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Abstract

The Laurentian Great Lakes (LGL) are the lssgst®m of surface freshwateizamth. Three
factoss, glacial isostatic adjustrh@@lA), outlet conveyancand climat@rocessesontribute to
naturakisesand fals in LGL lake levelver geologic tim&udying the natural history of
prehistoric lake leggreserved in coastal landforime$ps determinie context of current lake

levelsandpredictpotentiafuturelake level changes.

Detailed records dake level changlerring the late Holocemge preserved strandplains of
beach ridgeEach beachdge forms as a result of a lake level rise and fati@weidecadesd
preservea record ofrelativdake levetlevatiorat the time of deposition. Multiple beach ridges

within a single strandplaiontainan account of relative lake l@rnges over the past 4,500 years

This study examindxkach ridges thelpperwash strandplain, southern Lake Hutloat, uniquely
preserves natural lake level fluctuatibttseonly unregulated outlet in the LGhe Port
Huron/Sarnia outlet of Lake MichighBimron, which is particularly susceptible to natural lake level
flucuatios Thelpperwaststrandplains the closest strandplain with the most number of beach
ridges to the Port Huron/Sarnia outied therefore best recerthturalake level fluctuation

experienced at the Port Huron/Sarnia outlet of Lake MicHigwam.

Thestudyof thelpperwaststrandplaifbeach ridges egmany method® derivemeasured
elevatioeandmodellecage of ancient lake legeElevation data is combined with age data to
create the Ipperwash paleohydrograph. Rixtyasal foreshore elevasiovere used to
reconstruct the elevation of ancient lake I&leistion data shows an oscillatory lake level fall
from a maximum elevation of 181.0 m to a minimum elevation of 1TéBoptically stimulated
luminescencages were used to creataeali age model e lpperwah strandplainThe

resultant age model shows a maximum agfe26fears ago and a minimum agéldiyearsaage

The multimillennium trenghows anetlinearfall at an average rate of 7 cm/centaryheentire
IpperwastpaleohydrograpThis trend is interpreted as a record of the rate of GIA at Ipperwash
relative to Lake Michig&hu r o n 6.9 he onultimillentium trend suggests the rate of GIA at

Ipperwash is 7 cm/century; however, estimates of GIA based on waatadawsyggest the rate



of GIA at Ipperwash is 0 cm/century. This discrepancy could resu#irfronderestimation
estimated from contouredhterlevelgauge dat@r the rate of GIA at Ipperwasérosion at the
Port Huron/Sarnia outlet during the depositdf the Ipperwash strandplaimd/or the Chicago

outletbeing dominarduring the deposition of the Ipperwash strandplain.

Themultirmillennium trend may also be expressed awitl@anium trensishown aswo vertically
offsetphases of lakevelloweringfrom 3520 to 2180 years ago and 29ZQ0 years agbhese

age rangerresponavith the Algoma and 1790ghlake level phases in Lake Michigan

Millennium patternat Ipperwash corresponds to regional climate records and may represent a
climatesignal. However, the ratelofeariake level lowering for the older lake level phase at

Ipperwash corresponds with the difference in rates of GIA, based on water gauge data, between the
Chicago outlet and the Ipperwash strandflaarefore, the milleium trends magepresent

either natural climate change or the abandonment of the Chicago outlet of LakeHuligimngan

Detailed sedimentologic and lake level records at the Port Huron/Sarnia and Chicago outlets are

needed to resolve this controversy.

Centennial lake levBlictuationgepresent rises and falls in lake levels lastianerage &f08
years * 114 years withareragamplitude 010.8 + 0.4 mabout the linear millennium trentise
average timing of the centennial lake level fluctuatppeavashare similar to centenniake
level fluctuations found in Lakes Supenmt MichigattHuronthat are interpreted to represent

climate driven lake level fluctuations.

Multi-decadal lake level fluctuations cassegée Ipperwasstrandplairbeach ridgeo form
average every 73 * 35 yeditse subsurface stratigraphy of Ipperwash beach ridges shows a
similarity of other LGL beach ridges which are interpreted to form as a result of a climate driven

lake level fluctuations over many decades.

The Ipperwash paleohydrograph provides the context neediastall strandplain data in Lake
MichigarHuron to resolve basimide relative lake level changes related to GIA, outlet conyeyance
and climate. In addition, the Ipperwash paleohydrogragdssiakdéevel may rise and fall on a
multrdecadal time scale contributing to erosion and setting the stage to create a new beach ridge,

assuming the rate of sediment supply is maintained.
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Chapter 1

Introduction

The Laurentian Great Lakes (LGL) are the largest freshwater system in the world by surface area,
and second largest by volume (@vewid et al., 2088 The LGL are a systemioterconnected

large lakess well as connecting and inflowing rivers, surrounding weilanstsallevater

bodies, whiclextendalong the border of the United States of America and Canada (Figure 1). At
the head of the LGL, Lake Supeis the largesakeby volumeand outflovg through theSault

Ste Marieapids andbcks(the Sault outlegjffecinglake levels in the lower basins (International
Upper Great Lakes Study Bo2@)92012)Lakes Michigaand Huron are hydrologically

connected and outflow through the only unregutatitet(lacking any locks) in the entire L&L

Port Huron, Michigan and Sarnia, Ontario (Port Huron/Sarnia detletdrainnginto Lake

Erie and theakeOntariothenflowingdownthe 1,200 katong St Lawrence Riveto the

Atlantic Ocealfinternational Upper Great Lakes Study B@&@92012 Figure 1)

Canada

North Bay,
Outlet ’

The Laurentian
‘Great Lakes

Figurd: Thefivd_aurentian Great Lakes (LGL) are shared water bodies bedwd éathadd SA
Importarformer and active outlets ardl tadsltgzi entire LGIraingto the Atlantic Ocean via the St
Lawrence RiVére study area for this thesis is located in southern Lake Huron, near the Port Huron/Sar
outleSatellite agery from Google Earth.
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The LGL contains nearly 20% of the worl dods su
for forty million people in the WSand Canada (Gronewold et al., 2015). Bamynercial

industries rely on water from the LGL uidlhg fishing, recreation, cargo shipping, hydropower
manufacturingnd agriculture. In 2010, a quarter of million jobs supported the shipping of 322.1
million metric tons of cargo through a 3,700day deep draft navigation system, the longest in

the world, which links the LGL tihe globalsea laned/artin Associates, 2011). If politically

combined, the eight US states and two Canadian provinces which at least partially lie within the LGL
basin would constitute the third largest economy in the Rortdr( 2015).

Commercial industry in the LGL rely on consistent, or at least predictable, lake levels; keowever, la
levels in the LGbaturallyfluctuate ormanyscaleranging fronseconds to millermiLake level

changes aiafluencedy various pocesses includingeathesystems, regional climate patterns,
vertical ground movement, and human activities (Gronewold anéd@®ié; Johnston et al., 2014)

In modern times, lake level chardpgrag@ear shore structur@deadows et al., 199Mpact

wetland habitats (Wilcox et al., 2007)a#fiedtcommercial shipping (International UpBeeat

Lakes Study Boar2)092012). Lake levels in Lake Michigidaron over tle historic record (since

1860 CEare recorded by water gauges which show ldk&éreefluctuated up to 2 m on a

decadal time scale primarily influenced by changes in regional precipitation and evaporation
(Gronewold and Stow, 201Aumanmaodificationand the relatively short historic lake level record
means the historic record nmay fully represemtaturalake levepatterrs whichare preserved in
depositional coastal landforBgstudying preserved clues withrieserved landforms
geoscientistsanreconstruct lake levithictuations going baskveral millenaiThese data

providesa natural lake level record that can be used to calibrate models which predict future lake
level changes, and can be used by shoreline communities and managers to understand the natural

rates of erosion and deposition along a specific shoreline

Of paramount interest is the outlet for Lake Huron, adjacent to Port Huron, Michigan and Sarnia,
Ontario,which became the dommautletof Lake Hurorduring the Late Holoceii&@ompson

et al., 2014). No loftgrm lake levettudiesxist near this pivotalitlet (Johnston et al., 2014),
therefore my thesis condedt study of the Ipperwash strandplain, the nearest prdageviedel



recordto the Port HurofSarniaoutlet, to reconstruciaturalake level fluctuationsiring the Late

Holocene

1.1 Significance and objectives

An understanding natural coastal processes is important when making managemeMalezisions.
action, storms, tides, ice and geotogyribute tadynamicoastal systepand humaimpopulations
living along a coastlineeparticuairlyvulnerables shoreline position changes with lake level

fluctuations.

The LGL contaisover 4,500 miles of coastl{@onewold et al., 20d)3yetwhen compared to

ocean coastlinds;5L coastlines offea unique settingue to minimal tidal infloee, frequent lake

level fluctuations over the past 10,000 years and vertical ground movement causing lake levels to
relatively rise and fall within the same basin (Rawling and Hansemho 2Qi4)ify risk along the

LGL coastlines coastal vulnerabifitlexesgeveloped foocearcoastlingshave been applied to

the Apostle Islands National Lakeshore on Lake Superior, Sleeping Bear Dunes National Lakeshore
on Lake Michigan and Indiana Dunes National Lakeshore on Lake M{Eeigdieton et al.,

2010)More commonlyengineering and policy baskdreline management plans have been

created for indivighl LGL shoreline segmef(ite.Reinders, Fdnd Associate$989Au-Sable

Bayfield Conservation Authority, 208®th coastal vulnerability indexes and shoreline

management plans use the historic lake level record to base decisions on. Byestizdyrag)

historyof shorelines in the LGEarth scientistere able to reconstruct the natural lake level

record as well as examine past shoreline behaviors preserved in coastal landforms. Natural records
can then be used to improve coastal vulneraimléyes and shoreline management plans by

incorporating natural lake level changes and shoreline behaviors.

Studying a specific LGL shoreline can provide insights imattinal historgtudied shoreline and

the LGL as a whole. One example of a Li@lredine is the Ipperwash strandplain, southern Lake

Huron, which is the study site for this thesis (Figuiredigenougpeopls have occupied the

region since time I mmemorial, and the Chippew
Ipperwak Beach has been a favored sit of cottage goers for well over a hundhe dgeiicn,

the strandplain also hestany important ecosystems such asme o f Ontiainmgi o6s | as

3



Carolinian Fores{davala et al., 201B)ney Provincial Park iné¢hcentral portion of the
strandplain preserves some of the largest dunes in @atart adiverse ecosystems, while

allowing the public to camp, hike, and paddle in the park.

This thesis furthers previous investigations of the Ipperwash straddplesto(, 1999) by
examining subsurface stratigraphy of 40 beach ridges and dating 10 individual beach ridges.
Subsurface stratigraphy and age data is used to undeeskamgterm, natural histgrof the
Ipperwash strandplany 1) definngthe naturalimits of lake levédor the Ipperwash strandplain
and 2) deducintpe naturapatternsof deposition/erosion along Ipperwash beaaklatiorto

naturalake level change



Chapter 2

Background

2.1 Glacial History and Glaci al Isostatic Adjustment

The contemporary extent of the LGL w&mnapediuring thenetsouthwarchdvanceandnet
northwardretreas of the Laurentide Ice She®&he Wisconsin glaciation was the last glacial advance
to erode and deposit material in the LGL basinseacted its maximum extent sometime between
25,270 and 21,2868l BPbefore a naetorthward retreat (Lewet, al., 2008. Glacal sediment was
sourced from metamorphic and igneous rock aEdmadian Shieild the northand sedimentary

rock of the Miclgan structurddasinin the southShoreline outcropzovide an easilyavailable

sediment source tovariety oflepositional coastal features (Larson and Schaetzl, 2001).

As the ice thinned and retreated the depressed land began to slowly adisistitesit termed

glacial isostatic adjustment (GIA), was recognized by early researchers (Gilbert, 1898). Areas of
thicker and longer lasting ice were depressed moage andrentlyeboundhgfaster, than areas

of thinnershorerlastingce. Ice wathickerand longelastingn the northern portigs of the

LGL, so today, shore features creatddroyer lake levels in the LGL are generally at higher
elevation in the northern portions of the basin (Lewis et al., 2005; Drzyzga et al., 2012, In additio
rising northern outletsereeventually abandoned as outflow transferrée tmoderrower

southern outlets (Leverett and Taylor, 1915; Lewis, et &);, R00&ton et al., 2014).

Researofrs haveisedGPS and geologic data (Peltier et al., BD&S)imate rates of GIA on a
continental scale. These estimates have been further refinéin tisengwater gauge data
(Mainville and Craymer, 206tgure?). Lake levelaconstructions from anciesitorelinesndicate

a similar general pattern ofAGbut suggestomevalues estimated from water level gauge stations
underestimate the lotgym rate of GlAshorelines (Baedke and Thompson,;Zabdston, et al.
2012)GIA estimations from ancient shorelines and water level gauge date smmeing
adjustment of the grodrsurfacdor theLGL has led to a general southward tilt of the basins,
meaning that southern shores are undergoing a long term relagvellaike while northern

shores experience a relative-lekel fal(Figure2). The zeo isobaser line of no relative uplift or



subsidenckas been interpretedpass througkouthwestern Lake Superimrthern Lake
Michigarmandsouthern Lake Huroffrigure 2).

72

Figur@: Rate of GIA in cm/century based mvelajauge data nested wi@nr&®Es of GIA. Note
the zero relative isobase passes through southern Lake Huron near the PoN btlifizai@arnia outlet. (
Mainville and Craymer, 2005)

2.2 Prehistoric Lakes

Synthesis of prglacial and posgflacial lakes in the LGL basin were first compiled by Leverett and
Taylor (1915). Later synthes@udedHough (1958), Karrow and Calkin (1985), Teller (1987),

Larson and Schaetzl (2001), Karrow and Lewis (2007), Kincare and Larson (2009), Clark et al.
(2012), Lewis and King (2012), Johnston et al. (2014). A review ofglhealrand posiacial

lakes in the Huron basin by Lewis et al. (B@0®I refined by Lewis and Anderson (2012) compiles
the current statusf researclexploringhow changes iBIA, outlet conveyance, and climate
affecedbasin widéake level in ancestral Lake Huron. To elucidate variations in lake level, four well
studied posglacial lake phases in Lake Huron are briefly described: AlgpayttgiandStanley
lowstand and Matawa highstands, Nipissimghstandandthe modernLGL (Figure3).
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Figur@: Outlet referenced paleohydrograph of Lake Huron over the past 13,000 years showing a wide
lake level variations. Maps of shorelingipgbgidmke Algonquin highstand, Stanley IMipis&ings
highstandnd the modern shoreline Positas a similarity in shoreline position in southern Lake Huron of
the Algquin and Nipissing shoi@iodsied from Johnston et&lan2DClark et al., 2012)

2.2.1 Algonquin Highstand

TheAlgonquinhighstandvas the first hydrologically joined proglacial lake to occupy the Michigan
Huron basirand its shoreline can be traced around much of th€lbasis, et al., 2008The
Algonquinhighstandormed athe isostatically gy Kirkfield outlet(Figure 1raused lake levels

to slowly rise eventually reaching a highstand apgtelyiti3,000al BR(Figure3). At this time
LakeAlgonquinextended beyond the limitslakes Superior, Huron and Michigan and was
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bordered by the Laurentide Ice Sheet to the rfégihré 3)Following theAlgonquinhighstand
the retreating Laurentitt®® Sheet uncovered the isostatically depressed North BayF@uitet1)
and lake levebegan todl as Lake Algonquin began to drain through the North Bay.Outlet

2.2.2 Stanley Lowstands and Mattawa Highstands

As water began to flow through tbestatically depressed North Bay outlet and the Laurentide Ice
Sheet retreated from the LGL basin, water levels fell to the [BtastaigdgLewis, et al., 2088

Lewis et al., 2008Bigure3). A lowstand wafrst identified wheadeep water unconformityas
interpreted as beimgused by erosion duringeativelyow lake levgHough1962) During this

time (~10,000 to 8,00nl BR lake levels were primarily controlled by the slow ascent of the North
Bay outlefFigure 1; 3Howeversedimentological evidence suggaptd rises in lake levels
collectively known as the Mattawa highstiesas et al20052008b) These short highstands are
associated witkitherthe glacial outburst floods from theltingice sheet or ovdofvs from

Glacial Lake Aggassaumglake levels to rapidly rise up ta6@bove the mean elevation of the

Starely lowstands (Lewis and Anderson, 1989; Breckenridge and Johnson, 2009).

Howevergclimatic factoralso played a pivotal rdbke level decreased to a point when
SuperiorMichigan, Huron and Georgia Bay basé@mme disconnectdaketween-8,900 o 8,200
cal BP(Lewis, et al., 2008icCarthy and McAndrews, 20I12)e disconnected laka®
commonly linkedvith anincreasinglwarm and drglimateanddemonstras thd GL sensitivity

to climatechangeglewis, et al., 2088

2.2.3 Nipissing Highstand

The rise to the Nipissing highstand beganatitinsition to a wetter climate causing water to rise
from the Stanely lowstandtil drainagegain flowed over tistill risingNorth Bay outletRigure 1;
Johnston et al., 2014). GIA causedNibieh Bayoutlet to risdorming Lake Nipissing win¢he
Huron, Michigan and Superimsindeame confluenf{Figue 3). However, théake level rise to

the Nipissing highstanthused by GlAvas supplemented by persistent wet conditions over the
LGL (Booth, et al., 200A.rapid risef 7.2 cm/yeacontinued until 00cal BPat which point

the rate in lake levite slowed to abo@t8 cm/year until 800cal BR(Thompson et al., 2011)
when the Nipissing reached a maximum of 188t8he Port HuroriSarnia outle{Thompson et
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al., 2014)The sloving of thelake level rise at 6,000 caliB&ttributed tahe cature of the outlet
by the Chicago and/or Port Huron outBaédkeind Thompson2000;Johnston et al., 2014).

2.2.4 Modern Lakes

Presently, Lake Superior drains through thedsdletinto LakeMichigarHuron whichdrairs
through the Port Huron/Sara outleinto Lake Eri€Figurel). The modern configuration formed
soon after the Nipissing highstand when lake levels decreased and began to fluctuate within the
historic lake level ran@aedke and Thompson (2000) stufivedstrandplaisof beachidges
around Lake Michigan using techniques developed by Thompsoto (E2@2)strucan outlet
referenced record of lake Igpaletydrograph) sineg500cal BR(Figure 4)Following the
Nipissinghighstang4,500cal BPlake level undemiea rapidall of 4.1m until 3400cal BP

(Baedke and Thompson, 2000)e end of the rapid fall is attributed to the abandonment of the
Chicago outlgBBaedke and Thompson, 208&edke and Thompson (2000) also propé&se |
levesrose and fell on a millenniaythm over the next several thousand \les(s.levels rose

from 3300to 3,0 cal BPassociated with the Algoimghstad, fell from 2400 to2,250 cal BP
androsefrom 2,100 td,700cal BPand fellfrom 1,700 to 1,00€al BR(Figure 4 This millenial

rise and fall is associated with changes in dimoatg the precise mechanism has not been
identified(Baedke and Thompson, 2000).ake Huron, over the past millennium, lake level has
fluctuated within historical measurements of Zlewis, et al., 2008ajillennial oscillations were
also found in Lake Superand were a factor thefinal £paration of Lake Superior from Lake
Huron-Michigarat approximateljf060cal BP(Johnston et al., 2012).
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Figurd: Lake Michigan paleohydrograph showing the fall from the Nipissing highstand to the modern le
configuram The lake level curve is mirrored 0.6 m below the palieolgateogogsible extent of low lake
levelg-rom Baedke and Thompson, 2000).

2.2.5 Drivers of Post-Nipissing Lake Level Change

Thompson and Baedke (1995) identified takeelevgbatterns by examining theomorphology
andsedimentology ifive Lake Michigan strandplawfsbeach ridge$igure 4)Millennium,
centennial and mulliecadal lake level patterns are qeaasidic and superimposed on one another.
A millennium oscillain is observed as sets of beach ridges and correspgomdligoma in the
upper LGLand the Sault and s&lault lake phases in the Superior basin (Johnston et al., 2012)
Lake levels fiefrom the Nipissing to Algoma to modern lake levels has beeatadssith outlet
incisionat Port Huron/Sarnia outlé@tough, 1962) and/or climate (Booth et al., 2@02)orter

term centennial pattern with a qymesiodicity ofapproximatel§60 years are composed of groups
of 4-6 ridgesA similar pattern, lastid3150 years, is attributed to climate (Fraser et al., 1990)
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The shortest quageriodic pattern repeats about every 30 years and is the average amount of time

it takes for an individual ridge to be deposited.

Climate has been suggested as the callmetbfee lake level patterns identified by Baedke and
Thompson (2000R correlation between atmospheric circulation patterns angeyiedic lake
levelfluctuationhas beemvestigatetiut a consensus has not yet been reached. Millennial climate
o<illations over the North Atlantic (Bond et al., 1997) drive atmospheric circulation patterns over
North America effecting climate (Viau et al., 2002)transition to the st®ault phase Lake

Superior isittributed to drought over North America dgrihe transition from the Medieval

Climate Anomaly to the Little Ice Age (Johnston et al., 2012).

Quasiperiodic @cadal and multiecaddike level oscillations are attributechEnges in
atmosphericirculation patterrsver the LGL(Cohn and Robis, 1976; Polderman and Pryor,
2004; Hanrahan et al., 2009; Watras et al., 2014pepioast multidecadal lake level fluctuations
have been attributed to either the Pacific Decadal @sc(\&htras et al., 201#he North

Atlantic Oscillation (Haahan et al., 20@hanges in large scale atmospheric circulation over the
arctic (Polderman and Pryor, 2004) or the intermodulation of two near decadal atmospheric
oscillations over the North Atlantic (Hanrahan et al., 20i9)inkage between climatel lake

levelemphasize how susceptible the LGL is to climate change.

2.2.6 Historic lake level drivers

Historic drivers of lake level change are GIA, outlet convegiath@iimate with climateibg the
largest contributor (International Upper Gtedtes Study Bogrd0092012)The causes of

climate driven historic lake level changes are examined and used to better understand possible

climate influence on prehistoric lake levels.

The preserdrea of the LGL basgontains roughly 33% surface watel 67% land (compared to
other large lake basins which often contaht surface water), therefore, overlake evaporation,
overlake precipitation as well as basin runoff are chief contributors to net basin supply and
consequent lake level fluxes (@mmid, et al., 20b3. Of particular consequence is the effect of
seasonal changes in the frequency and intensity of weather patterns ovegityyil&3Land

Forman, 2003; Polderman and Pryor, 2604)nstance, wide spread drought in North America
11



during the 1930SE correlates with an extreme lake level low in Lake Huron caused biianredu
in spring and summer overlake precipitation and basin (Argfflan and Forman, 2008)hile

the lake level low between the late 188nd early 201@E has been relateditecreasing
tempeature reducing winter iceveo andsubsequently increasing overlake evapof@tionewold
and Stow, 2014pntheother hand, lake level rise in the 1€dDis attributed tancreased

overlake precipitation and basin runoff during theren(Argyilan and Forman, 2008jhile

recent (2012014CE) lake level rise is attributed to above average spring and fall overlake
precipitation and basin runoff coupled with reduced summer and winter overlake evaporation
causedby below average temperatures during those ni@ntmewold et al., 201€)ver historic
timesperiods of persistent dry and warm cliroateesponavith lake level falls and periads
persistent wet and cool climeteresponavith lake level ris¢argyilan and Forman, 2003;
Gronewold et al., 201@he relationship between high lake level with cool and wet climate and low
lake levels with warm and dry climate is also postuldtedhircient lake level record (Fraser et al.,
1975)

Numerous researchers have run computer simulation in an attempt to predict future LGL water
levels under differing climate change scenarios and have calculated thatdedéédyeatsfall as
theclimate warms (Lofgren et al., 2002; Angel and Kunkel, 2010; Hayhoe et al., 2010; Lofgren et al.,
2001; MacKay and Seglenieks, 2013). However, since |lakatigaélsctuatat is important to

have precise lake level records over prehistoric ticedsulate natural lake level fluctuations and

calibrate models predicting future lake level changes

2.3 Beach Ridges

Comprehensive reviews of marine and lacustrine beach ridges are found in Taylor and Stone (1996),
Otvos (2000), Hesp et al. (2005) aaudra (2012). Beach ridges are common features on many
depositional coastlines that are topographically expressed as elongated sand and/or gravel ridges
running parallel or subparallel to the shoratidareseparatetly intervening low areas called
swaés.Beach ridges are composed of sand, gravel, and/or shingles (flat cobbles common in some
coastal areas) and contain a core of waterlain sediments cappeildyn sediment& series

of beach ridges attached to the mainland is terstieshdplairfMcCubbin, 1981).
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2.3.1 Beach Ridges and LGL Lake Levels

In the LGL,strandplais were notednd describeloly early researchers Goldthwait (1908) and

Leverett and Taylor (191Bgcades lateesearchers began to utilize beach ridges to identify ancient
lake levels (Larsen, 1985; Fraser et al). T&@@inpson (1993roposed the shorefafreshore

contact (also called the basal foreshore) within an individual beach ridge correlates with lake level at
the time of depositioBy coring and analyzing mudiipkeach ridgesanyancient lake level

elevations at one site are derived from one strandphaéconstraints are attained through the

dating of organic samplasswalesr mineralogic sample in ridgés age model is then created

for eachstrandplainCrossstrandplain elevations and ages are themougextiuce a

paleohydrograph extending back several nalierimia multidecadal resolution

2.3.2 Sedimentary Facies

In corescollected from the individual beach ridgesnally less than five reet in lengtland four

inches in widthgenetic sediment facies in sandy LGL beach aidgese, foreshore and upper
shoreface sediments (Figbiréhompson, 1992; Baedke et al., 2004). Upper shoreface deposits
typically consist of moderately sorteceuppry fine to lower fine sand with some beds of coarse
sand and gravel. Shoreface deposits may also contain silt and clay laminae. Sedimentary structures
typicallyincludehorizontal to high angled parallel laminae, ripple bedding and cross smatificatio

with the entire sequenoearseningpward. Foreshore deposits are typic@ltp 1.8 m thick and

consist of moderately sorted, upper fine to cobble size pésédiesent size dependent on

sediment supplypedimentary structures include horizanthlakewardipping subhorizontal

laminae defined by ahations in grain size, with coarser grains concentrated at the base. The lower
coarsegrain portion is called thasal foresho@nd correlatesith lake level at the time of

deposition. The cortabetween the foreshore and upper shoreface is typically sharp and easily
identified Thompson, 1992ut may locally appear homogenéadnimnston et al., @0) Dune

facies are 0.5 to 4 m thick and consist of moderately to well sorted, lower medium to lower fine
grain quartz sands. Dune deposits are usually unstratified, but may locally contain heavy mineral
laminae and/or horizontal to steeply dipping laeifhe upper portion typically contain rootlets.

The contact between dune and foreshore deposits is sharp to gratatondn, 1992
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defined by grain-size
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facies within LGL beach ridgis duwie,

foreshore and upper shoreface depos

2.3.3 Depositional Model

Thompson and Baedke (1995) modified Curray's
(1964) model of shoreline behavior to peaid
conceptual framework for the deposition of a beach
ridge in response to lake level oscillations. The
depositional or erosional behavior of a given coast is
guided by the rate in water level change and the rate
of sediment supply. Therefore, changtinate of
lakelevel rise or fall and changes in sediment supply
will affect shoreline behavior. In an area where
sediment supply exceeds the rate of lake level change
the shoreline will prograde, build lakeward.
Progradation can occur during rising lelkels if the

rate of sediment supply exceeds the rate of lake level

rise, but most readily happens as lake level falls.

Multi-decadalises and falls in lake levels create beach
ridges Thompson and Baedke, 19Bigure6). When

lake levethangerarsitions from falling to risirigke
levelghe shoreline magventually begin to erode.

Then aghelake level rise reada peakelevatiorthe

rate of lake level change decreases and the shoreline
will begin to aggrade, build upw#sllake levels fall,
the shoreline will prograde forming the lakeward
adjacent swale. Repetitiomailt-decadabkelevel
risesand fakkhave been shown to create a strandplain
of beach ridgas sediment supply and

Identification of the contact between f accommodation space is sufficient for deposition
upper shoreface deposits (also called ]

deposition (From Thompson et al., 20 2007).
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Conceptual Model of
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Figuré: Conceptual model of LGL beach ridge development shows how beach ridges develop in respc
fluctuatioaad sediment supplgrs show correlagbrneen graphs and diagrams. A simple rise or fall in lake
level will affect the rate of lake leyglahdiageh@nge in the rate of sediment supply will affect shoreline
behavior (B) together the rate of lake level change and seditmentthepdpstiote responds to lake level
fluctuations (modified from Johnston et al., 2007). Diagrams of strandplain cross sections show how tl
responds to changing rates of lake level change (C).
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Ground penetrating radar (GPR) has been usedlérstand stratigraphic patterns across several

beach ridges in the LGL. Johnston et al. (2007) used GPR on a Lake Superior strandplain to image
cross strandplain stratigraphy and identify a systemic pattern in LGL beach ridges to link

conceptual modef beach ridge formatiamith the preserved record. The water talolites

imaged in GPR profiles as a continuous horizontal reflection. Beach ridge foreshore deposits are
imaged as sigmoidal reflections that build upward and lakeward from a coaflagtarp

extending from below a beach ridge crest to the ground surface in the next landward adjacent swale.
The reflections imaged across multiple beach ridges show the preserved stratigraphic patterns

resulingfrom the deposition afnultiplebeach riges.

Changes in the rate of lake |&ueluationand sediment supply cairs#ividual LGL shorelines to

erode and deposit over geologic time. This causes beach ridges to form in embayments along the
LGL over a multdecadal time scale, eventually formistgandplain of many beach ridges.

Because individual beach ridges form as a result of lake level fluctuations (and sediment supply) they
preserve a lake level elevation at the time of deposition. Strandplains of many beach ridges can
therefore be used teconstruct lake level fluctuations over geologic time.
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Chapter 3
Study Area

3.1 Lake Huron

Lake Hurons locatedt the downstream terminus bétipperLGL (consideredakes Superior,
Michigan, and Huron)he major source of inflow kake Huron is from Lake Superior through
t he St Madthe®ault duil€dudlow from theLake Huron and the entiwpperLGL
dischargethrough the Port Huron/Sarnia outietsouthern Lake Hurgand into the St Clair
River, Lake St Clair atite Detroit River beford@raining intd_ake ErigFigure 1)LakesMichigan
and Huron are hydrologically joined through the Straits of Madkavathrough the Straits of
Mackinaw is typically from west to east, though periodic changes in weatlerscoveliteach
lake disrupts net flow through the Straits (Saylor and Sloss, 1976; Saylor et ake MEhjgan
and Lake Huron are often considered separatebleasinse of tirenarrowconnectior(Lewis et
al.,2008b)Lake Huron's surface ared9s600 kwhile Lake Huron's total drainage area is
194,000 ki The Lake's maximum depth is 229 m and its total water vol,Bd8 isn3(Lewis, et
al., 2008). LakeHuron's mearyearlyelevatiorbased on water gau®&3182015CE) is 176.42 m
Lake Huon has undergone noticeable lake level fluctuations, for instance a maximum lake level
yearly averadigh was reached in 1986 at29m. while a lake level minimum was reach&giGa
at 17%8m (Gronwoldet al., 2013.

The potential for outlet coayance, a change in the water carrying capacity of a lake's outflow
channel(s), could cause changes in lake level and prevent deep draft vessels passage through the
outlet.From the Port Huron/Sarnia outlet to Lake Erie the average elevation dropvsr3 80

km. The relatively minor drop in elevatiows ships to pass from Lake Huron to Lake Erie
without the necessity of locK#is is partly whiyne Port Huron/Sarnia outles the only
unregulatedutlet (lacking any locks or damgje entire LGLThe lack of any regulatory

structures meamsirgo ships must vary their weight depending on lake level, lightening their load
during low lake levels. The St Clair River channatéasiredged in the pasallow for passage

of deep draft vessels dgrilow lake level§he last major dredging of the St Clair River occurred in
1963and contributed to a permanent reduction in Lake Huron lake levels (International Upper
Great Lakes Study Board, 208 ce then an average decline of 28asmccurreih the

difference of lake legddetweerLake Huron and Lake Erigaird & Associates (2005) attributed
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this drop to downcutting of the St Clair River, though further investigations identified active
bedforms on the river bottom suggesthe river has natowncut in the recent past (Czuba et al.,
2011). With the completion of the International Upper Great Lakes Study (International Upper
Great Lakes Study Board, 200®12 the decline in lake lebeftween 1963 and 2008s attributed

in partto achangen outlé conveyance {¥4 cm), GIA(4-5 cm) howeverthe majority ofecent

lake level change was attributeditoate change-(& cm).

However, there is evidence of deposition in the Port Huron/Sarnia outlet in the form of spits
(Campbell, 2016)he presence of the Port Huron/Sarnia spits means that sediment has
accumulated in the Port Huron/Sarnia outlet in the past and could potentially accumulate in the
outlet in the future. If sediment accumulates in the Port Huron/Sarnia outlet in thedatude it

prevent the passage of deep draft vessels. Quantifying past lake level fluctuations in southern Lake
Huron will provide details needed to determine the timing and context of deposition of the Port
Huron/Sarnia spits.

The study site for thikessis strategicallypcatedn southern Lake Huramear the Port

Huron/Sarnia outlet (Figure 1pperwashs theclosest strandplain to the Port Huron/Sarnia outlet
with the most number of preserved beach ridges that document many past lake legelkstluctuati
Since the Ipperwash strandplain is located near the outlet (~40 km), the Ipperwash beach ridges

preserve conditions experiencetti@tPort Huron/Sarniautlet in geologic past.

3.2 The Thedford Embayment

The Thedford embaymentagated approximdye42 km northeast of the Port Huron/Sarnia
outlet 175 km west of Hamiltp®ntarioand 130 km northeast Beetroit, MichiganTowrs in the
area include the coastal town&odnd BengdPort Frankslpperwash Beach, and Kettle and Stoney
Point First Natia communitiesand he town of Thedfords locatedt the inland margin of the
embaymen(Figure 7.

Bedrock consists of the Middle Devonian Du@emation, Hamilton Group and Kettle Point
Formation(Cooper, 1974). The only bedrock exposures are ttenRa@htand Stoney Pomit
where théettle Point Formationutcrops before extending as offshore sidBptween Port
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Franks and Grand Beadburiedbedrock valleyalled the Ipperwash trougRists and is

interpreted to have been eroded by subglglacil meltwater (Gao, 2011).

Till exposures in the area primarily consist of St Joseph till (Cooper, 1974). The Stslaseph till
grey to yellowishrown silt to clayey silt till with few pebbles (Cooper, 48d4yhen exposed on
the shoreline formesasily erodible bluffs (AableBayfield Conservation Authority, 2000).
Erosion of bluffs of St Joseph till na#siof the Thedfordembayment has historicailypliel
sedimento the littoral system at a rate of 68,08@ear (Reinderand Associate$989).

The Thedford Embaymeobmprises the area between an elevated wave cut bluff and the modern
shoreline. Between Kettle Point &dney Pointhe embaymemixtend® kmlandward from the
modern shoreline and then increasasm@aximum ofLl0 kmlandward from the modern shoreline

in a broad arbetween Port Franks and Grand Bend (FiQusithin the landward portion of the
embayment at ledsto largegravebarshave been relatededher the Nipissing or Algonquin lake
phases (Cooper, 197Qrther studiepostulatedhe gravebars tocontainanAlgonquin age core
capped by Nipissing depo$itsed on the identification of a paleoss¢uerafjravel pitgKarrow

et al., 1980).

3.3 The Ipperwash strandplain

The Ipperwasktrandplairtonsis of a 2 km wide strip of land betweegprominent wave cut
bluff/dune ridgelandward fronthe moderriLake Hurorshoreline and extends 25 km fridettle
Pointnortheasto Grand BendFigure?). The northeasterand souttvesten portions of the
Ipperwaslsirandplaircontainbeach ridges while the central porsonaskedy dunesn Pinery
Provincial Park (Eyles and Meulendyk, 201 .landward limit of the&trandplains al0 m high
bluff/dune ridgeformedduring the Nipissin@Cooper, 1979

The sothernlpperwash strandplainear Ipperwash Beacbntains a wetlefined strandplain
(FigureB) and up to 4@ndividuabeach ridges (Johnston, 19B@inage in the Ipperwash Beach
area flows to the normast along the natural Duffus Drain and manipagewash Drain (Figure
8). Road access is along West Ippenaastipperwash Roadith numerous, hiking, ATV, and
two-track trail allowintpr relatively easy access to parts of the Ipperwash stra(kaiglae 8)
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Thisthesis foclesson a surveyed she perpendicular transect across the southern (Ipperwash
Beach aredpperwaststrandplain starting at the modern beach and ending at the Nipissing bluff
approximately 2.2 km landward from the modern shaxelieeonstrucpast relativiake leval

pregrved in beach ridgd&$e southerripperwaslhstrandplains an ideal location to study past lake
level fluctuations for several reasbyiBhe Ipperwash strandplain is predicted to have a rate of

GIA similar to the rate of GIA experienced at the Poroi&arnia outlet (Figure 2). Therefore,

the Ipperwash strandplain beach ridges will provide detailed information about lake level
fluctuations at the outl&).the 40 Ipperwash strandpldieach ridges are, at present, well preserved
and have little duremveringallowing for easy access to waterlain sedi@ehtston, 1999 his

thesis extends well beyond the Johnston (@@raphisurvey by coring 40 Ipperwash beach
ridgego uniquely derive accurate elevations of past lake levelrstiaggsing the firstage model

for the Ipperwash strandplamproduce the mostetailed record of peBlipissing lake level
fluctuations at Ipperwasheated to dat&he Ipperwash paleohydrograph provides a lake level
record of past lake level fluctuatiorisatk e Hur onds o wtoluneldrstamdipasc h i s
conditions (GIA, outlet conveyance, climate) in the Lake Huron basin and at specific sites around
Lake Huron.
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—— 1 m bathymetry contours

SWOOP elevation (m)

I 175.000000

[T 178.750000
182.500000

|1 186.250000

[ 190.000000

Figur@: The Thedford Embaysoeerthiern Laketdncontaisgverahcient shorelirreslpperwash
strandplagxtendsom Kettle Point to Grand Bend and extends from the Nipissing shoreline to the model
ShorelinePimerProvincial Paakecoveregiarge dunes, while beacherielgassad on the northern and
southern ends dppleewash strandpl&i@ study area is located on the solittherfppedvash
strandplaineatpperwash Bek@vation data from Southwestern Ontario Orthimagery Project 2015.

Figur®&: Aerial image of sbethern Ipperwash strandplain with outline of, majee\drdiaegges and the
Nipissing blu®oad access is along W Ipperwash Road, Ipperwash Road, andSateijt€amp Road
imagery from Google Earth
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Chapter 4
Methods

To creatan Ipperwash paleohydrogragiverse methodgereused to glearelevantiata from the
IpperwaststrandplainThese methods inclufiield observations, satellite image interpretation,
ground penetrating rad@&RR), topographisurveyingvibracoring, sediment analysisdoptical
dating These dataeresynthesizednd systematically interpreted tateran Ipperwash relative
paleohydrograph

4.1 Field Observations and Satellite Image Interpretation

Fieldnoteswere collectkalong the surveyed trandemin the modern beach landward 2.2 km to
the Nipissing bluf{Figure8). Field dservations include estimations of swale width, watelirdepth
swales, ridge widtticige heightand ridgerest topography as well as ndesxibing the type and
distribution ofvegetation and human modificatictglth estimates from field observatiansre
compared teatelliteragery available through Gokgleh. Comments on GPR profile locations,
core locations and the nature of vibragofi@ how well the vibracore penetcitiee subsurface)

were also recorded.

4.2 Ground Penetrating Radar (GPR)

GPR is a noninvasive method to image the shallow subsurface. GPR utilizes elect(BiMiagnetic
waves which refletbm changes in dielectpooperties of sediments (Jol and Bristow, Z008).
GPRsetup usa in this study consists afbackpack mounted compiltensoleconnected to a
transmittemandreceiveartennae with fiber optic cablé®e GPR system was a pulseEKKO 100
with 100 and ZDMHz antennae and a 100@ransmitter. For all transects, data was collected in
step mode with a step size & rd.or 01 m and antennae separatiorddm or0.5m for 100 and
200MHz antennae respectivdRelief measurements were collected usomieal surveying level

to geometrically adjust ttalarprofile to reflect changes in topograplme data was processed
using EKKO Project using dewow filtering, vertical and horizontal averaging and automatic gain
control.
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Estimate of propagation vetities of the EM wave through the sediment are neecldutate
depth.Common midpoinsurveys (CMPs) were collected peraliseveral transetdsestimate
propagation velocity through the sediment. However, CMP velocities were adjusted based on

lithology and depth to water table.

For the Ipperwash strandplaBPRwasusedas an exploratory methtmidetermine the
sedimentary architecture across multiple beach Ddfiemg he sedimentary architecture
distinguishsnatural and anthrogeniclly modified sediment to determine the viability of
collecting neasurfacdoreshore sedimerft®m vibracoringin addition, thénternalstratigraphy
of thelpperwaslstrandplaifeach ridgeserecomparedo another GPR transect through LGL
beach ridgedohnston et al., 2007).

4.3 Topographic Surveying

A Sokkia total station surwegisused to deduce the precise elevation of legach ridge crest and
swalecore locatiorand OSL pit. Elevations were corrected to aestelblished datuim the

L G L(hwrnational Great Lakes Datum 1985 or IGLD85) by using a geodetic survey benchmark in
Grand Bend to measure tliaterlevel elevatioaf Lake Hurorat Grand Bend, then usingsth
waterlevelelevatiorat Ipperwash as a known elevation tothiekpperwash transecdd 1GLD85.

Waves were dampertedetter measure water level elevation by using a largeypiadéevith a
tubeat its baseo allow for the passage of wateake level elevation was also compared to the lake
level recorded at the walerel gauge station in Goderich, Ont@fkm NNW of Ipperwashp
ensure elevations were consis#&it05 m discrepancy is observed between Grand Bend and
GoderichElevations, relative tGLD85 were establishédr each coreite OSL pit and behc
ridgecrest and swale
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To develop a topographic profile across the
Ipperwash strandplain a shore perpendicular
transectvas constructeddowever, cores

were not collected in a strict shore
perpendicular orientatiamdthe surveyed
transect followingore locationg® Garmin
handheld5PS was used to determine core
locations and these locations were then

i : laterally adjusted to a shore perpendicular

! o Core Locations i e D % transect, roughly equidistant fralhtore

#§ — Straightline Transect . 2 c BN . . .

~ Elevation (m) ; e s locdions, drawn in QGIS (Figu® Crest
E gg . ' s and swale midpointgere detenined along

Z % e T g 2 “ the transect by examiniagrial photographs.

| At S By adjusting GPS based core locations to a

shore perpendicular transect and determining

Figur®: A straight line, shore perpendicular tra
drawn in QGIS to develop a topographic profilc crest and swale locations alomgrdmsect, a
Ipperwash strandplain. A biestdcom SWOOP
2015 dataalvs strandplain elevations.

topographic profile of the Ipperwash
strandplain wecreated

4.4 Vibracoring

Vibracoring is a proven methodetdract subsurface sediment from beach ridgédesmidy relic

beach faes(Thompson, 1991; 1992)3 mtall, lanebased vibracore sgst was used to collect

cores ¥4 m in lengthCoreswere collected from the lakeward margin of each, individual beach
ridge tominimize thamount of dune sand reca@andpenetrate deep enouglctilectthe

contact betweedioreshoreand upper shorefataciesThe lakeward side of each core was marked
on eachcore tubeso the orientation of sedimentary structures could be examined once the cores
werereturned to the laboratory and opened

4.5 Lab Analysis
Coreswereanalyzed following the methods of Thomp4881;1992). Cores, once returnedi® t
lah were split, described (for visual grain size estimates, sedimentary structures, gomposition)
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loggedphotographedpreservednd sampled. Grain sizasdeterminedhrough visual estimation,
andlaser diffractiorGraphs of grain size distributioareproducedo identify grain size changes
within cores andcross multiple cordsatex peelsaveused to enhance sedimentary structures and
produce a permanent record of the s@ace sampled awd@scribedfaciesvereinterpreted

based owisual descripns,grain sizelistributionand sedimentary structures.

Core amples, of approximately 2°emere collected every ~20 cm starielgw the soil horizon
Additional samples were also colleabeve and belowsibly identifiable conta@sd in areas

with unique sediments or stratigragiwer 200samplegrom coresvere analyzdd determine the

grain size using the Malvern3000 laser diffractor system at the Indiana State Geological Survey.
Samples collected on the modern beach were analyzed fizgnasing Rritschlaser diffractor
system at the University of Waterlaser diffraction is@roven method to analyze particle gize

very fine grained warsesand sizedhaturally occurring sedimerpérazza, et al., 2004; Di

Stefano et aR009) Analyzed amples wereollected from corehoserto bracket visually

described faciemd better define the contact between facies

Once analyzed, samples were statistically described using GRADISTAT vadd Blef010).
Statisticgbaraneters were calculated using the Folk and Ward (1957) methathtistes we
displayedh phi and described

Sedimentary structures and statistical parameters are used to define facies interpreted as dune,
foreshore and shoreface deposits. The sfuolher LGL strandplains suggests mean grain size,
sorting, skewness and coarsest 1% (D(99)) are thesefakfrain size statistitts differentiate
faciegThompson et al., 1997; Baedke and Thompson, Jadd8ion et al., 2004, 2012, 201.
confact between foreshore and shoreface sediments serves as a proxy for anciefurlekethevel
individual beach ridg&€hompson, 1992)odern beach faciaseused as an analogue and used to

interpret ancient beach ridge facies

4.6 Optical Stimulated Luminescence
Optical stimulated luminescence (OSL) is a technique to measure when certain minerals, typically

quartz, feldspar or aluminum oxides, were last exposed to sunlight. OSL relies on mineral grains
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being sufficiently @& xtploes egdr @aion ss.un®n oenthb It ena cdhbd ¢
radiation from the decay of surrounding radioactive isotopes. This radiatieafise trapping

of electrons within imperfections of the crystal lattice. Stimulating samples with certain wavelengths
of light and measuring released energy allows for the calculation of burial time (Aitken, 1998). OSL

is a proven dating method in both marine (MiWalace et al., 2002) and lacustrine (Argyilan et

al., 2005) coastal landforms. In the LGL OSL has beem useeélit studies as an alternativéCto

dating of organics found in the swales of beach ridges (Argyilan et al., 2005) to develop
paleohydrographs for &akasins (Johnston et al., 20%amples were collected from approximately

1 m below the crest teachridges Temporal and monetary constraints allow only every third to

fifth beach ridge ithe Ipperwasktrandplain to be aglated using OSL methods.

TheOSL samples from the Ipperwash strandplare sent to Dr Lepper at the Optical Dating and
Dosmetry Lab at North Dakota State Univer8§L ages weretermined from quartz grains and

oderived from data collected from between 93 and 144 individual aliquots per field sample and
represent over 12,000 indiviObuagésar®id talemdaras ur em
yeardefore 2017 CE, but the abbreviation BP is not used to avoid confusion with other published

ages reported as calendar years before 1950 CE.
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Chapter 5

Results and

Discussion

Field data and samples were collectedtfrenpperwash strandplain during the 2015 and 2016

field seasanData collected includes field observations, 14 GPR profiles totaling over 1 km in

length, a 2 km survey line, 6 sediment samples from the fppeewastbeach, 40 vibracores

with an avege depth of penetration of 2.82 m = 0.68 m, and 10 OSL samples collected in a

roughly shore normal orientaterosshe Ipperwash strandplain (Figlige

Legend
GPR Profiles /

j Vibracores
collected

(@]

§ Topographic
; survey line ¢

These data are used to develop a relative
paleohydrograpior the Ipperwash strandplain
Fieldobservations were compared to satellite
imagery and used to qualitatively divide the
surveyinto segmentbased on ground surface
observation$GPRis used as an exploratory tool
used to describe subsurface stratigraphy.
Topographic surveying allows thecise

elevation of sample locations to be determined
and to examine topographic pattertr®ss the
Ipperwash strandplaigediment samples from
the modern beadre used to describe modern
shoreline sediment facietrédcores from
individual ancient shelmes are used to describe
ancient shorelireediment facielodern and

- ancienfacies are interpretedheras dune,

foreshoreor shoreface deposits which are

'\ splayed laterally along the modern shoreline and

4
ol -7 gy | - .

FigurdaQd Mapshowing the location of GPR pr
vibracores, OSL samples, and topographic s
on and in the Ipperwash Strandplain. As well
gualitatively assessed through field observat
satellite images.
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vertically in cores from ancient shorelifiles.
contact between the foreshore and shoreface
facies is of paramount interest since it
approximates the elevatminthe modern and
ancient lake level whignlividuabeach ridge



formed.OSL is used to date individual shorelines and develop an age necdastructhe

timing of natural lake level oscillations over the past several millennia.

5.1 Field Observations

A field survey wallectedn the summer of 2016 beginning at the modern Lake Huron shoreline
and extending in a roughly shore patipaitar orientation 2200 m to the Nipissing bluiéfield

survey can bgualitativelgivided into 8 segments basealfield notesandverified bysatellite
imageryThe 8 segments are described and separated basatamdth, swale water deptlgeid
width, ridge height/crest topography, vegetation, and human modificatiof)(Table

Segment &xtenddrom the modern shoreline to 209 m landward and contains approximately 3
ridges and the modern foredune. Swales and ridges are variable in {egltreSWwg and ridges

are up to 4 m high. Vegetation is dominated by beach grasses and has been modified by humans
including privately owned homes and cottages, publicly maintained beguditlasaeds

washrooms, as well as roads and undergrounesi@itities were not collected from this segment

due to human modification.

Segment Bxtendgrom 209 m to 354 m landward from the modern shoreline and contains 4 ridges
from which cores 202004 were collected. Swale and ridge width and height arenudikedo

human modification. The amassed by the survisya former parking lot, and is currently used

for hiking and ATV/dirt bikingelsewhere on the strandplain, segment B contain residential
housing. With the exception of a central sweddes hve been infilled but ridge crests are still
apparent in certain ased hesegmenis open with patches of juniper bushes with cedar trees

alongacentral swale.

Segment @xtendgrom 354 m to 513 m landward from the modern shoreline and c8midges
from which cores 28200 were collectedWide widths are observed farateg10-30 m)and
ridgeq1530 m) Swalesontain deep water (~0.5 amd ridges atew (~1 m above swales) with
relatively flat crestSwales are webgetatd withclosdy spaced, short, thin, woqulgnts with
cedar and birch trees at the swdlpe contact. Ridge crestsareered by grasses and juniper
bushesHuman modification igmited to hiking trails
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Segment 2xtenddrom 513 m to 736 m landward from thederm shoreline and contains 6

ridges from which core88-2013 were collected. Swale and ridge width is variable. Swales are dry
and ridges are high (up to 2 m) and steadily rise landward often with bench topegrapiuy (i

ridge followed by a higlidge withno discernable swale between ridges). The area is dominated by
Carolinian Forest,marticularforest type dominated by deciduous trees. Human modification is
limited to hiking trails in most areas, but the segnegiit i/ the Ipperwash Drawhich was cut

parallel to ridge crests

Segment Extendgrom 736 m to 951 m landward from the modern shoreline and contains 4 ridges
from which cores 2042D17 were collected. Wide widths are observed for swa@srn(jLland

ridges (280 m). Swalese dry to shallow (~0.2 m water depth), and ridges are variable height with
relatively flat to hummocky crests. The segment is dominated by Carolinian Forest. Human
modification is minimal except for a cleared area on the crest of ridge 2017 whish contain

concretdoundation, presumalilee basef an old cabin.

Segment Extendgrom 951 m to 1379 m landward from the modern shoreline and contains 12
ridges from which cores 262@29 were collected. Narrow widths are observed for swles (5
m), butridge width is variable. Swales are dry to shalldwr{~@ater depth), and ridges are
variable height with realadly flat to hummocky cresteggent is dominated by Carolinian Forest.

Human modification is minimal, limitedw-track tras and skective logging

Segment @xtendgrom 1379 m to 1785 m landward from the modern shoreline and contains 4
ridges from which cores 263088 were collected. Wide widths are observed for swdl@sr()L5
and ridges (200 m). Swales are shallow to de@2d (@m water depth), and ridges are variable
height often with bench topography. The segment is dominated by Carolinian Forest. Human

modification is minimal, limited to a twack trail and selective logging.

Segmenit extendgrom 1785 m to 2200 nmidward from the modern shoreline, ending at the
Nipissing bluffidentified by Cooper (197&)d contains ~8 ridges from whaores 2032040
were collected from the lakeward most twosigidges landward of the Ponderosa Pines Golf

Course were not cateRidge and swale width and height are vaaiattlese steadily landward
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Swales amryto shallow(0-0.2m water depth), and ridges are variable lofightwith hummocky

topographyThe segment is dominated by Carolinian Forest. Human modifscatioimal,

limited twetrack trails, except for the area occupied by the Ponderosa Pines Golf Course.

Tabld: Characteristics usedlitativalyvide the Ipperwash strandplain into 8 segments

Transect A B [ D E F G H
Segment
Cores 0 20022004  200% 50082013 20142017 20182029 20302038 20382040
Collected 2007
Number
of Ridges ~3 4 3 6 4 12 10 ~6
Distance 1785 m-
Landwar| 0-209m  209354m  >*°13 351736 m  736951m 9s11379m 13791785 2200m
m m Nipissing
d
Bluff
Swale . Wide (10 . Wide (15 Narrow (5 Wide (15 .
Width Variable Unknown 30 m) Variable 30 m) 20 m) 40 m) Variable
Deep
Swale Drv Swales wetlands Shgllzo Vr;/] © Shallow (8 jehea”(()(\;\;_tf Dry to
Water Dry Swales Y (~0.5m  Dry Swales ) 0.5 m water P Shallow
(infilled) water m water
Depth water depth) depth) depth) (0-0.2 cm)
depth) P P
Ridge . Wide (15 . Wide (26 . Wide (26 .
Width Variable Unknown 30 m) Variable 60 m) Variable 40 m) Variable
Steadily
Ridge rising, high .
Crest . Flatlow (upto~2m) Hummocky Varlab_le
. High (up to . often with
Height Unknown  crests (~1 crests to flat Variable . Hummocky
~4 m) dumes . bench like
Topo m) often with  topography topoaraoh
graphy bench like pography
topography
Vegetated
Vege Beach cedars in Carolinian  Carolinian Carolinian Carolinian Carolinian
i wetland
tation grasses central Forest Forest Forest Forest Forest
edge,
swale
open
crests
ngs;?jly Famer Minimal,
houses and parkinglot, Hiking Minimal Minimal, Minimal, two-track
Human ublicl AT Vtrails. trails. Cut  expect for selective selective trails, with
Modi- PUblicly Swales Minimal  through by cleared logging and logging and exception of
o maintained .
fication infilled but Ipperwash area on two-track two-track Ponderosa
beach access . . . . . . )
. ridges still Drain ridge 2017 trails trails Pines Golf
points and
apparent Course
washrooms
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5.2 Radar Stratigraphy

SeverGPR profiles totalin§069m in length wex collected ishore normabrientatiols across the
modern beacfl profile)and ancient shorelin@sprofilesps well as 4 GPR profiles totaling 20
in length were collected shore parallel on the modern(beachk 1) Relief measurements were
collectedvith a Topcon laser lewelgeometrically adjust each GPR profile to changesuimd

surfaeelevation.

Figurdl Location of GPR profiles collected on the Ipperwash strandplain.

EM wave propagatiorbhocityis needed to estimate depth amtkterminedvith CMPs However,
velocity isadjusted based on lithologgr Examplethe BEANCMP was collected on the modern
beachabove a near surface water table used to calctdaa velocity of 0.05 m/na velocity
typical of saturated sand (Jol and Bristow, .2008¢veysince the majorityf theBEANR profile
wasabove the water table a velocity typical of dry sands (0.15 m/ns) wals atbed CMPs were
collected along transects well above the water taldb@ndh velocity of Om/ns which is the
velocity used to estimate depth in all other GPR prBfittescollected with 1081Hz antennae
show reflections up to 10 m depth while pséidlected witl200MHz antennashow reflections

5-8 m depth but with a greater resolution
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Profile werecollected in a shore perpendicular orientation across the inedeh anthe most

lakeward beach ridg&PR profilesonsist of multiple reflectiongich are grouped inteflection

patterns based on configuration, continuity, amplitude and termimgitetdion patterrege

described using radar stratigraf@nminology(van Heteren et al., 1998| and Bristow, 2003

which is a modification of seismic stratigraphic terminology developechbynMit977)

Reflection patterrese thengrouped into radar facies. Radar facies are a mappable sedimentary unity
composed of reflection patterns which differ from adjacent facies (Mitchum, 1977).

The GPR profile shown in Figure 12 resolves all radar facies common in the Ipperwash strandplain.
Modern and ancient shorelimeshe Ipperwash strandplaimowfive reflections patterngrouped

into three radafacieqFigurel3). Reflection patterA extends from-A0m depth andeflections

consist of horizontal takeward dippin@pparent angle less thaf),l€ontinuous reflections.

Reflection patterB extends fof-5 m depth andonsist®f sigmoidal, concave up reflections

which truncate radar faciesdapproach an asymptote at ~slepth Reflection patter@ isat

0-2 m depth and consists oSiaglehorizontal continuous reflectidReflection patter® occus at

0-2 m depth, is discontinuous separated by the relief of beach ridges and consists of lakeward
dipping to landward dipping to horizontal continuous reflediefisction patterg occurs at-2

m depth, is discontinuous separated by the reliehoi bdges and consists of undulating to

landward dipping semmontinuous reflections.

GPR profiles are interpreted based on comparison to other GPR studies in similar environments

(van Heteren et al., 1998; Johnston et al.,. Bijiatvash mfiles ardimited to 10 m depth,

however other 10dHz GPR surveyin similar environmertiave resolved structures up to 37 m

depth (Smith and Jol, 1995). Therefore, the depth of penetration at Ippdikehdimged. GPR

signals arkmitedby sediments of igh conductivity, such as fine grain sedinidéoitand Bristow,

2003). There are three potential sources of fine grain sediments in the Ipperwash area: shale
bedrock, St Joseph,t#hd offshore silts. Any of these could potenliialitythe depth of

penetraton however, | ocal well |l og recarliim describ
depthwhich suggest either St Joseph till or offshorél' bétdower radar faciesnsists of

reflection patterns A and B asdnterpreted as shoreface amdghore sedimenReflection

pattern A is interpreted as progradational and aggradational beach sand and reflecBas pattern
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interpreted as a ravinement surfRedlection patter@ is interpreted as the water table which is
commonly exposed at aagé in the swales of beach ridge.first upper radar facieansists of
reflection pattern D and interpreted as disturbed areas because the facies is obserpathsnder
allowing access to the beddie second upper radar faciessists of refleicin pattern Hs
interpreted as dune sedimetdis foundinternallyunder the crest of beach ridd@edar facies

are similar to radar facies described in other LGL strandplkeieforethe model for LGL
strandplain formation (Thompson and Baed@®5;1Johnston et al., 2007) can be applied to
Ipperwash.

BEANR-2 200 Mhz Lakeward—

; 'l% 8w S
T I

il

lﬁm il ‘. W L :'li i -
lHHI\HV\HH\\MMH\MNMHHH | 1 1 VWIWW\H!\H\M\H\Iﬂwmnwwwwwwwwwuwmwuwwwmuuww I [ e g R

Figurd2 ProcesgBEAN-2) and interprefB&AN-B) GPR profile collected in a shore perpendicular
orientation across the modern beach. Coltergchatestsbwn Figure 13
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0 m— o
Generalized Radar
p— * . *
Stratigraphic Cross-Section
2 m— —_ Reflection 5 ;
Depth Description Interpretation
] Pattern
Undulating to landward
4 m— E 0-2m  dipping semi-continuous Dune
reflections
Lakeward dipping to
6 m—j D 0-2m Ial?dward dlpp!ng Disturbed Area
to horizontal continuous
] reflections
Hori | i
e c o orizonta cqntmuous T —
reflection
— Sigmoidal reflections which ~ Foreshore and
B 0-5m .
= truncate other reflections shoreface
10 m— — e — ] Horizontal to lakeward
- ’ Foreshore and
— A 2-10m dipping continuous
. shoreface
~30m reflections

Figurd3 Generalized radar stratigraphic cross section across two, beach ridges based on analysis of
ancient Ipperwash tidgeh Vertical extravagativadar reflection patternsridvexdicasd interpreted to
represent dune, distudsedvater tabl@sionslirface, foreshore and shoreface sediments.

5.3 Topographic Survey

The topographic survéyr this thesisollected elevations of ridge crests, swales, core surface
locationand OSL pitocationgluring the2016field season. The 2016 survegan at the modern
shoreline and ended at core 2040 near the Ponderosa Pines Golf Course. The 3@dl@exalirvey
results that decrease lakeward with a maximum of 186.5 m at 1772urd &vetev minimum of
179.3 m at 355 m landwaFte transect consistently intersects the kpeakNipissingwater
levelelevation of 183.3 at the Port Huron/Sarnia outl@thompson et al., 2014) starting 800 m
landward from the modern shoreline; howewevious researd@doper, 1974; Johnston, 1999
indicates thpeakNipissingwater level extended tblaff 2.2 kmlandwardrom the modern
Ipperwastshoreline. Tadiscrepancy ithe location of the peak Nipissing water level eleVesidn
to the canparison of the 2016 survey to other elevat@asuremesitollected along the same
transect (Figur#l) because accurate core elevations are needed to determine basal foreshore

elevations and generate a paleohydragraph

Two data sourc€dohnston, 1989 southwestern Ontario orthophotography project, SWOOP2015)
provideindependergurface eletian datain the study aredohnston (1999) used an optical level to
survey a tramst across the Ipperwash strandplainaaipastedyround surfacedge crestral swale
elevatiormeasuremesito anearbyGeodetic Survey of Canada benchioacknvert

measurements to a wesdkablished LGL datum@GLD85. SWOOP 2015 is a 2 m horizontal
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resolution DEMCGVD28)based on orthghotographs. Since SWOOP 2015 is based on

photographs it only preserves the sudaation of water bodies andsise 0 srt eelalm n g o
algorithmwhichéa | | owed f or some raised faathdbeel evabe
(e.g. small buildings, small blocks of forest)oq@WOOP 205 User Guide).he height of trees

and any standing water must be accounted for when interpreting the SWOOP 2015 DEM. At
Ipperwash,ite landward portion of the strandplaimoredenselyorested and many of the swales
containbetween 0-1.0m of standngwater Table L

The Johnston (19990iIrveybegan at the then modern (1999) shoreline and only roughly parallels

the 2016 survey. The topographic profile based on SWOOP 2015 was generated in QGIS along the
same shore perpendicular line used to gernleea?016 topographic profile. However, the 2 m

raster cell resolution of the DEM and t -e a m lalgonitgnisimplifies and averages over an

area larger than the Johnston (1999) suateyal and verticdkgationdifferences in all three data
setawere first visually assestedetermine where the transect elevations diV@igedel4). For

all transectsidge cresteights were used for comparison to negate the effect of standing water in
SWOOP 2015 dat@restdocationlaterally varigy up b ten meters throughout the strandplain

(Figureld). The lateral offset is attributeddifferences ihorizontaldata resolutian

Johnston (1999), SWOOP 2015 20it6survey elevations show good agreement up to 630 m
distance landward, roughly plottivithin a meter above or below one andtkigure ).

Johnsta (1999) diverges fraime 2016 surveglevations at 630 m landward consistently plotting
~1 m below2016elevations from 63890 m and consistently plotting ~2.5 m belt@2016
elevations &m 690 m to the landward margin of the suB¥DOP 2015 elevat®oonsistently
plot ~3.5 m belovthe 2016survey elevations from 660 m to the landward margin of the
strandplainJohnston (1999) elevations consistently plot ~1 m above SWOOP 2015sfevatio
660 m to the landward margin of the strandflaimvisual analysis suggests the elevations are

consistently offset.

Core elevatiorfsom the 2016 survey aGdPS basedore locations overlaid tre SWOOP 2015
DEM were also comparéalverify if elevations are consistently offset (Figur€Cbtg ¢éevatiors
between the 2016 survey and the SWOOP 2015diteMacross the entire strandplaith a

rangeof 5.4 ma mean of 2.4 m and a standard deviation of (Elgure 15)However, a clear
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offsetis noted. From 20866 mlandward, elevatiahfferences range by 2.1 m with a mean
difference of 0.2 m and a standard deviation of 0.6 m. Frel@@®@1andward, elevation
differences range by 2.4 m about a mean difference of 3.3 m and a staati@ancbfi€.6 m.
Values on both sides of thisetshow similar ranges and identical standard deviatiorsyédut h

means that differ by 3.1 m showing that the elevations are consistently vertically offset.
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Figur&4 Comparisoh cross strandd&mten profiles developed from 2016 surveégpbmhsi@vations,

(1999), and drawn from the SWOOP 2015 DEM. Also plotted are core elevations and the Nipissing elg
from Thompson et akY2@Miscrepancy between 20dGseldtanston (1999) and SWOOP 2015 is

minimal up to 630 m distance landward but then diverges.
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Figurd5 Comparisortloé difference between core elevations determined from 2016 surveyed elevation
the SWOOP 20DEM. Two groups of elevatiof$620%nd 69985 m landwaadg consistently
offset.fGups have a similar standaghdedatange but have means that differ by 3.1 m.

In order to adjughe 2016 survey which is needed to determine coreoaketlati most realistic
survey was determinddo hnst onds (199 $hg mostuealistie glevatessrvey onsi der

because Jo HWirestly sumweyed theé gréau®dSyrfabe. Johnston (1999) survey is used
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to adjust the 2016 survey thabissistently offset, most likely due to human or instrument error.

The SWOOP 2015 survey is also adjusted to match the J¢h®88) survey. h e o-rsad lelaimn g 6

algorithm used in the SWOOP 2015 is suspected to have overestimated the height of farest cover

the landward portion of the strandplain.

All eevations are vertically adjusted to better match the Johnston (199@)ansistgncy in the
vertical offset of elevations allow for the adjustment of each dataset to better match obg another
subtration of a set value for a portion of the dat@&sgtirel6). SWOOP 2018levationsire

adjusted by adding limelevation to all poinksndwardbf 660 m from the modern shoreline
2016surveyed elevations were adjusted by subtracting 1 m betweer6680ratandwartom

the modern shorelifaffecting 1 core, 2011) and subtracting 2.5 m for all points beyond 690 m
landwardrom the modern shorelifaffecting 19 cores, 262@40) Once adjusteall profiles

show good agreement across the entirthlehghe surveffFigure 16)Adjusted 2016 survey

elevations were ustddetermine core elevations andll other analysis for this thesis.
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Figurd 6 Adjusted topographic proigositoagreement across thgtemiréhler2016 sulPveliles
were adjusted by subtracting 1 m from 2016 surveyed elevations between 630 and 690 m landward al

690 m landward to the landward margin of the survey. SWOOP 2015 elevations were adjusted by adc
pointahdwarof 660 m.
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5.4 Modern Shoreline Facies

Surface elevations acrdssitnodern beackere surveyed along the same transect as the cores
(FigurelQ). Surface sediment samples were collectech@anggansecbeginning offshore and
continuing endingn the foredune cregediment samples warealyzed for grain size, sorting and
skewness (Figuid) usi ng t he Un Friisehlaser diffsactiasfsteriVvdiiesurveyo o 6 s
is divided into three facies, dune, foreshore and shoreface, baded®topography, sedimentary
structures, mean grain size, sorting and skewness. The foreshore extends from the swash zone (the
area of breaking waves) to the maximum wave runup on the modern beach. Dune facies extend
landward from foreshore facies andefage facies extend lakeward from the foreldwesThe

plunge point exisat the foreshorshoreface contact and can be used as a lake levédmproxy

ancient shoreling§hompson, 1992).

In total, surfacelevations decrease lakeward 2.9 m, vaital levation decreasfe2.4 m

occurringover the landward most 4 atross the dune and foreshar&0 m tallerosionascarp
separatethe lakeward dippirfgreshoresurface from the undulatidgnesurfacel.0 mlandward
from the plunge point. Fmothe plunge point lakeward elevatde@easa maximum of 0.5 m,

however, a 0.4 m fall is observed over the first,(hvéanto the plunge paint
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Figurd7. Plot of topographic survey and grain size resultsndngeewsessidram the modern Ipperwash
Beacthowing the foredthaneface contact as an abrupt change in grain size parameters.
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All modern beackamples consisted of predominately sand sized particles. However, variations
occur betweedune foreshoreandshorefacéacieqTable 2)Shoreface sediments consist of fine
sand (2.428.509s ), are poorly sorted (1.012190)are very fine skewed (0468575 ) and

contain ripple markBoreshore sediments contain gravekbiegk fragmentfiowever thes

sediments were sieved out and only those particles finer than 2 mm were analyzbdypecause
consisted ofnollusk shells (presumably invasive zebra or quagga mussels) not fouraf in cores
ancient shorelindsoreshore sediments consist of medium 4ab@8(s ), are moderately sorted
(0.875) and are fine skewed (Os)5Pune sediments consist of fine sand (268825 ), are

poorly sorted (1.066009) and are very fine skewed (=B ).

Table@: Characteristics of moderfadeach

Shoreface | Foreshore |  Dune
Near Lakeward .
Topography horizontal dipping Undulating
Sedimentary . . .
Structures Ripple marks None Bioturbation
gﬂiggn Grain Fine sand Medium Sand Fine Sand
Sorting Poorly sorted M(;gftr;;ely 58325
Skewnss Very fine Fine skewed Very fine
skewed skewed

5.5 Ancient Shoreline Facies

Forty cores were collected on the lakeward margin of each individual beiactneidiggerwash
strandplairexcept for the ridges nearest the modern shoreline whichdifred by human activity
(developedor permanentesidene, paved roads, and dirt tral®ye epthof penetration ranges

from 1.373.36 m with an average of 218%5edimentary structurasd color (determined by visual

core descriptions, photographs katelx peelsgndmean grain size, esast 1%, sorting, and
skewnesdetermine with the Indiana Geological Suviadyern300@aser diffraction systesmne

used to defineedimentaciesCores were systematically interpreted and divided into dune,

foreshoe and shoreface facsed on changes in grain size statistics, visual descriptions, and color
observed in core, photographs and latex (@ggdendixG). Core 202%igurel8) is considered a

typical core and described in detail to explain how segliyfaiciearedefined andiifferentiated
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Figurd&8 Visual descriptionsrantgize statistics from core 2025. Shorefacd-4édionexfusg&vore
sedimelfl€3-119cmpnddune sediments-01d@)ra characted bgiffering sedimentary structures and

grain size parameher abrupt contact between foreshore and shoreface sediments is used as a proxy fc
lake levelevation when that beach ridge formed

In core, shorefadaciesare the lowesacies and typically include horizontal laminae, ripple marks
andthin (:2 mm wideprganic stringeend are noteds having a grey colB8tatistically, the
shoreface is characterized bpedand (mean grain 2z€62.72u ) with the coarsest 1% of
medium san(D(99)of 1.75 to 1.89), is well sortesorting0.410.45)andsymmetricallgkewed
(skewnesB8.950.96v ).

Foreshordaciescontain horizontal to lakeward dipping laminae and a basal bed of coarse grain
mineralgic and she(gastropodiragments with an abrupt lower boundary arenoted as having

a brown colorStatistically, the foreshore is characterized by a fine sand (mean grai2 di%e 2.54
u) with the coarsest 1% normally grading from fine to versecgand (D(99) of 1.52 to b7

from well sorted to moderately well sorsedting 0.4®.98) and from symmettcoarse skewed
(skewnesB8.950.96u5 0 @
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Dunefaciesare the uppermost facies and typically contain massia@dannded as haviagight
brown color. Statistically, the@uneis characterized by fine sand (mean grain siz& 2485 with
the coarsest 1% of medium sand (D(99) of 1.82 to },.l52vell sortedsrting0.430.46) and is
symmetric to fine skeweskéwnes8.240.02v ). The foreshore dune contact is typically
gradational, however, the appearance dérttirae is considered the top of the foreshben

calculating foreshore thicknbssause dune sediment is commonly structureless.

In summary, thehoreface, foreshaa@d dune facies adentifiedbased osedimentary structures

color (determined by visual core descriptions, photographs and latendegiain size

parametersnean grain size, coarsest 1%, sorting, and skewnes3) (Haeeface sediments are
typically fine, well sorted and contain poorly to well defined laminae and is typically grey in color.
Foreshore sediments are normally graded, moderately to well sorted, lakeward dipping to horizontal
laminated with brown color and a basal layer of ¢oarslium grain shell and mineralogic

fragments. Dune sediments are fine grained, well sorted, structureless and light browaf in color.

the 40 cores collected, 36 yielded shorfeeshore contacts (basal foreshore depihs)4 cores

which did not ld basal foreshore depth likely did not penetrate deep enough to reach the basal
foreshoreThe 36 basal foreshore depths were subtracted from core location elevations to yield

basal foreshore elevatidtiee approximate elevation of past lake levelsealcarbeach ridge

formed)
Tabl&: Common characteristics used to differentiate core sediment facies
Sedimentary Mean 0 .
structure grain size Coarsest 1% Sorting Skewness | Color
Dune Structureless Fine sanc Medium Sand  Well sorted Symmetrical tc. Light
fine skewed Brown
Lakeward dippint
to horizontal Normally
laminae with , grading from Well to Symmetrical tc
Foreshore Fine sanc : moderately Brown
basal bd of shell medium to very sorted coarse skewe
and mineralogic coarse sand
fragments
Horizontal
laminae, ripple . . :
Shoreface marks, organic Fine sanc Medium Sand Well sorted symmetrical Grey
stringers
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5.6 Cross Strandplain Geomorphic and Sedimentological Characteristics

Across the Ipperwash strandplaimnges occur lvasal foreshordevations, foreshore thickness,
foreshore average grain size, beach ridge width (core t@cm@) spnd ridge height (sweaest
difference)These changasequantified and statistically described.

Ground sirface elevatior{sigurel9 show a netnicrease from thakevardto landward margin of
the strandplain from a minimum bi8.1m at the bottom of the Ipperwash Dra®0 m landward
from the modern shorelite a maximum of ¥80m on the crest of the landward most riddge
most lakeward3 beach ridges are not included becatisatense human modificatiand were

not coredThe bpographic surveyrd core facie@-igurel9) were used to quantify the geomorphic
and stratigraphharacteristics of the strandplaspectivelyTable 4)
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Figurd 9 Surface elevation, core sediment facies and OSL ages from the Ipperwash strandplain. All da

with respect to distance from the modern shoreline with ridge numbers labelled.

Basal foreshore elevati§hgyurel9; Table 4have a mean off22 m with a standard deviation of
0.7, but show a net increase landward (slope O-0ti@6cgpt 178.3 + 0.4) with a maximum near

the landward margin of the strandplain (180.99 m at 1746 m landward) and a minimum near the

lakeward margin of the strandplain (177éavatiorat 312 m landwafdom modern shorelipe

Foreshore thicknes9@sgurel9 Table 4have a mean thickness of 0.9 m with a standard deviation

of 0.4 with a relativehprizontatrendline (slope 0.000@8ntercept 0.7 = 0.2). The maximum
foreshore thickness 2.0 m thick at 1637 m landwiodn modern shorelirend the minimum is
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0.2 m thick at 817 m landwdmim modern shorelin&oreshore average grain Eggirel9,
Table 4have a mean of®@s phi with a standard deviation of 0.1, but show a net increase
landward (slope 0.000z2ntercept 2.4 + 0.1) with a maximum ofi2.at 873 m landward and a

minimum of 2.@s at312m landward.

Beach ridgeidth (Figurel9; Table 4have a mean of 40.4 nitwa standard deviation of 0.7 and
show a net decrease landward (sp89, yntercept 50.8 + 8.1), but have a maximum (91.1 m at
1043 m landward) and minimum (7.&trh239.7 m landward) near the center of the strandplain.
Ridge height$igurel9; Table 4)have a mean of 1.4 m with a standard deviation of 19.7 and have
a landward decreasing trendline (sl@0€003,-intercept 1.4 + 0.3), but have a maximum (3.0 m

heightat 603 m landward) and minimum (0.02 m at 627 m landward) near the center of th

strandplain.
Tablel: Cross strandplain geomorphic and sedimentologic statistics
x-value of | x-value of
(maximum | (minimum | Mean gtandard Trend line equation
eviation
y-valueg y-valué

Basal Foreshore 1746 _
Elevation (m) (181.0) 312(177.8) 1792 0.7 y = 0.0006x + 178.0
Foreshore _
Thickness (m) 1637(2.0) 817(0.2) 0.9 0.4 y = 0.00005x + 0.7
Foreshore
Average 873(2.7)  312(2.0) 25 0.1 y = 0.0002x + 2.4
Grainsizey)
Beach Ridge _
Width (m) 1043(91.1) 1239.47.5) 40.4 0.7 y =-0.009x + 50.8
Ridge Heightm) | 627(0.02) 603(3.0) 1.4 19.7 y =-0.00003x + 1.4

Basal foreshore elevations and foreshore thidkanedskeward slopirigendlinsthrough all data
points Foreshore average grain size, beach ridge width and riddebeighatively horizontal
trendlines whickiary within 1 standard deviation of the méémyvisually apparent correlation is

observeddaween quantified geomorphic and sedimentological characteristics.
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5.6.1 Ridge Groups and Interpretations

A pattern is noted in thariationof parameters above and below one standard deviation (Figure
20). Groups of 3 to 7 ridges are defingdnatonsabove and below 1 standard deviation. Patterns
in beach ridggroupings are interpretedrépresent relatively shagtm fluctuations in lake level
likely driven by clima{Baedke and Thompson, 2000)e five geomorphic and sedimentological

parametdrs (Table 4) adescribedh regards tavhat past conditioriee parameter likely record

Basal foreshore elevation is a record of lake level at the time of deposition (Thompson, 1992). The
lakeward sloping trendliffeigure20 suggests that lake lelvas undergone a net regression during

the depositio of the Ipperwash strandplatowever, the effects of GIA contributing to this

relative, longerm lake levéall in elevation will be discussed in detail later.

Foreshore thickness is a factomalve energy/height (Howard and Reineck, 1981) and wave
energy/ height is a factor of wind direction, speed, fetch (Komarcag88jvely these

parameters are rafed to as wave climate (Johnston et al..208vVé climate describes the average
conditon of waves in a certain location at a certaindimi@reshore thicknessrelated tavave

climatewhena specifibeach ridge was depositéahnston et al., 2004).

Foreshore average grain sizews similar patterns to foreshore thickness (R@unelicainga
change in waw@imate(Fox et al., 1968omar, 1998pr a change in sediment supply (Johnston et
al., 2007)The close agreement between foreshore thicknessestbfe average grain size at

Ipperwash is interpreted aecord of a @nate oscillation.

Beach ridge widthiislated to shorelieehavior Simplistically, beach ridge width is a factor of the

rate of lake level change and sediment sapplgll as predepositional sli@fempson and

Baedke, 1995jgure 5). A widkeachridge can therefore be thought to represent a period of

relatively significant progradation, and a narrow ridge can be though to represent a period of
relatively minor progradation. However, due to varying erosion rates along the coast even a narrow
ridgemay be the result of a period of significant progradation of the coast and subsequent erosion
removed much of the progradational red®edch ridge groupings based on beach ridge width are
well expressed across the entire standpldisuggest an ostitla in shoreline behavior across

several beach ridges during the deposition of the Ipperwash stréfidjpiar20).
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Beach ridge height is atetated to shoreline behavior and variable dur{€igape 5). Since the

core of a beach ridge is builgygradation the height of a beach ridge is a factor of how long the
shoreline aggrades (Figure 5). However, the presence of the dune cap complicates matters. Wind
blown sands accumulate on top of the beach ridge and increase the height of the Reatiridge.
ridge height shows well defined beach ridge groups lakeward of 1200 20(Hilgisrsuggests
oscillations in shoreline behavior and/or climate during the deposition of the Ipperwash

strandplain.
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5.7 Age Modelling

Ten OSL ages (in calendar years beforeGE)were codicted approximately 1 m belbw

ground surface afdge crests on every third to fifth ridge. OSL samples were collected in an
attempt to bracket ridge segments based on field observation2(-igurer is reported as the
standard error of equivalelose (B distributions divided by the environmental dose rate (Figure

21). This method of error reporting allows for a more direct comparison of OSL measurement to
other dating methods (such as radiocarbon) by placing emphasis on the variabilDy of OSL
measurements (Lepper et al., 2011). Propagated age uncertainty (Aitkens, 1985), which takes into

account geologic uncertainties is also reported (Figure 21).

Ages sequentiatipcreastfom amaximum landward most (sample 2038, collected 1746 m
landwad from the modern shoreline) age of 3490 + 110@ninienum landward most (sample
2001, collected 209 m landward from the modern shoreliné)6&§et20 years (Figure; 29).

Beach ridge number and distahedrom modern shoreline were recorded foh&SL sample
locationWhenbeach ridge numbenmiktted against agbe average rate of beach ridge
development is calculat#dhendistance landward fratime modern shoreline gotted against
agethe average rate of leteym progradation is calculatBistance landwarsl used to create the
Ipperwash paleohydrograpicause 1) beach ridges are variably spaced across the sg@andplain
plottingthe ages against beach ridge number misrepresentsdie @x@uring surveying it is
possible that beacklges were missed, buried, misinterpregediufies ridges misinterpreted as
beach ridges), or discontinumesaning the sampled ridges may over or under represent the true

amount of beach ridges
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] depth H,O K concentration Rb concentration Th concentration U concentration
Sample ID

(m) (%) (ppm) (ppm) (ppm) (ppm)
LH2001 1.06 30+3 11625 + 1328 3447 £ 513 1.266 + 0.125 0.471 + 0.051
LH2005 0.84 3043 14108 + 1508 4335 + 6.11 1.341 + 0.135 0.566 + 0.059
LH2009 1.02 255 13190 + 1511 4394 + 6.86 1.997 + 0.190 0.586 + 0.069
LH2014 1.03 255 15375 + 1701 40.70 + 482 1.179 + 0.116 0.523 + 0.062
LH2018 0.65 25:£3 14841 + 1323 4125 + 538 1.221 + 0.121 0.553 + 0.063
LH2022 0.93 255 14295 + 1269 41.15 + 538 1.172 + 0.118 0.467 + 0.054
LH2025 098 25+5 13789 + 1218 39.61 + 4.23 1.386 + 0.133 0.673 + 0.062
LH2030 0.68 2545 13534 + 1185 4334 + 524 1.356 + 0.134 0.593 + 0.064
LH2034 122 255 14790 + 1319 3878 = 5.07 1.031 £ 0.105 0.555 + 0.058
LH2038 1.22 15+£3 13768 + 1250 44.87 + 3.85 1.154 + 0.108 0.465 + 0.043

Irradiations for INAA were performed at the Ohio State University Research reactor. INAA data reduction was carried out by Scientific Consulting
Services, Dublin, OH.

3 ’ . CaQuivs ose’ Dose Rate Age’ vert?
Sample 1D N! M/m? v Vg qu D¢ Equiv (l(l(:l\]: Dose (mGyAD) ‘(\‘L'e) l I::T',‘
LH2001" 67/96 0.98 0.29 0.28 0.01 0.6% 0.724 + 0.026 1.123 + 0.122 650+ 20 70
LH2005 74/96 097 0.39 0.35 0.04 0.1% 1.118+0.050 1.298 + 0.135 860 + 40 100
LH2009 75/96 1.06 0.29 0.30 .- 1.3% 1.491 + 0.050 1.329 + 0.150 1120 + 40 130
LH2014 74/96 1.01 0.36 0.31 0.05 6.5% 2012+ 0.083 1.428 + 0.165 1410 + 60 170
LH2018 76/95 1.02 0.27 0.29 --- 2.1% 2618+ 0.081 1.406 + 0.141 1860 + 60 200
LH2022 81/93 1.04 0.33 0.28 0.05 1.8% 2925+ 0.106 1.342 +0.135 2180 + 80 230
LH2025 76/96 1.01 0.32 0.33 .- 2.3% 30116 +0.114 1.354 £ 0.132 2300 + 80 240
LH2030 97/142 1.07 0.34 032 0.02 2.4% 3.513+0.121 1.326 + 0.130 2650 + 90 280
LH2034 90/144 1.07 0.34 0.23 0.11 1.6% 3.839+0.138 1.379 + 0.139 2780 4 100 300
LH2038 77/95 1.02 0.28 0.24 0.04 1.0% 4.989 + 0.159 1.430 + 0.133 3490 + 110 340
"OS1. measurements were nuade on sand grains in the 150-250 wm fraction with the exception of LH2001,in which case the 90-150 pum fraction was used

'No. of aliquots used for OSL. D, calculstion / no of aliquots from which OSL dats was collecied (fiklening criteria given in Lepper et al , 2003)
Mean/median ratio; 2 measwe of dose digribuion symmetry ssymmetry (see supplement 10 Lepper et al, 2007)

*Total equivalent dose data dispersion (Std. dev./Nean)

‘Data dispersion attnbutabke to radiation dosimetric properties of the sample and dose recovery procedures.

*Simple resikdual data digpersion or geologic process data dispersion

“Dase recovery fidelity (refer to "check dose” in Lepper et al, 2000 and supplement % Lepper et al, 2007)

"Ages are based on the mean and std. err of the De distributions (Lepperetal , 2011)

*Fully propogated uncenainty (Aitken, 1985)

Figur@l OSL elementadased for dose rate calculation and OSIMagfiedkuttsLepper, 2017).

Age models were created to extrapolate the 10 OSL ages collected in the Ipperwash strandplain to
assign ages to therg@overedbasal foreshore elevatiased to creatde Ipperwash
paleohydrograpfioidentify outliers and produce the most representative and realistic age model
for the Ipperwash strandplain, two age models were created.

Age model A was developed as an initial examinaadimearelationship betwaendividual

ages connected sequentially (Figre&Sbpes are calculated from the mean sample age

individual age#&\ge model A shovetopegin yeargpermete)) ranging fron®.7to 4.5with an

averagslope betweeall 10age®f 1.9years/m * 1.1 yearShe maximum and minimum slope

between ages occurs between the landward most three ages. And the lakeward most four ages have

consistent slope between agéhjn 0.4 year/nof each otherThis shows that slopgs. the
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average progradation rateg nost variable in the landward most portion of the strandplain and

least variable in the lakeward pardf the strandplain (Figure)22

3500 [ Age Model A ‘ l ea"’\«\
Average -1.9years/m @*

3000 [ Maximum -4.5year/m E@’ i —
= Minimum - 0.7 year/m é_’/—f
t?n 2500 || Standard -11
© Error \
e 2000 T
§ 7_“23(51‘“
5 R

m
oo 1.Ave3‘5’ ‘
< 1000 @ R
500 ® OSLAges
‘ —@— Age Model A

o

0 200 400 600 800 1000 1200 1400 1600 1800
Distance Landward

Figur@2 Age model A connects all individual ages sequentially and simolivsctlapagBsetween
averagiops 1.9 years/m and a standard error of 1.1.

Age model B uses all ten agessingldinear regressidfiigure 28 For age model Bis 0.98

with a slope of..8 (+ 0.09) years/m + 985 107.0)yearsSignificance i 6.31 E08 and the

average of all residuals is 98.9 years. All age error bars lie at least partially within the confidence
intervals and wholly within the prediction intervals (Figureh fand confidence intervals

suggest this age model is adgepresentation of the dad@es within age model B are generally

younger than reported ages in age model A (Table 5).

3500 Age Model B
y=1.8x+985
3000 r’=0.98
— Standard error -0.09
o] of slope
f%o 2500 Standard error -107.0
v of y-intercept
[5:4 2000 residual average -98.9
g Significance F - 6.3E-08
—~— 1500
&
®  OSLAges
<C 1000 ; I
Trend Line
s¢0 | 5 e L0 e Standard Error
e Prediction Interval
0 I
0 200 400 600 800 1000 1200 1400 1600 1800

Distance Landward (m)

Figur@3 Age model B uses a linear regression through all ages. The resultant equationisy = 1.8 + 0.(
98.5 +107.0 and has a r2 is 0.98.
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Tablé: Reported and modelled ages

Ridge Distance Reported Age Model
Number from modern| Age/Age | Age ModelB A dAge
shoreline (m) Model A Model B
01 209.2 650 + 20 475 175
05 412.6 860+ 40 841 19
09 602.6 1120 + 40 1183 -63
14 816.9 1410 + 60 1568 -158
18 1042.6 1860+ 60 1975 -115
22 1151.1 2180+ 80 2170 10
25 1232.3 2300+ 80 2317 -17
30 1412.0 2650+ 90 2640 10
34 1587.7 2780+ 100 2956 -176
38 1746.4 3490+ 110 3242 248

5.8 Developing the Ipperwash Paleohydrograph

An Ipperwash relative paleohydrograph can be developsiddmgeasured elevations and

modelled ages. Measured basal foreshore elevations (the ancient lake level proxy) are determined by
analysis of vibracores framdlividual beach ridg&SL ageare usetb create an age model to

assign ages to individual beach ri®jese both basal foreshore elevations and modelled ages are
plotted against distance landward from the modern shoreline, distance landwé#nd étaised

elevation and age data.

Two Ipperwashelativepaleohydrographsnebased on age model A (paleohydrograph A) and the
other based on age model B (paleohydrograple ) developeBaleohydrographs are visually
similar(Figure 8). ~tests whichtest the equality of variances (Davis, 28@2)sedb statistically
comparepaleohydrograstA and B. F-testsshow thd--statistic tdeless than the F Critical ene

tail value; therefore, the null hypothesis is accaptite variance of theb populations is

statisticallgimilar(Tableb).
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Figur@4 Ipperwash paleohydrographs developed from age model A and B.

Tablé: F-Test Tw8ample for Variances

Paleohydrograpl{ Paeohydiraph B
Mean 1973.35 2156.63
Variance 559372.90 558099.12
Observationy 34 34
df 33 33
F-Statistic 1.002282357
P(F<= 4 497407417
onetail
F Critical
onetail 1.787821747
F-Statistic < F critical ortail
Variance of two populatiorgual

Though theage models are statistically similar, geologically the age models have different
implications. Age model A implies a variableteyngrate of progradation through time. Age

model B impésa constant lorterm progradation rafer the Ipperwash strapthin.

Age model Bs used to reconstruct the most realisgierwash paleohydrograpécause 1) slopes
between indidual ages in age model A are similttr most slopes falling within 2.2 year/m of

one another suggesting a linear relatioashogghe entire strandplai) age model does not

include théandward most two ridgssice the landward m@&EL sample was collected on ridge
38(1746 m landward from the modern shorel8)a)inear modederves as a good, simple
approximation of behaidge age for the Ipperwash strandplain, and 4) age model B allows for the
comparison to other LGL strandplain paleohydrographs sincealtd@hydrographs used linear

age modeldBaedke and Thompson, 2000; Johnston et al., 2012)
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Chapter 6
The Ipperwas h paleohydrograph

Thirty-six basal foreshore elevations and ten OSL ages were combined to create the Ipperwash
paleohydrograpPRatters within the Ipperwash [@hydrograph are described and interpreted in
the contexbf known drivers ofake level changleiring historic time@dnternational Upper Great
Lakes Study Boar20092012)and geologic times (Baedke and Thompson, 2000; Johnston et al.,
2012)

The Ipperwash paleohydrograph chronicles relative lake level fluctuati@62®om10years
ago(Figure25). The maximumelativdake level is 181.0 m which occurred 3450 years ago and the
minimumrelative lake levisl 177.8 m which occurred 850 yearsRagbistoric lake level elevations
are higher than historic lake level elevatistaric (snce99years agor 1918 Cllake levels

Lake Hurorhave fluctuated between a{akde yearly average high of 1773 gears ag(or
1986CE)and a lakevide yearly average low of 17553years ag(or 1964CE) (Gronewold et

al., 2018. Recent Iternational Joint Commission Studies have condlisiedc lake level

changebas beedrivenby GIA, outlet conveyan@ndclimatewith the largest contributing factor
being climatédnternational Upper Great Lakes Study B&0@9; 2012F1A, outletconveyance

and climate are also important drivers of prehistoric lake level fluctuations (Johnston et al., 2014).
Therefore, GIA, outlet conveyanard climate atariefly reviewetb give context to

interpretationsf patterrs within the Ipperwash pafgarographlt should be noted that though

the terms millenniupgentennialand decadalre used these terms should not be taken as an exact

length of time, but rather as a rough estimatatofal patterns observed through geologic time

The Ipperwaspaleohydrograph is compared to the Lake Michigan paleohydvadgcdpleflects
lake levels at the Port Huron/Sarnia o(Hegjure 4; 26T he Lake Michigan paleohydrograph is an
outletreferenced paleohydrograph created by combing strandplain datsitterarbund Lake
Michigan and adjusting overlapping strandpdd@ohydrographs to reconstruct lake level
fluctuations in one hydrologically connected lake (Lake Michigar) at the Port Huron/Sarnia
outlet. The Lake Michigan paleohydrograph shavi®liowing the Nipissingighstand4,50Cal

BP lake level underwent a rapid fall of 4.1 m until 8ad@P(Baedke and Thompson, 2000). The

end of the rapid fall is attributed to the abandonment of the Chicago outlet (Baedke and
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Thompson, 2000Raalke and Thompson (2000) also propaise levalrose and fell on a
millennial rhythm over the next several thousand years. Lake levels rose from 3,368l tBE3,000
associated with the Algomghstangdfell from 2,400 to 2,2%@l BRPand rose from 200 to 1,700
cal BP, associated with the 1,700 highfellfrom 1,700 to 1,00€al BP (Figure 4; R6

Ipperwash is the nearest preserved strandplain with the most beach ridges to the Port Huron/Sarnia
outlet. The rate of GIA between the Ipperwashdplain and the Port Huron/Sarnia ouitet

expected to by similéigure 2Mainville and Craymer, 2008)e Ipperwash paleohydrograph and
theoutlet referenced Lake Michigan paleohydrograph are expected to be similar as both reconstruct
lake levels erpenced at the Port Huron/Sarnia outiiEtweverthe Ipperwash paleohydrograph
consistently plots above the Lake Michigan paleohydrograph (Figure 26). Johnston et al. (2012) and
Thompson et al. (2014) suggested too much GIA was collectively remowadatingnone
outletreferenced paleohydrograph for Lake Michifais thesis reevaluates the Lake Michigan

paleohydrograph using the Ipperwash paleohydrograph.

Thelpperwash paleohydrograplalsocompared to the historic lake level record for LakenHar
determine the relationship between historic and prehistoric lakeHalretsan be used to more

accurately predict potenfiature lake level changgdpperwash

180.5
1795
178.5

1775

Elevation (m)

Historic Hydrograph ——

|
176.5 W‘l' Ipperwash Palechydrograph —

1755
0 500 1000 1500 2000 2500 3000 3500

Age (years ago)

Figur@s: Ipperwash paleohydrograph cdrapaled oo n 6 s distoric lake leval vTkerlppeyveash
paleohydrographsiatertevel fluctuation8520to710 years ago and shows a net lake level decrease from
high of 181.0 m 3450 years ago to a low of 177.8go850 years
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Figur@6 Historic hydrograph, Ipperwash paleohydrograph and the Lake Michigan paleohydrograph (B:
Thompson, 2000). If the Lake Michigan paleohydrograph is adjusted based on the rate of GIA at Ippe

two graphs phatrelose

6.1 GIA, outlet conveyance and climate
GIA is theongoingrate of land surface elevation change (expressed in cm/akmiangyand
following glacial advances and retrghish influence relative lake level change in the\V&Bious
methods havieeen used to estimate the rate of GIA in and arouhdstheGeologic data has
been used in some areas of the LGL to estimate ratesofiGlIAa si ngl e basin rel
outlet(Lewis, 1970; Baedke and Thompson, 2000; Johnston et alT,;i2Cdr2alysis of geologic
datasuggesta linear rate of GIA over at least the past 350(apeassinterpreted as the longest
patternin LGL paleohydrographs (Johnston et al., 20adpus geologic ai@PS datasets have
been used tmodelthe absoluteate of GIA at a continental sc@Reltier et al., 2018and these
models have been further refined in the LGL through the inclusion of the |lajeaidevetord
since 1918 CBMainville and Craymer, 2005; Figukehizgh forms the basis for rates of GhA
used in international management glatsrnational Upper Great Lakes Study B@a@92012)
Though records vary on the exact rate of GIA at a precise location, all records show the same
general pattern of GIA, the land surface r{sipgo 54 crftentury) in the nortlern LGLand
subsidingdown to-27 cm/centuryin the soutbrn LGL Based upon the most recent GIA models
at continental scales (Peltier, et al., 2015) and over the LGL (Mainville and Craythen&805)
of GIA iszero cm/centuryear the Port Huron/Sarnia outtetative to a point representing the
center of the Earthpperwash igocated 40 km frortihe Port Huron/Sarnia outletnd is also
estimated to haveate of GIAof zero cm/centuryin other words, the ground surface at
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Ipperwash is not moving up or down relative to a fixed point in the center of the Earth and is

identical to thground surface at the Port Huron/Sarnia outlet through geologic time.

Outlet ®nveyance & change in the waternyamg capacity of ake's outflovechannel(s) due to
channeébctivation oabandonmenbr when the active channel experiences erosion or
sedimentatiarFor example;lough (1958) suggedthe fall from the peak Nipissjng

approximately 4500 years agasa result ohaturalkerosion at the Port Huron/Sarnia oytbatd

Johnston et al2007) suggestethe outlet at Sault Ste Marie began regulatng e Superi or 6s
level atLl100calendar years a@uringhistorictimesonly arelatively smatiortion of the lake level

change has been attributecetosion caused by dredgimgthe Port Huron/Sarnia outlet
(InternationaUpperGreat LakeStudyBoard 2009). These examples show the importarece of

| a loatlétis regulatindpke leveh the LGL A recent study bgampb# (2016)nitiated

investigation of natural changes in outlet conveyance pres#rkestigpositional coastal

landforms (spitdpcated in the Port Huron/Sarnia outlet were depositasdmetimen the last

4500 yearsSnce thePort Huron/Sarnia sts lie at a similar elevation to lieach ridges in the
Ipperwaststrandplairfi.e. between the modern lake andgbakNipissing)depositiorof the spits
likelyoccurredbetween 3520 and 710 years ago, the peniedastiin the Ipperwash
paleohydrogrdp The ages and subsurface stratigraphy of the Port Huron/Sarnia spits is therefore
very important to determine past natural times of outlet conveyance caused by longshore drift and
sedimentation in the Port Huron/Sarnia outiat may have restricted fbaw from Lake

MichigarHuron. No studies have investigated outlet conveyance caused by sedinmetfi@tion i

Port Huron/Sarnia outlet. The Ipperwash paleohydrograph provides the context needed to interpret
the Port Huron/Sarnia spits and how the spitsrelate to natural outlet conveyance through

geologic time.

Climate also influereeGL lake levelsdistoric data and paleoclimate data suggests lake level
fluctuae on the order of many decadgsyfilanand Forman, 2003; Gronwold and Stow, 2014) and
mary centuries (Fraser et al., 12@@may be related to climaféarm and dry climate hawveen
related tdow lake levelduring histori¢Argyilan and Forman, 2Q0@onewold and Stow)24)

and prehistoric timeBr@aser et al., 199G&wis et al., 2008&pol and wet climate haleen related

to high lake levetturing historic (Gronwold et al., 2016) and prehistoric (fineeser et al., 1990;

Booth et al., 2002)ows and highs inéhlpperwasipaleohydrograpimaythereforerecord aleast
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a partiatlimate record. Analysis of 40 paleoclimate records (Shuman and Marsieck 2@idb) show
latitude North Americ@.e the belt in which the LGL predominatelydig)erienced relatively dry
and warm conditions from @0 to2100cal BPthen a rapid transish to relatively wet and cool

climateconditionswhich last until800 caBP

GIA, outlet conveyance and climate all affect lake levels, but with different temporal and lateral
scales ia lake basi@ohnston, et al. 2018)IA is an ongoing, lineareologic process unidoe

different sites around a lake basin. Outlet conveglanaeccurs ovéiistoric and prehistoric time

scale but should be experienaand preserved at all strandplain sites aroundia basinSimilar to

outlet conveyancdjrmae naturally changes on time scales ranging from decades to millennium and

effects lake levels in an entire lake basin.

The Ipperwash paleohydrograph is analyzed to discern trends and patterns in |akedgoabflu
Multi-millennium, millennium, centennial, and rdeltiadabatterrs within the Ipperwash

paleohydrograph argerpreted to represent GIA, outlet conveyance, and/or climate.

6.2 Multi-mille nnium pattern

A long term, muHlmillenniumpatternidentified by using all 36 data pointhénlpperwash
paleohydrograph is simplistically describedibgleihear regression. The resultquation is y =
0.0007x + 177.8nd fis 0.5qFigure 2). Standard error of the slope is 0.001 and standaradfer
the yintercept is 0.2 he slope of th#endline suggests a net lake level fall at a rate of 7
cm/century with oscillations above and belovirérelline The multimillenniumpatternshows a
net linearrelativdake level fall o1.8m from 320 to710years ago
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Figur@T: A linear regression through the entire paleohydrograph shows a relatively well confined pattel
the entire paleohydrograph.

GIlA isregarded as the driver of the longest trend indaBiohydrographs (Johnston, et al., 2014)
and is thereforaterpreted as the dommalriver of the mukmillennium lake level loweriag
IpperwashThe multimillennium linear pattern calculated form Ipperwash beach ridges suggests a
rate of GIA near Z 1 cm/centuryHowever, the rate dslA, based on the current understanding
in published literaturat Ipperwasls expected tbe 0 cm/century (Mainville and Craymer, 005
This difference in rates of GIA at Ipperwash could stem from three @es@osnbination of
the three reasonk) Interpolation between water gauge stations underestimates the rate of GIA at
Ipperwash. This could stem from insufficient water gauges near Ipperwash (the closest water gauge
station is located at Lakeport, Michiggproximately 43 km from Ipperwash) to accurately resolve
the rate of GIA at Ipperwash. 2) The rate of lake level lowering at Ipperwash could stem from
erosion at the Port Huron/Sarnia outlet during the deposition of the Ipperwash strahtipkin.
is the case, all strandplains around Lake MieHigiam should reflect this rate of lake level
lowering. However, strandplains in Lake Michigan show a varying rate of lake level change through
geologic time (Thompson and Baedke, 1997). In addition, rediestistwe found no active
erosion in the Port Huron/Sarnia outlet in historic tifimternational Upper Great Lakes Study
Board,2009. 3) An outlet other than Port Huron/Sarnia was active and ddrdurang the time
period recorded in the Ipperwash playelrographThe Chicago outlet is the most likely outlet to
be active during the deposition of the Ipperwash strandpthinterpretation of the millennium
patterns within the Ipperwash paleohydrograph (discussed below) may support the dominance of
the Chicago outlet during the time period recorded in the Ipperwash paleohydrograph.
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Interestingly, applying a consistent rate of 7 cm/century to theefetlenhced Lake Michigan
paleohydrograph (Baedke and Thompson, 2000) hdlagéhglichigan and Ippeaish
paleohydrograptmatch more closely (Figure déj)isargues for a readjustment of the Lake
Michigan paleohydrograph to better represent the conditions experiendedratin®n/Sarnia
outletand is the first verification of an idea presentpreiious studies whiskiggestetbo much
GIA was removed when creating the Lake Michigan paleohydrograph (Johnston et al., 2012;
Thompson et al., 2014).

Whenthe multi-millennium long, linear pattern is extended to the present, the confidence interval
minimum (177.3 m) intersects the historic yearly average lake level high (177.3 m) 31 years ago or
1986 CE (Figure 27). The intersection of the lower confidence interval of thellemium

pattern in the Ipperwash paleohydrograph and the historic lzakiduron lake level high, may
support that the muitnillennium pattern is represented in the historic record. The multi

millennium pattern exteedabove the historic record potentially because subsurface elevation
measure in Ipperwash beach ridgesdenaolttdecadal lake level highs (Thompson and Baedke,
1995; Johnston et al., 2007). To equate the historic and prehistoric lake level records the multi
decadal historic lake level high is needed for comparison. The potentiatadatilake level high
(occurring in 1986 CE or 31 years ago) is close to the statistical range calculated from Ipperwash

beach ridges (Figure 27).

6.3 Millenn ium pattern s

Field observations and geomorphic and sedimentologic data suggests a break between a landward
and lakeward set of beach ridges. The landward dppefwash beaaidges consisbf cores

2040- 2014 17850 817 m landward from the modern shoreline) and is characterized by swales

filled with shallow to deep wateB(D m deep), well defined beach ridgegs based on foreshore
thickness and average grain size, and beach ridge width that is typically narrower than the lakeward
set of ridges (Table 1; Figure 20). The lakeward set of Ipperwash beach ridges consists of cores
20130 2001 (737 to 209 m landwémain the modern shoreline) and is characterized by either dry
swales or swales filled with deep water (~1 m deep), well defined beach ridge groups based on ridge
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height, and beach ridge with that is typically wider than the landward set of ridgé&-iJaiale 1;
20).

When the Ipperwash paleohydrograph is divided bafiettlmbservationgeomorphic and
sedimentological evidentwo loweringpatterrs are observed each lastipgroximately 1300
yearsPatternareverticallyoffset by0.5 m over 160 ges Thesgatterrs are termed millennium
patterrs for the sake of simplicity and to differentiate them from thenmildtiniumpatterrs

which spanseveral millenniunThe oldest period aklative lake level recdadts fron8520 to

2180 years ag@san equation of y = 0180+ 175.9 with arfof 0.76 Standard error of the

slope is 0.0002 and standard error of the y intercepflisedymungest period of relative lake level
record lasts frorda020to 710 years ago, has an equation of@.6006x 177.9 with arfiof 0.19.
Standard error of the slope is 0.0004 and standard error of the y intercdptad\viopatterrs

are vertically offset bys@n.

182 Linear regression Linear regression

y=0.0006x+177.9 y=0.001x+175.9
r’=0.19 =076
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Figur@8 Ipperwash paleohydrograph with GIA removedtandalivunded regressions which suggests two
phases of lake level lowering. The two periods of lake level lowering are vertically offset by 0.5 m anc
160 years.

The millennigpatternin the Ipperwash paleohydrograph suggests two periosisitatoryelative

lake level falleparated byl®0period(between 2180 and 2020 yearssignying a vertical offset

of 0.5 m between the millennium trefidee oldest period lasted from 3520 to 2180 years ago and
resulted in a mean net lake leWiebfal.7 m. The youngest perladted fron2020to 710years

ago and resulted in a mean net lake level Ga8rof
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The millennial pattesitompare wittake phases the Lake Michigan paleohydrograph. The oldest
millennium trend in the Ipperwashgadilydrograph roughly relates to the Algoma phase in Lake
Michiganstrandplain data using radiocarbon daigs3400 to 2300 cal BP (Baedke and

Thompson, 2000; Figure 26)d Lake Superior strandplain data using OSL dates from 2800 to 2000
cal years BRdnston et aj2012) A vertical offset between the two millennium patterns in the
Ipperwash paleohydrograph is observed over a period lasting from 2180 to 2020 years ago. This
vertical offset between millennium trends at Ippemvagtelateto risingwater levelduringthe

transition from thélgomaphasdo the1706high phasrecorded in strandplain data of Lake
Michigan (Bedke an@Thompson2000Q Figure }andthe Algoma and Sault phases recorded in
strandplain data of Lake Superiohigdton et al2012). Farrand 962)yuggested Lake Superior
separated frohake Michiga#uron at this time of low water level and Lake Superior became its
own lake, as it is today elevated by a bedrock sillLatbevilichigaiiuron. But Johnston et.al

(2012) suggsssthis time period only represented a short time period of separation and Lake

Superior's final separation occurred closerG0 calendar years.ago

Extrapolating from published reports of a relationship between climiaiesdauel in geologic
(Fraseet al., 1990; Lewis et al., 20@8a historic (Asglan Forman, 2003;r@ewold et al., 20)6
timesin the LGL, falls inlake leveinay be related to a relatively dry and warm camélake level
rises may be relatedwet and cool climat€&o investigate this relation further the paleoclimate
record for the LGL is examinéghuman and Marsicek (20di&)wmid-latitude North America
experienced relatively dry and warm conditions frot@2100cal BPand relatively wet and cool
conditions from 200 to 180@al BPwith rapid changes occurring H@cal BPThe period of the
Ipperwash paleohydrograph lasting f8&20to 2180years ago is a period of lake level fall and
correspondwith dry and warm conditions from 2900 to ZE0BPAdditionaly, from 2180 to
2020 years ago the Ipperwash paleohydrograph recdatis@ lake level risetween the two
millennium trendwhichcorrespondsvith wet and cool conditions lasting from 2100 to ¢800
BP Since time periods of lake level fallsrsedcorrespond with periods of dry and warm, and
wet and cool climates respectively, climatpassibleominant driver of millenniunpatterrs in

relativdake leval

Alternativelypart of the two millennium trends may be a resudt lohgtermchange ioutlet

conveyancthatcan beaesolved through evaluation of rates of GIA between the study site and the
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active outlet during certain time periddengterm lake level lowering ipaeohydrograph
indicates the ground surface at the actiet @ainot rising as fast as the study site. Using the
pattern of GIA of Mainville and Craymer (2005), thetkmng lowering would suggest that the
Chicago outlatould be thelominateoutlet when part of the Ipperwash strandplain formed. The
rateof GIA atthe Chicago outlet of Lake Michigduron is falling at a rate of ~12 cm/century
relative to Ipperwash and the Port Huron/Sarnia oiianyille and Craymer, 20Bfgure 2).
This rate of GIA matches the letegm trend of the oldest millennium tréfh@ + 2 cm/century)
which may indicate that the Chicago outlet regulated lake levels in Lake Michingduaring the
oldestmillennium trendecorded in the Ipperwash paleohydrogmgvious work also indicates
the Chicago outlet of Lake Michigduron wascompletelyabandonedround 2400al BP
(Chrzastowski and Thompson, 198Richroughly correspondagth the end of the oldest

millennial trend at Ipperwash, 2180 years ago.

The youngest millennium linear lowering trend in the Ipperwash palealpydiagting from 2020
to 710 years ago with a ratéaf 4 cm/century, Bofallswithin thepossibleangeof the rate of
GIA between the Chicago outlet and Ipperwashthi¢isforegpossibléhat Chicagavasalso active
duringthe most recent millelum trend in the Ipperwash paleohydrograipts would suggest that
the Chicagoutletremained the active outlet for Lake Michldaron until at least 710 years ago,

the youngest possible date for the final abandonment of the Chicago outlet.

Millenniumtrends can be explained by natural climate caadtde abandonment of the Chicago
outlet. Based on the interpretation of the Ipperwash paleohydrograph, the abandonment of the
Chicago outlet is the most likely scenario responsitile foreamillennum trends within the

Ipperwash paleohydrograplariations about this trend would then be related to climate. The active
Chicago outlenost easily explains the millennium trend within the Ipperwash paleohydrograph and
fits with previous interpretatioolsan active Chicago outlet during the Algoma lake phase
interpretedrom Lake Michigan strandplains (Chrzastowski and Thompson H®&8&yer, the

Ipperwash strandplain suggests the Chicago outlet remained active longer than previously thought,
up to 710years ago and during 17T0§h lake phase in Lake Michidgdare detailed geologic
informationat the Chicago and Port Huron/Sarnia outlets aredtedetermine the activation

and abandonment of these ostiliring geologic time and interpreted witinsiplain data of

Lake MichigarB@aedke and Thompson, 2paAd unpublished data of Lake Hustrandplains
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6.4 Centennial pattern s

Groups of 3 to 7 ridges were identified based onstrassiplain changes in foreshore thickness,
mean grain size, beaudge width and ridge height (Table 4; Figurd B83e groups are similar
lengthto beach ridges groups found in Lake Michigan (Baedke and Thompson, 2000) and Lake
Superior (Johnston et al., 2087 )pperwasha similar length oscillatiorolsserveds rises and

falls in &ke levelbasal foreshorapove and below the millennitrend linegFigure30). This

pattern is best represented as oscillations about the millpatiembecause botpatternsare
interpreted toelated to climate

Risesand fakin lake levelabout the millenniutmendsmarks aentennigbatternin the

Ipperwash strandplaamdconsists ofyroups of3 to 5 ridgegFigure 30)Centennighatterrs last

an average of 208144yeasandhavean amplitude 00.8 = 0.4m (Fgure30). Fraser et al. (1990)
studied several Lake Michiguron shorelines arabserved aimilar lengtleycle(lasting 100 to

150 yeard)ased on radiocarbon dating of several high lake levels proxies (beach erosion, stream
aggradation, marsh formatiand soil formation) amdtributecthe lake level cycle to natural

climate chang&his cycle was also observed in strandjptdimke Michigan as a 150 + 30 year

long centennial lake level oscillations (Baedke and Thompso $88iRrity in lengtto the

centennigbatternobserved ithe Ipperwash paleohydrograph déadheinterpreation of the
centennial pattern as a resulhafuraklimatechangs.
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6.5 Multi-decadal pattern s

The multidecadapatternis represented by taeeragamount of time it takes for a single beach
ridge to develop at Ipperwdsh 2810 years (from 3520 to 710 years Bge)ge model ustd
create the Ipperwash paleohydrogesgsiimes a constant rate of progi@dérigure 21)Jsing

the linear model extending across 36 Ipperwash beach ridges indiastzage timing of beach
ridge development at Ipperwash is BbyearsSincehe Ipperwash strandplain beach ridges are
variaby spaced across the stranip{&igure 18), the amount of time it takes for a single beach

ridge to develomay vary

Hanrahan et al., (2009) report an intermodulation of twodewsdal climate cycles linked with
guasiperiodic beach ridge formation in Lake Michigan based ysisaobthe historic water gauge
record. Because Lake Michigan and Lake Huron occupy the same basin, the beach ridges at

Ipperwash are interpreted to result from climate cycles.

Multi-decadal lake level oscillations in the Ipperwash paleohydrographieygci® + 35 years and
representhe average time it takes to famsingle beach ridge. The interval of beach ridge
development at Ipperwash overlaps with the range of beach ridge development in Lake Michigan
(2938 years; Beadke and Thompson, 200Q)akedSuperior (145 years; Johnston et al., 2201
Therefore, the multlecadal oscillation in the Ipperwash paleohydrograph, Lake Michigan
paleohydrograph, and Lake Superior paleohydrograph are interpegiessént the natural

rhythm in climate thditas affected lake levels in Lakes Superior, Michigan and Huron over the late

Holocene.
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Chapter 7

Conclusion

Thenaturahistory of the LGL has been studied for over a century (Leverétydor, 1915).
Beach ridges recopdehistoridake levesl(Thompson, 1992andstrandplains of beach ridges

used to reconstrunatural lake levBlctuationsn the LGL (Johnston et al., 2014).

During the late Holocenekke levelbave naturalijuctuatel in the LGL due to three dominate
processes: GlAoutlet conveyancand climate (Johnston et al., 20&#A. is the rate of vertical
ground movement in response to glacial advande=reats. GIA occurs at different rates
throughout the LGlas a result of the retreat of the Laurentide Ice &heng lake levels to rise
or fall at differentelativerates within the sanakebasin. Outlet conveyance is a change in the
water carrying capacity oflaads o ut f | o eausesHadenavedsito(rise)or fadl at d
universal rate within a singéesim. Climate is a change in predomiegtenalveather patterrend

cause lake levels to rise or fall witkdh basis

The Ipperwash strandplain, southern Lake Huron, was studied to reconstruct past natural lake level
changes the Lake Huron Is&n and the Port Huron/Sarnia outlet during the late HoloEkae

Port Huron/Sarnia outlet is the only remaining unregulated outlet (lacking any locks or dams) in the
LGL and is therefore particularly susceptible to natural lake level dhentpgerwah

strandplain offersraaturalake level reconghich mimics the lake level record of the Port Huron

Sarnia outlehecauséperwashs the closest strandplain with the most beach ridtpesRort

Huron/Sarnia outlet

Elevation and age datare use to create the Ipperwash paleohydrogrigpbrder to obtain these
datathe lakeward margin béach ridges were vibracosed analyzed to obtain pistoric lake
level eleations, an@SL ages were collected frioemeath therests ofl0beach ridge<OSL ages
were then modelled using a linear regressdeterminghe age ofndividuabeach ridge®r the
entire Ipperwash strandplaiimeresultantpperwash paleohydrogratonstructa general
crossstrandplainlinear relative lake level loweringm a maximum elevation of 181.0 mto a

minimum elevation of 177.8 m over a time period l&sim@520to 710 years ago
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Analysis of the Ipperwash paleohydrograph showsmildtinium, millennium, centennial and
multrdecadal pattesiGIA, outletconveyancand climate are the dominate drivers of lake level
change in the LGaver histori¢International Upper Great Lakes Study B@&@92013 and
prehistoric timeg€lohnston et al., 2014) and used to intetpvetrs oflake levepatterngreserved

within the Ipperwash paleohydrograph.

The multimillenniumpatternof the Ipperwash paleohydrograplows a net lake level fall from
3520 to 710 years ago. Thiativdake level fals considered a record of GIA with a rate of 7
cm/centurybetveen Ipperwash atige ground surface at tf®rt Huron/Sarnia outletvhich

currently regulates the water level in Lake MieHigyam.

Millenniumpatterrs showtwo vertically offsgieriods of net lake level fatim 3520 to 2180 and
2020 to 710 yeamgo.Thesepatterncorrespond witthe Algoma phase liakes Superiqr

Michigan andHuron, the Sault phase in Lake Supearidhe 170¢high phase in Lake Michigan.
The rate of lake level lowering from 3520 to 2180 in the Ipperwash paleohydrogsndsrr
with the published rate of GIA between the Chicago outlgp@erwash. Therefore, the
millennium pattern may be related to the dominance of the Chicago outlet from 3520 to 2180
and/ or from 3520 to 710 years agoweverregional climate variabilgso contributes to thake

level patterpreserved in the Ipperwash strandplain

Centennial oscillations (lasting an average of 208 years) occur as groups of betach ridges
IpperwashMultrdecadal oscillations (lasting an average of 73 yeapmeasnted as a single

beach ridgat IpperwashBoth centennial and mediécadal oscillations are interpreted as a product
of natural climateariability

Interpretation of mukmillennium pattern within the Ipperwash paleohydrograph estimates the rate
of GIA at Ipperwash to be 7 cogntury. However, estimates of GIA based on water gauge data
suggest the rate of GIA at Ipperwash is 0 cm/centurydiffiei®ncesuggests an underestimation

of GIA at Ipperwash based waterlevelgauge datdue to insuftiient nearby wativelgauge

dataor an outlet subsiding relatteethe Ipperwash strandpldieing dominate during the

deposition of the Ipperwash strandplain. Interpretation of the millennium pattern of the Ipperwash

paleohydrograph may suggest thieago outlet as the dominate outlet for Lake Michigeom
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from 3520 to 2180 years ago. Howewerations in thenillennium pattern may alsogreduced

by climatevariationsBased on interpretation of the Ipperwash paleohydrograph the Chicago outlet
is presented as the dominate outlet from 3520 to 2180 yesrd atgy have remained the active
outlet until as recently as 710 yearsTdgodominance of éhChicago outlet affected the long

term rate of relative GIA across the entire Ipperwash palegiamh causing the rate of GIA to

be higher than the hypothesized rate of GIA.

The Ipperwash paleohydrograph provides the natural record of lake level fluctuations at Ipperwash.
The Ipperwash paleohydrograph shows atéongyelativdake level lowerg driven by GIA.

However, titure lakeevel projections shdake levels Lake Michigaiiuronwill continueo fall

over the next hundred yedtse to human caused climate chéingigren et al20022011; Angel

and Kunkel, 2010; Hayhoe et al., 2BtHeKay and Seglenieks, 20113¢ longterm lowering

driven by GIA will therefore likely be exacerbated by a lake level lowering driven by climate change.
However, the Ipperwash paleohydrogeaph showsentennial and mutfiecadal lake level

oscillatios whichwill likely continue to affect lake lewlgpperwasimto the future. Researchers

must be aware and account for the natural patterns shown in LGL paleohydrographs to more

accurately predict future lake level changes.

Interpretation of the Ipp@/ash paleohydrograph suggests the Chicago outlet was the active outlet
for Lake Michigaiuron during the deposition of the Ipperwash strandplain, and potentially
remained active until as recently as 710 yeaBy ggoviding an alternative scenario for

geologically recent outlet conveyance, this thesis provides new insights and theories into the history
of outlet conveyance, GIA and climate in Lake Micliigeon. This reassessment of the natural

history of Lake Michigaruron also shows the need tocaet for natural changes in outlet

conveyance, GIA and climate when examining and interpreting instrumental records such as water
level gaugeshe Ipperwash paleohydrograph also shows coastal erosion and deposition at
Ipperwash as a result of mdiicadelake level rises and falls. This shows that the Ipperwash
strandplain will continue to form new beach ridges into the future assuming sediment supply

remains positive.
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Chapter 8

Recommendations

Several recommendations for future studies, badeel @slts of this thesis, are presented that

will further the understanding of the Ipperwash strandplain and the LGL.

1 Compare and combine the Ipperwash paleohydrograph to four other unpublished Lake
Huron strandplain paleohydrographs to create a Blogleluron/Sarnia outlet reference

paleohydrograph.

1 Examinestrandplain lake level records near the Chicago outlet and compare to other
strandplain paleohydrographs in Lake Miciigaon to determine the timing of activation

and abandonment of the Clgoautlet.

1 Determine ages of the three spits located in the Port Huron/Sarnia outlet (Campbell, 2016),
either by directly sampling sediment in each spit or by bracketing ages of each spit using
archeology to determine the timing of spit formation anélprg direct evidence for

potential outlet conveyance due to sedimentation at the Port Huron/Sarnia outlet.

1 Extract subsurface and age data from the shorelines located within the Thedford embayment
associated with either Lake Nipissing and/or AlgoiiGoioper, 1974) and compare with
peak Nipissing elevation data collected at the Port Huron/Sarnia outlet (Thompson et al.,
2014).
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Appendix A Ground Penetrating Radar Profiles
GPR profiles location

Radar facie description and interpretation
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