximum temperature ~108@C). The XRF measurements wenack using a Bruker
S4 PioneelWWD-XRF spectrometeiand results were computed using a calibration curve
based on 11 USGS rock standart¥®ore detailed method#ncluding error
determination, are presented in McHe(2009.
4. Facies Analysis

Sequence 1 of the Agua de Jaguel Formation can be divided into four groups of
facies: diamictite (massive, weakly stratified, and bedded diamictite), conglomerate and
sandtone, pebbly mudrock, and mudrock and sandstone. Lithological classifications for
poorly sorted sedi ment were made according
sediment sortingDescriptions and interpretations of the four facies are organized in
Tade 1.
4.1. Diamictite Facies

The diamictite facies forms a thick interval at the base of the sectiorl@ig.
4.1.1. Diamictite Facies Description

Diamictites occur as assive to weakly stratifiei bedded (cm to m scale). The

diamictites range from aktpoor (<5% clasts) to clasich (>5% clasts, cf. Moncrieff,
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1989), and clast richness fluctuates horizontally (m scale) and changes vertically both
abruptly and gradationally (cm to m scale). The diamictites are nzafpgorted, with a
matrix compose of mud and fine sand (Fi$j4). Basal contacts are sharp to gradational
with adjacent units Clasts within diamictite are most commonly sandstone and quartz,
but shale and granite clastselyoccur (< 1% of clasts in the sequence). Approximately
20%of clasts are striated. In clast counts (n=100), 64% of clasts are quartz, 36% of
clasts are sandstone, average diameter is 1.8 cm (ranging from 4 mm to 8 cm), average
sphericity is 0.75, and average roundness is 0.69 using visual estimates based on
Wadd | 6s (1932) s bimdeds of massivk@and hdriznmadyl ldminated t
sandstones ith solemarked bases are interbedded within the diamictite facies (Fig.
14E).

Massive diamictites, 1L 6 m thick, exhibit no stratification or bedding. Howeve
occasional dewatering structures (dish and pipe structures) are presevere
observable due to an increase in sorting within the structiifesse units occur as clast
rich (Fig. 14A) and clasipoor diamictites.They are in sharp to gradationahtact with
adjacent units of weakly stratified diamictite, bedded diamictite,ssamel and
conglomerate Typically these strata are deformed.

Weakly stratified diamictites contain eseale wisps of sand, faint laminations,
and/or crato m-scale beddig (Fig. 14B). The diamictits may be 0.5 to severaleaters
thick and may consist of clapbor to clastich diamictite. These units often grade both
vertically and laterally into clagioor to clastich massive diamictite, which together
may contain itercalations of structureless pebbly sandstone and londstamiag

laminated mudrockClasts in both the weakly stratified diamictite and mudrock units are
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preferentially oriented with long &% at high angketo bedding, and some clasts penetrate
laminations.

Bedded diamictite consists of distinct bedshwfifyy (3-10 cm thick) to thickly
(10-cmi 1m thick)bedded clastpoor and clastich diamictite(Fig. 14C, D). Basal and
upper contacts are sharp with underlying and overlying units, and the lesg@faxiasts
show no preferential orientation. These diamictites are interstratified with massive and
weakly stratified diamictite, sandstone, and conglomerate. Individual beds can be traced
for several tens of meters.

The diamictite interval is profusetleformed, with cmto m-scale slumps (Fig.
14F), slides, and folds. Some slumps are stacked, suggesting that they slid on top of each
other. Many slumps end in fold noses, and it is common foi 3 cm thick bed of fine
to coarsegrained sand to emse the fold. In Log 1, analysis of the folds reveals that the
slumps appear to have slid to the north or northeast. Load structures, such as undulating
basal contacts, are also common within sandstones contained in the facies. Finally,
dewatering struares, such as pipes and dish structures, also occur in sandy portions of
diamictite.
4.1.2. Diamictite Facies Interpretation

Diamictitesweredeposited in ice proximal settiny a combination of the
following processes: metiut from the glacier frontain-out from meltwater plumes,
iceberg rafting, and sediment gravity flows (slides, slumps and debris fldtessive
diamictites can be deposited by several methods (including a combination of the
following): 1) rainout of clay to bouldersized sedimat from icebergs, 2) rainut of

clay, silt, and sand from meltwater plumes emanating from the glacier temwithus
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clasts introduced by ice raftingd) subaqueous debris flows, 4) maltt of material from

the base of the glacier near the grounding lmel, 5) iceberg turbation (Anderson et al.,
1983 1991, Eyles et al., 1985; Moneff and Hambrey, 1990; Hambrey et al., 1991,
Dowdeswell et. al, 1994; Visser, 1994; Woodwerimas and Dowdeswell, 1994; Smith
and Andrews, 2000; Evans and Pudsey, 2002¢akly stratified diamictites are likely
produced by a combination of settling from meltwater plumes with clasts introduced as
iceberg rafted debris (Visser, 199/8edded diamictites are deposited by cohesive debris
flows (Lépez Gamundil991) Debris fows commonlyemanate from the grounding

line, an unstable environment where activity such as calving, pushing, and squeezing
takes place in front of the glacier (Powell and Domack, 2002). Howedvjty such as
waves from storms, release of biogenis,gaock due to calving icebergs striking the
substrate, and movement from earthquakes can also instigate debris flows in a
glacimarine environmentDeformation such as slumping and folding occuirethe
diamictitesas material slid downslopand foldng occurrediue to frictional differences
along the basal surface of the bed as it moved across the substrate (L6pez Gamundi,
1991). Deformation caused by slumping such as folding and buckling often resembles
tectonic deformation when the original sedinaey features are often preserved
(Woodcock, 1976).

Due to the thickness (Fig$3, 14D), interfingering with multiple facies and
subfacies of diamictite, and deformation (FigF) in the diamictite interval, it is
interpreted thatitial depositiorwasprobablyalong a morainal bardt the terminus of a
wet-based tidewateglacierthat occupied the padovalley. A morainal bank is an

elongate mound of diamictite, conglomerate, sandstone, and mud that forms from rapid
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sedimentation in front of a groundedewater glacier (Powell, 1981; 1983; Powell and
Molnia, 1989; Powell, 1990; bardore subenvironment of Cai et al., 199®Many

different depositional processes work together to form a morainal bank, such-asitmelt
from the glacier, rakout from icebergs, meltwater stream deposition, and pushing and
squeezing from glacial advance. Subsequent resedimentation as gravity flows occurred
due to the slope of a morainal bank and as the glacier front advanced and retreated
creating instability of bank degits(cf. Powell and Domack, 2002Many of these
processes are evident in the lower diamictite interval in the Agua de Jaguel Forrration.
studies of modern glacimarine settinggrainal banks have been recorded as thick as
175 m (Cai et al., 1997)Because the basal diamictite unit is up to 150 m thick and
contains only rare amounts of mudrock, deposition solely fromonatims unlikely.

The high roundness and sphericity average values indicate that clasts have
endured extensive weathering, whisicommon in glacial environments and likely are
the result of multiple cycles of transport within glacial and glacially influenced systems.
Sandstone clasts were eroded from the Lower Palaeozoic sedimentary rocks that formed
theProtoprecordillerand quatz and granite clasts were derived from nalLate
Carboniferous granitic intrusions in the Protoprecordillera (Azcuy et al., 1999).

Slumped diamictite formed from remobilized cohesive debris flow deposits, and
orientations of some of the slumps mayéassulted from the geometry of the
palaeovalley.Debris flowsare common around morainal banks, whichuargtable
environmerg due to the high sedimentation rate and glaaitivity such agalving of
icebergs and pushing and squeezing by the glaciet(Powell and Domack, 2002).

The rim of sand blanketing the slumps may have been deposited by turbidity currents or
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hyperconcentrated flows that resulted from mixing of the top of the debris flow with the
surrounding fluid (cf. Mulder and Alexander,@Q Winsemann et al., 2007 The
north/northeast flow direction of the debris flows from the southern side of the formation
may have been caused by the southwest palaeovalley wall @rigAs material was
shed off the morainal bank at the southerna@rttie palaeovalley, sediments flowed
away from the wall and down the axis of the palaeovalley.
4.2. Conglomerate and Sandstone Facies

The conglomerate and sandstone facies is interbedded with the diamictite facies
and thus occurs throughout the lowertfmm of the sequence.
4.2.1. Conglomerate and Sandstone Facies Description

The conglomerate and sandstone facies consists of sandy conglomerate-and fine
to coarsegrained sandstone (Fifj5). Conglomerates are clasipported with a sandy
matrix (Fig.15A). Clast sizes range from 4 mm to 29 cm in diameter. Clast counts
reveal that the average clast size is 2.4 cm in diameter (n = 50). Conglomerate bedding
ranges from massive (rare), to 10 cm thick beds (&8), to up to 50 cm thick beds.
Basal cordicts are sharp or erosive. Upper contacts of conglomerate are typically sharp
but occasionally gradational when conglomerate passes up into diamictite.
Conglomerates form sheets that are laterally extensive but, when traced several tens to
hundreds of mers laterally, eventually pinch out into the surrounding diamictite.
Internally, conglomerates are massive, normally graded, or inversely graded. Thinner
beds (~10 cm thick) are typically normally graded, whereas some thick beds (~50 cm) are

inversely gaded. Occasionally, conglomerates are trough 4r¥edded.
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Sandstone is firgo coarsegrained, and bed thickness ranges from 5 cm to 50
cm. Current structures usually are not visible within sandstones (structureless), however,
faint to well develope laminations often appear ¢-i13C), and crossamingions also
rarely appear (Fig. I3). Laminated sandstones contain some clasts that penetrate
laminations. Dewatering structures (flame structures, dish structures, pipes) were also
identified. Sandsne bed contacts are sharp except where conglomerate grades into
sandstone, and where thin sandstone | ayers
underlying diamictite.

A 48 mwide, 15 mthick channel composed of alternating conglomerate and
sandstae beds occurs in the southern side of the outcrop belt for the Aglag el
Formation (Log 1, Fig. 13 The channel has erosional basal and lateral contacts with
surrounding claspoor diamictite. Conglomerate in the channel exhibits trough cross
beds and the sandstone has sharp basal contacts with underlying conglomerate and
contains primary current lineations. The channel is normally graded along its edges, but
conglomerates appear massive in the center of the channel.
4.2.2. Conglomerate and Sarstone Facies Interpretation

The conglomerate and sandstone facies was deposited by a combination of
processes occurring in a grounding line fan: 1) effluent flow emanating from the base of
the glacier, 2) settling from suspension where subglacial jets tedimat, 3)
hyperconcentrated density flovanyd4) possibly from densitgriven underflows
Groundingline fans are composed of outwash sedimemging from clay to gravet
size, andans build up by input from outwasimdsediment gravity flowgPowell, 1990)

Outwash enters the seaedfluentjetsexit the glacier from either an englacial or
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subglacial position. Tésejetsofwat er f | ow t h meltadgphathwéspritee s 6, o1
glacier. Sediment buildup or freezing water can block the pipktreerefore flow is

often episodic. Furthermore, glacial discharge can fluctuate according to seasonal
temperature patterns and even fluctuate according to the lunar tidal cycl€¢eugn

and Powell, 1990Cowan et al., 1999). Deposits resulting frepisodic flow will

therefore hava range ofjrain size, which records fluctuations in discharge during
deposition After water exits the glacier, flow is turbulent, driven by momentum flux.

The jet will flow along the substrate for up to 13.4D, wHaris the diameter of the
subglaciabipefrom whichthe jet exitedPowell, 1990) Additionally, the higher thget
discharge, the longer the jet will stay in contact with the substraeheraway from the
discharge point, sand and gravel deposite tak form of sheets and/or eudHill

geometries, the latter forming if the poof efflux migrates laterally. As velocity in the
unconfined jet diminisheshe jet willdetach from the substrate anansition into a

buoyant plume when buoyancy flllecomes dominant over momentum fl®ace the

jet has transformed into a plume in the zone of detachment, fine sand, silt, and clay rain
down from the plume. In Alaska, growtaites forgrounding linefansassociated with
temperate tidewater glaciers astimatedup t010° m*yr (Powell and Molnia, 1989).

Where basal contacts of conglomerate and sandstone beds are erosive, deposition
occurred due to sedimentation from an effluent jet. Sandstones that have sharp basal
contacts and are normally graded weeposited by unconfined flow just upstream from
the detachment point, or by ramut from a meltwater plume just downstream of where
the plume becomes buoyant. However, massive sandstone with sharp basal contacts was

likely deposited by hyperconcentrateensity flows (cf. Mulder and Alexander, 2001).
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Inversely graded conglomerates were deposited by grain flows, because finer grains are
sieved to the bottom and back of a grain flow as it travels over the substrate (Middleton,
1970; Parsons et al., 2001).
4.3. Pebbly Mudrock Facies

The pebbly mudrock facies occurs between diamictite intervals in Log 2, above
the diamictite interval and passing up into mudrock and sandstone in Log 1 and 2, and
above an interval of mudrock and sandstone in Log 3 at thef thp glacial sequence in
the Agua de Jaguel Formation (Fig).
4.3.1. Pebbly Mudrock Facies Description

The pebbly mudrock facies consists of claystone and siltstone containing outsized
clasts, rare fineand mediurgrained sandstone, and rare m&ig(16). Siltstone and
claystone are dark grey to olive in color, and bedding ranges from massive to 5 mm thick
beds. In places, siltstone and claystone are rhythmically bedded §Rijg.
Occasionally, siltstone and claystone exhibit slumps, sligeisfadd structures. Clasts
are 4 mm to 30 cm in diameter, but most commonly in the pebble range (4 to 64 mm).
Clast frequency varies, but pebble content is always less than 3% of rock volume. Clast
lithologies are predominantly sandstone and quartdjrbastone and granite clasts occur
rarely. From clast counts in pebbly mudrock, clasts are 82% sandstone, 18% quartz, and
have an average diameter of 6.9 cm (n=50). Approximately 25%si§ @re striated
(i.e., Fig. 1@), and are rarely (less than 1%ayeted and polished. Overall, clasts do not
exhibit a preferred orientation, but many clasts have long axes that are oriented at high
angles to bedding and downwarp or penetrate stratification. Wisps or clumps of fine and

mediumgrained sand, less thda@ cm across, occur rarely. In Log 1, marl occurs within
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an interval of mudrock with occasional pebbles. The marl is composed of micritic
limestone without observable fossils. Body fossils and bioturbation were not observed in
this facies.

Fourteen pds composed of diamictite, conglomerate, and sandstone occur within
the thickmudrock intervabverlying the basal diamictite ur{ftig. 16C). The pds are
lensshaped and range from 50 cm to 2 m in diameter. The pods occur throughout 15 m
of section, ad several pods are stacked en echelon against each other. Between these
stacked pods is mudrock containing outsized clasts. The pods are typically normally
graded, ranging from conglomeratefatbase to fine sandstonetaetop; however,
most beds armoderately normally graded diamictites, and some pods are simply
composed of massive sandstone. No current structures were observed in the pods. The
pods do not have erosional basal contacts, yet the surrounding mudrock bedding appears
deformed by the dse and sides of the pods. From clast counts in the pods, the average
dip angle is 40U (n = 25, 0 =a#sxdpghngleand 72%
greater than 20° (angles are rotated back to horizontal to account for 80%aip
succession A clast fabric analysis (n=25) was done for clasts on the top of a bed, where
the azimuth of the-axes of clasts were measured (cf. Visser, 1994). Upon rotating the
measuremest the average dip angle was ~4%he stratigraphic interval containing the
coarsegrained pods grades laterally, over a distance of 400 m to the north, into an
interval of clastrich finely stratified to massive diamictite intercalated with structureless
pebbly sandstone and laminated mudrock containing lonestones.

4.3.2. PebblyMudrock Facies Interpretation
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The pebbly mudrock facies was deposited by a combination of suspension settling
and rainout from floating ice. Siltstone and claystone were deposited from suspension
settling of fine particles, and rhythmic bedding of clang siltstone suggests either
turbidity current or tidal action. A single siltstone/claystone couplet may represent distal
deposition from underflow currents or tidallyfluenced settling from suspension out of
meltwater plumes (Cowan et al., 1999). 188, slides, and folds formed from soft
sediment deformation as mud with high water content resulting from high sedimentation
rates moved downslope (Boulton, 1990). The combination of mudrock and pebbles
formed from multipl e tgwoa cd onmapr d meen tp rmicxeismgeds
Domack, 2002), because in addition to elayd siltsized particles settling from
suspension, clasts were deposited from-aainfrom floating ice, likely icebergs that
calved from a tidewater glacial terminus. Simyawisps and clumps of sand were
deposited from melbut from floating ice and represent sediment that underwent sorting
due to differences in settling velocities through the water column. Clasts that bend and
penetrate stratification are classified agpditones (cf. Thomas and Connell, 1985). Clast
lithologies of sandstone, quartz, and granite indicate provenance from the
Protoprecordillera (Azcuy et al., 199%Rare limestone clasts may have originated from
the Ordovician San Juan Formation locateth®east and north of this portion of the
Protoprecordillera and could have been transported into the mouth of the palaeovalley
from icebergs that originated from that region of the Protoprecordilléna.striations
and polished and faceted surfacéthe larger clastsdicatea glacialinfluence(Gilbert,

1990) The presence of marl stratigraphically adjacent to outsized clasts is

counterintuitive, as the presence of marls has been interpreted as indicators of sediment
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starved conditions within theseiccessions (e.g., Lopez Gamundi, 1997; Pazos, 2002).
However, it is quite feasible that marl marks an interval of iceaatrquiescence when
carbonate deposition occurred through pelagic material settling through the water column
before dropstone depition resumed (see discussion below).

The pods were deposited by raiat from ice, because normal grading, absence
of current structures, and high clast dip asgleggestieposition through the water
column (cf. Domack and Lawson, 1985). The presehoeatsized clasts in the mudrock
between pods also indicates that +aurt was occurring at the time of pod deposition.
The deformed contacts between the pods and surrounding mudrock suggest that the
muddy substrate failed under the weight of the pochsenlis. Furthermore, pods
resemble iceberg dump structures (e.g., Thomas and Connell, 1985) because of their
elongated geometries and coarse texture in contrast to the surrounding miirogx.
structures form from icebergs that become unstable as tHegmdethus roll over in the
water column, dropping loose sediment from their upper surface diateithe substrate
(Ovenshine, 1970; Anderson et al., 1980). Following deposition as dumps, the pods
likely experienced slightesedimerdtion as they slid,Jsmped or floundered into the soft
substrate.The relatively flat upper surfaces of the pods in contrast to a conazaid
shape ¢ensurhomas and Connell 1985) signals some sort of resedimentation. The
resedimentation was likely syndepositional witeherg dumping; as the sediment
reached the sea floor likely slid or slumpeddown thepalaeoslopeandsunk into the
soft substrateLateral to the pods, clasth, weakly stratified and massive diamictite

with clasts penetrating stratification repnesdeposition by iceberg rafting and settling
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from suspension. The lateral facies changes along the outcrop indicate how localized
different depositional processes may have been within the fjord.
4.4. Mudrock and Sandstone Facies

The mudrock and sanse facies occurs above the thick diamictite interval in
Logs 1 and 2 and composes the majority of Log 3 (B3y.

4.4.1. Mudrock and Sandstone Facies Description

The mudrock and sandstone facies consists of claystone and siltstone, with
occasionabcaurrences of marl and interbedded very fit,emediumgrained sandstone
(Fig. 17). Claystone and siltstone are dark gray to olive in color, and bedding ranges
from massive to 5 mm thick beds. Rare slumping is observable in the siltstone. Marl
occurs aboth beds and oblate concretions, composed of micritic limestaheuti
observable fossils (Fig. Aj. Bioturbation is absent from the facies.

Sandis fine- to mediumgrained anaccurs in both lens and sheet geometrssts.
the base of the section, beafdine sandstone progressively extend farther south (Fig.
17B). Sandtonebeds are frequently deformed, often slumgeldled, loaded, or
boudinaged (Figl7C, D, B. Boudinaged structures typically occur at the base of
sandstone bodies. Some sandstoodies at the base of the coarsening upward
succession pinch out alptly (Fig. 1B) or occur as isolated blocks within mudstone.
Cross laminations, cross bedding, plane bedding and hummocky crosxbeds
frequently although some beds are massik#eimmocky crossstratification occurs in
very fine sandstone near the base of the thick coarsening upward sandstone unit at ~425

m, Log 3. Upwards, trough cross bedding becomes domidaldtitionally, very fine
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sand often appears to be rhythmically bedd#d siltstone. Ripup clasts of mudrock
were observed in one bed of fine sstotie
4.4.2. Mudrock and Sandstone Facies Interpretation

The mudrock and sandstone facies exhibits no glacial indicators, which suggests
that the facies was deposited in #iesence of glaciers and icebergs in the palaeovalley,
or were isolated from the direct influence of glaciers or floating idee presence of
marl has been used previously to suggest clastic starved conditions (LoOpez Gamundi,
1997; Pazos, 2002), amiineralogical and bulk geochemicahalysis (below$uggest
that terrestrial sedimentation was still occurring, but at reduced levels, when marl was
deposited.Where mudrock is dominant, fine sand beds signal underflow deposition,
perhaps from meltwater emeating from the base of a terrestrial glacier or from streams
entering from the sidewalls of the palaeovalley. Fold structures in the very fine sand
were generated by failure of the substrate and sliding of the body down the palaeoslope.
Sand boudins fored at the base of sandstone bodies due to the ductility contrast between
the sand and surrounding mud as the material was stretched and sheared along glide and
slide planegWoodcock, 1976) Abrupt lateral termination of sand bodies and sand
bodies encaskanomalously in mudstone also suggest instability of the substrate and
downslope sliding and floundering of deposits within the fjord.

In contrast, where sandstone forms thick units and exhibits humnaaditsough
crossstratification(Log 3), sandstoneas depositedbovestorm wave bas® normal
wave baseBoulton (1990) reports that storm waves in protected fjords rarely occur more

than 20 m below selavel, so it can be assumed that the sandstone was probably

deposited (initially) in water depths & 2 0 m. Def ormed, massive
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resedimented blgyperconcentrated densitpws. The coarseningpward shale to
sandstone successiand the upward change from hummocky cross stratification to
trough cross beddingear the top athe sequence ggests that a shoreface prograded
downor acrosghe fjord. Additionally, the geometry created by fine sandstone beds
progressively extending further south at the base of the succession indicatedgpi@yra
of these deposits (Fig. BY.
5. X-ray Diffrac tion and FluorescenceAnalysis

A mineralogical andieochemical study ohudrocls and marls of the Agua de
Jagiel Formatiowas conducted usingray analysis to help constrain sediment sources
and oxygenation of the water column in the palaeovalley. gladmmonly used as a
signal for clastic sediment starvation in these deposits (i.e., Lopez Gamundi, 1997; Pazos,
2002), andk-ray diffraction XRD) analysiscantest this assumption by indicatiifghe
minerals present ad likely terrestrial or marinerigin. If only minerals thatanform
in marine environments are preseng(, smectite), then it can lefered that the
mudrocks formedinsita s a resul t -otfanvedd dCsffedt tmemn s
al., 1968; Hathaway, 1979 However, i minerals of likelyterrestrialorigin are present
(e.g, albite),then sediment was likely supplied by streams, possiglywater emanating
from the base of a glacier from streams entering the fjord from the valley walls

An XRF study of mudrockand marlscan enable characterization of the redox
conditions of the water column by using ratios of elements such as B&Eermining
the oxygenation of the bottom waters of the Agua de Jaguel palaeovalley may explain
why bioturbation is absent in theagigenic sequence of the formation. However,

BergaueriaandConostichusre identified in the upper sequence (Lech and Buatois,

(
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1990), so the palaeovalley must have become more hospitable to benthic organisms
following deposition of the lower glacigeniegquence. Similarly, bioturbation is
conspicuously absent in the glacigenic portions of the nearby and coeval Hoyada Verde
and Tramojo Formations (cf. Lopez Gamundi &attinez 2000; Henry, 2007), but
resume in overlying strata (Lech and Buatois, 1990).

Geochemical studies of glacial and pgktcial sediments can provide a fresh
approach to work on the LPIA, as very fevineralogical and bulk geochemieaialyses
of sedimentary rocks associated with the LPIA have been published to date (e.qg.,
Scheffleret al., 2003, 2006), despite the information such work could yield on
sedimentation trends, @eloredox conditions, and ultimately pabclimate Samples
were selected from 1) mudrock interbedded with diamictite, conglomerate, and sandstone
at the basefdhe formation (120a, 120b), 2) pebbly mudrock between the basal
diamictite interval and the diamictite pods424), 3) marl above the diamictite pods (1
251, 1258), 4) the base of the uppermost pebbly mudrock interv&l 13, and 5) marl at
the topof the uppermost pebbly mudrock intervalgBl1, see Figur&3 and Tables 2 and
3).
5.1. XRD results

Albite, muscovite, calcite, and quartz were present in the samples, and relative
concentrations of the minerals are listed in Table 2. It is suspectatdhauscovite
readings represent illite instead, as the two mineralsVveyesimilarstructures and are
thus difficult to differentiate using their XRD patterns. The four marl sangtlles
contained calcite, with relative concentrations ranging frorB%8 45.9%.

Additionally, minor chlorite wasjualitativelyidentified in the XRD patterns of258, t
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224, 3511, and 1251-07 but was notliscernabldy Rietveld analysis using the chlorite
structureavailabler n B r TOPASstiusture database. laramary, quartz and
calcite (when present) are the dominant minerals in the mudrocks, but ther@ are als
significant amounts of albitend illite in the mudrock and marl, and chlorite is also
present in four of the samples in unknoflent minor)amounts.
5.2 XRF results

XRF data are presented in TaBlancluding loss on ignition (LOI) valued.Ol
values are elevated (24.5%) for samples with high CaO values (25067%),
indicating increased CQoss for samples containirmgrbonate V/Cr ratios are usd to
determine anoxia in the presence gSHErnst, 1970; Jones and Manning, 1994; Tenesch
et al., 2007}. V concentrations fofive of the seversamples analyzed are at least twice
the lower limit of detection for this element, as are Cr concentrdtiomssampled-258
and 3511. TheV and Cr values of thether samples reportedelower than twice the
lower limit of detectiorand thus not reportethough the statistical erréwr eachis
under 10%.V/Cr ratiosrangefor available samples are bothowe 2(Table 3)
5.3 Discussion of xay results

The XRD and XRF resulisdicate how marl and mudrock formed in the Agua de
Jaguel palaeovalley and provide information about the oxygenation of the bottom waters
of the palaeovalleyThe presence of lsite and the high concentrations ot@4and
TiO, suggest that marl and mudrock formedhe presence dérrestrial sediment influx
(Griffin et al., 1968; Hathaway, 1979; Rais et al., 2008pite, a plagioclase feldspar, is
derived from continentalrast,and Al and Ti are insoluble in seawater and thus must

have been transported in particulates into the water colih@presence of terrestrial
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sediment in every mudrock and marl sample signals that none of the rocks formed purely
60i n si t uéclayororganismaThdarefore, marl cannot be construed as
representing pure clastic sediment starvation in the water collimsamples were
taken from or adjacent to intervals with glacial indicators, such as dropstones or
diamictite. The source die terrestrial sediment is likely raout from icebergs or
meltwater emanating from the base of the glacier. Calcium carbonate was likely sourced
from pelagic material settling from suspension. While marl does indicate reduced clastic
inputsothatcali um car bonate can precipitate, the
the presence of marl should not exclmdeor fine-grainedterrestrial sediment influx.

The XRF results areonsistent with an interpretation of anoxidhe Agua de
Jaguel paeowalley. V/Cr ratios above 2 indicate that mudrock deposition occurred in
water that is anoxic, because3-was present in the water column (Ernst, 1970; Jones
and Manning, 1994; Tenesch et al., 200Merefore, anoxia is indicated throughout the
sequenceAnoxia likely resulted from isolation of the palaeovalley from Panthalassan
waters at the mouth of the fjord, especially if the palaeovalley was silled or separated into
subbasins due to multiple morainal banks (cf. Willems et al., 2009). A cap alglaci
meltwater on top of the water column may have further stratified the water column in the
palaeovalley.

The interpretation of anoxia can be further strengthened by future work using
other redoxsensitive elements such as zinc, nickel, and cobalt gefe, 2009).
However, theconcentratioa of these elements are too low in the Agua de Jaguel
mudrocks forXRF analysisusing the current calibrationCP-MS analysis is

recommended for future work to determine the relative abundances of these elements.
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Evidence for anoxia provides one explanation for the absence of bioturbation and
body fossils in this fjordal setting. Another factor that would make the Agua de Jaguel
palaeovalley an inhospitable environment to benthos is the high sedimentatiorerate of
proglacial environment. Rapid sedimentation may explain the absence of bioturbation in
the lower diamictite and pebbly mudrock portion of the sequence, but bioturbation is
absent from the entire sequence, even where glacial indieagoabsent Thus,anoxia
was likely a major factor in preventing bioturbation in the glacigenic sequence of the
Agua de Jagg¢el Formati on. Mor ai nal banks
fjord into separate subasins, which would likely have limited circulatt and promoted
anoxic bottom waters within the fjord.

This research presents a line of reasoning for the absence of bioturbation in
proglacial environments in palaeovalley settings. It is likely that the unbioturbated
glacigenic portions of the Tramwpnd Hoyada Verde Formations (cf. Lopez Gamundi
andMartinez 2000; Henry, 2007) were also deposited under anoxic conditions. Thus,
where bioturbation is absent from proglacial environments, anoxia should be explored as
the cause, especially in restridgtenvironments such as fjords. For example, the
Guandacol Formation in the Paganzo Basin (Fd&, Huaco locality) contains
unbioturbated postglacial black shale overlain by bioturbated sandstones and siltstones
reported to contain both freshwater tréossils and marine acritarchs (Buatois and
Mangano, 2003; Buatois et al., 2006). The presence of freshwater trace fossils in a
frequently marine basin has been interpreted as resulting froliar¢jeerelease of
meltwater from glaciers that pushed thersglibarrier seawardllowing freshwater

biota to migrate into the environment (Buatois et al., 2006)ight of the anoxia data
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from the Agua de Jaguel Formation, future geochemical studies on the Guandacol
Formation may indicate anoxia during depositof black shales and may provide more
information on this littlestudied depositional system.
6. Filling the Palaeovalley

A facies analysis of the glacigenic sequence of the Agua de Jagtel Formation and
a geochemical analysis of mudrock and marl egéquence enables the interpretation of
four stages of depositional regimes that occurred in the palaeovalley 3FigStage 1 is
characterized by deposits of a morainal bank: the thick interval of diamictite,
conglomerate, and sandstone in Logs 12anth stage 2, diamictite passes up into
pebbly mudrock as raiout of sediments from icebergs becomes the dominant
depositional process. Next, stage 3 is marked by glacial retreat out of the fjord and
progradation of the shoreface, evidenced by an absgfiglacial indicators and a
thickening and coarseningpward succession of firgrained, crosstratified sandstones.
Finally, stage 4 is characterized by mudrock with dropstones that signal a transgression
and the return of iceberg rafting. At its fgpage 4 is incised liie sandstones of
sequence 2.
6.1 Stage 1: Morainal Bank Deposition

The thick diamictite interval with interbedded conglomerate, sandstone, and
mudrock in Logs 1 and 2 (Fi@3) contains several indicators ttsatggestt was
deposited as a morainal bank. The overall thickness of diamictite and the profuse folds
and slumps suggest a morainal bank in the proximal proglacial environment where rapid
sedimentation and deformation due to glacial shoving and mass movement (i.e.,

slumpng, sliding) occur. The conglomerate and sandstone channel within the diamictite
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interval (Fig.13) was likely deposited by meltwater discharge flowing as an effluent jet
from the base of the glacier (e.g., Powell, 1990) and formed channel and grouraling |
fan facies that made up part of the morainal bank. After depositing the bedload of gravel
to fine sanesized sediment, the jet then transformed into a buoyant plume. The buoyant
plume floated to the top of the water column due to the density differdeetween the
freshwater effluent and the saline water in the palaeovalley and spread down the fjord,
raining out clay, silt, and very fine to fine sand with sediment fining in a proximal to
distal direction. Because of the evidence for deposition lityvaer in stage 1, and the
abundant evidence for the occurrence of ddaden icebergs throughout much of the
succession, which are characteristic of temperate glaciers, deposition-bgssdt

temperate glaciers is interpreted for the Agua de Jagiigidtion. The depositional
environment for stage 1 is illustrated in Figdg:

There is a temptation to interpret thick diamictite successions deposited in the
ancientrecord like that of stage 1 in Agua de Jaguel Formation, to represent composite
glaciations spanning millions of years. There is also a tendency to interpret individual
diamictite intervals within a succession, such as those between 100 and 130 m in log 2, as
separate glacial events, or as advance and retreat cycles. These tendenogés may
inspired by focusing on the thin diamictite deposits produced by terrestrial glaciers
instead of taking into account the rapid sedimentation rates and lateral variability of
processes and environments in glacimarine settings. For example, gladfatons
deposited up to 20 m of diamictite in the marine setting produced ehiy bf till on
land (cf. De Geer, 1910; Lamplugh, 1911; Boulton, 1990). Studies from modern glaciers

have recorded high rates of sedimentation that decrease logarithmicaltyistaiice
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from the glacier front (Powell and Cowan, 1986; Boulton, 1990). Sedimentation rates
can exceed 1000 mm/yr in the immediate proglacial area, and taper dfbtmn/yr in
the outer proximal zone ~10 km from the glacial front (Powell and Covéa6,; 1
Boulton, 1990). Morainal banks up to 175 m thick have been reported from modern
glacimarine settings in Alaska (Cai et al., 1997), therefore the thick diamictite interval
within the glacigenic sequence at the base of the Agua de Jaguel Formatamiswigre
interpreted as a morainal bank associated with a temperate tidewater glacial system, is
consistent with deposition during a single glaciation. If this interpretation is correct, then
other glacimarine deposits in the rock record containingipheldiamictites and
interpreted as the deposits of multiple glacial events may need to be reinvestigated to test
whether they may have been deposited during a single glacial event like that of the Agua
de Jaguel Formation.
6.2 Stage 2: Iceberg RaiOut

Stage 2 represents glacial retreat, as the glacier terminus pulled farther up into the
palaeovalley and was no longer resting against the morainal bank. The transition from
diamictite to mudrock is not necessarily evidence of a transgression but isketyra/li
facies transition caused by glacial retreat within deep water (Boulton, 1990; Powell and
Cooper, 2002). During stage 2, icebergs calved from the glacier front and shed
dropstones as they floated down the fjord. Several episodes of iceberg dooquirrgd
in this stage, depositing dump structures consisting of diamictite and normally graded
conglomerate and sandstone pods (E&C). The mud that dominates stage 2 would
haveprovided a soupy substrate, and the iceberg dumps and dropstones suariktdow

the underlying mud when they impacted the bottom. Additionally, meltwater plumes
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rising away from the glacier base deposited mud and sand. Anoxic conditions are known
to have occurred following the iceberg dumps, although it is possible that the
palaeovalley was perpetually anoxic. The anoxic bottom waters and soupy substrate
prevented colonization by benthic organisms and may have been the result of restricted
circulation within subbasins withinetthe f]
al., 1997; Willems et al., 2009).
6.3 Stage 3: Glacial Retreat, Shoreface Progradation

In stage 3, sandstone beds in mudrock thicken upwards, and structures in
sandstone indicate a shallowingward trend, as hummocky crdssdding passes up
into traugh crossbedding (Fig. 1B The thickening and coarseningwards beds and
shallowingupward indicators suggest progradation of a shoreface in or across the
palaeovalley. Water depth is estimated at 20 m or less during this stage (cf. Boulton,
1990). The sandstone beds in stage 3 are pervasively deformed, which we interpret to be
a result of slumping due to the uneven substrate of the palaeovalley and/or high
sedimentation rates. The absence of glacial indicators in stage 3 suggests that icebergs
werenot present in the palaeovalley, therefore the glacier front had retreated out of the
sea and onto land. Alternately, the shallow crests of morainal banks farther up the fjord
may have trapped icebergs in a more proximal setting.
6.4 Stage 4: Transgressn, Iceberg RainOut

A shift back to mudrock with dropstones and marl characterizes stage 4.
Dropstones indicate the return of icebergs to the palaeovalley, thus glacial advance down
the fjord likely occurred. The top of the shoreface deposits in umdgdyage 3 is

deformed, which may be the result of grounding of iceberg keels. However, it is possible
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that this renewed iceberg deposition may have been from icebergs that calved from
glaciers outside the Agua de Jaguel palaeovalley and were transptwtdek mouth of
the palaeovalley by ocean currents. Additionally, the shift from 4¥edded sandstone
to mudrock is interpreted as a flooding surface. This flooding surface correlates with the
Namuriani early Westphalian transgression describeldnmarino et al. (2002). Another
scenario that explains this stage is that shallow morainal banks up the palaeovalley may
have trapped icebergs in the proximal portion of the fjord during deposition of stage 3,
and following the Namuriah early Westphalia transgression, deeper waters allowed
icebergs to again transit into more distal portions of the fjord.
7. Discussion

The Protoprecordillera was glaciated by temperate alpine glaciers that flowed
radially off the Protoprecordillera into the surroundRig Blanco, Calingastblspallata,
and Paganzo BasinkdpezGamundj 1997; Henry et al., 2008and the Agua de Jaguel
Formation records this Namurian glacial event. Similar stratigraphic records of glacial
retreat occur in two other nearby formationshea CalingastdJspallata Basin: the
Hoyada Verde and Tramojo Formations (Fi@). 1Both formations occur adjacent to the
Protoprecordillera and contain thick glacial diamictites overlain by mudrock with
dropstones that pass up into pebioée mudrock.In the Hoyada Verde Formation,
several layers of glacial diamictite, one containing a striated boulder pav@asnyp
into pebbly mudrock and mudrock with marl (Log@amundiand Martnez, 2000;
Henry et al., 2008; Fig.9). In the lower member of thEramojo Formation, the
deglaciation is recorded in a syncline, with the two limbs of the syn@presenting

different environments. The northwest limb contains diamictite passing umutdmck
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containing marl, and the southeast limb contains diamiahtimudrockthat are overlain

by condomerate and sandstone sheets (F#). T'he two successions of the Tramojo
Formation, which were likely deposited within a few hundred meters of each other,
recordglacial retreat into a terrestrial environmewt thick coarseningipward

proglacial alluvialor fan deltasystemdeveloped in the proximal environment (southeast
limb), whereas the distal setting shows an abrupt change from diamictite to shale
(northwest limb), which is typically identified as a floodisgface. Therefore, the

Tramojo Formation records an apparent proximal to distal out of phase
regression/transgression succession that is not easily explained by a eustatic rise. As with
the Agua de Jaguel Formation, the transitions from diamictiteuttrack in both the
Hoyada Verde and Tramojo Formations may not represent a transgression associated
with a eustatic rise, but instead may record abrupt facies transitions associated with
glacial retreat in areas of the fjord distal to the ice front. Aigiothis abrupt change is
often described as a transgression or flooding surface, the diamictite to mudrock
transition can occur without a change in water depth (cf. Boulton, 1990).

Temperate glacial environments can be characterized by a sequengeagptngti
interpretation that is independent of eustasy, because glacial advance and retreat cycles
are often more important controls on glacigenic sedimentation and systems tracts than
eustatic changes (Powell and Col083gacial 2002)
sequence stratigraphy model, the base of the glacier is a major control on base level in
addition to sea level, because a marine glacier is able to create erosional surfaces below
sea level and deposit accumulations of sediment that rise abavevel. Examining the

Agua de Jaguel Formation in this paradigm, stage 1 is a glacial maximum systems tract,
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stage 2 is a glacial retreat systems tract, stage 3 is a glacial minimum systems tract, and
stage 4 may be a glacial advance systems traeciadly if the dropstones from that
stage were deposited from icebergs that calved off a glacier in the Agua de Jaguel
palaeovalley. Stage 4 is unique in that the transition into shale is a fining upwards
succession, but the return of dropstones in stagdicates glaciation. Although stage
four represents a transgression, it was not caused by input of glacial meltwater from
glaciers in the Protoprecordillera, as there is evidence of synchronous glaciation, and
because the waxing and waning of alpifeecigrs have little influence on eustasy. This
rise in relative se&evel may have lifted icebergs that were grounded on morainal banks
in the Agua de Jaguel and other fjords, allowing them to travel more freely and rain out
debris onto the substrate.af§é 4 corresponds with the Namuriestphalian post
glacial transgression documented for the basins surrounding the Protoprecordillera
(Limarino et al., 2002), and the identification that glaciation occurred at the same time as
the beginning of this tragsession supports the hypothesis that the transgression was not
caused by input of glacial meltwater.

The Agua de Jaguel, Hoyada Verde, and Tramojo Formations of the Calingasta
Uspallata Basin record the same Namurian glacial event, instead of multpéigies
as proposed by Taboada (2006) and Pazos (2007). The Hoyada Verde Forrdatie is
as Namurian to early Westphalian (Serpukhovian to Bashkirian) by brachiopods,
bivalves, crinoids, and bryozoans of thevipustulazone found in mudrockbat ovelie
diamictite(Amos and Rolleri, 1965; Cisterna, 199%).the Tramojo Formation, the
postglacial mudrock contains SerpukhoviBashkirian spores (Césari, personal

communication). Thus, based on their proximity to each other and coeval timing, it can
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be concluded that the Hoyada Verde, Tramojo, and Agua de Jaguel Formations record the
same deglaciation succession of the Protoprecordillera. In the adjacent Rio Blanco Basin,
postglacial strata from a similar glacial retreat succession frorRtbelelPefion
Formation havdéeen dated &19.57° 0.09 (BashkirianGulbranson et al2010. In the
Paganzo Basin, the Guandacol Formation contains a glacial succession, ajidquaist
strata from the Huaco section was date@1& 79+ 0.10(Bashkirian). hese dates are
likely transferrable to the formations of the Calingddsgpallata Basin, constraining the
end of the glaciation of the Protoprecordillera to the Early BashkirianZBjg.

The deglaciation of the Protoprecordillera marks the end of giaicievestern
Argentina during the LPIA. After the glaciation of the Protoprecordillera, ice centers
shift to the Parana Basin of Brazil and the Kalahari and Karoo Basins in South Africa
later in the Pennsylvanian (Schneider et al., 1974; Franca and R688; Visser, 1997;
Holz et al., 2008lIsbell et al., 2008a; Rocha Campos et al., 2008; Stollhofen et al., 2008).
However, palaeogeographic models often represent western Argentina as glaciated
throughout the entire LPIA (i.e., Scotese, 1997). Thus,and other work on neéield
Gondwanan glacial deposits show inconsistencies from the geologic record with
palaeoclimate models for the LPIA. Continued riggld research is necessary for
6groundtruthingdé these mordteptesordilleramightights | vy ,
that glaciation during the LPIA occurred as smaller glaciers that waxed and waned over
different time intervals instead of occurring as a supercontinsiziad glacier that
endured from the Late Carboniferdugarly Permian.Following the deposition of the
lower portion of the Agua de Jaguel formation, fluvial and shallow marine sedimentation

dominated western Argentina with a progressive shift toward arid climates from the
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Pennsylvanian into the Permian (Limarino et al.,2@D06; Henry et al., 2008;
Gulbranson et al2010.
8. Conclusions

The lower sequence of the Agua de Jaguel Formation records the deglaciation of
the Protoprecordillera of western Argentina in the Namurian (Serpukhovian to Early
Bashkirian). The dep@®nal sequence is characterized by a thick (150 m) interval of
diamictite near the base of the formation, which passes up into pebbly mudrock. Above
these facies is a thickenkugpward succession of cresgatified sandstones, which are
then overlain i another interval of pebbly mudrock. XRD analysis of mudrock and marl
in the succession indicate that terrestrial sedimentation was still occurring during marl
formation based on the presence of albite, which informs the present understanding of
marlde@ si ti on under O0Osedi ment starvation. o
occurred in the palaeovalley, which explains the absence of bioturbation in the strata.
Overall, this succession represents a deglaciation in a restricted palaeovallaly, kit
temperate, webased valley glacier deposited a morainal bank, and then the glacier
retreated and deposition shifted to iceberg rafting. Next, the glacier completely retreated
from the sea, and shoreface progradation occured. Finally, a trgsiegreccurred,
ushering in another interval of iceberg rafting that may have also been caused by glacial
readvance.This sequence represents one glacial event in the Protoprecordillera and
indicates that glacial retreat in this area occurred beforenaneffdre independently of
the regional NamurialiVestphalian transgression.
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Table 1.Facies descriptions of the lower glacigenic sequence of the Agua de Jaguel

100

Formation
Facies Lithology Sedimentary | Interpretation Depositional
Structures Environment
Massive Massive Slumps, folds, | Deposition by Morainal
Diamictite diamictite load structures,| rain-out from bank
massive dewatering icebergs and
sandstone structures meltwater
plumes, debris
flows
Weakly Weakly Faint Rainout from Morainal
Stratified stratified laminations, icebergs and bank
Diamictite diamictite, faint bedding, | meltwater plumeg
fine sandstong high-angle
clasts, sole
marks
Bedded Thinly to Sharp lower Cohesive debris | Morainal
Diamictite thickly bedded| and upper flows bank
diamictite contacts,
slumps, folds
Conglomerate | Clast Massive Sheetgdleposited | Sheets:
and Sandstong supported bedding, by an effluent jet | Grounding
sandy normal and emanating from | line fan
conglomerate,| inverse the base of the | Pods: bank
fine- to grading, trough| glacier. Pods front
coarsegrained | cross beds, were deposited a] environment
sandstone primary arrent | iceberg dumps.
lineations,
dewatering
structures

Pebbly
Mudrock

Claystone and
siltstone with
outsized
clasts,
diamictite
pods, marl,
wisps and
clumps of fine
sand

Slumps, slides,
folds

Mud is deposited
by suspension
settling; icebergs
rain out clasts,
sand, and mud;
diamictite pods
form from
iceberg dumping;
marl forms from
setting pelagic
underclastic
sediment starved

conditions.

Bankfront
environment
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Mudrock and | Claystone, Slumping, Sandstone is Shoreface
Sandstone siltstone, very | folding deposited due to | prograding
fine-to boudins, cross | shoreface down the
medium laminations, progradation in | fjord
grained trough cross | the absence of
sandstone, bedding, glaciers; debris
marl hummocky flows resediment
crossbedding, | sand; mud is
massive deposited by
bedding rip-up | suspension
clasts settling.
Table 2.X-ray DiffractionData
Sampée Albite (%) | Calcite (%) | Quartz (%) | Muscovite (%)
1-20a 19.3 0 80.7 0
1-224 21.69 0 61.35 17.0
1-251 19.1 43.4 26.0 11.5
1-251-07 | 17.2 45.9 22.5 14.4
1-258 18.9 42.9 25.6 12.6
3-471 29.74 0 64.3 5.9
3511 15.1 38.1 24.7 22.1
Table 3.X-ray Fluorescencéata
NaO |[MgO [Al,0; | Si0O, P,0s | KO |[CaO [TiO, |FeO; | zr
Sample | (%) (%) (%) (%) (%) (%) (%) | (%) (%) (ppm)
1-20a | 1.98 0.57 7.62 8273 |00 |089 |032 |085 |3.09 |338
1-20b | 1.96 0.51 7.68 8274 |00 |088 |07 |083 |[334 |325
1-224 | 197 1.65 12.4 7155 |0.18 |213 |1.08 |083 |[514 |316
1-251 | 1.36 1.28 7.26 3144 | 044 |1.23 3078|042 |266 |82
1-258 | 1.31 1.25 7.79 31.66 | 024 |[1.37 |297 |05 |[317 |95
3-471 | 2.97 0.53 10 7646 | 028 |1.02 |213 | 094 |298 |614
3511 | 0.86 1.85 1017 3324 |026 |23 2558|051 |45 |93
\% zn Cr Ce Sr Ba Mn LOI Sum
Sample | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (%) | (%) (%)
1-20a | 64 <LLOD | <LLOD | <LLOD | 48 159 | 0.02 | 153 |99.91
1-20b | <LLOD | 72 <LLOD | <LLOD | 44 156 | 0.04 | 1.91 | 100.89
1-224 | 99 76 <LLOD | <LLOD | 74 421 | 0.04 |3.05 |100.15
1-251 | 54 <LLOD | <LLOD | <LLOD | 238 197 | 0.56 | 24.51 | 102.02
1-258 | 78 <LLOD | 27 <LLOD | 297 227 | 0.50 | 24.07 | 101.65
3-471 | <LLOD | <LLOD | <LLOD | 216 116 177 | 0.04 | 2.86 | 100.36
3-511 | 90 66 36 <LLOD | 223 305 | 0.24 | 2177 |101.37
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Figurel10. Location map of the Agua de Jagiel Formatind other formations described
in the text. A. Theé\gua de Jaguel Formatias locatedl7 km northeast of the town of
Uspallata, northern Mendoza, Argentir. Palaeogeogmny of the Carboniferous

basins of western Argentina: the Calingadtpallata, Rio Blanco, and Paganzo Basins.
Numbers indicate the localities mentioned in the text, 1. Agua de Jaguel Formation, 2.
Tramojo Formation, 3. Hoyada Verde, 4. Huaco, and 5dBlii®efion. AB indicates the
orientation of the cross section in Figure 2. C. Location of the Agua de Jaguel and

Tramojo Formations outside the town of Uspallata.
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Carboniferous basement sedimentary rocks. After Azcuy €99 and Limarino et al.
(2009.

T
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Figurel2 Geologic map of the three sequences of the Agua de Jagtel Formation. Strata
of the Agua de Jaguel Formatidip at 90°. Based on the geometry of the formation and
contacts with basement rocks, the Agua de Jagtiel Formation was deposited in a
palaeovalley at least 700 m deep and at least 5 km wide. Modified from Henry et al.
(2008.
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Figurel4. The diamictite facies association. @lastrich massive diamictit8. Weakly
stratified diamictiteC. Thinly bedded diamictit®. Diamictite from the thick lower
diamictite interval of the Agua de Jaguel Formation. Bedded Diamictite occurs just
behind the personk. Sandstone bed with sole marks, interbedded with diamictite in Log
1 F. Slumped diamictite rimmebly fine sand



Figurel5. The conglomerate and sandstone facies association. A. Bedded conglomerate
with a sandy matrix B. Il nterbedded congl
C. Laminated sandstone D. Crdaminded finegrained sandstone
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Figurel6. The pebbly mudrock facies association. Rhythmically bedded siltstone and
claystone that has been deformed and foRle8itriated sandstone clast in mudrdzk
Lensshaped pods of diagtite, conglomerate, and sandstone occur within a thick pebbly
mudrock interval.
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Figurel7. The mudrock and sandstone facies associatiomMahl. (orange rock

fragments) in mudrocB. Deformed beds of fine sandstone interbeddid mudrock,

overlying a thick mudrock with marl interval. Sand beds progressively extend further

south (towards the camera), indicating progradat©rivery fine sandstone folded

around siltstone. Yel |l ow | D.Bdbspustoad Jacobds
structures on base of sandstone bed in mudtoBloudinaged sandstone in mudrock
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Figure18. Depositioral environmenbf the Agua de Jaguel Formation.
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Figure19. Graphic logs of the H@ada Verde Formation and the Namurian lower member
of the Tramojo Formation. The Tramojo Formation occurs as an anticline, and the two
limbs of the anticline record different deglaciation successions. The Hoyada Verde and
Tramojo Formations are locatedthe CalingastéJspallata Basin and occur adjacent to
the Protoprecordillerérig. 1B).
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Chapter 4: The late Paleozoic El Imperial Formation, western
Argentina: Glacial to post-glacial transition and stratigraphic
correlations with arc-related basins insouthwestern Gondwana
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Abstract

The El Imperial Formation of the San Rafael Basin records a succession of
depositional environments duritige latest Mississippian to earliest Perntiaat span
before, during, and after the glaciation of west certrgéntina. At the base of the
formation, a restricted marine environment is recorded in mudstone contaiarhgnd
rippled and deformed sandstone beds. This unit, or sequence 1,ed ingia deltaic
facies associatiooomposed of crossedded sandstone anohglomerate that form at
least fivestacked Gilbert deltas. Thieltaic facies association grades upward into the
glacially-influenced facies association, made up of stratdiiedictite, mudstone with
dropstones, and massive deformed sandstone, indicating deposition gsedt
tidewater glaciers that calved icebergs into the basin, with contributions from mass
movement processeBhe glaciallyinfluenced facies association is okan by mudstone
and horizontally laminated ammtossbedded sandstone of the pgtdcial open marine

facies association, recording pagacial transgressiofollowed by relative sea level fall.
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The deltaic, glaciallynfluenced, and posilacial open rarine faciesassociations
comprise sequence 2. Sequence 2 is incised by conglomerate of the upper fluvial
member, or sequen&e

The strata of the El Imperial Formation are correlated to those of the other arc
related basins of westeArgentina: Rio Blang, CalingastaUspallata, and Tepuel. A
Bashkirian transgression and fluvial incisiortiie El Imperial Formation correlate with
events in the Rio Blanco and Calingéstiapallata Basins to theorth, whereas
glaciation continues to the south in the Te@eetin through the Early Permian. The
deviatingstratigraphic record of the Tepuel Basin may be the result of its higher
latitudinal position during thBennsylvaniainEarly Permian and higher altitude due to
either tectonic convergence of the Patagonigroplate or convergence along the
Panthalassan margin of southwestern Gondwana.
1. Introduction

The late Paleozoic ice age (LPIA) was a time of protracted icelvousitions,
during which alternating glacial and ngfacial intervaloccurred in Gondwanaspell
et al., 2003), lasting for-10 m.y. and separatéy nonglacial intervals of similar
duration (Fielding et al., 2008a,b; Gulbranson et al., 2010). The LPIA began in the
Viséan, with glaciaévents identified investern Argentina, Brazil, and pdslyi South
Africa (Caputo, 1985; Streel and Theron, 1999; Caputo et al., 2008; Isbell2810da;
Rocha Campos et al., 2008; Gulbranson et al., 2010; Tak@Da), During the
SerpukhovianBashkirian, glaciers expandedwesternSouth America (Lopez
Gamundi, 1997) anéirst appeared in easteAustralia (Fielding et al., 2008a,b). In the

Gzhelian to Sakmariamidespread glaciation occurred across Gondwana in southern



124

Argentina, Brazil, Africa, India, and Australfaaskar and Mitra, 1976; Collinson &,
1994; Lépez Gamundi, 199Visser, 1997; Fielding et al., 2008a,b; Isbell et al., 2008a,b;
Mory et al.,2008; Rocha Campos et al., 2008; Taboada, 2010). Finally, frolat¢he
Sakmarian to the Capitanian, glacial centers were located oAlystnalia(cf. Fielding

et al., 2008a,b; Mory et al., 2008).

The El Imperial Formation records glaciation owastern Argentinan the San
Rafael Basin (Fig21) during the Bashkirian artie subsequent transition to pgicial
conditions. Glaciation in westeArgentina marked the beginning of the LPIA, but
glaciation did noteturn to west central Argentina after the Bashkirian (Lopez Gamundi,
1997; Limarino et al., 2006; Isbell et al., 2012). In contrast, glacial intecgatsnued to
the south in the TepuBasin into the late Sakman-earliest Artinskiancoeval with the
P2 glacial interval in eastern Australia (Fielding et al., 2008a; Taboada, AbEd¢fore,
the Ellmperial Formation provides an opportunity to compare the glacial reaordss
westernArgentina, because the San Rafael Basindeteeen the Viséan and
Serpukhovian t@ashkirian glacigenic formations the Protoprecordilleran basins to the
north and the Viséan #rtinskian glacial intervals recorded in the Tepuel Basin to the
south(Fig. 21). A stratigraphic comparison of the basins of western Argealioas for
correlation of the glacial to pegtacial transition and othetratigraphic and tectonic
events.

It is also worth noting that to the east in Brazil, glaciation contithaiked in the
Penrsylvanian than it did in west centratgentina(Rocha Campos et al., 2008). The
Itararé Group in the Parana Basiay contain glacigenic deposits spanning the Late

Mississippian tdhe latest Pennsylvanian (Rocha Campos et al., 2008)ughihrecent
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age dating of strata overlying glacigenic deposits in the Parana ®agjasts that
glaciation may have continued into the rAidrly Permiar{(cf. Mori et al., 2012).
However, the focus of this paperisonther r el ati on ofelbareadabasi.!
of western ArgentingLimarino and Spalletti, 2006) because of their proximity and
similar basinal settings.

The main goals of this paper are to 1) provide a sedimentaaogigsis of the
lower and middle units of the El Imperial Formatweposited before, during, and after
the glacial maximum for the S&wafael Basin, 2) characterize the regional glacial
depositional environmentand 3) compare and correlate depositional and tectonic events
in the San Rafael Basin to the records fromRf®Blanco andCalingastaUspallata
Basins to the north and the Tepuel Basin testheh. Knitting the El Imperial Formation
into the stratigraphic framewod western Argentina wilimprove ourunderstandingf
the environmental mechanisms occurringngl western Gondwarturing the LPIA and
help to refine the understanding of glacren-glacial intervals of that region.
2. San Rafael Basin and neighboring western Gondwana basins

The San Rafael Basimas located on the westamargin of Gondwana at ~5&
paleolatitude during the Carboniferdisarly Permian (Torsvik and Cocks, 2004; Blakey,
2008). The basin is elongated in a N®E orientation, bounded by the Sierras
Pampeanas/Pampean Arch/Chadileuvi Block to the east and south and a volcanic arc to
thewest (Fig.21; Lopez Gamundi et al., 1994; Andreis and Archangelsky, 1996). The
basin occurs on the Cuyania terrane, which accreted to the Pampia terrane along the
western margin of Gondwana in the Ordovician (Abre et al., 2011). The San Rafael and

Las Matas blocks occur in the southern extension of the Cuyania terrane (Cingolani et
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al., 2003; Sato et al., 2004). To the east, the Sierras Pampeanas/Pampian Arch
Chadileuvu BlockNorth Patagonian Massif complex was uplifted in the Ordovician

during the Famatian orogeny, and separates the San Rafael Basin from the craton
proper (Caminos et al., 1988; Lopez Gamundi et al., 1994; Azcuy et al., 1999). The
western sector of the San Rafael Basin (studied in this paper) is a backarc basin adjacent
to the magmaticra that ran along west central Argentina in the late Paleozoic, and the
eastern sector is a retroarc basin in a more stable tectonic setting (Limarino and Spalletti,
2006).

The basin is floored by Precambrian granites and contains deformed pre
Carboniferas sedimentary rocks, the top of which is the Devonian La Horqueta
Formation, composed of lightly metamorphosed shale and sandstone (Garcia, 1996;
Azcuy et al., 1999). These strata were deformed and uplifted by tliec@nageny in
the Late Devoniarearliest Carboniferous, which created the angular unconformity that
separates the La Horqueta Formation from the overlying El Imperial Formation (Lépez
Gamundi et al., 1994).

Overlying the El Imperial Formation is the Cochic6 Group, which consists of
fluvial and eolian deposits that grade upwards into volcanic rocks and pyroclastic
deposits (Stinco, 1986; Lopez Gamundi et al., 1994). This volcanism was caused by a
magmatic arc along western South America that is represented by strata known as the
Choiyoi Group.Choiyoi volcanism occurred in two phases: first in the Early Permian as a
large volcanic arc related to the subduction of the pRbexfic plate under the western
margin of Gondwana, and then in the Late Permian to Early Triassic amé@gtensional

tedonic regime (Nasi and Sepulveda, 1986; LoB@mundi et al., 1994). Above the
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Cochicé Group are volcanic brecciagtoé Cerro Carrizalito Group that formed during
the Late PermidrEarly Triassic in the second phase of Choiyoi volcanism (Toubes and
Spikemann, 1976; Linares et al., 1979).

To the north of the San Rafael Basin is the Protoprecordilléodd-#hrust belt
that also formed during the Chanic orogeny. The uplithe Protoprecordillera and the
tectonic extension that followed tRdo Blanco éctonic event in the Late Mississippian
(Viséan; Taboad&010) created three surrounding basins: the Rio Blanco, Calihgasta
Uspallata, and Paganzo Basins (Rt Limarino et al., 2006). The Protoprecordillera
housed alpine glaciers in the Viséan, reeorby glacial diamictites of the
Jaguel/Cortaderas Formation in the Rio Blanco Basin (Perez Loinaze, 2008; Gulbranson
et al., 2010; Taboada, 2010; Césari et al., 2011), and also in the Serpukhovian
Bashkirian, indicated by glacigenic and pgkicial depsits preserved in the Rio Blanco,
CalingastaUspallata, and Paganzo Basins (cf. LOpez Gamundi et al., 1994; Limarino and
Spalletti, 2006; Henry et al., 2008, 2010; Limarino et al., 2012). The Protoprecordillera
collapsed in the early Pennsylvanian duesttidnic extension and a westward shift in the
location of subduction along the Panthalassan margin (Lopez Gamundi et al., 1994,
Limarino et al., 2006; Isbell et al., 2012). This loss of altitude coincides with deglaciation
in west central Argentina (Isbedt al., 2012).

The Tepuel Basin experienced a much different tectonic development than the
San Rafael Basin and the Protoprecordilleran basins to the north. The Tepuel Basin
formed on the Patagonian crustal block, which accreted first to the Antarcinsarto
the south in the mido Late Carboniferous, and then collided with Gondwana during the

Earlyi Mid-Permian (Ramos, 2008). A competing hypothesis, that Patagonia originally
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existed within Gondwana and did not accrete as an allocthonous terrabeghas
proposed (e.g., Dalla Salda et al., 1990), however, recent geophysical, structural, and age
dating studies support the accretion of Patagonia to Gondwana as an allocthonous terrane
(Pankhurst et al., 2006; Ramos, 2008; Rapalini et al., 2010). TheTBasin may have
developed as a forearc basin adjacent to the western magmatic arc within Patagonia
(Ramos, 2008). In the Tepuel Basin, at least six glacial intervals occurred from the
Tournaisian to the Artinskian (Taboada, 2010; Isbell et al., 2011).
3. El Imperial Formation

The El Imperial Formation occurs in the western portion of the San Rafael Basin
(Fig. 21), and the measured section is from the Atuel Canyon, as roadcuts along the Atuel
River adjacent to Highway 173, 35 km southwest of the ci§aof Rafael, and as
exposures in tributary canyons (F22). Palynology studies have dated the El Imperial
Formation as latest Mississippian (Serpukhovi&a)yly Permiar{Asselian) based on the
presence of flora of thRaistrickia densaConvolutispora muornata(DM) and
Fusacolopites fusii¥ittatina subsaccatéFS) biozones (Garcia, 1996; Césari and
Gutiérrez, 2000; Césari et al., 2011). The El Imperial Formation is composed of three
units: 1. mudstones and rippled and massive sandstones (Pazos e7jl2.20€ltaic
sandstones, glacigenic diamictites, and massive sandstones and mudstones (Arias and
Azcuy, 1986; Espejo and Lépez Gamundi, 1994; Pazos et al., 2007), and 3. fluvial
sandstones and conglomerates (Arias and Azcuy, 1986; Espejo and Lopez Gamund
1994). The lower two units were measured for this study.

Previously published stratigraphic sections of the El Imperial Formation vary

widely from each other and the section provided herein (cf. Espejo and Lopez Gamundi,
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1994; Lopez Gamundi et al., 1994ss, 2006; Pazos et al., 2007). These discrepancies
are the result of the irregular floor of the paleovalley where the El Imperial Formation
was deposited (Pazos et al., 2007), lateral facies variability inherent in glacimarine
environments (Powell andomack, 2002), and the broad distribution of the formation in
the Atuel and Rio Diamante Canyons. In this study, diamictites were observed directly
overlying the Devonian basement (F&3) and also within a succession of sandstorce
mudstone (167177 m,Fig. 24) overlying stacked Gilbert deltas. The diamictite in Fig.
23 is probably stratigraphically equivalent to 155 to 180 m in the measured section in Fig.
24, where there are indicators of glacial affinity, such as dropstones, stratified diamictite,
ard thinly bedded fingrained sandstones deposited by meltwater plumes. Above 180 m,
there is an absence of glacial indicators, suggesting glacial retreat from the marine basin
(Fig. 24).
4. Sedimentology of the El Imperial Formation

The lower two units ofhe El Imperial Formation occur in a paleovalley (Pazos et
al., 2007) cut into the positive area that occurs to the north of the North Patagonian
Massif (Fig.21). The paleovalley is floored by steeply dipping metamorphosed green
shale and thin sandstoneds of the La Horqueta Formation that exhibits an irregular,
often angular surface, with relief of i7B00 m (Fig.25). Strata of the El Imperial
Formation onlap onto the paleovalley floor, forming an angular unconformity. Both units
(sequences) directly evlie and onlap onto the La Horqueta bedrock at different locations
within the paleovalley, the result of deposition within an irreguiidgred subbasin.
Additionally, irregularly shaped lenses of conglomeréte @ long drape the eastern

wall of the @leovalley and may have formed from scree lining the bedrock3&jgThe
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conglomerate is clasiupported, clasts are angular, and some clasts are composed of
metamorphosed shale from the La Horqueta Formation.

The measured section for the El ImperiatrRation was studied along Highway
173 at S 34A 58. 24) dijbothiides 8f he Btel. Rv&,Mnd@F i g .
additional section of well exposed glacigenic sediments Bigwas accessed along a

northwestflowing tributary to the Atuel River éof Highway 173 located at S 34°

58. 40Nj, W 68A 36.58Nj. Pazos -deltaic memberof 200 7)

the El Imperial Formation (cf. Espejo and Lépez Gamundi, 1994) into a lower unit and a
middle unit to reflect the divergent sedimenty of mudstones and fine sandstones at

the base of the formation. We were able to access 108 m of this lower member (rather
than 35 m as reported by Pazos et al., 2007) by working along a steep slope at S 34°
57.64Nj, W 68A 36. 8 2uNj Ruer. Intthis analyses sthe lower tdiee o f
units of the formation are divided into four facies associations: 1. restricted marine, 2.
deltaic, 3. glaciallyinfluenced, and 4. posjlacial open marine. The upper third unit is
dominated by fluvial depositsf crossbedded mediurto coarsegrained sandstone

(Espejo and Lopez Gamundi, 1994) and rest cggional truncation surface.
Descriptionsand interpretations of the four facies associations are presentedavelow
Table 1.

4.1. Restricted marine fags association
4.1.1. Restricted marine facies association description

The restricted marine facies association consists of claystone and siltstone, fine
to mediumgrained sandstone, and paleosols. At the base of the formatiegrdined

massive sandshe containing ripup clasts of metamorphosed shale lines the angular

t
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unconformity with the La Horqueta Formation. Paleosols overlie this bed, occurring as
201 30 cm thick units with yellow and black horizons that contain root tracesAF4g.
However, fant bedding is present, and master horizons could not be distinguished, so the
beds should be considered protosols (cf. Mack et al., 1993). Mudstone sharply overlies
the paleosols, occurring as thinly bedded to massive, and many beds of clay coarsen up
into silt or finegrained sandstone. Some mudstone beds are deformed, showing load
structures and disrupted or chaotic bedding, especially where squeezed between pods of
sandstone (Fi®27B). Within claystone are beds of mari53cm thick (Fig.27C). Within
the mudstone of this facies association, Pazos et al. (2007) idebikchnitesand
Diplopodichnugqarthropod locomotion traces) in siltstone, #&rdhaeonassgpossibly
created by molluscs) in dark shale. Additionally, imarine palynomorphs were
identified.

Interbedded sandstone is figeained and occurs in beds8® cm thick. Basal
contacts of sandstone beds are sharp or erosional. Horizontal laminations and ripple
crosslamination also occur in sandstone. Ripples are asymmetrical, and clingpfesri
also occur (Fig27D). Some beds show pipe, dish, and flame structures, diapirs, or
deformed bedding. Some sandstone beds or pods (spheroids of sandstone surrounded by
mudstone) are massive and internally deformed ¢ig).

4.1.2. Restricted marinfacies association interpretation

The finegrained deposits and presence of limestone (marl) suggest that this facies
associatiorwas deposited in a quigtarine setting, such as a restricted area of the
paleovalley. At the base of the formation-ap dasts were derived from scree along the

paleovalley wall. Above, the presence of two beds of paleosols indicates nonmarine
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conditions that were later flooded. Overlying beds of deformed mudstone and sandstone
beds and pods resulted from subaqueous depositid slumping and sinking into water
saturated substrates with low cohesion (Allen, 1982; Shanmugam, 2006). Sandstone beds
were deposited by density flows: massive beds suggest deposition by sandy debris flows,
and beds with slight coarsening upward aigmnes, some containing ripple cross
stratification, suggest deposition by quatady turbidity currents or reworking due to
bottom currents (Mulder and Alexander, 2001; Shanmugam, 2006). Symmetrical ripples
were observed in this unit by Pazos et al0O{0restricting the water depth above storm
wave base. No glacial indicators, such as dropstones or diamictite, were observed in this
facies association, so glaciers may have been absentteoragion, or at least absent
from the paleovalley at that ten

The trace fossil assemblage supports a paleovalley or estuarine depositional
environment with freshwater runoff adjacent to the sea (Pazos et al., 2007; Buatois et al.,
2010). Additionally Diplopodichnusvas also observed in glacimarine strata by Scéiat
al. (2011) in the Guandacol Formation in the Paganzo Basin. The presence of marl in the
lower member is unequivocal in the steep slopes where we worked. Marl forms from
sediment starvation and calcium carbonate deposition, and the presence of gestissug
a marine paleoenvironment (cf. Ferndndez Sevesso and Tankard, 1995).

4.2. Deltaic facies association

4.2.1. Deltaic facies association description

The deltaic facies association incises into the restricted marine succession and
occurs from 108 to 158 on the measured stratigraphic column (B&). A thin fluvial

succession may sit on tirecision surface, but steep slopes made these units inaccessible.
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Horizontally laminated and cro$®dded mediurgrained sandstone, conglomerate, and
occasional irdrbedded siltstone compose the facies association. The sandstone
predominantly occurs in foresets that are 1 eaveral m thick (Fig28A,B). Within the
foresets, sandstone is medigmained and displays horizontal lamination and some
crossstratification.At the base of the facies, the foresets interfinger with conglomerate,
but otherwise sandstone beds have sharp basal contacts. Where beds are thitRer (0.30
m thick), topsets and bottomsets are also apparentd&R). Additionally, the average
foresetdip is ~30° in thicker beds. Paleocurrent analysis of foresets indicates variable dip
directions, but most of the succession shows NNW paleoflow ZE)gInterbedded with
mediumgrained sandstone is conglomerate with beds that range from 0.20 to 3 m in
thickness, consisting of a matrix of fine to coarse sand and subrounded clasts up to 20 cm
in diameter. Clast lithologies are mudstone, sandstone, and quartz. Basal contacts of
conglomerate are erosive. Towards the top of the facies, sandstone foredesd wvith
siltstone, until the foresets are replacediassive, finegrained sandstone, interbedded

siltstone, and strata of the glacialhfluenced facies association (FREC).

4.2.2. Deltaic facies association interpretation

The sandstone foresetgpresent prograding clinoforms forming stacked deltas;
some deltas can be classified as Gilbert type deltas, but others do not hadefivwetl
foresets and topsets, especially those that are interbedded with siltstone. fhtdeast
deltas can be distingghed (i.e., Fig28B) before interbedded siltstone appears in the
section. The deltas most likely formed in a fgdacial environment, because 1) the angle
of the foresets is higher than those in glacimarine environments (cf. Postma, 1990; Benn,

1992), ad 2) because there is no interbedded glacial diamictite or other glacial indicators
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(i.e. dropstones, striations) interbedded with the deltaic facies. Steeply dipping foresets
can be the result of frictiedominated processes at the river mouth whereea enmters a
shallowwater marine basin (Bhattacharya, 2006). Such deltas are also common as bay
head deltas within areal restricted settings like flooded paleovalleys.

The erosive contact at the base of the deltaic facies association indicates a drop in
base level and the start of a new depositional sequence2@big.Loss, 2006). The
presence of stacked deltas indicates that aggradation was occurring (cf. Posamentier and
Allen, 1999; Coe, 2003; Catuneanu, 2006). The confined depositional environment of a
paleovalley restricted the accommodation space, which fostered the ability of sediment
supply to keep pace with relative sea level rise, allowing for the creation of multiple
deltas.

At the top of the deltaic facies, the upwards transition to the glaamilenced
facies (Fig28C), characterized by a transitibomm thick packages of sand to
interbedded siltstone and thin, figeained sandstone beds, most likely signals a rise in
relative sea level. The relative sea level rise may have been causedthtic loading as
the glacier encroached on the basin (cf. Boulton, 1990; Powell and Cooper, 2002),
promoted by subsidence, and/or by a regional transgression. The Protoprecordilleran
basins experienced transgression in the moidate Bashkirian, durgnpthe glacial interval
in the El Imperial Formation, so the El Imperial Formation appears to record
simultaneous glaciation and transgression during this relativieseaise (cf. Limarino

et al., 2002; Henry et al., 2010).
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4.3. Glaciallyinfluenced faes association
4.3.1. Glaciallyinfluenced facies association description

The glaciallyinfluenced facies association overlies La Horqueta bedrock (Fig.
23), and in the measured section, gradationally overlies the deltaic facies association
(Figs.24, 28C), occurring from 155 to ~180 m. The glacialhfluenced facies
association consists of stratified diamictite, sandstone, conglomerate, and siltstone. The
stratified diamictite is weakly to well stratified (F2RA, B), with beds ranging from 5 to
150 cmin thickness. Upper and lower contacts of beds are sharp. The stratified diamictite
is matrix supported but clast rich, containing shale, sandstone, quartz, granite, and gneiss
clasts in a matrix of muddy finéo mediumgrained sand. Clasts are subrouhda
average, and clast fabric indicates aligned a axes (apparent, bed not disaggregated), and
the dip of clasts is predominantly parallel to bedding. Fabric analysis on one bed
indicated a preferred orientation (trend) of 290r0° for the a axes (see eodiagram in
Fig. 29C). Maximum clast size is 15 cm. In one area where stratified diamictite is in
direct contact with the La Horqueta Formation, beds of stratified diamictite drape
underlying bedrock and are stacked against each other like shingle29@i§). At this
location, the top of the slate bedrock was a jagged surface draped by stratified diamictite,
forming an angular unconformity. Stratified diamictite is interstratified with massive,
deformed, finegrained sandstone and conglomerate.

Sandsbne occurs as laminated beds, as massive beds, and as deformed pods.
Laminated sandstone is horizontally and cilassinated, and climbing ripples also occur
(Fig. 29D). Thin (5 mnii1 cm) beds of mudstone frequently occur in between beds of

laminated sandshe. Massive sandstone is fite mediumgrained, containing outsized
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sandstone clasts up to 4 cm in diameter. Massive sandstone is interbedded with siltstone,
either as pods floating in deformed siltstone (E2RE), or as interbedded strata 30 cm
thick. The sandstone pods are massive, composed gfrfanged sandstone, and3lm
in diametemwith either a circular or teardrop shape. Interbedded massive sandstone and
siltstone beds are deformed in one area into large fold noses, but internal staretures
well preserved (Fig29F).

Conglomerate beds occur interbedded with diamictite and sandatwhbeds are
201 30 cm thick with erosive or sharp lower contacts. Conglomerate has a matrix of
coarse sand and is clast supported, and clasts are subamgupaedominantly shale, but
guartz, sandstone, and granite are also present. Maximum clast size is 5 cm.
Conglomerate occurs as both massive and dyedded units.

Siltstone is interbedded with sandstone and diamictite and occurs as massive or
very thinly bedded (1 cm thick beds). Some beds of massive siltstone are deformed.
Within several beds of siltstone, lonestongg 8m long bend and deform underlying

bedding (Fig29G). Lonestones are highly weathered, and striations are not visible.

4.3.2. Glacialy-influenced facies association interpretation

The glaciallyinfluenced facies association was deposited by both a tidewater
glacier that was calving icebergs into the water column and mass movement processes of
slumps, slides, and debris flows. Calvegbiergs shed clasts, sand, and mud onto the
substrate, thereby depositing dropstones and stratified diamictite. Some beds of stratified
diamictite also traveled downslope along the substrate in cohesive debris flows after
iceberg deposition (cf. Lopez Gandin1991; Powell and Domack, 2002). Subsequent

gravity flows of diamict formed the imbricate slices observed inZg.and C,
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traveling as debris flows as far as frictional differences with the substrate permitted, then
experiencing slumping, as indicdtby variable dips of bedding surfaces (cf. Lopez
Gamundi, 1991; Shanmugam, 2006). Debris flows also oriented clast a axes
approximately parallel to bedding. The angular surface of the La Horqueta Formation
indicates that it was not smoothed by overridoey

Clasts within diamictite indicate both local and extrabasinal provenance:
intraformational pebbles ohudand sand may have been derived from the deltaic and
restrictedmarine facies associations. Granite, gneiss, and quartz clasts were most likely
derived from the North Patagonian Massif region and/or the Chadileuvu Block, which
contains Paleozoic metamorphic rocks and granite intrusions (cf. Martinez Dopico et al.,
2011). Detrital zircons in the El Imperial Formation dated as Cambrian (506 Ma and 528
Ma), during the Pampean orogeny (Rapela et al., 1998; Sims et al., 1998), suggest that
the Sierras Pampeanas was also a sediment source (Rocha Campos et al., 2011).
Additional possible sediment sources are plutonic and sedimentary rocks from the Las
Matras and San Rafael Blocks (cf. Cingolani et al., 2003; Sato et al., 2004).

Rippled sandstone, interbedded mudstone, and horizontally laminated sandstone
were deposited by subaqueous outwash from meltwater with fluctuating discharge rates
(cf. Powell and Domek, 2002). Conglomerate also may have been deposited by a
glacifluvial system, representing intervals of increased flow velocity, or by a subaqueous
grain flow, as current structures are not present. Massivgffaieed sandstone beds and
pods formed fronsandy debris flows and slumps (cf. Mulder and Alexander, 2001,
Shanmugam, 2006), although beds may also have been deposited by settling out of

suspension from meltwater plumes (cf. Powell, 1990). Fold nose structures formed from



138

interbedded sandstone asitistone sliding downslope and bending when frictional forces
arrested the slide block (cf. Woodcock, 1976; L6pez Gamundi, 1991: Shanmugam,
2006).

4.4. Postglacial open marine facies association
4.4.1. Posglacial open marine facies association descoipt

The postglacial open marine facies association gradationally overlies the
glacially-influenced facies association, is composed of sandstone and mudstone, and
features massive bedding, current structures, andeditnent deformation. Fingrained
sardstone beds are interbeddeith claystone and siltstone and have predominantly
massive bedding, although some beds exhibit deformed bedding, rippld®razontal
lamination (Fig. BA). Interbedded mudstone is massive or thinly bedded and often
deformedinto chaotic bedding (Fig.0B). Beds of massive fingrained sandstone
become thinner upwards stratigraphically, from 60 cm thick beds on average to 20 cm
thick beds which then pass upwards to predominantly deformed mudston2XQ80,

Fig. 24).

Above tis interval is a coarsening upwards succession of fine grained rippled or
horizontally laminated sandstone beds that pass up into hummockypedsd fine
grained sandstone (Fig0C) and trough crodsedded mediungrained sandstone (228
297 m, Fig24). Siltstone beds I@0 cm thick are interbedded. Figeained sandstone
also contains climbing ripples and wavy bedding (B@d). The top of this facies
association is eroded by conglomerate of the upper fluvial unit (Arias and Azcuy, 1986;

Espejo, 1990)



139

4.4.2. Posglacial open marine facies association interpretation

The postglacial open marine facies association contains no apparent glacial
indicators such as dropstones or diamictite and therefore signals the retreat of glaciers out
of the water colmn, possibly from the region. The lower interval of fgrained
massive, horizontally laminated, and rippled sandstone and interbedded mudstone may
have been deposited by sandy debris flows or traction currents from streams.
Deformation in beds of sandsi®and mudstone is the result of slumping and dewatering.
The upwards thinning of beds suggests decreased input from streams or density flows,
perhaps the result of increased relative sea level.

Above, the coarsening upwards succession indicates watérfdaptabove
storm wave base to normal wave base, potentially signaling a shalopiveyd cycle.

This shallowingupward cycle may represent part of a highstand systems tract or the
distal record of a falling stage systems tract. Based on the presdngarobcky cross
bedding, water depth was probably 020 m
Incision of the upper fluvial member of the El Imperial Formation indicates a drop in
base level and the start of a new sedimentary sequence.

5. Discussion bdepositional environments and sequence stratigraphy

The El Imperial Formation records four distinct depositional environments within
a paleovalley. During the first stage, the paleovalley was unglaciated, andllones of
sediment entered the paleoegil allowing marl to form within mudstone successions.

The transition from paleosols with root traces to-gnained sandstone and mudstone
with marl suggests a rise in relative sea lewéh a flooding surface located on top of

the paleosols. The erosial contact between claystone at the top of the restricted marine
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facies association and the conglomerate of the deltaic facies association represents a new
depositional sequence (sequence 2, B@; Loss, 2006), and this sequence persisted

until the ircision of the upper fluvial member. The conglomerate at the base of sequence

2 that incises the restricted marine facies associationZ#jgvas likely deposited during

a lowstand systems tract, and the overlying stacked deltas represent aggradaigpn duri
relative sea level rise in the lowstand systems tract.

The transition to the glacialynfluenced facies association indicates advancement
of glaciers into the paleovalley and the glacial maximum of the region. It is possible that
alpine glaciation ocaued over the North Patagonian Massif and adjacent positive areas
when other facies associations were being deposited, but the glacially influenced facies of
the El Imperial Formation marks the growth of glaciers to sea level, shedding icebergs
into the oean that deposited dropstones and diamictite. This glacial maximum resulted
from drivers such as the paleolatitude of the San Rafael Basin, low atmog@@siecf.
Montafiez et al., 2007), and the altitude of the adjacent highlands that housed thg glacier
so that glaciers were able to nucleate above the equilibrium line altitude (cf. Isbell et al.,
2012). To the north, the altitude of the Protoprecordillera allowed glaciers to nucleate and
reach sea level in the Calingddtkspallata, Rio Blanco, and Paga Basins in the late
Serpukhoviahearly Bashkirian (Lépez Gamundi et al., 1994; Limarino et al., 2006;

Isbell et al., 2012). In the Early Pennsylvanian, an extensional tectonic regime was
established following the Ch& orogeny, which instigated the tagpse of the
Protoprecordillera (Limarino et al., 2006; Isbell et al., 2012). This loss of altitude was a
major driver for the deglaciation of the Protoprecordillera (Isbell et al., 2012). A similar

chain of events probably occurred in the upland areasaalj to the El Imperial



141

Formation (the northwest region of the North Patagonian Massif), so that extensional
tectonics in the Early Pennsylvanian resulted in a loss of altitude, corresponding with
deglaciation. However, deglaciation in the two regions seasewhat diachronous.
Deglaciation occurred in the Protoprecordilleran basins in the early tBasidkirian
(Limarino et al., 2002, 2006; Henry et al., 2008; Gulbranson et al., 2010). In the San
Rafael Basin, deglaciation occurred in the late Bashkibased on the timing of the DM
Subzone B identified in the middle unit of the El Imperial Formation (Pazos et al., 2007;
Césari et al., 2011). Nevertheless, it is suggested here that the extensional tectonics in the
Pennsylvanian that caused the collagsth® Protoprecordillera also caused relaxation of
the highlands surrounding the San Rafael Basin in the late Bashkirian, contributing to
deglaciation of the northwest highlands of the North Patagonian Massif.

The transition to the pogflacial open marinéacies association indicates the
retreat of glaciers out of the water column and possibly complete deglaciation of the
highlands surrounding the San Rafael Basin, as glaciers never returned to the basin.
Glaciation continued throughout the Pennsylvaniatihé northeast in the Parana Basin
and to the south in the Tepuel Basin (Rocha Campos et al., 2008; Taboada, 2010), but the
San Rafael Basin did not experience glaciation after the late Bashkirian.

Above the glaciallyinfluenced facies association, a tela sea level rise
continued followed by a relative sea level fall, indicated by a coarsening upwards
succession. This pattern of pagacial transgressive deposits overlain by a coarsening
upwards succession also occurs in the Protoprecordillerarspasgiare glacial
diamictites are overlain by Bashkiriagarly Moscovian transgressive deposits, and in the

western Paganzo Basin and surrounding area, transgressive mudstones are overlain by a
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coarsening upwards succession (Limarino et al., 2002). Forpdsaim the Calingasta
Uspallata Basin, the Hoyada Verde Formation contains late SerpukinBashkirian
glacial diamictites that are overlain by transgressive mudstones containing Levipustula
fauna. Transgressive deposits of rtahring mudstone overlygnglacial deposits are
also documented in the Agua de Jaguel and Tramojo Formations of the Calingasta
Uspallata Basin (Henry et al., 2010). Paleovalleys cut into the eastern side of the
Protoprecordillera at Quebrada de las Lajas and Quebrada Grandd Jfeigntain
glacial deposits that are overlain bymudstone, interpreted as relatilevskase which
are then overlain by sandstone (Quebrada Grande) or a coarsening upwards succession of
sandstone and conglomerate (Quebrada de las Lajas), bothetedras deposited during
relative sedevel fall (Kneller et al., 2004; Dykstra et al., 2006). InwWestern Paganzo
Basin, the Guandacol Formation contains fgatial mudstones that grade upwards into
thin, fine-grained sandstone interbedded with mardst which then grade upward into
crossbeddednedium to coarsegrained sandstone, interpreted as distal to proximal
distributary mouth bars in front of a prograding delta (Limarino et al., 2002). That this
succession is repeated in the El Imperial Foionaguggests that the San Rafael Basin
was experiencing similar depositional events controlled by similar tectonic activity as the
Protoprecordilleran basins. Therefore, the late Bashkirian transgressjonave
occurred across west central Argentina, aotgjust in the Protoprecordillera region.

At the top of the posglacial succession, a drop in base level occurs where the
upper fluvial member of the El Imperial Formation incises the middle member, beginning
sequence 3 in the formation (Espejo and zopamundi, 1994; Loss, 2006). The

coarsening upwards succession at the top of sequence 2 may indicate a highstand prior to
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a relative sea level fall that resulted in the fluvial incision. The incision may also be
synchronous to the fluvial incision at thase of the Pituil Formation (formerly known as
the Tres Saltos Formation) that erodes into the Hoyada Verde Formation in the
Cdingasta Uspallata Basin (Fig.13, with both erosional surfaces representing a drop in
relative sea level across west centregéntina.
6. Late Paleozoic stratigraphic framework of western Argentina

Basins along the southwestern margin of Gondwana, in Chile, western Bolivia,
Peru, and western ArgertbBhad WwaeséensbubyetbLe
Spalletti (2006), beeasse they occur adjacent to the magmatic arc that formed along the
active Panthalassan margin of southwestern Gondwana. Recent work on the Argentine
basins (Rio Blanco, Calingastaspallata, El Imperial, Tepuel) has yielded new
radiometric ages and biostigraphic correlations (i.e., Gulbranson et al., 2010; Taboada,
2010; Césari et al., 2011; Rocha Campos et al., 2011), so herein the stratigraphy of the
four arcrelated basins of western Argentina is compared and correlated according to
available data (Fig1).

6.1. Rio Blanco Basin

The Rio Blanco Basin formed as a foreland basin adjacent to the
Protoprecordillera during the Chanic orogeny and received marine and terrestrial
sedimentation from the Early Carboniferous to the Permian (Scalabrini Ortiz, 1973)
the late Mississippian (middle Viséan?; Taboada, 2010), the Rio Blanco tectonic event
deformed older sediments and altered the basin into a backarc basin (Limarino et al.,
2006). Following this event, sediments of the Paganzo Group were depositedRiio t

Blanco Basin and in the Paganzo Basin to the east, composed of glacigenie, fluvio
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deltaic, and deep marine to shoreface successions (Limarino et al., 2006; Gulbranson et
al., 2008, 2010).

The Rio Blanco Basin provides a record of Viséan glaciatidndiamictites in
the Jaguel/Cortaderas Formation, dated by Gulbranson et al. (2010) 833&8% by
high-resolution U Pb dating of zircons, and also with diamictites in the Maliman
Formation (Limarino et al., 2006). These formations were deformedraddceby the
Rio Blanco tectonic event. The overlying Paganzo Group outcrops in a number of
locations (see Limarino et al., 2006), but the lower, middle, and upper members of the
Rio del Pefibn Formation span deposition during the late Mississipgansyanian
(Gulbranson et al., 2010). The lower member contains deposits such as massive and
stratified diamictite and pebbly mudstone (Gulbranson et al., 2008), idPlol dating has
constrained these rocks as B289.57+ 0.09 Ma (late Serpukhoviaarly Bashkiian;
Gulbranson et al., 2010). Onset of the gglatial transgression is dated as 319.57+ 0.086
Ma.

The middle unit of the Rio del Pefion Formation unconformably overlies the
lower unit and consists of fluvial sandstone overlain by fluvial/deltaic samglsto
containing interbedded coal (Limarino et al., 2006; Gulbranson et al., 2010). The middle
unit transitions to the upper unit within a transgressive facies that spans the mid
Bashkirian early Moscovian (Limarino et al., 2002; Net and Limarino, 2006; Gunkwn
et al., 2010). Above, the upper unit is composed of lower shorefackstones that grade
into deltaic and terrestrial facies (Net dnoharino, 2006; Gulbranson et al., 2010). The
middle and upper unitsf the Rio del Pefion Formation contain Tieertonia

Streptorhynchufauna (Sabattini et al., 1990; Taboada, 2010), which is now considered
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to be mid to late Pennsylvanian in age (Césari et al., 2011). Choiyoi volcanism began in
the Protoprecordilleran region in the Asselian, based on a rhyolierflthe western
Paganzo Basin dated as Afidselian (296.09+0.085 Ma; Gulbranson et al., 2010).

6.2. CalingastaUspallata Basin

The CalingasfidJspallata Basin experienced similar tectonic development to the
Rio Blanco Basin, as the two basins could besictared north and south sectors of the
same elongated basin (cf. Azcuy et al., 1999). Glaciation began in the Calingasta
Uspallata Basin in the late Viséan, with glacial deposits including glacial diamictites and
dropstonebearing mudstones in the El P&mrmation that were associated with the
RugosochonetéBulahdeliabrachiopod fauna that correlates to the late Viséan MQ
palynozone (Perez Loinaze, 2007; Taboada, 2010; Césari et al., 2011). Glaciation also
occurred in the late Serpukhoviaarly Bashkiria in the El Paso, Hoyada Verde, Agua
de Jaguel, and Tramojo Formations, featuring massive and stratified diamictite and
mudstone with striated dropstones, dated with the NBQ_awnighustulabiozones (Lopez
Gamundi, 1991, 1997; Taboada, 1997, 2010; LimaimbSpalletti, 2006; Henry et al.,
2008, 2010; Césari et al., 2011). A transgression began at the end of the glacial event, and
markbearing mudstones up to 100 m thick were deposited in the Hoyada Verde, Agua de
Jaguel, and Tramojo Formations (Limarinak, 2002; Henry et al., 2008, 2010). The
Hoyada Verde Formation is incised to a depth of 200+ m by the fluviatbeokied
sandstones and conglomerates of the Pituil Formation, formerly known as the Tres Saltos
Formation (Mésigos, 1953; Taboada, 192004; Buatois and Limarino, 2003). Above

the fluvial incision, a short marine interval occurs in the Pituil Formation that contains
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the Marginovatid Maemiafauna of late Bashkiriarearliest Moscovian age (Taboada,
2010).

Arc magmatism began in the Calingd@i$Jspallata Basin in the Pennsylvanian
(Nasi and Sepulveda, 1986; Lopez Gamundi et al., 1994), with volcanism first occurring
in the upper shallow marine sequence of the Agua de Jaglel Formation dated as
307.2+5.2 Ma (latest Moscovian; Lech, 2002; Koukhkgret al., 2009).

6.3. San Rafael Basin

The ages for some of the boundaries of the units of the EI Imperial Formation are
presently ambiguous. It is suggested here that the lower unit was deposited after the Rio
Blanco tectonic event in the Viséan thatamed Lower Carboniferous strata and
created a regional unconformity (Limarino et al., 2006; Taboada, 2010), because the
strata of the lower member are undeformed. The middle member of the El Imperial
Formation is dated as mitb late Bashkirian based dime presence of spores from fRe
densd C. muriornata(DM) Assemblage Biozone, Subzone B identified below the
glacially-influenced facies association by Pazos et al. (2007). Therefore, the glacial
interval in the El Imperial Formation occurred after ldite Serpukhoviarearly
Bashkirian glacial interval in the Rio Blanco and Calingadspallata Basins, but
overlappedvith the Bashkirian glacial interval in the Tepuel Basin (cf. Taboada, 2010).
The glacigenic deposits in the El Imperial Formation (~2hiok succession) are also
thinner than the successions of glacigenic rock$ 300 m thick in the Calingasta
Uspallata Basin (cf. Henry et al., 2010).

The upper member of the El Imperial Formation contains spores of the DM

Subzone C, dated as mio latePennsylvanian (Césari and Gutiérrez, 2000; Césari et al.,
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2011). The top of the upper member of the El Imperial Formation is dated as 297.2+5.3
Ma (Asselian) with a UPb zircon age by Rocha Campos et al. (2011). Above the angular
unconformity at the topfahe upper member of the El Imperial Formation, volcanic

rocks of the Cochicd Group are dated as Artinskian (281.4+2.5 Ma). There is a
pronounced delay in phaseChoiyoi volcanism in the San Rafael Basin compared to that
in the Rio Blanco Basin (Fi@l1), but this follows the pattern of volcanic arcs developing
along the Panthalassan margin of Gondwana from west to east during the Early Permian
to Triassic, the result of subduction and extension between the Panthalassa and
Gondwana plates (Veevers et &B94; Henry et al., 2009).

6.4. Tepuel Basin

The Tepuel Basin provides a contrasting glacial history compared to the western
Argentine basins to the north that experienced final deglaciation in the Bashkirian.
Instead, the Valle Chico, Pampa de Tepudd, Miojon de Hierro Formations record at
least six glacial intervals ranging from 2 to 6 million years in duration that occurred from
the Tournaisian to the Artinskian (Figll; Taboada, 2010). The glacial intervals are
indicated by massive and stratifiecuictites and dropstones in mudstone, interpreted as
deep water glacimarine sedimentary environments, and dated using brachiopod fauna
biozones (Taboada, 2010; Isbell et al., 2011). Presently, it appears that glaciation was
diachronous among the Protopretitberan basins, the San Rafael, and the Tepuel Basin,
with possible coeval glaciation during the Bashkirian in the Tepuel and San Rafael
Basins. Choiyoi volcanism did not occur in the Tepuel region in the Permian

(cf. Kay et al., 1989).
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The multiple gla@l intervals that extended from the Tournaisian to the
Artinskian were likely the result of the paleolatitude and palétude of the Patagonian
microplate. Patagonia was located near or within the south polar circle during much of
the late Paleozoic (Bkey, 2008; Isbell et al., 2011; Taboada and Shi, 2011), and the
position of South America within Gondwana rendered the Tepuel Basin closer to the
South Pole than the San Rafael, Calingassaallata, or Rio Blanco Basins in the
PennsylvaniailPermian (cfBlakey, 2008). Additionally, the Patagonian microplate
experienced convergence from both the Antarctic Peninsula in the south and Gondwana
in the northeast (Ramos, 2008), which may have pushed the microplate into a higher
altitude than that of the Rio Bleo, CalingastdJspallata, and San Rafael Basins once
Patagonia had accreted to Gondwana. This combination of factors, in addition to other
drivers such apCO, and ocean circulation patterns (i.e., Jones et al., 2006; Montafiez et
al., 2007; Isbell et al2012), caused the divergent pattern of glacial intervals in the
Tepuel Basin. Much remains to be investigated in the Tepuel Basin before its climactic
and tectonic histories are well understood.

7. Conclusions

The El Imperial Formation of the San RafaelsB records a succession of
depositional environments during the latest Mississippian to Early Permian that span
before, during, and after the glaciation of west central Argentina. The El Imperial
Formation is composed of a restricted marine facies agsmtihat is incised by a
deltaic facies association that grades upward into the glaodilenced facies
association. The glacialyfluenced facies association was deposited by tidewater

glaciers emanating from highlands northwest of the North BPataig Massif, in
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conjunction with mass movement processes. The glatidllyenced facies association
passes upward into the pagacial open marine facies association that records a relative
sea level rise overlain by a shallowing upward successioseTharine sediments are
eroded by fluvial conglomerates.

The glacial event and subsequent deglaciation recorded in the San Rafael Basin
was likely related to the late Serpukhoviaarly Bashkirian glacial interval in the
Protoprecordillera 300 km to themh. Deglaciation of the Protoprecordillera has been
attributed, in part, to collapse of the Protoprecordillera due to regional tectonic extension
resulting from the Rio Blanco tectonic event (Limarino et al., 2006; Isbell et al., 2012),
and thus it is pposed that deglaciation in the San Rafael Basisithe result of similar
extensional tectonic forces causing loss of altitude in the highlands that supported
glaciers.

To the south, the Tepuel Basin presents a contrasting record of glaciation, with at
least six glacial intervals occurring from the Tournaskminskian. The high
paleolatitude of the Tepuel Basin and possibly higher altitude resulting from the
convergence of the Patagonian crustal block with the Antarctic Peninsula and Gondwana
are two dwvers of protracted glaciation there.

Following deposition of pogglacial facies, Choiyoi volcanism began in the Rio
Blanco and Calingastéspallata Basins in the Asselian (Gulbranson et al., 2010) and in
the San Rafael Basin in the Artinskian (Rocha Caseial., 2011) as the magmatic arc
wrapped around southwestern Gondwana, but not erupting in Patagonia during the
Permian (cf. Kay et al., 1989).
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Table

Table 4.Facies descriptions and interpretations of the lower and middle units of the El

Imperial Formation.
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Facies Unit Litholo - Sedimentary | Bed Interpr eted Depost
associa gies structures thickness mechanisms | tional
tion environ-
ment
Restrict | Low- | Claystone, | Load Claystone: | Sandy debris | Paleoval
ed marine| er siltstone, structures, 1i5cm flows, ley, water
fine- and disrupted/ Siltstone: 1 | turbidity depth
medium chaotic 20 cm currents, above
grained bedding, rip | Sandstone: | dewatering storm
sandstone, | up clasts, 5/ 80 cm wave base
marl, pipe, dish, and Marl: 315
paleosols | flame cm
structures, Paleosols:
massive 20130 cm
bedding,
asymmetrical
ripples,
climbing
ripples,
horizontal
lamination,
crossbedding,
root traces
Deltaic Mid- | Medium Horizontal Sandstone: | Prograding Deltaic,
dle grained laminations, | 1i50 cm clinoforms nort
sandstone, | crossbedding,| Conglomera| forming glacial,
conglomer | foresets, te: 20 cmi stacked dltas, | probably
ate, conglomerate | 2 m some Gilbert | bay head
siltstone pod Silstone: 2 | type deltas
5cm
Glaciat Mid- | Stratified Diamictite Stratified Debris flows, | Pro-
| dle diamictite, | imbricate diamictite: | icebergrain | glacial,
y- . . . .
massive slices, 1i 150 cm | out, glacier(s)
influen- sandstone, | sandstone Massive glacifluvial was
ced laminated | foresets, sandstone: | outwash, tidewater
sandstone, | dropstones, | 20i 30 cm | slides, slumps| and wet
conglomer | sandstone Laminated based,
ate, pods, sandstone:0 shed
siltstone horizontal 201 m icebergs
laminations, | Conglomera into water
crossbedding,| te: 201 30 column
deformed cm
bedding
Post Mid- | Massive Horizontal Massive Sandy debris | Non
glacial dle sandstone, | laminations, sandstone: | flows, traction| glacial,
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open
marine

laminated
sandstone,
siltstone,
claystone

crossbedding,
hummocky
Cross
stratification,
asymnetrical
ripples,
deformed
bedding,
water escape
structures

0.202m
Laminated
sandstone:
0.5025m
Siltstone: 1
50 cm
Claystone:
1120 cm

currents, wave
action, slumps

shoreface
with water
deph O
m
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Guandacol, QL ®uebrada de las Lajas, QG = Quebrada Grande, HV = Hoyada Verde,
AdJ = Agua deDagiel, T = Tramojo, PdT = Pampa depuel.
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Figure24. Measured section of the lower and middle units of the El Imperial Formation.
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Figure25. The lower two sequences of the El Imperial Formation occur in a paleovalley
with 757100 m relief that cuts into underlying Devonian bedrock (La Horqueta
Formation). The present valley, incised by the Atuel River, is excavating the paleovalley.

A close-up view of the palescree is shown in Fig. 26.








































































































































































































































































































































































