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SUMMARY

This paper recognises thhie Permian sequence of tBgdney Basirformed at a time the basis indicated bypolar wander cunge
to have beereryclose to the South Pol&hatsamePermian sequen@®ntainssomeevidence for sontamessubtle Polar and Glacial
impacts In particular,Arctic Holocenegeomorphologicafeatures such as eskergnd ephemeral lacustrinenvironmentsprovide
possible analogues fetementswithin the Permian coal measures and adjacent sifatee Sydney BasirThis paperlsosuggests
more evidence for repeated climate change shouldrbeapparent with closer inspection of Sydney Basin strata

The flat l&ebeds of huge, but little recognised, ice dammed Jak&esntly existed throughout much of North Ameritheseare seen
asthe modern equivalents of those thahtribuedto theregionspostTriassicgeology especially in Alberta and Saskatchewdarere
accommodationcreatedby subsidence associated with uplift of the adjacent Rocky Mounta@isensured preservation of th
sedimentary successiofnly themostrecentsuchlake sedimentarepreservedurther eastn Manitoba whererepeatedylaciation
may haveobliteratedmanyprevious depositsThese lakesireseen as thpossible environments in which floating plamsobably
with nitrogen fixingphysiology similar to the Azolla genus, may have formed extensive peat defosstsypothesis iseinforced
by the ability of Azolla to grow rapidly in the long daylight hours peculiar to summer in the polar regibeeg8ent burial under ice
sheetsup to 3 or 4 kilometres in thicknessay havecontribute tolithification processes including coalification. Theecentlake
deposits are interleaved witluge lineagravel depositoriginating as eskers amdssiblymoraines, which arsimilarin many ways
to the conglomerate strata that ameprominentn the Newcastle Coal Measurasd also exist elsewhere in the Sydney Basin
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INTRODUCTION

Since the 1880s geologists working in the Sydney Basin have speculated about the degree and timing of contributiohs by glacia
processes in the formation of the Permian coal bearing and marine sequences of the Sydney Basin and its extensidt@3Werbert (
placed fjord like topography arapine glaciatiorat the base of theouthernSydney BasinConaghan (198Xuggestedarge lakes,
hydroponic coal & O0Gil bertd dBlanagaglo@B)rediened thedéackEevitlencdoe somge2kime n  u s
of missingLate Triassic or Jurassic sequenBecking & Howes (1986jecognigd 55kmlong conglomeratechannel up to80m

thick but entirely within 8m coal sean@reech (2000) presented the numerous tonstein bands of the Fassifern seaBytoghsium.

He suggested the preservatmfrsuch uniform, thin and continuous bands would best be explained if ash fall tuffs were deposited in a
subaqueous environment. He also pointed out the almost complete absence of trees except at the seayrisphefse enigmatic

features havéor decadepuzzled geologistsvho only recognised the major glaciations and extinction eyeifitsn climatic change

drivenby Milankovitch Cyclesmight be expected to have left mdrequentregular bussubtleevidence

Review of glacial processes, driven in part by the needh¢mitor climate changeshows the ice caps of this planet are far more
dynamic places than once was thougbaspecially during periods of global warming appears thasome high latitude
geomorphologicaprocesses, only now being observed, mahbbe seen to have been at work during the formation of the Permian
Coal Measures of eastern Australia. However, the role that aotofblar climate might play is fundamentally at odds with
contemporary concepts of vegetation, swamps, peat and coal, and a closer interpretation of the evidence is warranted.

A high latitude, cyclicalinter glacial model for coal measure formatiorh&reinsuggested, whichay have beegimilar to that now
discernible inQuaternaryand currentArctic landforms.Such high latitudemarine glacial and lacustrine environmengge here
presentedio havehadcorrelatives within the coal measure sequences of the Syfimeyequired time scale and cyclicity are supported

by the high resolution o€A IDTIMS zircon age datingNicoll et al 2017) Much of the evidence is tantalisinigut the relative
inaccessibilityof current day high latitude environmehiss restricted pvious researchll sequence stratigraphesedimentologists

and coal geologists are encouragethkeaninterest in the expanding understanding of polar geomorphological / geological processes,
and viewnot only theSydney Basin sedimentary sequenbes all sedimentary basirfiom a different perspective.
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Location & Climate

PRESENTING THE EVIDENCE

We now know with increasing clarity that during the Permian the Sydney Basin was close to the South Pole. Continuingemiprovem
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and the Sydney Basin were at latitudes of 75°S to 90°S from the Early to Late Permian (Figure 1).

Just how frigid or balmyhe climatic conditions wergeis uncertain, but thaigh paleolatitude meant the daytime was very lemg
continuousn summer and very shotb nonexistentn winter. The sequestration of carbon into Carboniferous and Permian coal across
the globe, is likely to have intensified global cooling. The widespread presesoepénstrataf the Sydney Basin Permian sequence,

of Glendonites, which form when calcium hexahydrate crystalizes at about 4°C, leaves us in no doubt that temperaturésagere like

found in

polardegign®. An envieanment such as that, in the Sydney Basin, seems unlikely to have been ctmtheive

prolific plant growth that the 100 or so meters of codthatbasin might necessitai@nd sasuccessivalternatingclimates are invoked
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Figure 1. Australian late PalaeozoieCainozoic pole path from Klootwijk (2016)indicating apparent proximity of the pole to
the northern Sydney Basin, from 280 to 245 Ma during the Permian and Early Mesozoic.

Coal geologists in particular, should be acutely aware of the impact of climate charaeof which is driven by ~D1000 year
created
generally looking for evidence of these cycles when they look at drilloc@espectacular highwall, when imct we should anticipate
such a climate change for each 10m of fine clastics or 1m ofduaiewere~430 such cycles throughout tdgmyPermian, prhaps
they shouldSequence stratigraphers may be more attuned but the spacing may be beyond seistitn.reso

Mi Il ankovitch

Figure2.Var i ati ons

conditions (NOAA derivative of Vostok, Antarctica ice core dataas reported by Petit et al., 1999.)
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The impact of climate on North America, in particular Canada, during the486t000 years can serve as a profound model for the
sorts of change that might be expected to have occurred on a regular basis in the Permian, when eastern Australia atas located

similarly near polar latitudes. Processes that have O0recent|
A The periodic development of massiice sheets up to 3,000m thick, with associated ice driven isostasy, and eustasy.
A The production of continental scale gladiap av e ment s 6 .
A The supply of sediment as glacial erosion reshaped thHegtepography.
A Theformationofh u g e, 6ephemeral 6 physiographic fdenatedir es of th

lakes, massive eskers, ephemeral deltas, extensive flaepaatsand even the prairies themselves

In summary, the paleolatitude together with our contemporary interpretation of climate change and its influence owigtauiaets
and processes, suggest there could or should be more evidence of gthpaagtacial processasthe Sydney Basin coal measures
than was previously interpreted, in the Early and Late Permian coal measures themsdl#es associated marine intervals

I n fact, a det ai | dhloughautthe Permiashbuld deafoundhindtre Maules Cnesekt, @/ittingham and Newcastle
Coal Measures, their correlatives, the interspersed marine intervals and underlying volcanics. The advent of highdagogution
provided by CA IDTIMS (Nicoll et al., 2017) provides just thetaimty to establish the timing of major changes within the Permian
and is starting to provide tantalising evidence of the magnitude, duration, spacing and cyclicity of more subtle events.

Physical Processes

Against a context of climate change (Figujead its associated effects of repeated cycles of erosion, sedimentation and peat
formation on a massive scale, Peters (2012) reminds us of just some of the impacts of climate change in North Ameriod, in a p
of just 20,000 years, since the commenaeinoé the latest Pleistocene ice sheet melting.

Prior to that time, a continental ice sheet, up to 3,000m thick at Hudson Bay, extended south, beyond the Great Lakes. The
subsequent melting of that ice sheet, plus the isostatic movements associated with its formation and demise, led tiothefforma
6ephemeral 86 freshwater | akes such as Lake Agassiz, that cove
Ojibway.

Figure 3(a, left) Lake Agassiz at maximum extent approximately 11,500BP covering an area approximately 1,450 x 1,000 km.
(Todd et al., 1997)

Figure 3(b, right) Location of present day North American Great Lakes (large ellipse) and the location of Lake Agaiz (small
ellipse)

These two lakes have left an extensive sedimentary sequence, up to 100m thick under Lake Winnipeg, that recordsforeinextent
period 11,500BP to 7,700BP (Thorleifson 1996). Lake Missoula, which was of similar age and fotheedaiath west in Montana,
was formed by a Cordilleran ice sheet dam. Despite the draining of Lake Agassiz when the latest ice sheet melted,r@artain rem
existtodaysuch as Lake Winnipeg, whicrrentlycovers 24,500k

Lake Winnipeg is just onef geveral very large lakes, aligned east of the Rocky Mountains cordillera, (Figure 3(b)) which have formed
due to isostatic rebound lifting the northern ends of valleys formed by glacial scouring or subglacial drainage. Tloé¢ thegest

Lake Superigrwith an area of 82,000 km2, is about twice the size of the Sydney Basin. These are obviously freshwater lakes at this
time, but such features adjacent a coast line may well have fluctuated from fresh to saline, as ice sheets waxed adogiwgned al
periodic connection to the open sea. In a changing world, such ice driven isostasy could enable marine connection actiwadimate

and create massive freshwater lakes akin to Lake Agassiz as the ice sheets melted. (One might also expect peak peat formatio
coincide with warming, melting and the presence of the ice dammed freshwater lakes.)

Today, much of central Canada presents an immature topography of incredible flatness, (that we know as prairies, wieeeel not co
by forest), with widespread inteahdrainage that results from it being the flat bed of Lake Agassiz and its counterparts. The degree of
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internal drainage and evaporation in this setting creates its own salinity environment and throughout geological tirtréobtexicon

tothe formationdb Canadaés fabulous Potash deposits. Parts of these f
peat deposits. We know the recent lakes developed and dried up several times due to isostatic tilting. The parent thaterihfo

soils is the lake deposits and we can specualstiowhether the peat has formed alongside the lakes when they were smaller, on the
bed of the lakes when they were was dry and exposed, or within the lakes as an actual lake sediment.

Figure 4 What environment allows such uniformity of peatand stone bandformation in Australian coal?

The eastern shore of Lake Winnipeg is the home ddthetuoment h A me
onshorepeat farmingoperationsthe peat deposits are seen to extend under Lake Winnipeg. Other than the reporting of Thorleifson
(1996 ) and Todd et al (1997), little research has been found to date on the sediments of Lake \Ivilhguempba the peat horizons
generallythicken to the north, where cold moisture retaining environments are seen enhance the preservaticandf nepagated

freezing and thawing disturbs the flat terrain. The peat is conventionally thought to be the product of plant growrdtictlddra

like conditions, but the environment has cycled many times and the present climate may not be the only peat formingvangd prese
environmentApparent algal bloomand floating aquatic plantsan be seen in satellite imaging 31f,000kn3 GreatBearLake in

northern Canada&iven the cold temperatures, such material is unlikely to dedagiifks to the bottom of such lakes.

Biological Processes

Integrated Ocean Drilling Program (IOPD) drilling, since that in 2004 on the Lomonosov Ridge in the Arctic Ocean, hetethterse
several instances of peat formation within the Arctic and near Arctic seas. This drilling has revealed that the fredhoafierading
heterosporous ferAzolla arctica (Azollaceae, Salvinial¢sbloomed and reproduced in the Arctic Ocean on a massive scale during
the early Middle Eocene (Collinson et al 2010). Multi meter thick beds of peat have resulted, in watersstafnuegtes deep. A
related specieézolla jutlandicahas also been identified in North Sea drilling.

Tudge (2009) addressed the Azolla findings tangentially in his interpretation of climate change drivers. He suggest@dateit¢h
blooms were respsible for significant atmospheric CO2 reduction leading to Cainozoic cooling. The Azolla genus are floating plants
which are particularly successful in fresh water and high latitude waters where their Nitrogen fixing capability en#tdes @ndh

in conditions with continuous sunlighizolla spalso turns up in the high TOC Rundle shale formations and the Green River source
rocks in the Rocky Mountains.

Figure 5 Floating plants with potential for sub-aqueous peat formation.
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Bujak & Bujak (2014) report that Azolla is actually a fern that floats freely on the surface of quiescent freshwater bodies, such as
ponds, lakes and gently flowing rivers, and it is one of the fastest growing plants on the planet, doubling its biofidksas &so

days. Azolla is a fern because of its internal structure and the way that it reproduces, but it looks nothing likes defavas lare
composed of small spongy lobes, just a few millimetres long, which float on the water wittkéhééndrils dangling in the water

below. Its larger dorsal leaves are buoyant and contain cavities enclosing a symbiotic cyanobacterium called Anabaéitsaralzollae

in the formation of coal is speculative but the possibility of a similar plant physiologylaatinig to Permian coal formed in extremely

high latitudes is tantalizing. A floating habit would certainly make the uniform conditions of Figure 4 more understamtlable a
environmentsuch as that shown the precedingrigure § is worth considering.

Geological (Glacial and Polar) Processes

Recent interest in the progressive melting of ice sheets Kgnited interest in glacial process&ery large volumes ofwsface
meltwaterare seentdr op hundreds of metres down 06 mogldddl waterdvay$ (Figutes6ag t o f
6b). Theseeventually lead to the ice sheet margin. Large hydrostatic heads and water volumes can result in rapid water flow and
abrasive powelEskers are the result of sediment remaining in englacial and sub glacial waterwayearide ice melts, eskeiam

long ridges of clastic sediments that are typically moderately well sorted and rounded. The actual sediment can vaxy thom san
boulker size. They are found across the Arctic and near gArcti c

Figure 6(a, left) Meltwater flow into Moulin, Greenland, (Photo by Roger Braithwaite, Uni ofManchester)
Figure 6(b, right) Moulin, Greenland, (Photo by Francis le Gruen, Somewhere Club)

Eskers can vary in size from tens of metres in length and walthundreds of kilometres in length and kilometres in width. Their
confinement within ice sheetéxd subsequent draping across the landscape when the ice sheets melt (Figure 7), enables coarse clastic
material to be laid down somewhat incongruously in flat, low energy environrémitar deposits could also form where high energy

fluvial channels ee fed from under ice waterways, but, where rather than the sub glacially derived waters flowing away from the ice
sheet, they are trapped against it by regional isostzayling high energfow along the ice margimstead Such fluvial systems may

be anomalously high energy for the localiiypd onlylast as long as the ice sheet is present. With isostatic rebound such systems might

be forced to migrate progressively with a retreating ice sheet.

Eskers can be abundant, typically following the alignnuémdree x i st i ng drai nage (Figure 7). Es k
that if flooded can form fjords. Multiple tunnel valleys, are each the size of the Gloucester Basin, scour the bed of eastern Lake Superior
(Figure 7). Three giant eskers in Caaatand out.

1 The Pas extends to Long Point in Lake Winnipeg some 300km away (Figure 7). At some 60m thictoand 10
15km in width, it exceeds the Teralba Conglomerate in size and shape. It lines up in the west with the palaeo
Saskatchewan River but itsigin as a terminal moraine or esker is the subject of debate and speculation.

1 Brandon Hills appear to be a remnant of an east flowing esker that sits west of and on top of the Assiniboine
palaecdelta.

1 Munro Esker is 15 to 80m high, 3 to 5 km wide anteeds 300km nortisouth across Ontario. It is better
explored than most as it overlies several uranium prospects.

The conglomerate strata of the Newcastle Coal Measures, such as the Teralba and Bolton Point Conglomerates, shov@88ice the 1
to form elmgate, high energy, channel like deposits, sit enigmatically iottherwiseflat and supposedly swampy or marshy coal
forming environments. The coal forming model of huge freshwater lakes with Gilbert deltas, first sugpbstezl operated in the
Sydney Basirby Conaghan in 1982, is probably cldeea suitable analogue. (A Gilbert delta is so named after American geologist
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Grove Keith Gilbert who observed deltas that formed where high energy rivers, with a heavy sedicheshfiiied into deep water

lakes The resulting deltas consist of crests are similar to those observed in the coastal outcrops of the Newcastle Coal Measures.)
Howevet he mor phol ogy and | ength of Newcasptolsei tCsofa | ( FMargassggessed 8cao&a r8s
tomore cl osely mat clke depoaitso ro f6 coaqipd retd 6e snoe rad n eaneatend intd praghaciala | Sys
6sandur 6 .Bottpsach teaures are abls to interleave with adjacentwlety lake deposits. Whilst lakes and eskers may

co-exist spatially, they were formed by very different processes separated in time. The Holocene evidence from Manitolva and othe
parts of Canada suggests that the processes can change dramaticallyshagujteriods of time and given the cyclicity of climate

they are likely to be continuously repeated.

Fig. 12. (a) Massive, imbricate, clast-supported gravel alternat-
ing with sand (truncated at arrow), Tweed esker (pit T12; Fig.
2). Metre rod for scale. (b) Imbricate, polymodal, matrix-rich
gravel within an in-phase wave structure, Norwood esker (unit
N36/7-6 (1989); Table 7). Metre grid for scale. (c) Horizon-
tally bedded gravel, Campbellford esker (pit C31; Fig. 2).
Tape extended to 0.5 m.
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Figure 7 The Morphology of Eskers. Clockwise from top left: Classic esker 20x100m and 4kim length. Esker gravels
Cambell ford Pit, Ontario, Ca. Eastern Lake Super jegtandsiato unnel
Lake Winnipeg. The Pas at Long Point, Manitoba, Ca. Kevo Esker, Finland
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“TERALBA CHANNELS" - ey

Figure 8(a, left) The gross morphology of the Teralba Conglomerate (Bocking & Howes 1988Jote the depicted 55km length.
Figure 8(b, right) Teralba Conglomerateat Catherine Hill Bay

Recentexaminaibn, by the authgrof alpineglacial moraines in Alaskan theKenai Peninsula and elsewheasdin Canadan the
Rocky Mountains and at The Pasggests marked differences in the nature of sorting and sphean be seen between gravel from
a glacial morainecompared to that formed where a fluvial syst&sane sortinteracs with the glacial moraine.

The gravel occurring in the moraine deposits of the alpine glasitasgely the result of ice action moving rock debris from higher to
lower areas. The resultirspdimenteposits were observed to be exteasind consisting of very poorly sortedulder to sand sized
particles of largely angular to sub angular fragments with a substantially smaller fraction of roundeditcthste locationsub
glacial water flowcan beseen to have an impressive Istitl significantly lesser role than the ice itséff transportinggravel The
resultinggravelsarepoorly sorted as shown in Figureafid he abundant inclusion ddrgeice remnantswithin the gravel deposits
leads to the destruction ditratificationasthe ice meb.

Figure 9. Poorly sorted gravel
typical of Alaskan glacial
moraines. That from Exit
Glacier, Kenai Penninsula, is
shown on the left and that
from Davidson Glacier, Lynn
Canal, is shown on the right

Intriguingly the Canadian gravetibserved at The P&srm elongate depositsmilar to those identified by Bocking & Howes (1986)

in the Newcastle Coal Measureghich weredescribed briefly in the Introduction of this pap&nhe graveformationpresentat The
Pasis some 10 to 15 kms widstands up to 80 metres above the ptaidwas observed overE0km of itsknown 300km lengthit

was found to benly rarelystratified unlike the Newcastle conglomeratétswas however comprised almost entirely of well roechd

and well sorted clasts which suggest it wasjustta glacial till or moraineSome of the clasts are of nearby calcareous mudstone and
others are of granite for which there is no obvious local source.

There is no obvious nearby relief to enableitieesheet to operate like an alpine glacier bringing rock debris from upklopever

as The Pas lies along the axis of the Saskatchewan River s{tstegnavelmay havebeendeposited byn extensivdluvial system

that extended from the Rocky Mountait®00kms to the westhat formed either under, within or alongside an ice sheet. As such it
could betermed 6gi ant & esker.Swurc ha 6& aaldpaish mshd exdepssie veelnsorted gravels, similar in
appearance to those we sedhia conglomerates of the Newcastle Coal Meastinesighit seems unlikely that such@ac oup |l ed d
deposit wouldeverstand 80m above thedjacent topography as does The &ad as it seems the Teralba Conglomerate may. have
Whilst The Pas Long Point grael ridgeextendsspectacularlsome 40km out into Lake Winnipeg, and may in fact cross it or branch
within the lake basin, it is ngetknown by how much it predates Lake Agassiz or if it was formed during other than the last glaciation.
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