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ABSTRACT
RE-EXAMINATION OF THE CHANGES IN FLUVIAL STACKING FATTERN
ACROSS THE CENTRAL TRANSANTARCTIC MOUNTAINS, ANTARTICA

by
Danielle Sieger

The University of Wisconsin-Milwaukee, 2013
Under the Supervision of Professor John Isbell

A change in fluvial style and a change in the staglattern of fluvial channel sandstone
bodies occur across the Buckigyremouw formational contact in the central
Transantarctic Mountains in Antarctica. Stratéhie Buckley Formation are
characterized by thick floodplain deposits in theltifle to Upper Permian Buckley
Formation; whereas, stacked interconnected sareldimaies occur in the Triassic
Fremouw Formation (Barrett et al., 1986; Isbell &ddionald, 1991a, 1991b; Collinson
et al., 1994; Isbell et al., 1997; 2005). Suchngjes in fluvial stacking patterns have
been attributed to changes in the creation of actodation within basins due to changes
in relative sea level, changes in accommodationtatectonism, and changes in
sediment flux associated with loss of vegetatioth iacreased erosion rates following the
end-Permian mass extinction event. To explairctages in the Buckley-Fremouw
Formation in Antarctica, Isbell & Macdonald (1991891b) and Isbell et al. (1997)
argued for changing tectonic conditions in the hagdiile Retallack et al. (2006)
suggested the changes were associated withltAenfass extinction event causing the
loss of peat forming plants. This study found tinatchange in the accommodation

across the PTB was a result of tectonism basediderece of changing sandstone



composition, changing paleocurrent orientations, @manging fluvial stacking patterns
between the Buckley Formation and the Fremouw FbomaThis suggests differential
subsidence in the Transantarctic foreland basih antunder-filled basin in the Late

Permian changing to an over-filled basin in thelyfe@riassic.
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I ntroduction
1.1 Problem and Significance

The purpose of this study is to investigate tharenmental and tectonic
conditions in Antarctica during deposition of theta of the Permian Buckley and the
Triassic Fremouw formations in the central Tranaartic Mountains (CTM), by
investigating changes in fluvial stacking patter&sacking patterns are defined as the
architecture of fluvial channels, and the densitg anterconnectedness of channel
sandstone bodies relative to floodplain depositsiie and space (Leeder, 1978; Bridge
& Leeder, 1979; Miall, 1983; Einsele, 1992; Bridgéackey, 1993). These fluvial
strata record an important interval of geologicetiand provide a unique view of
conditions in Polar Gondwana during the late Paleonand early Mesozoic. Possible
events that influenced fluvial stacking patternghiese strata include: 1) development
and evolution of the foreland basin, 2) changingnatic conditions from an icehouse to a
greenhouse world, 3) severe biotic and environnhenites associated with the end-
Permian mass extinction, and 4) possible changssanevel. By determining what the
drivers were that resulted in changing fluvial ktag patterns in the Transantarctic
Basin, a better understanding of polar Gondwananguhis critical time in Earth’s
history can be identified. Four hypotheses hawnlpgoposed as the controlling
mechanism for the changes in fluvial stacking pagewhich include: changes in
eustatic sea level, changes in climate, plant et«tin, and tectonism.

The Buckley and Fremouw formations were deposieahi evolving foreland
basin within the late Paleozoic-early Mesozoic dlar Circle (Figure 1) at a time

when the climate was transitioning from the latéeBzoic ice age into a Late Permian-



Mesozoic Hothouse. During this time these straggesenced and recovered from the
Phanerozoic’s most severe mass extinction (thePenchian Mass extinction (EPME)
and the ensuing Early Triassic recovery). The Saatarctic Basin was also evolving
due to changing tectonic conditions along the Rdaisan margin of Antarctica and
throughout Gondwana. Results of this study wilphaefine fluvial stacking patterns in
the Transantarctic Basin and aid in understandiegontrols on fluvial stacking patterns
and landscape evolution during this time of seeendronmental change. This study will
also provide insight on how the relationship betwvaecommodation and sediment flux
influences fluvial stacking patterns, which wildan developing and testing models for

Terrestrial Sequence Stratigraphy.

Gondwana

O G &
‘ /a‘if“z"o?f
to.Ma_ oy
=Y I &
e '
\

() Domeier et al. (2011)
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Figure 1. Late Permian Gondwanan plate reconsbrushowing the position of the
South Pole during the Permian and Earliest Triggieneier et al., 2011; Isbell et al.,
2012).



Changes in stacking patterns from the Late Permthigrugh the Triassic have
been observed throughout Gondwana including: SAfriba, Antarctica, and Australia
(Barrett et al., 1986; Collinson et al., 1994, 20B6ell et al., 1997; Ward et al., 2000;
Catuneanu & Elango, 2001; Michaelsen, 2002). lteAdtica, a change in stacking
patterns across the Permian-Triassic boundary (R@B)een identified and is
characterized by a change from laminated siltstar@®onaceous shales, coals, and
individual thin sandstone bodies isolated in tHlokdplain deposits (low stacking
pattern) in the Upper Permian Buckley Formatiothtok amalgamated sandstone bodies
consisting of stacked channels and bar forms wittomnterstratified, non-
carbonaceous, greenish gray mudstone (high staglattgrn) in the Lower Triassic
Fremouw Formation (Collinson et al., 1994, 2006glket al., 1997). Changes in fluvial
stacking patterns of channel deposits are traditiptinked to changes in fluvial style
(e.g., a change from braided to meandering to amasted streams; Miall, 1996). More
recently, changes in fluvial style have also begkeld to changes in the rate of the
creation of accommodation (e.g., subsidence, eastanges in sea level) (Flemings &
Jordan, 1990; Frostick & Steel, 1993; Shanley & Mb€, 1994; DeCelles & Giles,
1996; Miall, 1996, 1997; Blum & Tdérnqvist, 2000;6@lIs et al., 2004) relative to
changes in avulsion rates, which are a proxy fdmsentation or sediment influx rates in
fluvial environments (e.g., climate change, lossedetation; Schumm, 1977; Bridge &
Leeder, 1979; McLoughlin et al., 1997; Cecil, 2008he changes in fluvial stacking
patterns across the PTB in Antarctica have beemgrgted as lacustrine and meandering
and/or braided river deposits with poorly drainkadplains in the Upper Permian

Buckley Formation (Barrett et al., 1986; Isbell 09%bell and Collinson, 1991; Isbell et



al., 1997) and braided river deposits with welldea floodplains in the Lower Triassic
Fremouw Formation (Barrett et al., 1986; Collingbral., 1994, 2006).

A change in climate and landscape across the P$Bdé&@n proposed by
Collinson (1997) and Retallack (1999) as a changm fa cool humid climate in the Late
Permian to a warmer climate with seasonal precipiian the Early Triassic. These
changes are represented by the occurrence of feasés ofGlossopteris, coal beds, and
carbonaceous shales that represent humid climatieis\Wermian strata, and an absence
of coal, the occurrence offacoridiumfossil flora, and the occurrence of red-green-
mottled claystones that represent drier climategesrded in Triassic strata. Whether
the change in climate and landscape are linkeldg@ihd-Permian mass extinction event
that occurred at ~ 252 Ma (cf. Bowring & Erwin, 1998undil et al., 2004) is unclear. If
the Upper Permian Buckley and Lower Triassic Frem@armational contact represents
the PTB, then these strata contain a record oEBME event from a high latitude
perspective. As of yet, precise radiometric daththese strata has not been
successfully conducted. If, however, the Bucklegarouw contact formed due to the
EPME, it suggests that the lithologic and faciesnges observed across the formational
contact possibly represent instantaneous changls tandscape due to the extinction
and loss of land plants and an associated incraasesion rates (cf. Retallack & Krull,
1999; Ward et al., 2000; Michaelsen, 2002; Retkl05a; Retallack et al., 2005).
However, McManus et al. (2002) and Collinson e{2006) raised the possibility that
the Buckley Fremouw contact is diachronus acros<{hM, which calls into question
the validity of the hypothesis of a synchronousng&in stacking patterns in the

Transantarctic basin across the PTB. The basilugoo and the role of the EPME in



Antarctica are poorly understood. The EPME isléingest extinction in Earth’s history,
resulting in a loss of about 90% of marine spe@bsut 70% of terrestrial vertebrate
species (Erwin, 1994), and similar estimates (7@PBave been made for terrestrial
peat-forming plants (Retallack, 1995; Gastaldd.e2805). Both the marine and
terrestrial realms were greatly affected with ptwfd consequences for sedimentary
environments, such as possible delayed recovergraf reefs and peat swamps, the
spread of stromatolites, claystone breccias, amdhstantaneous development of braided
stream deposits within terrestrial realms (Veeetta., 1994; Retallack et al., 1996,
2005; Ward et al., 2000). The degree to whichBRME influenced extinction and
environmental change in the Polar Regions has reagntly been explored. Preliminary
results suggest that the extinction event may awétbeen as severe near the poles
(Miller & Collinson, 1994; Waterhouse & Shi, 2019.T. Hasiotis, personal
communications, 2012). Many hypotheses have bemoped for causes of the EPME
including, but not limited to: 1) draining of therinental shelves during exceptionally
low sea level (Newell, 1973); 2) radiation fromratérrestrial sources (Visscher et al.,
2004); 3) bolide impact (Retallack et al., 1998)adoxia in stratified oceans (Wignall &
Hallam, 1992; Wignall & Twitchett, 2002); 5) atmdswic changes caused by release of
gases from the eruption of the Siberian Traps (fReicet al., 2002); and 6) large
methane gas releases (Berner, 2002; Retallack &, RQ06).

The focus of this study is to determine the flugtacking patterns of the Buckley
and Fremouw formations, and to test possible caose¢ke abrupt shift in depositional
environments across the Buckley-Fremouw formaticpnatact in the central

Transantarctic Mountains



This study examines well-exposed sections of Persiiata in the central
Transantarctic Mountains at Mt. Achenar, Mt. Bowearsd Lewis Cliffs, and Triassic
strata from Wahl Glacier and Gordon Valley (FigB)e Previously reported data on the
Permian-Triassic strata in the region is also usesipplement the findings of this study
(Barrett, 1972; Barrett et al., 1986; Collinsonsbéll, 1986; Collinson, 1990; Isbell,
1990; Isbell et al., 1997; Isbell & Collinson, 19%aig, 2005; Collinson et al., 2006).
Results of this study will help determine what falstyles and stacking patterns
(meandering, braided, anastomosed, and avulsioatsiges) are contained in the strata,
why fluvial stacking patterns change across theklyeFremouw contact (e.g.,
tectonics, climate, sea-level change, plant exongtand how the basin evolved during

the Late PermianEarly Triassic.
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Figure 2. Study locations in the CTM. Late Penmstrata occur at Mt. Bowers, Mt.
Achenar, and Lewis Cliffs. Early Triassic stratzur at Wahl Glacier and Gordon
Valley. Other locations in italics will be use@iin previous studies (modified from,
Isbell, 2010).



1.2 Regional Geology

The Permian Triassic Transantarctic (Beacon) basin extendeagaiioe East
Antarctic cratonic margin from the Ellsworth Moumigto Victoria Land (Collinson,
1990; Isbell, 1990; Collinson et al., 1994, Isketlbl. 1997). Collinson et al. (1994)
proposed that the basin evolved above a passiweeatal margin through four main
stages. The first stage consisted of extensiomguhie Carboniferous and Permian. The
second stage consisted of the formation of a lateyFPermian back-arc basin. The third
stage was the formation of the Late Permian anty Haiassic foreland basin. Isbell
(1990, 1999) and Isbell et al. (1997) provided enice that suggests the Fairchild-
Buckley formational contact marks the point at vihilee basin evolved into a foreland
basin. The fourth stage consisted of extensiontlaoidiitic volcanism during the
Jurassic. Isbell (1999) suggested that stratadrCiTM were deposited within two
intermontane or successor basins after post-oroggatift of the Ross terrain. In a
regional context, the Transantarctic foreland bdsweloped as a part of the more
extensive Pan-Gondwanian Mobile Belt that formed tlucompression, collision, and
subduction of the paleo-Pacific plate beneath tbedwanan plate (Veevers et al., 1994;
Catuneanu & Elango, 2001; Gastaldo et al., 20@&)Xhat time, a series of related basins
developed along the Panthalassan margin of GondwHEm@se basins include: the
Parana Basin (South America), the Karoo Basin ($8itica), the Transantarctic Basin
(Antarctica), and the Sydney and Bowen Basin (Aalisty (Collinson et al., 1994;
Veevers et al., 1994; Isbell et al., 1997; Lopezr@adi, 1997; Fielding et al., 2001;

Catuneanu, 2004).



The Transantarctic basin in the CTM is composea sgquence of flat-lying,
Devonian to Early Jurassic marine and continergpbdits known as the Beacon
Supergroup (cf. Barrett et al., 1986; Barrett, 138dllinson 1990). The Beacon
Supergroup in the Beardmore Glacier region (BGRs&is of the Taylor Group and
Victoria Group. The Taylor Group, in the BGR, cisits of the Alexandra Formation,
which is thought to be Devonian in age due to threetation with other quartz arenites in
southern Victoria Land and in the Ohio Range ofakctica (Barrett et al., 1986). There
is uncertainty, however, that the Alexandra Fororats truly Devonian due to the lack
of fossils or radiometrically datable materialstgpport this age assignment (Barrett et
al., 1986; Collinson, 1990). The Maya Erosion Scef a regional unconformity,
separates the Taylor Group from the Victoria Gr{grrett et al., 1986; Isbell, 1999).
The Victoria Group in the BGR consists of six fotioas ranging from Permian to
Triassic in age (Barrett et al., 1986; Collinsomlet1994). A generalized sequence of
the Victoria Group (Figure 3) begins with the gtagnic latest Carboniferous (?)-Early
Permian strata of the Pagoda Formation (Barrett €1986; Isbell et al., 2008). The
Pagoda Formation is overlain by the 810 m thick postglacial basinal shales,
turbidites, and, prograding, subaqueous deltaiosiepof the Lower Permian Mackellar
Formation (Barrett et al., 1986; Collinson et 4094; Miller & Collinson, 1994; Miller
& Isbell, 2010). The Mackellar Formation is ovenlédy the 1301220 m thick fluvial-
deltaic strata of the Fairchild Formation. Ovanlyithe Fairchild Formation is the
Buckley Formation, which is a 750 m thick succes®bthin to thick sandstone sheets,
coal, siltstone, and mudrock deposited in fluvizdenel, levee, floodplain, mire, and

lacustrine settings (Barrett et al., 1986; Isb8BQ; Collinson et al., 1994; Isbell et al.,
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1997). The Buckley Formation is informally subdied into two members. The lower
member consists of quartzo-feldspatic sand andpper member consists of
volcaniclastic sand (Barrett et al., 1986; Collimst al., 1994). An 180° reversal in
paleocurrents also occurs between the lower andruppmber of the Buckley Formation
(Isbell, 1990, 1991). The Buckley Formation is iv&@ by the 650 m thick Triassic
Fremouw Formation. The Fremouw Formation is infallynsubdivided into three
members (lower, middle, and upper) (Barrett etl&l86; Collinson et al., 1994). The
lower member in the BGR consists of thick quartzmsdstone sheets and green-gray,
non-carbonaceous siltstones (Barrett et al., 1@88inson et al., 1994). The middle
member consists primarily of mudstone and thin stoné sheets, and the upper member
consists of volcanic sandstone, thin coal beds, lagdDicoridium (Barrett, 1972). The

upper formation (Falla) is not noted in Figure 8jtavas not part of this study.
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in CTM (After Isbell, 2012).
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The Buckley-Fremouw contact has been proposed blIRek et al. (1998) to
represent the P-T boundary. The criteria usectterthine the boundary was: a decrease
in 8" Corg; extinction ofGlossopteris flora; the disappearance of coal in the upper
Buckley; the appearance of tBecoridium flora in the middle and upper Fremouw
Formation; and the first appearance ofltlgstrosaurus therapsid fauna in the lower
Fremouw Formation. Isbell and Askin (1999) noteabems with this imprecise means
of defining the location of the PT boundary. Ferthore Glossopteris flora, along with
roots, leaves, and wood have been found in thek&tan Glacier region in the
Fremouw Formation (McManus et al., 2002; Collingbml., 2006). These findings
suggest that the lower part of the Fremouw Formatidhe Shackleton Glacier region
maybe uppermost Permian (Collinson et al., 20@83ewhere, th&lossopteris flora
occurs in Lower Triassic strata in Tasmania (Holm@€92), South Africa (Thomas,

1952; 1958), and India (Jacob, 1952; Pant and RABT).

1.3 Hypothesesfor changing fluvial patternsand changesin fluvial stacking
patterns

Fluvial architecture is thought to be controlledtbsee factors: accommodation,
sediment supply, and hydrodynamics (Puigdefabreldg®&3). These controlling factors
can be affected by sea level, tectonics (subsigeonlmate, and vegetation, all of which
could have an influence on fluvial patterns actbesPTB in Antarctica (cf. Isbell et al.,
1997, 2005; Retallack & Krull, 1999; Ward et aD0B; McManus et al., 2002;

Michaelsen, 2002; Retallack et al., 2005; Collinsbal., 2006). Characteristics of the
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hypotheses for these controls will be used to Hetprmine the cause for changing

fluvial styles across the PTB in the CTM, Antaratic

Characteristics of accommodation and relative sea-level change

If changes in sea level are the reason for a chenijevial stacking patterns and
fluvial style across the PTB, then the change wodéional environments should occur
everywhere throughout the Transantarctic Basinwlaatinfluenced by eustatic changes
in sea level. These changes should be diachrantieaising sea progressively
transgressed the land surface through time. Clsangecommodation in basins that are
long distances from the ocean are driven by climbht;ge and tectonism (Shanley &
McCabe, 1994). Shanley and McCabe (Figure 4; 198¢ggested that during falling
relative sea level, channel incision would be pnese as incised valley fills. During a
lowstand and early transgression, amalgamatedIsadfids fill the incised valley. This
results in a high density channel body stackingepat As transgression proceeds,
resulting from the shoreline migrating landwardatt records mixed marine-continental
conditions and changes in accommodation as thefa&dative sea level rise increases.
Shanley and McCabe (1994) suggested that such ebaogsist of a change from fluvial
to tidally influenced fluvial deposits and a chamgeatacking pattern from overlapping,
interconnected sandstone bodies (high density isigqlattern) to isolated sand bodies
(low density channel body stacking pattern) duartancrease in the rate of the creation
of accommodation space reflecting an increasedmdte of sea-level rise relative to the
influx of clastics. Farther from the shorelineg tidal signature might not be as

pronounced and the deposits might simply show agi&om high fluvial stacking
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patterns to low fluvial stacking patterns. As #f@reline migrated seaward during the
highstand stage, and a decrease in the rate ¢é\sgaise to zero, multilateral sand
bodies would be deposited due to a decrease irate®f the creation of accommodation,
resulting in a higher fluvial sandstone stackingjgya (Shanley & McCabe, 1994; Blum

& Tornqvist, 2000; Blum & Aslan, 2006; Blum et &012).

Fluvial strata Base level

Isolated. high sinuosity fluvial chamels Hizh Low

S
LS
e

Amalg:mut;gl fluvial channel deposits

WValley imncision and terrace formation

Time

Low-sinuosity
high gradient rivers

1-10's m

1-10's km

Figure 4. Diagram showing fluvial architecturesafsinction of base-level change
(modified from Shanley & McCabe, 1993, 1994).
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Characteristics of tectonics

There are many sedimentological characteristidsvibald suggest tectonics as
the primary factor in changing fluvial style andaking patterns. Subsidence due to
tectonism is also a control on the developmentobmmodation. All basins experience
differential subsidence. The drivers of subsiderarebe thermal heating, sediment
loading, or crustal thinning (Einsele, 1992; Leed®99; Allen, 2005). In a foreland
basin setting, such as the Transantarctic basmtin driver of subsidence is tectonic
loading due to emplacement of a fold and thrudt (fé¢mings & Jordan, 1990; Jordan,
1995). Collinson et al. (1994) suggested thafaleeand thrust belt for the
Transantarctic basin is exposed in the EllswortthRensacola Mountains because the
present Transantarctic Mountains form an obliqueactoss the trend of the late
Paleozoic-early Mesozoic foreland basin. Once@dnd basin is formed, sediment
loading becomes an important driver of continudasglence (Flemings & Jordan, 1990;
Jordan, 1995). Characteristics that may signabteéem include a change in provenance
(determined by changes in sandstone compositiotadciganging source terrains and
erosional unroofing of different stratigraphic frmms in the fold and thrust belt), changes
in regional lithofacies patterns due to changirgatmns of clastic influx and
accommodation patterns, and changes in paleocutirextion due to changes in
subsidence (Isbell, 1990). Changing fluvial stagkpatterns reflect changing
accommodation and clastic flux into the basin ké¢ming & Jordan, 1990). Jordan
(1995) defines a foreland basin as being eitheersfiled or over-filled depending on
the topography of the basin and the amount of sedlirsupply vs. transport processes.

An under-filled basin typically has a topographimugh between the orogenic belt and
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the forebuldge (flexure uplift on the cratonic safehe basin) with paleocurrents flowing
off the orogenic belt and forebuldge towards th&rbaxis (Figure 5). The drainage
pattern in the basin axis of an under-filled basitransverse to paleoflow coming off the
orogenic belt and forebuldge. An over-filled balsas sedimentation rates exceeding
accommodation so that a depositional trough dodésnitt and the basin has an alluvial
plain that extends off of the thrust belt and asithe basin and forebulge with paleoflow
solely coming off the orogenic belt and flowing @atross the forebulge onto the craton
(Figure 5). Models by Flemings and Jordan (19%9@) dordan (1995) predict that in an
under-filled foreland basin there will be thrusttlgerived, coarse-clastic facies that
display high fluvial stacking patterns adjacenttie orogenic belt due to the greatest
amount of sediment being derived from the adjabegit despite this also being the area
of maximum subsidence, which occurs beneath thgemio load (i.e., orogenic basin-
margin facies). Further into the basin where sidiste is still high but where there is
reduced clastic influx due to trapping of clastidghe proximal high subsidence zone, a
topographic depression develops. Here, sparsatket channel body sandstone is
isolated within thick basin-axis mudstones thadpie low fluvial stacking patterns (i.e.,
Basin axis facies). However, locally, truck streamvhich flow longitudinally down the
topographic depression that marks the basins dyaiagis, may produce a moderate to
high stacking pattern. Finally, the strata degak#long the cratonic basin margin (i.e.,
Cratonic basin margin facies) would display modsyato highly stacked, forebulge-
derived, coarse-clastic facies due to sedimenixrifieing greater than the slow
subsidence rates. In an under-filled basin, ashthest sheet propagates cratonward

and/or sediment loading redistributes the loadptlograding orogenic basin margin
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displaces the basin axis and cratonic basin méagias cratonward. In this scenario, the
initial distal forebulge-derived facies would beeohain by the basin-axis facies and
possibly even overlain by the proximal thrust-lmtived coarse-clastic facies depending
on the extent of progradation and the amount afticds available to be eroded from the
load and reworked within the basin. Paleocurrehtaild show flow from the thrust
sheet as well as the forebulge flowing towarddbh&n axis. In the basin axis
paleocurrents will flow perpendicular to flow corgioff the thrust sheet and forebulge,
and toward the lowest topographic region. Durirgassion of the basin due to
continued tectonism or sediment loading, the locatf axial drainage shift cratonward

in front of a clastic wedge prograding off the aeag margin. An over-filled basin
occurs when sediment supply exceeds subsidencafdlsithe trough. In an over-filled
basin the provenance and paleocurrents from prdxandhdistal clastic facies are from

the thrust belt and facies should coarsen upwaaligh the section.
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Under-filled -- Tectonic Loading

Figure 5. Diagram showing differences in palecentrdirections and basin-fill of an
under-filled and over-filled basin (Isbell, 2005)he white arrows represent subsidence
and uplift and the black arrows represent paleofiiwctions.
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Characteristics of climateinduced stacking patterns

Climatic changes are driven by changes in the anaful®, and other
greenhouse gases in the atmosphere, a changeeriquation and/or configuration,
uplift, and orbital parameters (Cecil, 2003; Chugcloe, 2003). If climate was the
leading factor for changes in fluvial patterns arauld expect to see a gradual shift in
regional lithofacies due to changing precipitafo@tterns and changes in the volume of
sediment influx into a basin due to changes in tag®, and no significant change in
paleocurrent orientations. The climate of a patéicregion is determined typically by
precipitation, temperature, wind, and sunlight hesgiin a type of seasonality (Cecil,
2003). In low latitudes wind direction and pretapion determine seasonality because
temperature and sunlight typically are constant{{C2003). In high latitudes, however,
variations in all the parameters control seasonéliecil, 2003). Seasonality of rainfall
controls such parameters as weathering, pedogenegitative cover, erosion, and
sediment yield for a catchment basin (Cecil & D@p2003). Schumm (1977) noted that
temperature is also an important factor influengadiment yield, along with
precipitation. The warmer the climate the morecypigation is needed to produce a
significant amount of runoff; whereas, in a coldiémate less precipitation is needed
(Schumm, 1977). Langbein & Schumm (1958) and Sch®77) proposed a sediment
yield curve (Figure 6), which suggests sedimentlyieaches a maximum at about 31
cm/yr (12 inches/yr) of precipitation due to mouaoff being available to transport
sediment, but with greater amounts of precipitafreBil cm/yr) vegetation becomes more
abundant leading to less runoff and a decreasediment yield (Schumm, 1977).

Newell et al. (1999) proposed a change in dischexgene due to a change in climate

(subhumid to more arid) can increase sediment Yyaglceducing vegetation cover and a
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change from a high-frequency and low-magnitudehdisge regime to a low-frequency
and high-magnitude discharge regime. So, undeora arid environment (low-
frequency and high-magnitude discharge regime)mfiagize increases due to infrequent
but large flood events that favor transport of mayarse-grained material (Newell et. al.,
1999).

An increase in sedimentation rate, due to an iser@aprecipitation, would result
in aggradation of the alluvial plain. An increasehannel-belt aggradation can result in
an increase in avulsion frequency (Bridge & Leed®i9; Bridge & Mackey, 1993;
Torngvist, 1994; Bryant et al., 1995; Heller & P&aal996; Blum & Tdorngvist, 2000;
Mohrig et al., 2000; Toérngvist & Bridge, 2002; Stoamer & Berendsen, 2007) by
creating an alluvial ridge above the floodplairarlg models by Allen (1978), Leeder
(1978), and Bridge & Leeder (1979) all emphasizagdsaons as a control on the
distribution of channel stacking pattern and alldels predict an increase in 2D channel
connectedness and density when subsidence anddaggrarates are low and vice versa
(Mohrig et al., 2000). Avulsing systems that raqoncabandoned channels in
topographic lows should produce multistory charsaeld bodies due to sedimentation
rates exceeding accommodation (Blum & Tornqvis@@Mohrig et al., 2000). In
avulsing systems where accommodation is greaterdbdimentation rate isolated ribbon
channels will be encased in floodplain depositsiBE& Torngvist, 2000). Although the
rate of clastic influx maybe driven in part by céte, accommodation is a function of

tectonism (subsidence) and sea level change (Jex98¢; Catuneanu, 2006).



21

i Y
,000 ! T I

DESERT -
SR GRASSLANDS — . FOREST

Sl G S
N
I
/

400

/ ~+
200 / = T

o/

s} 10 20 30 40 30 60
EFFECTIVE PRECIPITATION, IN INCHES

ANNUAL SEDIMENT YIELD, IN TONS PER SQUARE MILE

Figure 6. Diagram illustrating the relationshipgvieeen effective precipitation, annual
sediment yield, and vegetation (Langbein & Schuh®b8; Schumm, 1977).



22

Characteristics of plant extinction

If plant extinction is the primary cause for chamgefluvial stacking patterns one
would expect to see a change in flora to occursactioe entire Transantarctic basin
simultaneously as fluvial stacking patterns chanfjeere should also be no change in
sandstone composition, no change in paleoslogle,tlit no change in regional
lithofacies, and a decrease in number and diveo$itgoted plants across the PTB.
Ward et al. (2000) and Michaelsen (2002) suggedtatylobal extinction of plants
occurred at the PTB, resulting in a change in #ustyle (meandering to braided) and a
change in stacking pattern (low to high) due ton@nease in sediment yield (see chapter
3 for further discussion). Retallack et al. (208 proposed that plant extinction was
the main cause for the change in fluvial style ssithe PTB in Antarctica. Retallack et
al. (2005) based their conclusions on the chandessil flora from Late Permian leaves
(Glossopteris) and roots Vertebraria) to middle Fremouw leave®(croidium). Such a
hypothesis for changing fluvial stacking pattesigeépendent on the location of the PTB
relative to the Buckley Fremouw contact, and thatdontact is a time line rather than

being diachronus as many formational boundaries are

1.4 M ethodology

Over an eight week period during the 20P011 Austral season a remote
helicopter-supported field camp was establishetherBowden Neve in the BGR. A
number of sites in the CTM were visited by a fivexgon field team. Research for this
thesis involved measuring numerous stratigraphstiaes of sandstone bodies in the

Permian Buckley Formation and the Triassic FremBownation. The Permian sections
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were measured at Mt. Achenar, Mt. Bowers, and L&liiés. Two sites on Mt. Achenar
were visited on two separate occasions. The localf the first site visited at Mt.
Achenaris 8411 11.353'S1601] 57.849'E The location of the second site is 841 11.789’
S16001 58.535'E. Mt. Bowers located at89.122’'S 16409.606’E consisted of a 10
day remote camping trip. A total of 466 m of thecBley Formation were measured by
the field party for this thesis. A total of 8 vieal sections were measured and 1 lateral
section was measured on the same sand body tonile¢esiny lateral changes in
geometry, sedimentary structures, and grain d°ast of the lower Buckley Formation
was measured at Lewis Cliffs (846.620'S 16111.615'E) in 4 lateral stratigraphic
columns of the same sand body. The Lower Tridggmouw Formation was measured
at Wahl Glacie(84115.028'S1651158.535'E) and Gordon Valley4(121.196'S
1631150.929'E). At Wahl Glacier about 7 m of sandstar@s measured due to
encroaching fog and the need for extraction froensite by helicopters before conditions
deteriorated to the point where flying was impolssitPrevious work by Barrett et al.
(1986) and Flaig (2005) as well as photos of therop were used to supplement the
identification of fluvial stacking patterns at tlsige. At Gordon Valley 26.5 m of
sandstone was measured in the upper Fremouw Fomméadiedimentologic data
collected included: lithology, facies, sedimentaiyictures, deformational structures,
grain sizes, contacts (sharp, gradational, or enad), paleocurrents, and sandstone
geometries and architecture. Detailed stratig@pbiumns can be found in Appendix A.
Paleocurrent orientations were taken at Mt. Bowdts Achenar, Lewis Cliffs,
and Gordon Valley. Paleocurrents were taken guieg(sr), trough cross-stratification

(st), foresets (f), and primary current lineatipolj where available. The magnetic
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declination of the brunton was set to zero andeximns were made back at the lab.
Measurements were corrected using the (NOAA NatiGemphysical Data Center)

website fittp://www.ngdc.noaa.gov/geomag-web/#declingtiofihe paleocurrents were

plotted on rose diagrams in 20° classes usinghtheeware GEOrient (version 9.5.0) by
Rod Holcome of the Department of Earth Scienceshiversity of Queensland,
Australia. Only trough cross-stratification wagddo determine paleo-flow trends for
this study. Detailed paleocurrent orientatiorl@alzan be found in Appendix B.

The following chapters will define facies to debéne the types of systems that
are operating in the basin and their dynamics (&) and define the fluvial stacking
patterns and their controls (Chapter 3). Findhgse two sedimentologic tools will be

used to address the depositional history of thenkmsoss the PTB.
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The facies associations for this study have be@det into three groups. The

groups are defined by lithology and sedimentanycstires. The first group is the coarse-

grained sandstone facies association (Table 1}xhwhcludes medium- to coarse-grained

sandstone sheets (see section 2.1). The secomg igrthe fine- to medium-grained

sandstone sheet facies association (Table 2; sgers2.2). The third group consists of

the fine-grained facies association, which includdsstone, mudstone, and coal deposits

(Table 3; see section 2.3).

Table 1. Coarse-grained Sandstone Facies Assotsati

Facies Grain size, contacts, Sedimentary structures | Interpretation | Formation
thickness, width, and and fossils
geometry
Coarse-grained [JMedium- to coarse- | [JSingle storied or O Braided DBuckley &
sandstone grained sandstones. | multistoried. stream channe| Fremouw
[Erosional basal COJAbundant trough and deposits formations

contacts.

OUp to 20 m thick.
OExtend laterally for
100’s m to km.

[0 Sheet bodies with a
few (rare) isolated
ribbons.

[Sharp or gradational
upper contact with
adjacent facies.

planar cross-beds.
[Occasional ripple cross-
lamination.

ORip-up clasts consisting @
intraformational siltstone,
mudrock, coal, and

subrounded quartz pebbles.

[JReactivation surfaces
common.

[JDownstream accretion
(dominant), vertical
accretion, lateral accretion,
and upstream accretion (ng
every sandstone body
contains all of these
accretionary deposits).
[JSand-filled abandoned
channels.

[JRare to common
transported fossil wood ang
plant debris.
[JPaleocurrents show little
variation.

—
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Facies Grain size, contacts, Sedimentary structuresand | Interpretation Formation
thickness, width, and fossils
geometry

Fine- to OFine- to medium- [Large scale trough and Crevasse Buckley
medium- | grained sandstone. planar cross-beds. channels and Formation
grained [JErosional or planar- OSmall scale ripple cross- | splays, crevasse

sandstone | sharp basal contacts. lamination (abundant). splay complexes

sheets Some units have [1Horizontal lamination and sheet floods

gradational bases.

OOUp to 4 m thick

and extends laterally up
to 100’'s m across the
outcrop.

[ISheets, may also be
associated with ribbon
bodies (small channels-
form bodies).

-May occur as wings that [1Paleocurrents vary at high

thin laterally away from
channel-sandstone
bodies.

[Sharp or erosional
upper contact with
adjacent facies.

containing primary current
lineation.

[IClimbing ripples.
[OWavy and lenticular
bedding.

[IMassive bedding.
[1Deformational structures
(flames and convolute
bedding).

angles with those contained
in the Coarse-grained
Sandstone Facies
Associations.
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Table 3. Fine-grained Facies Associations
Facies Grain size, contacts, Sedimentary structures | Interpretation Formation
thickness, width, and and fossils
geometry

Siltstone | [JSilt-sized grains. [OJMassive or laminated Massive Buckley and
[Sharp to gradational basal Laminated Floodplain Fremouw
contacts. [Horizontal laminations | deposit formations
[Sharp or gradational upper(alternating silt and clay of
contact. silt and organic rich layers| Laminated
OUp to 12 m thick and containing leaf Lacustrine
extend 10’s to 1000's m compressions, impressionsdeposit
across outcrop. and carbonized remains).

ORare ripples.
[ORare deformed sandy
forset beds.

Mudrock | [Clay and silt sized grains.| [JCarbonaceous in Floodplain Buckley
[Gradational or sharp basalBuckley Formation (grey | deposit and soil| Formation
contact. or black color). horizons. Fremouw
[Erosional or bioturbated | [TNon-carbonaceous in Poorly drained | Formation
(rooted horizon) upper Fremouw Formation flood plains
contact. (green, red, and brown). | (carbonaceous)

OUp to 50 m thick (up to1.5 TTRooted horizons and in the Buckley
m thick for this study) and | fossil forests common in | Formation
extend 10’s to 100's m Buckley Formation. while the
across outcrop. Rooted horizons also Fremouw
common in the Fremouw | Formation
Formation. mudrocks likely
represent well-
drained
floodplains.

Coal [10.1 m thick to several Olnterbedded with Marsh and mire| Buckley
meters thick and extends | siltstone, mudrock, and deposits. Formation
100’'s of m to kms across thefine-grained sand sheet (lower and
outcrop. facies. upper
[Sharp or gradational basal members) and
contact. upper
CErosional or sharp upper Fremouw
contact. Formation
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2.1 Coarse-grained sandstone facies associations of the Buckley and Fremouw

formations

Buckley Formation: Coarse-grained sandstone sheets in the loweun@me
members of the Buckley Formation are similar andoupO m thick and extend laterally
for 100’s of m to km across the outcrop perpendictd paleoflow directions taken from
primary sedimentary structures. At Lewis Cliffse tsheets thin dramatically over a few
10’s of m to laterally extensive sandstone wingmglthe margins of the sheets. These
wings and associated deposits are described balsection 2.2 with the fine-grained
sandstone sheet facies associations. The coasegisandstone sheets can occur
isolated within finer-grained deposits or as amialgted sheets displaying high fluvial
stacking patterns (see chapter 3). The basal coofténdividual sheets is erosional and
generally of low relief, but in places, the bassaie sheets can have several meters
relief (Figure 7). The sandstone sheets typicallyinto deposits of the fine-grained
sandstone sheet facies associations (Figure &estien 2.2). The sheets are
multistoried (Figure 9) and sometimes multilatenadl consist of multiple upward-fining
packets (FUS; Figure 10) and sandstone-filled abaed channels. Rip-up clasts (Figure
11) are common directly above the basal erosiamése and above erosional surfaces
at the base of each FUS, and consist of intrafoomailt clasts of siltstone, mudstone, and
coal. Paleocurrent orientation obtained from plamal trough cross-beds contained
within the FUS and abandoned channels show lititeation in flow directions (Figure
12). The upper bounding surface of the sheetagpsto gradational with overlying fine-

grained facies associations.
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Figure 7. Erosional base of the coarse-grainedstane facies (CGSF) truncating
underlying laminated organic rich fine-grained ssinde facies (FGSF) at Lewis Cliffs.
Jacob staff for scale.
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Figure 8. Coarse-grained sandstone facies (CG®Bioaally overlying the fine-grained
sandstone facies (FGSF) interbedded with siltsedreswis Cliffs. Person for scale.
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Figure 9. Stratigraphic column showing a multitdrcoarse-grained sandstone facies
association overlying a thin fine- to medium-grairsandstone sheet facies association at
the base of the column at Mt. Bowers.
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Figure 10. Multiple medium- to coarse-grained slsaadstones in the upper Buckley
Formation at Mt. Achenar. Each sandstone shed¢aicmmultiple FUS successions
(represented by blue arrows) that define macroforiftge third sandstone from the
bottom of the photograph is ~ 14m thick.
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MYuPUS

Figure 11. Rip-up clasts in the medium- to coansened sandstone facies association
from the Buckley Formation. The rip-up clastsiué Buckley Formation consists of
siltstone (A), carbonaceous mudrock and coalifiestpdebris (B and C). Lens cap and

field notebook for scale.
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Figure 12. Stratigraphic column showing mediumedarse-grained sandstone facies
with little paleocurrent variation in this FUS iinet lower Buckley Formation, Mt.

Bowers. Black arrows represent azimuth directioriggre north is towards the top of the
page. n=the number of paleocurrents and cmdsitbelar mean deviation.

Within an FUS, coarse-grained trough and planassctiedded (dunes) (Figure
13) sandstones rest on a basal erosion surfacsvaklief (cm to dm), and progressively,
each packet fines upward to medium- and occasipfia#-grained ripple cross-

laminated sandstone. Downstream accretion (Fit@iy@and vertical accretion are
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abundant within the packets, and reactivation sedgFigure 15) occur within individual
cross-bed sets (erosional reactivation and somanargich fine-grained drapes). Each
FUS is up to several meters thick and can be tritedhlly across the outcrop for 10’s to
100’s of m. Individual packets are truncated bylihsal erosional surface of the next
overlying FUS package. Silicified wood, wood imgsi®ns and logs were found at Mt.
Bowers and Mt. Achenar but are rare in the meditnzoarse-grained facies association

(Figure 16).

Abandoned channels are scoop shaped and are a fi@wt thick and are 10’s to
a few hundred meters wide. The channels are filleékd medium- to coarse-grained
trough cross-bedded sandstone. These channelsasboth individual channel bodies
(single storied) cut within the FUS and as staakeahnels cutting into each other both
vertically (multistoried) and laterally (multila&d). Channel fill consists of both lateral
accretion and vertical accretion deposits. Veracaretion, however, is possibly

downstream accretion that is cut perpendiculalow.f

Interpretation: Medium- to coarse-grained sandstone sheets viltleiBuckley
Formation contain characteristics that suggest siépn from sandy braided streams.
The occurrence of laterally extensive multistoriedytilateral sand sheets with extensive
wings are interpreted as levee deposits that egténdt into the surrounding floodplain

(see fine-grained facies associations for furtlescdption and discussion), which
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Figure 13. Multistoried medium- to coarse-graisaddstone facies showing large-scale
cross-stratification and small-scale low angle srsigatification truncating underlying
fine-grained sandstone facies at Mt. Bowers. Jatafffor scale.
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Figure 14. Down climbing ripples to possibly snthlines (yellow) overlain by nicely
preserved downstream accretion at Lewis Cliffe dge for scale.



Figure 15. Multistoried medium- to coarse-graisaddstone facies with several
erosional bounding surfaces that are the base 8f$tldcessions within individual
channels. The medium-to coarse-grained facies#ates underlying fine-grained
sandstone facies at Mt. Bowers. Person for scale.

38
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Figure 16. Medium- to coarse-grained sandstonedamntaining (A) a preserved log,
(B) wood impression with lens cap for scale, (QicBied wood with notebook for scale,
and (D) petrified wood with lens cap for scalehie Buckley Formation.

suggests that these streams were laterally mobiteeir alluvial surfaces (cf., Friend,
1983). Low paleocurrent dispersion suggests dépodiy bars oriented parallel to the

trend of channels within a relatively straight chalnsystem (Miall, 2003).

The FUS contain abundant downstream accretionafgic®s. Such surfaces
indicate deposition along the front of migratingamdorms or bars (cf., Bridge, 1986;
Miall, 2003). Each package likely represents thgration of a single longitudinal bar.
Reactivation surfaces could represent a halt imssatation following individual floods

especially where fine-grained or organic-rich, fgrained drapes line the accretionary
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surfaces of these macroforms (cf., Miall, 1985;hdis & Fisher, 2007; Bridge &

Demicco, 2008).

The sand-filled abandoned channels indicate thatseegrained sediment (sand)
was transported down the channels during the alvemelot phase. This happens under
conditions of low-angle channel abandonment wititeided streams, which allows for
continued, but diminishing, discharge as a chasegient is gradually abandoned
(Allen, 1964; Jackson, 1978; Miall, 1985; Bridg@0B; Nichols & Fisher, 2007).
Abandoned channels are ribbon shaped represemdibig €hannel switching rather than
lateral migration of channels (cf., Friend et 8879, 1983). The internal architecture
consists of lateral accretion indicating the chémmere filled by bank attached bars,
vertical accretion representing gradual abandonmiechannels, and downstream
accretion indicates the migration of bars downsiréet., Bridge, 1986; Bristow, 1987;

Miall, 2003).

The thinning and interfingering with fine-graineahsistone sheets is consistent
with deposition in sandy braided stream systemBiwaggrading river settings (cf.,

Miall, 1985, 2003; Bridge 1984, 1985; Bristow et 4999).

Fremouw Formation: The medium- to very coarse-grained sandstondshee
occur primarily in the lower and upper membershef Eremouw Formation. These
sheets are up to 20 m thick and extend lateraflt®@’'s of m to km across the outcrop.
The sheets display high fluvial stacking pattesee(chapter 3). There is a difference,
however, in the fluvial stacking patterns in thevdw, middle, and upper members of the

Fremouw Formation. For example, the lower Frem&ownation at Wahl Glacier lacks
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fine-grained facies associations (floodplain) betwendividual sand sheets. At Gordon
Valley, the upper member of the Fremouw Formatias $ome fine-grained facies
associations between individual sand sheets, whénheaniddle member, which is
exposed at both sites, consist of several hundetdmnof fine-grained facies association
with few coarse-grained sandstone sheets. The t@si@ct of individual sheets is
generally planar with low relief. The bases ofiudlial sandstone sheets, however, are
erosional and cut typically into fine-grained sandge sheets and floodplain facies
associations (Figure 17). Gravel is common diyeaiiove the erosional surface at the
base of the sandstone sheets and consists of sulequartz pebbles and
intraformational clasts of siltstone and mudstdfigyres 17 and 18). The upper
bounding surface of the sheet is sharp with thelpwg fine-grained sand sheet facies

associations.
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Figure 17. Coarse-grained sandstone facies wige Isiltstone rip-up clasts (black
arrows) truncating underlying mudrock facies (~1hmk) of the lower Fremouw
Formation at Wahl Glacier.
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Figure 18. Rip-up clasts and gravel containedhie coarse-grained sandstone sheet
facies association in the Fremouw Formation coimgjsif subrounded to subangular
quartz pebbles with a grain size comparator cadc(i long) for scale (yellow arrows;
A) and non-carbonaceous siltstone and mudrock (B&@rwith a pencil and ice axe for

scale respectively.
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The coarse-grained sandstone sheets are multdstmak multilateral packages
containing upstream and downstream accretion (Eig@). Downstream accretion is
dominant throughout the sheets, and in some ptaeedownstream accretion surfaces
are contained between accretion surfaces thattdgpvaangles in the upstream direction.
If traced laterally in the direction of paleoflohowever, some of the upstream accretion
surfaces reach a peak or crest and then descendawnstream direction (in the
direction of paleoflow indicators) beyond the creBownstream accretion occurs
between the higher-order upstream accretion sigfddesrefore, the upstream accretion
surfaces define macroforms (bars). Some of theeg®s accretion surfaces have the
appearance of climbing macroforms, especially extpper member of the Fremouw

Formation.

The sheets contain multiple stacked macroformst{statied; Figure 20). The
macroforms may consist of a fining-upward packagendled by either basal erosion
surfaces or by horizontal or upstream accretiofasas, or may consist of a package of
sandstone that shows little vertical variabilitygirain size (Figure 21). Within these
multistoried sand sheets, very coarse-grained traungl planar cross-bedded (dunes)
sandstone rests on the planar to low relief (caind erosional surface near the base of
the packet. Packages progressively fine upward&jRb medium-grained, smaller,
trough cross-bedded sandstone. Downstream agatistabundant and some erosional
reactivation surfaces occur on cross-beds. In guawes, foresets of the macroforms
become folded and consist of meter-scale convaletts (Figure 22). Each macroform

or story is up to several meters thick and carrdoeet laterally across the outcrop for
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Figure 19. Coarse-grained sandstone sheet fagsesiation in the upper Fremouw
Formation at Gordon Valley. Photo shows downstraaanetion and cross-bed sets
(yellow lines) and upstream accretion (blue lin&hva hammer for scale (Photograph

courtesy of John Isbell).
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Figure 20. Stratigraphic column from Gordon Val#pwing multistoried coarse-
grained sandstone sheet facies association. Rafents show little variation in each
FUS.
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Figure 21. Fining upward coarse-grained sandgtaeies showing bounding surfaces
(red arrows) of individual macroforms in the loweemouw Formation, Wahl Glacier.
Bottom FUS ~ 1 m thick.



48

S ’i?;'-i&

S,

Figure 22. Coarse-grained sandstone facies (C@&®Bjonally overlying mudrock in the
upper Fremouw Formation at Gordon Valley. Photiudes (X) large-scale cross-
stratification and (D) deformed cross-beds. Sems~12 m thick.

10's to 100’s of m. The abandoned channels aie $iwtet like and ribbon shaped and
are a few meters to 10’s of m thick. The chanasdsfilled with medium- to very coarse-
grained trough cross-bedded sandstone (FiguregR2These channels occur as stacked

channels cutting into each other vertically. Claritl consists of both lateral accretion,
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vertical accretion, and possibly downstream aamnetut perpendicular to flow (Figure
23). Paleocurrent orientations obtained from plamal trough cross-beds within the

macroforms and abandoned channels show little ti@mizn flow direction (Figure 20).

Figure 23. Two downstream accreting macroformay® separated by a bounding
surface (red) at Wahl Glacier. Person for scale.
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Figure 24. Coarse-grained sandstone facies (nedltiuncating fine- to medium-grained
sandstone facies interbedded with very fine sawuldsdtstone (I; black arrow) that thins
in the direction of flow at Gordon Valley. Photmosvs (X) large-scale cross-
stratification and (R) small-scale cross-stratiiima. Person for scale.
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Interpretation: Medium- to coarse-grained sandstone sheet fasgsciations
within the Fremouw Formation contain charactersstiat suggest deposition from sandy
braided streams. The occurrence of multistorietiraaltilateral sheet sandstones
suggests that these streams may have migratedlbaten their alluvial surface within
the channel belt (cf., Friend, 1983). Low paleoent dispersion suggests deposition by
bars oriented parallel to the trend of channeliwig relatively straight channel system

(Miall, 2003).

The packages of multistoried macroforms contaimdbat downstream accretion
separated by upstream accretionary surfaces. fsteeam accretionary surfaces
indicate the bars are overtaking bars located dtreears, and the bars are climbing up
the back of the downstream bars. The downstreanetimn represents deposition along
the front of migrating macroforms or bars (cf.,d&ye, 1986; Miall, 2003). In some
places foresets become folded and convolute suggespid sedimentation rates and
collapse of the bar fronts. Each package likepyesents the migration of a single
longitudinal bar. Reactivation surfaces could esent a halt in sedimentation following
individual floods especially where fine-grainediéscassociations drape the accretionary
surfaces of these macroforms (cf., Williams & Ra€69; Collinson, 1970; Reineck &

Singh, 1980; Miall, 1996; Reading, 1996).

The sandstone-filled abandoned channels represarangle abandonment.
Some abandoned channels are sheet-like with fléined, scoop-shaped scours at the
end of the channel bodies representing lateralahr of channels and some are ribbon-
shaped suggesting stable channels with no migré&tforFriend, 1983). The internal

architecture consists of lateral accretion indigathe channels were filled by bank
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attached bars, vertical accretion representingusieabandonment of channels, and
downstream accretion indicating the downstream aiigm of the bars (cf., Bridge, 1986;

Bristow, 1987; Miall, 2003).

The presence of these multistoried, laterally esttensandstone sheets lacking
significant fine-grained deposits with multistoriegcroforms is consistent with
deposition in sandy braided stream systems whigleefloodplain sediment is preserved
(cf., Allen, 1965, 1978; Bridge & Leeder, 1979; dye, 1985; Miall, 2003). The
multistoried macroforms exhibiting downstream atiore upstream accretion, and
vertical accretion are consistent with the buildumg progradation of bars contained

within a much larger primary channel.

Differences in the abundance of coarse-grainedstane sheets between the

three informal members of the Fremouw Formatiom béldiscussed in Chapter 3.

2.2 Fine- to medium-grained sandstone sheet facies association

The fine- to medium-grained sandstone sheetgaseociations are as much as
4 m thick and extend laterally for 100’s of m a&rtise outcrop in the direction of
paleoflow (Figure 25). The contact at the basdb@de sheets consists of both low relief
(cm to dm) erosional, planar-sharp, and gradatiooatacts. Erosional contacts, with
associated intraformational rip-up clasts, typicallit into siltstone, mudrock, and coal
deposits (see 2.3 for further description and disimn). These surfaces typically grade

laterally into planar-sharp contacts in the directdf paleoflow.
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Figure 25. Photograph of the lower Buckley Foromraiat Lewis Cliffs. A) Photograph
and line drawn (yellow) shows the FGSF extendirrgscthe outcrop for 10’s of meters.
The yellow line outlines ribbon shaped sandstordidso(red arrows) with wings
extending as sheet like bodies for 100’s of met&sClose up of the ribbon shaped
sandstone body (underlined in yellow) from photpiréd. This particular deposit is ~
15 m thick and is the channel sandstone depositgtie wings are attached to.
(Photographs courtesy of John Isbell). The strapigic section is approximately 125 m
thick.

This facies association is abundant throughouBtlekley Formation. Similar
sandstone sheets also occur in the Fremouw Fommaliiothe Fremouw Formation, this

facies association consists of fine- to coarseaghsandstone and only occurs in the
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middle and upper members of the formation in theystrea. However, just to the south
of the study area, at Graphite Peak and in thelk®taa Glacier region, the lower
member of the Fremouw Formation also containsastrathis facies association. In both
the Buckley and the Fremouw formations, fine- talmm-grained sandstone sheet facies
associations thin and fine in the direction of pélmwv (obtained from cross-

stratification). Distally, the sheets pinch oubistrata of the fine-grained facies
associations (see 2.3 for description). Withingheets, in the direction of paleoflow,
sedimentary structures progressively change frogetacale trough and planar cross-
bedding (dunes), to ripple cross-lamination (Figg@g to interstratified ripple cross-
laminations, and horizontal laminations (Figur@ @éntaining primary current lineation
(PCL: plane bed). Climbing ripple-laminations acenmon within the distal portions of
these sandstone sheets (Figure 27) as does wavgrdindilar bedding (Figures 28 and
29). At Lewis Cliffs where the margins of coargeiged facies associations (see section
2.1) are exposed, the channel-like bodies thin eview 10’s of m into sandstone wings
that extend as sheet-like bodies for 100’s of myafn@m the thicker sandstone bodies

(Figure 25). Small channels, up to 10 m wide at®&m deep, occur within these wings.

The sheets are typically interbedded with siltstane coal-bearing mudrock
deposits (Figure 30). The sheets also commonlyragicectly above coal seams and
occur as stacked amalgamated sheets. Abrupt changeain sizes and paleocurrent
orientations (obtained from small trough cross-bpedsur between packages of
amalgamated sheets (cf. Isbell, 1990). Paleocuomgntations derived from cross-
stratification contained within the individual pages show variation in flow direction at

high angles to the coarse-grained sandstone fasgexiations (channels) and
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Figure 26. Sedimentary structures of the finergrdisandstone facies in the Lower
Buckley Formation at Mt. Bowers. (A) Photo showmnples overlain by horizontal
lamination in and (B) a rippled surface in plaiewi(rib and furrow) with ice axes for

scales.
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Figure 27. Climbing ripples (within black bracketithin the FGSF in the lower Buckley
Formation at Mt. Bowers. Jacob staff for scale.

Figure 28. Fine-grained sandstone facies in tivelduckley Formation at Mt. Bowers.
Photo shows Wavy (W), lenticular (L), and horizétdaninations (Sh) with a Jacob staff
for scale.
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Figure 29. Close up photo of the fine-grained stk facies in the lower Buckley
Formation at Mt. Bowers. Photo shows a transitiom horizontal laminations (Sh), to
climbing ripples (Cr), to ripples (Sr), to lentiamlbedding (L), to ripples, and back to
lenticular bedding. Scale is 15 cm long.
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Figure 30. Fine-grained sandstone facies (FGSEjdadded with mudrock and an
erosional upper contact with the medium- to cogrséned sandstone facies (CGSF) at
Mt. Bowers. Sandstone is ~ 10 m thick.
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are subparallel to perpendicular to the paleostiyiained from channel sandstone facies
(Figure 31). The packets contain medium-grainedlisscale trough cross-beds, plane
beds, and ripple laminations, which may fine upwlaod fine-to very fine-grained

ripple cross laminations, climbing ripples, horiznamination, and wavy/lenticular
bedding. Some sand sheets, within the siltstamere observed to coarsen upward.
Massive bedding also occurs in some medium-grasaedstone sheets. Furthermore,
tetrapod burrows have been recorded at Wahl Glacite Fremouw Formation (Sidor
et. al., 2008). Deformational structures suchHasé structures and convolute bedding
are also common (Figure 32). Where present, finjngard (FUS) sandstone packets are
up to 4 m thick and can be traced laterally 10'$@6’s of m across outcrops. Individual
packets are either truncated by the basal erossumtdce of the next overlying FUS
package or show a sharp planar contact when ordnafloodplain deposits. The upper
contact is sharp when overlain by fine-grainedda@ssociations, but can be erosional

when overlain by coarse-grained facies associations
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Figure 31. Stratigraphic column from Lewis Cliffisowing the coarse-grained
sandstone facies erosionally truncating the firergd sandstone facies. Photo shows
variation in paleocurrent directions between the tacies.
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Figure 32. Soft sediment deformation structurehélower Buckley Formation, Mt.
Bowers. Photo shows: Convolute bedding (A) anch@éatructures (B) with a notebook
~17cm wide for scale.
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Interpretation: Fine- to medium-grained sandstone sheet facs&scagions
contain characteristics that suggest depositiam ftcevasse channels, crevasse-splays,
splay complexes, and sheet floods. The sand stietand fine in the direction of
paleoflow and pinch out into floodplain depositsggesting the sandstone sheets are
unconfined flows distal to the main channel. ThSHikely represents gradual
abandonment of individual crevasse channels aray sgimplexes possibly due to
avulsion of the main channel body (Bridge, 19843lwe to waning flood conditions.
CUS packages suggest progradation of the crevatsgcomplexes. The paleocurrent
orientation within the sandstones are variableateh occur at high angles to the
channels and are subparallel to perpendiculara@#teoslope, suggesting the sandstone
sheets were deposited in crevasse channels apthgis.sThe changes in sedimentary
structures and grain size within the sheets irdthextion of flow—from medium-
grained, small-scale, trough cross-beds depositetbse proximity to the main channel
and fine-grained cross laminations and climbinglapstratification occurring distal from
the main channel—indicate decreases in flow vejaniid suggests flow expansion and a
decrease in flow power as the flood waters exitwedchannel and expanded as a sheet
flood onto the adjacent floodplain (cf., Allen, ¥96965; Bridge & Diemer, 1983; Miall,

1996).

2.3 Fine-grained facies associations
Siltstone: The siltstone deposits of the fine-grained facEsoaiations are up to

12 m thick in some locations (e.g., Mt. Achenar atarkson Peak) and extend 100’s of
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m across the outcrop. Siltstones occur in botlBinekley and Fremouw formations, but
are more prevalent in the Buckley Formation anthexmiddle member of the Fremouw
Formation. The siltstone deposits in the Fremoowrfation are greenish in color,
whereas they are grey to white in the Buckley Faoiona

In the Buckley Formation siltstone deposits hagdap basal contact and occur
thin deposits that interfinger with or pinch onta mudrock deposits, or occur as thick
(12 m) laterally continuous deposits interbeddeth fine-grained sandstone lenses and
sheets (Figures 33 and 34), carbonaceous mudnodicaal. Siltstones are typically
found beneath and cut into by fine- to coarse-g@isandstone sheets facies associations
(see section 2.1 and 2.2). Siltstones are alsesimatified with coal seams and may
grade vertically into coal or be underlain gradagidy, or occur in sharp contact with
coal deposits (Figure 35). Sedimentary structwidsn the siltstone include horizontal
laminations (silt and clay), small ripple cross-iaations (interbedded sandy intervals),
and deformation structures, which include deforseady foreset beds, flame structures,
and convolute bedding. The deformed foreset bedsran the fine-grained sandstone
interbeds and extend laterally for 10’s of m (eMf., Achenar; and Clarkson Peak). The
horizontal laminations extend laterally for 10’s1i@0’s of m across the outcrop. Plant
material,Glossopteris leaves, wood impressions, paleosols, and fosskfe are
commonly found in, or associated with, the siltstoleposits (Figure 36). The upper

contact can be sharp or gradational.
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Figure 33. Siltstone interbedded and overlaindgl a the upper Buckley Formation at
Mt. Achenar, which is in turn, overlain by a mediutm coarse grained sheet sandstone.
Person for scale.
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Figure 34. Siltstone with thin downlapping sandstgyellow arrows) from the lower
Buckley Formation, Clarkson Peak (Photograph ceyrté John Isbell). Person for
scale.

Figure 35. Siltstone overlain by thin downlappfimge-grained sandstone (yellow
arrows; ~0.5 m thick) from the upper Buckley FormatiMt. Achenar.
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Figure 36. Siltstone facies showing excellent @neation of (A)Glossopteris leaves
(~15 cm), (B)Plumsteadia (below arrow; ~1 cm) an@lossopteris, and (C)in situ tree
stump (~40 cm in diameter). Photograph is fromujyeer Buckley Formation, Mt.

Achenar.
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Interpretation: The extensive horizontally laminated siltstonerespnts
lacustrine intervals with sandstone interbeds reng crevasse-splay complexes
(Barrett et al., 1986; Isbell, 1990) or small deleposits (cf. Reineck & Singh, 1980;
Reading, 1996; Nichols & Fisher, 2006). The hantablaminations are of alternating
clay and silt settling out from suspension (cf.fé@ 1995). Fossil leaves often occur as
leaf mats on bedding planes. These have beepiated as annual leaf falls from
deciduous vegetation (Taylor et al., 2000; Gulboanst al., 2012). The deformation
structures within the fine-grained sandstone irgdgl(i.e., flames and folds) are likely
dewatering structures caused by soft sediment giaind rapid sedimentation into the
lake or due to small scale slumping of sedimentr&k & Singh, 1980; Franco, 1995).
The presence of coal and deformed fine-grainedstand foreset beds suggest the
occurrence of mires and deltas along the marginiseofake, and that water levels within
the lake fluctuated due to sedimentation and/osisigince. At Mt. Achenar, plant
material, including fossiln situ tree stumps an@lossopterisleaves, is found in some

horizons that also suggest close proximity of thetes to lake margins.

Mudrock: Mudrock deposits are thin bedded (up to 1.5 rkirand interbedded
with siltstone, coal, and very fine-grained sandstsheets. The mudrocks can be traced
laterally across the outcrop for 100’s of m. Mutk® are often overlain by siltstones and
fine-grained sandstone sheets (Figure 37). Thei$® may contain gradational or sharp
basal boundaries and erosional, sharp, gradationblpturbated (rooted surfaces) upper

contacts. Mudrock in the Buckley Formation aréboaaceous (black and grey). The
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Figure 37. Mudrock (~1 m thick) overlain by thedirto medium-grained sand sheet
facies association (FGSF) from the lower Buckleyniation, Mt. Bowers
carbonaceous-rich mudrock also contains rootedtwsi and fossil forests in the upper
Buckley Formation.

Mudrocks in the lower member (Figure 38) of therRouw Formation are non-
carbonaceous (green, brown, and occasionally fieédyker mudrocks in the middle and
upper Fremouw members are the result of an incieassabonaceous material (Barrett
et al., 1986). The mudrock is a few meters thio#t are often interbedded with thin sand
sheets and sand lenses (Barrett et al., 1986).rddksl typically have a sharp basal
contact and tend to grade upward from siltstonee$a@laig, 2005). Upper contacts are
typically erosional (Flaig, 2005). The middle amgper members contain occasional

rootlets (Barrett et al., 1986; Flaig, 2005).
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Figure 38. Greenish brown mudrock facies assatidtied bracket; ~0.5m thick)
truncated by the coarse-grained sand sheet fattbe tower Fremouw Formation, Wahl
Glacier.

Interpretation: The mudrock deposits of the fine-grained facies@asions
represent low-energy depositional environmentsa@atam with fluvial floodplain and
lacustrine deposits (Barrett et al., 1986; IsdR0; Collinson et al., 1994; Flaig, 2005).
The carbonaceous mudrocks of the Buckley Formatiertypically black and grey in

color. The black and dark grey color is likely doeorganic carbon and the lighter colors

are likely due to a more silty composition (cf.p8t 2005). The color of mudrock is also
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indicative of the drainage. For example, the Begkformation is grey and black
consisting of preserved organic material; grey roakis contain less carbon compared to
black mudrocks, and may represent better drainessaon the floodplain. This indicates
the floodplains of the Buckley Formation were pgahtained and formed in water-
logged conditions where the decay of organic mattes inhibited (cf., Reading, 1996).
This is also supported by the occurrence of cohi¢chvindicates the presence of mires
(i.e., poorly drained floodplains). The presenteooted horizons and fossil forests in
the Buckley Formation intercalated with siltstoaesl coals suggest deposition in close
proximity to lacustrine, marsh, and mire environtsen

The Fremouw Formation is green, red, and browrolarcwhich suggests that
the floodplains were well drained and the sedinead oxidized (cf., Reading, 1996;
Collinson, 1997). Mudrocks in the Fremouw Formatn@ave been interpreted as over-
bank deposits within a swamp setting with small ants of standing water compared to
the extensive lake deposits in the Buckley Fornmati@arrett et al., 1986; Flaig, 2005).

Retallack & Krull (1999) have interpreted the mudkavith rooted horizons as paleosols.

Coal: Coal varies in from <0.5 m to several meters tlaiokl can be traced 100’'s
of m to km across the outcrop. Coal only occurheupper Buckley Formation and in
the upper member of the Fremouw Formation. Théroag contain silicified peat and is
often interbedded with siltstone and mudrock (Feg8®). Barrett et al. (1986) reported
coal from the Buckley Formation to have low ash anifur content and ranked it as
mostly low-volatile bituminous coal. A study by &es et al. (1990) reports Permian

coals in the CTM with ash contents up to 50% withean of 15.3%. Coates et al.
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(1990) also ranked the Permian coals ranging frayh-tiolatile bituminous coal to
anthracite, with most of the coal samples havingpagnt ranks of low-volatile
bituminous coal and semianthracite. High gradesoaf occur in close proximity to
dikes and sills of Jurassic age, which occur thnowg the Transantarctic Mountains
(Barrett et al., 1986). Coal typically overliekstone and is overlain either by siltstone
or fine- to medium-grained sandstone sheets (Fig8)ye Contacts can be sharp or
gradational with carbonaceous mudrocks and sikkstoand may be overlain erosionally
or abruptly by the fine- to medium-grained faciesaciations.

Interpretation: The coal deposits represent mire and marsh enveatsn Thin
coal deposits interbedded with siltstone and mudsaggest deposition in close

proximity to lakes and crevasse-splay channels.
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Figure 39. Photograph showing siltstone (B) owery a poorly developed coal (A)
interbedded with siltstone and overlain by the F@8#he upper Buckley Formation at
Mt. Achenar. Jacob staff for scale.
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2.3 Discussion of Depositional Settings

The facies associations of the Buckley Formatiamsist of coarse-grained
sandstone facies associations, fine- to mediumrmegdasandstone sheets, and fine-grained
facies associations (siltstone, coal, and mudrocklg deposition of the coarse-grained
facies associations occurred in braided streanmgstbased on the occurrence of: 1)
laterally extensive sand sheets with erosive bawaiacts suggesting deposition in a
mobile channel belt; 2) low paleocurrent dispersaggesting deposition by bars
oriented parallel to the trend of channels withielatively straight channel system; 3)
fining-upward macroforms with abundant downstreaeretion suggesting deposition as
longitudinal bars; and 4) sandstone-filled abandarteannels suggesting gradual channel

abandonment like those typical of channel abandothimebraided streams.

The fine- to medium-grained sandstone sheet asgw@avere deposited as
crevasse channels based on the occurrence omd3tsae sheets that thin and fine in the
direction of paleoflow and pinch out into floodpialeposits suggesting that the sand
sheets were deposited by unconfined flows distéiéanain channel; 2) paleocurrent
orientations derived from primary sedimentary dtices that are variable and at high
angles to the channels suggesting that waters dlaué of the channels and spread onto
the adjacent alluvial surface as unconfined flodja@ent to the fluvial channel belt; and
3) the sedimentary structures in the FUS and Cl&qta that decrease in the direction
of paleoflow suggesting decreases in flow veloaitg flow expansion and a decrease in
flow power as the flood waters exited the channel @xpanded as a sheet flood onto the

adjacent floodplain. The fine- to medium-grainaddstone sheet associations also
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represent crevasse splay complexes based on ti@aletacking of multiple crevasse

splays.

The fine-grained facies associations consist tdteihe, mudrock, and coal. The
siltstones were deposited in lakes based on ther@rwe of horizontal laminations of
alternating clay and silt suggesting depositiostanding water with the particles settling
from suspension. The carbonaceous mudrocks wesided in low lying flood basins
on poorly drained floodplains. Grey mudrocks swsggeposition on better drained
portions of the floodplain compared to that of tiliganic-rich mudrocks. The relatively
thick coals were deposited in mires and peat swaofpdMcCabe, 1984) in distal
locations on the flood plains away from channetdehere there was a the lack of
coarse-grained sediment influx and where therean@gh abundance of organic
material. Interbedded fine-grained sandstone stegjgest that crevasse splay

complexes prograded into these low lying areas.

The lower Buckley Formation consists of abundandioma- to coarse-grained
sandstone sheet facies association, abundantdimeedium-grained sandstone sheet
facies association, and lacks an abundance ofrteegfained facies associations. At
Lewis Cliffs the only mudrock (~4 m thick) was loedtabove and interbedded with the
fine- to medium-grained sandstone sheet faciecagsms. Only 0.5 m thick coal was
found above the mudrock and was overlain sharplghbyfine- to medium-grained
sandstone facies association. At Mt. Bowers s eippearance of coal and mudrock
occurred at 127 m above the base of the Fairclilickley contact. The coal was bound
by sharp upper and lower contacts with the finenemium-grained sandstone sheet

facies association. Isbell (1990) also found & lEgundance (~95%) of channel-form
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sheet sandstones and only small amounts of cd#d)0and mudstone (2-15%) in the

lower Buckley Formation.

In contrast, the upper Buckley Formation consi$ta@edium- to coarse-grained
sandstone sheet facies association that decrgasestion, common fine- to medium-
grained sandstone sheet facies association, aaduardance of the fine-grained facies
association compared to that of the lower Bucklesntation. At Mt. Achenar two
sections were measured in the upper Buckley Foomaind are separated by a Jurassic
dolerite sill. Below the dolerite sill towards thase of the upper Buckley Formation the
medium- to coarse-grained sandstone sheet fagesiason is multistoried and
erosionally overlies siltstone and interbedded .cdddove the dolerite sill the medium-
to coarse-grained sandstone sheet facies is atisérthe section consists primarily of
laminated siltstones, carbonaceous mudrock, andsndstone sheets interbedded with

siltstone.

Overall, the Buckley Formation was formed by a ctaxpf braided river
systems containing channel sandstones consistitigeghedium- to coarse-grained
sandstone sheet facies, crevasse channels andseesay complexes consisting of the
fine- to medium-grained sandstone sheet faciesflandplain deposits consisting of
siltstone, mudrock and coal facies. The chanmehfgandstone sheets are abundant and
commonly multistoried and multilateral suggestihgyt were laterally mobile on their
alluvial surface (cf., Friend, 1983). The crevasskays are abundant and often organized
into stacked deposits similar to splay complexBsere is also a change in grain size and
paleocurrent direction between splays (Isbell, J9%revasse channels that fine upward

suggest gradual abandonment and crevasse -spéystrsen upward suggest
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progradation of splays into the floodplain and depment of crevasses splay complexes
(cf., Bridge, 1984). These channel and crevassy sieposits alternate vertically
through the section with floodplain deposits. Egample, the channel deposits often
occur overlying coal deposits. The coals are farnehe lowest part of the floodplain,
so this suggests that channels were diverted retdoivest parts of the floodplain. This
alternating of overbank floodplain deposits andneied deposits within the vertical

section is similar to characteristics that Brid§j@g84) identifies as avulsing systems.

Avulsion is defined by Bridge & Leeder (1979) asvar’s relatively sudden
abandonment of a channel belt in favor of a newsmuAccording to Bridge (1984)
evidence of an avulsing system includes: 1) evidarianajor overbank floods (i.e.
laterally extensive units with erosive bases, @raasd thicker than underlying beds; 2)
abrupt changes in thickness and grain size betsplay packages (complexes) that
represent whether a channel has avulsed closartbef away from a given area on the
floodplain; 3) changes in paleocurrent directioasygen individual splay complexes
suggesting major reorganization of the floodplaéfobe and after the avulsion event and
the direction to the new channel systems; and @milchanges in lithofacies (i.e.

channel sandstones overlying coal).

Evidence for avulsion in the Buckley Formation uds (Figure 10 and 40): 1)
evidence of major overbank floods and abrupt changéthofacies where fine- to
medium-grained sandstones erosionally overlietsiies mudrock, and coal suggesting
that the channel has moved closer and is beingtdivénto low lying areas of the
floodplain; 2) abrupt changes in grain size willsgine abruptly overlying medium-

grained sand bodies suggesting that the channehbesd further away from the flood
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basin leaving the area isolated from clastic inflB)xvariations in paleocurrent directions
between individual splay complexes suggesting i@tagtion before and after the
avulsion; and 4) sandstone sheets interfingerinly exerbank deposits suggesting the
channels were in close proximity to the floodplafkmodern analogue comparable to

the Buckley Formation is the South SaskatchewaerRind the Cumberland Marshes.
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Figure 40. Stratigraphic column from the upper IBeig Formation at Mt. Achenar
showing floodplain deposits overlain by and overtya multistoried channel deposit
(CH) with avulsion events marked. Above the CHa$#pis a crevasse splay (C.S)
encased within floodplain deposits. The thick klarows represent paleocurrent
orientations.
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The South Saskatchewan River and Cumberland Manst&eskatchewan,
Canada covers an 8000 karea consisting of wetlands intersected by smiblitaries,
active, and abandoned channels of the SaskatchRivan(Figure 41; Smith et al., 1989,
1998; Pereze-Arlucea & Smith, 1999; Morozova & $m#003; Smith & Perez-Arlucea,
2004). Regional aggradation has resulted in parisiaifting of major river channels by
avulsion (Cazanacli & Smith, 1998; Asselen et2010). At least nine avulsions have
occurred in this region in the past 5400 years (Mova & Smith, 1999, 2000) with the
most recent avulsion occurring in the 1870s dusntace jam (Smith et al., 1989, 1998;
Morozova & Smith, 1999). During the 1870 avulsitre Old Channel diverted
northward resulting in the Saskatchewan River diwgmost of its flow into parts of the
Cumberland Marshes. This diversion has altered 89@rknt of wetlands in favor of a
new course (present day New Channel) or develogngse for the avulsed
Saskatchewan River (Smith et al., 1989, 1998; Maovaz&. Smith, 1999). The “breakout
area” is the main area of avulsive flooding andststs of active and abandoned
anastomosed channels (Perez-Arlucea & Smith, 198%th & Perez-Arlucea, 2008).
The avulsion belt contains straight to sinuousaiteml active and abandoned channels,
anastomosed channel systems, levees, crevasss,spkghes, lakes, and bogs (Smith et
al., 1989; Smith & Perez-Arlucea, 2004). Presetitle Old Channel is slowly being
abandoned and only carries 5-10% of the annual Watvthe majority of the discharge
being carried by a single-thread, relatively stnaichannel called the New Channel in the
upper reach and the Centre Angling Channel in tediahreach (Smith & Perez-Arlucea,
2008). The new channel is 200 to 350 m wide antb~55 m deep (mean bankfull

depth) (Perez-Arlucea & Smith, 1999).
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Figure 41. Map showing the location of the Sadkat@n River avulsion belt with main
channels labeled and lakes represented by blaek §6enith & Perez-Arlucea, 1994).
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Facies of this region have been described by S(h@82, 1989), Smith & Perez-
Arlucea, 1994, Morozova & Smith (1999), and Perels#ea & Smith (1999). The main
facies consist of channels, crevasse splays, lakashes, wetlands, and peat. The
channel facies consist of well to moderately softeel to medium grained sand with
rippled and planar tabular cross-bed sets (Sm&@21Perez-Arlucea & Smith, 1999).
Channels are typically underlain by wetland envinents represented by very fine silts,
clays, and organic rich sediments (Morozova & Sni#99). Channel fills form fining
upward sequences due to gradual channel abandofifeeiz-Arlucea & Smith, 1999).
The crevasse splays consist of moderately to veoyly sorted medium- to fine-grained
sand to sandy silt with sedimentary structures sischiipples, flaser and lenticular
bedding, and horizontal laminations (Smith, 1982rd&kova & Smith, 1999; Perez-
Arlucea & Smith, 1999). The crevasse splays gdlyecoarsen upward then fine
upward and thin distally (Smith, 1982; Perez-Arlu&Smith, 1999). Smith et al.
(1989) characterized the crevasse splay depositshree stages (Figure 42). The stage
one splay are the smallest and form simple lobatkels deposited by sheet and
channelized flow (Smith et al., 1989). Stage twiags are larger and more complex
than stage one splays. The stage two splays hiaigh @hannel density and are elliptical
to elongate bodies composed of complex networlestife and abandoned channels fed
by multiple crevasse channels, which have beenecnevasse splay complexes (Smith
et al., 1989). The stage three splays are algatiedll to slightly elongate bodies with
lower channel densities than stage two splays (Betial., 1989). Stage three splays are
the most stable of the different splay types gpically interfinger with silt, clay, and

organic sediment of the wetland environments anfarthere splays prograded into
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Figure 42. Generalized relationships between dyiags and sand-body geometry with
wetland sediments shown in black (Smith et al.,9)98

shallow lakes (Smith et al., 1989). Lakes aremsitee and shallow with round to
irregular shapes (Smith, 1982). The lake depasésither massive due to bioturbation
or laminated with alternating clay and silty cl&nfith, 1982; Perez-Arlucea & Smith,
1999). Marshes (referred to as backswamps by S&n8mith, 1980) contain

bioturbated and thin laminated organic and clasticl deposits (Smith, 1982). The
marshes form in highly vegetated, low lying areggmcally near lakes and contain water
year round (Smith, 1982; Perez-Arlucea & Smith,9)99NVetlands described by Smith

& Perez-Arlucea (1994) are characterized as lownpdensely vegetated areas below or
slightly above mean water elevation including inkemnel ponds, marshy pond borders,

and higher fen meadows. The sediments are orgahiclay to medium silt (Smith &
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Perez-Arlucea, 1994). Peat either consists ofdiraéned, dark brown to dark gray fine
silt and clay or is reddish brown and coarser wm#my roots and fragments of marsh,
bog, and fen vegetation and forms in areas isolated fluvial deposition (Smith et al.,

1989; Smith & Perez-Arlucea, 1994; Perez-Arlucedr&ith, 1999).

Avulsions of the Saskatchewan River are mainly hadalsions (Leeder, 1978;
Mackey & Bridge, 1995) and consist of two basiclain styles (Morozova & Smith,
1999). The first type of avulsion style is by chahreoccupation, which has been noted
widely by Smith et al. (1998), Aslan & Blum (1998)prozova & Smith (1999, 2000),
Mobhrig et al. (2000), Stouthamer (2001), Makaskal e2002), Aslan et al. (2003,
2005), and Jerolmack & Paola (2007) and is repteddsy multistoried stacking pattern
in the stratigraphic record but doesn’t resultigngicant floodplain aggradation. The
New Channel developed by reoccupation of a fornask&chewan River course and by
interception and enlargement of the Torch Riveri{®mt al., 1998; Perez-Arlucea &
Smith, 1999). The second type of avulsion styhe, @dominant type, is progradational
with extensive deposition of crevasse splay congderto the adjacent floodbasin
resulting in significant floodplain aggradation (Maova & Smith, 1999). If an
intercepted channel is too small to accommodateiitiee flow the channel will either
enlarge, overflow, or form crevasses by breachmevee (Perez-Arlucea & Smith,
1999). Smith (1989) summarized the sequence déiaeuevents and channel evolution
into four stages. The first stage is the initaallgion resulting in deposition of shallow,
wide unstable distributary channels of stage lyspl&tage two is referred to as the
anastomosed stage, which results in the enlargeofistdge 1 splays into stage 2 or

stage 3 splays with relatively stable anastomobkedrels (Smith, 1989). During stage 2
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channels will become abandoned as new channelsdodhis stage will continue as
long as the avulsive flow continues (Smith, 1989)age 3 is the reversion stage where
the rate of channel abandonment exceeds the rateaahel formation resulting in fewer
but larger channels (Smith, 1989). The final stagehen splays no longer form and a

single meander channel belt forms (Smith, 1989).

Vertical sections from borings show a general aaargg upward succession with
peat occurring beneath 80% of avulsion belt depasierlain by a thin lacustrine deposit
representing the initial flooding due to the avmisiwhich is overlain by fine- to
medium-grained sand sheet deposits interpreteckaasse splays (Smith et al., 1989;
Smith & Perez-Arlucea, 1994, 2004; Perez-Arluce8r&ith, 1999). The medium-
grained crevasse channels are typical of stagéa¥sspnd occur close to the trunk
channel. Finer grained crevasse channels of &agel 3 splays occur further from the
trunk channel and often prograded into lacustrameels (Perez-Arlucea & Smith, 1999).
The crevasse splays either coarsen upward sugggstigradation into the floodbasin or
fine upward suggesting channel abandonment withgigae top as the abandoned
channels become vegetated and isolated from thk ttiannel (Perez-Arlucea & Smith,
1999). Itis suggested by Davies-Vollum & Smitl@8) if the fine-grained deposits of
the Saskatchewan River avulsion belt are presenvte geologic record they would be

seen as mudrock between thin beds of coal or cadsmus shale.

The Buckley Formation is similar to the Saskatche\River and Cumberland
Marshes regions in many ways. Both areas contailsiae deposits likely resulting
from both channel reoccupation and progradationtdwplay complexes. Both areas

consist of similar facies such as, channel fillsyasse splays, lacustrine, and marsh
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facies. The channel fills for both consist of sand generally form fining upward
successions with planar and trough cross-stratibicasuggesting channel abandonment.
The channel fill, in the case of the Buckley Forimatis a little coarser (mainly medium-
grained sand) than the Saskatchewan channelrfilsn{y very-fine to fine-grained
sand). The crevasse splay deposits in both cases as sand sheets, which show
sedimentary structures such as, ripple cross-lammdenticular, flaser and wavy
bedding, and horizontal laminations. The crevagdays show both fining upward and
coarsening upward successions suggesting abandonh@evasse channels and
progradation of crevasse splays into the floodrbesspectively. The breakout region of
the Saskatchewan River consists primarily of stagad 3 splays (Smith et al., 1989;
Perez-Arlucea & Smith, 1999), which are finer geairthan stage 1 splays and are
commonly narrower and more stable than stage ¥splais likely that the crevasse
splay deposits of the Buckley Formation represtges1 and stage 2 splays as the
crevasse splays are coarser grained and are typsaailar in grain size to the channel
fill facies. Lacustrine deposits occur in bothamras laminated clay and silt deposits
settling from suspension as well as massive deplisetly due to heavy bioturbation.
The Buckley Formation contains abundant laterattgesive carbonaceous mudrock and
coal deposits interpreted as floodplain and maegioslits. The avulsion belt of the
Saskatchewan River contains abundant marshes anhdngech if they were to be
preserved in the stratigraphic record would berbrgdded mudrocks and coals (Davies-
Vollum & Smith, 2008). Facies distributions atsaasimilar in the Buckley Formation
and the Saskatchewan avulsion belt. In the Budkteynation channels are both

multistoried, likely due to channel reoccupationpwerlie coal and carbonaceous
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mudrock deposits suggesting channels have beertativato the low lying floodplain.
Likewise, the majority of channels in the break arga (abandoned and active) overlie
peat or thin lacustrine deposits also suggestiadlthw was diverted into the low lying
floodplains. The crevasse splays of both the BaycKormation and Saskatchewan River
(active and abandoned) thin away from the¢kuchannel and either interfinger with
floodplain deposits or form lacustrine deltas as/tbnter floodbasin lakes (i.e. Mt.
Achenar). In contrast, the channel deposits oBihekley Formation show
characteristics for being braided stream depositereas channel deposits within the
breakout area north of the Saskatchewan Riverammonly anastomosed channels.
Overall, both the Buckley Formation and the Sasiat@n River region represent

floodplain aggradation due to channel avulsion.

The Fremouw Formation consists primarily of thediom- to coarse-grained
sandstone sheet facies associations and mudrothks fife-grained facies associations.
The medium-to coarse-grained sandstone sheet fassegiations has been interpreted as
braided stream deposits based on: 1) The presémeelid-storied sheet sandstones with
planar erosional bases suggests that these streaynsave migrated laterally on their
alluvial surface within the channel belt; 2) Lowlgrcurrent dispersion suggesting
deposition by bars oriented parallel to the trehdhannels within a relatively straight
channel system; 3) The presence of vertical aceretiownstream accretion suggesting
deposition along the front of the migrating macrafe or bars, and upstream accretion
suggesting the bars are overtaking bars locateshskogam, and the bars are climbing up
the back of the downstream bars within the mutirietl packages; 4) Reactivation

surfaces are common representing a halt in sedatientfollowing individual floods
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especially where fine-grained facies associatioap@lthe accretionary surfaces of these
macroforms and; 5) Sand-filled abandoned channgjgesting gradual channel
abandonment that exhibits lateral accretion indigathe channels were filled by bank
attached bars, vertical accretion suggesting gftahandonment of channels , and

downstream accretion representing the downstreayration of bars

The mudrock, of the fine-grained facies associat®most abundant in the
middle Fremouw and increases in carbonaceous rakiteio the upper Fremouw. The
mudrock has been interpreted as well-drained fl@dmleposits in low lying areas
based on the color (brownish, green, red) and giiaen Interbedded fine-grained
sandstone sheets suggest that crevasse-splay cesnpi®graded into these low lying

areas.

The lower and upper Fremouw Formation (for thiglgjiconsists primarily of the
coarse-grained sandstone sheet facies associaibhas been interpreted as channels
deposited by a braided stream. The channels hrageve to planar basal contacts and
are multistoried containing abundant large and kstalle cross-stratification and
reactivation surfaces containing fine-grained dsaggygesting a fluctuating discharge
regime. The multistoried channels either showelitariation in grain size or fine
upwards within the last FUS into fine-grained sasilistone, or mudrock. The channel
sandstones are typically found truncating undegyiaodplain deposits of the fine-
grained facies association and laterally pinchiiotat floodplain deposits. At other
locations in CTM the lower Fremouw Formation is garsed of fine-grained floodplain
deposits representing levee and crevasse splagiteptaking up about half of the lower

Fremouw Formation (Collinson et al., 1994). THes®ne and mudrock of the fine-
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grained facies association is non-carbonaceougeitotver member but increases in

carbonaceous material in the upper member (Baateit, 1986).

In contrast, the middle Fremouw Formation is pritgastomposed of fine-grained
floodplain rather than channel deposits (Barre#tl t1986; Collinson et al., 1994). The
channel sand bodies are much smaller and lesslgtestiian the lower and upper

Fremouw Formation (Collinson et al., 1994).

The upper Fremouw Formation at Gordon Valley casagismarily of the coarse-
grained sandstone sheet facies association thédessinterpreted as channels deposited
by a braided stream. The channels are simildradawer Buckley Formation at Wahl
Glacier, Lewis Cliffs, and Mt. Bowers and have @&rego planar basal contacts and are
multistoried containing abundant large and smadlescross-stratification. Unlike Wahl
Glacier, the channel sandstone deposits at Gor@dleylack reactivation surfaces
draped with silt or mudrock. The multistoried chals either show little variation in
grain size or fine upwards within the last FUS ifib@-grained sand, siltstone, or
mudrock. The channel sandstones are typicallyddwmcating underlying floodplain
deposits of the fine-grained facies associationcantrast to the lower Fremouw
Formation, the mudrock and siltstones are broweolor compared to green mudrock

and siltstone at Wahl Glacier.

These facies associations of the Buckley and Frentearmations are part of
avulsive fluvial systems that were deposited inThensantarctic basin during the
Permian and Triassic. Variations of these facieslaw they are stacked or arranged

together regionally across the basin into basifegtarge-scale) facies motifs, are here
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referred to as alluvial channel stacking patterfisese stacking patterns are the subject
of the next chapter. Because fluvial stacking past@re the result of the relationship
between the rate of the creation of accommodapaceand avulsion rates (Allen, 1978;
Bridge & Leeder, 1979), which are a proxy for seelmtation rates/sediment influx rates,
these avulsive systems (fluvial strata in the Begldnd Fremouw formations) reveal
important information on driving mechanisms in ttevelopment of fluvial foreland

basin stratigraphy.
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3. Fluvial Stacking Patterns

Fluvial stacking patterns or fluvial architectusediefined as the density and
interconnectedness of channel sandstone bodig¢weetia floodplain deposits in time
and space (Leeder, 1978; Bridge & Leeder, 1979|IMi@83; Einsele, 1992; Bridge &
Mackey, 1993). Controls on fluvial stacking patteare linked to changes in the rate of
accommodation (e.g., subsidence, eustatic changesailevel) (Flemings & Jordan,
1990; Frostick & Steel, 1993; Shanley & McCabe,4;IeCelles & Giles, 1996; Miall,
1996, 1997; Blum & Tornqgvist, 2000; Clevis et @004) relative to changes in the
volume of channel-bound sediment deposited thramgd, which is also referred to as
sediment influx rates (e.g., tectonism, climatengfes, loss of vegetation; Schumm,
1977; Bridge & Leeder, 1979; McLoughlin et al., T9€ecil, 2003). In reality, itis a
comparison between the creation of accommodatiaocesgelative to channel avulsion
rates where avulsion rates are a function of tteeahsediment influx (Allen, 1978;
Bridge & Leeder, 1979). In terrestrial forelandins, like the Middle Permian to
Triassic Transantarctic basin, changing accommonatites are the result of changing
subsidence rates, which vary across the basinaddiéférent degrees of flexural loading
(differential subsidence; cf. Flemings & Jordan9@2Jordan, 1995). Fluvial stacking
patterns are described as being low, moderataghrdepending on the density of
channel bodies in a particular area within a spestfatigraphic interval. Low stacking
patterns consist of abundant floodplain depositgaining single ribbon or sheet
sandstone bodies, which occur as channel bodikgadowithin thicker floodplain
successions. This pattern is the result of accotatiun being greater than sediment

influx. Moderate stacking patterns consist of égwdumes of channel sandstone bodies
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and floodplain deposits, which result from the timaof accommodation space being
equal to sediment influx for a given interval oh&. High stacking patterns consist of
thick multi-lateral multistoried channel sandstdioelies with little to no preserved
floodplain deposits due to sediment flux being tgethan the rate of the creation in
accommodation (sediment flux > creation of accomatiod space). In this scenario,
fine-grained sediments are eroded and flushed gifrthie system. Sediment starvation
or a lack of channel sandstones (no stacking pattesults from very high rates of the
creation of accommodation under scenarios of exd@hgfow clastic sediment influx. In
such cases either lakes (extremely low influx) mes(no clastic sediment influx)
dominate the landscape and are represented int¢keecord by predominantly
lacustrine and/or coal facies. This chapter fesumn and discusses changes in fluvial
stacking patterns through time and space acrosbrérsantarctic foreland basin in the
Beardmore Glacier region (BGR) during depositiothaf Permian Buckley and Triassic

Fremouw formations.

The Transantarctic basin evolved into a forelaasilduring the mid-Permian
suggested by paleocurrent changes showing a cli@mge uniformly dipping
paleoslope (dipping towards the Weddell Sea) dutegdeposition of the Fairchild
Formation to an asymmetric trough shaped basimiatied oblique to the present day
trend of the CTM (Isbell, 1990; Collinson et alR94; Isbell et al., 1997). The basin
margins of the foreland basin are located on thet Eatarctica craton (present day polar
plateau) and in the direction of the paleo-Padcifargin of Antarctica (present day Ross
Sea), which was in the direction of the orogenit @igbell, 1990). The lower Buckley

Formation is separated from the upper Buckley Ftionady a 140° reversal in
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paleoslope with regional paleoflow to the ESE @oivthe present Weddell Sea) during
the lower Buckley, which changed to NW (toward dica Land) regional paleoflow
during the upper Buckley Formation (Figure 43; I5ld€990, 1991, Collinson et al.,
1994; Isbell et al., 1997). The change in regigaéoflow is accompanied by a change
in sandstone composition from quartzo-feldspathiawstone in the lower Buckley
Formation to volcaniclastic sandstone in the ujiherkley Formation (Figure 44; Barrett
et al., 1986; Isbell, 1990, 1991, Collinson et 8994). The paleoflow for the Fremouw
Formation is transverse to oblique across the pteésend of the Transantarctic
Mountains with flow oriented toward the craton (NMthe BGR). Sandstone
composition in the Fremouw Formation is quartz rickhe BGR, but contains
volcaniclastic grains in the Shackleton GlacieioadFigure 44; Barrett et al., 1986;
Isbell 1990; Collinson et al., 1987, 1994; Vavr&84pP Paleocurrent orientations show a
change from both transverse (flowing perpendicataoss the basin margins) and
longitudinal flow down the basin axis during theddie and Late Permian to transverse
flow during the Early Triassic suggesting a chafigen an under-filled to an over-filled
foreland basin (cf. Vavra, 1984; Isbell, 1990, 198dllinson et al., 1994). Flemings &
Jordan (1990) and Jordan (1995) define an undedfidasin as a topographic trough
with both transverse and longitudinal drainagegvatt and an over-filled basin as a basin
that displays no topographic depression withinidagin. For an over-filled foreland

basin, drainage is transverse away from an orodeiiqFigure 45).
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Figure 43. Diagrams showing changes from bothitadmal and transverse paleoflow

in the lower and upper members of the Buckley Ftionaand a dominant longitudinal
paleoflow in the Fremouw Formation in the CTM, Ancteca. Note that north changes as
you move across the map (Modified from Isbell, 20f¥a from Barrett 1968; Vavra,
1981; Barrett et al., 1986; Isbell 1990, 1991, 206bell et al., 1997).
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Figure 44. Ternary diagrams showing changes idsane composition in the BGR
from quartzo-feldspathic in the lower Buckley, wcaniclastic sandstones in the upper
Buckley, to quartz rich sandstones in the Fremoamation (Modified from Isbell,
2005; Data from Barrett, 1968; Vavra, 1981; Bare¢ttl., 1986; Isbell, 1990).
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underfilled

Figure 45. Diagram comparing geometry and lithesof under-filled and over-filled
foreland basins. A) Under-filled basins form augb and receive sediment from the fold
& thrust belt and the forebulge. B) Over-filledslias show no topographic expression of
a depression and receive sediment solely fromdlue& thrust belt (Jordan, 1995).

Previous studies state that strata in the Midalldpgper Permian Buckley
Formation are characterized by thick floodplaina{s (low stacking pattern); in
contrast to the Triassic Fremouw Formation, whightains stacked interconnected
sandstone bodies with rare floodplain depositsh(sigcking pattern; cf. Barrett et al.,
1986). The low stacking pattern however, is natststent throughout the Buckley
Formation either in a vertical succession or ldtgecross the depositional basin (Isbell
& Macdonald, 1991a, 1991b; Collinson et al., 1988¢ll et al., 1997; 2005). Similarly,

the high stacking pattern is not consistent througlthe entire Fremouw Formation
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either vertically or regionally (Isbell et al., ZB)0 This chapter will identify and discuss
the various stacking pattern hypotheses for thaesamatarctic basin by determining the
stacking patterns at various sites within the hatistuss how the stacking patterns
change through time across the Transantarctic jagjare 46 a), and identify what
controlled the change in fluvial stacking patterdMiddle to Late Permian strata of the
Buckley Formation are described from Mt. BowersylseCliffs, Mt. Achenar, and
Clarkson Peak, and Early Triassic strata of thenerev Formation are described from
Wahl Glacier and Gordon Valley (Figure 46 b). Othiges in the Beardmore Glacier
Region, such as Wyckoff Glacier and Graphite Pedlkalso be described where data

are available from the literature to discern flingacking patterns.
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Figure 46. A) Cross sectional diagram displaytmgrelative position of study locations
through time and space perpendicular to the trénideoT ransanatarctic basins. Sites
include: Mt. Bowers (MB), Lewis Cliffs (LC), Mt. éhenar (MA), Clarkson Peak (CP),
Wabhl Glacier (WG), Gordon Valley (GV), Wyckoff Glae (WY), and Graphite Peak
(GP) (Modified from Isbell, 2005; Based on datanfrBarrett, 1968; Vavra, 1981;
Barrett et al., 1986; Isbell 1990, 1991, 2005; liskieal., 1997; Flaig, 2005). B) Location
map of study sites showing the paleogeographyeb#sin (Modified from Isbell, 2005).
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3.1 Permian Buckley Formation Fluvial Stacking Patterns

Mt. Bowers

Description: Strata exposed at Mt. Bowers were deposited onrttenic side of
the foreland basin adjacent to the Polar Platemu€ 43 and 46). The stratigraphic
succession consists of thick stacked channel dispofsine Lower to Middle Permian
Fairchild Formation overlain by a large-scale foniumpward succession of the Middle
Permian lower Buckley Formation (392 m thick), a#dm of the Upper Permian upper
Buckley Formation preserved near the top of Mt. Be(Figure 47).

The 250 m thick Fairchild Formation is dominatedablyigh fluvial stacking
pattern represented by overlapping multistoriegiroonnected channel sandstone bodies
(Isbell, 1990). These sandstones were interpitesindy braided stream deposits that
lack fine-grained floodplain deposits (Isbell, 199®aleocurrent orientations are towards
160° (towards the present day Weddell Sea; Isb@80). The sandstone composition of
the Fairchild Formation is quartzo-feldspathic watihaverage composition ot§Fs9 R3
(Isbell, 1990).

The contact between strata of the Fairchild anddatver Buckley formations is
sharp, possibly erosional with an abrupt increadbdplain deposits above the contact.
However, the basal ~150 m of section in the lowerkBey member consists of abundant,
relatively thick, medium- to coarse-grained sanaistsheet facies association, fine- to
medium-grained sandstone sheet facies associatindsnoderate fine-grained facies
association. The medium- to coarse-grained sandstioeet facies association is
interpreted as channel sandstone bodies depositexhluled rivers. The fine- to

medium-grained sandstone sheet facies associatioterpreted as crevasse-splay
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Mt. Bowers

W
Falr-thlkd Fm

Figure 47. Photograph of the outcrop at Mt. Bovatiswing a sharp contact between the
Fairchild and Buckley formations. An abrupt ingean floodplain deposits occur at the
base of the lower Buckley Formation with a gradiedrease in channel sandstone bodies
upward showing lower fluvial stacking patterns.si#arp contact occurs between the
lower and upper Buckley formations with an abruprge back to a high fluvial

stacking pattern. Basal sandstone in lower Buckl@ynation is ~ 15 m thick.

deposits and the moderate amounts of thin bedsedirie-grained facies association is
interpreted as floodplain deposits occurring atttpeof fining upward successions of the
channel deposits and between crevasse-splay depdsiere is a gradual change up
section from a high fluvial stacking pattern teowIfluvial stacking pattern in the lower
Buckley member. This change occurs at ~170 m amdtacking patterns occur
throughout the rest of the lower member (Figure 4B)e low fluvial stacking pattern

consists of abundant floodplain deposits with amaase in coal deposits and crevasse-
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Figure 48. General stratigraphic column of strapasited at Mt. Bowers showing
changes in facies upward from the Fairchild Foramathrough the upper Buckley
Formation. The direction of the paleocurrent as@ne an azimuth orientation with
north towards the top of the page.
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splay deposits relative to channel sandstone badige upper portion of the lower
member. Paleocurrent orientations in the lowerkBaycmember at Mt. Bowers are to
the E at 86°. Isbell (1990) reported paleocurcgigntations towards 109°. The
sandstone composition of the lower Buckley Fornmatsomore feldspathic than that in
the underlying Fairchild Formation with an averagenposition of @y F49R> (Isbell,
1990).

An erosional contact occurs between the lower gapumembers of the Buckley
Formation (392 m above the base of the Formatiém) abrupt change in facies occurs
across this contact with interbedded siltstonesmandrocks deposited on floodplains
below (lower Buckley) the contact and abundant, iomaegrained, volcaniclastic channel
sandstone deposits with rounded siltstone rip agtslabove (upper Buckley member).
Thin coal deposits and floodplain deposits alsaioegthin the upper member, but are
less common when compared to that found in the d@®uekley Formation at this site.
The upper member is characterized by a high flustetking pattern represented by
abundant channel sandstone bodies relative toglaodand coal deposits (Figure 47).
The upper Buckley Formation sandstones are vollzstic (Elliot, personal
communication) and the paleocurrent data recoravamage flow direction of 82°.

Interpretation: The high density stacking pattern displayed thrauglthe 250 m
thick Fairchild Formation, which consist of oventapg and interconnected sandstone
bodies without floodplain deposits, is characterist basinal settings where long-term
sediment influx is greater than the creation obawmmodation space. This suggests
deposition in a slowly subsiding, cratonic basitiva constant sediment flux (cf. Isbell,

1990). The abrupt increase in fine-grained mdtabave the Fairchild-Buckley contact
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suggests that an increase in the rate of the oreatiaccommodation space relative to
sedimentation rates occurred. The gradual tramsftom a high stacking pattern at the
base to a low stacking pattern upward in the |dBwerkley Formation indicates a
transition from low accommodation to higher accondatmn at the top of the lower
member, which was likely the result of increaseolsgience rates in this portion of the
basin through time. Near the top of the lower memfloodplain and coal deposits
become more abundant than the channel sandstonsitdepSuch a change is consistent
with an increase in subsidence upward relativetnsent influx. The presence of coal
deposits at the top of the member suggests that balssidence rates were high enough
at times to result in sediment starvation.

The change in fluvial stacking patterns and chajpgitccommodation rates in the
lower member of the Buckley Formation were accongzhhy a major change in
paleocurrent orientation within channel sandst@mesby a change in sandstone
composition. Paleoslope changes occur due to amgasgbsidence patterns within
basins (Isbell, 1990). The change from a uniforppithg paleoslope during the Fairchild
Formation to transverse flow at the base of thesfoBuckley Formation marks the
transition from a broad cratonic basin to a narteugh-shaped foreland basin (Isbell,
1990; Isbell et al., 1997). The paleoslope indicaat Mt. Bowers (cross-beds from
channel sandstone bodies) indicate transversedtbef the cratonic basin margin
suggesting deposition in the foreland basin closeforebulge. Relatively low
subsidence rates typically occur in this positiathin foreland basins. However,
subsidence rates increase from the cratonic margiard towards the basin axis

(Flemings & Jordan, 1990; Jordan, 1995). Regipadocurrent patterns identified by



103

Isbell (1990, 1991) and Isbell et al. (1997, 20@8)jcate that drainage during deposition
of the lower Buckley Formation at Mt. Bowers fedrik streams farther to the east that
flowed longitudinally down the axis of the basinvard the present location of the
Weddell Sea. The increase in feldspar contenticpgarly K-feldspars, across the
Fairchild-lower Buckley contact suggests that wgdcurred on the craton. Such uplift
was likely the result of development of a forebudgsociated with the development of
the foreland basin (cf. Isbell, 1990).

The abrupt change in facies from interbedded sitstand coal deposits in the
lower Buckley Formation to coarse-grained chanaetistone bodies with rounded
siltstone rip-up clasts in the upper Buckley Folorasuggests possible massive erosion
of the pre-existing floodplain deposits and an pbalnange in the rate of the creation of
accommodation space within the basin. The chamfgcies across the lower-upper
Buckley formational contact signals a return taghHluvial channel sandstone stacking
pattern, which indicates a decrease in accommadapace. The high stacking pattern
suggests that following development of the uncanfty, low accommodation rates
relative to sediment influx rates prevailed. Ttlgnge is accompanied by a slight
change in paleoslope orientation from an easteplpidg slope to a north easterly
dipping slope. These orientations indicate thist $fte was located along the cratonic

basin margin at this time.
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L ewis Cliffs

Description: The lower Buckley Formation at Lewis Cliffs is Ided 83 km from
Mt. Bowers and ~ 12 km south of Mt. Achenar (Figd®g. It is located near the polar
plateau and, at the time of deposition, was locatethe cratonic side of the
Transanatarctic Basin. However, it was likely l@chtloser to the basin axis than Mt.
Bowers as suggested by regional paleocurrent atiens in the lower Buckley
Formation (Figure 43 and 46). Three stratigragleictions were measured at Lewis
Cliffs totaling ~ 32 m (Figure 50). Isbell (1990kasured ~ 90 m of section at this site
(Figure 51). The measured sections occur withenhilgh fluvial stacking pattern (Figure
49) and contain abundant medium- to coarse-grathadnel sandstone bodies relative to
floodplain deposits. In section 1, only 5.5 m b&nnel sandstone bodies were measured
due to the occurrence of steep scree covered sloEsglain by ice. Section 2 was
measured 23 m to the north of section 1. In se@io-10 m of channel sandstone bodies
are overlain by floodplain deposits, which is cappg a coal seam. The coal is
erosionally overlain by a crevasse-splay channleichy for this study, is considered a
floodplain deposit. Section 3 consists of floodpldeposits overlain by a crevasse-splay
channel, which is also considered as a floodplapodit. The stratigraphic section
measured by Isbell (1990) shows abundant channdktane bodies relative to
floodplain deposits and coal at the base of theesgion overlain by thick crevasse-splay
bearing floodplain deposits to the top of the s#ctiThe channel sandstone deposits at
the base of the section are separated by floodgposits, which thin upward until ~ 68
m above the base of the section where thick (~4Rick)tfloodplain deposits cap the

stratigraphic section, which ends at a Jurassicdatgzite sill. Thin coals are encased
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Lé:-wgr Buckley Frn

Figure 49. Photograph of the lower Buckley Fororabutcrop at Lewis CIiffs.
Photograph shows an abrupt transition (red lirenhfa high stacking pattern to a low
stacking pattern. The thick sandstone bodies inalver half of the photo are channel
deposits while the thin sheet sandstones in therupglf of the sedimentary succession
are crevasse-splay deposits. The thick red rotkeatop of the photo is a Jurassic
Dolerite sill. See figure 25 for additional infoation on this section. Approximate
locations of the three measured stratigraphic sestare noted as 1, 2, and 3,
respectively. Stratigraphic section is ~125 m thick
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Figure 50. Generalize stratigraphic column oftatcdeposited a Lewis Cliffs (this study)
showing vertical changes in facies and paleocusremhe direction of the paleocurrent
arrows are an azimuth orientation with north towgatt top of the page. The
floodplain deposit in section 3 consists almostusigely of sandstone deposited as
crevasse-splays and crevasse channels.
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Figure 51. Generalized stratigraphic column ddtstdeposited in the lower Buckley
Formation at Lewis Cliffs (Paleocurrent data frashdll, 1990). The stratigraphic
column shows vertical changes in lithofacies arldguaurrents.
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within the floodplain deposits. Overall, the fla/stacking pattern abruptly changes
from a high to low pattern (Figure 49). The abrcipange from a high to a low fluvial
stacking pattern is represented by the change tinatk amalgamated channel sandstone
bodies at the base of the section to thin crevagker deposits encased within thick

floodplain deposits upward.

The average sandstone composition for the loweklByd-ormation at this site is
Qso F1s Ry3 (Isbell, 1990). Isbell (1990) reported paleocntmerientations to the SW at
222°. For this study the average paleocurrenntaten is to the SE at 152°, however
variations in paleocurrent orientations occur ia theasured sections. In the first
measured section paleocurrents are to the SE at 183%ection two, paleocurrents are to

the SSE at 174°.

Interpretation: The high fluvial stacking pattern at the base efghccession at
Lewis Cliffs is dominated by multistoried, fininggward, channel sandstone bodies and
crevasse-splay deposits. These sandstones angratésl to have been deposited in sandy
braided streams with splay deposits extending aatévam the channel bodies as thin
crevasse splay wings with encased splay chaniéis. high stacking pattern suggests
that the creation of accommodation space was lessthe rate of sediment influx.
However, an abrupt transition at ~ 68 m above tise loh the section records a sharp
change to floodplain dominated deposits and dewvedop of an extremely low stacking
pattern. These floodplain deposits are composéhimtrevasse-splay deposits encased

in floodplain deposits that are interbedded withls®ams. The presence of coal
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suggests that this location in the basin wasnaggi sediment starved. Therefore, the top
of the section at Lewis Cliffs represents a chaogdgagh accommodation rates relative to

sediment influx rates.

The paleocurrent orientations taken from largeescebss-stratification suggest
that the lower Buckley Formation at Lewis Cliffs ssfowing almost perpendicular to
the lower Buckley paleoflow at Mt. Bowers, whichsxf@dowing transversely across the
basin margins off of the East Antarctic Craton. LAwis Cliffs, flow is towards the SE
and SW. Such flow was parallel to sub-parallekigional longitudinal flow within the
basin. In under-filled foreland basins, major t@treams typically flow down the axis
of the basin in the topographically lowest pointhin these trough-shaped depressions.
The lower part of the section at Lewis Cliffs maypresent deposition from such trunk
streams. The abrupt change to low stacking magsept avulsion of this system out of
the area, or a shift in the position of the toppgra low. Thus, in the absence of trunk
streams, higher subsidence rates near the basinvaxid produce thick floodplain

deposits and a low stacking pattern.

Mt. Achenar

Description: Mt. Achenar is located 102 km north of Mt. Bowetshe
northeastern end of the MacAlpine Hills near whtaeeLaw Glacier joins the Polar
Plateau. Strata on the outcrop consist of the di@md upper members of the Buckley
Formation (Figure 52). A ~100 m thick dolerite sdparates the upper member of the

Buckley Formation into two successions.



109

— =

-

Upper Buckley Fm

i B - a~tow

o e stacking: <=

Dolerite Sill

Figure 52. A photograph of the outcrop at Mt. Aadieshowing a change from a low
fluvial stacking pattern in the lower Buckley Fation to a high fluvial stacking pattern
in the upper Buckley Formation beneath the dolailtdback to a low fluvial stacking
pattern above the dolerite sill. The stratigrafg@ction between the two sills is 175 m
thick.

The lower member of the Buckley Formation at tlitis sonsists of abundant
floodplain deposits and a single channel sandsdepesit occurring 20 m above the base
of the section. The first appearance of coal dépas this location, occurs as thin beds
at ~ 73 m above the base within the floodplain diégp.od he lower Buckley Formation at
this site is characterized by a low fluvial sandststacking pattern. The sandstone
composition is quartzo-feldspathic with an averagposition of @ F,9 Rz and

paleocurrent directions are to the S at 180° (Ishebo).
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The contact between the lower and upper Bucklepdbions is erosional and
occurs at the base of a channel sandstone. Tinistame has an erosional contact with
an underlying coal seam. The lower portion ofupper Buckley Formation consists of
three channel-form sandstones interbedded with ookdand coal deposits (Figure 53).
The sandstones were deposited in braided streaemnsyswhile mudrock and coal
represent floodplain and mire deposits respectivélyick laminated siltstone deposits
interstratified with thin carbonaceous mudrock,lcaad thin fine-grained sandstone
deposits continue at the top of the section (Figi®e The siltstones are interpreted as
having been deposited in lakes while the sandsta@apgssent thin splays or deltas
prograding into the lake. Interbedding of thessilhes with carbonaceous mudrocks and
coals suggest that mires formed along the edgeedfike and suggest expansion and
contraction of the lake margins. The abundanaghahnel sandstone bodies at the base
of the upper Buckley formation indicate a modesategh fluvial stacking pattern,
whereas upward, the occurrence of lakes and mmisate a dramatic decrease in fluvial
stacking patterns through time. The sandstone ositipn of the upper Buckley
Formation is volcaniclastic with an average sanustmomposition of &5 F375Rs4
(Isbell, 1990). Paleocurrent orientations derifredn cross-bedding within the channel-
form sandstones vary upward within the upper Bucklermation. The lowest of the
three channels displays a mean paleoflow dire¢tidhe SW at 212°, while the second
and third channels return average paleoflow dinestiof 256° and 261° respectively

(Isbell, 1990).

Interpretation: The sandstone composition of the lower Buckley Fdiom is

guartzo-feldspathic and paleocurrent orientatiaken from large-scale trough cross-
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Figure 53. Generalized stratigraphic column ddtstdeposited at Mt. Achenar showing
vertical changes in lithofacies, paleocurrents, ffundal stacking patterns. The direction
of the paleocurrent arrows are an azimuth oriesrtatiith north towards the top of the
page (Paleocurrent data from Isbell, 1990 andstiuidy).

stratification are orientated towards the S sugggsteposition at or near the southward
oriented basin axis. The low stacking patterroisststent with deposition under high

rates of the creation of accommodation space, wkith be expected near the basin axis,
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where, outside of the area of major trunk strearbsislence is greater than the rate of

clastic influx.

An abrupt change in sandstone composition fromtgadeldspathic in the lower
Buckley Formation to volcaniclastic sandstonesrmudeposition of the upper Buckley
Formation indicates that new sediment sources aguplying clastics to the basin. This
change, along with a change in paleocurrent oriiemdrom S in the lower Buckley
Formation to SW and then to W in the upper Bucldeymation suggests major
reorientation of the basin during deposition of tipper member from that which
occurred during the lower member. The presenaeestward flow is transverse
(perpendicular) to regional flow. This along witie change in sandstone composition
could be explained if this was part of a clasticdge migrating into the basin axis from
the orogenic basin margin. However, paleocurreientations at this site are anomalous
when compared to regional flow directions from hgagites. The vertical increase in
channel sandstone deposits in the upper Bucklep&ion suggests an increase in
sediment influx relative to accommodation. In cast, the abundance of interbedded
coal seams in the same interval suggests altembdgitween periods of high clastic influx
and periods of sediment starved conditions. Upwihidk lacustrine deposits suggest
high accommodation rates due to an increase irderixe relative to clastic influx. The
gradual change from a high fluvial stacking patt&rthe base of the upper member to a
low stacking pattern near the top of the successiggests a change from low

accommodation to high accommodation.
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Clarkson Peak

Description: Clarkson Peak is located on the eastern margineobésin, which
would have been closer to the orogenic margin tiher sites in the basin. Stratigraphic
sections were measured during the 1985-86 andtb@-21 field seasons by John Isbell.
A photograph of the outcrop shows a initial highvfll stacking pattern at the base of the
upper Buckley Formation overlain by a thick intdrelaaracterized by a low stacking
pattern with an increase in channel sandstone anoednear the top of the measured
section and a further increase in stacking patibove the dolerite sill (Figures 54 and
55; Isbell, 1990). Isbell (1990) reported an ageraolcaniclastic sandstone composition
of Q15 F31 Rs4 With an increase in volcanic rock fragments upwasbell (1990) found
paleocurrent orientation for the formation changpdard within the section from north
to northwestward in the lower part of the successiowestward near the top of the
measured section (Figure 56)he upper Buckley Formation consists of channel
sandstones, floodplain, coal, and lacustrine dépogi high fluvial channel sandstone
stacking pattern occurs at the base of the outtegpeasing in density upward. At ~ 180
m above the base of the section a low density stggattern occurs throughout the
middle of the exposure where floodplain and ladostdeposits dominate. The
remainder of the section shows a gradual, but dianmezrease in the abundance of
channel sandstone deposits upward. These chaepesits are separated by interbedded
floodplain, coal, and lacustrine deposits. Abdwe uppermost dolerite sill, thick channel

sandstone deposits with rare floodplain depositsidate (Figure 55).

Interpretation: The change in paleocurrent orientations upward fkbta W

suggests a change from longitudinal flow down tasito axis for sandstones near the
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Figure 54. Outcrop photograph of the upper BucKesmation at Clarkson Peak. The
photograph shows a change from a high stackingmadit the base of the section to a
low stacking pattern near the middle of the meabasetion back to a high stacking
pattern near the top of the measured section anekeahe dolerite sill (Photograph
courtesy of John Isbell). The stratigraphic sectiear the end of the ridge (closest to the
camera) is ~ 320 m thick.
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Figure 55. Close up of the high fluvial stackirgtprn (indicated by the red arrow) of
the upper Buckley Formation above the doleriteatilClarkson Peak. The sandstone
body is ~100 m thick.
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Figure 56. Generalized stratigraphic column ddtstdeposited at Clarkson Peak.
Column shows vertical changes in lithofacies andqmairrents. The direction of the
paleocurrent arrows are an azimuth orientation wittth towards the top of the page
(Stratigraphic column and paleocurrent data frooellsoersonal communication, 2010).



117

base of the exposure to transverse flow across baasigins for sandstones near the top
of the outcrop. The high stacking pattern at tagebof the exposure may represent axial
trunk streams flowing down a topographic axis witthie basin. The low stacking
pattern near the middle of the measured sectiogesig that high accommodation rates
relative to clastic influx occurred during depasitiof these thick mudrocks and
siltstones; lacustrine deposits suggest very ladingent rates. This low stacking pattern

is interpreted to be due to high subsidence rafesive to sediment influx.

An increase in channel sandstone bodies occurgdgviiae top of the Upper
Buckley Formation at this site. This suggests thadtic influx increased through time to
conditions where clastic influx was greater thaamrdte of the creation of
accommodation space. However, these channel deposiinterbedded with lacustrine
siltstones and coal deposits. This can be expdnyehe progradation of clastic wedges
into the basin from the orogenic basin margin (Isik®91) where high subsidence rates
along the distal portion of the clastic wedgesvadid for interfingering of lake and
channel deposits. The gradual increase in chaamelstone bodies upward suggests no
hiatus is present and continuous deposition ocduriidus, the transition to a high
stacking pattern with abundant channel sandstopesits relative to floodplain deposits
above the dolerite sill is interpreted as an ineega sedimentation rate relative to
subsidence. This would likely have occurred duediatinued progradation of the clastic
wedges. The gradual increase in volcaniclasti@natup section and the gradual
change to paleocurrent orientations coming frondihection of the orogenic belt is

consistent with the interpretation of the upperdsaones as prograding clastic wedges.
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3.2 Triassic Fremouw Formation Fluvial Stacking Patterns

Originally the Fremouw Formation was describetiagng a high fluvial channel
stacking pattern with amalgamated channel sancebatid very little fine-grained
deposits (Barrett et al., 1986; Collinson et 894, 2006; Isbell et al., 1997). The abrupt
change from a low fluvial stacking pattern représdrby the deposition of laminated
siltstones, carbonaceous shales, coals, and ingivibin sandstone bodies isolated in
thick floodplain deposits previously reported i fiterature for the Buckley Formation
to a high fluvial stacking pattern in the FremouariRation characterized by stacked
interconnected sandstone bodies with rare floodmlaposits was attributed to
catastrophic loss of land plants during the endrrer Mass Extinction resulting in a
dramatic increase in erosion rates (cf. Retalla®®5; Retallack et al., 1996, 2005; Ward
et al., 2000; Michaelsen, 2002). However, the typstacking pattern exhibited by
channel sandstone bodies in the Fremouw Formatidependent on stratigraphic
position and location within the basin as will @wn in this section. The field

localities discussed in this section includes Walalcier and Gordon Valley.

Wahl Glacier

Description: At Wahl Glacier the outcrop consists of ~ 330 mhaf tpper
Buckley Formation, ~ 100 m of the lower Fremouw Fation, and ~ 210 m of the
middle Fremouw Formation (Figure 57; Barrett et H86). The average sandstone
composition of the upper Buckley Formation ig &5 Rss (Flaig, 2005). A vector mean
of all paleocurrents in the Buckley Formation iwénds 267 ° (Flaig, 2005). At the base

of the stratigraphic section the vector mean ih&SW at 203°, with a change in the
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Figure 57. Photograph showing a change from askawking pattern in the upper
Buckley Formation (mudrock covered scree slop&) high stacking pattern in the lower
Fremouw Formation at Wahl Glacier. Stratigraplct®n is ~ 640 m thick.

vector mean to the NW at 289 ° at the top of thyeem Buckley Formation (Flaig, 2005).
Based on a generalized stratigraphic column usatg filom Barrett (1968) and Flaig,
(2005) the upper Buckley Formation consists of clehsandstone deposits and
floodplain deposits interbedded with coals (Figh®¢. Channel sandstone deposits are
rare at the base of the section with only two digaint channel sandstone deposits in the
first 100 m above the base of the section (Fig@)e B\t 110 m above the base there is a
slight increase in channel sandstone depositssepted by three channel sandstone
deposits separated by thin floodplain deposits17& m above the base channel

sandstone deposits become rare for the remaindke afpper Buckley Formation and
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Figure 58. Generalized stratigraphic column dtstdeposited at Wahl Glacier.
Column shows vertical changes in lithofacies andgmaurrent orientations. The
direction of the paleocurrent arrows are an azinouigntation with north towards the top
of the page (Facies based off of Barrett, 1968matelocurrent data from Flaig, 2005).

floodplain deposits interbedded with thin rare adgbosits occur. The contact between

the upper Buckley Formation and lower Fremouw Faionas erosional. The average

sandstone composition §{F14 Rs) changes drastically by a decrease in lithicss(tkan
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12%) and an increase in quartz (~ 80%) at the biaide dower Fremouw Formation
(Flaig, 2005). Paleocurrents vary slightly fromd2%o 326 ° over an interval of 27 m but
remain to the NW for the remainder of the Fremownniation (Flaig, 2005). The lower
Fremouw Formation predominately consists of thiaktistoried channel sandstone
deposits and is separated by non-carbonaceougpfenndieposits (Figure 57). The
contact between the lower and middle Fremouw idagranal (Barrett, 1968). Sandstone
composition returns to volcaniclastic in the midBlemouw Formation and paleocurrent
orientations remain to the NW (Barrett et al., 1986he middle Fremouw Formation
contains abundant thick floodplain deposits and ralatively thin channel sandstone
deposits. An 8 m thick channel sandstone occuitsedbase of the middle Fremouw
Formation and another ~ 7 m thick channel sandsiepesit occurs at about ~520 m
above the base of the section. The remaindereofilddle Fremouw Formation consists
of thick floodplain deposits including thin crevassplay deposits. Overall, the fluvial
stacking pattern abruptly changes from a low stagkiattern in the upper Buckley
Formation, to a high stacking pattern in the lowemouw Formation back to a low

stacking pattern in the middle Fremouw Formation.

Interpretation: At Wahl Glacier the abrupt change in sandstone asitipn from
volcaniclastic sandstone in the upper Buckley Fdoionao quartz rich sandstone in the
lower Fremouw Formation along with an abrupt chandehofacies suggest that a
disconformity occurs between the formations. Thange from a low to high fluvial
stacking pattern is recognized by the abrupt iregea density and interconnectedness of
channel sandstone bodies in the lower Fremouw RaymaThis change is due to high

rates in the creation of accommodation space veladi clastic influx rates during
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deposition of the upper Buckley Formation chandogigh rates of clastic influx
relative to accommodation rates in the lower Frem&ormation. The low stacking
pattern in the middle Fremouw represents high accodation rates relative to clastic

influx rates.

Gordon Valley

Description: The outcrop at Gordon Valley consists of the mideélemouw
Formation (90 m thick) overlain by the upper Fremdtormation (80 m thick; Figure
59; Isbell & Macdonald, 1991). The sandstone casitjpm in the middle Fremouw
Formation is volcaniclastic (Barrett et al., 198&llinson et al., 1994; Isbell &
Macdonald, 1991) and paleocurrent directions hatdaen noted likely due to the lack
of channel sandstone deposits. The middle Frenfearmation consists of greenish-gray
siltstone, very fine sandstone, silty mudstone, raine black shale and has been
interpreted to be fluvial overbank deposits, creeasplay and crevasse-channel
sandstones (Barrett et al., 1986; Isbell & Macddnh991). The contact between the
middle and upper Fremouw Formations is erosiontd am abrupt increase in thick
abundant channel sandstone deposits. The sandstoiposition of the upper Fremouw
Formation is a very coarse- to pebbly granularrggdj quartzose sandstone (Isbell &
Macdonald, 1991). Paleocurrents for this studydr® the NW at 332°. Similarly,

Isbell & Macdonald (1991) reported paleocurrenéotations toward the north. A 27 m
stratigraphic section was measured in the uppenéugs Formation. The measured
section consists of abundant thick channel sandsieposits and subordinate floodplain
deposits (Figure 60). The floodplain deposits o@hove the measured channel

sandstone and are, in turn, overlain by channelstane deposits. Such interbedding of
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Figure 59. Photograph showing the abrupt trans#tiom a low fluvial stacking pattern
in the middle Fremouw Formation to a high fluviedaking pattern in the upper
Fremouw Formation at Gordon Valley. The sandstiribe base of the upper Fremouw
Formation is ~20 m thick.
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Figure 60. Generalized stratigraphic column shgwiartical changes in facies and
paleocurrent directions from the upper Fremouw Fdion at Gordon Valley. The
direction of the paleocurrent arrows are an azinouigntation with north towards the top
of the page.

thick channel sandstone deposits and floodplaisiepcontinue for several hundred

meters into the overlying upper Fremouw Formati®he measured channel sandstone
deposits are interpreted to be deposited by a iouwosity braided river. Overall, there is
an abrupt change from a low fluvial stacking patterthe middle Fremouw Formation to

a high fluvial stacking pattern in the upper Fremdtormation.
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Interpretation: Paleocurrent orientations to the NW suggest Gokéalley is
located proximal to the craton with paleoslopemaéon in the Fremouw Formation,
and paleocurrent orientations at this site orietri@alsverse to the direction of the
Transantarctic basin. In the middle Fremouw Foionaihe low stacking pattern is
represented by abundant floodplain and crevassg-sigiposits relative to channel
sandstone bodies suggesting high accommodatiotodidsidence greater than
sediment supply. An abrupt change from abundawotflain deposits relative to
channel sandstone bodies to abundant channel saedsbdies relative to floodplain
deposits occurs in the upper Fremouw Formatioine dhange from a low to high fluvial
stacking pattern with amalgamated bar forms andrmélassand bodies with little
floodplain deposits suggests a change from higbraotodation to low accommodation
relative to clastic influx/avulsion rates. Thisubd be due to a decrease in subsidence or

due to an increase in sedimentation rates.

3.3 Discussion

Sedimentary basins are characterized by eitherrtfiligel or over-filled
conditions (Jordan, 1995). In under-filled base$ppographic depression occurs in
areas where the creation of accommodation spageaser than sedimentation rates.
These basins are characterized by trough shapedssgms where dispersal systems
flowing across basin margins are transverse toitodigal drainage systems flowing
down the basin axis. In over-filled basins, to@mry does not reflect subsidence in the
basin and drainage flows across an alluvial ramapdips transversely away from upland

areas (cf., Jordan, 1995). Cratonic basins aiealyp characterized by slow subsidence
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rates; whereas, foreland basins display much higiesidence rates. Flexural
subsidence in foreland basins is greatest diréetheath tectonic loads and decreases in
magnitude towards the craton where flexure resultglift of a forebulge (Jordan,

1995). Sediment loading within the basin and cargd migration of the tectonic load
will cause expansion of the basin and displacemoktite zone of maximum subsidence

and the zone of subsidence cratonward through time.

In under-filled foreland basins, the relationshgiviieen accommodation and
sedimentation define three different basinal emnments and associated large-scale
basinal facies or motifs. These settings and $aaie: the orogenic basin margin, the
basin axis, and the cratonic basin margin (Figlye @he orogenic basin margin is
characterized by high subsidence rates, and alththeycreation of accommodation
space in the basin is high, right at the basin mathe rate of the influx of clastics from
the orogenic belt exceeds the creation of accomtimmdspace. These conditions favor
erosion of the orogen and progradation of clasaédges into the depositional basin.
Sedimentation rates decrease outward towards e &eris. Here high subsidence rates
allow accommodation to exceed sedimentation ratEsvever, the topographic axis will
be the locus for trunk streams flowing longitudipalown the basin axis (Flemings &
Jordan, 1990; Jordan, 1995). Along the cratongirbaargin, subsidence rates are low
as are sedimentation rates. However, materiakerfrdm the forebulge allows
sedimentation rates to exceed accommodation reitesl€¢mings & Jordan, 1990).
Clastic wedges will also prograde basinward awagnfthe cratonic basin margin.

Sediment loading and continued migration of théot@c load result in cratonward



127

displacement of these environments and facies gfréime (Flemings & Jordan, 1990;

Jordan, 1995).
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Figure 61. Chronostratigraphic plot showing mignatof an underfilled foreland basin
and associated facies through time due to tecturticity and loading of the basin by
sediment (Flemings & Jordan, 1990).

In the BGR of the CTM there is a regional changsandstone composition,
paleocurrent orientations, and stacking pattems fstrata of the Fairchild Formation, to
that of the Buckley Formation. A change also oshetween the lower and upper
members of the Buckley Formation. Another changeicbetween strata of the upper

Buckley Formation and the Fremouw Formation.
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Sandstones in the Fairchild Formation are quartidspathic. An increase in
feldspar, primarily K-feldspar occurs upward inte fower Buckley Formation along the
cratonic side of the basin, while upper Buckleyrration sandstones are volcaniclastic.
In the BGR, lower and upper Fremouw sandstonesurarkosic quartz arenites.
However, volcaniclastic sandstones occur in theetpwmiddle, and upper Fremouw
Formation sandstones outside of the study regiprii@ paleoslope) in the Shackleton
Glacier region, and throughout CTM, including thé B during deposition of the middle
and upper members. These changes signal the encarof changing tectonic

conditions and changing source terrains.

The abrupt change from a uniformly dipping palepslshowing SSE flow in the
Fairchild Formation to transverse and longitudiii@y in the Buckley Formation
suggests that, at that time, the basin evolved &amiformly southward dipping cratonic
basin to a trough-shaped, under-filled forelandrbésbell, 1990, 1991, Isbell et al.,
1997). This change coincides with the increadelalspar content of sandstones derived
from the craton indicating uplift along the cratobiasin margin, possibly due to
development of a forebulge. Sandstone composiimhtransverse paleocurrent
orientations at Mt. Bowers support this interprietat Also, abrupt changes in sandstone
composition and paleocurrent orientations like ¢hibgat occur at Mt. Bowers typically
signal the occurrence of disconformities betweetinsentary packages (Miall, 1984).

At Lewis Cliffs, SW flow perpendicular to that attMBowers suggests regional flow
down the basin axis. A reversal in regional paleant orientations, from SE to NW,
occurs between paleoflow indicators in the lowed apper Buckley Formation. This

change occurs at the same time as the changedanvadhistic sandstone, which indicates
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major rearrangement of the basin due to changibgidence regimes or due to massive
influx of volcaniclastic detritus (Isbell 1990; Gakon et al., 1994; Isbell et al. 1997).
Paleocurrent orientations in the upper Buckley Fairom indicate the continued
occurrence of a trough shaped, under-filled, forélbasin. At Mt. Bowers flow was
transverse (E) across basin margins off of theoorathereas, at Clarkson Peak, on the
opposite (orogenic) side of the basin, drainagetvearsverse (W) across the orogenic
basin margin. Regional flow during depositionioé upper Buckley member was toward
the northwest down the axis of the basin (Isb&8Q; Isbell et al., 1997, 2005).
Predominately transverse flow in the Fremouw Foionatvith paleocurrent orientations
to the NW indicates that the basin became an alled-foreland basin in the Triassic
with dispersal of clastics flowing transversely gvflam the orogenic belt and across the
structural trend of the Transantarctic basin (eftrBtt et al., 1986; Vavra 1984, Isbell,
1990, 1997, 2005; Collinson et al., 1994). Palgmsichanges occur due to changing
subsidence patterns within basins (Isbell, 1990)erefore, paleocurrent orientations
indicate that the Fairchild Formation was depositean over-filled cratonic basin (no
trough-shaped depression) while lower and upper imeesrof the Buckley Formation
were deposited in an under-filled, trough-shapecland basin (Isbell, 1990; Isbell et
al., 1997; 2005). Paleocurrent orientations ferfremouw Formation indicate that it
was deposited on a paleoslope that dipped unifoawkyy from an orogenic belt. Such
conditions indicate that the Transantarctic basas an over-filled foreland basin at that

time (Isbell et al., 2005).

The high fluvial stacking pattern in the Fairchidrmation supports the

interpretation of deposition in a slowly subsidionger-filled basin. An abrupt change
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from a high fluvial stacking pattern lacking fineaghed floodplain deposits in the
Fairchild Formation to a high fluvial stacking gatt with an increase in the abundance
of floodplain deposits characterizes the base@tdiwver Buckley Formation at Mt.
Bowers. Although not reported here, but obserteldlbte Glacier, a low stacking
pattern at the base of the lower Buckley Formabieerlies the high stacking pattern in
the Fairchild Formation (Isbell, 1990, and thissiB® These changes indicate that a
slight increase in the rate of the creation of antwdation space verses sedimentation
rates occurred at Mt. Bowers, whereas, a much higlbesase in accommodation space
to sedimentation occurred at Tillite Glacier. Téebanging stacking patterns in time
and space suggest development of differential debse in the basin with Mt. Bowers
characterized by cratonic basin margin subsidendesadimentation patterns while
Tillite Glacier may have been characterized bymasis conditions. The S and SW
paleocurrent orientations at the base of the I®vmkley Formation at Lewis Cliffs
suggest deposition along the basin axis. Howekerhigh stacking pattern is similar to
that at Mt. Bowers. The stacking pattern at Le@liff's may represent deposition from
trunk streams located near the topographic axiseobasin. At Lewis Cliffs and at Mt.
Bowers there is a dramatic decrease in the deofftyvial stacking patterns upward in
the lower Buckley member. The top of the lower Bag Formation at Mt. Achenar is
also characterized by an extremely low densityifllustacking pattern. The southerly
paleoflow at Mt. Achenar suggest that the basis @sds located in that position during
deposition of the upper portion of the lower Bugkieember. As foreland basins fill,
sediment loading in the basin results in a cratodvweapansion of the basin and

concomitant cratonward shift in the location of Hassin axis and its associated facies.
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The stacking patterns at these three sites (Mt.eBew ewis Cliffs, and Mt. Achenar),
can be explained by a cratonward shift in the pwosiof the basin axis through time
(Isbell et al., 2005). Higher subsidence rateslaneér sedimentation rates (outside of
the area of the location of the trunk stream) wquiatuce a low density fluvial stacking
pattern (Figure 62). Differential subsidence woliéde characterized the basin during
Buckley deposition with high subsidence rates ategmear the orogenic basin margin
decreasing outward toward the craton and ontodfebtilge. Fluvial stacking patterns,
paleocurrent orientations, and sandstone compnosticsuggest tectonism and basin

subsidence were driving sedimentation patternseridwer Buckley Formation.

:I Quartzo-Feldspathic Sandstone - Volcaniclastic Sandstone - Basin Axis Facies (Shale)

@ Axial Paleocurrents (towards Darwin Glacier) T Pal ;
ﬁ ransverse raleocurrents
o Axial Paleocurrents (towards Ohio Range)
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Figure 62. Time space diagram displaying largdesdhofacies patterns and
paleocurrent orientations, which define an undiéefibasin during the deposition of the
Late Permian Buckley strata and a transition toar-filled basin during the deposition
of the Triassic Fremouw strata. Study locatiorduide Mt. Bowers (MB), Lewis Cliffs
(LC), Mt. Achenar (MA), Clarkson Peak (CP), Wahk@ker (WG), Gordon Valley (GV),
Wyckoff Glacier (WY), and Graphite Peak (GP) (Maekf from Isbell, 2005; based on
data from Barrett, 1968; Vavra, 1981; Barrett et E86; Isbell, 1990, 1991, 2005; Isbell
et al., 1997, and this thesis).

The abrupt change in sandstone composition fromzpxéeldspathic to
volcaniclastic, and a regional reversal in palemgnitrorientations indicate rearrangement
of subsidence and depositional patterns in thenbaghe BGR. Along the cratonic side
of the basin, where paleoslope orientations towtred<€ indicate flow off of the craton
transversely into the basin, an abrupt changendstane composition from quartzo-
feldspathic to volcaniclastic sandstones, the atrbiange in fluvial channel stacking
patterns and the occurrence of a siltstone intmadétional conglomerate at the lower-
upper Buckley contact suggest that the two unéssaparated by a disconformity. At
this site, the high density fluvial stacking pattér the upper Buckley member suggest
that avulsion rates, and therefore sedimentatites naere greater than the creation of
accommodation space. Such conditions are typidalnosubsidence rates and the
progradation of a clastic wedge into the basin ftbencratonic basin margin (Flemings
& Jordan, 1990). The fluvial stacking pattern asows a similar abrupt change at Mt.
Achenar. However, paleocurrent orientations sugft@s towards the craton, which is
opposite from that at the base of the upper Buckieynber at Mt. Bowers. Such flow is
difficult to explain, unless, the basal portiontie¢ upper Buckley Formation at Mt.
Achenar represents the distal portion of a clagédge prograding off of the orogenic

margin, or that it represents partitioning withisub-basin within the larger foreland
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basin. Because Mt. Achenar is located relatividges to the cratonic margin, it likely
represents local flow within a sub-basin. Upwara Achenar, a change to a low
density fluvial stacking pattern and the abundasfdacustrine facies signals an increase
in the rate of the creation of accommodation spabéch is likely the result of increasing
subsidence rates through time, or a decrease imsethtion rates/avulsion rates. In
contrast, at Clarkson Peak, which is located closéne orogenic margin, the fluvial
stacking pattern changes gradually from a highkstggattern at the base of the upper
Buckley with flow towards the north down the axfdlee basin to a low stacking pattern
with rotation of the paleoflow direction towardetNW in the middle of the upper
member to an extremely high density stacking patteth paleoflow directions towards
the west at the top of the member. The gradualgdan stacking pattern suggests the
strata are conformable, as does a gradual incnedlse abundance of volcaniclastic
framework grains within sandstones upward in tretiee. The high stacking pattern
with northward flow at the base of the upper mensuggests deposition in trunk
streams along the basin axis. The gradual westwmgation in paleocurrent orientations
and the change to a low density stacking pattesm sliggest deposition in the high
subsidence sediment starved zone just off of tamdge axis and in front of a
prograding clastic wedge. Continued rotation efplaleoflow indicators and an increase
in the density of the fluvial stacking pattern segfgcontinued progradation of a clastic
wedge into the basin from the orogenic basin marginis orogenic side of the basin is
the site of the highest subsidence rates and la¢ssite of the highest sedimentation rates.
Such conditions help to explain the interstratifima of lacustrine facies, representing

sediment starved conditions interspersed with cllesemdstone deposits, which
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represent the distal portion of the clastic wedgealgamated channel sandstone bodies
above the thick dolerite sill at the top of the esyre at Clarkson Peak represent a more
proximal portion of the prograding wedge. Elsevehiarthe basin, at Wahl Glacier, a

low stacking pattern suggests deposition near dsentaxis.

A regional change in sandstone composition anchagin fluvial stacking
pattern from low to high density occur betweenBekley and Fremouw Formations in
the BGR. A change from transverse and longitudioal in the Buckley Formation to
transverse flow away from the orogenic belt chamdoes paleoslope orientation in the
Fremouw Formation across the CTM. This indicates the Transanatarctic basin was
over-filled during deposition of the Fremouw Formoat(Figure 64?). Thus, throughout
Fremouw time, sedimentation rates outpaced subsgdertes. At Wahl Glacier flow
directions change from SW in the upper Buckley W ki the Fremouw Formation.
Also, there is an abrupt change in sandstone catiggofrom volcaniclastic in the upper
Buckley Formation to quartz rich sandstone at theelof the Fremouw Formation. An
abrupt change from a low fluvial stacking patteithvpredominately floodplain deposits
in the Buckley Formation to a high fluvial stackipgttern with thick amalgamated
channel sand bodies with minor floodplain depasiéd occur at the top of fining upward
channel bodies suggests the presence of a discoityat Wahl Glacier (Barrett et al.,
1986; Flaig, 2005). The stacking pattern at Walk@r suggests that
sedimentation/avulsion rates were much higher tharcreation of accommodation
space/subsidence at this site. This stackingnpatteanges back to a low density
stacking pattern in the middle member of the FreamBormation at Wahl Glacier (cf.

Barrett, 1986), suggesting, slightly higher accordatmn/subsidence rates relative to
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sedimentation at that time. Flaig (2005) measare87 m thick stratigraphic section in
the lower member of the Fremouw Formation at Wytka&cier, which is located ~ 10
km south of Wahl Glacier. Sandstone compositios ma completed at Wyckoff
glacier, but Flaig (2005) reported paleocurrengmtations towards 296 ° (NW). A high
stacking pattern occurs at Wyckoff Glacier, simtaat Wahl Glacier consisting of three
fining-upward sequences of predominately multigdritrough cross-bedded channel-
form sandstones, which grade upward into fine-gmifacies (Figure 63; Flaig, 2005).
This suggests a similar scenario at Wyckoff Glasibere sedimentation/avulsion rates
were much higher than accommodation rates. Inrashtat Graphite Peak a single 6 m
thick fining-upward channel sandstone deposit cxatithe base of the lower Fremouw
Formation (Collinson et al., 2006), which is ovearlhy a thick succession of floodplain
deposits until the base of the middle Fremouw Ftionavhere a second thick channel
sandstone deposit occurs (Figure 64). The comgaBtivial stacking patterns between
Wahl Glacier, Wyckoff Glacier, and Graphite Peakkisly due to Graphite Peak being
located in a more proximal position to the orogdrasin margin than the other two sites.
In this position, even though the basin was ové&dj subsidence rates would have been
higher resulting in greater preservation of flo@dpifacies. Whereas, Wahl Glacier and
Wyckoff Glacier were located in a distal positi@hative to drainage on the cratonic side
of the lower Fremouw basin. There, sediment inflkould have been higher than
subsidence rates. Throughout the middle Fremoawdensity stacking patterns occur
across the basin. Although this is likely a timensgressive facies (Isbell, 2005),
sedimentation rates appear to have decreasedeslataccommodation rates. Such

lower rates may have been controlled by tectontiwicor due to climate. An abrupt
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Wyckoff Glacier

Figure 63. Photograph of the outcrop at Wyckofi¢sr showing the erosional contact
between the upper Buckley Formation and the lowemeuw Formation (Photograph
courtesy of John Isbell).

Graphite Peak

Figure 64. Photograph of the outcrop at Graph#akPshowing contrasting fluvial
stacking patterns in the lower Fremouw Formatiomgared to Wyckoff Glacier
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(Photograph from GSA data repository # 2006080 f@wilinson et al., 2006). The
sandstone bodie above the dotted red line is ~I@ick.t

change from a low to high fluvial stacking patteeturs between the middle Fremouw
Formation and upper Fremouw Formation. The miédémouw Formation consists of
thin crevasse-splay deposits encased in thick fitzaal deposits, which abruptly changes
in the upper Fremouw Formation to thick fining upgvahannel sandstone bodies with

thin floodplain deposits between channel sandstones

3.4 CONTROLSON FLUVIAL STACKING PATTERNSIN THE
TRANSANTARCTIC BASIN

Changes in fluvial stacking patterns are controliga&thanges in the rate of the
creation of accommodation (e.g., subsidence, east@d level) and changes in clastic
influx rates (e.g., climate change, loss of vegatat The previous hypothesis for the
control of fluvial stacking pattern across the Pids been accredited to the extinction of
peat forming plants (cf. Retallack, 1995; Retallatlkl., 1996, 2005; Ward et al., 2000;
Michaelsen, 2002)). This section aims to discligsossible controls on the stacking
pattern (e.g., sea level, climate, plant extingtemd tectonism) and identify what is

controlling the change in fluvial stacking pattenmshe Transantarctic basin.

A change in sea level can cause changes in flstagking patterns, but is not
attributed to a change in fluvial stacking pattamthe Transantarctic basin. Changing
sea level can be ruled out as a control of thadlstacking patterns in the BGR, as the
nearest possible coastal plain to marine depostsuggested to be in the Ohio Range

(Bradshaw et al., 1984). In the BGR the latessiibs marine influence is recorded by
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the Mackellar Formation, which was deposited inEaely Permian. It has been debated
whether the Mackellar Formation truly has a mannileience, however, recent studies by
Hasiotis et al. (2012), Jackson et al. (2012),\&fidermuth et al. (2012) suggest that the
Mackellar Formation in the BGR and Shackleton Ga8legion is a post-glacial marine
environment with freshwater influence based onetfassils. However, the Mackellar
Formation is of Early Permian age (Miller and 1$p2010); whereas, the Buckley
Formation is of middle to Late Permian and the Frewi Formation is of Triassic age

(Collinson et al., 1994; 2006).

A rapid change in climate can produce changesiidl stacking patterns by
causing changes in precipitation and sediment yleddgbein & Schumm, 1958;
Schumm, 1977). A change in climate across the Rerifriassic boundary in Antarctica
has been noted by Collinson (1997), McLoughlinle¢l®97) and Retallack & Krull
(1999). The climate is suggested to have changaa & cold glacial Early Permian to a
cool humid climate in the Middle to Late Permiaratvarmer more arid climate with
seasonal moisture in the Triassic (Collinson et1®94; Collinson, 1997; Isbell et al.,
2012). McLoughlin et al. (1997) noted the chanmgenfglossopterid-dominated
vegetation in the Late Permian to peltasperm-,piagte-, and corystosperm-dominated
flora was synchronous across Gondwana, whereatethese of coal was diachronus
across Gondwana from mid-Permian to mid-Triassie$ suggesting climate change
was gradual and was not a major factor contributinchanges of fluvial stacking
patterns in the CTM. Characteristics suggestinljnaate change from cool humid wet
climate to a more arid climate would include: f)iacrease in sedimentation rates from

the Late Permian to Early Triassic representedrbynerease in channel sandstone
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deposits showing a high fluvial stacking pattems@ndstone compositions with an
increase in percentage of feldspar and decregseraentage of quartz; 3) a change from
coal deposits to redbeds; and 4) consistent patesdwrientations. In the BGR only
one of the four former characteristics is seengiviis an increase in channel sandstone
deposits showing a change from a low to high flusiacking pattern from the Buckley

to Fremouw formations. Although coal depositsabsent from the lower Fremouw
Formation no redbeds were observed at these sbadyidns. Furthermore, changes in
sandstone composition from volcaniclastic in thparBuckley Formation to quartz rich
sandstones in the lower Fremouw Formation suppaiieace for changes in provenance,
but don’t show an increase in feldspar that yould/@xpect to see in a change from a
cool humid climate to a more arid climate. Las#lyegional change in paleocurrent
orientation from ESE in the lower Buckley FormattorN to NW in the upper Buckley
and to WNW in the lower Fremouw Formations occuttsich is in contrast with what
would be expected from climatic fluctuations. Qalkerthe changes in sandstone
composition and paleocurrent orientations do nppsett climate change as being a major

control on the fluvial stacking patterns.

An abrupt die-off of terrestrial vegetation causangramatic increase in erosion
and therefore, sedimentation rates has been profysRetallack (1995) and Retallack
et al. (1996) for the change in fluvial stackingt@ans across the Permiamriassic
boundary in Antarctica, as well as in the KarooiB&s southern Africa by Ward et al.
(2000) and the Bowen Basin in Australia by Micharl§2002). The PermiarTriassic
boundary is marked by a change from the Late Pergi@ssopterid-dominated floras,

which were capable of living in a wide range ofvial environments, including swamps
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and channel margins to a Dicroidium-dominated tdksia in the Triassic (Barrett et al.,
1986; Veevers et al., 1994; Collinson & Hammer,&3ollinson et al., 2006). The
glossopterid-dominated flora show a gradual taxandurnover during the Permian with
notable increases in diversity of glossopteridsepgymnosperms, and herbaceous
sphenophytes towards the end of the period (Rekalk®80; McLoughlin, 1992). In
lower paleolatitudes floristic changes appear iiate earlier than in higher
paleolatitudes (McLoughlin, 1997). A catastroplo€s of terrestrial vegetation would
cause a synchronous change in fluvial stackinggpattom a low stacking pattern in the
upper Buckley Formation to a high stacking pattarthe lower Fremouw Formation
across the Transantarctic Basin and should hawgfect on sandstone composition or
paleocurrent orientations. Glossopteris floranglwith roots, leaves, and wood have
been found in the Shackleton Glacier region inRtemouw Formation, as well as Lower
Triassic formations in Tasmania, South Africa, &mdla (McManus et al., 2002;
Collinson et al., 2006). These findings suggest the lower part of the Fremouw
Formation in the Shackleton Glacier region maybgenmost Permian (Collinson et al.,
2006). This also implies that the Buckley-Fremdawnational contact is diachronus
across the Transantarctic basin and that the charfysvial stacking patterns is also time
transgressive across the basin. The occurrenite ®fTB with the formational boundary
in the BGR is likely the result of basin fill patterather than plant extinction. Perhaps
the change in landscape drainage and groundwatglepdue to a change in climate,
affected the distribution and depth of rooting thmety have had an effect on preservation

bias and change in vegetation.
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Evidence for active tectonism in the Transantarcireland basin includes
variations in sandstone composition, paleocurreentation, and changes in fluvial
architecture through space and time (Figure 62yo different sandstone compositions
occur in the Transantarctic basin suggesting tWlergince sources. The quartzo-
feldspathic sandstones suggest a cratonic soukeby;, tlue to erosion off the forebuldge
and the volcaniclastic sandstones are suggestiga ofogenic source. The occurrence
of transverse and longitudinal paleocurrent origota during the Middle to Late
Permian suggests the foreland basin was unded-filldhe presence of floodplain
deposits including crevasse-splay, lacustrine,cad deposits during the Buckley
Formation also suggests an under-filled basin. tidresition to uniform transverse flow
off the orogenic belt towards the craton and laiclacustrine and coal deposits during
the Triassic Fremouw Formation suggests that theddfod basin became over-filled.
The presence of disconformities at locations latate the cratonic margin between the
lower and upper Buckley Formations and the uppekBy and lower Fremouw
Formations suggested by abrupt changes in sandstomgosition, changes in
paleocurrent orientations, and changes in lithefasuggests the occurrence of two

separate tectonic events.

Overall, data from this study corroborates the ligesis from Isbell (1990,
2005), Isbell et al. (1997), and Flaig (2005) timet change in stacking patterns across the
boundary is the result of tectonism (Table 4). eNwence was found to support the
previous hypothesis for plant extinction as a adrdn the changes in fluvial stacking

patterns in the BGR of the CTM.
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Table 4. Summary of evidence for controls on fiigitacking patterns

CTAM
Sea Level Climate ChangédPlant Extinction|  Tectonism
Sandstone — — — +
Composition
Paleocurrent — — —_ +
Orientation
Fluvial + + + +
Stacking
Patterns
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4. Conclusions

The Transantarctic basin evolved during a timereagchange where the climate
was transitioning from the late Paleozoic ice agthe Late Permian-Mesozoic
Hothouse, the EPME devastated marine and terrdgtisand changing tectonic
conditions were occurring along the Panthalassagimaf Antarctica and throughout
Gondwana. Changes in fluvial stacking patternsiftbe Late Permian through the
Triassic have been observed in the BGR of the CtMtAroughout Gondwana. The
previous hypothesis for the shift in fluvial stylas been accredited to the extinction of
peat forming plants. However, other controls af/il stacking patterns must be
considered, such as, changes in sea level, clichatege, and tectonism. This study
reevaluated previous data and new data from welbsed sections of Permian and
Triassic strata in order to determine what corgbthe change in fluvial stacking
patterns and how the fluvial stacking patterns gedracross the basin and through time.

This study found the following:

e Late Permian strata consist of three main facies@ations including: medium-
to coarse-grained sandstone sheet facies assosidfiloe- to medium-grained
sandstone sheet facies associations, and fineegrfacies associations consisting
of carbonaceous siltstone, mudrock, and coal deppo$he facies associations
have been interpreted as channel sandstone bapesited by braided streams,
crevasse-splays, and floodplain deposits consisfifgcustrine, and mire
deposits respectively. The Late Permian strat@laaeacterized as avulsion
deposits based on the abrupt changes in graifcaéand carbonaceous

siltstone overlain by medium-grained sandstong)tlchange in lithofacies
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(coal overlain by channel deposits), and variationzaleocurrent directions
between individual splay complexes.

The Early Triassic strata consist of abundant nmadi very coarse-grained
sandstone sheet facies association and moderatddimedium-grained facies
and fine-grained facies consisting of predominatelg-carbonaceous siltstone.
The facies associations have been interpretedaasehsandstone bodies
deposited by braided rivers, crevasse-splay depa@sit floodplain deposits
respectively. The Fremouw strata also likely repret avulsion deposits based on
abrupt changes in grain sizes (non-carbonacedstosié to coarse-grained
sandstone), abrupt changes in lithofacies (floadplaposits overlain by channel
deposits), and variations in paleocurrent direcibetween splay complexes.
The abrupt change from a uniform dipping paleoskip@ving SSE flow in the
Fairchild Formation to transverse and longitudit@l in the Buckley Formation
suggests that, at that time, the basin evolved famiformly southward dipping
cratonic basin to a trough-shaped, under-filleelmd basin (Isbell, 1990, 1991;
Isbell et al., 1997).

Sandstone composition changes from quartzo-feldspsandstone in the
Fairchild and lower member of the Buckley Formatiowolcaniclastic sandstone
in the upper Buckley Formation to quartz rich samals in the lower and upper
member of the Fremouw Formation and volcaniclasitdstone in the middle
Fremouw Formation. These changes signal the aaucerof changing tectonic

conditions and changing source terrains.
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e Abrupt changes in paleocurrents, sandstone conas#nd facies suggest major
disconformities occur at locations proximal to tnatonic margin, such as Mt.
Bowers and Mt. Achenar.

e Paleocurrent orientations for the Fremouw Formaitioiicate that it was
deposited on a paleoslope that dipped uniformlyyafinean an orogenic belt
suggesting that the foreland basin transitioneohfam under-filled to over-filled
basin during the Early Triassic.

e A change in fluvial stacking pattern occurred fratow stacking pattern in the
upper Buckley Formation to a high stacking patterthe lower Fremouw
Formation. Changing stacking patterns in time grace suggest development of
differential subsidence in the Transantarctic hasiocations proximal to the
orogenic basin margin (i.e. Clarkson Peak), whieeeréite of sediment influx
exceeds the rate of the creation of accommodakhbibie high stacking patterns.
Similarly, locations proximal to the cratonic basiargin (i.e. Mt. Bowers), also
exhibit high stacking patterns due to the rateediiment influx exceeding the rate
of the creation of accommodation. In contrast,ldasin axis facies exhibit low
stacking patterns due to the rate of creation obamnodation space exceeding
the rate of sediment influx.

e Overall, re-examination of previous data and neta gaovided by this study
corroborates with the hypothesis from Isbell (198@0)5), Isbell et al. (1997), and
Flaig (2005) for the main control on the fluviahsking pattern to be tectonism.

No evidence was found to support the previous hgxis made by Retallack
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(1995) and Retallack et al. (1996, 2005), whiclpps®d plant extinction as the

main cause for the change in fluvial stacking patiecross the PTB.
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Appendix A: Stratigraphic Sections: Mt. Achenar,
Mt. Bowers, Lewis Cliffs, Wahl Glacier, and
Gordon Valley



Table 5. GPS Coordinates of field locations in@Iev
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GPS Coordinates

Location S E

Mt. Achenar 841 11.353 16001 57.849’
(above the sill)

Mt. Achenar 8411 11.789’ 16001 58.535’
(below the sill)

Mt. Bowers 85°00.122’ 164°09.606’
Lewis Cliffs 84°15.620’ 161°11.615’
Wahl Glacier 8411 5.028’ 16501 58.535%’
Gordon Valley 8411 21.196’ 1631150.929’
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Appendix B: Paleocurrent data: Mt. Bowers,

Lewis Cliffs, Mt. Achenar, and Gordon Valley
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Table 6. Lower Buckley Formation, paleocurrentdat

Lower Buckley Formation

Location n Azimuths Declination Vector Mean Circle Variance
Mt. Bowers 162
Channel 1 | 10 144, 76, 16, 112 0.41
92, 88, 78,
0-6 m 126, 122, 222,
197
Channel 2 4 128, 122, 154, 135 0.02
136
50-57 m
Channel 3 | 3 113, 68, 83 88 0.05
67 m
Channel 4 2 78, 104 91 0.03
78 m
Channel5 | 9 134, 77, 122, 96 0.06
80, 74, 107,
Channel 6 4 | 127,52,52, 32 63 0.19
131-135m
Channel 7 | 15| 22, 116, 107, 75 0.2
84, 72,57, 44,
142-159 m 57,35 47, 72,
142, 162, 67,
77
Channel 8 3 67,72, 87 75 0.01
169-173
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Channel9 | 8 | 77,77,92, 72 95 0.05
102, 112, 107,
175-180 m 122
Channel 10 | 19 92, 87, 87, 83 na
87,97, 87, 62,
181-190 77,72, 72, 62,
42. 77, 87,
102, 87, 117,
92,77, 102
Channel 11| 3 77,107, 102 95 0.03
204-210 m
Channel 12| 7 67, 32, 47, 87, 61 0.09
102, 37, 57,
228-234
Channel 13| 8 67,122, 102, 52 0.6
142, 32, 7,
Total Data: | 13 | 112, 135, 88, 86 0.07
91, 96, 63, 75,
Average 75, 95, 83, 95,
Paleoflow 61, 52
Lewis Cliffs 164
Section 1 7 | 129, 139, 129, 131 0.05
139, 134, 154,
0'5.5 m 89
Section2 | 13 | 159, 164, 149 174 0.11
149, 164, 224,
3-9m 214, 174, 189,
184, 134, 169,
124
Total Data: | 2 131, 174 152 0.07
Average

Paleoflow




179

Table 7. Upper Buckley Formation, paleocurrenadat

Upper Buckley Formation

Location n Azimuths Declination| Vector Mean CirdMariance
Mt. Achenar 165
3-7m 12| 210, 180, 205, 153 0.17
175, 170, 160,
140, 130, 110,
105, 115, 140
20m 7 265, 355, 255, 267 0.21
210, 265, 260, 280
24-29 m 13 230, 355, 335, 283 0.23
295, 325, 250,
235, 325, 275,
250, 255, 255, 30%
Total Data: | 3 153, 267, 283 245 0.44
Average

Paleoflow




Table 8. Upper Fremouw Formation, paleocurrerd dat
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Upper Fremouw Formation

Location n Azimuths Declinatior Vector mean Cireliance
Gordon 161
Valley
Channel 1 | 10 | 316, 291, 271 298 0.11
271, 281, 301,
0-9m 206, 316, 11,
281
Channel2 | 3 356, 1, 21 6 0.02
10-15m
Channel3 | 4 21, 11, 281, 337 0.25
311
19-24 m
Total Data: | 3 298, 6, 337 334 0.11
Average

Paleoflow




