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ABSTRACT

Lake Manitoba is a Iarge (4700 kr2), shallow (2 = 4.0 rn), brackish

ürater lake located in south-central }lanitoba. Sediment cores up to 13'5 m

inlengthweretakenat50offshoresitesinthemainSouthBasínofthe

lake. These cores were analyzed aL varying intensities for over 40 physical'

chemical, and mineralogical sediment parameters'

ThemodernoffshoresedimentsoftheSouthBasinaremainlysilts

and clayey silts, and are composed of detrital and auÈhigenic carbonates

(20-607.), clay minerals (20-507.), organic matter (15-30%) ' 
q:u;artz (15-30%) 

'

and feldspar (z_Lo%). Quartz, feldspar, and dolomite are in greatest

abundance around the margin of the offshore basin, whereas organic matter'

calcite, and clay minerals are concentrated in the central portíon of Èhe basin'

The authigenic calcite, precipitated ín response to high levels of super-

saturation brought about by evaporative concenÈratíon and extensive phyto-

planktonproductivityduringtheice-freeSeason'containsanaverageof

about 7 mole percent MgCO, in the crystal lattice'

Thepost-glacialsedimentsintheSouthBasínofLakeManitobaare

composeddominantlyofsiltyclayandclayeysiltexcepttowardtheextreme

souÈhern end of the basin where less clayey and more sandy sediments are

conrnon.TheclaycontenË'qvartzrfeldspar'anddolomiteaswellasK'

Na,Fe,andMgshowageneralincreasewithdepthinthesedimentcores'

while silt, moisture content, organic matter, calcíte' and ca decrease with

depth. On the basis of variations in these and other sediment parameters

investigated, six lithosÈratigraphic units are recognized in Èhe post-glacial

record of the lake (Units A, B, C, D, E, and F from botÈom to top) '
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Developed within this sequence and separating mostof the units are

marker horizons which are recognized in the cores by a blocky to pelletal

structure, comparatively low moisture content, and a contrasting gleyedt

dark greenish grey color. In addition, these zones have a sharp upper

contact with the overlying sediment but a gradational lower contact, and

often exhibit sígnificant changes in organic content, carbonate content and

mineralogy, and grain síze. These distinctive zones aIe interpreted to

represent very 1ow T,Tater levels of Lake Manitoba at which time complete or

nearly complete drying of Ëhe lake and desiccation of the lake bottom muds

occurred.

The initial phase of lacustrine deposition in the Lake Manítoba basin

began about 12r0O0 years ago as meltlrater from the retreating glacier was

impounded in front of the ice to form Lake Agassiz. By 11,000 years ago'

continued reËreat of the ice sheet opened significantly lower outlets to Ëhe

east and much of Lake Agassí2, including the Lake Manitoba basin, drained'

I,Iater levels again rose at about 10,000 years B.P. However, this final

episode of Lake Agassiz sedimentation in the Lake Manitoba basin was short

lived, and by about 9,000 years ago, the south Basin was agaín dry. For

the next 4,000 years alternating \{et and dry conditions prevailed in the

basÍn in response to Èhe ínteraction of a warmer and drier climate and

differentÍal crustal rebound of the basín. At about 6,000 years ago, the

lake entered the final and longest period of dominantly dry conditions'

About 4,500 years 8.P., a nevT phase of Lake ManiËoba sedimentation

was initiated when the Assiniboine River began to díscharge into the South

Basin. Thís added fluvial input supplied coarse-grained sediment to Lhe
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basin, and high IIg/Ca ratios in the newly developing lake resulted in the

precipitation of magnesian calcite with a considerably higher Mgco, content

than that of the previously deposited sediment. The Assiníboine River was

diverted out of the south Basin watershed. about 2r000 years ago resulting

ín lower sedimentation rates and deposÍtíon of slightly finer-grained

material. Erosion and redistribution of the sandy deltaic sediments of

the Assiniboine River by wave action has created a barrier beach

separating De1ta Marsh from the main lake at the south end of the basin'

Except for these developments, however, Ëhere has been little change in

the lake over the Past 2,000 Years'
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SECTION 1

INTRODUCTION

1.1 LOCATION OF STUDY AREA

Lake Manítoba is one of the largest lakes in western Canada'

It is l0cated in south-central Manitoba about 120 km northeast of

Winnipeg(Fíe.1-1).Thelakeconsistsoftwodistinctbasins,the

North Basin and the south Basin, separated by the Narrows (Fig. L-2)'

ThesizeandlocationoftheSouthBasininthepopulatedsouthern

regionofManitobamakeitanimportantPrairieresourceintermsof

recreation, fishing, hydrology and wildlife' This study is based on

sedíment samples taken from the southern two-Ëhirds of the south Basin'

L.2OBJECTIVESOFSTUDYANDORGANIZATIONOTTHISREPORT

Historically,lakeshaveprovidedgeologists\,Iithlarge-scale

laboratories for ¡he development of basíc sedimentological concepts and

thestudyofdepositionalpÏocessessuchasshorelineanddeltasedimenta-

tion(Gilbert,1885,1890),turbiditycurrentflowanddeposition(Forel'

tggT; Grover and Hor¡ard, 1938; Gould, 1960) and chemical precipitaËion

(Clark,L924;Minder,Lg26;Goudge,Lg24;Davis'1900)'Morerecently'

thegeologicalstudyoflacustrinedepositshasprogressedatanunprece-

dentedrate.ThesegeolimnologicalefforËsrangefromessentíally

description, monitoring, and reportíng of lake sediments (e'g'' Kothandaraman

etal'Lg-77;Horie,Lg74,Ig75,11976;Callender,Lg6gb;DeanandGorham'

T976a)todiscussionsoftheuseandproblemsoflakesedimentsinmineral

exploration(e.g.,Timperleyeta1'L973;Klassenetal'L975;Klassen'

L975;Allan,Lg]L,Lg74).Lakesedimentshavebeenshor^rntoprovidea
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Sensitiveandvaluableindicatorofem¡iron.Eentalimpactofhuman

developmentonthelacust'rineenvironrnent,notablyinterlDsofheavymetal

and nutrient loadíng (e.g., Ilakanson' I977e, Lg74b; shapiro et al' L97L;

Kempetal,L972;KempandThomas,LgT6;Andersonetal'L978;Shiropetal'

1970, r971).

Thelargeamountofgeolimnologicalr¿orkdonewithinthepast

decadebyvariousgoyernmentorganizationson,forexample,ËheGreat

LakesindÍcatesthaÈtheresultsofsuch'studíesareanecessarypartof

environmentalmanagemenËschemes(seeSly'L978a'b'L976'L973;Slyand

Thomas , LgTh; Thomas eË a1, Lg76, Lg73, L972a, b; Kernp et al, L977, L976'

L974;GrosseËal,Lg7O,Lg72;CallenderandBowser'L976;Kingetal'

1976). Recently published syrnposium volurnes and texts (e'g.' lulatter and

Tucker'Lg78;Lerman,l97B;Golterman'Lg77)havedonemuchtosynthesize

some of the newer sedimentologícal work On lakes as 'nrell as publicize

geolimnological efforts in the scientific comnunity'

ThebasicobjecËiveoftheLakeManiËobastudyù/aStogaínan

understandingofthepresentandpastsedimentaryenvironmentsofthe

SouthBasínofthelake.Thj-swasaccomplis.hedbyÈhequantitativedes-

criptionandinterpretaËionofvariousphysical,chemical,mineralogical'

and,toalirnitedextent,biologicalparametersofsedimenÈcorestaken

from the basin. The specific objectives of this report are to: (a)

describe Èhe present sedimentological and geolimnological environment

oftheSouthBasinofLakeManitoba;(b)describethelatePleistocene

and Holocene sediments in Èhe basin and identify the major spatial and

temporal variations within t.his sediment record; and (c) ínterpreË these

changes in terms of the major depositional processes and late Quaternary

history of the lake'



.f

This thesis Ís subdivided into nine major sections (chapters)

with supporting data and discussions located in nine appendices. Following

the fntroductÍon (Section 1), Section 2 outlines Ëhe research methodology

and analytical techniques used in this stody. Section 3, Lake l"fanitoba

and its Basin, is basÍcally a review and interpretation of what is knorvn

about the modern lake and its geological surroundÍngs. Section 4,

DescrÍptÍon of Lake Manitoba Sedirnents' presents the sediment data acquired

in this study. The final five sections interpret this data. Section 5

presents the lithostratigraphy of the post-glacial sedimenEs in the

basin. Section 6 díscusses sPecifíc ÍroportaDt sPatíal and temporal changes

in the sediment record. Sectíon 7 develops the chronological setting of

this record and discusses modern

the deposiËiona1 environments of

in Ëhe basin and correlates these

outside of the Present-daY basin.

glacial historY of Lake Manitoba.

1.3 ACKNOWLEDGEMENTS

A large ntrmber of indíviduals and organizaËions assisted me

in this research and in Èhe preparation of this thesis. The Lake

Manitoba project and my thesis research were financially supported by
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the National Research Council of Canada and by the University of Manitoba'

The research vras conducted uncler the general guídance and

supervision of Dr. J. T. Teller of the Department of Earth Sciences,

whose devotÍon to the project and substantial patience with respect to

sedimentation rates. Section B discusses

the rnajor lithologic uniÈs recognized

units with the post-glacial stratígraphy

Finally, Sectíon 9 presents Lhe post-
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SECTION 2

METITODS AND TECIINIQUES OF ANALYSIS

FIELD }IETHODS

C.orÍng

2.L

2.7.r

Z.L.L.L Core site selectîon and location

During January, February and Marchof. L918 and L979, sedirnent

cores and samples \¡7eïe collected fron fift] Sites in the main souÈh Basin

of the lake. In addition, cores I¡Iere recovered from Èr¿o inland sites:

one approximately 2.5 km west of the tovm of oakland and one in cadhan

Bay of Delta Marsh. Figure 2-1 shows the locaÈÍon of these fifty-two

sítes relative to the present-day lake boundaries'

BornbardierËravelandpositioníngontheicesurfacer*¡asdone

by dead reckoning usíng a Brunton coqtpass and the tracked vehiclers

odometer. core sites were further positioned by sightíng from the iee

surface to knov¡n geographic points on land. This latter technique was

not possible, however, with locations more than 5 Lo 6 km offshore'

Triangulation at the end of each day, and later checks on siËe locations

indicate thaÈ the locaÈion methods üsed hlere accurate to vrithin several

hundred metres.

coring locations were deteruined by consideration of the following

factors:

l.Expecteds'edimenttyPe.Initialsitesv¡erechosenonthe

basis of prelirninary bathymetric and surface sedÍqent textural daËa

þrovided by the 1'fanitoba Department of Ìfines, Resources and Envirorrmental

Management). Sites were selected in the offsho¡e portion of the lake where
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it r¿as anÈicipated that the roost coqpleËe and least disturbed sedimentary

record r¡ould b,e pres.enË. Likewise, probable areas of relatively coarse-

grainedsurfacesedimentrsuchassand'werespecificallyavoidedfor

initial coring attellPts because it was belÍeved that Sediloent Penetration

and core recovery in coarse-grained material would be poor '

Z. Site distributÍon uniforui.ty. Because it was expected that

maps of Ëhe sedimentaly facies for various' horizons would be prepared '

an attempt e7as made to obtain a fairly uniform sPaËial distribution of

thecores.ThedistributionofcoresitesliesbeËweenauniformanda

random distribution for the southeln tvIo-thirds of the basin (nearest

neighbor ratio: R = L'28; where 0 = clusËered' 1 = random' and 2'I5 =

uniform; Clark and Evans, 1954; Morríson, 1970)

3. Availability and daily range of transport vehicles' Core

sites\¡7ere'inpart,controlledbythegeographiclocaÈionofanavaílable

tracked transport vehicle and by the maxiuum daily range of this vehicle'

Coring operations vJeTe undertaken from two bases; the torn¡n of Delta,

Manitoba,attheextremesouthendofthelake'andËheÈov¡nofOak

point, Manitoba, on the eastern shore of the lake (Iig' 2-L)' Furthermore'

when using the bombardier-mounted hollow stem auger (described in next

sectíon),thespeed'oftraveloftherig(averageof3to6kmperhour)

greatly lirnited the Practical geographic extent of the deep coring Program'

4- Initial stratigraphic Ínvestigation' Site locations were

also determined by Ëhe results of preliroinary analyses of the first cores

collected and by the emerging stratigraphic relationships evident from field

observations and core logging'

5. Areas of particular emphasis or inËerest' The maxiÛum
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density of core locations occurs in the extreme southern end of the lake.

This was done Èo better evaluate the influence of the ancient Assiniboine

River and the mosË recent PorËage Diversion channel, and to permit an

estimate of possible changes in the position of the southern shoreline.

11-t )

sediment cores used in this study wele collected in two \"7ays:

(a) hand-operated Livingstone coring to retrieve cores of relatively short

length (4 ro or les$ ; and (b) Borobardier-mounted and power driven Shelby

tube coring to retrieve long cores'

LÍvingstone coríng. A total of forty-eighË sites were cored

using a square-rod piston sampler similar to that descrihed by I'iright et

al (1965), Cushing and I,trright (r965),and l^Iright (L961) ¿ This rnodif ied

Livingstone corer was purchased from ¡he Limnological ReSearch Center at

the Uníversity of Minnesota. Seven extra five-centimetre diameter' one-

rnetre-long stainless steel core barrels permÍtted the collection of rnultiple

cores aE numerous sites wi-thout having to extrude the sediment in the field'

An additional square-rod piston corer and one cole barrel were made

available by Dr. J. 14. shay of the Botany -Department during the 1978 fíeld

season. Light-weiglr-t, high-strength, chrome-molybdenuru steel alloy, seamless

tubing (2 cro O.D.) was used for the connecting (drive) rods.

The sampler lras pushed slow1y and evenly into the sediment by

two or three persons applying a downward force to the T-bar handle at the

top of the drÍve rods. The use of a hand-held sledge to advance the corer

in compact or coarse-grained sediroent resulted Ín darnage to the metal

sÈops of the square-rod assembly and was abandoned after initial attenpts'

Because rod flexing (when firm sediment hras encounteÏed) was the main

Core acquisition



limiting factor of the Lívingstone coÏing operation' Do attempt \'/as

made to use â winching systen like that descrihed in cushing and llright

(1965) to advance and extract the sampler '

core recovery in fine-graíned sediment (silt and clay) was

excellent and usually exceeded 95 cm per one netre drive. Depth of coring

was limited by the increased firrnness of the clayey sediment \^lith depth

and by the presence of coarse-grained rnaterial. Ìlaxirnum total penetration

and core recovery in sand-sized sediment with the Livingstone corer rvas

75 cm, whereas three to four metres of silty and clayey material was

routinely cored \,7ith little difficulty. A total of 56.65 m of sediment

was collected from 48 core sites using the Li¡¡ingstone-type sampler' A

descripÈion of the field use of the coring aPparatus' together with a

detailed sunmary of required fíeld equipment, can be found in Appendix A'

shelby tube coring. Following the initial Livingstone coring

program, a Bombardier-mounted hollow-stem power augeÏ was used to collect

core from greater depths. This Shelby Ëube coríng work was done by Morton'

Dodds & Partners Limíted of Toronto. The auger was used to advance the

hole and Shelby tubes were used to retrieve core through the central shaft

in fronÈ of the auger bít. Although coTe recovery vias not as complete as

that of the hand-driven Livingstone operations, an average of abou| 857"

of the section cored fras recovered relatively undisturbed in shelby

tube barrels. An attempr was made to use a Shelby tube equipped with a

piston assembly to improve core recovery of the uPper few centimetres of

high-waËer content sedimenÈ. However, because of cold conditions and

frequent freezíng of the piston rod within the drive rod, this technique

r¡as abandoned, and the upper sectíon (o to 3 ,trl depth) of each deep core

site was cored with the Livingstone piston corer'

L2



l3

New, gaLvanízed steel Shelby tubes of diai¡e,ters ranging from

5'5 to 7'3 cm were used in arl deep coring oPerations in the lake' A

toral of 33.51 n of sediment vTas collected using tbe shelby tube hollow-

stem auger assembly. A more corqplete description of tlrc ho1loh7-sÈem

auger shelby Ëube coring procedure can be fonnd in Acker (L974, p'

46-68).

2.L.I.3 Core handling

InrnediatelY uPon retrieYal of

of the core barrel were sealed (with wax

and with plastíc and tape in the case of

labelled with respect to site nuruber and

interface. The barrels were then placed

and transported to the fíeld laboratory

Once onshore, the Livingstone

from the core barrel, logged, placed in

longítudína1ly), and sealed in heavy gauge plastic sheeting. The preliminary

logging included determination of color (Munsell, noíst), general desciption

of grain size, sedimentary structures, bedding characteristics' macro-

fossil abundance, organic matter content' and preliminary ídentification

of stratigraphic units within the core. After this preliminary examinaËion'

the securely r,lrrapped and sealed cores f^Iere transported to the university

of Manitoba to be logged in detail and subsampled for physical, chemical,

mineralogical, and bíological analyses'

The large number of cores collected required that some type of

interim storage (after initial description but hefore detailed subsanpling)

the core froru the lake, the ends

in th.e case of the ShelbY tubes

the Liyingstone material) and

depÈh belor,¡ sed iment /\^rater

upright in the heated B ombardier

at the end of each work daY'

material was irnrnediately extruded

rigid PVC Plastic Èubing (- éP1it
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be arranged. In ordel to Prevent, oI at l-east slow, any possihl-e chemical

reaction' sorqe of the Livingstone cores were' frozen and placed in cold

storage in the -Departr¡ent of l4ines, ResouTcêsr ari¿l Enyilonmental Ïanagement

(l"fines Branch) core shed aË the Iniversity of Manitoba, The cores that

were not f.rozen were further analyzed and suËsampled generally within

24 to 36 hours af.ter coll-ection. Ttr-e cores tbat were subjected to freezing

were those from sítes 61 7, B, 9, 10, 11, L2, L3, L4r 15r 16, IJ, L9r 22l

25, 26, 27, and 28.

Field handlíng of the Sbelby tube cores uTas slightly different

from the general procedure described above for the Livingstone material,

After retrieval, marking, and sealing of th.e core' the Shelby tubes were

sËacked in a horizontaL position in the heated transPort vehicle to PrevenË

freezíng. Tl¡o insulated boxes were useil at site D-1 and D-2, and the Shelby

tubes from Ëhe uppermost fluid section of the sediment column were placed

in a vertical position within the boxes to avoid possihle sedÍnent distortion

and mixing during transPort to shore.

Extrusion of the Shelby tube cores required special hydraulic

equipment and pistons available at the University of Manitoba DeparÈment

of Civil Engineering Soil Mechanics Lahoratory. Therefore, the filled

Shelby tubes collected each day \,¡ere sÈored unfrozen until the entíre

deep drilling operation was completed, and they could be transported to

the campus laboratory. It r¡as necessaïy to keep tb-e core from sites D-1,

D-2_, D-3 and Èhe upper four metles of D-4 in tbe sealed, galvanj-zed steel

tubes for up Ëo túIo weeks wh'ile coring operations continued in the field'

It should be noted, however, that the resulÈs of physical, chemical, and

mineralogical analyses of duplicate cored sections that were subjected to
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irrunedia[e subsampling and analyses, shor,ved very little dif f erence. It

r^r¿s corìcluded, therefore, that, for the paranreters evaluatcd in this study,

the rneEliod of storage and rel.ftivc lengLh of storage (up to several aonths)

had no cffect on Ehe analytical results. Howeyer, lreezing dicÌ adversely

affecE the visible sedimentary stïucLures and bedding characterísEics

to the poÍnt that examination and routine logging of these features \^/as

impossible otl a previously frozen core. Therefore, Shelby tube cores \^/ere

never f.rozen.

Ttie Shelby Eube cores \"¡ere extruded, by hydraulic jack, into

rigicl PVC,plastic tubíng, logged in detail, photographed, subsampled,

wrapped in plastic and stored at roon teûpelature. lue to the compact,

dense nature of the material near the base of the lacustrine sedíment

column, it was necessary to cut several filled Shelby tubes l)erPendicular

to the length to lessen the resistance of the sediment and faciliEate

extrusion. Cores f rorn the lor¡er t\^7o metres a[ síte D-4 (located onshore,

-^^- ^-1,1--r\ ^-esented extreme difficulty in extrusion, and each sixtyr¡94! v4t\ldrrurl P!Eùçr¡Lsu s^Lr

centimetre Sllelby tube had to be cut up seyen Lirnes before thq sediment

could be extruded.

2.L.2

The main Durpose of the two seasons of field work was

to collect cores of the sediment record of the Soutlt Basin of Lake llanitoba.

llov¡ever, in aclclition to the corir-lg operations, the f ield crel had the

ônnôrt-un j Fv to co'l I pnr nrhpr f vnes of inf ormation wl-rich could be relevantvPyvluurrlLJ - ","^."- -JY

to tlie overall sediment stucly and to a better understanding of the lake.

This aclditional data acquisition included: (a) extension of Livingstone

Addítional Data Cìa[hered
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core holes using a hand-driven soil probe; (b) cotlectÎon of r'¡ater sarUples

aË various depths and locations in the South BasÎn; (c) I0easlrrement

of water temperaËure profiles at selected locations' and (ð collection

of bathynetric data.

2,I.2.I Supple4entary soil-probe saqpling

Inthesouthr¡esternportionoftFrclake'penetrationofthe

sedíment column by the Livingstone corer was limi'ted to generally less

than one metre due t.o the presence of coarse-grained material' Therefore'

at selected sites (4i.,42,43,44r 45,46,47; Fíg' 2-Ð a standard 30 cnt

hollow cylinder soil probe (2 crn in diameter) and a 2.5 cm diameter soil

auger were used. to penetrate deeper than the l,ivingstone corer' Although

totally reliable (i.e., from precise, known depths and undiçturbed) core

samples could not be recovered from these exploratory operations' the

general sediment texture and degree of compaction at aPproximate depths

below the sediment/waÈer interface could be determined and recorded' In

addition, Ëhe soil probe is capable of retrieving a short section of 2 cm-

diameter sediment core r¿hich was used to gíve a rough visual indication of

the type of sediment Present '

2.I.2,2 Lake water samPling

AswillhediscussedinSection3ofthisreport,anumberof

previous invesËigators have anaLyzed the chernistry of Lake Manitoba surface

waters. Therefore, no specific effort was made to systematically collect

and analy ze wateT samples in the south Basin' L_.owever, so Ëhat this sediment

study roight have up-to-date information on the chemical conditions of

the f,/ater column at the time of core collection, water samples were

collecËedaËTariousdepthsatcoresites22'24'32'40'D-1'andD{
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(see Fig. 2-7). r{ single Kermnerer-style(-10 cn I.D.) brass sampling

bottle (supplied by' the lfanitoba -Departrnent of Ïines, Resources and

Environmental lfanagerrìent) was used Ëo collect the $rater, Although

efforts were maile to acquire a non-lnetallic PVC sampling bottle from

various federal , provincial , and university departments, r^rhich would

permít analysis of traceleËal content of the ltatersr none was available'

2.I.2.3 hlater temperature prof Î1es

The water te$perature at 0.5 lt interr¡als was îeasured at sites

19, 20, 2I, 22, 23, 24, 25, 26, 27, 28, 32, 38, 39, 40, D-1, and D-2

(see Fig. 2-I). A standard singl-e channel battery operated telethermometer

(accuracy of 1 O.foQ with a 25 m lead wire and a tuhular, \taterproof metal

thermistor probe, supplied by Dr. R, Hecky, Freshwater Institute, was used

to record the temperature profí1es from the ice snrface to sediruent/vTater

interface.

2.I.2.4 BathYmetric data

At every core site, Èhe depth of water r^¡as measured by sounding

wíth a weighted nylon line. I'rlater depth rrras recorded as the distance

from the ice surface Ëo the sedÍrnent/water interface.

))

2.2.7

The stratigraphic record preserved in the Lake Manitoba basin

contains an abundance of paleolimnological data. Within the monetary and

temporal confines of this sËudy, however, there are limitations on the

anount of data that can be acquired. Ì!y goal in tÏt-fs project was to

investigaÈe a selected number of sediment parameters ¡¡hich (g) are

LABORATORY UETHODS

General ConunenÈs



f/illlE 2-1.

Sediment paranrcLers evaluated in this study

PIIYS I CAL PAIìAiT4ETERS :

It'loisture Content
Organic i\{atter' Sand, Silt, ClaY
Mean Graj.n Sizc, Standard Deviation,

Skelvness, Kurtosis
Bulk DensitY, PorositY

MINERALOGI CAL PAR/\METERS :

r-B

Bulk lvlineralogy:

Clay lvlineralogy:

Detailed Ca.r-
bonate lvlinera-
logy:

cluartz , feldspar, calcitc ,

dolomite, total claY mitlerals,
total ca.rbonate minerals,
total soluble salts
expandable c1aYs, i11ite,
kaolinite plus chlorite

liigh lvlg-ca1cite, low lr'1g-calcite,
nole e¿ MgCO, in calcite

CI.IEN,II CAL PAIìAMLTERS :

Maj or Elements:

Trace Elernents:
Eh, pll
Radiocarbon age

K, Na, Ca, Mg, Fe, I{n, P,

9i, t, so4-s' c, co3-c,
uTganlc-L
Cu, Zn, Cd, llg
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useful in characterizing ancl desc r ibing the lac.usLrine deposits and

conremporary environrnental conditions, ancl (b) are potentiall¡' imporrant

ín helping 1-o reconstruct the cleveLopmenLal history of the lake and its

watershed. Table 2-l lists the three niajor groì.rps of sediment Palameters

evaluatecl ir-r this study and upon whici-r this discussion is based '

The choice of analytical metl]ocls used to evaluate these

sedinent païameters r^7as dictatecl by a conbination of factors including:

availability of equipment ancl technical expertise within the departmentaf

laboratories, previous use of par:ticular methods in other local or

Manitoba regional sediment studies, and the speci.fic objective of the

analysis. ,

2.2.2

One of the more Ímportant considelations in any core subsampling

scheme is the question oE sampling interval. The number arrd density of

a particular analysis per unit length of core controls the researcherls

ability to iclentify changes of the parameter with clepth in tlie seclirnentary

Iecoïd. In general, this resolution increases wilh a decrease in subsample

interval. Horvever, as shown by.Bortleson (1970), a poínt is reached at

rvhich a further clecrease in subsarnple interval will not yield rneaningful

results because of such intereference factols as bioturbation, ion mobility'

and turbulent mixÍng of the sediment'

TÌre subsarnpling Ínterval used in other lalce sedinent investigations

is by no means standarci. Iror exar1ple, Thonas and Soltero (L971) examined

several chemlcal païameters of cores fron Long Lake, washington, using

subsamples at every 5 mm. Because of very 1ow seclÍmentation

rates, I'faher (L977) used a sampi-ing iliLerval as snrall as

2 nim in Lake Superior. Bortleson (1970; Bortleson and Lee,

Interval
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Lg72) used analyses at every 3 to 5 cm for a one Tetre core anil eyery

50 cm fot a 10 ¡qetre core fron Lake Mendota, I.'Iisconsin. Great Lakes:r

secliment profile work (è.g., Kemp and ThoBas, L916) co@only uses a I

to 2 cm interval for Ehe first 10 cm, a 5 cro interval for the next 20 cm

and a l0 crn interval for the remainder of the core'

For this Lake Manitoba studY, the subsaropling ínterval was

deËermined by the following factors ¡

(r)Uniformityofsubsamplepoints.Anattemptwasmadeto

maíntain a certain minimum base-leve1 subsampling interval within cores

selected for detailed study. This base-Ievel interval consisted of one

subsample every 2 cm from 0 to 20 cm in core depth; one subsample every

3 cm from 20 to 100 cm; one subsample every 10 cn from 100 to 300 cm;

and one subsample approximately every 20 cn for the remainder of the

core.

(.2¡TypeofsedimenÈandfrequencyoffluctuationofvisible

sediment parameters. Sections of tÎ¡-e core characterized by rapídly

changing vísua1 sediment parameÈers (such as texture, bedding, color,

or moisture content) r,rere sampled more frequently than zones of thick,

nonotonous, apparently similar sediment'

(3)Typeofanalysis.Theamountofsamplerequired'thecost'

and the amount of time necessary to compleËe the particular analysis' in

part, controlled ttre distribution and frequency of subsarupling for certain

parameters.

Fínal1y,

same detaíl. The

D-3) and selected

noÈ all cores were

three deep cores in

shorter cores (sites

subsanpled and anaLYzed in the

the lake basÎn (sÍtes D-1, D-2 and

r, 2, 4, 7, 8, 10, 18, L9, 20, 2L,
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23,24,21,'38, 39 and 40; Fig. .Ì-l) received most of the detailed physical,

chemical and mineralogical analy;:Lcal emphasis, This was clone for pracIical

reasons so that a maximum e.ffort could be, spent on the cores in tlie basin

thaE prescntecl thc best potential- for hisEorical interpretaEion. Figtrres

2-2a Lo 2-2c review thc analytic:al dens j t-y f or eaclt ¡rarame Ler in tlle

f hrp'e I nnooq I aô?^Õ ô,'.1 ,\^^^-.1-í* -vreÐ, orlu ¡rppE!!url{ B summarizes the nr.tmber and density

of analyses in each core in the basin.

2.2.3

After detailed examination and logging in the laboratory, the

cores were subsaurpled for physical, chemical, and mineralogical analyses.

Figure 2-à shows the use of various portions of a 2 cm thick sectlon of

^ññr^viñô teLy 257. of fhe seclime¡t disc was used to evaluateLUrç. ðyIrLV^rlLr4

moisture conLent, bulk density, textural parameters, and mineralogy.

¡\nother 207" was used for chemi-cal analysis and 5% for ash coritent determina-

tíons. About half of the core was retained intact to provide rarv, unprocessed

llr
sedinìent for '-C daEing, biological analyses and/or additionaL chentical

analyses.

In al1 subsampling procedures, care r,/as taken to avoid or remove

visible contamínation. Obvious sediment smear along the edges of the

cores causccl by the force of the core barrel peneEration altcl thc subsequent

extrusion of t1-re sedj"ment \^/as relroved before sarnpling.

A1l subsanìples were given an identification number (ranging

f rom 1 to 1500) at the tírne of samplÍng. Driecl , clísaggregaterì sedinent

not usecl in the mineralogical/textural analyses was stored in 7 drarn

(5 cm high, 3 cn in diameter) "snap-top" plastic yials (if dry) or B0 nil

scre\{-cap Nalgene bottles (if lvet). }1¿'rterial retained af ter completion

Subsampling }lettrods and Storage



Figure 2-2 a to c.

Distribution of sample analYses in cores D-L, D-2 and D-3.
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of cherBical analyses was stored in 120 rol Nalgene screw*caP

bottles.

2.2 .4

2.2.4 .7 }loisture content

The rnoísture conÈent of the sediment was determined by heating

a k¡own weight of wet Cfresh) sediment at B5o to 95oC f,ot 24 to 36 hours

and computing the weighË loss, This weight loss \ras assumed to be due

to evaporation of f.ree Pore l"Tater rather than to any loss of structural

(lattice-bound) hydroxyl groups or to volatilization, oxidation or oÈher

breakdov¡n of organic matter. The weight loss was calculated and expressed

as percent of water in the r,¡et sediment.

2.2.4.2 Unit weight, bulk density, and porosity

The mass unit weíght, or the bulk densíty on a wet-weight basis'

was obtained by fillÍng a small plasÈÍc cylinder of known volume by

inserting Ít into the core and then weÍghing the cylinder plus wet sediment.

The weíght of the sediment divided by the volume of the cylinder exPresses

the unit weíght as grams per eubic centiroetre.

Due to the rather labor-inËensive nature of this procedure, the

bulk density of the wet sediment r¡ras more routinely calculaËed on the

basis of the relationship suggested by Axelsson and Hakanson (1971;

referenced in Hakanson, L977).

PhvsÍcal Parameters#

¿t

!=

?
where D = bulk density (E/^-

D-= mean density of the
m

100 + (l^r + oM) (1 - Dm)

v¡et sediment) i

înorganic material;

100 D
1Il
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l^I = waÈer content expressed as a PeTcent of lret-sediment weight;

OM= organic content expressed as a percent of wet-sediment weight.

" "* ,r, aooroxima ealculated bulk densityUsing 2.66 gl cn- as an approximatíon of D-, Ëhe r

showed a good correlation with the laboratory derived values (Fig' 2-4) '

Bulk density on a dry weight basis cthat is, glams dry weight per unit

volume of fresh sediment) \^7as comPuted for selected samples after oven

drying.

Arl approximation of the porosity of

according to Rieke and Chilingarian (L974):

where D = density of the interstitial water (assumed to equal 1.0).
VI

2.2.4.3 Organic aatter

A rough indícation of the amount of organíc matter present in

the sediment !üas obtaíned by heating a Portion of the oven-dried sediment

to 4500 to 500oC for one hour (rnodified after Dean, f9l4). The resulting

weight loss, expressed as a percentage of the oven-dry weight was taken

Èo represent the loss due to ignition of organic material. From this loss

on ignítion value G..O.I.), a rough estimate of the organic carbon content

can be determined by applying the appropriate conversion factor (organic

carbon/L.o.T. = L/2.54; see Section 2.2,6).

2.2.4.4 Textural analYsis

Lake ilanitoba sediJnent samples $Iere analyzed using sÈandard

laboratory sieve and pipetting techniques as outlinect by Tolk (1968) '

After disaggregation and pretreatment wiËh 37. lnydrogen peroxide Ëo

. D -Dy)= n

, .Dm \,/

x 100

the sediment \,¡as calculated



ff,
E
(,,

I
tr
U)
.¿-
tlj
cl
)<)
::)
LL¡

J
]--z
t¡J

=É.
l¡J
o-x
l¡J

CALCULATED BULK DENSITY
(g/cm3 )

FlgUre Z-4. Relatlonshlp between experlmentally d"etermlned.- (unlt welght) and calcul-ated' wet bulk d"enslty'
wet buJ-k d.enslty

Î.J



30

renove oïganic matteT, a 3 to 10 g subsanple was wet-sieved through a

62 micron (a phi) sieve using !Oe" Calgon (sodium hexametaphosphate) as

a dispersion agent. The naterial passing through the 62 micron sieve

was transferred to a 1000 rnl graduated cylinder, stirred and subsampled

at appropriate times and depths (Folk, 1968). The sand fraction retained

on the 62 micron sieve was flushed with distilled water, air dried and

weighed to deternine the amount of sand in the sample. In the few cases

where the 62 micron fraction was large enough (more than about 5%), it

was dry-sieved at 1 phi intervals using a Ro-tap sieve shaker.

Data was obtained for each phi interval of the silt and clay

sizes between 4 phi and 9 phi for all surface sediment (i.e.' core

depths of 0 to 2 cn) samples. In addition, twenty sanples were analyzed

for the 11 phi anð,L2 phi size fractions to substantiate Folk's (1968)

suggestion for the linear approximation of the cumulative grain size
1

between 10 phi and 14 phi.' For all subsurface sedirnent, only the percentages

of sand, silt, and clay were determined. In this study, the following

grain size subdivisions were used:

Clay: material finer than 3.9 microns (1/256 ffi, 0.00016 inches,

or 8 phi units);

Silt: material having a dianeter in the llange

microns (I/256 to L/I6 mm, 0.00016 to 0.0025 inches, or 8

Sand: rnaterial having a diameter in the range

microns (I/16 to 2 mm, 0.0025 to 0.08 inches, or 4 to -1

Gravel: material coarser than 2000 nicrons (2

or -1 phi units).

lfhi, essentially linear approxirnation of the size
phi and 14 phi was also confirned by Last (1974, p'
iake Agassiz sedinent of southern Manitoba'

of 3.9 to 62.5

to 4 phi tutits) ;

of 62.5 to 2000

phi r:nits);

run, 0.08 inches,

distribution between 10

119) in fine-grained
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A 60 n1 aliquot of the clay-sízed material was retained from the textural

analysis procedure ín a L25 ml Nalgene bottle for clay minefal analysfs'

2.2.5

2.2,5.I ClaY mineralogY

QualítatÍveandsemi-quantitatíveclaymineralanalysesl¡¡ere

conducted on the finer than B phi sÍze fraction of the sedíruent using X-ray

diffraction techniques. InÍtial semi-quantitative experiments suggested

that there is very 1itt1e difference between the fíner than B phi, finer

than 9 phi, and finer than l0 phi size fractions. The finer than B phi

fraction was chosen for routine evaluaÈion because of the relative speed'

wíth r¡hich it was separated from the coarser, non-clay fraetion, ancl the

convenience of this separation in the general scheme of textural/mineralogical

analyses.

Orientedclaymineralmounts\^Terepreparedbyallowingan

aliquot of the aqueous clay solution to settle and dry on a glass slide'

Although numerous authors (Gibbs, Lg65, Lg67; SÈokke and Carson,1973) have

suggested that this sedimentation tech¡ique can lead to erroneous results

due to an inherent size segregaEion (and, hence, a mineral segregatíon)

of the clay filrn, it can be argued thaÈ any one mounting method, if used

singly and consistently throughout a study, will show the relative varíation

and trends in clay mineral content of the stratigrapfuic sequence being

evaluated.

The sedirnentation-on-glass-s1Íde technique was chosen for the

Lake llanitoba study because this method Ce) is considerably less ti¡ne

consuming than oËher techniques, (b) requires no specialized mounting

Mineralogical Parameters
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equippent, (_c) has been shou¡n to maintain hÌgh levels of reproducihility

(Last, Lg74), and cd) has been the moÊt comronly used 4ounting technique

in oËher clay rnineral studies within the Lake lfanitoba region c-e.9,,

Moran , Ig72; Last , Lg74; Kushnir , 797L; McPherson, 1970) '

Diffractograms of the clay slides \{ere Írradiated on a PhÍlips

powder diffractometer using nickel-filtered CuK alpha radiation generated

aË forty kilowatts and twenty mitliarnpheres. Further pertinent equipuent

settings included: 10 beam sliÈ, 0.006 inch. deÈector slit, 400 range counts

per second, and Èwo seconds times constant with the zero SuPreSSor at' zeto'

Traces were initially run from 20 two theta to 30o two theta' The slides

were scanned in one direeËion only at a Tate of 10 X two theta per minuÈe'

After an initial reconnaíssance survey of fourteen samples to determine the

main types and relative abundances of clay minerals Presen! in the Lake

l"lanitoba sediment, the angles scanned vrere decreased to 30 two theta to

l5o two theta. Other than this change, all clay samples were analyzed at

the same instrument settings and chart speeds throughout the study'

Two slides for each sample were prepared from the solution of size

fracÈionated clay. Diffractograms were obtained from one r¡hich had been

glycolated (by placing in an ethylene glycol environment for at least

forty-eight hours; Brunton, 1955) and one heaËed at 3000 to 375oC for one

hour (carroll, 1970). Frosted petrographic slides were used throughout

this project to prevent the clay fiho fron curling and cracking.

These tr,¡o X-ray diffraction patterns lJere used to make seqi-

quantitative estiruates of the relaÈive amounts of ttre major clay mineral

groups present; illite, expandable-laËËice clay minerals (which

include minerals of the montmorillonite grouP' yerlDiculite, expanding

chloriËes,and various mixed-layer species), and kaolí:rite plus ehloriÈe'
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IllitewasdefinedonthediffracEograDsb.yasharPpeakat

10 I (8.80 tr,¿o theta) rvhich !üas not affected by glycolation or heaÈing'

The expandable clay group was ídentified on the basis of its expanding

lattice. when dry, the material has a basal spacing of about L2.5 
oA

(7.05o two Lheta; variable peak depending on the exact compositions of

the expandable lattice material). After glycolation the material expands

to a L7 R Cs.l9o two theta) peak. Unfortunately, because this peak is

often very broad and occuÏS at a low two Èheta anglet accurate baseline

positioningisverydifficult,and,therefore,thepeakbecomesunusableeven

inroughsemi-quantitativeclaymineralwork'IIowever'heatingatover
oo

300oC will cause a shift in the peak position from 17 A ro 10 A peak

(Carroll, 1970). Because Ëhis heating does not affecË the illite

contribution to the l0 I p..k, the difference in íntensities between the

10 R peak from the glycolated slide and the heated slide reflects the

relative amount of expandable clay minerals in the sample'

The kaolinite and chlorite groups were identified by their
O6

combined, overlapping reflection at 7 -A (L2.4u Èwo Ëheta) frorn the

glycolatedslide.NoattemptwasmadetoseparaÈeandquantitatively

evaluate these ÈT¡io comPonents'

Semi-quantitativecalculationofthethreemainclaymineral

groups was made using a method similar to that described by Teller (1970) '

Ettensohn (197f), and Last (Lg74)' Basically' this procedure is a

modificatÍon of that orÍginally suggested by Johns et al (1954) and uses

o
the 10 A illite peak as an internal standard. No addltional weighting

factors are employed, however' The relative abundances of the clay

mineral groups' as determined by their peak heights, are related to the
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illite peak, surmred and equated to 1002. This'calculation proeedure

is also used for routine work by the North Dakota GeolOgical- Suryey

CM. Arndt, personal communj-cation, L974).

It is fully recognized that soae error may be introduced by

this computatÍonal procedure, particularly with respect to weightíng versus

dÍrect comparison of peak Íntensities (?ierce and SÍegal, 1969), and with

regard to the use of the 10 R itfia" peak as an internal standard (Austín

and Leininger, Lgl6). However, as discussed by Last (L974), in light of

the variety of weíghting schemes suggested in the liÈerature (e.g., Hathaway

and Carroll, 1954; Schultz , Lg64; Johns et al, L954; Pierce and Siegal, 1969)

and the semi-quantítative nature of the clay mineralogy study in general,

additional precision enhancement in the area of calculation and computation

techniques probably represents an unnecessary and time consuming refinement.

2.2.5,2 Bulk mineralogY

x-ray diffractoaetry was also used to qualitatÍve1y and

semi-quantitatively examine the mineralogy of the non-size fractionated

sediment of Lake Manitoba. Randomly oríented samples Trere prepared by

mounting a finely-powdered sediment subsample on a standard frosted glass

slíde (K1ug and Alexander, 1'974). One slíde .per sample \'ras prepared and

irradiated in one direction from 40 two theta to 35o two theta. Scanning

speed was generally at 20 two theta per rninute and range C.P.S, \.Ias set

at 200 counts per second. All other instrument settings were as descrÍbed

for the clay mineral evaluation.

Whole-sedimenÈ mineral identification was done on the basis

of d-spacing values using standard indices (A.S.T.}I . X-ray Powder Diffrac-

tion File; Chen, L917). The abundance of the various uÍnerals were
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interpretecl from the cliffractogr:rr'rs usirig the intensity of the strongest

peak for eacb mineral as outlinec.l by Schultz(1964). Basically this

techniclue Ínvolves cornparing the rnineralts pealc intensiCy in the naturally

occurring nìixture to the intensity of a patteln run on a sanìple of the pure

mineral . That is, in ef f ect an "iutensity f actor" is applied to tl-re mineral

pealc heigl]f . The intensity f actors usecl in this study (shovm in Table

2-2\ were deriveci from duplicate cliffractometel tÏaces of slides of the pure

minerals. lnlhere possible, the niinerals in tlre preparecl slides were obtained

from local or regional beclroclc sources. These intensity factors agree very

rvell witl-r those usecl by schultz (1964) ancl Callender: (r968) '

.Usingthismetlrocl,thesutnsofallthemineralconstítuentsin

over 200 samples variecl between 84 and, L22% (x = 103%). The sunts were

normalizecl to L00%. Replicate analyses suggest that the precision of any

indiviclual mi,neral clererminaEion is ! gZ' This quanritativcr e'valuatíon

teclrnique has a-lso been successfully used by l{ower et aI (I976) and

Callender (1968)

It is important to note tliat thís procedure is desígned to

derj-ve relative percentage estimates of each mineral independently. That is,

none of the individual inineral components \^/ere derived by taking the

difference between the sum of the constituents and L007". This, of course,

is not the case rvith fhe prevíously described semi-quantitative estimates

for the indívidual clay mineral components. Nevertheless, the fact that the

bulk mineral component data does constitute a closed data set (that is,

the sum of all parameter values is equal to 100%), places some restraint

ôn thp in¡êrnrêlation of indivídual component trends and statistícal

analysis. However, because of the greater number of components ín rhÍs data

¡n¡ namnnrr,l t-^ frrr avrmnlo tl,^ ^'l ^., --'-^---l È^vt-'rrll /-^-^^-+ -^^ÃseE colnPareo LO, ru! ç^srupre, url€ (-l.dy ilLrtre-L<1-LUBy uf Lc^Lurdf \l/çrLerrL ÞdLrut
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siIt, clay) parameters, the sevc,:ity of these restra'lnts is

lessene'.d.

2.2.5 -3

X-ray dif fractonìetry \,ras used to examine the detailed carbonate

rnineralogy of selected surface (i.e., 0 to 2 cm depth) and subsurface samples.

Randomly-orj.entecl, powdered mounts of these samples rvere írradiated from

25o two theta to 32o two theta at a scanning speed of 1/Bo tivo theta per

minute. All other instrument settings and speeds were as reported under

the bulk mineralogy section.

ThÍs det.aÍled X-ray dif[raction analysis revealed tire presence

of a disorclered calcite in the sediment of Lake Manitoba. The disordered

species of calcife is recognized by a shift in the nineral's X-ray

ref lections torvarcl higher dif f ractior-L angles (correspondÍng Eo srnal ler

'I 
^ Fr-'iId L L rUU ÞlrdLrrrË/

)L

An estimate of the anount of Mg-' incorporation into the calcite

lattice (rnole Dercent l'1gCO") was nade on the basis of the amount of this

sl'rif t in Ehe X-ray dif f racl,ion peak of the s trongest calcite ref leclÍon

(104) using the curves presentecl by Golctsmith and Graf (1958). The

o
3.34 Ã (101) quartz reflection v/as used as an internal standard. Because

o
both "¡ormal" (3.03 A) calcite and high-l"lg calcite rvere usually present

i¡ *t¡a l-,111 aoññr ^^ i-lation of the relative abundance of theIll Lllc uuII( 5<llllPIcSr dLl d[r[r!u^rrr

two varieties was made according Eo Berner (1966).* This technique

basically is a compaïÍson of areas under the two peaks (i.e., area under

Detailed carbonate rnineralogy

a1

tIn tfiis report, the calcite phase with less than 2 mole percent MgCOa..in

solid solution wiLl be referred to asttcalciterrtt'noïma1 calcíte,ttor""1o\,J*
lfg calcíte." The calcite 1>hase with more than 2 mclle pcrcent MgCO? is
termecl "high-Mg calcite, tt ttMg-caleíte, " or "clisordered calqite. rl
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o
3.03 Ã peak + area under the tr-igher angle Pæk = unity), Th'is ratio lf¿s'

then applíed to th-e percent total calciLe clerived from the fast scan to

approximaEe the percentage t'normal" calcite and the Percentage high-Mg

calcite in the bulk sample. Although, as pointed ouË by Berner (1966)

and Graf and Golds¡iith (1963), this technÍque Ís not strictly reliable

because of differences in diffraction efficiency, crysÈallinitfr preferred

orientation, and absorption characteristics, it is, nonetheless, the mosË

commonly used non-chemical Procedure for approxjrnating Percentages of the

various species of calcite (callender, 1968; Lippman, 1973; Chen, T977;

Uütler and l^Iagner, L978; lqagaritz and Kafri, 1979). HeÍn et aI (f979)

indicate that this technique has an accuracy of about 1 mole Percent'

2.2.5.4 Total carbonate minerals

The total amount of all carbonate minerals in the sediment was'

in addition to the above X-ray techniques, also approximated using the

combustion method outlined by Dean (L974). This techníque, utilizing the

weight lost on combustion (L.O.C.) of the sample when heated fron 5000

to 1000oC, has been shov¡n to generate results thaË are comparable in terms

of precision and accuracy Èo other methods, providing the total carbonate

contents are greater than about 5 to 10% @ean, L974). In this study'

there are good correlations between the total carbonate mineral contenÈ

as determined by the L.O.C. method and. the amount of calcíte plus dolomiËe

determíned by x-ray diffractometry (Tig. 2^5), as well as vrith the total

carbonate carbon determined by a LECO carbon analyzer CFig' 2-6)'
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2.2.6

2,2,6,1 Eydrogen ion concentraÈion and redox Potential

Measurements of wet sediment pH and Eh were íoAde during the

detailed laboratory logging of the cores. A Fisher Accumet Olodel 120)

pH meter and a Radiometer cllodel 29) pH meter were used to make

the determinations.

Measurements of pH were made by înserting a Standard glass-

reference combinaÈion electrode (Radiometer GK231IC) directly into the

wet sedÍment. After a short equilibrium period (2-4 rninutes), the pH was

read to the nearest 0.1 unit. The electrode r^Ias rinsed clean and standarð'ízed

before each reading.

Oxidation-reduction potential measurenents were rtade by inserting

a platinum \iìrire electrode (Fisher 13-639-115) directly into the wet sediment.

The Eh r,¡as read to Ehe nearest 5 nil1ívo1ts.

2.2.6.2 Elemental concentrations

For determination of total elemental concentrations in the

sediment, a 0.5 g (approxímate dry weight) subsample \{as oven dríed (85 to

95oC), crushedrand digested overnight in an 18 ml mixture of concentrated

hydrofluoric, niËric, and sulfuric acid (10:5:3; modífied after Shapiro

and Brannock, 1956). Teflon slare \,Ias used th¡oughout the dígestion and

soluËion preparation procedures. After overnight digestion at 90oC, the

solution was brought to fumes of SO¡ and Ëhe volume reduced Èo apProxinately

2 to 4 nl. After cooling, the solution was made up to volume r+ith deionized,

dÍstilled \¡raÈer and sÈored in 120 nl Nalgene hottles for chemical analysis'

Chernical Parameters
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concentrations of calcium, magnesíum, sodium, potassium, iron,

manganese, copper, lead, zinc and cadmium ín this solution were determined

by atomic absorption spectrophotometry. Lanthanium chloride solutiorl \^7as

added to nullify possible interference in the calcium and magnesíum

determinatíons. Standard stock solutions \^rere prepared according Ëo l^lard

er aI (1969).

colorimetric analysis was used to deterroine total phosphorous

concentrations by ueasuring the líght transmitted at 430 mu by the solution

wifh molybdovanadophosphoric acíd complex added to develop the color

(Shapiro and Brannock, 1962).

Sulfur(astotalsulfur)vrasdeterminedtitrimetricallyafter

combustion of a separate sediment sample in oxygen at aPProximaËely 14500C

(Maxr,re1l, 1968). Sulfate sulfur l,ras determined gravimetrically by the

precipitation of barium sulfate from an Hcl extract of the sediment

(Hesse, L97I).

A Hewlett-Packard c-H-N anaLyzer was used to evaluate the total

carbon and carbonate carbon in selected sediment samples (Staínton et al'

Lg77). From these values the difference was taken to represent organíc

carbon. The relationship between organic carbon and organic matter (as

determined by L.O.T.) is shor'm ín Fig' 2-7'

TotalmercuryinthesedimenËwasdetermínedbyacomnercíal

laboratory (X-Ray Assay Laboratories, Límited, Don Mills, Ontarío) according

to procedures outlined by Hatch and oÈt (1968). The analyses were done

on a Pharmacia Mercury llonitor Þfodel 100M analyzet after digestion in

Kl"fno, /ntlO^/ti^SO, (T. Eagles, X-Ray Assay Laboratories Limited' wriËten
"--- 4', 3' ¿ 4

canrmu¡ig¿tion, L979) .

{lgnnn\få
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2.2.6.3 Total soluble salt

Total soluhle salE content of selected 5¿gples was determined

by leaching a sedirnent subsarnple with 1.0 N ar¡4onium Acetate at pll 5'2

and computing the peïcent weight lost (pean and Gorham, L976; I'{angersky

and Joensuu, L967).

2.2.6.4 Water samPle analYses

Water samples collected from Lake }IanÍtoba were filtered through

a l,rlhaËman No. 42 f.l]rter and analyzed for major cations (calcium, magnesium,

potassíum and sodium) by atomic absorption as outlined above. Chloride

content was determined by titration with 0.1 N silver nitrate solution

using potassium chromate as an endpoint indicaËor Golthoff and Sande11,

1952). Sulfate r¡7as precipitated as barium sulfate and measured gravÍrnetrically

(Stainton et al , Ig77). Total alkalinity ròras determined by titration

v/ith 0.01 M hydrochloric acid wiÈh rnethyl orange as the endpoint indicaËor.

Tota1 dissolved solid content was determined by evaporaËion of a knov¡n

volume of filtered solution and r,reighing the residue.

44

2.3

2.3.r

METHODS OF ASSOLUTE AGE DETERMINATÏON

Introduction

Two methods v¡ere used in an attertpt to establish the absofute

age of the Lake Manitoba sediment cores. These uethods are: (1) carbon-l4

age dating of organic matter in Èhe sediment' and (2) the rise in concen-

tration of Amþrosia (ragweed) pollen.

1L
2,3.2 '-c- Dating

fhu olgtoic matter from ten core subsaÐples

dated by comnercial laboratories (Krueger Enterprisest

was radiocarhon

Inc,, Cambridge'
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MassachuseËts, and Brock University Geological Science ladiocarbon Lab,

St, CaÈherines, OnËario). In addition to-these ten dates, four samples

submitted to the Brock Laboratory hTere found Ëo generate an insufficient

amount of carhon dioxide necessary to obÈaÍn a teliable date (Ì1. llelville'

personal comrnunícation, LgTg). In all cases, Ëhe lahoratories oven dried

the core sarnples and Èhen dispersed Èhem in ròIater. The finely disseminated

organic matter and clay-sized material \^7ere seParated from sand and silt

and treated with hot dilute hydrochloric acid by Ëhe dating labs Èo remove

all carbonates prior to combustion and counting. A listing and critical

assessment of these dates and a description of the method of correcting

anomalous dates are discussed in Section 7'

2.3.3

The presence and rise of Ambrosia (ragweed) po11en in recent lake

sediments over much of North America is generally interPreted as an indicaËion

of physical disturbance of the watershed soils associated with European

sett.lement, land clearing, and large scale agricultural development' As

such, this stratígraphic marker horizon is probably Èine transgressive

over North America as pointed out by Maher (1917). The horizon has been

dared at L775 in Maine (Davis, 1967), 1830 Ín southern Michigan (Davis

et al, 1971), 1840 in deposits of southern Lake l"fichigan (King et al,

Lg76), lB50 ín sediments of Lake OnËario and other lake deposits of souÈhern

onrario (McAndrews, L976; ?IcAndrer,¡s anil Boyko, L972), 1870 in Lake Huron

sediments (Kenp and Harper, l-g77), 1888 in norttrcrn Minnesota (Bradbury

and Megard, Ig72), and 1890 in sediments of Lake superior (!.laher I 1977)'

Ambrosia Rise
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Although the Arlbrosia rise in pollen profiles has not been

dated in absolute terms in southern Manitoba, in view of the rapid

population increase and land settlenent of the area between 1872 and

1880, this horizon can probably be defined to represent about 100 years

B.p. in many lakes of the region (e.g., Ritchie and Lichti-Federovich,

1968; Rtichie, 1976).

2.4 STATISTICAL METHODS

statistical analyses of the data taken frorn observations made

during this study ranged from simple descriptive statistics to univatiate

and multivariate inferential analyses. Statistical parameters developed

fron and surnmarizing grain size anaLyses were conputed using both graphic

ðata (read fron the grain size cumulative curves) according to Folk (1966)

and conventional statistical rnornent neasure (as outlined in Friedman and

sanders, 1978, p. 78-81). Initial linear regression and correlation

coefficient calculations were made on paired data sets using an olivetti-

underwood Programa 101 desk-top calculator. More complete statistical

aJlalyses of larger data sets were done using the Manitoba statistical

package (university of Manitoba conputer centre). These will be further

discussed in the appropriate sections. Lake morphonetric paÏametels and

statistics were computed according to fonmrlae given in wetzel (1975) '

Hutchinson (1975),and Cole (1975) '
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SECTION 3

LAKE }4ANITOBA AND ITS BASIN

3.1 INTRODUCTION

Thepurposeofthischapteristopresentanddiscusssomeof

the important physical, chemical, hydrological, and morphometric aspects of

present-day Lake ManÍtoba. Much of this material is review in nature' derived

mainly from the various published articles and unpublished documents

pertaining to the lake. The intent of this discussion is to provide

background information which will be useful and necessary in evaluating

and interpreting data presented in later sections on the post-glacia1

sediment characteristics of the South Basin and the historical development

of Lake Manitoba.

3.2 PI{YSIOGRAPHY AND CLIMATE

Lake Manitoba is located in the Manitoba Lowland physiographic

subdivision of the Interior plains (Fig. 3-1). The Manítoba Escarpment'

about 60 km west of Lake Manitoba, rises to an elevation of about 650 m

and forms a sharp physiographic break between the Westlake/Interlake

Plain surrounding the lake and the western upland P1ain. The i^lestlake and

rnterlake areas are characterized by gently undulating topography and 1ow

relief. The area south of the lake grades from a hummocky, sandy plain

immediately below the Manitoba Escarpment (upper and Lower Assiniboine

Delta) to a flat, clay plain (Red River Lor¿Iand Lacustríne and Alluvial

Plain) east of Portage 1a Prairie'

The clinate of the Lake Manitoba region is classified as Dfb

(microthermal, subhumid, snow-forest climaÈe; coldest month below OoC,

warmest month above lOoc but below 24oc). Mean annual temPerature in
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the Interlake area is approximately loc with a mean maximum daily

temperature duríng July of 23oC and a mean minimum temperature during

January of -24oC (Mi1ls et al, 7g7L; Pratt et a1' 1961)' The region

receives about 50 cm of precipitation peÏ yeaÏ ' 757" of which falls

as rain during Apríl to October (Pratt et a1, 1961) '

'l ?1

TheregionalbedrockgeologyofManitobaísshov¡ninFigure

3.2.EasternandmuchofnorthernManitobaisdominatedbygranitic'

volcanic, and metasedimentary rocks of Èhe Precambrian Shield' Overlying

this uniform southwesterly-dipping Precambrian erosional surface in the

southern portion of the province is a sequence of Paleozoíc-, Mesozoic-'

and cenozoÍc-aged sediments (Tab1e 3-1). The Paleozoic rocks consist

mainly of dolomÍtes and 1ímestones wíth volumetrically small amounts of

sand, shale, and evaporítes. The Mesozoic and cenozoic sedíments are

dominantly shales and sandstones ¡¡ith sma1l amounts of coal' calbonates'

and evaporites.

3.3.2 OutcroP and Subcrop Geology of the Lake Basin

Rocks of Silurian, Devonian, Jurassic, and Cretaceous age outcrop

or subcrop in the Lake Manitoba region (rig. 3-2). The Silurian Interlake

Group, outcropping east of Lake Manitoba' consists of fossiliferous dolomite'

with scattered limestone and anhydrite beds (Bai11ie, 1951). Limestone'

gypsum, and anhydrite are quarried locally'

Formations of t.he Devonian E1k Point Group outcrop in the

NarrowsareaofLakeManitobaandalongmuchoftheshorelineofthe

BEDROCK GEOLOGY

Regional GeologY
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TASLE 3-1

cEoLoGIcA! FORIIATIONS IN HÀNITOBA (fræ l{cCabe' 1971)
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Sçan River
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doloElte' ahale;
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3O-45 n

50-150 n

0-70 n
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North Basin. The lithology of these formaÈions is spatially variable

(-BaÍ1lie, 1951) but is nainly-shale ancl arglllaceous dolomite (ashern

Formation), Iimestone and doloqitic lilqestone CElm Point Formation), and

fossilif erous and anhydriÈic doi-omite (lùinnipegosis Forrnation) . In the

Lake Manitoba area these formaËÎons are quarried as a source of li-mesÈone

and aggregate (Bannatlme, Lgll.., L975).

overlying the l^Iinnipegosis carbonate in the subsurface west

of Lake Manitoba is the Prairie Formation r,lhich consists dorninantly of

halite and anhydrite wiÈh minor beds of potassium salts (McCabe, L97I;

Bannatyne, 1959). Overlying these sedimenËs and outcropping jusË lsest

of the North Basin of the lake are the Dawson Bay and souris River

Formations (Manitoba Group) both consisting dominantly of a shale-carbonate

sequence wíth minor evaporitic beds presenÈ, All of the younger Paleozoic

formatíons are present only in the subsurface and are shov¡n in Table 3-1'

The oldest Mesozoic bedrock in the arear the Jurassic Anaranth,

Reston, and Melíta Formations are not exposed at the surface but probably

directly underlie much of Èhe South Basin of the lake and Èhe l^lestlake Plain

area (Bannatyne , Ig77, and personal communícation, l-9791 Teller and

Bannatyne, Lg|6; Manitoba water Resources Branch, L972) ' The lithology

of these formations is quite variable ranging fron gypsum, anhydrite, ancl

shale of the Arnaranth Formation to sand, shale, and minor carbonates of the

Resron and Me1ita Formations (McCabe, L97L; Stott, 1955). The Melita

Formation also contaíns minor âmounËs of carbonaceous shale and coal

(Manitoba water Resources Branch, Lg72). Gypsum and anhydriÈe from Èhe

Amaranth Formation have been, and are currently being mined and quarried

at several localities surrounding LaAe Hanftoba CBannatyne' L977)' The
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evaporite deposits of the Gypsumvitle area (approxinately 20 km northeast

of the Fairford River outlet of Lake Manitoo-a) have been quarried for

over 75 years. DurÍng the early stages of exploitation (1901 to 1910) '

the quarried and crushed gyPsum was shipped by barge from Portage Bay

to the south end of the lake and up the l¡trhîtemud River Ëo the railhead

at l^lestbourne (?hi11iPs, L97B).

overlyingËheseJurassicsedimenÈsisarelativelythickSequence

of siliceous, bentonitic, and carbonaceous shales of cretaceous age' Many

of the formations are well exposed in ouÈcrop along the Manitoba EscarPment'

approximately 70 km r¡est of Lake Manitoba (see l"lcCabe and Bannatlme ' l-97O'

for outcrop locations). In addition to the shales, the lowermost cretaceous

units (Swan River Group and Ashvílle Formation) contain lignite and thin

sand beds. The Favel and Ashville Formation also contain organic-rich

shales which have been investigated as a potenËial source of commercial

oí1 shale (BannaÈ1me, 1970). The shales of the vermilion River and

Ridíng Mountain Formations are high in bentoniÈe and have been mined in

the Pembina Mountain area of southern Manitoba (Davies et al, L962) '

BedrockofprobablgPaleoceneageisexposedintheTurtle

Mountain area of the province, 160 km southrr¡est of Lake Manitoba' The

Boissevain and Turtle Mountaín Formations consist of interbedded sand-

sÈones, shales and lignites (Bamburak, Lg73, 1978)' The low-grade coal

seams of these formations have been mined sporadically since the laËe

19th centurY.

3.3.3 ImPor.tance .of Bedrock Geology to the L-ake

TheiroportanceofthebedrockgeologytoLake}lanitobacanbe

summarized by th.e following points;
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1. The aorPhologíc characteristics of Lake Manitoba north

of the Narrows ale Largely controlled by the presence of bedrock at or

very near the surface. The distinctive relief on the exposed winnipegosis

Formation, which is due to the relative resistance of the massive,

dolornitic reef facíes verfl¡s the more easily eroded bedded dolomite

of the inter-reef areas, creaces a lake basin r¡ith a very irregular

shoreline and numerous islands. This is in contrast to the souËh Basin

which has very little exposed bedrock along the shore and is, therefore'

much smoother in outline with few islands (see Tig. 3-4).

2.ThepresenceofcarbonatesínsignifieantamounÈsinthe

bedrock of the watershed suggests thaË the \taters of Lake Manitoba will

behardandthelacustrinesedimentshighincalcareousmaterial.

3.Thepresenceofeasilyerodedshalebedrockhelpsdictate

Ëhe high sedimenË yield of the streams entering the lake and, in part, the

high natural turbídity levels in the lake \'/ater.

4. The presence of highly soluble Paleozoic bedrock, such as the

prairie Formation, has generated groundwater aquifers containing high

salinity \dater (van Everdingen, 1971). The Presence of brine springs

in the watershed and their associatÍon with the winnipegosis FormaËion

indicates that Lake Manitoba has a concentrated source of dissolved ions'

5.Themineralogy(claymineralogyinpartícular)ofLake

l"lanitoba sediments, including ancestral Lake Agassiz deposits' is probably'

in part, a reflection of the extensive contribution of sediment by the

Cretaceous shales of the watershed'

6.Thepresenceoforganic-richshalesandlignitesinthe

watershed Suggests that there is a poËential source of I'olclil organic matter
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to the lake sediments r^rhich could act as a contaminant when attemPtiìg to

date organic matter by the radiocarbon methoÉl'

3.4

3.4 ,L Late- Ql¡aternary DePosits

Thenatureandthicknessofthesurfj.cialdepositsvaríes

considerably in the Lake Manitoba region' However' in contrast to the

largebodyofknowledgeexistingforthebedrock'thedetailsofthe

youngerunconsolidatedsedimentsarecomparativelypoorlyknovm.

water-1aid sands and silts are present at the surface \test and

southwestofÈhelake(Fig.3_3).Thesedepositsareassociatedr¿ith

nearshore and shoreline fluvial-deltaic sedimentation in glacial Lake

Agassiz.Eastvrardthesecoarseclasticsgradeintofiner'offshore

sediments of the main depositional basin of Lake Agassiz. tr^Ihere rivers

andstreamshavedevelopedsubsequenttofínaldrainíngofLakeAgassiz'

siltyandsandyalluviumispresent.ToLhenorth.,inthelnterlakearea'

the surficial deposits consist rnainly of highly calcareous tilr

interspersed r¡ith local aÏeas of silty clay' silt' and peat'

TheunconsolidatedmateríalirnmediatelysouthofLakeManiEoba

rangesfrornl0tol50minthickness(Tel1er,l976b)andconsístsofa

variable sequence of tills, fluvial and deltaic sedirnent' and offshore

and shoreline Lake Agassiz material (Gillilandt 1965; Fenton and Anderson'

1971).Thetillsofthisareashor¿relativelylittletexturalvariation

rangingfrom30Lo4}%sand'frorn35to407"silt'andfrom20Lo357'

clay-sized materÍal (Fenton, 1970' p' 15) ' Likewise' mineralogically'

this ice-laid naterial appears to be rather homogenous' consisting dominantly

of carbonate grains wíth smaller amounts or' qtarLz, feldspars'and clay

SURFICIAL GEOLOGY AND SOILS
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minerals. In the finer-than-sand-sized fraction of these til1s, dolomite

is the dominant carbonate mineral (Fenton, l_97 0' P' 14)'

Interbedded with and overlying this ice-1aid material south of

Lake Manitoba are several offshore lacustrine units composed mainly of

clayeysiltsandsiltyclays(Fenton,Ig70'Figures6andT;Gil1i1and'

:-:965, Figure 14). Ice-rafted stones and clasts are colnmon components of

this lacustrine sediment. The carbonate content is generally 1ow' averaging

L57. in the fÍner-than-sand_sized fraction (Fenton, L970, p. 17) with

dolomíteagainbeingdominantovercaleite.Theclaymineralsconsist

ofsubequalproportionsofillíte,expandableclays,andkaoliniteplus

chlorite, with the i1lite content, in general' dominating over the

expandable clays (Last, L974, p' 135-f37)'

overlyingandcutÍntothesefine-grainedoffshorelacustrine

sediments of the area immediately south of Lake Manitoba are various

nearshore(beach)andfluvialunitscomposedmainlyofquartzsandand

silts (Gilliland, 1965; Fenton, 1910) '

outside of Èhe Delta area, the nature and stratigraphic relaÈion-

shipsoftheunconsolidateddepositsadjacenttoLakeManitobaareonly

poorlyknor",rr.NorthandeastoftheSouthBasinthedriftcoverthins

dramaticallyandbedrockisatorveÏynearthesurfaceinmostplaces.

West of the South Basín the stratigraphic relationships of the unconsolidated

sedimentappeaïrathercomplex,butringeneral'consistofarelatively

thin section of lacustrine and fluvíal sands, silts and clays overlying

a much thieker sequence of interbedded tills and fine to coarse-grained

(lacusLrine?) sedirnent (l"lanitoba LrÏater Resources Branch, L972t Figures

6 to B).
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3 .4 ,2 Soil.s

Thesoils.developedonthebedrock.anclunconsolidatedsediments

varydependingonÈhecharacterisËicsofth.eParenÈmaterialandtopography.

ThesoilsoftheregionaredominantlyBlackandlarkGreyChernozem

withscatteredareasofGleysolic'Organic'andRegosolicsoilsinareas

ofpoordrainageorpoorpedogenicdevelopment(Eilersetal,|977).Grey

LuvisolicandBrunisolicsoilshavedevelopedinmuchofthehighlandregions

oftheRidingMountain_DuckMountainareasandintheareasnorthofLake

Manitoba.

{\

3.5.1 Size ald Shape

Lake Manitoba, r¡¡ith an

MORPHO}4ETRIC CHARACTERISTICS OF LAI(E MANITOBA

thirreenth largest lake in North America.r rt is the third largest lake

inManitobaandthesecondlargestinwesternCanadalocatedentirelyoff

of the Precambrian Sh1eld' One of the most conspicuous features of the

lakets outline is the Narrovrs which effectively divides the lake into

twoconnectedbutdistinctlydifferentbasins(Fig.3_4).TheNorth

Basin'containingapproximaÈely30T"ofthelakelstotalsurfacearea,has

averyirregularshorelínewithnumerous,dominanÈlybedrockcontrolled

islands,peninsulaandsËraits.TheaveragedepthoftheNorthBasinhas

lEstimates of the areanof. Lake þlanitoba have xtaried as follows: 4/Y¿ L<n

(cober, 1968),r'iJaà u^2 (Lakes wiinip.g and Manitoha Board' 1958; McKay'

1965) , 4706 !:rn-,,(Burl er, Lg4g,_à.r"oo' 1955; Burrows? 1970), -4680 
kn¿ (crowe'

LgTZb), 4662 kn¿ (International Joint-Cor:r issit"-'- lgill^ 1à-AO Y^Z 
(Inter-

narionat Garrison Diversion Srrd;";;;tã,1SZAì,- ÅO:O mZ fCanadian National

comnirree for rhe rnrernarioorr-iyãrotolicaltr..;ã;; iuei, 4624'5 ktz 
^

(Inland rnrarers il"l.rot".", Lg.3;"-¡tgl"wrz cnajkov, 1930) ', and 443L k'ÐL

@enis and challis, lg16). In aii" "a"¿y, 
tte ir."o'of ttrree area deter-

minaËions of Lake lulanitoba ..r"ir,ã--ã-polar'ilanineter anô Lz25O'000 scale

topograPhic maPs r^¡as 4690 km¿ '

)
area of approxirnately 4700 km" is the
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beenlistedas4.5mbyBurrowsClgTo)and3,lmby.th.eInternaÈional

Garrison -Diversion sËudy Board cl976l. The souttr Basin' conversely' ûs

characterizedbyarelativelys:moothshore]-ine,fewislandsandamuch

larger area.

3.5.2 Bathym,etry of. .So9th Basin

Despite its size (3107 tr2), the south Basin is extremely shallow'

Figure3-5showsÈhebathymetryofthesouthernt\^Iothirdsofthebasin.

Thismapl'aspreParedandcontouredfronCa)soundingsdataobtainedby

the }lanitoba Department of Mines, Resources and Environmental l"lanagemenE

(FísheriesBranch)during1969(K.Carnpbell'personalcournunication,l9TS)'

(b)datapresentedbyTudoranceaandGreen(L975;collectedinL973),

(c)datacollectedbyManiÈobaHydroinLSTT(J.Ellis,personal

cornmunication, 1978), and (d) soundings made during ttr-e Present study'

AlldatahavebeencorrectedrelativeËothelong-termmeanlevelof

thelake(247.5mabovesealevel).f¿þles3-2anð'3.3suruuarizethe

rnorphometricdata,physicalcharacÈeristicsandcalculationsforthe

entire lake and for Ëhe South Basin'

The sourh Basin has a sinple morphology with a fLaL botÈom

andrelativelysteeplyslopingsides.Thefloorofttrclakehasalor^¡

mean gradient (0.03o) and relatively low Èopographic roughness (i'e''

thequotientbeËweenÈherealthree-diroensionalareaandthetwo-

dimensional map area) and relief (0.089) factors (compare with data

inHakanson,LgT4).Themaxinr¡mdept'hindicatedinanyoftheSouthBasin

sounding surveys is 6.J ¡ fcorreeted relative to long-t"r' '"",,).1

lThi" depth
reference
Manitoba

xo 7.0 to 7.3 n bY Bajkov
Board Cf958).

C6.3 m) will be regarded :2^=a.s z^^-. for the South Basin despite
Cf930Ï%nd the Lakes WinniPeg and
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Table 3-2. General physical and morphometric characteristics of
Lake Manitoba

Maximum length

Maximum r¿idth

I'faximurn depth

Mean depth

Surface area

VoIume

Drainage area

Percent of area agricultural

Drainage area: lake area ratío

Number of Islands

Length of shoreline

River inflow per year

River outflow per Year

Mean annual preciPiLation

Mean annual evaporation (est.)

Theoretical l¡ater renewal time
(froni the Internatíonal Garríson
Divers{on Study Board, L976)

South Basin only

105 ku

47 km

6.30 m

4. 50 rn

ô

3,107 km-

14.I k*3
/

I/,J¿+J Km

7I

10

392 km

0.89 km3

1. 55 km3

2.08 km3

28 years

62

Entire lake

197 km

47 k!

)
4,624 km-

ôt
80,299 km-

59

17 :1

22

3. 36 kn3

2.49 k¡r3

2. 3l km3

3. 00 krn3



Table 3-3, oetaÍled rnorphometrÍ'.- calculatlons f or south Basin of
iake lfanitoba.

ULT LN
(n)

^
0.5

1.0
t\

)(\

?n

¿+.u

6.0
6<

AREA (km2)
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shoreline Developmenr D. = 
;å;f 

= 1.63

r.53 L4.I2 100

I.49 12.64 89

r.45 11.15 78

r.42 9.70 68

1. 39 8.28 58

1.3s ' 6.89 48

l.30 5.s4 39

L.zL 4 .24 29

I.08 3.03 2L

0.88 1.9s 13

0.63 1.07 l
0.36 0.44 3

0.08 0.08 0.5

Volume Development D., =

Mean Basin Slope = 0.0370

l"fean Slope between O and 4 meters depth = 0.08o
ReliefFactorR =0.089r med

Roughness Factor R = 0.165 (e + 2)[ Sri = 2.92

T "med

a

L = length of shorell¡re
A = area of lake

e = contour interval

= 2.I4 z:z = 0.71
ud^

z

E mÞâñ ¡ìonth

maxfmum depth
max

_._ = mfnlmum depth

z ,= medíandepth
meCl



The mean depth (volunre/area) of the South Basin ís 4'5

obtained from hypsographic curves (Fig' 3-6) is 5'0 m'

of the South Basin is 105 km, with a breadth of 47 l'¡ti'

ís 392 km.

Shore]-inedevelopment'aquantitativemeasureofthelakels

outline,isl.8l.Alakewhoseoutlineisperfectlyroundwouldhavea

shorelinedevelopmentindexofl.0withvaluesgreaterthanlindicating

departure of the shoreline from the outline of a circle' volume development'

or the ratio of mean to maximum depth, is rather large (0.7r)indÍcative

of the f1at, shallow nature of the basin'

J.).J

InaddiLiontotheirpurelydescriptivesignificance'the

morphometricfeaturesandphysicaldimensionsofLakeManitobaareof

obvious importance in helping control sedimentary characteristics mainly

by governing Lhe water flow of the lake and the energy regime on the lake's

floor.Aknowledgeofthemodernmorphometriccharacteristicsisalso

necessaryín(a)attemptingtofindandevaluatepotentÍallyanalogous

lacusLrinesettingsrand(b)inínterpretingtheancientsedímentrecord

in terms of the 1ake,s paleo-depositíonal environment, Some of the most

important morphometric feaLures of modern Lake Manitoba are;

l.ThelakeiscomposedofË\ìToseparateanddistinctivebasins:

asmalf,irregular,dominantlybedrockcontrolledbasín(orseriesof

basins) north of the Narrows, and a large' single basj-n characterized by

arelativelysmooth,regularshorelinewithfewislandssouthofthe

Narrows (Fig. 3-4).
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2. The

extremely shallow,

6.3 m (Fig. 3-5).

3. The

sloping sides and

66

South Basinr despite îts large geographic area, is

having a mean depth of. 4,5 m and a rnaxirlIultr deptÏr of

J.O

3. 6.1

South Basin is somewhat trough-shaped wÍth steePly

a f1at, featureless botËom.

Lake Manitoba is situated at an intermediate elevation between

l'lani-tobaf s two other large lakes: Lake l{fnnipegosis and Lake l^Iinnipeg

(Figs . 3-7 and 3-B). Lake Winnipegosis, at an elevation of 252.9 m,

drains int.o the West l^laterhen and Little WaËerhen Rivers to l^laterhen

Lake and then via the l.Jaterhen River Ëo Lake ì,lanÎtoha. Lake Manitoba, whose

elevation has been regulated sínce 1963 aÈ a level of abouÈ 247.5 m,

drains northeastward into Lake Winnipeg (2L7.3 n) via the Fairford Rivert

Lake St. Marti-n and Dauphin River, The drainage basin area of Lake

Maniroba is approximately 26,000 krn2 and, with the 54,000 krn2 drained

by Lake Lrtinnipegosis, receives the runoff from an 80,000 krn2 watershed'

I,Iater flowage characterisÈics in and through the Lakes hlinnipegosis-

Manitoba system are knovor from 130 gauging and sampling stations of the

I^Iater Survey of Canada that lie r^rithin the watershed. Table 3-4 sunmarizes

the avaílability and length of records of published surface water data

(irlater Survey of Canada) for the river and lake systems supplying water

to Lake Manitoha, and Figure 3-9 shows the locatiOn of these Stations

r¿ithin the drainage basin

IIYDROLOGIC CHARACTERISTICS OF LAKE MANITOBA AND ITS BASIN

Surface WaËer HydrologY
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1'he lVaterl-ien lìiver is t.he maj or stïeam entering Lal<e lrfanitoba,

and it contributes approxirnateJ-y 709; of the total rneasured surface ilrflolv

+^ +L^ I -r'^ rf;" ". 3-10 and Table 3-51 . 'l'hc next larpcst natural riverLV Lrlç a4Ãç \r rts

flowir-Lg into the 1¿rke is the lti'hiternud River, entering the southeastem

corneï of the South Bas j-n. Llorvever, its average annual flol (about 1Z mss-1;

is surpassecl by the Â.ssiL-riboine River Diversíon (Portage Diversion), wliích also

enters the South llasin fÍfteen lcilometres east of the Whiternucl River(see Fig. 3-4)

For the eíght years that the Diversion has operated, its florv, on an

average. annual basis, t ,, approxima tely 20 13=-1 .

'fhe Fairforcl River, rcl)r'cscnting tlic only sulfacc strcanì outflow

from Lake ivlanitoba, has an averagc annual clischargc of B0 nr3r-I. A control

structure - initially a sma1l check dam built in 1942 anð. subsecluently

inproved in 1963 - regulates the Fairford River clischarge in order to

nai.ntain the level of the lake between about 247.3 m and 247.9n. Conments

rac¡r-.li no c cê.ônr] 'i nfrer¡:r:ntl v USed OUtlet Of the lake afe fOUnd in SeCtiOti

3.6.2.
a

Approxirnately 8000 ft¡' (about 30%) of the drainage basin of Lake

Ir^'^: +^r"' i '"'^^,1 
^ 

I +1.^"-1. tlleln iìr'n no rn¡ ìor rivers clischarsi ns i ntolrútIJ-LUud r) LfrrBdUBgU. /tILlr(JLrElt urrur-v orw rrv ¡r@JUl aaVCIJ Ul)ulI4r

the lake fron these areas, there are numerous ungalrged artificial lanci-

.r-^; .. ^ ^^ -r,: + ^L ^^ ^- -r ,..^+ six of rvhi ch feed clirectly into the southur <rarrdsu ur LLlluJ 4llu w4LEr rvd/ J ,

Basin of Lake lulanitoba (see maps in El1iot, 1978; Jenkins, I974; Framingham

et al, 1970; ancl connnents in flochbaum, 1965) .

1-lhis "avcrage annualrr
Diversion operates for
r\/ê?.-o .l 'i cnh¡ro*---^,*-è,e qlì ql

approxì-nately 85 m's-t
since L970.

<lischarge r¿Ltc is somewhat ntislcacliug bccause the
only a maximurn of thrce nonths of thc ycar. The
montlìIy basis tluring this peal< flow pcliocl is

^l 
ô^ tl.^ lì-irr^.-^-í^- L l- ^ir^rtl-orì or¡orr¡ r¡nnrnlÞg, LtlE UIVE!ÞMl lléÞ rIUL Ul/CraLsu svurJ JLor
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Table 3-5. Lake Manitoba Mean Annual Surface
Stream Inflow and Outflow

INFLOW

Surface Streams (mean annual discharge)

Natural

Waterhen River

Lrhitemud River

Constructed

Assiniboine River
Diver s ion

Burnt Lake
Drain No. 2

Burnt Lake
Drain No. I

IJ

0uTIL0w

81. 3

11. 9

e-1
m-s ^ QBTj

r3r-1 ( 423

19.8 ro3s-r ( oge

Fairford River

cfs)

cfs)

?-10.7m-s- ( 25

0.2 u¡-s - ( I

777"

1 
^o/

cfs) I87.

cfs) 0.6%

cf s) O.L%

Bo.4 rn3s-1 (zg¿o "r")
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It is also inportant to note that both the present-day outlet

and the nain influent stre¿un are l0cated in the North Basin of the lake'

Thj-s would suggest that there night be relatively 1ittle exchange of

wateï between the two basins, with the North Basin acting more like a

direct flow-through syste¡n and the large South Basin approaching a rtclosed"

evaporating situation. This is confirned by calculations of the theoretical

water renewal timesl for the two basins by the International Garrison

Diversion study Board (1976, p. 162; see also Table 3-2). This study

estimates an aveÏage of 28 years residence tine for the south Basin in

contrast to about two years for the North Basin. Unfortunately, other

thar that of the International Garrison Diversion Study Board (1976), little

quantitative work has been done on residence tines, water exchange between

the basins, or the effectiveness of the Narrows constriction in liniting

circulation.

Burrows(1970)discussesflowcharacteÏisticsthroughthe

Narrows and suggests ernpirical relationships between wind velocity' wind

setup, and water interchange from one basin into the other' Discharges of

uD to 1800 m3s-1 *"r" measured by Burrows at the Narrows during the summer

of 1966. Unforturately, probably due to a rather linited data base (five

observations for a north wind situation and five observations for south wind

conditions, with a ïange in wind velocities of only 15 kn per hour), the

accuracy,predictiveability,andstatisticalsignificanceofthe

derived relationships between outflow and wind velocity are questionable'

rTheoretical water renewal times
dividing the volume of the basin
excluding evaporation (Brunskill

(or residence
by the annual
and Schindler,

times) are computed bY
outflow fron the basin,
1s71).
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In particular, the discharge through the Narror¡s from the North Basin into

the south Basin due to a norËh wind appears to have no direct relationship

with wind speed on the basis of the available data (Fig, 3-11) '

Burrorvs (1970, p' 32-33) also refers to high water current

velocitiesdevelopedduringthewinterunderacoropleteicecover.

He suggests that these winter currents, which are capable of significant

erosionoftheicecoverattheNarrows,aTepossiblyduetoana|mosPheric

pressure differential between the two basins'

Severalauthorshaverecognizedandattemptedtoinvestigate

three distinct types of water-level fluctuations in Lake Manitoba (Tyrrell'

1892., Lakes l^Iinnipeg and Manitoba Board, 1958; Galay , 1964; McKay, 1965;

Burrows,LgTo).Ofthethreetypesoffluctuatj-ons't\,Jo,namely,long_term

variations and seasonal changes, have been substantially dampened by

artificial- control 0f the lake's outlet at Fairford' The third type

of fluctuation is wind setup and associated surface seiche development'

Figure3_l2showsthatoverthepastsixtyyearsÈhelevelof

Lake}lanitobahasvariedbetweenahighofapproximately24S.5minthe

mid-1g50rs to a 1ow of 247.0 during the early 1930ts and the 1940!s'

l'lcKay(1965)attributest'heselong-term,irregularflucÈuatíonsto

alternating periods of high and 1ow precipitation and runoff in the watershed'

Figure 3-12 shor¡s that Lhere is a general correspondence between high lake

levels and perÍods of high precipitation at the nearest long-term meteoro-

logicalrecordingstationinthewatershedatDauphin,Manito¡ao0h

west of Lake Manitoba). Likewise, years of low precipiÈation seem to

be reflected by generally lower lake levels '
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In addition to surface stream outflow, \,Iater is also lost from

Lake Manitoba by evaporation. The long-term mean annual lake evaporation

in the vícínity of Èhe South Basin has been estirnated at 600 to 700 nm

(Canadian Natíonal Comnittee for the InËernatíonal Hydrological Decade,

L97B; Morton, L979; Gray et al, L973) compared with approxímaËely 500 mn

annual precipitation. By examining the lakers monthly \'Iater level and

ourflow records for the period between 1914 and l:964, McKay (f965) confirms

that significant evaporatíon does occur from the lakers surface. I'{ith

íts large geographic area and low shoreline development, the South Basin

of Lake Manitoba is particularly susceptíble to large \^later losses by

evaporation. As pointed out earlier, Ëhe long-term mean annual discharge

Ëhrough the Fairford outlet is approxímately B0 rn3=-1 compared to overland

inflow from measured streams of over 100 13"-1. Although these statistics

are subject to severe limitations which restríct ínterpretation (see

McKay and stíchling, 1961), the magnitude of evaporation in the Lake

Manitoba area can be seen.

Seasonal fluctuatíons in Lake Manítoba \.later levels have a

magnitude of approximately 0.15 to 0.20 m, although reference has been

made to much larger ranges by local inhabítants (Lakes Winnipeg and Manítoba

Board, f958). High spring lake levels are particularly signíficant when

associated with the longer Èerru high water levels.

l^lind and atmospheric pressure-induced changes in lake 1evel on

large lakes have receíved a considerable amount of both Èheoretical and

practical study (e.g., Hutchinson, L975: Hamblin, L976; Platzman, 1963).

Again, the South Basin of Lake Manítoba is particularly susceptible to

setup and storm surges because of the long maximum and effectíve feEch

distances (170 and 95 kn respectively), and the coincidence of the

78
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geographic orientation of the basin (north-northwest) with the predominant

wind direction during the ice-free season (north-northwest) ' The maximum

wind setup recorded at the south encl of

(in 1944 at Delta; Galay, L964; Burrows'

Lakes Winnipeg and Manitoba Board CI958)

of 1.1 m can be expected at the south end

14'.)

As mentioned in the previous section, the present-day ouÈlet

ofLakeManitobaistheFairfordRiverwhichdrainsintoLakeSt.Martin

andultimatelyintoLakeWinnipeg'Al-thoughtheflo\,'oftheFairford

River(and,hence,thelakelevel)hasbeencloselyregulatedforover

fifËeenyears,itisinterestingtoexamineËhePre_regulationsituation

of the lake. Figure 3-13 shows that prior to regulation and channel

ímprovement, the f low of the l-ake through the Fairf ord outleÈ \^ras

conÈrolledbyasillatanelevationofabout246.gm.Tfuj.smeansthaÈ

priortoemplacementofthecontrolstructure,adropinelevationofless

thanlmfromthepresent.day|,1ong-term,,meanlevelof'24].5mwouldhave

produced a closed basin'

Conversely, there is evidence that Lake ManiLoha has used

another outlet, in addition to the Fairford River, durÍng periods of

highwaterlevels.Treherne(1881)wasthefirsttodescribeasouthern

outlettoLakeManitoba.Heinvestigatedandreportedtheelevations

between the southern end of the lake and the area near Reaburn' lfanitoba'

andconcludedthatan,,ancient''outletofLake}fanitobawasFouÈh,via

PoÏtageCreektoLongLakeCreek,tbeneastwardËoLongLakeandfinal.Iy

inro rhe Assiniboine River cFie. 3-14). Upbao (1890, p. 248) reports

Lake Outlets

tlie basin is aPProxinatelY l'0 m

1970). Calculations bY the

ÍndÍcate that a maximum sefuP

of the basin'
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that in 1882, a year after Trehernets observations, Lake lvfanitoba did' in

fact, spi1l over the southe¡n end and flow southward (þrobably via Portage

creek) to the southern portion of Township 13, Range 3, I'lest of the

Principal Meridian, and then easËward to Long Lake and into the Assiniboine

River. Figure 3-14 shor¡s that the lake could overflow through this

southern outlet if an elevation of approxinrately 249 m (or 1'5 m above mean

level) is attained.

3.6.3

The groundwater hydrology and hydrogeology of the area

surrounding Lake Manitoba have been evaluated both in regional studies

and in local district or basin evaluatíons. However, despíte the probable

importance of groundwater as a major source of ions to Lake Manitoba, only

van Everdingen (1971) and the International Garrison Diversion Study Board

(Lg76) have attempted quantitative appraisal of the contribuËion of the

subsurface flow to the lake system in terms of volume of discharge and

ionic input.

on a regional basis, the eastern Interior Plains is a main discharge

area for the major groundwater flow system of western Canada (Meyboom' L967) '

Elevations differences between the probable recharge areas in the western

plains and the Manitoba Lowland discharge area is approximately 600 rn'

suggesting a regional hydraulic gradient of 0'001 (van Everdingen, 1971)'

This regional component of the groundwater flow system is believed to

dominate the Paleozoic and Mesozoic carbonate and sandstone aquifers of the

area (Hítchonr 1969) and, because of the long travel dÍstance and the

chemistry of the rocks involved, the water of ttr-is system is usually

considerablymoresalinethanthelocalgroundwaËercomporrent.

Groundwater llYdrologY



æ
¡.J

Flgure TLt+. Route of southern overflow outlet (arrows)

elevatlon contours glven ln feet and' netres

900 feet (n4 ^) not contoured''

of Lake Manltoba.
(parentheses).

Land. sr¡rface
EIevatlon above



83

In addition to this regional flow element, the 1ocal groundlrater

flow systems in several areas of the basin have been identifíed and studied'

These local flow regimes, usually originating in or controlled, in part,

by the elevated Escarpment area west of Lake Manitoba, are quíte complex

and variable throughout the basin depending mainly on the mineralogical

and stratigraphic relationships of the Pleistocene and Holocene deposÍts'

IntheareaimmediatelysouthofLakeManitobarCherryetal

(1971) identified a dominant northward flow toward the lake from a recharge

area to Ëhe southwest. Local upward gradients within these shallow (overburden)

aquifers discharge salíne wateÏ to the surface. The souÏce of this salinity'

according to the authors, is the dissolution of trace amounts of halite'

gyPsum'andothersolublemineralsbelievedtobepresentinthePleistocene

deposits. It should be noted, however' that, with the exceptíon of gypsum'

the presence of these salts has not been documented in any of the Pleistocene

or Holocene deposits of the area. The recent fluvial, aeolian, and beach

deposits immediately adjacent to the lake are believed to be areas of local

groundwater recharge with flows diverging northward under Lake ltanitoba and

southward into the marsh.

Groundr¡ater flow and hydrochemical characteristics in an area of

several smalI, sha1low, closed lake basins withín the Lake Manitoba watershed

\^iere examined by Goff (Lg7I) and cherry Q972). The shoal Lakes are

interesting from a hydrometeorological aspecË because their \¡Iater budget

is dominated by groundwater discharge. Goff (1971) found that during the

ice-free season of L969 there \^ras a net loss by evaporatíon of over 30 cm

of water from each of the shoal Lakes. Because the lake levels remained

constant during this period and surface runoff was negligible, he concluded
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that diffuse groundwater discharge to Èhe lakes was -the source of most

of the deficÌt. The chemistry of both the surface water of the shoal

Lakes and the sediment interstitial water, in part, reflect this groundwaËer

input. The groundwater hydrochemistry, in turn' is again believed to

reflect the dissolution of the carbonate bedrock and, particularly: ânY

highly soluble chloride and sulfate minerals in the Pleistocene sedímenËs'

The domínant flow of the groundwater within the bedrock aquifer is from

northeast to southwesÈ (Goff , L97I) '

Jenkins (Lgl4) and Manitoba Intrater Resources Branch (I972) ¡ 1íke-

wise,haveídentífíedtwomaingroundwaterflowSySLemsinmuchofthe

area ,vüest of Lake Manitoba. The regional flow systems are generally

confined to fracture and solution porosity in the Devonian and Jurassic

carbonate and shale bedrock of the area. This regional system is highly

saline,r¡hereasthelocalcomponent,derivedmainlyfromËheEscarpmenË,

recharge area and confined to a complex series of fluvial, deltaic, and

lacustrine gravels, sands and silts, is mainly fresh water' The combination

oflateralandupwardmovemenËoftheregíonalflowsystemandthemixing

of the tvro systems has resulted in moderately saline groundqTaËeI discharge

overmuchofthesub-escarpmentandlowlandplaíneastoftheRiding

Mountain area (Jenkins , Lgl4; Rutulis ' L977) '

Themagnitudeandinfluenceofgroundv/ateÏdischargeandchemistry

on the surface l^rater characteristícs of Lake Manitoba has not been completely

resolved. Rough \,rater budget calculations for the lake (Tab1e 3-6) would

seem Èo indicate that the groundwater contribution, in terms of volume'

isnoLsignificant.Similarly,ËhelnternationalGarrísonDiversion

study Board (1976, p" 159) estimates groundwater inflot¡ to the south Basin



Table l-6'
Water Budget of Lake Manitoba

Precipitation + Stream inflow + Gror¡¡d'water inf]ux + Ûverl-and infl-ow =

Evaporation + Strea¡n outflow + Ground'water outfl-ow

2,31 I$,3 + 3,)6 h3 + r:nknown + negligible =

3.OO IqnS + 2'4g lÃrr3 + unl¡nown

5,6? r*3 + ground-water infJux = 5'4g l^3 + groundwater outflow

85
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at about 5 to L07. of the toÈa1 inflow to the Basin. However, in Èerms

of ionic input, the water chemistry characteristics of Ëhe Lakes Manitoba-

Winnipegosis system suggest an important contribution from the groundwater.

Bríne springs discharging directly into streams tributary to Lakes l^Iinnipegosis

and Manitoba have been descríbed and analyzed by Tyrrell (1892) and Cole

(1915, 1930; summarized in van Everdingen, 197l-). The ionic content of

these brine sprÍngs varies between about 101000 and 631000 rng l-l and is

predominantly sodium and chloride. By comparing the main ion composition of

these springs with the "normal" surface stream runoff and with the lakesr

vrater, van Everdingen (1971) concluded thaÈ the high Na+ and Cl content

of Lakes Wínnipegosis and Manitoba reflect a substantial addítíon from Ëhese

sodium chloride brines. IË is evident from Figure 3-15 that the ioníc

"fingerprintrr of the lake water (that is, of Lakes I^fínnipegosis and Manitoba)

is not being derived from the surface streams because these are dominated
rô 11

by Ca'', Mg'-, HC03 and SOO. The groundwaËer contained in shallow aquífers

$rest, south, and east of Lake Manitoba is, likewise, generally lovz in Na+ and

Cl ions, whereas the groundr¡ater from deeper (bedrock) aquífers appears to

have the proper ratio of ions Èo account for the ionic compositions of the

lake water.

3.6.4

An understanding of the hydrology of Lake Manitoba and its

watershed is important in attemptíng to decipher the processes eontrolling

sedimentatíon in the modern lake and, in partícular, in ínterpreting the

post-glacial sedinentary record of the lake. I+rhile the general hydrologic

features of the lake are relatively well docunented, many aspects are only

poorly known and understood. Some of the important hydrologic considerations

are:

Summary of Tmportant Hydrologic Characteristiçs



Figure 3-15. Trilinear plots of ionic composition (in percent equivalents)
of Lakes winnipegosis and Manitoba surface water, and drainage
basín surface str.eams and groundwater. Sources of chemical
data are: Lake Winnipegosis: van Everdingen (197i); Lake

Manitoba North Basin: Manitoba Water Quality Survey (4. Beck,
personal communication, 1979) and van Everdingen (1971); Lake
Manitoba South Basin: Crowe (I972b), Manitoba Water Quality
Survey,and van Everdingen (1971); Fairford, Whitemud,
Assiniboine, Waterhen, and Minnedosa Rivers: Inland Waters
Directorate (1978a); groundwater aquifers of the Neepawa

area: Manitoba l4later Resources Branch (1972); groundwater
aquifers of the Shoal Lakes and Delta areas: Cherry (1972) i
and springs on the Whitemud River and Lake Winnipegosis:
van Everdingen (1971) .
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l.Thelakepresentlyreceivessurfacerunofffromone

dominant stream, the waterhen River, which drains an area of approximately

54.000 km2. On a long Èerm annual basis, this river contributes over 70%

of the gauged surface inflow to the lake. Several smaller streams entering

the lake bring the total surface stream inflow to an annual average of

?
abouÈ 3.6 kn".

2. The lake presently has one outlet' the

with an annual average discharge of roughly 2'5 km3'

3. Evaporation from the lake surface is an

loss mechanism. Mean annual evaporation from Ehe South

mean annual precipitation by over 25%'

4.Lakelevelfluctuationsduringhistorictineshavebeen

of three main types: relatively long-term fluctuatíon associated r¡¡ith

prolonged periods of high or low precipitation; seasonal changes

associated with high spring runoff; and wind and storrn-índuced changes'

control of the lake's discharge stream since 1963 has greatly reduced the

magnitude of the first tvro types of fluctuations'

5. Both the major input stream and the lakers outlet are

locatedinËheNorthBasin.TheinfluenceoftheNarrowsconstriction

on \,rater movement between the North and South Basin, and on residence

times in the two basins is not well understood'

6. The largest natural stream entering the South Basin is

the Whítemud River which drains an area of approximately 4500 km2 and

has a mean annual discharge of 0.37 kn3. Thj-s discharge, however, is

surpassed by the annual discharge of the Assiniboine Rj-ver Diversion

Fairford River,

important water

Basin exceeds
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\'/hich, a,rtiìtg most c¡f tl're years r; ince Ig70, has rouLecl excess f .l.ooct water

fron Lhe Assinibione River:into the Sou[h ]lasin for several monbhs eacl-r spring.

7 . The j.nf luence of ground\'rater input to Lake }ianitoba niay

be small in terms of r,/ater volune. but rhe chemical effect cannoL be

considered negligible, Although the hyclrologic characteristics of

Ehe groundwater flow systems surrounding Lake Manitoba are only poorly

lz-^,.ñ ¡1.a-i^ni^ ¡6¡¡osition of the lake rvater is believecl Lo reflecEr\rtvwrl, Ltlg rvtlrL uvr¡lPuÞÁLfutr v.L

signíficanE contrÍbutions from saline springs or diffrrse subaqueous

grounclh/ater clischarge.

3.7 
, 
PHYSICAL L]MNOLOGY

Besides the basic hydrologic c1ìaracteristics discussecl in the

previous section, relatively litrle information exÍsts regarding the

,-1.,,^i ^-'r 'r ,í*-^r .t: 1 ^t. ^ \r^-i "oba. The lake is believed [o bclrrr)ÞrLdI Ir¡LlrruI9ËJ vr !dNE |ldrrrL

essentially isotherrnal during tire jce-free seasor-ì, althouglr data

nnnFir-ina ¡hr'c ^..^'-^^i{-;^'^ i* *he ol=tshore oortion of most of Lhe IakeUUIII IllllIlLË Lrtrò ÞUPlrUÞtLlUll Itl LLru v

is lacking. Direct thermal stratifícaEion can probably develop tenìporarily

in Ehe South Basin after successive warm, calm days, although rhe extrenìe

shallorv depths and long fetch distances of Ehe basin easily lead to compleLe

mixinq bv rvincl penerated h/aves and currents. Inverse stratif ication, with

dense 4"C water below colder but less dense water, does occur in the Sou[h

Basin under the winter ice cover (see IÍg. 3*16).

Inlater transparency in the South Basin during the Íce-fl:ee season

is generally very 1ow, ranging frorn 17 to B5 cn (Secchi disk transparetlcy;

Tudorancea and Green, L9l 5). Data lecently acc¡uired in a study of r^rind

r^r ,-"'.,i.,^ in L.lte South Ba^r- L" ^ts ^çG ^ t the Freshwater Institute6ErrELdLgU tttr^rrrB ^-^ **^- -*Ðr!1 u)¡ ÞL4rr v L
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shows that open season turbidtty is cl.osely assocÍated with wtnd and

currenË speeds @, Kenny, per€onal co4ryuni.catlpn, 1919; National Water

Resources InstiËute, 1978). This suggests tbat the dominant factor in

the reduction of lieht transmission is re^susÞension of bottom sedirqents

raËher than incr.r"]O turbidity caused ny a"o"" a\galpopulations.

As previously noted, specifÍc Ínformation regarding \,rater movei

ments and currents in Lake Manitoba is rare. BurrowÞr Cf970) conclusions

regardíng wind-generated r./ater oovements between the two basins are

probably justified (see SecÈion 3.6.1), although his data suggests that

the relationship heËween wind speed and flux through the Narrowsr channel

is complicated.

Cursory examÍnation of Landsat imagery suggests a general counter-

clockwise circulation patteïn in the Èouth Basin. This is confirned by

coûments from local residents of the south shore area regardÍng the eastward

drift of the Assiniboine River Diversion effluent during spring runoff

(D. Garnham, P. Wardrpersonal corrmunications, LglB; F, D. Caswell,

cited in Derksen, L978). In addition, the general pattern of movement

of walleyes leaving the Whiternud River suggests a counterclockr^rise current

pattern ín the South Basin (Derksen, l-978).

The surface wave characterisÈics over the South Basin have been

discussed by Galay (L964). Using wind velocities of. 25 and 85 kn per hour

and a fetch distance of 80 km, he calculates rrrave heights of 0.7 m and 1.5 m

at Delta for norrnal and maximum storm conditions respectively. Despite

the recognition of surface seiches by several- authors (e.g., Tyrrell-' 1892;

Galay, L964; Burrows, 1970), no one has calculated their period or attempted

to hydrodynamically model the basinrs re$ponse to given r¿ind situations.



3.8 CHEMICAL GIARACTERISTICS OF LAKE WATERS

Lake Manitoba water is saturated with oxygen at aIl depths in

the South Basin during the entire ice-free season (Turdorancea and Green,

1g75; Crowe, Ig72b). Water quality data on file with the Environmental

Management Division of the provincial government (4. Beck, personal

comm¿nication, 1979) shows that saturation values can remain high during

the winter (see Appendix H). There has been reference, however, to winter

fish kills probably resulting fron oxygen depletion under the ice cover

(Hinks, 1938; AnonYmous, 1961).

A considerably body of chemical data on the lake has accurnulated

over the past 10 to 15 years mainly through an extensive water quality

monitoring progran carried out by the provincial govelnment during the late

1960's and early 1970's. During this tine, up to sixteen stations in the

lake were sampled regularly and standard chemical parameters analyzed'

The sampling progr¿un was reduced to three stations in the South Basin and

three in the North Basin ín 1973, and finally eliminated conpletely in

1977 . Although much of this information is ¡npublished, Crowe (1974,

L972a and b; Cober, 1968, 1967) has infornally summarized the earlier results'

In addition, summaries of chenical analyses of the rnajor influent streams

(Waterhen and Whitenud Rivers) and the outlet stream (Fairford River) have

been published by Inland Waters Directorate (1978c).

The South Basin of the lake falls within Northcote and Larkinrs

(1966) Saline Zone of western canada lakes. overal1, Lake Manitoba water

is alkaline and has a high (up Èo 3000 *g t-1) total dissolved solid content.

As pointed out in the groundwater discussion, the ion content of the lake

water is doninated by the sodiu¡n and chloride conponents with a secondary
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abundance of bj-carbonatefcarbonate and sulfate aníons (see Fig' 3-15),

The abundances of the Tgajor ions CÍn rneq "/.)are Na)l1g)Ca)K and

Cl>HCO.> SO, )COo. Chernically, the waters belong to the sodium-ehloride
J4J

hydrochemj-cal facies of Back (1966) oï to FilaËovfs (1948, as cited ín

Barcia, 1975) Class IV Intermediate chloride-bicarbonate sodium-magnesium

Seasonal changes in concentrations of the major íons are noticeable,

with generally higher values found under an ice cover and markedly lower

concentrations during spring and early sunmeï (Cober, 1968). During laËe

suilrmer and early fall, values rise slightly. These differences are

supposedly due to a I'freezing:-ouÈt' effect and lake volume reduction during

winter, and to snov.7 and ice melting with increased runoff causing a dílution

during May and June. The addition of significant volumes of relatively

low salinity vrater through the Assiniboine River Diversion probably also

affects this spring-time dilution.

i^later samples from depths of 6.1 m, 3.0 m and 0.5 m at core

site D-1 (see location map, Fíg. 2-L) were analyzed Eo determine the

vertical profiles of the major ions under a winter ice cover. All

components show an increase r,¡ith depth in the \.later column (Fig' 3-f6) '

crowe (Ig72b) has observed signifícant spatial variations in

abundance of the major ions in the lake r¡ith the South Basin being

consíderably higher than the North Basín in all components except calcium

(Table 3-7). She attributes this difference essentialty to differences

in watershed characteristics. She points out that the watershed of the

South Basin is more intensively agricultural than that of the North and,

therefore, runoff frorn this southern area would be expected to be relatively



Table 3-7. South Basin r4Tater chemistry and relationship
to North Basin values, L966-I969 (data from Crowe, L972b).

PARAMETER

pH

Hardness

^11.^'l-i--i+,,ruNéIrrrr LJ

Calcium

Mr onp qi rrm

Sodium

Iron

Boron

Bi-carbonate

Carbonate

Chloride

SulfaËe

Þhnenlra f er ¡¡v s y.¡e uv

Total Dissolved
Solids

SOUTH BASIN
AVERAGE

8.30

480 *

253 *

50.9

óo. ¿

360

0.08

0.28

280

13. B

530

208

0. 07

15 15

NORTTI BASIN
AVERAGE

94

I .07

3YJ

l-99

53.3

OJ. J

315

0. 06

0.07

227

7.7

484

163

0. 04

1309

PERCENT HIGHER THAN

NORTH BASIN AVERAGE

'lq

22.r

27.\

-4.5

36.1

14.2

33.3

300

23.3

79.2

9.6

27.6

7s.0

37.0

parameter expressed ín mB CaCOr/L;

all oÈher ionic concentïaÈions in ng/1
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soltd-s (tlS), PH, and' temperature of
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higher in dissolved substances. Crowe also feels that high levels of

salinity should be expected ín the South Basin due to the presence of

rrsalt deposits" in the Lrhitemud River watershed.

While it is possible that some of the water chemistry variations

may be due to differences in watershed characterístics and in land use

between the Ewo basins, another, and nore likely explanatíon, is that

r^later in the South Basín, which has a longer residence tirne (International

Garrison Diversion Study Board, l-976) and incurs higher evaPoration losses,

is enriched in the major íons relative to that of the North Basin. Calcium,

conversely, is lower in the South Basin because ín síÈu calcite precipitation
+)

may be depleting the Ca'- content of the water.

Several lines of evidence support this latter hypothesis concerning

the spatial differences beËween the two basíns. First, although the

concentratíons of rnajor ions are higher in the South Basin, relative

proportions of ions in both basins are nearly identícal (see Fig. 3-15).

This fact r^¡ould be rather un1íke1y if the observed salinity varíatíons !üere

mainly reflecting the differences in the two waËersheds. Second, hydro-

chemical characteristics of the major streams supplyíng r^7ater directly to

the South Basin are incompatible with both the concentration and the ion

content of the South Basin r^rateï. Figure 3-15 shorvs that both the l{hiternud

River and the Assiniboíne River (frorn which the Portage Diversion derives its

flow) are characteristically hígh in C^*2 and HCO, but very low 1n Na+ and

C1 Conversely, South Basin \rater ís high in Na+ and Cl but relaËively

low in HCO^ , So,=, Mr*2 
"od 

Cr*2 eompared to the l+rhítemud and Assiníboine- 3' 4' "

Rivers. Although several artíficial waterways draining agricultural land are

noÈ routinely sampled for .tltater analysis and, Ëhus, may be a source of added

-L

nÍtrogen and phosphorous, it ís extremely unlikely Ëhat the high levels of Na' an(
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Cl ions coulcl be clerived fron sc i Ls that are not characteristically

trigh in these conponents (.see, f or exanple, soil analyses in f{ills ancl

Sniitlr , LL)JI; Pratr et al , ),961; Iihrlich et al , 1951, 1958; Ell j-s and

Shafer, 1943) .

Returníng to FÍgure 3-15, the plots show that the j-onic content (ín

terrns of ionic ratios) of botl'r the North and South llasius of Lake l'lanftoba, as

rvell- as Lake Winnipegosis, ís tlre result oE mixing high salinity groundwater

t,¡iEh more clilute surf ace runoff . The hÍgller 'JIDS content ol. the Sout-h

R-o jn .'- -rnhchr_y a ref lection of the greater concentratin¡¡ inf luenceÐdùrll !ù Plvuour

of increasecl evaporation over the South lJasin relative to that of the North"

llorvever, a secorLcl possible explanation is that the South Basin is receiving

^^--i.r ôr.h1., h-i oher innrf s of salÍne groundv,/ater through subaqueousLU!IÞrUs!4urJ rLr6rrer

ô,-?-iññc ^? ái Fr,¡ss ground1,rater seepage. Quantitative appraisal of this possible
ÐPLrlrËù v! urtr\

subaqueous clÍscharge contribution is unfortunately iupossible r'¡ithout more

cletailecl records of precipitation, evaporation, all surface inflow and

outflorv, as rvel.l as a sonelvhat better irlea of the mass transfer between the

two basins.

3.9 I'IISTORICAL CTIANGES IN I'IATEIì CTIEMISTRY

In aclclition to the spatial variatior-r in lvater chemistry discussed

above, cror.ue (197 4a, l91 2; Cober, 1968 , 1"967 ) has recoqnized signif icant

temporal char-iges in tl'ie In/ateï chemistry of the South Basin' By contparing

her 1966 Lo L9l3 results with ttre analyses of Bajkov (1930), Crowe concludes

that the Sourl-r Basín has unclergone significant enrichnenL in many of the

major ions over the past 45 years. A nore cornplete cornpilation of the

available \^rater chenistry clata for the South tsasin appears in Table 3-B



Table t-8. Water chemlsLry data for t'he Soutlr fþlsln'

lndlcate ycar of stucly' Ion concentratlons are in

"basln ¿v¿¡agcs", the values llstetl are the means

ctt'lt-'t
' l¡nd

( 1 961)

lg'tï- 178 ( see
m6/ì, excepL as

of his tl.ata.

t,ext for sources of data). Dates
noted. tlhere author does not report

TÎ,1e'

tlanltobs tJater Qualtty Surveyy --. i::tI
Crove

(1e66) (1967) (I968) (19r,9)

van
Evc rd -
I rrgen
(r969)

Janrgzo
(t9/r)

Tudor-

,i,rccn
(r971) tlsrll'-"iieJq) (1e75) irrro) (re77) (Iet8)

Br lkuvd fl¡ouc
(r92tt) (1951)

8.1

4ll
260

t 325

21.

9l

l19

.20

5lo

184

24

29i

-25

52J

261

215l

I 566

56

9û

5l l
266

251.O

| 549

52

9l

459

221

2 180

I525

45

1J

15l

509

280

2710

I 594

5l
91

l9I

,08

8.6

400

2lJ

I550

8.7

185

208

l9 t0

I 265

69

8.l
180

202

1955

I 185

48

12

l6

8.5

314

2J9

2012

t047

l.)

óE

8.ll 8.¿1 8'l0 8'15 8.59 ð,ö

471 ¿ l4 4OO 185 l8o 314 155 J92 448

2lo ztJ 208 2o2 2Jg 2l't 2J6 37ó

211,6 lgtO 1955 2012 168I l8l3

I 550 I 265 I t85 to47 s74 1085 lllE

ó8 48 t') 45 48 49

65 69 12 óE 59 69 79
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"t,

PH

Tot¡l llardnesaa

lotal AltallnttYs

speclffc Cond.b

Total Dtaðolved
sol ldE

Cslclú

l{8LneB I u

Sod I uo

Pottaalu

lron

Chlor fde

Sulfate

Carb onr t e

BlcôrboÉte

Phoe ph! Èe

Hltrate

FIuo rlde

Doron

8.45 8.4

,:: ,:]

2082

1 t2 l29l

26

1.1

.07

t7t
105

I05

t7

7J

105

20

.04

4r7

t84

6

291

r.l5
0. 2l
0. 2l

.oó
':: ':: ':: ':: -,í 16 22 20 20 20

'08 '06 'ol ' 35 '2r '06
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.44
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and Figures 3-17 and 3-18. Several connnentg regardÌng these figures

and the table are required before attempting to interpret or identify

anv trends in the data,

1. The years appearing uniler Ëhe author or source refer to

the year of collection and analysis of the water samples, not to the year

that the results were reported. The daLa \n/as extracted from publications

by Bajkov (1930), Thomas (1959), Gi11íland C1965), Crowe (L972h), van

Everdingen (1971), Janusz (L972), and Tudorancea and Green C1975) " Mr,

A. Beck supplied unpublished data from files of the Manitoba l,Iater Quality

Survey, Environmental Management Branch. To the authorfs knowledge, Ëhese

published and unpublished reports represent a complete 1Ísting of all

Ì{ater chemistry data completed on the South Basin.

2, The locality of the sampling stations within the South

Basín is, unfortunately, variable (Fíg. 3-f9). I^lith the exceptions of Crowe,

Tudorancea and Green, and the present study, most sampling stations r¡ere

confined to v¡ithin several kilometres of shore. This places significant

restraínts on the confidence with r^'hich the data can be extrapolated Ëo

ttaveragett basin values. Furthermore, the ttprecisett location of several

of the stations is also questionable as several authors sÍmply locate a

particular site as, for example, "off Oak Point.?' Notable is Bajkovrs

reference to a station "between Elm Point and Long Point." Unfortunately,

modern maps do not include an Elm Point in the South Basin.

3. Neither the season of the year in which the sample \¡/as

acquired nor the number of samples per station has remained constant. Bajkov

(1930) and Janusz (L972) sampled during the ice-free season on1y, while

Gilliland (1965) and this study analyzed water collected only under an
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ice cover. Thomas C1959) reports the results of analysis of fourteen

samples froro his Delta statÍon but only one from his Oak PoinÈ locality.

Consequently, the values listed in Table 3-B and shov¡n in Figures 3-17 and

3-18 may represent an average of many locations sampled periodically

throughout the year oI sinrply an isolated locality sampled only oncer

The reader is referred to the particular reference for further details

on sampling frequency.

4. Basin averages of the various chemical Parameters are

rarely available. Because of her rather extensÍve network of samplíng

stations, Crowe (I972b) has summarízed her data in terms of South Basin

averages. Tudorancea and Green (1975) also note Ëhat, because of the

homogeneous nature of the ïrater mass of the South Basín, their data Ís

similar at all sËatíons. Likewise, very tittle spaÈial variation in

the hydrochemistry was observed in samples anaLyzed as part of this study.

For this temporal comparison díscussion, the simple arithmetic mean of

all values listed by the author \,¿as taken to be representative of the

particular chemical pararoeter on a basin-wide scale.

5. Analytícal techniques have varied. This is a common problem

when attempting to use the chemical data from a varíety of laboratories

over a large number of years (see cornments in Beeton, 1965). AnalytÍca1

precision varies as the ner¡rer tectrniques gradually evolve and replace

somewhat less accurate or more time consuming methods.

In spite of these restrictions, the trends in uTater chemistry

of the South Basin ¡¡ith time that were identified by Crowe (L972b),

namely thaË of increasing concentrations of chloride, sulfate, calcium'
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âñ.1 ñ1.,nêe iì,rn .re rrrôhâlrl v rea l i)ata beErveen Cro\^ret s 1966 to L969dtru llldtitrsùtuttlt drç IrLvuar/rJ reqr

.,,,^.,a., .'¡'l Iìrilrnyls analyses of l92B (i.e. , the IesultS of Thomas fromùu! vEj/ 4(ru u4J r\vv r orrcrr/

1953 and Gil.tiland from 1963) generally confirm the Íncreased concenlration

of Ca--' , ì1g-' , So;, and Cl , as t^rell as of Na r TDS and llCO" (TabLe 3-8,

Figs. 3-17 and 3-lB). llorvever, the prediction of conIinued increases

in concentrations based on the observed trends betrveen 1928 and 1969

(Crowe , L974a) are not conf írmecl by more recellt analyses. Where tile total

dissolvecl soli<ls had increased by more than 800 mg l-1 1n,ot. than a 100%

increase) from 1928 to 1969, this paranìeter has apparently decreased by

-1about 500 mg ltt during t1-re last four to five year-s. Similar post-L971l7L
+?+7+

clov¡nwarcl .trencls are also evident in the concentlations of Ca'-, Mg'-, Na'

aito (,r

Several possible hypothesÍs can be cons[ructed in an effort to

explr,ri¡ tirese observeci tcnrporal varíati.ons. lllliese include (l ) variation due

to possible analytical. errors; (2) variatÍon arising from specific hydro-

neteorological condil-íons (such as lake level) exísting at the tíme of \vater

-.-^1 i,"a' /?\ nh--.r¡o in r,,¡nf f characteristícS and watershed use; and (4)
t;<-j,lltplrlIBt \J,l urldrróEÞ !rr !urlv!r

-,^r-i-r;nno i- o.rssnd\,r'ater contribution to the lake. Although each of t-hesevdIIéLrvr!ù rrr ó!

hypotheses wí11 be evaluated and discussed separately' the temporal varia-

tions in the ions cliscussed above are likely the ne.E result of more than one

c¿IusaI mecnanasm.

L. One possi,ble hypot:l,esis suggesLe<l by ttte preceding comrnents

rec,arrl inq variable s[ation locations, meEhoclology, ¿rncl avelaging problems

i.s that the variations in the data do not actually represeut any real

trencls in the r,/ater quality of the South llasln.

The bult< of tlie most reliabl-e basin-wicìe average claLa is couccnLratccì

cluring the late 1960 t s ancl early l97O's. Tiris, plus the f act thal- there

are only trvo data. seLs prior to 1963 , sugges Is tllat any trentls ideLrtif ied



m¿ìy r-l(rI be statística1ly reli;rbl, or sigt-tj f .¡',can[,

ancl I¡ igures 3-17 and 3-lB shc¡w LIra[ variations of

within one yearts aveLage values derived fronl differenct sources (i.e.,

1969?s Crowe versus van Everdingen; I973rs Tudorancea and Green versus

Iianiroba l,Jater: Quality Survcy).

Despi.tc tllcsc and tirc oLhcr obvious problcrns of incornpatillle

ô-*'-1i'r^ -ñr ¡n¡r.'r'i^-r +a¡rr¡i.,"es and clitFerins statiOn locations mentionedÞdlltlrf IIIB dlru élrd!y Lf L4r LsurlrlrYu ---o ùLqLrvrr

above, the variations in the cheLnical parameters probably do represent rcal

trends in the water chernisLrv. There does not seem to be a valid reason

to suspect or elirninate either l3aj t<ov's or Thonlast rcsults on Llre grounds

^F -n.Tr'¡innl rrn^êrl-ninf-r¡uI 4rrdlJLrL4I UrtLs!LarrrLJ.
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In addÍtj.on, Table 3-B

alilost 2OZ can occur

Ís an artif¿rct of some hydrometeorological condiEion existing at the times

of sampling. [or example, the trends mighc be adequate-Ly explained if rhe

2. A second possible explanation is that tl're data variation

a.vl., ---,.1-íñ- ñeriods rvere done at tÍmes when the lake levels rvere abnormallys4L Iy Þ4tttlrrf t!ö t/

high and, therefore, the rvater probably more dilute. The peak concentration

period of Ehe late 1960's would then cori:espond to relatively lower lake

levels and, thus, higtrer concentrations. This, hotvever, does not seem to

he consisfentlv true for each ion.

betrveen 1alce levels at Lhe time of

correlation coefficient, T = -.441.

are sÍgnificant at the 0.01 anci 0.001 alpha levels, respectively). However,

[ieure.3-20 cloes shol,¡ Lhat there are several ions whose abundance do

ex I-rib it

Cl and HCO,

0.01 e( 1evel,

moderately ttigh inverse corr:elations r^¡i Lh rvater leve.Ls, Bo th

lorver volumes of tùater and increased concentrations of these comPonents-

1'1.ar,: 'í - ^-'1 ., n latiOnr LruL u ro vtrrJ - Vef y POOT COf f e.

sanrpling and TDS (Fig. 3-20; the linear

*.,-r r^v +tra,r I ell .-.1 I -'lr. vcrruEù Ér çdL€! tlì411 | . O¿ I anCl | . /¿+l

+ I ll Õ^ffõl 
^rèJ

F-i,^^ +1.ô|ÞuËËsÞL1116 LrLaL

3. One o.[ tLre most obvious hypo[hese,s is tli¿lE the trenc]s;

-'i -..-i Fi n¡nr'l .' r.,i ¡þ rvater leVelS at theù rF)rrrr rL4rr LrJ

tl-rere is a direct relaEionship between
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reflect changcìsj j.n i:uno"[f charar r.c:ristics and watershed use, anc] are'

thus, probably the result of hunr¿Ln influence in the drainage basin. This

sugg,c.,stj-on j-s attractj-ve, p¿rrticr.rtarly in liglit of similar historical

changes in rvater chenj.stry of nìan)/ other Nortl'r American lake.s (e. g.,

Beeton, 1965, 1969; sly, L976). Horvever, marl's ínfluence in the Lake

Manitoba basin during tlie 1928 to late 1960's period is considerably more

subdued than the often quoted Great Lakes examples. Withil the l-akers

immediate watershed, the area of land used for agricul.tural purposes had

increased only slightly during rhis time (Fre. 3-zr). Jenkins (19j4, p.

t,/,\ Ê,,-+1.^- ^^-iñ+ô ^..! Èl^-È !L^ ^^--i- 1! -- 1L+) !urLrlËL purrrts out that the agricultural limits of settleme¡t Ín

the Mritemud RÍver watershecl were rcachecl by Lg2I, suggesting that the

períod of most rapid expansion of farmland at the expense of natural

vegetation cover was prior to Lhe surveyecl period. Most of the arLificial

l^/aten/ays and drainage ditches of ttris watershed, whích Hochbaum (1965)

suggests as contributing to íncreased salinil-y ín the basin, were ínstalled

betrveen 1901 and 1934 (nl1iotr , IgTB; Jenkins , Lg74). Irurrherlnore, as

discussed in Section 3.8, the South Basin's inflowirig streams are presently

probably not ttre main source of most of the dissolvecl material to the

lake. lrigure 3-22 shows tl-rat the íonic conposition of the irtritemucl River

for the period beLween 1953 and 1978 has not changed significanrly ancl

.Eurther emphasizes that thís fluvial contribution is consicleralv different

in Lerms of ioníc ratios.

The above observations strongly suggest tl-iat the historical

changes observed in these particular ions in the Sou[h l]as:'-n are probably

not dominantly the result of intensÍfication of Ehe agricultur¿rl efforts

1n [Iie watershed.

4, One of the most likely explanations regarcling the temporal

chemical variations in the South Basin is that the r+ater chemístrv has

reflectecl varíations in tire rela[ive contributi.or-L of ttre srourrJrv¿ruer

comporlcnt- o1. the l-ryrlroloq'Í.c r:r'r'.1o, Rr.c¡urjr'tltr. rrrr,Í-ìrìirt'-il¡..' rlrì.rrÌìl- ¡n''l
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Figrrre 3-22, Trllinear plots of ionic composition

(in percent equivalents) of South 3asln water and-

Hhitemud. River water, 1953 fo 1978' (Refer to
Fig.3-15 for sources of data.)
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^f: :^-^ ;- the south BasinL)'Pçè vr. rvLlÞ rlr

subaqueous groundrvate:: discharge

concentratíon of North Basin-type

spring additions, ít follorvs that

the íons will be ciue priurarily to

groundwater flow system.

The cause of this changíng díscharge r^¡ith time is not known.

Climate can be shown to have an obvious sienificant influence on the nature

of Ehe florv system (e.g., Delorme, L972; Brown, L967) by controlling the

rate of recharge to the aquifers. 0n a more local scale, variations in the

moisture surplus (anriual precipitation minus net evapotranspíratíon) can

result in variatÍon in relative contributíon of the various flow components

ín a multi-sysEem regime. For example, the arca west of Lake Manítoba is

characterized by (a) a shallow, maínly freshwater, largely local flolv

system ancl (b) a deep, sa1íne, regional groundrvaEer componen[. If the

areats hydrological and ureIeorological condit.ions rvere such that, during

Fr-^ ^^-1,, 'r -i.^ ,,-È^e . --^1-l -- ^F-ç^- ts^ r-,, D^;r.^,, tlre lOCal ffeslrwater f IOt.¡Lrrc gd.Lry rdr\c w4LE! ùdilLPrrtrB çrrvr Lù uy DéJr\wv t

systenì tended [o dorninant the groundrvater influx to the lake, thc higher

concentration during the 1950ts and 1960's rnight be explained by a

.1 ^^r^^ Òì,"^ 'l ^^^1 mÕi qfrìrê q¡rrrr'l'rs w[ich wou]d largely elintinate the localuççLsoÐrrrÉ rvLar

groundwater component and greatly increase the relative contribution of

fho r-noinnrl F1o-, (--1i^^\ .1 i-^l-. -_J\v \salrne,, orscnarge.

In sunmary, several- possible explanaLjons can be suEgesEcd to

¿ìccorrrl I f or the obs;erved tempor¿rl v¿rrla tions in ic¡L-r concentraLions of Ll're

\^/ater of the South Basin sínce the 1920rs. Although each of tliese hypotheses

--^1'^1-'1 -' 'i.^ç'r"^.rces these ion concentrations trends to some degree, it isy LwuouLJ rrrrlucL.

concluded that fluctuatÍon in groundrvater contribution to tlie lake syste¡l

ar-id changes in lalce level are tire trvo most significant inffuencing factors.

110

...-^ ^-^1.^L'1 ,- Èl-^ rêqlllf nF lrl:r Ls P!vUdULj LlIs -

+^ pl'^ 1-^^'i* ^..r /^* /l-\ ^-.^-^--tíVgLV LTIç UClÞIII' dTTU/ U! \U,.' CV4PULd

\,/ater wlrich, in turn, also ref lects bríne

-,,-, ^L--,.n^ j - the concentraEion of4rry l.rr4rrBEÞ rLl

fluctuations in the clischarge of this
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3. 10 BÏOTA OF T}TE P1ìESENT_D-'\.'I: LAI{E

ì'luctr of the scientif ic rvork conclucted bv otl-rers on Lake Manitoba

has bcen biologÍcal in nature, llost of t-he reporLs dealing rvith the bioEa

tiave been concerrled wi[h the characteristics and nianagement of the lalcets

F'í chor.' /coo Rnrrd , I97'2). Lalce }.lanitoþa is generally consÍdcred to beJ \vvv uvJ'

highly productive althougl-r published detaÍled infornation regarding

^Éi*-'-" ^-l -^^^-.1 --,, ,--^J,,^tsi,,its,, -i- tsL^ -l 
^1,^ : õ ts^ts^11,, 1^^1,'í,^

Ptllll¿:Iry <rfIO SeCOIIOaIy l)IOCUCLIVILy In tne IaI(C I5 LUL¿iIIy IACt(l-Llg.

Lowe (L924), in a listing and descriptÍon of algae in laltes of

Man'it-nl.. irlonl--íF-í^- 1 -^^r.ios nF nhvfnlrl:nìrl-nn helnnc,ino tO the|r4lr1LUUd, rucrrLJ-LIsÞ ÞcvErd! ÞLrguruÞ vr prry Lv[rIdIrl\L(/tl uslvrrÈ;rrlË

llyxopl'ryceae (blue-green algae) pinophyceae (dinof lagellates) , Bacillariophyceae

(ciiatoms) a and Chloropllycae (green algae) groups as common 1n Lake Manitoba

waters. Scenedesmus cluadricauda and Pediastruq cluplex are particularly

abundant. The pioneer worlc by Bajlcov (1930) on the Ehrec largesL lakes

in Manitoba srill stands as [ile most comprehensive discussion of the

general ancì specific cliaracteristics of che planktonic community in

Lal<e llanÍtoba publishecl to date. tle points orrt tlraI grecn and blue-green

algae are predomÍnant iLr the lahc over dÍatoms, copepods, aud phyllods.

Ârrnonrì-iv ll crr¡rm¡rizoq Rril¡nr¡rq Fir".{ j--ô F^y T.1,a Nfnnj¡nlrn lìnnlr-'i- 'l^-^j-^jñ.
Ð TIIIUIIIEÞ IUI Ldt\E I'ldLlILUU4. UdUrlre fVltHlÞpllrd

1..,-l-í-^ .f--i^-Èl^-^ .-^ T)^'1 ,,--fì,*^ ^-1 ^È,,,-f ..-- NT^+1.^l^- 1^-var. nyarrna, rrIaTEtlra sp., l'oIyartLìra platyPtera, L\ott-rol.ca Iongf sPrna,

Scencdesmus quadricaucla and Rivularia pisum are listed as particularly

abunrlant in Lake Manitoba

Crowe (7974a) states that l-he lake 1s the most productive in

l"fanitoba ruith respecE to the berrthos. Tudorancea and Green (1975)

stress tl-rat the benthic population Ín the South ]Jasin is marlced by a very

^^^- J;,,^-..;....,hieh fhêw in n.r** -þ!.-iL..ts..'^ a fefleCtiOn Of thCl/v9r lrrvç¡.ÞrLJ wrrrLrr Lrrsy, rrr lrdL L, 4LL!ru(lLs LU

environment's physical and chemical homogeneiEy. BoL[orn sampling by Janusz
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(Ig72) in the South Basin approxinately 0.1 to 0.6 kn offshore fron

DeIta Marsh shows oligochaetes and Tendipedidae to doninate the

benthic fauna. Tudorancea (1975) and Tudorancea et al (1979) list the

numerically doninant benthic groups in the South Basin as Nernatoda,

Ostracoda, Chirononidae, and Mollusca, with Trichoptera, Hydracarina

and Ceratopongonidae as minor constituents. Sieniniuk (1970) lists

Cryptochironomus species and ostracods as being most abtutdant in the

shallow water, nearshore areas (0.5 to 1.7 n depth,75 to 150 n frorn

shore) off Delta, and remarks that the low nt¡mber of índividuals for:nd

at all sites is a reflection of the rrruggedrr (high energy?) envilonnent '

Lake Manitoba supports an active winter comnercial fishery

yielding a several nillion pound catch annually (Park, L97L; Anonymous,

1973; Campbell, 1976). An aveïage .of 75% of this production is fron the

South Basin. Walleye, northern pike, rnullet, sauger, Carpr whitefish,

and perch are the nost impor.tant connnercial species (Crowe, L974a) ' Marked

fluctuations have occurred in catches of these najor conmercial species

over the 100-year history of the fishery. Derksen (1978) shows that prior

to 1951 there was a good correlation between spring water levels of the lake

and the following seasonfs walleye catch. It is believed that lower wateÌ

levels will generate slightly higher turbidity in the lake which would

favour the reproduction and growth of saugels over walteye (Kerunedy, 1948).

Since the nid to late 1950 I s, the lake has experienced a general decline

in comnercial fish production. Loss of spawning habitat in the South Basin

due to accelerated sedimentation rates has been cited as a najor factor

contributing to this decline (Derksen, L978; Crowe, L974a). Also, in recent

years there has been a narked decrease in the walleye and sauge¡ catch and
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a corresponding increase in rough fish l-andings, APproxírnate]-y 257" of

tjne L977-78 catch was taken in the spring Êucker and carP season

(Manitoba DepartmenÈ of Mines, Natural Resources and Enyironnent, 1979) '

. The biological community in Lake lfanitoba can signìJicantly

influence the nature and Pattern of sedirUentation in the basin by (a)

contribuËing both organic and inorganic components to the record, (b)

altering Ehe water chemistry through, for ecrample, high l-evels of coz

uptake associated wiÈh periods of high phytoplankton productivity, c")

destroying primary sedimentary sËructure anil extensively rnixing the

sediment through burrowing and gtazing activities, and (d) altering the

rates of chemícal exchange between the sediment and water'
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SECT I f)N 4

DESCRIPTION OF LAl(Ji }IANTTOBA SEDI]'{ENTS

INTIìODUCTION

'fþe nrlrñ^cê nF rl.'íc nh2¡f¿¡ js fo r1 cscribC tlle oost-plaCial

sedinents of the South Basin of Lake ¡lanitoba in terrns of selected

physical, chemical, and mineralogical pararneters. Iror ease of cliscussíon

this data presentation has been divided inco t\"/o sections: (a) description

of tlìe plesenE-day (modern) sedinrents on Ehe floor of the lake, and (b)

description of the pre-nroclern sedinrents. Tlre rnodern sediment discussion

emphasizes the characIeristics and spatial variations of the uppermost

2 cm of sedlment withín the South Basin based on up to 60 control points.

The description of pre-nrodern sediment concentra.tes on Ihe temporal variations

and trends identified mainly ín the threc longest cores within the basín.

4.2

4.2.L

114

The data presented here are derived prinrar:ily fron analyses of

the upper 2 cm of cores collected as part of this sLudy, but also include

some unpublished results from J. Crowe and A. Beck (personal conìnunications,

1o7o\ --; '-''L'r j ^lred corl -imanf n'l noig¿l data f f Om TUdOf anCea Aud Green (1975) .LJ t V ) drru IJuuf IÞtrsu ùeululcrtLvIvË

This discussion is confined to the southern two-thirds of the South Basin.

For tl-ris report, the terms t'nodern bottom sedimentsrr or

"surfic:ial sedlnentsil refer to the de1>os.ibs of the uppermost 2 cm of core

or to ihe sedimenE collected by bottomfrgrabil samplÍng using an Eklnan-style

flrerìc'e- Tf js recoç'uizefl thnf tllis 2 Crn Sedimenr zÕne r.enresonrs SeVefal** --Þ-

years deposition or may represent sediment that is actívely being erodecl.

DISCRIPTION OIì }{ODERN SED]MENTS OF TH]] SOUTH BASIN

IntroducLion
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rf bioturbation and wave-generat,:,1 clisturl¡ances are maior factors

at the sediment-l^tater interface, this 2 cm interval wi.1l ret)l:esent the

integration of sediment cleposited over a much longer tirne span

The termsttoffshore" ancl t'nearshorettare frequenl-1y found in

lintnological and sedirnentological literature and oItcn imply a variety

^{: ,rñôr-,, ^^,1 /^- k.i^ta-i¡nt ^^,r.1 
.i F-í ons dr. llend(ìnf ^- ¡t ^ ,-^-F-i^,,1aI. aUthof .uI ellergy <lttu/ uL LJJ-uLu6rud.l- uurlurLrurrù usPçrruurrL ur¡ Lrrs Pdr LrLur'

Considerins the very shallow overall depth of Lalce Manitoba, the long

effective rvind fetch distances, the high trrrbidity, and the lack of a

clef initely clef ined zone of rootecl acluatics (Tudolancea and Green , I97 4) ,

the offshore/nearshore transition in Lake ManiEoba is very difficult to

delíneaEe. For this report, the offshore region of Lake ManiEoba is

nrhifrrrilv dpF.i ,.^.1 ^- l.-.'j fcr r] enflrs ere¡f.Cf tllaL-i 3 nr.or urL!4r r!J ueLrllgU dÞ !ldVrlrÈ; wduç! uçt/

Thc resulEs of analyses of physical, clrenlical-, and mineralogical

parameteïs of the surficial sediment in the South Basin are sumnarized in

Tables 4-L to 4-3, arid shor^m on maps in Appendix D (Tigs. D-l to D-34).

The results aE each santpling site are presentcd in Eabular form in

Appenclix E. The results of statistical analyses (variable interrelationships

and factor analyses) of tl're surficial sediments are discussed in Appendix

G.

As can be seen in Figures D-l to D-34, there are t\^/o areas

in the Soutl-r llasin rrithín which most of the surficial sediment i)arameters

are considerably dÍfferent than those of the im¡necliately adjacent area.

These anomalous areas are locations of relic! (pre-modern) sediments that

are e:<posecl [oclay at the bottom of the laLce. These trvo relict sand areas

occur northr^¡est of the University Iielcl SEation (near Delta, I'fanitoba)

ancl just of f Marshy Point (near Oaltlaud, Malìitoba). They are roughly



defined by the 2O% sand contour on

areas contain pre-modern sediment,

in Tables 4-l to 4-3 do not include

areas of the basín.

4 .2.2

4.2.2.L Moisture content and general consistency

The moísture content of the surficíal sedíments in Ëhe South

Basín ranges f.rom 50% to BI% r¡íth a mean value of approximately 712

(excluding relict areas). Híghest values are generally found at the sites

most distant from shore and at depths of water greater Ëhan 4 m (Fig. D-1).

In general, the surface sediment is soft to gelatínous and

even soupy except in areas of domínantly coarse-grained material vrhere

the deposits are firm and compacË.
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Figure D-5. Because these anomalous

the modern-sediment parameter summaries

data collected withín these relict

Physical ProperËi.es (see Table 4-1)

4.2.2.2 Organíc content

The surface sedi-ments of the South Basin contain moderate to

1ow amounts of organic matter. Organic content (L.0.I.) ranges from

less than L% in the relict sand areas Èo a maximum of 307, in offshore'

fine-grained sedíment. The amount of organic maËter shows a general

increase in the offshore dírection (Fig. D-2).

Both whole and fragmented mollusk shells are scatËered through-

out the maËríx usually in moderate to high amounts. In general, the



Table 4-1. SummarY of
South Basín of

physical Parameters ot
Lake ManiLoba (relict

surface sediment (0-2 cm) from
sand areas excluded)

Sand sil r
7"

7 0.3

L2.8

39

35.7 -
90. 3

Clay
7"

26.7

14.4

39

0-
64.3

Mean
ø

Sorting
ø

Moisture
content

7"

Organic
matter

%

Skewness Kurtosis
Calculated

Bulk Porosíty
density %

I km3

Parameter

Mean

Standard
deviation

Number of
measure-
ments

Range

3.0

3.4

39

0-
14. 0

Áq

0.9

39

5.1 -
8.4

2.6

0.9

39

0.9 -
3.1

+0. 7

0.4

,/,

0.6

39

0.3 -
4.0

7 7.4

7?

39

50.0 -
81. 0

14. I

r.o

39

6.7 -
30.4

1. 18

0. 09

25

1.08 -
L.44

88. 2

4.6

25

77.3 -
94.7

39

0.7 -
+1. 6

H{
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bottom sediment of the eastern portÍon of .the basin contains more shells

than that of the \resteïn or northern sectors of the lake, although very

high concentratíons of mollusks similar to that observed at greater depths

in the sediment, r/üere not Present at any

to whole and fragmented mollusk she11s,

\,rere present in the surface sediment at

4.2.2.3 Color

The color of fresh (moist) bottom sediment in the South Basin is

domínanrly grey to dark grey (5Y 4.511 to 5Y 4/I). Sediment in the

southr^¡estern portion of the basin shows more varj-ability ín colors ranging

from grey to very dark grey, black, and dark greenish grey (5Y 5i1'

2.5Y 310, 5Y 2.5/2 and sGY 4/I) -

4.2.2.4 Derived physical properties

The calculated bulk density of the surface sediment ranges from

l.0B to 2.15 g/cm3 (exclrrding relícË areas). Calculated porosity values

range from 30 to 94%. As each of these Parameters is' in part, a function

of the moisture and organic contents of the samples' their variation in

the basin should closely follow the trends of these tI'7o other properties'

The higher density values and lower porosities are found in the areas of

coarse-grained relict sediment of the southwestern and offshore Marshy

Point regions (Figs. D-3 and D-4). In the remaining portion of the basin'

both parameters show relatively little variation'

sarnpling 1oca1itY. In addÍtion

abundant rootlets and plant fibers

localities 21 and 35 '
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4.2.2.5 Grain size and textural properties

The offshore bottom sediments of the South Basin are rnainly

silt, clayey silt, and silty clay (Fig. 4-I). The average grain-size

distribution excluding sedíment collected from within the relict areas

is 3% sand, 707. siLt, and 277" clay.

The spatial distribution of the relative percentages of these

three components are shown in Figures D-5 Ëo D-7. The abundance of

sand ís highest in the two relict areas. OuËsíde of these túro areas,

the amount of sand-sized material in the modern offshore botÈom sedíments

does not exceed I2"/.. The dístribuËion of clav also shows the influence

of these anomalously coarse-grained relict areas, as \,üell as a general

increase in abundance in the offshore direct.ion. Silt abundance shows

a complicated spatial distribution r,¿hich is difficult to ínterpret due

to the closed nature of the sand-silt-clay values (i.e., 7" sand * % silt +

% clay equals 1007.). In general, the highest silt values are found in the

eastern portíon of the hasin.

The mean grain size of the bottom sediment Tanges from 1.9 phÍ

(wiËhin the relict areas) to 9.3 phÍ. Spatially, the sediment shovrs a

general decrease in mean grain size in the offshore direction (Fig. D-B).

The offshore bottom sediments are dominantly poorly to very

poorly sorted with grain size standard deviations of 0.9 to 3.1 phi

(Fig. D-9). The relict sand unit area in the southwestern portion of the

basin, however, is well-sorted r¿ith standard deviations ranging fron 0.2

to 0.6 phi.

The grain-size frequency distributions are, in general,

positively skewed and platykurtic. Again, the sediment of the anomalously

coarse-grained unit in Ëhe southr¡restern area shows slightly different



CLAY

720

CLAYEY /stut-CLAY

SAND

Figure 4-1 Trilinear plot of sand, silt, and clay in the
surface seãiment from the South Basin of Lake

Manitoba. Nomenclature after Shepard (1954) '
Data frorn relict sand areas are included and

all plot near the 100% sand poínt.
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distribution characteristics and is negatively skewed and leptokurtic.

Overall, these third and fourth moment statistics show no consistenË spatial

trends over the South Basin (Iigs. D-10 and D-11).

4.2.3

4 .2.3.L

composed of quartz, feldspars, carbonate minerals, and clay minerals.

The relative proportions oÍ quartz * feldspar, calcite * dolornite, and

clay rninerals are shov¡n in Figure 4-2. The quartz content (excluding data

from the relict sand areas) ranges from 11.97" to 45.9% (i = ZZ.5%) but is

considerably higher within the relíct sand areas (Fig. D-Lz). Feldspar

abundance ranges from 1.97" to L6.27, (i = S.37.) anô, also shows the effects

of these anomalous areas (Fig. D-13). Plagioclase Ís generally more

abundant than potassíc feldspars. Overall, both quartz and feldspars show

a general decrease in abundance in the offshore direction.

Calcite is generally the dominant carbonate mineral in the surface

sediments of the South Basin, ranging in abundance from 2.2% to 48.27" (x=27.07").

Spatially, calcite shows an increase in abundance in the offshore direction

(Fig. D-14). Approximately 80 to 100% of Èhis calcite is a disordered

species, probably high magnesian calcÍte, with up to 11 mole percent

MgCO, concentration (Fig. D-15). There does not appear to be any

systematic variation in the amount of Mg incorporatlon in the calcite

throughouË the basin C¡ig. D-16).

Dolomite makes up an average of. LBT" of the bottom sediment

mineralogy Cexcluding relict areas) and, unlike calcite, shows a decrease

in abundance in the offshore direction (Fig. D-17) '

Sediment Mineralogy (see Table 4-2)

Bulk mineralogY

The surface seéliments of the South Basin of Lake Manitoba are



Table 4-2. Summary of nineralogical parameters
Basin of Lake lr{anitoba (relict sand

of surface sediment
areas excluded).

(0-2 cm) from the South

Calc lte

PsrameÈer

lleana

St end ard
devlat lon

Nuober of
meesureoenÈg

Range

Quartz FeldsPar
77.

22.5

7.3

39

11. 9-
45.9

5.3

2.3

39

1.9-
L6.2

Èocal

27 .O l.2b

8.0 0.2

39 27

2.2- 0-
48.2 4.tl

low Hg htgh Hg

zz
22,Ob

9.4

27

5. 5-
30.9

Dolonlte

1B .0

5.2

39

9. 6-
39 .4

tot al
Clay nlns.

,rt
6.7

19

7 .2-
41.0

Expandable ^ 
Kaol.lnlte f

i"aar"" claYsc Illltec chlorltec
7,7,7
25.3 40.3 34.5

16.6 L4 .2 9.9

3h 34 34

0- 20.0- I7.5-
65.0 66.0 47 'O

"Ír" ".r"a"g" 
percenÈa'es of quarÈ2, feldspat, calclte, dolornlte and total clay mlnerale have been norrnallzed

to equal l00I' Sloilarly' Èhe average relail*'e percenÈe8es of cloy ¡nlnerals have been normallzed to equal 100I'

bTh""rr"."gepercenÈa8elotrHBcalclteplushlghMg-calclte.doegnotseentoequaltheaveragePercenÈtotalcalclte
becauee a ssralrer n.rñb., of iarnples ,".. ãn"l!""d for detalled carbonate mlneralogy'

cClay nlneral content expressed as relatlve percent'

H
.t\)



OUARTZ
+

FELDSPAR

l-23

CALCITE
+

DOLOMITE

Figure 4-2. Trilinear plot of quartz + feldspar, calcite +.

dolomite, ild clay minerals in the surface seclilnent

fron the South Basin of Lake l4anitoba' Data from
the relict sand areas are plotted as open circles '



r\r4gqnite, the only other carbonate rnineral

llanitoha bottom sedirnents' was Present only in trace

locations in the basin (e.g., sites L7 and 27)'

4.2.3,2 ClaY mineralogY

Claymineralsmakeupanaverageofabout2TT"of.Lhemineral

suite (excluding relíct areas) and spatially show an increase in abundance

in the offshore direction (Fig. D-18). The average relative abundances of

the main clay mineral groups are iltite: 40.3%; kaolinite plus chlorite:

34.5%; and expandable lattíce clay minerals: 25.37". The spatial distri-

bution of these three groups in the south Basin is shornrn in Figures D-19

to D-21. Expandable clays are highest in Ëhe \^Testern and southern sectors

of the basin, while the illite and kaolinite plus chloríte groups are

dominant in sediments of the eastern portion of the lake'

L24

identified in Lake

amounts at several

4.2.4

4.2.4,L Hydrogen ion concentration

The pH of the surface sediment showed a

from 7.1 to 8.1 with a basin mean of 7'8' Lowest

relíct sandy area of the southwest Gig' D-22) '

Chemical Characterístícs (see Table 4-3)

4.2.4.2 Redox Potential

TheSouthBasinsedimentsshowedconsiderablevariationin

Eh values ranging from *110 mv to -240 mv. The lov¡est values were found

in the central and southeastern portions of the sampling area' while the

highest readings were in the western and northeastern sectors (Fig' D*23) '

rather narrovr range

values occurred in the



laDle 4-J. Summary of chenical Pararneters
Basin of Lake l4anitoba (relict

of surface sediment (0-2 cm) from the South
sand areas excluded).

Parameter PH

Hcan

S r onda rd
devla t. lon

Nunber of
fneas ur emenf s

Rânge

7.8 -86

n 1 l5

35 35

7,L- -240-
B. I +lt0

Na

1.02 0.49

0. 12 0.07

29 29

0.78- O.J2-
1.44 0.62

12.68 2. Bl

1.57 0.55

29 29

8.66- 2.L4-
15.20 3.68

Fe

r. 82 0.050

0.25 0.005

29 29

t,24- 0.040-
2.04 0.059

0.090 23

0.026 3

29

0.044-
0. 170

Zî Pb Cd

pPm Ppm PPm

55 <20 <1

1l

Eh
mv.

Hg

ru_Þ_

60

35

MñD

qq
/" t.

Hg
z

Ca

7"

K

29 29

t3- 33-
36 63

Cu

-Llm

6

10-
r70

H
L¡
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4.2.4.3 Elemental comPosition

Ofthetwelveelementsana1yzedaspartofthisstudy(K'

Na, Ca, Mg, Fê, Mn, P, Cu, Z, Pb, Hg, and Cd), relatively few show

signifÍcant varíations in abundance in the surface sedimenË of the basin'

Calcium concentration ranges from 8.66 to L5,207", and shows a general

increase in the offshore direction CFig. D-26). Iron and phosphorous also

exhibit similar trends, while sodium and magnesium show decreasing abundances

in the more offshore localities (I'igs. D-24, D-27, D-28, anil D-30)' Outside

of the relict sand areas, copPer, zine, manganese, and potassium shof¡I very

little consistent variation in abundance (Figs. D-25, D-29, D-30 and D-32)'

The limited number of analyses of 1ead, cadmium, and mercury in the surface

sediments (Figs. D-33 and D-34) do not permit delineation of any spatÍa]

trends.

4.)

4.3.r

DESCRIPTION OF PRE-MODERN SEDI}4ENTS IN THE SOUTH BASIN

Introduction

This section will describe the sediment characteristics and

parameter changes observed in the three deepest cores in the basin' The

location of these cores, D-l, D-2, and D-3, as well as the other shorter

cores, is shov,rn in Figure 2-1 . inlhere pertinent daÈa from the forty-nine

intermediate and short cores will be presented. The lithostratigraphy

presenËed laËer in this thesís, however, is based rnaínly on the sediment

sequence observed in the three long cores, The variatíons with depth of

each sediment parameter in these longest cores are sho\¡m graphically in

Appendix J. Appendíx I provides a description of each core' and Appendix

E lists, in tabular form, the analytical results of all the cores' Figure
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4-3 (in back pocket) shows the temporal líthologic changes withín the

upper 3.5 m of sediment at each core site. To help better describe and

understand the variable trends and interrelationships, a símple correlation

coefficient matrÍx !/as generated from selected parameter data in the

three deep cores (Table 4-4).

4 .3.2

4.3.2.I Physical properties

The post-glacial sediment of the South Basin consists dominantly

of silty clay and clayey silt except in the extreme souËhern end where less

clayey and more sandy units are present (Figs. J-1, J-6, and J-11). In

general, sediment near the base of the long cores contains the highest

percent of clay but also contaíns an abundance of pebbles and granules

It.Êl ^^ +.'.^-ll -í * +'l-,lruoLlr¿É -rr c..ê clay. Above this, the clasts disappear and the mean

grain size increases. Moisture content decreases r¡ith depth from 70

to 807" in the youngest sedimenl to 20 to 307. near the base of the

cores (Figs. J-I, J-6, and J-11). Organic natter likewíse decreases

with depËh in Ëhe cores from values of 15 to 307. near the sediment/

vrater interface to consístently less than 7% below deprhs of about

3 to 4 m (Figs. J-1, J-6, and J-11). The trends of organíc matter and

moisture conËents show a high positive correlation (r = 0.84; Table

4-4). Bulk densíty íncreases with depth closely following the inverse

trend of the moisture content.

Summarv of Features and Trends

Sediment colors (Munsell, rnoist) are generally dark grey (5Y 4/1)

to dark greenish grey (5GY 4/L) and do not follo\¡r any specific trend. Core



Table 4-4- Correlation coefficient matrix of 24 physical, chemical, and mineralogical sedirnent
variables from cores D-1, D-2, and D-S.

I'foleture Organlc Total
content matter carbonale pH Eh Fotas:ilum iorllr-rn Cal ctun Ma4.peslum lron Manganese phosphorous

|loleture. I.00o@ntent

orgenlc .gj9 l.ooonatter 'v)'

Total )<.
Carbonates '¿)) .)55 l.0OO

pH .y6 ,3!+ .zfi l.ooo

Eh .150 .)41 .Ofi .2BB l.OOo

Potasslu¡n -.745 -.?t+B -.6(J+ -.J58 -.27? 1.000

sodrun -,74L -.680 -.5r0 -.306 _.r50 .850 t.ooo

Catclu¡r .5)I .592 .866 .Zy .tt+9 _.?IB _.69t L.OOO

nsgneslur -.l+89 -'JB9 .loo -.08? -,056 ,zlo .g+Z .obll ].ooo

Iron -.662 -.? jB _.?g _.Joz _.243 .940 .?)6 _.?uz .ttq r.oo0

ilanganesø .y2 .101 .16) .162 .068 -.lfi -.4?6 .461 -.)tt .o24 1.000
phosphorous .4BB .565 .lto -.126 .z7B -.ttó6 -.) .5rt -.069 -.u+5 .11r. 1.000
q¡Êrtz -.49+ -.605 -.9? -.J7) -.4?9 .5SB .nz _.5o) .zz) .5?r _.rlo _.104

Tota1 clay _ ôrorntnerals .vç/ -.2t9 -.362 .094 .r5B .44 .060 _.186 _.oS? .j7? ,z9B _.25u

Feldspar: -.L?7 -.Ì69 -.5)r _.o89 _.t70 . *g .6J7 _ .r' _,1+? .J7) _ . 1|t} _.285

calctte .?6\ .?40 .&5 .jU9 .161 -.Blt _.91? .Bz.) _.uzl _.256 .*6 .ttr6
Dolonlte -,)95 -,24r .4B,+ _.rz8 _.L45 .0t6 .z7r .r4? .?l+ _))g _.jù7 _.o52

H

æ



TabIe 4-4 (cont.)

Expandable
clays

Llllte

Kaollnlte+
chlorlte

Zlnc

Copper

s11r

CIaY
(srze)

l,lol sture Or6anl c
content matter

-.24o -,)6r

.355 .477

.099 .198

-.o20 -.r52

-.fri -.16s

.48 ,4ù7

-.554 -.54)

Total
carbonate pH Eh

-.)2O .1oo .24O

.5t? -.006 -.r?)

.r.50 -.0)6 -.).9)

-.loo -.2t+7 -.d+r

-.9n -.zfr -.r24

.752 .109 -.054

-.619 .0oo .rJ/

Potasslu¡¡ Sodlul

.222 .111

.4o2 -.2)6

- .r5? . o8o

.040 -.006

. 5r8 .603

-.6ss -.r+91

.601 ,U+7

Cal-clu¡o Magneslun Iron

-.)9o -.o25 .)?B

.581 .ü7) .5r0

.o79 .Lzr -.?t4

-.268 -.o19 .o24

-.58r .oE+ .92

.?)9 .t?6 -.720

-.64+ -.100 .67)

l{an6anese

.007

-.0I+0

-.L92

-.224

- ' 19¿+

.rz7

- .100

Phosphorous

-.160

.100

.1rg

-.118

-.222

.4r7

-.585

H
t!



Table 4-4 (cont.)

Total clay Expandable Kaollnlte+ Clay
Qtrart,z nlnerals Feldspar Calclte Dolomlte clays llltte chlorlte Zlnc Copper Stlt (slze)

$¡artz 1.000

Total clay _J66 l.oo0nrnerars

f'eld.spar ,)33 -.246 1.000

Catclte -.468 -.158 -.445 1.000

Dolonlte .365 -.508 -.424 -.1.44 1.000

Ex¡nndabre .o0o .is} -.ooz -. l0r - .)oz r.0oo
clay s

Illlte -.138 -.n6 -.061 .422 .j49 -.BT I.000

xaotrnlte+ .ot+5 _.432 .116 .o24 .Í/? _.655 .4n r.0oo
chlorlte

zrnc J9 -.r5o .n5 -.Lt .t6? .oo? .021 -.087 1.000

copper .45l -.020 .26? -.1¡S -.011 .O9? -.)O? .On -.o74 1.000

sl]t -J35 - ?¡I9 -.9r .611 .j4? -.464 ,5ú .24o .0lB -.401 1.000

9r1v . .jo9 .4rz .J9L -.569 -.2r9 .4?? -.a+? -,2/? .049 .360 -.98? 1,000
(slze,'

H
(¡)
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D-3, however, exhibíts relatÍvely thicker sections of darker colors,

greys and hlack (2,5Y 2/Q to N 3 to N 2,5) than do the other cores?

The sedinent is generally poorly laminated, Core D-3' however'

tends to be slightly better larninaÈed wÍÈh well-developed thin to medium

(1 mm to 5 mm thickness) even, parallel laminae present in the lower 5 m'

4.3.2.2 Sediment mineralogY

Mineralogically, the pre-modern post-glacial sediments are

similar to the modern surficial sediments. Quartz, carbonaÈe minerals,

and clay minerals usually make up over 907" of the mineral suite with

feldspars (dominantly plagioclase) generally comprising less Ëhan 10%

(Figs. J-2, J-7 and J-12). Calcite is the domÍnant carbonate mineral

(L5 to 457.) in the upPer 3 to 4 m of sediment' but its abundance decreases

below this depth to values of less than 10%. sirnilar to the surface

sediment, most (70 to LOO|Z) of the calcite in the upper 9 m of sediment

is high-Mg calcite with MgCO3 contents ín the calcite ranging from 3 to

14 mole percent (FÍgs. 6-9 and 6-10). ImporÈantly, ít is actually the

abundance of this high-Mg calcite that accounts for the variation with depth

in Èhe total calcite profile. The low-Mg calciËe in the sediment of D-l

shows essentially no variatíon wíth depth'

DolomiËe,incontrasËtocalcite,showsageneralincreasein

abundancewithdepthrangingfroml0toL5T.intheuppersectionsof

sedÍment to over 4OZ in the lower units (Fígs, J-2, J-7, and J-Iz)'

overall, the toËal carbonate content of rhe sediment decreases with

depth in the record.
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Both quartz anð feldspar show an increase in abundance with depth

(Ïigs,J-2,J-7,andJ_12).ThetotalclaymÎneralcontentshor¿sonlya

very slight increase with depth in cores D-l and D-2 (nigs, J-2 and J-7)

but a strong decrease in the lower part of core D-3 (Fig' J^L2) ' The

relative abundances of the major clay mínera1 groups - i1liEe, expandable

l-attice clays, and kaolinite plus chlorite - show rather sporadic and incon-

sistent trends with depth (Figs' J-3, J-8, and J-13)'

Inadditiontotheexpectedsignificantcorrelations,suchas

between calcite and total carbonate (r = 0.65; Table 4-4), the calcite

trend also shov¡s good positive association with the moisture content

(r=0.76)andorganicmatter(r=0.]4)variationsbutsignificant

negative correlation with the clay trend (r = -0.56). Quartz also tends

to vary inversely with organic matÈer (r = -0'60)'

4.3.2.3 Chemical CharacterisËics

Among the elemenÈs analyzed' in this study, poËassium' sodium'

iron,manganese,andmagnesiumcontenÈsincreaseslightlywithdepth,

whilecalciumandphosphorousdecrease.Thetrendsofallelementsin

cores D-1, D-2, and D-3 are shov¡n in Figures J-4' J-5' J-9' J-10' J-14'

and J-15. copper shows little variation with depth in the cores, but zinc

exhibits strong, erratic fluctuations above baseline values in cores D-l

and D-2. The cores become slightly less reducing (1ess negative Elù with

depth, whereas pH shows no consistent trends'

The trends of the elements Na, K' Te' and Cu are all strongly

posiÈivelycorrelatedwitheachotherandinverselycorrelatedwithCa

(Table 4-4). Similarly, calcium and phosphorous contents follow closely

the trends of organic matËer, moisEure content, and sÍlt, and are inversely



114IJJ

related to ðIay. The K-Fe-Na gr-r',rp shows the opposite relaLÍonshÍps

r^r-i Flr t-hpco nJì\rci ^--l ts^rÕ.rrL4.L lrdl dlltELçI ù .

negative correlal-ion \¡rith noisture content, organic matter, and silt.

Calcium content sho\^rs'tlie expected significant positive relatioriship

with the carbonate mineralogy variables (total carbonate and calcíte)

and inverse correlatior-L with quarLz and f eldspar trerrds.

4.3.3

l, 1 I 11.J.J.I

i.e., positive association \./i[h clay and

Some of the most distinctive and important deviatj-ons from

the paramgter trencls clescribed above occur inttzones" scattered tÌrroughout

Þlarher Zones

tl.o .l ôôñ ^^rêc Çnmo nlr:rmêf êrq -,,^1- -^ *"'-i,-tsirrÞ nônf ptìl- \râf V ^^-^;l^--1-1"s;UCtl aS llI(JI5LUrË LU!lLEllLr vdr) LUltÞruçldulJt

whi I e of her Drrânìeters do r-loE.t'*_*'

Introductior-t

to another also differs. The term marker horizon is used fo:: these zones

whích are easily

^1-^-^^F^-'i^+'i^-LLtd!dLLsLrÞL!Lùt

the South Basin"

/,'¿'\)

recognized both vÍsually and by distinctive parameter

and can be traced and corrêlate.d over long distances in

features or changes ín paralneters. Alfhough ser¿eral of the following

characteristics, suclì as color, moisture content and structure, are conìmon

The clesree of vaïiance f ronì one t'zone"

The marker horizons are characterized by several distinctive

to al.l of the narker horizons, all are not.

Cl-raracter is t ic s

marker zone

[han tl-re lov¡er zones; therefore, rnany of the examples and illustratlons

^1.^-,-i -.- r-l-^ ..-v-isnowrng Lne varrolls

the cores ancl clepchs

IS (rônêrr'l I r¡ l-he i¡oqf' dor¡el nnr.d

and summarizes the main characteristícs Þresent in each zone.

features will l¡e derived .from it. Appendix L lists

in whÍch marker zone characteristics are identífied

The upper (youngest)

and lras been cored more of ten
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1. Color. The zones cormnonly exhibit a gleyed dark greenish

grey (5GY 4/1) color. This is often in sharp contrast to the dominantly

dark grey (5Y 4/L to 5YR 4/l) colors of the rest of the sedíment column.

2. Moisture content. One of the most distinctive characteristics

of the marker horizons is a sisnificant decrease in moisture content

relative to the overlying and underlying sediment. At the upper marker

horizon this decrease in moísture content ís abrupt and Ehe change can be

as much as 60% from that of the overlying sedimenÊ over a vertical distance

of less than 5 cm. For example, Figure J-6 shows an abrupt decrease ín

moÍsture content at the upper narker horizon (295 em depth) and several

lower marker zones at 605 cm, 757 cm, and 895 cm in core D-2. The lower

part of the horizon cornmonly grades into the underlying higher moisËure

sediment over a greater vertical distance.

3. Structure. The marker horízons commonly exhibít a very

distinctive angular, blocky structure (Fig. 4-4). Thís structural

development, or arrangement of aggregates of particles, is in sharp

contrasË to the essentially smooth and structureless overlyíng and

underlying sediment. Although fíne to coarse angular, blocky structure

similar to ÈhaË shown in Figure 4-4a ís the most coTnmon form developed

in the marker horizons, ít is not the only kind. The upper marker zone

in core 23 (Fíg.4-4b) shows a nodular to pelletal structure. The

aggregates of this sediment are well-rounded and nearly spheri-cal with

sizes between a maximum of 9 mm and a mínimum of I rnm. These pellets

are firm and packed moderately tightly in a sofËer clay matríx. Hand lens

and microscopic examinati-on of individual pelleÈs does noË reveal any type

of accretíon laminatj.on or any visible nuclei. Cores 42 and 45 also

have similar-appearing, closely-packed, rounded pellets. Likewíse,



Figure 4-4a. Examples of angular blocky structured narker zones in
core D-1. The core has been split into two halves. The numbers
on the core refer to the depth (in centinetres). The top of the
core is to the left in each case. The bar scale is 15 cn Iong.
The contact between the blocky marker zone and the overlying
structureless sediment is indicated by an arrow.
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Figure 4-4b. Example of pelletal structured marker zone in core 23.
In the upper illustration the top of the core is to the right. The

length of the key is about 5 crn. The lower illustration shows a

closer view of this same pelleted marker zone. The bar scale is
1 cm 1ong.

L3l
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sections of core D-l (.441 to 473 cm and 746 Lo 752 cm) are described as

"lurqpy" pelleted clay with the rounded grainE floating in a softer clay

matrix (see core description in Appendix I) '

A third type of structure exhibited by the marker horj-zons is

a crumbly to granular structure. This is similar to the normal angular,

blocky development except that the aggregates are smaller and not as

compact. This crumbly, almost friable, structure seems tò be

with the lowest \^Iater conËent in this zorLe'

Final1y, the marker horizons occasionally exhibit a

or Columnar Structure. The variaÈion from the irrore ttnormalt'

structure to thÍs prismatíc structure may occur r^'ithin a single zone in a

core.

4. Root fibers. The upper marker horizon in cores 3' 2I' 26'

39r 40, and 47 contain scattered to abundant rootlets and organic vegetal

fibers.ThesecoresarerelativelynearthePresentshoreline.

5.Contacts.ThecontactbetweenthemarkeTzof.|eandthe

overlying sediment is, almost without exception, sharp and well defined.

There ís usually no recognizable or measurable Ëransition zone from one

typeofsedimenttotheother.Thelowerboundaryofthezonesisnot

as well defined, with its characteristics transitional over as much as

10 to 30 crn. A problem arose in trying to delineate the lower boundary

of the marker zones because the nature of the sediment in these zones

(i.e., blocky, crumbly' friable, dry, etc') often prevented full sediment

core recovery.

6. Texture, In all cores analyzed' the upper marker horizon

is associated with a significant change in grain síze, Generally in the

associated

pr ismat ic

angular, blockY
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more offshore locations (such as cores D-I, D-2r 23, and 28) the sediment

ín this upper marker zone is considerably more clay-rich relative to the

overlying material. In core D-1, for example, the mud overlying the uPper

marker horizon is approximately 75% síLt and 25% clay, whereas the blocky'

dry sediment r¡Tithin the upPer marker zone is about 75% cl.ay anð 25% sil-t

(Fig.J_1).Thelowermarkerzonesgenerallydonotshowasignificant

textural change.

T.Othercharacteristics.Inadditiontotheabovefeatures'

the marke r zones are also recognized as being non-laminated' generally non-

fossiliferous'sticky,andcompactrelativetotheoverlyingmaterial.

Table 4-5 identifies those quantitative variables whose means sho¡¿ a

staEistically sÍgnificant difference above the uppermost marker zone versus

within the zone in cores D-1, D-2, D-3, and 23, Notable is the facË that

there are relatively few significant and consistent changes in either

mineralogyorchemistryacrossthehorizon.Oftheelementsandminerals

evaluated, only Mg, and the mole % of. l4g in calcite, shor¡ a significant

consístent variation at the marker horizons in each core analyzed'

4.3.3.3 Distribution of marker zones in cores and their
correlation and lateral extent in the basin

l^Iithinasinglesedimentcoretheremaybeanumberofmarker

zones having some or all of the above characteristics' Fígure 4-5 shows

the vertícal distríbution of these zones in seven cores in a south to

north basin profile. on the basis of stratigraphic position, underlying

and overl-ying sediment characteristics (specifically mineralogy and texture) '
11,

and -*C chronology, two and possible three of these zones can be correlated

across the basin.



TABI,E 4-5,
NATME A}.ID STAT]STICAL SIGNTFICANCE OF PARAI4E"iER CHANGES

AT THE TIPPERI'IoSÎ I'IARIffi HORIZON ]}I THE SOI.TTH 3ÂSIN

PararDeter

Moisture Content

Organlc Matter

Sa¿rd

Clay

Eh

¡16

Fe

ù1n

P

quartz

Feld.sPar

Dolonite
Tota.l Clay Mlnerals

Expandable Clays
Tll{+ô

Kao1lnlte Plus
Chlori te

Ca1clte Plus Dolonlte

Total Carbonate

t'16 ln Calcite

D-l

**u

+*u

Cores
D-2

t*u
f**' r

]-4I

HU

*+L

*L

+L

p-3

**u

**u

*U

*L

23

#U

f*+u

f**u
f**L

ffrr

f*t,

+*1,

+U

*L

**l

tr

ftr

+*L

t+u

*tu

f**u

**L

f#L
*U

I
HL

f

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N. D.

N.D.

N.D.

f

f*L

A blank lndlcates that there 1s no statlstlcally slgnlflcant d'lfference betnee:1
'tne-para.¡neter 

nearì ln the sedlnent lmrned.late1y overlying the na:cker zone versus

the pararneter mean withi-n the sedinent of the ¡larker zone'

* Deans are slgnlflea.ntly clLfferent êt ¿ = 0'01

# neans are slgnifle,antly d-lfferent at l' = 0'001

u = nean above the narker zone is higher

L = uea¡r within the na¡ker'zone is.higher

f = the tno nea¡¡s falled an F-test (1.e., tt¡e va¡fa¡rce of the t¡ro
Ês¡Pfe grouPs ls not equal)

N.D. = paraneters not deter:Elneal

+L

r-tu

f*l

++L f
f*u f{*u f*u

f

f,U

**L

I

*U

*U

f **u *u

*+U *rìl r{U *}U

N.D.

N.D.

N .D.
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The uppermost marker horizon can be correlated with the most

confidence. Wherever the upper 4 m of sediment was sampled, this marker

horizon \,7as encountered. It is present in cores 23, 26, 27, 28, 37, 38'

39, 40, D-l, D-2, and D-3; and may be represented in cores 3, 2L' 25' and

32 (see location map, Fig. 2-I). FurthermoÏe, i-ts presence is confirmed

by hand augering and soil tube samples below the terminal depth of the

cores at locations 41r 42,45r 46, and 47, An elevatÍon contour map

(Fig. 4-6) of the top of the uppermost marker horizon sho\'¡s that there is

relatively 1ittle topographic relief over much of the horízon in the main

part of the basin.

Proceedíng dovrnward from the uppermost marker horizon in core

D-2, a series of zones (or possibly one continuous zone) are encountered

between core depths of about 350 and 500 cm. Although core recovery \¡Ias

poor, the zones are distinctively dry and show various degrees of angular,

blocky to pelletal structure and a dominant 5GY 4fL coLot. A similar and

probably,inpart'correlatíveintervalispresentincoreD-lbetween

about 440 and 480 cm, although poor core quality and recovery in thÍs

section makes preci-se delineation and correlation of these zones in the

tv/o cores difficult. core D-3 does not show an equivalent zone'

Belowthis,thenextcorrelablemarkerhorizonr.lhichÍs

identífied in al1 three deep cores occurs at about 750 cm depth in both

D-l and D-2, and at 675 cm in D-3. Again the zone in all Èhree cores is

characÈer ized as firm, sticky, and dry with a blocky structure and gleyed

co1or.

Approximately t m below thís horizon in cores D-l

marker zone can be identified with similar characterisÈics'

and D-3 another

Although a
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corïesponding dry and distinctly bloeky zone Ís missing from D-2, the

corresponding interval has the dominantly gleyed, dark greenish grey color

characteristíc of the other marker horizons'

FÍnally, at approximately 1.5 m below the 810-cm horizon in core D-1,

still another dry, blocky zone is present. This lower-most zone in D-l

cannot be precisely coïrelated to either D-2 or D-3 because of poor core

recovery.

4.J.+

4.3.4.I Southwestern area anomaly

The tareer of the two relict sand areas exposed today at the

bottom of the South Basin is l-ocated abouÈ 10 kn norËh\'rest of Delta'

Manitoba. Four cores within this area have recovered up to 75 cm of

coarse-grained sediment. In addition, stratigraphic "probingil with

a soil auger beyond the terminal depth of these cores indicates that

the thíckness of this coarse-grained materíal is in excess of 150 crn'

The surface sediment at core location I (refer to Fig. 2-1 and

Table 4-6) has the finest mean grain size (2.3 phi) and location 43 the

coarsest (1.9 phi) Table 4-6 also shows thaË there ís little variation

in sorting, skeumess, or kurtosis. The surface sediments in this area

exhibit little change in moisture content (14.2 to l-5.I7"), organic matter

(0.4 ro 0.77.), Ëoral carbonate (3.4 to 6.8"a , qltarrtz (71 to 79%), feldspar

(14 to lB%), calcite (4 to 57"), doLomite (2 to 77") ' or any chemical

variable within this area (see Appendix D) '

The boundaries of the unit on the lake floor are quite sharp

as evidenced by the abrupt change in grain size betr¿een locations 48

Description of Relict Sand Areas



Tablc 4-6'

Summary of graln slze d.lstrlbution characterLstics a¡d variation ln cores located. r¡lthln the
anamolous area of the southwestern porblon of the ì¡as1n.

Locatlon fìo n* l.r I nuvy vr^ ¿¡r

sedlment
("^)

0-2
¡ltL--r

l0-12

)v- ))
tin-l-l e

50-52

v-¿
4-6

10-12
1B-20

0-2
20-2)

v-¿
1^ t1
-LV-I¿

.v- a)
1\J- 't 1

ev-+J
50-5)
60-6)
70-7 )

Sand. Sil-t CIay I'lean Size (ø) Sorbing Sker-mess Kurtosls

100
QA

OR

100
aìô
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2..)
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2,7
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2,)
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2,0
¿.+

¿,v
¿.o

tÔ

¿.¿
Z,T
1,é
2,)
¿.+
IQ
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0.¿ró
0,90
o,7t+
0.51-
o. &+
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o.9z

:

0.58

U. OJ
0,y
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0.95
l.. UÞ

+0 .10
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-v.ra
-0.0I
-0.l-2
-0.09
-0,62

-t_u

-0.12

-0.14
rl lrì

:

-v.()

-0,24

).85
4,20
o. yu
\+.L¿
4.95
J. ov
2R)

t_rt

6.2r

?RI

5.7 8

4.2r

),89

0
l
-a
0
I
0
T

0

0
0
0
U

0
0

H
Þ.
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99
aq
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QA
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99
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ggr0//
98?.0
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9820
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I
I
I
t
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(sand), 8 (silty clay), 30 (sand), and 3l (clayey silt) which are only

2 to 3 km from each other (see Fig' 2^I)'

4.3.4.2 MarshY Point anomalY

A second, srnaller area of rellct sediment identified in the

South Basin is located offshore from Marshy Point. The surfacesedÍments

in this 30 kmZ area are sandy gravels and sravelly sands. rgneous and

carbonate grains up to 30 mm diameter I¡IeÏe recoVered in coring Operations'

Two cores (20 and 21) penetrated the sediment to a depth of 25 cm'

Althoughcorerecoveryv/asverypoor,thesedimentunderlyingthe

coarse-grained surface material is described as gravelly, sandy clay'



SECTION 5

STRATIGRAPHIC STIBDIVISTON OF T'IIE POST_GLACIAL
SEDIMENTS OF LAKE MAN]TOBA

5.1 BASIS OF I]NIT DEFINTTION

Six lithologic units have been identifíed in the post-glacia1

sediment record of Lake Manitoba. I.Ihile many of the various sediment

paraneters analyzed in this study are of sone use in defining, delineatíng

and correlating these units in the subsurface, the most useful characteris-

tics and features of the record are: (a) grain síze; (b) bulk mineralogy;

(c) carbonate mineralogy; (d) stratigraphic posiEíon and unit thickness;

(e) sedimentary structures íncluding bedding characteristics and the

presence or absence of

content. In addítíon,

defined and correlated

in Section 4.3.3 and discussed in Section 6.2,

148

These six units, defined A, B, C, D, E and F (from bottom to

top), are shor¡n on the parameter profiles of Appendix J. Core descriptions

can be found ín Appendix I. The main distinguíshing characteristics of

the six units are summarízed in Table 5-1. The average values of the

various physícal, chemical and mineralogical paraneters for each unit

ídentified are tabulated in Tables 5-2 to 5-8 and shornm graphically in

Figures 5-1 to 5-3. A south to north basín cross-section (Fig. 5-4)

shows Ëhe stratigraphíc relationships of these units.

floating clasts and granules; and (f) moisture

the boundaries of most of the unít.s are, in part,

bv the Dresence of the basinwide markers descríbed



Table 5-1

UNIT F -

Summary of main identifYing
stratigraphíc units Ín the

Very silty although less so than in Unit E; Calcite very
trlgir (Uasin maximum) risÍng toward top but with a lower mole
peicent M*CO^ than in UnÍt E; Dolomíte low; High moisture

"orra.rra; 
iotåf organic content maximum with upward increase'

Very sílty (basin maximum); Calcite high to very high'
rising toward top wíth maximum mole percent MgCOj in the
calciie; Dolomite intermediate in value; HÍgh moísture
contenË; Total organic content higher than all underlying
units but lower than in UniË F.

Clayey; Calcite high with increasíng values toward top;
Shaip increase in mole percent MgCO. in calcíte at base;
Dolomite low to moderate with decreásing values toward
top; Intermediate overall moisture content with numerous

dry zones; Upper boundary is the youngest dry zone in
basin.

Intermedíate in silt and dolomíte content between the
very high values of Unit B and the low values of Unit D;

Calcite content rises above low val-ues of underlying units
and feldspar falls below values of underlying units; Low

moisÈure content with dry zones withín unit'

Very silty wíth some sand at base; Maximum dolomite content
and low calcite content; Oldest occurrence of Mg-calcite;
Inlell-laminated with scattered dry zones within unit and in
top; Low moisture content; Feldspar less than ín Unit A but
greater than in Unít C.

clayey with abundant granule- and pebble-sized clasts; Low

caltite and 1ow to moderate dolomiÈe conËent; High feldspar
content (basin maximum).

UNIT E -

UNIT D -

characteristics of the six
South Basin of Lake Manitoba.

UNIT C _

L49

UNIT B -

UNIT A -



Table 5-2

Summary of average parameter values of the six stratigraphic urtits recognized in the post-glacial
sediment record óf Lrtu Manitoba. Based on analyses of cores D-I, D-2, D'+3, and 23-
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5.2 UNIT A C-see Table 5-3)

Unít A is defined at the base of all three deep cores in the

basin as welf as in core D-4 located on shore near Oakland (see Fig. 2-1)

It is present from approximat.ely 1080 cm to the base of the core in D-1;

from about 1000 cm to the base of core D-2 (poor core recovery between

915 and 1015 cn depth in D-2 prohibits exact delineation of uppel

boundary of Unit A Ín this core); from 883 cm to the base of the core

in D-3; and from i142 cm to 690 cm in core D-4.1 In holes I^l-1 and tr^l-2

in the southwestern corner of the lake about 1 to 2 krn offshore from Èhe

Inlhitemud River (drÍlled, described, and analyzed by Manitoba Hydro ín L977) '

the lower 3 to 5 m of brov¡n and grey, mottled, plasËic, silty clay with

"gravel,' and "silt pockets" is ínterpreted as Unit A (see Appendix I).

Theunitis,ingeneral,aslightlytomoderatelysiltyclay,

with up to 95% of the material finer than B phi. The clay content averages

about 7I7. and is the highest of all the units. Furthermore, if the relatively

coarse clastic material of the silt and ti1l clasts is eliminated from

the grain size analysis, the average clay content of the sediment is close

to g5%. Both moisture and organic contents are relatively 1ow although

not the lowest in the section. Color is dominantly dark to very dark grey

(5y 4/L ro 5y 3l:-) and dark olive grey (5Y 312). hreak olÍve brown $'f 414)

staining 1s present on some of the clasts and pebbles wi-Ëhin the uniË

in core D-3.

The carbonate contenË of Unit A is relatively low with very low

calcite and moderate to low amounts of dolomite, There is no high-Mg

lunderlying unit ,A. in core D-4 is a gravelly, silty, sandy clay interpreted
as till (see description in Appendix I).
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ssnð (f)
sllt (Í)
ctraü (l)
ilolett¡re (l)
0rgqnr c lfatter (f )
er¡Ârt'g (f)
Feldspar (É)

Tot¿I calclte (É)

fr ÁSæj ln calclte
Ésh-rã calclte (f)
DolodtÆ (f)
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D.lltÆ (f)
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ct¡ortte (Í)
pH

Eh (rv)
K (fr)
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cs (f)
v,8 ç)
Fe (f)
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P (t)
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Tab1e 5-3. tlnit A Paraneter Statistics
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calcite present. The total clay mineral content is hígh with the

expandable lattíce group dominant over the illite and kaolinite plus

chlorite groups. Feldspar and qvariLz contents aTe also high.

Chemically, Unít A is characterized by comparatively low values

of calcium but high amounts of sodium and potassium.

The unit is also easily recognized by its massive and non-

laminated to very poorly bedded appearance, a disËínctly plastic to

sticky fee1, and the presence of scattered to abundant clasts and "blebs"

of silt, clasts of till, and pebbles floating in the fíne-grained clayey

matrix. In core D-l, the relaËive abundance of these clasts of unconsolidated

sediment and pebbles increases below about L234 cm depth. Sirnilar zones

of high clast and pebble content are evídent in the unít within cores

D-2, D-3, and D-4.

The maximum thíckness of Unít A ín the South Basín of Lake Manitoba

is unknown but is in excess of 4 m. The contact of Unit A with the over-

lying unit B is identified in core D-1, in part, by a weakly developed

markeï horizon in the top of Unit A. This marker zone is not identÍfied

ín D-2 because of poor coïe recovery, and is absent from D-3 probably

because of signifícant erosíon and sediment removal associated with the

períod of low vrateï and/or subaereal exposure afËer deposítion of the unit.

5.3 I]NTT B (see Tables 5-4a and b)

Unit B overlies Unit A in each of the long cores in the Lake

Manítoba basín. IÈ is present between depths of 807 cm and 975 cm in

core D-1, 887 cm to about 1000 cm in D-2, and 750 cm to 883 cm ín D-3.

Although UniË B cannot be precisely delineated frou the stratigraphic

description and information available on dril1 holes tr'I-l and W-2, the
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Table 5-4a. Llnit B Parameter Statistics

saoô (f)
sut (f)
clay (S)

Holsture (l)
Organic l{attc (l)
q¡srtz (f)
Feld.spar (f)
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Table 5-4b. Detailed grain size analysis of samnles from Unit B.
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lower 2 to 3 m of silt and sand-rich sedÍment overlying the clayey, silt

clast-rich material is probably equivalent to unit B (see Appendix r).

Unit B is recognized from the underlying and overlying units

primarÍly by its distinctive textural- and mineralogical parameters, the

presence of well-developed laminae, and the presence of marker horizons.

Unit B ís, on the average, a clayey sílt but can consist of up

Lo 96% silt-sized material (Table 5-4a). This is in sharp contrast to both

Unit A and Unit C which are considerably more clay-rich. Detailed grain-

size distribuËion analyses of several samples from this unit shor,l that

the sediment is moderately sorted with a mean grain-size in the medium silt

range (Table 5-4b). The graín-size relationships exhibited by the unit in

D-3 suggests a gradual coarsening upward from about 70% silt plus sand/

30% c1ay at the contact with Unít A to about 959l silt plus sand/S% cl.ay

near the top of the unit. Sedlment colors are someürhat more variable

than those of the underlying unit but are dominantly grey to very dark grey

and dark olive grey (N.5 to 5y 4/I, 5Y 3/1 and 5Y 3/2) and olive (5Y 5/3

and 5Y 5/4). Both organic and moísture contents remain very 1ow.

Unit B ís also identified by its very high dolomite content which

is the maximum recorded in the lacustríne sediments of t.he basin. Calcite

content remains low but is slightly higher than that of the underlying

Unit A. The calcite in the upper B0 cn of the unit in core D-l conÈains

up to 4 mole percent MgCOr. Feldspar and qvartz contents remaín relatively

high. However, the percentage of clay mínerals ís the lowest average of

any of the units.

Chemically, Unit B is marked by high average values of Mg and

Ca and a considerahly higher (less reducing) redox potential relative to

the underlying and. inunediately overlying units.
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Unit B. is also easily distinguished by its r¿ell-developed bedding

characteristics. Thin to rnedium (1 to 3 nnr) ' 
even, parallel laminae are

very common. This larninated bedding is usually enhanced and sharpened by

both a color change (light to dark variaÈions) and a corresponding

distinct textural change (sandy and silty to clayey and silty) ' "Floating"

clastsandpebblesrwhicharecofilmonínUnitA'arerareinUnitB'The

unit contains several scaËtered marker zones and overlÍes Ëhe marker

horizon developed in the top of unit A. The upper contact of unit B

also is identified by a firm, blocky' dry zorle at 807 to 839 cm in

core D-1 . Although a typical dry, blocky horizon \'ras not recognized at the

top of unít B in the other deep cores, the corresponding interval in D-2

does have a gleyed, dark greenish grey (5GY 4/1) color'

ThemaximumthicknessofUnitBintheLakeManitobabasinis

1.6 m in core D-1.

5.4 UNIT C (see Table 5-5)

UnÍtCoverliesUnitBineachofthethreelongcoresofthe

basin.Ttispresentbetweendepthsof'T35cmandB0TcrnincoreD-1;

T5TcmandSSTcmincoreD-2;and6T5cmandT50cmincoreD_3.Unit

Ccannotbedifferentiatedfromt'heoverlyingandunderlyinglacustrine

sedimentínthedeeprotaryholesl^I-1orW_2onthebasisofthelimited

informatÍonavailablefromthesetwoholes,anditisnoÈpresentincore

D-4 (see APPendix I) '

Unit C is distínguished from the underlying UniÈ B and the

overlying Unit D chiefly on the basis of its carbonate content and

mineralogy,texture'andpresenceofr¿ell-developedmarkerhorizons.
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Table 5-5. Unit C

ssd' (l)
sl1t (f)
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FeldsPar (f,)

lotaL calclte (f)
S ¡teco¡ ln calclte

¡¡rsh-xá cs]clte (f)
Doløltæ ($)

lota1 GLaY Hlnerals

Erpa¡dsble L¿ttlce
[¡'ays (f)

nut¿ (f)
Eaollnlte +

cnrorlte (f)
pH

Er (tt)
E (f)
x8 (f)
cl(l)
rs (f)
rc {l)
r¡ (f)
t (ú)

c" (PP)
u þp)

Parameter Statistics

l{ea¡

6.0
47.3
l+5.6

æ,5
5,7

zg,g
6.?

7.4
4.0

5.8
25,0

ç) 31'1

t+,)

n.l
35'9

7,9
_170

L.7g
o.7z

7.97

,.49
3.L2
o.058

o,g7z

æ,)
95

Stå¡ld.ard
Devlatlon

/+B .3
'-6.0

9.4
L5,5
6,2
0.8

5,2
L,5
,.:

2.6

6.?

?J.6

L7.5

L6.2

0.1
80

0.0¡+1

0.0ó

o.6?

o.!
o.{¿+

0.010

0.014

5.t
l:o25

t62

11

Lt
11

L2

L2

11

u
11

1

1

11

u
10

10

10

10

10

7

?

?

7

?

7

7

?

?

Bange

0.2-26,)

n,2-68,r
5.0-60.8

??,?J*,5
3,9-6,9

20.7-35.O
L+,Ç9.6

4.o:rl.o

Lg,7-29,?
20,T42.7

o-fi.L

19.2-66.6

20.9-67.3

?,u8.1
+20 to -zfl

1.1+lþ2.03

0.6 .-0.82

6.5r8.9
2,y'-3,98
2."1Þ).69

o.o5o-0.085

o.ol+o-0.085

2r-35

*T.t6



l-63

The unit is, on the average, a silty clay and slightly finer-

grained (rnore clay-rich) than the underlyÍng Unit B but coarser-grained

than Unit D. In core D-3, the sediment is marked by a relatívely high sand

content and is, in the lowermost portion, a sandy, clayey si1t. Sediment

color is dominantly gleyed, dark greenish grey (5GY 4lI) throughout the

recovered section. Sinilar to the underlying units, both organic matter

and moisture content are very low.

One of the main criËeria in distinguishing Unit C from the

underlying Unít B is its relatj-vely lower dolomite content (average of

25% versus 37%). Conversely, the average calcite content is more than

double that of Unit B. Most of this calcium carbonate is 3 to 4 mole

percent Mg-calcite. The clay mÍneral content is consíderably higher than

thaÈ of the underlying unit reflecting its finer-graÍned nature, with the

itlite and kaolinÍte plus chlorite groups dominant over the expandable

lattice clays. The feldspar content is lower relative to UniË B.

Chemically, both the Ca and Mg contents of Unit C are lor¿er

than those of Unit B, undoubtedly in response to the dramatic decrease

in dolomite values. Fe is intermediate between the high values of Unit

A and the lower values of Units D to F.

Although present, the laminations of Unit C are not as distinct

or common as in Unit B. The unit is also separated from the underlying and

overlying sediment by Ëhe presence of marker horizons. The blocky, dry

zone developed in the top of Unit C Í-s present in all three long cores.

The correlation of this marker zone is further confirmed by the significant

rise ín MgCOa incorporation into the calcite inrnediately above the horizon

(i.e,, in Unit D) in each long core. As previously rnentioned, the lower



mari(er zone scparating Unit C fr,rn Unit B is defÍnitely present only in

core l-l-1 , ln addÍtion, there is some suggestion that the entire interval

of Unir C is characterized by markcr horizon f eatures, l'lorvever, tlre dry,

blocky naturc of the unit preventecl good secliment recovcry over the

interval in each of the cores. Finally, Unit C is comparatively thín,

averaging about 90 cm.

5.5 UNIT D (see Table 5-6)

Unit D overlies Unit C in each of tbe three lons cores in the

L^ ^'i '^ r+ '^ --esent between depths of 330 crn and 735 cm in core D-l ;u4ùfrl. rL LÞ Prl

295 cm a1d 765 cm in D-2; and 245 cm and 615 cm ín D-3. In addition,

the rrnner narl of llnif D is nrpsent Ín the lowerrnost few centímetres

of numerous shorl and intermediate length cores in the basin. Although

the nrecise del ineation of the unit could not be macle in cores l^l-l and

W-2, it is probably present belor,v about 1.3 m deptlr in t^.1-1 ancl 2.6 m

clepf h in t,/-2. Unit D is not present Ín D-4.

Unit D is distinguished from the underlying Unit C and the

nrrar'lrrinn TTnr't- lì --i-1'' ^- tsl ^ 1-.-i- ^Ê its- av¡in airya nrrhnnof- marnry on Lnc Dasas oI aES gral!, or¿L, uqruvrra,e conËenE

and rnineralogy, moisture content, and organic matter. Unit D underlies

the uppermost marker horizon in the basj,n.

Texturally, Unit D shows littlc variation from a silty clay

lvhÍch is in contrast to the slightly coarser sandy to clayey silt of

lhc uncler'1 vinp IInit C and of the nr¡orl rrino ilni t E. Similar to the

¡rt-lr,:r ¡i¡r.itr;, tì,r.r ¡irain size of Unit D in core D-3 Ís slightly coarser

grained compared to the otl-rer two long cores because of its closer

position to the south shore of the lake. Sediment colors in D-l and

D-2 are a constant dark grey (5Y 4/1) except at the rnarker zones which

164
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Table 5-6. Unit D Parameter Statistics
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D (Í)
cu (pp)
sa (tr)

l{ea¡

T.?

4'0.6

5í/.?
43.5

5.7

æ.3
ó.1

t4.7
+,9

11.7

16.1

(Ð 3).8

n,0
28.?

n,6

7.9
-200
r,53
0,55

7,33
z,l*
2,n
0.078

o.065

æ,3
?2)

Stånd.a¡d
Devlatlon

-Lq 7
\1n

9.5
9.8
6.2
1.1
8.4
l+.8

6,7

1.0

5.O

5,3
?.1

14.0

9.0

8.1

0.1

50

0.18

0.09

L.l+2

0.qo

0.¡+o

0.0r0
0.010

.6.1+

tl16

165

48

l+8

4B

5?

57

9+

,4
54

r8
18

9+

9+

t+j

4l

4t

#
fi
26

26

26

26

?6

26

26

ú
26

Baage

Èn,9
z7.t+-66.5

T,O-7 5.?
y.r9-.6
,+,?-]..0,5

18.2- jil.o
2,2-L7,5

).0-n.9
0-8.0
o-2r,6

?,T28.6
La.247,8

2,0-67,4

15.il+6.0

L7.rf ,7

?.8-8.1
-130 to-J00

o.*-r,7 5

o,)3,-0,78

5,56-Lo.?8
2.r8-^).L2
2.28-.3.67

0.04þ0.110
O.01160.085

M7
+9-130t+



roo

are Lhe characteristic gleyed, dark greenish grey (sGY 417). The

color s j n D-3 are genera lly darher , tend ing Eor,¡ard blaclc and very clarLc

greys (N 3 to N 2.5, 2.5\ 2,510 to 2.5 Y 3/1). ltoisrure conr-enr

'tq nnnqrrl êrâlrlv lrioìler t[¡n ¡þg 'rrrr1 nr'l r'-îno ¡rrr-it. L'-F j.^ ^ t tOfvef thaftrr uvL¡rruvLouLJ ---o---- urlug!rJrtIË urtIL uuL Itr ËçrluL4I Il

that of Unit E. Organic content is low and rnacroscopic shell remains

are rare to comnron. Dr. I. Lubinshy (personal commLrnication, l-gl9)

reports that the sedinìent of Ehe loruer pa::E of Unit D is essentially

barren of benthic invertebrate remains (see Appendix C). A preliminary

exanination of the cliatoms in the sediment of UnÍt D by Dr. R. Carter

(personal communication, L979), horvever, reveals nuinerous species of both

plar-rltEonic arld benlhic diaEoms wiEh Fragilaria

ñi1-.r-ñ Mi^y^oi'.h^ñ1 ? êñ ¡nJ l-r¡nlnl-o-l l¡ crrrrrdó4r éu, r'rrLruÞrlrrrurrd ; Þtr. 4rru :J:j:::jjg ÐP.

(see Appendix C).

Unit D is also distingrrished from the underlying unit by a

-';^-i Ê-i^--+ -"'^-âase in cal-cite abundance and in the mole percent l1gC0"J!Ë)rrf I ILdIIL f rrL! s@ùç llr ud!LILs ouulluaLrLs orru rtrvf e yeL Lur¿ 
J

content of the calcite. In D-1 and D-2, the expandable lattice clays are

the dominant clay mineral group of the unit in contrast to generally lower

values in Ehe underlyíng and overlying uniEs. Dolomite and feldspar contents

are lou/er in Unit -D relative to Unit C. Chenically, the unít exhÍbits

lorv to intermediate values of Na, 1(, Ca, llg and Fe-

The sediment is generally very poorly lamÍriated to non-laminaEed ruit

the interval in.core D-3 exhibiting a slightly better laminaEed nature.

The upper and lower contacts of [[re unit are maT.ked by very tvell-developed

marker zones. The upper boundary rvitli Unit E is the youLlgest arrd besL

developed markel: horizon in the South Basin sediment. In addition, several

construens, StephaLrodiscus

as the most common
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distincf drv. þlnr-kv-sr ruetrìTed ,r,arker zones are Present \,/if hin Che uniE
t vrvvr!/

irr cores D-2 and D-I . Maximum thickness of Unit D is 4.5 m j.n core

D-2.

5.6 UNIT E (see Table 5'-7)

Unit E overlies Unit D in each of the three long cores as well

as in most of the interrnecliate-length cores in the basin. The unit j-s

clifferentiated from the unclerlying and overlying units mainly on Lhe

1^- -'i ^ ^{: -i È in size ' calci-te content , }lg content of the calcite tudSf 5 uI ILù ËLdllr ùr¿JEt LorL !Le

organic matter, noisture content, and stratigraphic posiLion overlying

the uppermost l¡asinwide marker horizon.

Unit E, in general, is colrsiclerably coarser grained than Unit

D, averaging about 2% sand, 642 sÍ.lt, and 347" clay, In the southern-

most portion of the basin, the lower 10 to 150 cn of the unit is sandy and

silty ranging from sandy silt ancl sancly, clayey silE to sand (1.9 phi mean

grain size). This coarse facies of the unit grades basinward and strati-

graphically upwarcl to clayey silt. Sedirnent colors aïe consistently dark

grey (5y 4/1) except in the coarser facies rvhere they are more variable

oïev rrì o1jve er^,, --,r hr.^r¿ (\y. 5l;- to 5Y 412 and 5Y 2.512). Moisture
ÈiL s) LU v!f, v u ór EY dlru Uf 4LN \J I

conLÉrrl t aveïages about 657" and is considerably higher than Unit D.

Organic matteï content is also l-righer than that of Unit D brrt lower than

f hp ower-l vinp llniL I1 . Ifolluslc sirells and fragments are conmon to abundant'

Lubinsky (personal comtnunication, 1979, see Airpendix C) reports llisÍdi9m sp'

¡\mr-Licola sp. and Valva.ta sp. as the mosL common mollusks in a sample

from core D-}, 200 to 208 cm. Carter (personal communication, I979,

see AppeDclix C) lists c,yclotella sp., Diploneis sp. and surirellS Pgisonis

as the nost common diatoms f rom the unit at 290 crn in core .D--1 
.
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TabIe 5-7. Linit E Parameter Statistics

saDd (f)
sl]t (f)
cIaY (l)
l{olsture (fi)

Organlc l'latter (f)
evæ+,2 (11)

Feld.sPar (Í)
Tþtål calctte (f)
I nñol ln calclte
rueÞ'ú carclte (Í)
Dolølte (Í)
Tota1 ClaY lllnern'le

Erendable Lattlce
i¿ays (f)

Iulte (f,)

Ka¡1lnlte +
Chlorlte (Í)

pH

Eh (t")
x (fr)
¡e (f)
6 (í)
xs (f)
re (*)
ËD (f)

" 
(fr)

cu (PP)
zn (Prn)

l{est

L,5
62,4

n,5
65,6

8,7

23,6

6.2

2.0'9

r0.4
18.1

17.8
(fr) 7.5

*,7
l+O,)

7,7
8.0

-2].0
1.31
o.53

10.15

?.?0

2.n
0.065
0.o71

28.4
29,5

8t¿¡¡d¡¡d.
Devlatlon

1.4
L?.9

L6,?

2,0
l+,1+

8.6

2.8

9.4 o

1.6

7.2
5,2
g.)

Lg.?

24,0

16.8

0.1
,+7

0.16

0.0?

2.01

0. ro
o.t+
0.000

0.001
¡+.t+

12,6
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v
32

32

105

103

48

48

¿18

14

14
tlB

Ir8

]6

16

t6

111

ItI
L7

T?

L7

L?

t7
L7

L7

t7
v

Baage

o-?),2

32.T9J.6
!4.r1y4..2
l+O.O-7),5

3. !-19.8
18.0-42.5
l+.6-II.9

5.Ç)2.4
8.4-14.5
8,y3È,2
g,r25,l

L6.?-l+6.9

0-6,6

L6,Ç6?.5

15,2-fi.)

?,9-8.5
-50 to -25o

o.grr.9+
0.3I{-0.71

5.42-L?,71
2,*-3,ù
!.&?.æ-

o.o¡+3.0.978

o.o?-o.ILo
?2-!+

' t+rr3o4
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Tlìe abunclance of calcilr: is slightly tiigher in Unit E than

in Unit D but is less thau that of Unit !'. The unít. is easily recognized,

horvever, by the very high Mg content of the calciLe which a-verages more tlian

twice that of Unit D and about 30% hisher Ehan the values showrr in Unit

tr nF tho n-l¡r¡ '.í-ar.'1 c t1.a il1if o or^rrn qhnr^¡q . -j^-i Fì¡¡nt irnrrrera_LS, Lnc r--L-.-- .., a s].gn1.I]-cant rnclease

in abundance corresponding to a decrease in the expandables relative to

Ft"^ ,,^-1 ^-1,,-i,.- ,,--í r lllraminn'l'lr¡Eue unúelryLlLg urlrL. vrrerr¡rusrrr, Unit E shgws a subsLanf ially hig¡er

cont.ent of ca and lowel: (more reducing) El-r va]_ues relative to unít
n

In general-, the unit is non-bedded and soft but shows a slight

increose in firniness with depth. Occasional, very indistinct color bandíng

and larninae arc visible, pärticularly in the sandy silt facies of tlre unit

in core D-3. No observable becld ing or laminations rÀrere presen t , however,

in cores i)cnL't ra l-ing the coarsest sand f acies of the unit (i. e. , cores 1,

2,3,41 ancl 43). The lower contact of the uniL is readily recognized on

a basin-wide scale as the uDDel:mosL marlcer horizon in the sediment column.

11l-.^','.^^-^^ñÈ-^f.r.-¡i|.hIInir]l.}.^''^'.^-f tlc UIJIJCI. (-Uff LcfL , -IUWEVE! t Iù IM dÞ ÞLL rAfrró drru r

iclentÍfied only on the basis of the cletailecl carbonatc mineralogy ancl a

subtle textural chanqe.

5.7 UNIT F (see Table 5-B)

The ultpermost unit recognized in the ¡rost-glacial sedíment recorcl

of 1,¿ike Manitoba is distinguished from the unclerlying, units n)airìly o11 the

basis of its calcite mineralogy ancl grain size. Âltliough Unit F is

probably present in the upper 0.75 to 1.5 m of sediment in most of the s.horl-
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Table 5-8. Unit F Parameter Statistics

saDd (f)
sl1t (É)

claü (l)
troleture (Ø)

OrgÞalc t{atter (f)
Sartz (É)

relilspar (l)
Total caldte (f)
t WaO, ln calclte
Hlsb-H¿ calclte (f)
Dolo¡lt€ (É)

lcrta1 Clay l{lnerals
BxpaadebJ.e l¿ttlce

c1ays (É)

D.I1t€ (f)
Kaol-{ nr te +

cl¡]or1te (f)
pH

Bx (.")
E$)
Ìte (f)
ce (l)
rc(f)
rc (f)
r¡ (f)
?ç)
cu (pp)
¡o (pp)

l{ea¡

0.9

5iì '2
42.)

74.2
]'4,2
n.g
6.0

?6,8

7.8
26,3

13.8

6) to.5

23,6

t+8.2

7,9
8.0

_rg0

l' 31+

o.*
J-3.ù
2.6r
2.L9

o.06?

o.0gg

æ.2
70.)

St¡¡d¡rd
Devl¡tlon

-L1 q
(:ô: 

é

18.7

18,?

1.9
7.4
?,t
5,2
7.4
2,O

7.?
4.1

9,7

æ,1+

æ.0

12.g

0,2
105

0.18

0.09

2,65

o,55

0.¡o
0.00r
0.0r0

7.3
10.4

D
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t5
35

35

106

106

v
n
7?

L2

L2

n
,l
L2

L2

L2

Baa6p

0-.9.2

n.,l#æ.,1+

?.ræ.5
62.L-æ,5
8.?-19.6

LO.2-?ß,t+

L.T?ß,0
L2.u+2,4
6.r9,8

24,L-4?.4

?.Ç*,?
L?,UF,4

0-50.0

32.ÇLW

o-p.0

7.y8.5
-75 rc -Zfl

o,&L,?5
o,n-0,67
?.61-16.13
2.rl+).6
L.6Ù2.t+

o.0llo-0.o77

0.061-0.170

LÇ,+
SrrL

Lt0
u0

33

39

33

23

33

33

33

33

J3



and intermediate length cores in the

only in cores D-1, D-2, D-3, and 23.

core D-1, above about 125 cm ín D-2,

in 23.

Unit F, silnilar to the underlying Unit E, is a clayey silt'

However, it is distinguished from Unit E by being slightly less silty

and more clay-rich, Sedirnent color ís nearly everylvhere dark grey

(5y 4lI). Both organic matter and moisture contents are the highest

in the sediment record, averaging about 14 and 74 percent respectitvely.

Both parameters show an íncrease upward in the sediment. MacroscopÍc

shell remains, both whole and fragmented, are common to abundant in the

unit. Lubinsky (personal communication, 1979, see Appendix C) lists

speçimens of valvata sp., Lyrnnaea sp., Marstonia sP. and Pisidium sp.

as the numerically most abundant mollusks in two samples from the uniË

from cores 13 and 29.

In addition to the textural change, the unit is also defined on

the basís of a significant decrease in Mg content of the calcite in the

sediment. The average mole percent MgCO3 in the calcite of the uniÈ is

relatively close to Èhat of today's value of about 7. This is in contrast

to the 9 to 14 mole percent values of the underlying unit E. In additíon,

the total amount of calcite is very lnig]n (277") while Ëhe average dolomite

content (I47.) is the lowest of all six units.

Chemically, Unit F is characterized mainly by the expected very

high Ca content. Phosphorous also shows relatively high values.

The unit is soft to very soft and gelatinous with, in general,

no observable bedding. However, in cores located in the easÈern section

of the basin, the uniÈ does contain discrete beds or zones of shell

basin, it was pg,silÍyeJy identif ied

It is presenÈ aboye 90 cm depth in

above 100 cm in D-3, and above 125 cm

77L
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concentratións. These shell zonr:,:i range in rhickness from 0.2 crn up

to 3,0 cm and can be conrposecl of ovet 50% (-by volunie) molluslt remaj-ns

(volume estimate by Lubinsky, personal conrmunicati.on, LgTg). llcliviclual

laminae cannot, horvever, [>e correlaled from one core to another. rn

addítion, rarely very r1-rÍ' (0.1 ro 0.3 cm), black (5y 2.51r to N 2.5)

carbonaceous ]aminae or partings can be observecl in lhe uniL. The

lower contact of unit F with Llnit E is rather sharp but ís not visually

distinctive. Maximurn thickness of the uniL is 1.5 m in core lJ-2"
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6.1.1

SECTION 6

INTERPRETATION OF SPECIFIC SEDII"ÍENTARY
, COT"ÍPONENTS AND TRENDS.

ORIGIN OF RELICT SAND AREAS ON FLOOR OF THE LAKE

IntroducÈion

in the mapped South Basin within which the present-day bottom sediments

do not fit the general or expected basin-wide trends: (a) a large area

)(about 70 km-) in the southwesËern portion of the lake, offshore northwest

of Delta, and (b) a smaller area (about :O tm2) offshore south of Marshy

Poínt and west of Oak Point. These anomalies are, Ín general, considerably

Perusal of Figures D-1 to D-34 shows that there are t\,ùo areas

coârser grained, with associated higher percentages of sand, qluartz, feld-

spar, and Na, and lornrer values of moisture, porosity, silt, cLay, clay

minerals, calcite, dolomite, Fe, ¡fn, P, Ca, l4g, Cu, and Zn relative Ëo

the ttnormaltt modern offshore lacustrÍne muds.

L73

6.L.2

6.L.2.7

The proximiËy of the southürestern area anomaly to the point at

whÍch Ëhe Assiniboine River Diversion (Portage Diversion) enters the South

Basin of Lake Manitoba suggests that possibly the coarse-grained material

in this area is Èhe result of sediment contributed by this artificial

drainage canal (see Fig. 3-4), This section will attempt to show that

such an explanation is noË likely.

SouÈhr.qestern Area Anomaly

Possible Portage Diversion source
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The portage Díyersion, constructed in 1970 to alleviate flooding

along the lower Assiniboine River, is designed to carry excess rlTater

c*1
(up to 700 mJs*r; [I, Newton, lulanitoba I,rtat,er ßesources Braneh, personal

communication, LgTg) fron the Assiniboine- River irnmediaËely upstream from

Portage la Prairie, to Lake lufanitoba. Although the Diversion operates on

an average of only slightly over tvro monËhs Per year, it contribuËes

nearly 207" of. the total surface stream inflow to the lake (based on

eight-year mean flows including 1973 and L977 duting which Ëhe Diversion

did not operate).

In L976 the Diversion carried approximately 1.5 X 106 tonnes

of suspended sediment past Oakland, Manitoba (B krn south of Lake Manitoba) '1

The eight-year mean annual suspended load is 0.4 X 106 tonnes (including

the years the Diversion did not operate). An average of over 97% of' thrj-s

suspended load is silt and clay-sized material; 367" ís clay þased on L97O'

Lg7L, Ig72, Lg74, Lg75, anó,1976 daÈa). The bedload material in the

Diversion averages about 30% sand-sized sediment'

There is almost no change in sediment load characteristÍcs

(either suspended or bedload) between the two moníËoring stations at

Portage and Oakland (21 km distance), and Crowe (I974b) similarly concludes

that there is little change in the suspended load between Oakland and

Lake ManiÈoba (8 km distance). AlÈhough a trsettling basint' has been

constructed withín the channel along the Diversion route, Crowe (l-974b)

indicates thaË it is largely ineffective in preventing any of the suspended

load from entering the lake.

IThe sedinent data for
calculated from Ï,nland
L976a, b, c, 1975a, b,

the Portage Divergion used
Waters Dírectorate rePorts
and 1973).

in this section lras
Cf979, L978a, b, L977,
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GivenËheseflowandsediruentcharacteristicsandthechannel

rrorphonetry, it Ís possÌble to calculate a rough approximation of the

amount of sand-sized bedload material transported by the Diversion during

an average flow year ('for an outline of thfs calculation procedure see' for

example, Simons and SenÈurk, 1976, chapter I or Einstein, 1964) ' This can

then be added to the amount of sand-sized material being transporËed as

suspended 1oad, and the Èotal eompared with the estimated volume or mass

of sand-in-place in the anomalous area. Table 6-1 surnnarizes the results

of these calculations.

Although these estimates may noÈ be precise (particularly the

calculations of bedload; see colby and Hembree, 1955), it is evident

from Table 6-1 that there has been an insufficíent amount of coarse-grained

sediment introduced over the past eight years of Diversion operation to

account for Èhe sandy, offshore sed.iment in the southwestern portion of

the basin. Also arguing against a Diversion contribution to Èhis area

is the fact that locations 34,36, and 40, eactr located about 1'5 km

offshore betr¡een the mouth of the Diversion and Èhe sandy area (see

Fig. 2-L), contain relatively little sandy rnaterial'

6.1.2.2 StratÍgraphic relationships and facies changes

TobetterundersËandtheoriginofthíssand-rlcharea,it

is necessary to look at the stratigraphic relationshíps between the unit

and the more t'normalt' offshore lacustrine muds. Exaroination of sediment

cores outside of the mapped liuriÈs of the sand body on Ëhe floor of the lake

indicates that there is coarse-grained sediment u$d9rlying relatively

fÍne surface silts and clays in many locaÈions in the vÍcÍnity (see

Fig. 4-3 in back pocket), For example, core 34 Shot¡s aPproximately



Comparison of estinates
anonal-ous area with the
Diversion from 1970 to

VOLU}4E OF OFFSHONE SAND-S]ZED SED]]'IÐ{T:*

DRY WEIGHT 0F OFFSHORE SAND-SIZE SEDIMÐ{T:x

TABLE 6-I.

ASSINIBOINE RIVER DIVERSION INPUI 1970-7977 t

Suspend.ed load¡ total (a11 grain sizes): 3.0 x
sand--sized. onlY: 0.09

Bedload-: total (ly Uoaified. Einstein l'lethod): 1.9 x
sand.-sized onlYr 0,45

Total sand.-sized. sedinent input by
the Assiniboine River Dj.version, I7/0-I977¿ 0,55
(maximized- estimate)

of sand-*in-p1ace in the southwestern
sed-iment contribution of the Portage

1977.

L76

based- on the ?O 1*Z area outl-ined- by Lhe 2V/" sand. contour
line of Figure D-J, and- an average thickness of the unit of
? 5 cn. In fact this surface area represents a minj-mum

estimate as carr be seen in Figs. 4-3 and 6-2.

ut,3 x to6 *3
L2,7 x 106 tonnes

1rlt +^--oo¿ v 
Á 

uv¡¡¡¿vu

x 10- tonnes
I ô- *n--ocrv Á uv¡¿¿]v!

x 1O"tonnes

x 10" tonnes



75 crn of fine-grained sand underlying 25 cm of clayey

least 30 cm of sand below 45 cm of clayey silt; core

underlying 12 cm of silt.

The unit is not everywhere a medium to fíne-graíned sand. A

facÍes change is evident, for example, at l-ocation D-3 where the unit

is a sandy silt which grades upward into a clayey silt. Likewise,

farther basinward (core 37) the unit appears to grade ínto a sandy

clayey silt and finally becomes texturally unrecognizable. These

stratigraphic relationships are diagramed in a south to north (shore

to basÍn) cross section (Fig. 6-1).

Figure 6-2 shows the Ísopach of thís coarse-grained unít

in the South Basin. Maximum thickness in excess of 150 cm are ínËerpreted

to occur in a northwest-southeast trend which roughly parallels the

present-day south shore of the lake, approximately 9 km offshore. South-

r,¡est of this maxímum thickness trend (i.e., toward the hlhÍtemud River

177

silt; core 32 has at

3 shows 40 crn of sand

and l^lestbourne), there is ample core control indicating that the sand

body does not exíst at the surface or at depth shoreward ín this directÍon

(i.e., cores 33, 44, 45, I^l-1 , I^J-2). Basinward the contour lines indicate

a more gradual loss in thickness until the unit is not recognized ín

cores 42, 4, 5,

6, 12, 13) have

and 0 cm contour

at least up to,

Core

does not exi-st,

"Blind Channel"

6, 12, 13, and 38. However, five of these sites (4,5,

retrieved only 1 m cores, and ít is possible that the 25

lines on Figure 6-2 can be extended considerably basi.nward

but not íncluding, cores D-2 and 38.

control along the 2 krn-r¿ide south shoreline of the lake

but it seems likelv that the sand body connects with the

(also termed Fort La Reine Channel) approximately 4 km
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r¡/est of Delta, GtllÍland (1965, t'igure 14) reports. approximately 3 m

of 'lal-luvlal çand'r tnderlyÍng the moilern heach sands neêr the lrmouËhil

of the Blind Channel C.SE!ø of 1B-l-4-7 I^IPM), These alluyial sands are

separated stratÍgraphically from the beach- sands by 3 rn of rr¿llsyi¿frr

silty clay (G1llfland,1965). The sand unÍt in the lake thus can be

traced onshore to thÌs elongate, meandering, coârsê¡clastîc body that

trends southeasterly and follows closely the present topographic feature

referred to as Èhe "Blind Channel."

6.L.2.3

The sand unÍt is interpreted as representing a relict fluvial^

shoreline complex deposited when Lake Manltoba stood at a lower level than

today. This 1o¡¡er stage of the lake represents reflooding of the basin

following a lengthy period of extremely low Cor no) \òrater condítíons in

the basin approximately 5500 to 4500 yeârs ago. The deposÍt in question

records the influx of sediment from the Assiniboine River whlch was

diverted int.o the basin from the south and helped to reflood the lake

(see Section 9 f.or a more complete discussion) . Subsequent rÍsing \^/aËer

levels in the basin due to both the increased contri-bution by this rroldil

Assiniboine River and a moderatÍng clÍmate (less arid), resulted in a

transgression of the shoreline southward and a concomitant southward onlap

of the more modern offshore lacustrine muds onÈo the older, relatively

coarse-grained sands and silts of the previous nearshore complex,

The sand body in the offshore region represents either a

beach rið,ge/barrier island type of transitional environment or a delta.

The overall delta-1ike geographic form of Ëhe coarse facies and the fact

that the unit can be traced shoreward and onstnre to a .meanilerÍng fluvial

Interpretation and origin
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deposit (t'Blind Channel") which trenéls approximatel-y'perpendicula¡ to the

present-day shoreline. would argue for a delte model'

tr'Jhatever Ëype of depositÍonal envÎronment is pictured for

this relÍct sedírnentary unit, a seeming inconsistency is the fact that

younger lacustrine mud has been, and probably is belng' deposited adjacenË

Èo the unit in areas which are, Èoélay, bathymetrícally $ellgt{eli tttan

the areas of the basin in vrhich the relict sands are found' For example,

the upper 35 crn of core 40, whích consis.ts of soft, dark greY, clayey

silt and silty c1ay, has been "datedil at being deposited withÍn roughly

the last 100 years by picking the ragweed po11en rÍse @. M' V' Nambudiri'

personal cornmunication, I97g). This essentially rnodern fine-grained

sediment has been deposited in water abouË 3'B m deep' However' the

r^/ater depth at core 41, approximaËely 4 kur away from location 40 and

one of Ëhe sites at \,rhich the relict sand is exposed at the bottom of Èhe

lake, is about 0.75 m deeper. If modern fine-grained sedimentation could

occur at síte 40, which, ít is expected, would be in a slightly higher

energy regime by vírtue of its shallor"¡er depth, sirnilar fine-grained

sedimentation should also occur oveï the relict sand unit' I^Ihile Ít is

expected that in lakes of more complex basin bathyuretry or ones dominated

by river processes such a situation can be readily explained; however,

considering the rather sirnple morphology of the south Basin and the lack

of rnajor strean inflor¡ on a year round basis, the soluËion is not as

evidenÈ.

NeglecÈingthepossibilityofdeptÏr-misoeasurement,thereare

several conceivable explanations thaË can be put forth to account for

this apparent contradiction. It is possîb1e that localized current and/of
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$rave-induce¿l energy Ís affecting the botËom sedÌments in Ëhîs aI'ea of the

basÍn, thereby either ca) keeping fine-grained sediments frorn settllng

over the 70 kmz area of exposeil sand, or (b) i. f the f ines have settled'

periodically scouring the area to remove them'

Inaddition'thedifferencesÍncriticalshearStress(or

critícal velocity) of clays verSus fine sands may be of some importance'

Becausefinetoveryfinesandwillbeerodedandtransportedata

lower shear stress (velocity) than fine-grained silts and c1ays, a

very Ëhin laminae of clay or silt deposited over the sand during quiet

water periods (í.e., winter) could be hydrodynarnically unstable as the

critical velocity of the sand is reached during the following ice-free

season. once eroded and suspended because of the inherent instability of

its sand base, the clay_sized material wÍ1l stay in suspension and be

transported basinward, whereas the sand will be quíckly redeposited with

the first slight decrease in current sËrength. conversely, the I'winter

laminaet, of clay ileposited on an equally fine-gralned suhstrate will be

more stable and will not be eroded until suffíciently bigh velocities

or shear stresses are achieved. There is, unfortunately' yery little data

on the currents in Lake Manitoba to either confirm or reject this hypothesis'

It does seem rather unlikely that a current would be localized in such a mann(

some l0 to 15 krn offshore. The l^Ihitemud River probably does not have a

sufficient flow during the suumer to affect such a large

Another possibility is that the 70 k'n2 area of

free of fine-grained $edimentation because it is an area

groundr+ater discharge. It has been previously noted that

Lor+land is a groundwater discharge atea f'ot rsuch of Èhe

aTea.

sand is being kePt

of concentrated

Ëhe Lake Manitoba

\.restefn Canada
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bedrock groundwater flow system, Hov¡ever, the lake itself is.arso

a discharge Area for the shallor¡ pleistocene grgund\,rater systen to the

south, Gtlliland (1965) and cherry et a1 (l_971) lndic4te a norrhward

directj-on of flot¡ in the shallow aquifers f'rom a local recharge area in

the souËh near the Assiniboine River to the edge of Lake Manitoba. Flow

in the relatfvel] coârse-grained permeable alluvial sedÍment of the Fort

La Reine channel complex, for example, is comparatfvely large and rapíd

and, ín places, has a strong upward component(cherry et a1, Lg7Ð. Although

piezometer conËrol exists north of the beach at De1ta, it ís conceivable the

could continue norÈhward in the confined paleo-channel system under Lake

Manítoba and finally be forced upward as a subaqueous discharge. Similarly,

because the flow rate and position of this subaqueous d.ischarge would be

controlled by permeability contrasts, areas lateral to the more permeable

sands (such as core site 40) would not be discharge areas because of their

lower permeability Ci.e., finer grain size). Therefore, fine-grained

sedimentation could occur peripheral to the discharge area.

However, whether any hydraulic gradient in Ëhese shallow aquifers

is sufficient to generaËe an upward flow component strong enough Ëo preyenÈ

the cohesíve bond of the fíne-grained sediment from forming a I'resistantrl

cover on the relict area is unknown.

6.1.3

The orÍgin of the second anomalous area located offshore from

Marshy Point is more straightforward, Figure 3-5 Índicates that there

is an abrupt hreak in slope basinr^rard of location 20 and that the contour

lines closely fellow the general outline of Marshy point. The obvious

interpretation îs that this shallow water aïea, covered by poorly sorted

Marshy Poínt Anomaly



sancl and grnvol, is an extension of llarshy Point, The soils nap of this

arcir (l'raEt et aL, l96l) jndicatcs tlraE tlie land portion of l\iarshy Point

'i s covcrerl I'lv nrr¡^1"' .'"'1 ts', ^ l -"¿,\r m¡¡clr cir i'l ^r¡er lv'í np c¡l r-arr,ous LíIl.uJ ¡"uLNJ/, OIILJT uro)LYr lltqLotr trvr! vvL!rir116 Lof,uqLsl

Thus, ruave and/or.[ocused current actiorì reworkirlg, the subaqueous portion

nF ¡1.'í ¿- r-i'r-- ^^uld renìove tl're over lvinp f i¡e-srained Sediment ancl rervorku! LrrIÞ !f-u¿ás Lvulu Lçrrruvs LrrL uvç!J-J

rlrc r il I l-o nrocl ucc

of the unit as a

nro<,-n.o nF I nì

sites 18 and 17

close to the slrot:cline, especially near hcadlands extending in[o the 1alce,

similar reworked 1ag il e¡rosics pr:obably rvould have l-recn f our-rd.

surface feature on the lake boLtom is unknor¡n, but the

¡jravcl lag at the surface.

of fine-grained "itorlnal offshore" lacustrine rnud at core

linrit it to less than 7 [<rn. ll¿rd other corcs been talten

6.2

6.2 .r
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DISCUSSION AND INTIiIìPR.]]]]ÂTION OF I'1ARI(E1ì }IOIìIZONS

Introduction

tr:ends with depth illustraEed in Figures J'-l to J-15 occur associated with

several marker zones within the section.

llany of [he mosE dlstinctive variations in the sedinìet1L parameter

of these marker zones include a ref atively lol ntoisture cor-ltent, a gleyed,

Thc soutl.nvard extension

darl< greenish grcy color, an angltlar blocky to pel.lcLaI Lo crumbly structure

^..-) ^ ^1'^-^ "'-"^r contacE but a4rlu d ùrrdrP uP[rc

tl-re secliment \,/ithin the zones j-s of ten sLicky, dense and conlpact, non.-

l-¿rnrinatecl , aucJ oLtcasiollall.y contains root and vegeIa]- fi.bers' A1so, the

nroisLur:e contenL prof ile w:Lthin a parL í.cular rn¿irhe r zoûe of ten shows tlre

lowest values rLcar bhe top of the zone and a slighr increase in moisture

deeper in the zorLe.

Several possible

origir-r and clevelopment of

The nost characterístic features

in sedímentation raEe; (2) variation in clay mineralogy; (3) variation in

^-^.1 ^ ts-i^-- l I ^.'^- t-^"-.¡ --., 1'^ ¡,1,1i rinn!ir dud Lf ulrdl f uwg! ulrullqcr! ) . Lrt ouu!Lrvrr t

hvnol-hêses e.an be constructed repardjnp the

these marker zones. These include (1) variatíon
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lalce water chemistry; and (4) c11'rgenic and/or pedogeníc desiccation.

A1fL^"^l' ^-^l-' ^F ts1-^^^ 1.,,^^ÈL^-^rr1 tnougn eacn ot c.nese lìypotneses will be evaluatecl arld díscussed separately,

no one single hypothesis is entirely acceptable j.n accounting for all of the

various characteristics of the marker zones. lt must also be realÍzed that

the hypotheses discussed are rìot necessarily independent of one another, For

example, the char-rges Ín lalce level that would be associated r¡ith the desiccat

hypothesis would probably signíficantly affect Ehe chemical characteristics

of the lake water. The naj-n features that any hypothesis under consid.eration

must attempt to explain are: (a) the blocky to pelletal structure; (b) the

^1---^^- -í; *^-í-Ê.cricrrtges rn mol-sEure content and color; and (c) the overafl lack of significan

clrange in sediment chemistry, mineralogy, ancl organic content.

Meade (1966) shor,,¡ecl that in recent clayey sedirnents of the Mississip

River delta area, material deposited during times of high rates of sedimentat

is associated wiEh greater \,/ater contents for equal depths of burial. He

accounts for this phenomena by suggesting that, given the poor permeabÍliEy

of the clay, it is basically a function of tíme: for an equal thíckness of

sediment, the rapidly deposited material will have had less time to compact

and dewater.

Thus, the Lake Manitoba situatíon míght be explained by invoking ve

1ow sedjmentation rates during the time that tlie compact, dry marker zones we

being formed and then drastically clianging the rate of sedimentation to accou:

for the sediment with a higlier \dater content above the horizon. For the uppe

narker horizon this would also be in keeping with the grain size trencls: <luri

periods of low seclimentatíon the deposit r,rould likeIy be relatively finer-

graíned (more clay-rÍclt) than during the periods of extremcly rapíd sedimenta

Si-milarly, if the sources of sediment remain relatively constant and lhe only

Sedimentation Rate l{vpothesis
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factor that varied was the rate a L which ttre sediment \qas suppliecl to the basin,

this might also account for the l¿rck of a significant change ín many of the

chemica,L and míneralogical parameters.

Hor,¡ever, this variable sedimentation rate hypothesÍ-s does not account

Fn¡ +1.^ ^,.^,,,l -,- 1.'l ^^1--, ^ ^r !r- - - rrrur Li.te atlgLrr.rr blocky structure of the sedíment, nor the distinctive gleyed,

color of the marker horizon intervals.

A).\

Numerous studies have shown that, i-n general, montmorillonitic clays

retain more water than clays composed dorninantly of illÍte or kaolínite (e.g.,

chilingar and Knight, 1960; Powers, Lg6l; Meade, 1964, Lg66). Tl-ris is mainly

in response to the smaller crystal size of the mor-rtmorÍllonite c1alz ¡nin.t.1"

whicll in turn translatcs to (a) higher porosity, Lherefore, hÍgher tvater con-

F^ñF. /t-\ ^-^1'tLenL; (t)/ smarJ-er pore openings, therefore, greater pressure dífferentíal

rcnrrirp¡l fô rêrnñVe flf re Wel-er: nnri lc) o;.Þaf Þr qrr.rFn ôã arõ- rl..o-aFnra m^rô, arr_ o_ ____- _.'ILdUC dlt]d, L!ÌCIcrwrs, uturç-

sites available for water moleculc sorption. Á,lso aiding t.his greatcr \,rater

retainÍng capacity are the weaker cr:ystal lattÍce bonds of the montmorillonitic

^t^,,^ ,.1,;^L ^1 1^-. --^*;^t-1LraJ ù wrlrLrr orrvrd variable amounts of rvater to l¡e ttstackedtt between silicate

layers. However, in the Lake Manitoba situation the higtrer expandable lattice

clay con[ents are generally associated rvith the sediment wíthin the low-

noisture content marker horizons rather than the overlying higli moisture

colìtent deposits. Thus, this aspect of the clay mineralogy does not seem to

be a likely explanation.

Clay l'{ineralogy Hypothesis

6.2 .4

Closely al-líed with the above clay mineralogy hypo[hesis is the

r:ol-e of changj-ng water chemistry, 0riginally cliscusscd by van EngelhardE

and Gaida (1953) and somet/hat expancted by Meaders (1964) cliscussion of clay

fabríc, this hypottresís makes use of the well known effect of increased

saliniLy on clay particle flocculation and, hence, clay mineral orientaEíon

Variatlon in Water ChemisEr
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ancl, ultimately, the molsture colrr:ent of the seclimentary deposit. rn

relatively salt-free u/ater' claysr will tenci to settle out of suspension rví.t:h

little or no flucculation or aggregation occurring. consecluently, the

resulting deposit will contain a I n:-pc nnnr'hr.r .f clay particles havÍ¡g a

preferred parallel orientatíon (see, for exampre, Hyne et al, rgTg) and,

therefore, a relatively lorver porosity (Rosenquist, Lg6z). rn a concentrated

electrolyte solutíon, however, the clays, partÍcu1ar1y the illite and kao:

liníte mínerals, will readily form loose aggregates which have two important

characteristics: (a) they will settle and be deposited. faster because the

aggïegate or floccule is often many tímes larger Lhan the oríginal clay parti,

-^l--í-,- ,.* ÈL^ ^ /' \maKl-ng up tne structure; and (b) the aggregate, because of the random oríenta,

tíon of the indívidual clay mÍneral particles, contains a large amount of voi,

space or porosity. Ilence, the resulting sedimentary cleposit, assuming a con-

stant mineral composíti-on, will contain moïe lvater because of higher porosíty

relative to the same depositional perioci in the fresher water situation.

Thus, in the Lake Manitoba sj-tuation, the sed.iment within the marke

horizons might recorcl a periocl of cìepositíon during wl'rÍch the lake r^zater

was relatively fresh. Because 1ittle or no flocculation was occurring

at Ehis tlme, the clays could raaurrl good parallel orientation. and a

relatively f irm cleposit r¿íth a lor,¡ moisture content (i.e., lol porosity)

would result. A change in water chemistry, rvhich coulcl be as small as 1 or

2 ppt (hThitehouse, 1960; Gibbs , Ig77), mighr rhen result in a major change

in seclimentation characteristics with relatively more porous sediment

(i.e., higtr moisture content and a less-firm aspect) being deposited. rn

[he c]-assic stucly. on sedinenEation of flocculatecl f ine-graínecl sediments,

sherman (1953), working in Lake l,{eacl , coloraclo, confirms the presence of

these irigh-porosity floccules and further points out that because of the
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relatively sJnalt size of the pores within -Ëhe floccules, ï¡ater in these

pores Ís qften trapped And becomes an integral part of the deposit'

ItisalsopossibletospeculateËhatthi.achangeinwater

chemistry can account fof the decrease in r0oisture content by a process

analagous to osmosis CE. 14. V. NarnbudirÍ' Personal cormnunícation, L979) '

If the overlying lake r¿ater has a significantly higher salinity than the

interstitiar water of the underlying sedimenË, this'comparatively fresh

pore \^/ater will diffuse upward Ínto the higher salinity solution (lake

\^rater) in an atËempt to equalize Lhe concentrations' The resulting

deposit is one having a moisture content that is relatively lower than

the sediment beneath it from wh.ich the \,rater has not migrated' This

deposítwillalsobemorecompact.duetothelossofwater,andpossibly

will exhibít the blocky structure characteristic of the marker horizon'

6,2.5 Cryogenic -or Ped.ogenic Desiccation

The most likely hypothesis ('or group of hypotheses) concerning

the origin of the marker horízons in the South Basin sediment is that they

represent periods of extreme 1ow I^tater levels during r¿hich dehydration of

the bottom sediment occurred. There are two ways in which this desiccation

can occur. Both require that the lake be considerably lower (shallower)

than todayts 6+ metres. The hypothesis favored in this report is very

simply that the lake completely dried' thus subaerially exposing the

bottom sediments, causing a loss of moisture, development of the distinctive

pedogeníc-like structure, and inductÍon of the gleyed color'

Thesecondhypothesisisthatthelakewaslowenoughand/or

thewinterseasonsevereenoughtocausecompleteornearlycomplete

r,¡inter freezing of the lake volume. Loss of tooisture and development
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of structure could then occur in two \^/ays: (a) As the downward advancing

base of the lake ice approaches the sediment-I^/ater interface, moisture

will migrate out of the sediment and be transported toward the "freezing

fronË" resulting in a net loss of moisture' a more compact sediment, and

possibly the development of desiccation and/or ice crystal-induced cracks

and structuïeS. The principles of moisture mígration out of 'v'later-saturated

soils have been well documented ín association with permafrost studies

(see, for example, Tsytovich, L975, chapter II, for a comprehensíve review

of the theories and mechanisms of thís phenomena). (b) AlternaËively,

the ice front could penetrate the lake bottom sedÍments and result in a

net loss of moisture by either "squeezing out" (1ateral1y or dowu^/ard)

unfrozen r^rater (Tsytovich, l-975, p. 59) and/or segregaÈíng the \^tater (íce)

phase from the sediment phase thereby, uPon spring and summer thawing,

allowing the moisÈure which was oríginally trapped ín Ëhe sediment pore

to become part of the overlying lake vrater.

Both of Ëhese desiccation hypotheses have several positíve and

negative aspects which r^7í11 be díscussed bríefly. The chief dispute \^rith

the complete drying and desíccation suggestion is that the sedíment records

very litt1e change ín mineralogy, chemistry, or organic matter across the

horÍzons. If the lake today, for example, \¡/ere to dry completely, ít is

expected that (a) a wíde variety of sulfate and possibly chloride salts

would be precipitated in the final sËages of brine concentratíon, and (b)

vegetation would quíckly colonize Èhe newly exposed mud flats' The lack of

exot.ic salts in the record tight easily be explained considering their

rapid dissolution upon reflooding of the lake such as suggested by Richard-

son (1969) and shor,¡n by Flint and Gale (1958) to have occurred in the
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Searles Lake record, Sírni1ar1y, as pointed out by Jones ancl Bowser

(1978) , substantial changes in the sediment pore \^rater chemisËry which'

indeed, mâY be preçent at these intervals, rnay not ne,cessarily be recorded

inthebulk,solidphasechemicalanalysesdoneinÈhisstudy.

However,theabsenceofabundantvegetalremainsinthemarker

horizonsedimentscannotbeaccountedforsoeasilyandremainsaproblem.

Althoughrootsandrootfibersarepresentinafewplaces'cores

recoveringorganicfibermaterialfromthemarkerhorizonsarealmost

always limited to the uppermost marker horizon. It is, however' conceivable

thattheSedimentsofthemarkerzonesareonlythelowerPartsofayoung

soilprofile,withthemorehighlyorganicandleachedhorizonshaving

beenstrippedawaybytheeventthatrefloodedthelakebasin.In

consideringtheinitialphasesofrefloodingofthebasin,itis,in

fact, likely that hlave dísruption of the bottom sedj¡nent did occur' The

pelletalandwell-roundednodularSËructureoftheupPermarkerhorizon

inseveralcore'sisevidencethatreworkingdidtakeplace.

Finally,thereÍssomesupporEforthelakedrying-sediment

desiccatíon hypothesis because similar horizons elsewhere have likewj-se

beeninterpretedasrepresentingolddryingsurfaces.Infine-grained

Lake Agassiz sediment of Minnesota and North Dakota, Rominger and Rutledge

(1952)haveidentified,onthebasisofadecreaseinmoisturecontent

and liquid linrit values and on increases in preconsolidation stress,l

lpr."orrrolidation stTess is egsentially a measure of compaction' It evaluatt

the greatest effectÎ-Ve pfessure abov. tntt of pVerhufden or normal load prest

reguired to account for the gÎven void spacelsolid ratio of the sample' A

soil that has high preconsolidation stre'ss values (i'e" is t'overconsolidatet

has either been subJected to t fãtãe overburden load which subsequently has

been removed, or ¡,aä naa its physiãal properties (-i'e', moisEure content'

porosity, void ratio, etc.) altered by deliccation, Although conpacÈion

data was not collected for the Lake Mänitoha sediurent, tË is probable that

Ëhe marker horizon deposits r¿ould record hÍgh preconsolidaËion stress values
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a basin-wide (l-5r000 km21 trorizon which they interpreted as indicating

aperiodoflakebQttomexposureandsurface.dryingofthelacustrine

muds. Al¡hough Arndt (1975 , ]1977) has since re-evaluated Borninger and

Rutledgets interpretation mafnly on the basis of more extensive drÍlling'

and suggested that the sediment of this interval actually represents

fluvial-o.r"tbank deposÍts, nonetheless, both interpretatÍons are in

keeping rn¡ith a 1ow water phase of the lake'

Callender (1968) and owen et al (1973) similarly interpreted a

stiff , grey clay with anomalously 1ow moisture content at a depth of

approximateLy 7 m in cores from Devilrs Lake, North -Dakotar as representing

an o1d desíccation surface. However, Callender (1968) also ídentified

abundant plant remains (but no.t higher organic matÈer contents) and some

evidence for carbonate leaching associated wiËh the zoner

Hecky and Degens (1973) and Stoffers and l{ecky (1978) use Ëhe

presence of dry, crumbly-textured sediment trsimilar to soil,rt Which has

1ow organic and \^rater contents, to help confirm a lower lake level and

subaereal- exposure at several coring sÍtes in Lake Kivu, Africa'

Komornik et a1 (1970) contend that, on the basis of preconsolidati

profiles in cores of marine llolocene clays of the eastern Meditefranean area

they can differentiaËe the causes of overconsolidation (namelyr erosion

of overburden, desiccation, temPorary lowering of ground\'raterr or

diagenesis and cementation) and conclude that the compact clays of their

study area trere subjected to severe desiccation under subareal conditions'

The rnain point to be taken frorn all of Èhese studies, and one

that needs ernphasis Ín the Lake ManiÈoba situation if this hypothesis is

to be accepÈed, is,-thåt coroplete drying (or clraining) of the overlying



body of \^ratef nrust occur ab leasl

features t-o develop. Siurply lowerÍng the laiie level substantiall-r, or

even relegating the lake to a marsh or swamp status r¿i1l not result in

the loss of secllnlenl- moisture or the development o I the c]isLinguishing

pedogcnic-like structul:cs.

Ilanitoba, on the basis of

have drled or cornpletely drained at least three ancj

-l .,-i*.- i+- -^^'- ol no-îq1 lrí<t-^r.,sur lrr¿r r L5 l/u5 L-o__

L92

perloclically for these characferisLic

k1^,, ^{: t.^,,-i.--Lrrvw uf- rrdv!rrË

a situaticlL'r in

occur under a

have formed or-r

The cryogerric hypotlrcsis of dcsiccation aEtcmpts t-o soften the

Thrrs, in accepting tliis hypothesis, Lake

Ehe nrultiplc marker zorles,

Eo calf on nunìerous complete lalce drying events by creating

ivhicl-r strucLural developrnent and loss of nioisture can still

today rarely have niore than 2 m of Íce), a

[he freezing zone to conìe into contact with the seclinrent. thus Dernlittinc

\^/ater column. While more than 3 nr of ice is not lilcely to

nroisEurc mÍgratÍon ouE of the sedirncnt, possibly inducing tlrc ir1ock1,,

fractured cryogenic structure each ruinter, and develo¡rment of the marher

horizons. In addition to this mechanical dehydration of the sedinrent, the

[he lalce since laEe qlacial

result of f.reezíng of muclÌ of the lalcels volune r^¡oul-d be to increase tl're

'i.' .i-ts^-^.-^f^-1rs j.nLerPrereo to

nossjlrlv f'orrr rimes

sal in ífv olt rh¡. remr ininr¡ r.rnfor-rvqLL!,

chemically-induced desiccation as outlined under

Altliouglr soil nroisture nrigi:ation is well knor,¡n, the 11cI result

(i. e. , whether a hlgher or lor,¡er soil ¡loisture content clevelops) seens to

Iime (,even irigh arctic laltes

reduced -lake clepth lvould allow

be, at lcast in ¡ratt, controllcd by rvhether tlie I'J:r:eczing sysLem" is closccl

or open (Tsytovj-cch, Lgl 5). An open system, Lrhich rvould allorv the free

'lrôiñ^-^ ^Ç,,..Ê-^- ts^- ^--lu!dIrrdós UL UrtI LU¿CLL WclLCl ¿-ltl(l,

be suggested for the lake sediments because freezing is occurring frorn

essentially one direction - above. l-lowever, the lateral or vertícal

tltcreby er-rhancing the possÍb1iry of

6.2.4 .

hence, a reduced moíst-ure content, might



tr¿rnsrn.i.ssion of \./ater in sedinterl

nrrrqt- lro rrr¡oq|_ ínn^r rr^-^.i r-a ¡lr.i ,, ¡l,o ¡nnrrr¡nf in¡ and fnCChaUiCal f eaI: f AngCinetlllu5L De (lUtJ5LIUtlCU. L/uÐl/ILU Llll - t L¡¡ç Lvrrly4uLrv

of both saturated and unsaLurated soils uporl thawing is a lvel. I knour

phenonìena (Tsytovitch, I915, p,

nìechanism r,rhetlìer or not the f reczing systenì is open.

6.2 .6
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composcd o.l rr¡r tr¡ 707, clav-si.zcd rrlaLerial

and conclusions

I.

The following points suntmarize the observations, in[elpretations

Sumriary of lta.rker llorizons

on a basÍn-\,/icl e scale . Tl're- uppermost horizon has the densest core control

and, in general , lras

features. The lower

as easy to correlatc,

216) and rvould seeru to favor the cryogenic-

rcpardinq tlre nìarker zoIÌes and Eheir origin.- *"Ò -

Several of tÌ-re marker zones catl be corÌf idently correlated

in a similar rvay Eo the uPPernost zone.

conterÌt relative to the overlying and unclerlying sediment' a gleyed' d¿rrk

çìre(ìn isll r,rev color, a c.l Ístlnctive peclogeLiic-likc lrloclcy strtrcturc, aud
bl 

\-vl.+.-.. 
Þ. -J

a sharP lrppcr con tact but a gracla tional Lower bourrclar:y.

beIter developed (tlore recogr-rizable) cbaracteristic

zones, rvhile sotttetinlcs not as well developed and not

?-. The zones are characterizecl by a signif icantly lorvel noistLlre

are similar.j.n appearauce and probably were formed

totally saEisfactory, Ilie most likely explanation Í,s that the horizons

represent episocles of extreure 1ow \,raCer levels of Lake }lanitoba at r^¡hich

[inle either complete clrying of the lake ancl c]esicÔation of the bottoru

3. A1 thougl-r no one hypothesis regarding tlieir or-igín

mucls occurrecl or rvinter f reezing of [he reduced lake volunte caused

bottom sedinent ciehydration,

Dctaileti mícroscc-rpy (particul.arly s(:anrìing ele.ctron nrÍcroscopy)

ancl pore-water cl'remical analyses of the sediment of tlie narl(er zone-s shouJ-d

help to resolve the coittríbution of other possible hypotheses such as \^7ater

chemistry variation and variation in sedimentation rates.

1S
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AspointedoutbyJonesandBowser(1978),carbonateminerals

are somer¡/hat unique because they can be derîved not only by the erosion

of carbonate bedrock but also by direct cbemical and biologícal precipita-

tion within the lakets. Water column and by diagenetic alteration of pre-

existing carbonate sediment in the mud. Distinguishing beËween the

various genetic types of carbonates is an 1-mportant but often very

difficulr rask ('see Kelts and Hsl-i, 1978). Rarely can one genetic

specÍes of carbonates be eliminated a Príori from consideration' In fact'

frequently the sediment record can be shoum to reflect several or all of

the different genetic types with each contrÍbutin3, Èo the record in

varying amounts.

InLakeManitobasediments,thre'ebasiccarbonatemineralshave

been identified by X-ray diffracÈion; calcite, dolomite, and aragonite'

Aragonite has been identífied in Èrace amounts only and is present at t\'Io

sample sites only. Although aragonite has been shovrn to originate as an

inorganic precipitate in numerous lakes (e'g'' Mü1ler ' Ig77; ulltter eL a1'

*/at* atomic ratiosL972; Callender, 1968, 1969), Ëhe elevated M8"'

generally thought to be required before this in sitg precípitation can

occur (greater than 12; Uütter et al , Lg72) are not observed in Lake

ManiËoba. The rare occurences of this dirnorph of caco, ín the surface

sedimentoftheSouthBasinarebelievedtoorigÍnatefrombiogenically-

precipitated carbonate shell material. X-ray analyses of both gastropod

and pelecopod skeleÈal rqaterÍal found in Lake ManÍtoba sedimenÈ shows

that aragoniËe is the dominant shell-forming mineral Gig. 6-3)' This

DISCUSSION AND INTERPRETATION OF CARSONATE SEDTMENTS

L94
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is also the case reported by Brurskill and Graham ( tglg ) for shell

inaterial found 'in Lalie Winnipeg .rnd by Li-pprian (1.973) for mar:ine mollusks"

Tire other tr^¡o carbonatc minerals , calcite and dolonÍte, are much

more abunclant in Lake l{anitol¡a sccliment anci carì constitute up to 60% of

the total mineral colnporìents. Tn the modern bottom sediments of the lalce,

calcite shows an increase in abunclance in the offshore direction. rvhereas

clolomite tencls to. clecrease in the of f shore direcLion (see Figs. D-14 and

D-l7). Stratigrapl-rically, the abundance of these two mirrerals also

exlribits sigr"rif icant and irnportant variations (see Figs. J-2, J-7, and

J-12) . Calcite shorvs a strong decrease ivÍrh de¡rth in tlle core.s, tvhile

dolomite .!ends to increase downrvar:d. FuLthermore, the signif icant positive

correlation coefficients between the Ca -calcite variables (r = 0.82)

ancl tlre ltg - clolomitc variables (r = 0.61) in tlre three long cores in

the basin confirms that the variation in concentrations of these tr^¡o

elenents (Ca and IIg) is rnainly a ref lection of vari.aLion 1n the carbonate

f raction of the sedí.ment.

In addition to ttris variation in the to[a1 abundance of calci-Ee

in the sedíment, the cornposition of the calcire itself varies in tivo \,'/ays.

n'i--F f l'^ -1.,,-,1ãnce oF the llir¡l' \f- ^^1 ^ i t-^ -r'^-^ | çr^p :.. ^-1 :itefIfi>Lr LLLE dUUtIL'----- ---o-L-rlË Uclf,UILs lrrldÞu \LrldL IÞr LdI\

rvÍth rnor-e than 2 rnole perccnt llgCO.a) shows a general increase uprvard in

the section f rorn no llg-:calcite in ln" ,rn"uf Unit A to calciLe ruith B0 to

100% lrigh-I1g specics in tlie u1>permosE Unit ]' (scc irig. 6-9 ). Importantly,

El're abundance of the "noi:nialr' (1ow-ìtlg) calcite shows 1ittle change

..r-r-.r F.i,---,-Ì.-í,-- l lS L I ¿t L IgrLìl)tll-Cclll y.

Second, the mole percent MgCO" in [he hÍgh-]lg calcite shows
J

sígnificant valiations associated with speciIic marJ<er horízons in the

-althougli the calcite in rhe uppei unit is dorninanrly (80-100%) high-Mg
calcíte, the total amount of calcite (relative to all other minerals in the
sample) is, as pointed out above and shown in Fig. 6-9, less than 60%.
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section (.see Figs.6-9 and 6-10). All of .the calciËe in the sediment

of unit A and the lower part of untt B cont4ins no M8C0r, Then, beginning

Ín the upper part of Unit B, a portion of the calcite has about 4 mole

percent MgCOa incorporated in the crystal latËlce, The Mg content of

this disordered calcÍte specÍes remains relatÍve1y constanE betvreen 3 and

4 mole percent upward in the section untÍ1 the marker horizon at the top

of Unit C ís reached. The calcÍte Ín the sediment irmnediately above Èhis

marker zone shor,¡s a significant increase in MeCO, content, Ëhen gradually

returns to a 3 to 5 mole percent species higher in UnÍt D. There is yet

another striking increase in the MgCO, content of the calcite (to a

maximum of 14 mole percent) irmrediately above the uppermost marker horizon

in the basin. The Mg content in the calcite remains relatively constant

at about 10 rnole percent in Unit E above this marker zone' Finally, in

unit F the Mgc03 values decline to about 5 to 8 mo1e percent.

The modern bottom sediments in the basin show little consistent

spatial variation in either the amount of hÍgh-Mg calcite or the amount

of MqCO^ incorporation into the crysÈal lattice (see Figs, D-15 and D-16) '"J

6.3.2,I Introduction

As discussed in Appendix G, the spatial variations ín calcite

and dolomite in the modern sediments of Lake ManiÈoba can be quite

adequately explained simply in terms of terminal grain size and mineral

density differences. DreÍmanis and l{âgners cr971) have shown that the

cormrinution of glacier-eroded, multi-lithologic hedrock wíll result

in the producËion of several differenË particle size Dodes depending

Modern Calcite SedimentologY
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prirnarily on the mineralogy of the grains, The domlnant grain size ¡nocle,

or terninal grade, f}r dolomite fn their study was 4 to 6 phi; that of

calcíte was 4 to B phi, This, plus the fact that the density of dolomite

is about 87" more than that of calcite, ceu]-d explain ühe spatlal trends

and relationshíps of the two minerals on Èhe floor of the South Basin'

The abundance of dolomite shows a general decrease in the offshore

direction as opposed to calcitets increase símply because the hydrodynanic

characteristics of the heaviern larger dolomite grains Prevent it froin

being sorted and moved basÍnward with the smaller, less dense calcite

grains. Implied in thís scenario, although not. necessarily a requirement,

is that both minerals are detrital, originating from stream and \^IaVe

erosion of the carbonate-rich surficial sediments of ttLe region'

Ilowever, there are several lines of evidence which suggest that

this ís not Ëhe only, or even the most likely, explanation for the origin

and dÍstríbuËion of calcite in the South Basin'

6,3.2.2 Grain size - míneralogy relationships

If the domÍnant process controlling the mineral distribution in

the basín is physical breakage by glacier transport and ensuing hydrodynamic

sortíng as suggested above, it would be expected Ëhat the abundance of

the minerals would show a strong association for theír respectiVe Ëerminal

grades. Indeed, Èhe correlaËion coefficient matrix discussed in Appendj:<

G confirms ttraÈ dolornite and quartz sholT a Strong negatÍye correlatÍon

wiLh clay i quartz and feldspar have high posiÈive correlation coefficÍents

w-iÈh sand; and elay minerals and calcite tend to show trends similar Ëo

that of the c14Y.
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Figure 6-4 exal"Lnes th.is minezalogy-s.íze 4ssociatÍpn for the

modern surficial sediments in more detail, Plotted are the cQrrelation

coefficíents calculated betr^¡een the weight percent4ge of individual 1 phi

size intervals and the total amount of the particul4r mineral in the

sample. A high posítive correlation would indicate that the abundance

of the mineral is increasing or decreasing proportionately, to the variation

in the particular phí Ínt'erval. This r¡ould, thus, suggest that the

particular mineral is concentrated or segregated Ín that size fraction.

As can be seen in Figure 6-4, the abundance of qlraTtz sho',¡s

signif ícant positive correlations with the coarserthan-Fphi sizes and

negative correlations with the finer-than-ll-phi sizes suggesting that the

quartz is concentrated in the sand fraction of the sediments. Símilarly,

the clay minerals show high negative correlation with. the medium and coarse

silt sizes and strong positive association wfth Ëhe fine silt and clay

sizes. For dolomite, high posiËive correlations occur in the 4 to 6 phi

size fractÍons r¿hich confirm the terrninal grade hypothesis for this mineral.

CalciÈe, however, although showíng some suggestion of size segregation in

the finer fractions of the sediment, exhibits only rather weak correlatÍon

coefficients (a11 less than 0.46) and does not substantiate the terminal

grade mechanism for Lake Manitoba sediment.

6,3.2.3 Paucity of f lne-grained calcite

ThroughouË thfs discussion, it has been rather tacitly assumed

that because of the abundance of carbonate bedrock in the area (see

Section 3.3), Ëhere could be no question of a possible source of detrital

calclte and delomite, Furthermore, the tills surfounding Lake l"lanitoba
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and soils developed pn them are noted for Èheie- hrgh carbonate content

(e.g., Pratt et aLr 1961¡ Mills and Sruith, L97L; Ehrlich and Rice, 1955).

However, Fenton (1970, p. 17) reports that the avefage calcite content

of the Holocene alluvlal and Lake Agasslz lacus'tríne units irmnediately

south of Lake ManÍtoba is only 62, The tílls ín his study area average

only abou t 207. calcite in the finer-than-sand sized fraction. Conversely,

dolomite conLents are high, averaging approximatel-y 357". The Lake Manitoba

surface sedimenËs, excluding the re1Íct sands, average close to 307. calcite

but less than 207" dolomite. On the basis of thÍs limited comparison,

there seems to be a discrepancy between the relative percentages of caleite

and dolomite being deposited in the lake versus Êhe amounts contalned in

the probable sources assuming a detrital origin.

6.3.2.4 South Basin water chemistry

The chernical characteristics of the South Basin \^/ater were reviewed

in Section 3.8. The following points summarize Some of the salient features

of this discussion:

(a) the South Basin is presently brackish r¿ith up to 3'O g'1-1

salinity;

Cb) eyaporation and/or subaqueous groundwater discharge probably

play a major role in deËermining the water chemistry characteristics; and

(c) the North Basin of the 1ake, the lakers domÍnant inflowing

streao, and the lakefs outlet stream are more dr'lute in all components

(except calcite) relative Ëo the South Basín, suggesting that s/ater exchange

betr,¡een the Ër,¡o basins through the Narror^¡s is poor.

The resulËs of R-mode analysis of the modern bottçm sediment

data shorn¡s Ëhat much of Ëhe sarnple variance in the basin can be accounted
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for by a factor interpreted to reflect calcr'um carEonate precipitation in

the lake (see Appendi! G). To confirq or veiect Ëhe interpretation of

this factor, the degree of saturation of the South Basin r¿atef with

respect to calcite was calculated. ÏnPuhllshed water quality data

coverÍng a perÍod of four years was supplied 
.by 

A. Beck Clfanitoba irJater

Qualíty Division, l-9;19) from two sarnplirrg sÍtes in the south Basin

(summarízed in Appendix H). AlÈhough these sÍtes do not exactly coi.ncide

with any sedÍmenÈ sampling statÍon of Ëhis study, the Delta site is

within about 1 km of cores 36 and 40.

To determine the saturation state of the lake water with respect

to calcite, Ehe calculated ion activity product CIAP) of the solution is

compared to Ëhe product of the calcium and carbonate ionic activities for

Èhe reaction caco^ * Ca # + CO"^-= at equilibrium CK^)' Values of-3- --aq 3aq ' c

IAP/K Êreater than one indicaÈe supersaturation, less than one is under-'c"

saturation, and one indicates Saturated conditions. Values of K aret at

a given pressure, dependent only on temPerature and have been experipentally

derived. Those listed in Schwartz (I974) \^rere used in these calculations.

The IAP is the product of the ionic activities of the calcium (uar#) 
""d

carbonate ion Ca^^ = ) in the Þrater. Hoqever, in natural water the CO"s'co3

is also controlled bY the reactÍon;

HCo3- 
- 

co3= +H+

and must be calculated on the basis of the equilibríum reaction wíth
v

bicarbonare such rhar a^^ = - "ttco, ' -HC:3 
't'3 T

The activity of the ion is essenttally a measure of the

effectlve reactive cgncentïaÈion of that lon Ín the solution and is

calculaËed as the product of Ëhe lonls tOtal concentration and an acÈÍvity
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coefficient. The êctivity coefficlent (: Y ) Ín dilute solutions can be

approximaËed by the Debye-Huckel relation:

A z2 G)'4
-10e1=-

rtaõ(rl

where I is the 1oníc strengËh defined as t'hal-f the sum of the term obtained

by multiplyÍng the molality of each ion ín the solution by the square of

its valence" (Domenico,7972, p. I97); A and B are temPerature dependent

characterÍstics of the ü/ater; å it the effective diameter of the ion; and

Z is the valance of the ion. In these calculations, A, B, and å t"tu Ëaken

from Berner (1971, P. 2L7-2I8).

However, complex íons formed by ion pairing of the rnajor cations

and anions ín Ëhe solution become more important at higher ionic concentratfon

In Lake Manitoba $raters, whose ioníc strength reaches 0.033, the formation of

t.he ion pairs caco"0, caHCO. 
l, caS6r0, 

"*rao"-l, "gtor0, "gsooo, 
NaHCor-l,

3 ' 3 "4 J

-ooNaCO^= , NaSO,t, and KSO,U were taken into account following the iterative- 3 ' 4' +

procedure outlined by Berner (1971, p. 42), The ion pair dissociaËion

constants used in Ëhese calculations were Ëaken from Berner (1971, p' 43)'

Thus, the calcite saturation índices shov¡n in Tigure 6-5 are based on the

actívities of the uncomplexed Íons.

Figure 6-5 plots the calcÍte saturation index (IAP/K.) at two

locations Ín the south Basln over a period of four years. Also shown in

this figure are t.he varÍatíons in pH, temperature, and specífic conductance'

The lake Ìùater at boËh sites vras supersaturated wíth respect to calcite

at all times of the year during the sarnpling period'l Values fell almost

lTh. Irrrurnational Garrison Diversion Study Board (L976, p' 166) also concludr

based on " a computerízed anaLy'sis by Mr, F. Render of the Manitoba Dep4rtment

of Mfnes, Resouräes and EnVironmental lufanagementrrl that-CaCOr.Ís actively
being precipitated (-Èhat is, saËurated or supersaturated condítíons exist)
in Lake Manitoba.



Figure 6-5. Comparison of calculated calcite saturation index

(IAP/K^), PH, temperature,-and specific c-onductance of water

at two.sites in the south Basin of 1,"t" Manitoba, L973 to.1978'

Chemical data collected by Manitoba Water Quality Survey (see

AppendixH).seetextfordetailsofsaturationindexcalculations.
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to Èhe saturatien level during the winter:nonths -under an ice cover, while

durÍng the ice-fI.ee season of each yeAr' supersaturation reached almost

thirteen ËÍmes equilibrium values. A striklng rise in pH and temperature

can be observed during the spring and suÏnmer

UnfortunatelyonobiologicalproducËÍvitydataexistsforLake

Manitoba with which to compare this carbonate and chemical information'

However, it can be suggested thaL wiÈh Ëhe loss of ice and subsequent

warming r4rater temperaËures, biological activity, and specifically phyto-

plankton producËivity, increases significantly. Uptake of CO, by plant

respiratíon lowers the amoun t of co, Present in the v/ater and consequently

raises the pH. This, combined with the higher temperature, and, thus,

lower calcite solubílity, Produces a l0 t'o L2 foló increase in suPersaturaËion

of the water with respect to calcite and eventual calcite precipitatÍon'

Noattemptl¡Iasmadeinth.isstudytoharvestthecalcÍtegrains

which are beíng precipitated in response to the high levels of supersaturation

There has been flo repolt of r^rhitings in the laker nor of carbonate crustations

onkoids, or discrete carbofiate laminae; all features r¿hích are cormnonly

associated with authigenic inorganic precipitation of calcium carbonate

in lacustrine envirorunents, However, the absence of these complÍmentary

features by no means suggesÈs that calcite is not being precipitated'

Their absence can be explained by the physical nature of the south Basin'

For example, because of lts naËural high 1eve1s of turbidity due to both

re-suspension of bottom sediment and dense phytoplankton growth, the

visual ef,fects of whitings would probably be lost, Similarly, annual

or otherwise periodíc re-suspension of bottorn nuds and hÍgh levels of

bioÈurbation r^¡oui-d discourage the preservation of, discrete carbonate

laminae.



207

It' is fully lecognized that calculate'd Supersaturated conditÍons

of a solution need not necessari'ly mean that precipitati'on ¡^lÍ11 occur'

Indeed, the fact that $rPe¡saturati'on exîsts suggests that there is some

physÍcal or chemical barrier to nucleation. The absence of seed crystals,

shown by de Boer (1971) to cause elevated 1evels of supersaturation, does

nor seem applicable in the Lake ManiËoba sítuation. Folk (1974) has

suggesLed that the presence of relatively high amounts of ltg# in the

precÍpiraËing \,/aËer (Mg/Ca = 2 to 10) can act as a ttsurface poison"

selectively inhibiting the formation of crystallíne calcite' sirnilarly'

experimenËal work by Bischoff (1968), Lippman (1960, quoted in Lippman'

Lg73,p.109)andMurry(1954)showedthatmagnesiumj-onsinexcessof

calcium ions in a solution tends to discourage the ctystalization of

calcite. More recently experimental work on seeded precipitation from

sea !,/ater by Berner (1975) confirms this inhibiting action of t"tg#' but

also shows that the calcíte that does eventually precipitate from these

supersaturated solutions (i.e.' suPersaturated and haVing high Mg+ contents)

contains 7 to 10 mole percent MgCO3 Ín solid soluÈion'

6.3.2.5 Magnesian calcite

X-raydiffractionanalysesrevealthepresenceofadisordered

calcite in the sediment of Lake Manítoba. Although this material has not

been segregated and chemically or mfcroscopically anaLyzed, it is assumed

thaÈ magnesium ion substitution in the calcite lattice Ís responsible for

the shift in the 4ineralts reflections toward higher diffraction angles'

Furthermore, the low concenËrations of iron and manganese in Èhe lake wateÏ

suggest that thes.e twp ions, which would be the next mQst likely cafter
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magnesiur¡) to subatitute for calcium in the cryStal lattîce (Lipprnan,

L973), are not a major factorr ãà

Most authoritÍes consider these high {g calcites to be metastable

(Pettijol[r, L975, p, 323; Lipprnan, Lg73, p, 193; Berner, 1971' p' 146) t

and as such could probably noË be derived from the surrounding Paleozoic

carbonate bedrock of the watershed. This is confirmed by X-ray dÍffraction

analyses of ice-rafted carbonate pebbles and granules from several Part$

of cores 20 and D-3 cFíg. 6-6). In addÍtion, carbonate grains (larger

than sand-sized) \^rere exËracted from core D-4 at 573 cm, 609 cm, and 640

cm (from a unit interpreted as tÍ11), and from core 2L at 0 to B cm depth'

None of Èhese dolostone or limestone grains shor¿ed variation from the

,,normal,, 3.03 R calcite or 2.AS L aoromite reflectÍons' Likewise, samples

of both límestone and dol0stone bedrock from the Paleozoic Red River, sEOney

#
Mountain, Elm Point, and l^iinnipegosis Formations showed no Mg" íncorporaÈion

in the calcite.

FÍgure6_6alsoShowsÈÞ/orepÏesenÈativemodernlacustrine

sediments from the basin, Both show a dominant high-Mg calcite peak

ín addition to a much smaller t'normalt' calcite peak.

ItíssuggesÈedthattheh:igh-l4gcalciteisderivedfrorn

authigenÍc precipitation in the lake water in response to supersaturated

conditions possibly brought about by high levels of phyËoplankton produetivit

and the concomitant rlse ín Ëemperature and pH during the ice-fTee season'

However, until firm bíological data is acquired for Lake Manítoba, the

relative importance of a biologically-iniÈiated precipitating mechanism

versus precfpitation brought about símply by the change in r¿ater temperaEure

and CO, conËent during the surnmer cannot be deteruíned'
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For example, the ínfluence of groundwat.er in establishing the

supersaturated conditions may be ímport.ant. Cherry (7972) and Cherry

et al (1971) note that the norËhward flowing, shallow aquifer groundwater

system, which is consíderably moïe concentrated in Ca+, Mg# and HCO"=
J

ions relative to Lake Manitobars surface ürater, is at a temperaËure of

between 40 and 6oC and a pH of 7.0 to 7.8. If the hypothesis regarding

the continued flovr of this sysËem northward under Lake Manitoba and fínally

discharging in the lake via the coarse-grained relict sand unít is true,

as suggested in Section 6.L.2, the mixing of these two signíficantly

differenË l^raters could lead to supersaturation and carbonaÈe precípítatíon
ll tt

as Muller eË al (1972) and Kelts and Hsu (1978) have shor,rn to occur elsewhere.

The magnesium content of Lake Manitoba water ís also a possible

factor in creating supersaturated condítions in the lake. As mentioned

in Sectíon 6.3 .2.4, Mg# is believed to act as an ínhibitor of calcite

precipitation. Folk (f974) suggests Ëhat the magnesium ion makes ít

díffícult for calcite to form because it selectívely poisons sideward

growth of the crystal. Thusr CaCO, in a precipitaÈing situation wíll

prefer to take the form of either aragonite or small, very narrovr'

"fibrous" rhombs of magnesian-calciÈe. ApparenÈly the ratio of magneslum

Ëo calcium ín the solutíon controls many of the crystal forming mechanísms.

l4g/Ca ratios of less than about 2 will have líttl-e effect, and "normal"

calcite (i.e., without "ny t"tg#¡ is precipit,ated from solution. Ratios

of greater than 2 favor precipítation of calcl-te with varying eoncen-

+-+
trations of Mg" ion substítution. lhe amount of Mg incorporation

1n the calcíte lattíce ís directly related to the l{g/Ca ratio of the
It

solution (Muller and Wagner, 1978; Fuchtbauer and Hardíe, f.976).
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The Mg/ca ratio of the vüater fn -the. south Basin of Lake Manitoha

averages abouË 2.9 CF.lg, 6-7). Thus, the MgCO, content of the calcite

in the modern botto¡n 5.sfllnenËs ê-s determined by X-ray diffraction analyses

agrees very well with t.he mole percent MBCo, predÍcted from experimental

preeipitation data for the partÍculax l4gf Ca ratio of the Inrater (f iC' 6-8;

see also Fuchtbauer and Hardie, L976; I'tütter and Wagner, L978; and I'trinland'

1969).

ThishighMglCaratiooftheSouthBasín\^Iateroffersyet

additionalsupporÈfortheprecipítationofcalciËeinthelake.Table

6-2 shows that al1 the measured surface streams flowing into the lake as

wellasthemajorgroundwaterSystemssurroundÍngthebasinhavelow

t"IglCa ratios. Thus it ís evident Ëhat the South Basin \^7ater is being

"enríched" in Mg# relative to Ca#'

One of the easiest \.Iays to cause this enrichment is simply to

+
extract the Ca 

* t" t precipitate such as CaCOr' Thus' wiÈh continual

calcite precipitation, a given pool of ions in the lake will become

preferentiallydepletedincalcium.IftherateofreplenisTunentof

the Ca# vía, for example, the undersaturated inflowing streams' is

insufficient Ëo make up for the loss, the resulting high l{,glca ratio will

persist.

This rype of mechanism was puÈ forrh ny ulltler (1970) to

account for the overall high Mg/Ca ratio of Lake Balaton \"¡ater (about

1.0 to 2.5) reLative to the inflowing rivers (less than 0.5), as well

as to explain the observed increase of this ratlo along the 60 km length

ofthelakefromwherethemaininflowStreament'eÏSËhebasin(Mg/Ca

about 1.0 to 1.5) to the outlet of the lake cMg/ca about l-'8 to 2'6)'
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TABLE 6-2
Mg-CA RATIOS IN SURFACE STREAMS, GROI.JNDWATER AND

I.,AKE MANITOBA WATERSHED

Surface Streams*

Waterhen River 0.67
Whitemud River 0.50
Assiniboine River 0.75

Groundwater

Derta "t"tl

Shoal Lakes
utau2

}vestlake 
^t"u3

Springs in the
Winnipegos is

2l-4

LAKE WATER IN THE

Shallow aquifers
Bedrock aquifer

Shallow aquifer
Bedrock aquifer

Shallow aquifers
Bedrock aquifers

Lake Manitoba-
^alea'

Lake Water

Lake Manitoba South

Lake Manitoba North

Shoal Lakesc

*Ratios calculated from long-terrn means reported in Inland Waters
Directorate (1978d).

IRurio, calculated from means reported by Cherry (1972) and Gi11iland
(1s6s).

2R"tio, calculated fron means reported by Cherry (Lg72) '

3R"tio, calculated fron neans derived fro¡n Table 1 in Manitoba Water

Resources (L972).

4Ruaio, calculated from means derived fron Table III in van Everdingen (1971) '

aRatios calculated from long-term ¡neans derived fron data in Crowe (I972b) '
cober (1968),and A. Beck (personal conununication, 1979).

bR"rio, calculated from long-terrn neans derived from data in Crowe (I972b),
Cober (1968) , æd van Everdingen (1971) .

cRatios calculared fron mean derived fron Appendix C in Goff (1971).

0.87 - 1.s0
0.5s

1 .5s
I .66

1 .4s
1 .01

0 .40

Bas ina
-bbas t_n

2.90

I .30

13.49
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Lake BalatonlEi sutrface sediments have a hÍgh carbonate milreral content'

most of which is guÈhÍgenic calcite and contains betvreen 6 and 8.5 mole

percent Mgco, ¡uÏtt.t, 1970).

similarly, in central Manitoba eêst of Lake Manitoba, Goff (1971)

calls upon precÍpitation of calcíte to deplete the shoal Laker',s vtaters of

+
Ca and account for the very high Mg/Ca ratios present in the lakes (!"tglCa

raËios of up to 52; calculated from data in Goffrs Appendix cr P. 110)'

UnfortunaLely, the mineralogy of the bottorn sediments of these small,

closed lakes, which are located within the watershed area of the South

Basin of Lake Manítoba' was not presented'

6.3.2.6 SumnarY

Tosummarizetheabovecomnentsregardingthemoderncalcit'e

sedimentology of the South Basin, I concude that calcite is being

authigenically precipitated in Ëhe water coluun on the basis of (a) high

levels of lake water supeïsaturation; (b) the presence of híghdg calciEe

in the bottom sediments; (c) the relatively low proportion (and' hence'

low avaílability) of calcite ín the sediments and soils of the watershed;

and (.d) the lack of good size segregation of the bottom sediment calcite'

This calcite precipitation is largely inorganic, physicochemical precipita-

tion, possibly controlled by primary organic production in the lake, The

normal calcite, r¿hich makes up a relatively srnall amount of the total

calciEePercentage'aswellasthedolomiteÍnthebottomsedimentare

interpreted as detrital in origin, being derived from erosion of the

unconsolidated ice-laid, lacustrine,and fluvial sediments of the \^iaËershed'
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It is possible that some (or all) of the

dolomite ín Lake Manitoba sediment is not detrital in origín' Although

prirnaryprecipitationofdolornitehasb'eendemonstratedinonlyafew

naËural environments (¡nany authorities- would contend that iP situ precipi-

tation from a Þrater body has not been convincingly dernonstrated), diageneËic

alteration of pre-existing earbonates to dolomite has been suggested and

widelyacceptedínnumerousrecentsettings(seeBathurst'L975'fora

review).

ShermaneËa1(1962)andShermanandThielClg3g)suggesteda

rather simple dolornitization process affecting detrital carbonates in soÍls

developed on tills and on fíne-graíned Lake Agassiz sediments in Minnesota'

Theypointtov¡ardpartialdissolutionoftheclasticcarbonaÈestoform

calcium bicarbonate which could then react I^'ith the Mg# ion of the

groundwater or precipitated magnesium salts (e'g" MgSOO) to form the

mixtureCaCO,MeCo,.However,thepreciseX-rayandcrystalnature

of this resulËing diagenetic t'dolomit.e" is not clearly discussed; nor

is it evident if or how this diagenetic product could be distinguished

from the clasËic detrital dol0mite of the soil horizon' St' Arnaud and

Herbillon(1973)aresimilarlyarnbiguousregardingthequestionof

dolomÍte formation in prairie soíls of Western Canada. However, they do

implythatduetoËhebufferÍngeffectofcaËionexchangeprocessesin

the soil, there is some uPPer límit of MgCO, content ín the diagenetic

product of Ëhls type of dissolution-translocation-reprecÍpitation processr

DolomÍte in the l"lodern Sedl¡n.enlsì

2L6
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lli-îtter and co-r¿orkers (Uütter and i{àgne¡ | LglB; t"tüller and

Tishbeck, T9J3; Uüft.r et al ? Ig72; Uülter , L7TA; Uiìtter and frion' 1969)

have done much to qualitatively and semÍ-quanËitatÍVel{ êdyance our knowledge

of secondary dolomite formaËion ín lacustrine environments' Briefly summafizi

this extensive work gn European and African lakes' they conclude that the

presence of high-Mg calcite and elevated Mglca ratios in the water (greater

Èhan about 7) are both prerequisítes for the secondary formation of dOlomite'

The resulting diagenetic product is a poorly orderedl carbonate mineral

containing 35 to 50 mole percent MSCO, but having the characteristÍc of

lower solubility relative to calcite and Mg-calcite' This stable' catíon-

dÍsordered, calcium magnesium carbonate (termed protodolornite) is morphologict

identical to high-nagnesian calcite and Ís generally found concentrated in

the finer grain sizes Cul-lff"t and Wagner' 1978)'

Conversely, Folk and Land (L975) suggest that dolomite can

readily form at taglca raËios as low as l:1 providing crystallizaÈíon raËes

are slow enough. Rapid crystallization, such as Folk and Land (1975) suggest

is responsible for Ëhe protodolomite formaËion in Müllerfs studíes' require

higher l4g/Ca ratios. They further point out that high water salínities

actually inhibiË the formatíon of dolomÍte and that fresh \^7ater diluËíon

of brines r¿ith moderately high Mg/Ca ratios may be the easiest \'/ay Eo

form the mineral

Finally, Callender (f968, Lg6g' Lg74) has suggested that ín

Devil's Lake, North Dakota, high-Mg calcite is belng converted to dolomiÈe

at or very near the sedÍment/water interface. Based on (a)a signíficant

'lr0rdering Ïrere refers to the regular alternatlon of
mineral'ã crystallographic planes (Ierner, 1971).

Ca and Mg tn the
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decrease in Èhe arnQunt of high-Mg calcite in sed+nent of the upper s'eyeral

centimetres of the lacustrine deposit.Ve.rsus: the material at the vlater-

sediment interface, and (b) a concomitant Íncrease in dolornite in the

sediment versus the \,Iater-sed.iment interface material' he postulates that

the high magnesÍan calcite is undergoing dissolutÍon and re-crystallization

as low-Mg calcÍte and/or aragonite' Dolomite is then produced by the

reaction of these carbonates wiÈh the high'-.Mg interstitÍ41 \^'ater. This

is supported by Ínterstitial waÈer l4glca ratios of over 11 which are sone

three tÍmes higher than the lake water. However, again, iË is not clear

from callenderts work how the dolornite formed in this way is different

from the clastic dolomite he has identified as detrital (allogenic) in

origin,beingderivedfromtheerosionofthecarbonate-ríchtíllsofthe

watershed.Similarly,hehasapparentlynotrecognizedorídentifiedany

typeofimperfectlyordereddolonrite(protodolornite)inthesamples.This

is somewhat unusual sínce most authorities (.e,g., Berner, Lg]L; Bathurst'

L975;Gaines,Lg77;GoldsrnithandHeard,196l)recognizeaninËermediate'

metastable protodolomite PrecuÏsor to the fully ordered stable stoichioTnetrÍc

dolomite. l

The dol0mite in Lake Manítobars surface sediments ís presently

beinginterpretedasentirelyclastic,detritaldolomitederivedfrom

shoreline and stream erosion of exposed glacial sediments. This interpre-

tation is based on the lack of data supporting a diagenetic hypothesis

in Lake Manítoba. ft is recognized, however, that further chemical'

microscopicrandX-raydiffraction¡¿orkmayconfirmthepresenceand

mechanisrn of formation of Penecontemporaneous dolor¡ite in the sediment'
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Interpretation of Stratígraphíc Changes ín Carbonate
Parameters

Introduction

Given the modern carbonate sedimentology sítuatíon díscussed

above, several comrnenÈs are in order regardíng the profíles of calcíte

(Figs . J-2, J-7, and J-12), mole percent MgCO, in the dísordered ealcite

(Figs. 6-9 and 6-10), and dolomite (Figs. J-2, J-7, and J-L2). Mueh

of Ëhe following discussion r,¡il1 concentrate on changes exhibited in

eore D-l because this was Èhe only core in which detailed carbonate

X-ray diffractíon studies vlere performed at relatively close sample

intervals.

6.3.4 .2

calcite precipítation ín Lake Manitoba comnenced during

the deposition of Unit B. Prior to this the low amounË of "normalt'

calcite ín Unít A is interpreted as mainly detrítal calcite derived

from the shoreline and watershed erosion. The lack of variation

in this normal calcíte profí1e throughout the section índicates that

the input of detrital calcite to the lake has been relaÈively constant

throughout the lake's history. From a depth of about 9 m to the

surface in core D-1, the Mg-calcite shows a steady increase in

abundance from less than 57. to over 357. of. the total bulk nineralogy

(Fíg. 6-9). Because organic productl-víty might be responsíble for

conÈrollíng calcite precípitation in the modern lake, ít ís Ëernptíng

to view this Mg-calcíte profile with the same logic - gradually Íncreasing

productiviËy levels in the lake.

CalcÍte
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detrita-l caicite ("*ê c), and. percent Mg-calcite (d-lfference
betv¡een curves b and- c) in core D-1. In c-ore D-1, Unit A extends
from the base of the core up to 9.8 m; tlnit ll from 9.8 m to B.2m;
Unit C from 8.2 rn to 7.3 rn; Unit D frour 7.3 m to 3.3m; Unit E from
3.3 m to 1.0 rn; and Unit F fro¡l 1.0 m up to the top of the core.
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. Hor^¡ever, this conclusion should be yier¡ed with caution because

the organic productivlty-calcite preeipitation linkage Ín the present-day

situation has not been established beyond any doubt, It is possible

that purely physical and/or chemÍcal factors'may be responsfble for the

calciËe precipitatÍon and, hence, the stratigraphlc variation in the

abundance of calcite. It is also possible that Ëhe calcite profile could

conceívably be the fesult of diagenetíc changes. lor example, dissolution

of the calcite in the subsurface could be invoked to explain the decreasing

trend with depth; wíth greater depth ín the sediment' progressively more

time has been available for the pore r¡rater to redissolve the calcite,

resulting in a decrease in abundance of the calciÈe downward in the

section. However, there ís no data to support or refute either of these

two latter suggestions.

6.3.4.3 MgCO, content of calciÈe

Several hypotheses can be constructed to explain the straËigraphic

variation in the mole percent MgCO3 parametel. These can be grouped into

three main families of causal mechanisms: (a) in sit9 water chemistry

anðfor temperature change, (b) variation in inflowing stream chemistry

or volume, and (c) variation in inflowing groundwater chemistry or volume'

Although these varíous groups of possible hypotheses r¡ill be discussed

separaËely, they are all closely interrelated, and variations in one

probably r¡ill exert a considerable feedback effect on the lacustrine

situation an¿l cause changes in the other factors'

It is generally held that MgCO, incorporation into the cal-cite

latÈice is a respgnse to high Mg/Ca rAtios of the hTater in n¡hich the calcium

carbonate is'forming. BoÈh field and laboratory investigations Ce'9"
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Uijtter , 797Q3 ltiifter ¿nd Wàgner, L978i Ìtl"fnlarrd, Lg6g; Katz, I9l3;

FuchËbauer and Hardie , 7g16) have cgnvtncingly 'shown that the degree of

Mg+ uotake by the calcfte lattice is clearly related to two main factors:

(a) the Mg/Ca molar ratios of the precipîlating solution and (h) tempelaturer

In general, higher values for efther (-or both) of these factors favor

higher amounts of ltg# incorporaËion,

AlthoughthereSeemstobedefinitephysicalandchernical

constraints which fimit Ëhe applicability of this relationshíp (e'g'I

calcite r¿ith more than about 18 to 20 rnole percent MgCO, is so unstable

that aragonite becomes the preferred crysËal form for CaCOa; ltütter

et al, Lglz; Berner, 1966, LglS; Winland, 1969; Fold and Land' 1975;

see also díscussions in Thorstenson and Plummer , Ig77; Lafon, L97B;

Garrels and wol1ast, 1g7B), withÍn the range of Mscoa mole percentages

and temperaEuïes recorded in the Lake Manitoba sedíment and waËer this

símp1e higher MglCa ratio (or higher temPerature) - greater Mg incofPorêtit¡n

gener ai-ization probably aÞplies'

l.InsiËgtemperaEureorchemicalchanges.Oneofthemost

straighÈforward mechanisms Èo account for stratígraphic variat'ion in the'

l,Isco, content of the calcite is siuply to alter the temperaËure of the

lake water in which the calcite was precipitaÈÍng. Using the daËa shown

in Figure 6-8, it can be seen that if the Mg/ca ratio of today's lake

r,rater (about 3) is used, a r/ater temperaÈure of approximately 50oC is

required to account for a 10 to 14 ruole percent MeCo, calcite species

such as occurs in the sediment imnedi-ately ahove the uppermosË marker

horizon. Under todayts climatic regime such teoperatures are probably

well in excess of reasonable maximums' llorr¡ever, during the warmer and
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drier Hypsithermal interval (approximately9ooO to 2500 years B.P.;

Deevey and Flint , : g57), temperatures may have been eonsiderably higher'

Furthermore, the temperatures at the surface of the earth may be considerably

higher than those of the atmosphere'

InadditiontoadifferingtemPeratureregimeinthelake,the

ltglCa ratio of the \,r'ater also may have varied. According to Figure 6-8,

an increase in the Mg/Ca ratio from todayts value of 3 to about 4 will

account for the 10 to 14 mole Percent MgCO, in the calcite if the

precipitate \nras forming in wat.er temperatures of only about 28oC - r'alues

which are often exceeded in central Manitoba \,Jater bodies todty'1

Thecauseofsuchavariationinthet'tg/Caratioofthe

lake water is not knov¡n. It vias suggested in Section 6.3'2 that the

high Mg/ca ratio of todayrs south Basin \,7aËer (relative to the inflowing
+?

water) can be explained by the preferential extracÈion of Ca'- ions from
+)

the lake through CaCO, precipitation. Continued depletion of the Ca'-

+t +2
pool and, hence, enrichment of l7g-t reLative to Ca'', results in the

hígh Mg/ca ratios in the basin and, of course, in the precipitation of

high-Mg calcite.

If thís mechanism ís operable in the lake today, it seems logical

to attempt to apply it to the Holocene straËigraphic record in the basin'

This was done by uìitter and wagner (1978) in the carbonate stratigraphy of

cores from Lake Balaton, Hungary. They contend that the level of MSCO,

incorporation inÈo the calcite lattice is indicative of the \^Iater levels of

the lake and, hence, is an expression of the relaÈive "drynesstt of the Balator

region during the pasË 8000-year period. Their reasoning is as follows:

1'coff^(1971) reports
of 30"C in the Shoal

frequent. daily maximum vlater temperatures in excess

Lakes, 20 km east of the South Basin'
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During the lew water perÍods, which are due to an increase in

the evAporation/precipitation * inflo\^7 'ratio, I-ake Balaton becomes a

closed basin. However, 'rfver inflow rnaÍntains a source of saliniËy'

and continuous calcite precipitation in tt¡e basin raises the Mg/Ca

ratio of the \,.rater. As outlined above, the result ís an elevated level

of }tgco, incorporation into the calcite lattice' certainly implied in

this scheme but never specifically mentioned by the authors is the require-

ment that the rate of calcite precipitation must actually íncrease during

Ëhe low vrater perÍod. That is, in order to adjust the Mg/Ca ratio of

the lake !üater upward, which they and Uütter et al ÇL972) contend is

prirnarily responsíble for the increased MgCO, incorPoratíon in the calcite,

relatively more Ca must be extracted frorn the In/ater than was prevÍously

being taken ouÈ by the precipitation Process (.assuming the inflow

characteristics do not change). The result should, of course, be a

subsËantial increase in calcíte abundance in the sediment during these

low level stages.

However, in Lake Manitoba, the highest mole percentage of MBco,

in the calci¡e (innnediately above the two uppermost basin-rvíde marker horizons

Figs. 6-9 and 6-10) are associated with generally lower percentages of Mg-

calcite ín the sedíment. I^Ihíle this phenomenon is readily explained (i'e' 
'

-l-+
the hígher Mg# and other ion concentrations ln the \trate.'a'e 1-1ke1y lnhíbít-

ing calcite crystal foraation), it is not in keeping wlth the hypothesis of

preferential Mg# enríchment due only to calcíte extractíon of Ca#'

Tt is, of course, possible that the Ca# ions coul-d be selectívely

extracÈed ffom the lfater by other means. In -sitJ: precipÍtation of more

evaporiËic ca-hearing minerals such as gyPsufn (caSOo ' 2H20) or glauberite
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(casoo Nars0o) or any one of numerous calci¡m phosphates c-e'gll chlor-

apaLite, cr'0c12G04)6; fluorapatite, CaroF r?oO\ U; hydroxylapatite'

caro(oH) z¡oa) A; voelckerite, caroG04)6i carbonate-ap¿tiLe' carocorC?04)6;

see also McConnell, 1950) could lead to higher Mglca ratios Èn the \^/ater

and,hence,hÍgherMgCo.Íncorporation.Hor,¡ever,thehighsolubititiesof

manyofthesemineralspecfesrelatlvetoCaCo,wouldprecludethe

possiblîtyofbeingabletosubstantiallyenrichthesolutioninMg

extensíve calcite precipitation occurred '

Alternatively,themechanismcouldconceivablyworkinreverse.

Duringthelowfevelepisodesofthelake,awidevarieËyofevaporitic

salts would be precipitated ín the final stages of complete dryÍng and

desiccation. fnitially, low-Mg calcite, high-Mg calcÍLe, and possibly

aragonítewouldform,followedinthelatterstagesofbrineconcentration

byavarietyofmoresolublechlorides,sulfates,arrdcarbonatesdepending

upon the precise ionic balance of the I^7ater (.see Eugster and Hardie 
' 

1978;

Hardie et al, L}TB; Surdam and Sheppard' L97B' for reviervs)'

Then,withrefloodingofÈhelake,severalthingshappen.Substant:

reworking of the previously deposÍted sediment would occur probably resulËing

inerosionandlossoftheuppermosËmaterialofthemarkerzones.Also'

the most soluble evaporitic minerals, which probably formed a thin crust

on the lacustrine clays during Èhe desiccation periods, would redissolve

as more humid conditions returned (either by the actual reflooding of

Èhelakeorbyhigherrainfall).Thedissolutionofanyhighlysoluble

magnesium-bearing sulfates (e'g', epsomíte' MgSOO TH.O, hexahydritet 
à

MgSOO ' 6HrO; kiesírite, MSSOO HZO)' chlorides (e'$'¡ bischofite'

MgClr6f.10;carnallite,MgCLr'KCl'61120)'orcarbonates(nagnesite'

before
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ÌlgCOr; high-Mg calcite) could lead to elevated 'ylelCa ratios Ín the vrater

because most of the calcium would still be associated with the relatively

lesssolublelov¡-Mgcalcite'Thus,whenthephystcalandchemical

eonditÍons of the lake water vTere agaitr such that caco, precipitatíon

could occur (probably in response to seasonally high productivity 1evels) 
'

relarively high rnagnesian calcite c9 to 14 mole percent) would be precipitated

2.Groundwaterinputvariatíon.InadditiontoEhesechanges

in the r,rater chemístry of the lake caused by selective precÍpitationt

dissolution'ortemperaturevariation,Lhewaterenteringthelakevia

groundwaterdischargemayhavefluctuatedgeneratÍngchangesintheMgCO,

incorporationÍntothecalcite.However,asisevidentfromsection3,6.3,

thepresent-daychemicalnatureandflowcharacteristicsofmostofthe

groundwatersyst'emssurroundingthelake,andtheÍrrolesincontrolling

the lakers water chemistry and in dictating the Mg/Ca ratio of the lake

areonlypoorlyknown.Thus,anydiscussionofthectLangingnatureof

these groundwater systems through time is largely speculative.

The variation necessary to account for the imPlied relatively

higher Ì4g/Ca ratíos night be due to the introduction, or at least increased

relative conrribution, of groundwater r¿ith a distinctly high MglCa ratio'

GíIlíland (1965), for example, has Ídentified a groundwater ehernical type

character ized by lkglCa ratios of about 2 (his type 5 and the only group

of his 10 ground\^7ater types with Mg/ca raÈios greâteÏ than 1'2) in shallow

alluvialsiltsJustnorthandwestofPorËagelaPrairíe.Althoughheis
1

somewhat ambiguous about the origin of lhis \'Iater Ëype* and does not

lcilttlurrd Cr965) suggests that this water type nay represent a -mixing 
of

essentially Ètro end members: water from the lacustrinä cl-ay and silt (r¿ith

a strong bedrock aguifer irnprintj and water from the alluvial sands' Ilowever'

as borh of rhese types have rel-aítî.it i"wer l'tg/ca raËios, ít-ís difficult
to understand how sinple ruixingr-ritfrånt an adãitional- selective precipiËatic

or dissolution mechanism' can explain the increase in MglCa'
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aËtempr to explain this high Ïrg/ca ratio, it is'possible that Ëhe increased

influence of this chernÍcal type of groundwater on the lake eould help

raíse the Mg/ca ïatio of the water. subsequently, a change in groundwater

flow patterns ïesulting ín a decreased volÜme contribution of this chemical

type could then be invoked to account for the decrease in \{glca ratios as

recordedbythedecreasingMgCOríncorporationinthecalciteofthe

sediment.

ExaminaËionofthegroundwaËerchemistrydatasupplíedbyCherry

et al (1971, p. 330) shows that portj-ons of the shallow aquifer system

betweenDeltaMarshandPortage -:aPrairiearecharacLerízedbyhigh

TlglCaratíos.Thisisattributed(p.32g_33I;SeealsoCherry,1972),

in part, to (a) groundwater dissolutíon of magnesium-bearing evaporitíc salts

(specificallymagnesiumsulfates)whichwereemplacedintheQuaternary

deposits as a result of an earlier period of strong upward flow of the

more salíne bedrock aquifer system' and' ín part' to Cb) cation exchange

of Ca# for Na* and Mg# on the montmorillonitic clay minerals of these

deposits.

If these suggestions are valid' then both mechanisms (i'e.'

groundwaterdissolutionofsolublesaltsandcationexchange)become

variables which could fluctuate through time to account for chemical

differences ln the waÈer being supplíed to Lake Manítoba' For example'

regarding (a), it is probable that the regional, saline bedrock groundwaËer

flowcomponenËassumedarelaËivelydominantrolelnthewatershedduring

the times of greater aridity because the fresh\^/ater, shallow aquifer flow

comPofienË, which depends on 1ocal recharge areas, would be greatly reduced.

These concentrated brínes might then have precipiÈated rrarious Mg-bearing
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sulfaLe and chloride salts within the pore spaces of the late Pleistocene

and Holocene. sediments which subsequently wqpld be readily dissolved by rhe

later re-introduction of the 1ocal flow'system, Drever and srqith (1978)

and Jones, Eugst.err ênd RetËig (Lg71) stress the irnportance of this type

of precipitatlon-dissolution process in the chemical eyolution of brines

in closed basins.

Also,becausetheionicratiosandactivÌtiesofthe\^7ater

control' to a large degree, the cation exchanges between the solution and

the montmorillonitic clays (see Garrels and Chríst , 1965, Chapter 8) this

varíation in regional (saline) versus loca1 (fresh) flow components might

be used t.o derive the necessary M,glCa ratio of the groundwater and, hence'

the lake \¡Iater.

3.Riverinputvariations.Inadditiontothegroundwaterlnflot+

variaÈion, Ehe other main source of dissolved ions to Lake Manitoba - the

surface stream inflow - could have changed through tirne to account for

the fluctuation in Mg content of the precipitated calcite' For example'

if the Assíniboine River $/ere a source of Mg (or high Mg/Ca raÈio water) '

it is evident that the mole percent l"Igco, ín the calcite profile of the

cores night readily be inÈerpreted simply in terms of the Assíniboine

Riverts varíable contribution to the 1ake. However, as pointed out in

Sectíon 3.8, todayts Assiniboine River Þrater does not have a high Mg#

ion concentration or a high IAglCa ratio'

The Mg/ca ratio of the river vlater could be increased by any of

theprecipitation,dissolution'orcationexchange'mechanisrnsmenËioned

above. As shown by Green and smeck (1979), for example, the carbonate

equilibria for the Maumee River system in nortb-rqestern ohio are quite
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dynamic, resulting ín variable fl P¡.tY (that is, within the strearn)

carhenaËe precipitattpn (-their secondary'calcfte) and dissolution depending

mainly on algal prpductivity in this lotirc environmente $s a generalization'

hov¡ever, highest relative amounts of I'second4rY't' calcite occur during

perÍods of low flow fn the river basin ('l¡1a11 and Ì^lÍlding, L976)' Thfs

is probably due Èo increased ionic concentrations wtrich are basically the

result of decreased surface runoff dilution of the fiVer systeln (-Jones'

Smeck,and l^Iilding, 1977) '

ItisreasonabletosuggestthattheAssiniboineRiver,likewise

may have been characterized by lower flows and hígher salinities (relaÈive

totoday)duringperiodsofgreateraridity,Precipitationofcalcite

ín the stream' possihly controlled by a1ga1 productivity altering the

COrbudgetoftheriverr'/ater,wouldresult'asdiscussedabove'in

raisingtheMg/Caratioofthefluvialmediaand,íftheAssiniboine

River ínftow \¡¡as a major factor in the South Basints hydrologic budgett

also in raísíng the Mg/Ca ratío of the lake water'

Finally,nineralprecipitationneednotnecessarilyheinvolved

to account for the Mg/Ca ratio increase of the old AssinÍboine River' As

suggested by numerous researchers Ce'g'2 Eugster and Jones' L979; -Drever

and Smith, IglS; Míller and Drever, L977; Snith and Drevex' 1976)

pronouncedsolutefractionationaswellasincreasedsolutelgadcan

occur as dilute surface t7aËer (runoff and stream \'fater) selectively

dissolves the most soluble constituents of efflorescent crusts formed

in the draÍnage basin soils during a more arid episode'
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6.3.4,4 Dolomite

ThedolornitecontenËofthesurficialsedimentofLake

Manitoba is interpreËed to be entirely detTital- in orÍgÍn, having been

derived from wave and stream erosion of the dolomíte-rich glacial sedÍments

of the watershed, This inËerpretation, as opposed to in 91!g aoromitizaÈion

of pre-existing carbsnates in the sediment' \tas hased mainly on three lines

of reasoning: (a) the abundance of dolomite in the glacial sed'iments and

bedrock of the watershed, Cb) the suggestion of size segregatlon of the

dol0mite ln the silË fractíon of the modern bottom sediments, and (c)

the lack of X-ray evidence of cation-disordered protodolomite in the

sediments '

ThedolomíteínthesubsurfacesedímentsofLakeManitobais

similarlyínterpretedasdetritalfortwooftheSamereasons.The

deËailed carbonate x-ray analysis of over fifty samples from cores D-l'

D-2, D-3, and 23 has failed to identify any Ëype of dslomite other than

f,stoichiometric r" 2,gg Â ¿ofomíte r¡hich is exactly like Èhe dolomite

in the tills and bedrock of the area. Llkewise, the abundance of dolornite

in the rills south of Lake Manitoba (see Fenton, 1970, p' 17) would suggest

that there is an ample source of glaeíer-co1nmínuted detrital dolomite in

the watershed.

Acceptingthatthedo].omiteofLakeManitobasedimentsisentirely

detrital ín origÍn, the dolomite profile fn Èhe three deep cores in the

basin can be vÍewed with Lwo basic Processes În mind: Ca) loss of dolornite

throughchemÍcaltleathering,andcb)sizesegregaÈion.Thedolornite

profilesineachofthethreelongcoresshowsageneraldecreasein

abundanceup\,rardinthesedimentcolumn''Ibelievethatthisisdueto
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a gradual loss of this carhonate mineral- with ttme through dissolution

while still in the waters{red soÌls. Iyr a study of the sOils developed

on the strongly calcareous tills of the Interlake Area approximately

40 krn east of the South BasÍn, Ehrlich and ßice (1955) shon a striking

loss of carbonate material in the A and B horizons of the profile.

Sirnilar leaching of the dolomite (and calcite) in the upper soí1 horizon

has been reported by Mills and Smith C-1971) in the Graharndale area north

of the South Basin and by Ehrlich et al (L957) in the Carberry map

sheetimmediatelvsouthofLakeManitoba.Thusrwithtimeandincreased

chemical v¡eathering at the dolomite source Ci.e,, mainly tills), smaller

amounts of the carbonate mineral ¡¡i1l be available for transport and

deposítion in the lake.

superposed on this is the effect of size segregation of the

detrital dolomite graíns. It was shov¡n that in the surface sediments of

the South Basín, the dolonite content exhibits a strong positive correla-

tion for the medíum and coarse silt fractions and a strong negative associatíon

for the fine silt and coarse clay-sized material. This was used to confirm

Dríemanis and Vagnerts (1971) terninal grade concept for glacier-coruninuted

dolomite. Similarly, it is evident in the stratigraphic profiles of

D-L, D-2, and D-3 that, ín general, dolomíte values are Trighest in sedfment

with a higher sílt content. For example, ln core D-l Csee Figs. J-l and

J-2) below a depth of about 11.5 n, the dolomite content is low corresponding

to the low Silt-high clay content of the sediment. BeÈween about 6'm

and 9 ,75 m depth the sedimenÈ contains a higher amount of dolomite

correspondfng tO a generally higher silt content. Sirnilar Èrends are

evident in the pther Ëwo long cores. That dolomite does not shor^r a
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statistically significant correlation with the ter<tural parameters Ín

cores D-l and D-21 can be expl-ained by'the above mentfoned gradual decrease

in Ëhe abundance of this detrital carbonaËe mineral wíth time, That is,

although the upper several metres qf the cores are silt-rich, they do not

show strikingly high dolomite contents hecause much of the dolomite has

already been lost at the souree by carbonate leaching and possÍbly

dissolution whÍle in transport to the deposition sÍte'

6.3.4.5 Summary of interpretations

Theinterpretationsofthefluctuatíonsintheprofilesof

the various carbonat.e parameters in cores of the post-glacíal sediment

record of Lake Manitoba can be summarized as follows:

l.AllofthedolomiteandaportionoftheËotalamountof

calcit.e in the sediment record is detriÈal in naËure' having been deríved

prímarily from wave action along the shoreline of the lake and by watershed

stream erosion of the calcareous (but dominanËly dolomftic) surficial

sediment of the arear The detrital calcite content is minor (amounting

to less than about 4%) and shows essentially no systematic variation in

the section. This Ís due to the low amounÈ of detrital calcite relative

to dolomite available in the watershed sedimenÈs' The dolomite profile is

believed to reflect (a) the effect of size segregation of the mineral with'

generally higher dolomite contents associated r^¡iÈh higher sÍlt percentagest

and (b) dissofution and loss of dolomite from the source Ctills) by soil

forming processes over the past 10,000 to 12,000 years'

Il,io"u" correlaÈion coefficients for
D-1, D-2, and .D-3 are 0.30, 0.34 and

and D-2 are not signiftcant at ú -
sÍgnÍficant at 4. = 0.001.

the dolqmite-silt varlable pair tn
0,49, These r val-ues fPr both D-l
0,02; the D-3 correlation ls
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2.Mostofthecalcí.teinthesedímentaboveUnítAis

authígeníc in origin, having been physícochemícally precipÍtated in

the lake $Iater possibly ín response to íncreasíng levels of organíc

productivity in the lake.

3. The variation ín the amount of MgCO, incorporated into the

precipiËating calcíËe lattice can best be explained by the ínteraction

of several plausíble mechanisms:

(a) Increased vrater temperature assocíated r'lith

shallower vrater and warmer, drier conditions. This results ín the

incorporation of sígnificantly higher amounts of MgCO, in the calcite

lattíce wíthout necessarily substantially changíng the Mg/Ca ratio

of the lake water.

(b) precipitation of evaporatíve salts and particularly

very soluble Mg-bearíng sulfates, chlorídes, and carbonates

associated l¡ith the latter phases of lake desiccation. Subsequent

reflooding of the lake after drying resulËs in selective re-solution

of the most soluble salts, thus raisíng the Mg/Ca ratio of the lake

vrater.

(c) Siuílar precipiÈaÈíon of soluble salts in interstítial

pore spaces of the Pleistocene and Holocene sedimenËs at the tímes of arídity

due Ëo an increased ínfluence of the regional, saline groundwater flows

relative to the less brackish, local flow components. Subsequent

changes in the hydrologic balance caused by less arld condítíons re-estab-

lished the local, relatívely fresh groundwateï systems resul-ting in dissolution

of the highly soluble mínerals. This dissolution plus the probable
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exchange of Ca 
* for Mg# on the montmorillonitic clays of the deposits

results in a net íncrease in the Mg/Ca ratio of the groundrvater r'¿hich

probably made up a sÍgníficant Proportj.on of the lake's hydrologic l;udget

at tl'ris time.

(d) precipitation of calcite in the lacustrine environment and

particularly in rivcrs çupplying \llater ancl ions to the lake results in the

selective lc-rss of Col* ¿rrrc1 an íncrease in the ltlg/Ca ratio.

Cation er-chalnge studies on the clays of Lake l'lanitoba as rvell as

more <letailed mineralogical investigations in correlable units outside of the

Lake Manitoba basin should help resolve the relative magnitudes of these

varÍous infLuencing fa.ctors.

6.4

Compared to its sister lake, Lake Winnipeg (see Kushnir, L97L;

Brunskill and Graham, I979), Lake Manitoba offshore sediments contain

rather 1or,¡ amounts of clay-sized material . ÉIowever, this clay-sized

fraction and the assocíated clay mínerals of t1're sediment are a sÍgnificant

source of variation irL the modern sediments on the lake floor (see

Appendix G). TIre eastern third of the basin contaíns mainly illite and

'lcaolinite * clilori Ee, with little or no detectable expandahle lattice clays

(see Figs. D-19 to D-21). The remaining portion of the sampled basin

(af ter disregarding Lhe relic t sancl area of the southwest) generally

crlnfâins sulrecra'l nronorlions of rlre flrree srorns with the exnandables

being slightly more abundant than the o[her two groups. Although the

constraints inrposed by using a closed data set such as this (thaL ís,

all three clay mineral groups mu:jt sum to 100%) may play a role in

orzer'l w emnll¡sjzi"^ "l-^ llv eonsir'l erah'lv môrê srrhfle mincralvvLr r) rrEi wrrdL clLg dLLtr-L-LrJ uvlloruLLour) luvLL ouuLrL llrr

cl í.-[1'ercnces; i[ :is, r]orìcLlrel.ess;, tel,t th¿lt tlrese Lrrlr(l:j ¿rrr, rcal-.

INI]IRPRE 'ATION OF CLAY MINERALOGY
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rn Lake wÍnnipeg, Kushn ir- (1971, Table vrrr, p. 6r-62) srrorvs thar

the "relict" gJ.acial and glacio-J J uvial deposits exposecl in the souLir

bas j-n at:e rel.at j-ve1y -[orv in nontmorillonite and l'righ in illite and

kaolinite * chlorite. Similarly, in Lake Manitoba, a sample of a

^r-"^ 1-1 ,, --i-l ¡., ^lnw qpdimenl- imnrndi¡felrz rrnrìor'lr¡-í,"n rl-ra llTô1j^f ll
6!4vef!ry ùIrLy Lru_r ruurrrrLrrL rr¡u[--^*--*J *J IIIB Ltfe IeIIcL

11.. ^^^Å ^Fördvsrry Þd!!u d' location 21 (see core description, 
^ppendix 

I) showed

a relatively 1ow percentage of expandables (62) and high Íllite and

kaolinite * chlorite values. Thus, erosion of this sediment arrd redis-

tribution in the eastern portion of the basin would account for the lorv

exoandable-hish illite ancl kaolinite * chlorite jmnrint of the modern

denosjfs of fhe area.

The sediment of the western and central portion of tlie basin,

hnr^ror¡er iq conqi.laral- l.r hi-hav in ô--ô-¡n}.1^ n1-"- -r^1..1^. 1" }.^-._.._._^, __ __^._loeraDry nr-gner rrr cxp¿rnoaDJ-e c-Lays, proDaDIy Decause

the clay mineral assernblage ímprint is derived more from the fluvial influx

to the basin. The Llhitemud River and Portage Diversion (via the Assiníboine

River) l'roth rlrei.n areas in which fhe hnrlrock - srrrfaco sedimenf s- and soifsLrru vuuÀ vv!\ t uls¿rLrvlr LU t

nrø rofet.ir¡alr¡ hioh írr mnnt.mnril.lO¡ite (Madden, I974). ThuS, the only

t¡vo sizeable streams deliverin65 sediment to the Soutl'r Basin today sl-rould

be enriched in montmorillonite relaEÍve to Ehe proposed eastern glacía1

sediment solrrces.

Stratigrapl'rically, the relative abundances of the three groups

of clay minerals show often striking but very erratic fluctuatíons with

depth (see FÍgs. J-3, J-8, and J-13). Furthennore, there is very little

^ì-.'1--'i{-,, i- +1.Þ!,!rrrd! rLy rrr urtc variatÍons of thcse prol:iles between Elre three long

cores in the basin. Ihis lack of consistency and "Lreud development'r

,,-í+1.-ín +1rn ^1^,, minoral nrof-ílpc ,.-^^1,,.1n- .ñ17 tsr//lClì1n tlle CIay

nïerâfion of these minerals in the nost-slac-ial sediment record of Lake

Manitoba.



In summarY, aiY interPretation of

post-glacial sediments in Lake Manítoba is

information in terms of mineral assemblages

(b) a wide varíety of separating, mounting,

tative calculation techniques' Comparison

differences in clay mineral suites in the sediments of the canadian Prairies

is often more a study in methodology raËher than any inherent mineralogical

variation. Numerous investigations have documented the striking effects of

varíaËion ín such factors as mounting techniquesr amount and thickness of

clay filrn irradÍated, and "weighËing" factors (Last, I974; Stokke and

Carson, L973; Johns et al, L954; Gibbs, 1965)'

One of the primaÏy uses of clay mineral data in higher latitude,

temperate regions is as a provenance indicator. However, for such a study

to be effective, signÍficant differences in source materials must exist'

Such differerrces do not exist in the \^IesËern Canada Plains (see Kushnir'

L97I,p.4B-5z,forreview)'Consequently,theclaymineralassemblages

of the surficial sediments of the region are qualitatively very similar'

Most quantítative differences are very subtle and dífficult to interpret

in light of a realistic appraisal of the determinative accuracies involved'

6.5INTERPRETATIONOFQUARTZANDFELDSPARCHANGES

Thefeldsparcontentineachofthelongcolesinthebasin

shows a general decrease in abundance uPward in the section (see Fígs'

J-2,J-7,andJ-13).Thisisprobablyinresponsetotheincreasedtime

available for chemical weaËhering of the feldspar at the source (mainly ln

Èhe soils of gLaeial sedlments of the vratershed). The srqall change 1n

the quartz content of the cores probably reflecËs the ubiquitous naÈure

the clay míneralogY of the

hampered bY (a) a dearËh of

of the 1ike1Y sources and

identification, and semi-quanti-

and identificaËion of quantitative

237
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of this mineral in the glacial sedÍments of the watseshed (Ii'Iícks' 1965;

FenËon, L9l0; Las't , L974),

Thegeneraldecreaseinabunilanceofbothguartzandfeldspar

in the offshore directÍon within the modern bottom sediments of the basin

(see Figs . D-LZ and D-13) is a reflection of' síze segregation' As

discussed in Appendix G, it 1s generally accepted that both of these

deËritalmineralstendtobeenrichedinthecoarserfractionofthe

sediment (see also Tig' 6-4)'

6.6 INTERPRETATION OF CHÄNGES TN CHEMISTRY

The].ackofsignificantandconsistenttemporalvariationin

most of the chernical variables anal yzed ín the cores is surprising as well

assomewhatdÍSappointing.overall,thechemÌcalpararnetersanaLyzedgave

litËte new insight into Ëhe paleolirnnology and/or changes in l¡/atershed

characteristicswíthtimethatcouldnothavebeengleanedfromanalysis

ofthemineralogicalandphysicalvaríablesalone,Thisisprobablya

reflectionoftheinabilityofchemicalanalysisofthesolidsediment

phasetoadequatelydetecËsubtlechangeswhichmaybemorereadily

reflected by pore sraÈer analysis (Jones and Bowser, 1978, p' 183)' rn

the case of the moïe recent sediments, an absence of significant human

introductionsaccountsfortheabsenceofthetypeofchangesobserved

inregionsofgreaterpopulationdensityandindustrialdevelopment.

Thechemicalanalysesdo,ingeneral'confirrnthemineralogical

trends. Tor example, the calcium profiles closely follor,¡ the calcite and

total carbonate variaÈions (r = 0.82 and 0'87 respectively; see Iigs'

J^2, J4, J.7, J.9l J.l2' and J.rA) confírming the obvious suPposition

that Ín the sedirnentts multiqrÍneralfc aF;}Lçmetatfgn, ca tends to be
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comhined prirnarily with calcite. sirnflarly¡ the llg content varÍes in

s)4npathy wÍth the dolomite abunilance, conflrming the caMg(c03), linkage'

The significant correlation shown by Fe and K for clay-sized material, and

for illite in partÍcular (see Table 4-4) r supports Ëhe fixed cation content

and formula calculations of Iniicks (1965, p, 16f-163) for illíte (and

mixed-layer illite-montmorillonite) in Lake Agassiz clays, in addition

toconfirmingtheStroflgadsorptivenatureofclay..sÍzedparticlesfor

these metal-s. The associatíon of Na and K with the feldspar content of

the samples (r = 0,63 and 0.55, respectively) is also indicative of the

dominant caLion content of the plagioclase and potassic feldspars ín

the sediment.

ThesJ.ightincreaseinphosphorouscontentupwardinLhecoles

can be shov¡n to relate signíficantly to calcium, calcite, and organic matter

variations (r = 0.51, 0.42 and 0'56,respectively)' This is probably

due to phosphate adsorption onËo the precipitating caco, crystal surfaces

as shown to occur in Lawrence Lake, Michigan, bY Otsuki and l^Ietzel (1970) '

Thís, in turn, could possÍbly be controlled by gradually increasing 1evels

of organic productivity in the lake. The alternative suggestion, Èhat

the P is assocÍated r¡íËh a phosphaËe mineral, such as the ferrous phosphate'

vivianite (Fea(POo), BH2O) or numerous varieties of apatite, ís rejected

because these crystaline componerits r¡Iere not îdentified in the sediment'

0fthetracemetalsanalyzedonlyZnandHgshowsignificant

fluctuations above baseline values in the cores' Although extreme care

was taken to prevent or eliminate possible contamination of the sediment

samples, t.he highly erratic variation of the zn proflLe Ín cores D-1

andD-2(seeT+g'J-5andJ-10)isobviouslysuggestiveofcontamination

by contact with the galvanized steel Shelby tube cote barrels'
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Analysis of mercury did show that (a) the concentration in the

modern bottom sedíment ts'higher at the south end of the basin just

offshore from the Diverslon than it is at three other locations farther

north (see Fig. D-34) and (b) the surface. sedÌment (0-2 cm) contains

slightlyhigheramountsofHgrelativetosubsurfacesedimentinfourto

six sites examined (Table 6-3) although aË most of these sites the surface

increaseísonlyl0ppbandprobablyisnotsignificant.However,incore

40,whichisthesitenearesttothePortageDiversion,theÍncrease

isfrom40tolT0ppb.Itisevidentfromthespatialdistributj-onof

these results that the portage Diversíon is a likely source for this

higher level of mereury, However' as shoum in Table 6-4' the values of

He(aswel]-asallothertraceelements)arewellbelor¡thosecitedin

the literature for anthropogenic loading and, thereforeo do not justify

the designation ilenríchment' I'



Table 6- 3. Þle:curY' content of
Lake l4anitoba.

Depch (cm)' He (PPb)

Core 9

O-2 10

6-8 10

8-10 20

10-12 20

L4-r6 20
,) .\-')') 20
t+o-42 20
qn- R ? 10

Core 23

sed.fuoent, cores

O-2 20

10-12 l0
120-123 10

260-263 10

Core 34

O-2 70

r2-I4 60

frqn the

24L

South Sasln of

Depth (cn) He (PPb)

Core 36

o-2 70

8-10 60

Core 10

o-2 170

2-4 80

6-8 60

l2-r4 80

23-26 60

3ó-40 40

Core D-l

o-2 2O

3LO-343 20

740-743 20
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CORII CLI]ìONOLOGY ÀND }IODERN SEDIMENTATION 1ìAT]]S

7 ,T RADTOCAIìBON DATES AND I'{E'1'LIOD OI? CORIìECTION

The.results of the ten radiocarbon daEes of or:ganic rlatEer in

Lake Manitoba cores are sholvn in Table 7,1, Also listed are two adclitional

dates: one reported by I¡enton (1970, p. 5l) and Sproule (L972, p.24)

and one reported by Fenton (1970, p. 5l; collected by J, A, Gilliland in

1963). The reader is referred to Gillilan<] (1965, p, 39) and sproule

(L912, Figure 6)for cletaíls of the stratigraphic setting of these trvo

additional daEes.

It is evident from examinatÍon of the results in Table 7-l

that several of the lab clates are cousiclerably olcier than would seem

reasonable, givcn the gcneral chronostrarigraphÍc picLure dcveloped in

oLtrc:¡ 1,;Lr Ls of Ehe Lalce i\gassiz l¡asin by previous investigators (e. g. ,

'feller, I97 @; Tell_er and l'enton, 1980; I1oran et a1 , I97 6; Arndt, L91 5,

1977 i llarris e[ al , 1974). I¡]hile dares Ín excess of 29,000 to 30,000 years

ll .P. could conceivabll, be explaincd by suggcsL-lng Elrar thesc 1acustrine

deposits represent a poncling and cÌcpositional cvcnt pre-clating Lalte Âgassiz

(i. e. , I'liddle In/isconsinan) , it is much more reasonable, in light of the

stratigraphic relationships observed in the Lake l"lanitoba basin and El-re

abscnce of an intervening til1 or: urajor unconformí[y, to concluc]e that

these anonalous dates are contatninatecl rvith old carbon.

'flre prcscucc of prc-QuaEcrrìcry nlicrofo.ssils in tlle lorvcr B m of

sedirrent in core D-l (lÌ. M. V, Nambudiri, person¿1l communicatlon , Ig79)

proviclcs eviclence strongly suprgcsting probable olcl carbou contamination.

As suggested by NambudÍri eE al (1980), these old nricrofossils rvere



Radiocarbon dates
All dates are on
whích is on wood.

2l+4

TABLE 7-1

fron Lake Manitoba sediments and adj acent areas.
finely desseninated organic naterial except I-1255

n.d. indicates not determined.

Lab date
(yrs . B. P. )

2,555

4,465

9,550

10,170

29,300

> 37,000

+
-

i
:

l
+

130

16s

5s0

225

2780
2660

180

3s0

220

270

230

250

Lab no.

GX-5644

GX-5645

BGS-567

GX-s646

cx-6300

GX-s647

GX-s64 8

GX-5649

GX-s650

GX-5651

s-446

r-12s5

Core location
G depth of date

+
6,240 -

+
11,075 :

+
8,770 -

+
10,150 -

+
2,400 :

+
3,375 -

D-1 at 129-135 cm

D-l at 320-327 cm

D-1 at 560-580 cm

D-l at 7L6-722 cn

D-l at 1010-1040 cm

D-l at 1341-1352 cm

D-2 at 354-361 cm

D-2 at 706-713 cn

D-3 at 720-730 cn

D-3 at 874-884 cm

Cadhan Bay at 102-106
cn (Sproule, L972)

5.6 km S of Oakland
at 6 n (Fenton, L970,
p.s7)

% oLd
nicrofossils

0

16

26

Corrected date

no correction

no correction

7,000 yrs. B.P.

8,000 yrs. B.P.

11,000 yrs. B.P.

12,000 yrs. B.P.

no correction

7,700 yrs. B.P.

8,300 yrs. B.P.

10,000 yrs. B.P.

46-63

80.

0

7

22

5

n. d.

n.d.
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probably derÍved originally from Cretaceous bedrock of Èhe watershed,

Because Ëhis sequence of Mesozoic s'ha1es-alsp lncludes several partfcularly

organic-rÍch zenes as well as 1ow grade coal- (see $ection 3.3.2), it Seems

reasonable that old (i.e., pre-Quaternaïy'), f,inely-disseminated organic

carbon could be a source of contamÍnation in Lake Manftoba sediment '

Narnbudiri et al (f980), thereforen have suggested Èhat dates obtained

from sediment Ín Lake Manitoba which conËaíns pre-Quaternaly mÍcrofossils

should be corrected using the relatÍve abundance of these old microfossils

as a guide to Ëhe amount of old non-carbonate carbon conËamination (Fig'

7-I). The corrected daËes using this meËhod are shov¡n in Table 7-l'

1')

7 .2.7 General

within the past ten years there have been numerous references

Ëo increased sedimentation rates and changes in the modern Sedimentary

regime of the South BasÍn of Lake Manitoba, Kennedy (19a9) was one of

the fírst to make reference to sedimentation rates and refers to I'Verbal

information" Lhat the lake has filled abouÈ one foot (0.3 ro) in the past

50 years ( = linear sedimentation rate of 0.6 crn y""t-l¡ ' Hochbaum (1965)

points toward a changing sedimentary facies distributton in the South Basin

and cites fisherrnenls anil cottage ownerst claims that once-hard, sandy

bottom areas of the lake are now soft and rouddy. This, Hochbaum contends,

is due to a significant increase in the sediment load to Èhe lake caused

by the extensive network of artificÍa1 drainage ditches surrounding the

basin, sinilarly, cror,ùe (I974a, b) points toward increased hTatershed

erosion due to the drainAge canals and also alludes to Bajkovrs (1930)

work which refefs to Lake Manítoba's "hardil bOttom, MoSt fecently, Derksen

MODERN SEDIMENTATION RATES
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(1978, p. 23) cites K, H, .Doan (personal corDnunication) in connection

with interviews with veteran conmercÍal fÍshermen pf the lake, They

suggest Ëhat many of the hard bottom aïeas of the South Basin, which

previously had been excellent walleye spawning grounds, have disappeared

under a thick layer of sedíment - the direct result, Ëhey submit, of

increased drainage from surrounding agricultural lands.

I.L.L

In an attempt Ëo helP quantify these alleged changes in sedimen-'

tation characteristics and rates, six sediment cores ín the South Basin were

"daËed" approximately by the Ambrosía (ragt¡eed) pollen rise. Thls po1len

work was done by Dr. E. M. V. Narnbudiri (cores D-I, D-2' D-3, 39, and 40)

and Mr. D. Slater (cores 23 anð D-1). Details of the natule and sharpness

of the Ambrosia ríse hori zorL can be found Ín NarnbudÍri et al Cin preparation) '

The rise of the ragweed pollen in lake sediments has been used

elsev¡here as arl indÍcatíon of land clearing and European settlement (see

section 2.3.3). Tn the Lake Manitoba drainage basin aTea, rural settle-

ment and cultivation of the most favorable land progressed rapidly after

1872. This date coíncides with the passing of the Dominion Lands Act

which ended Ëhe fur trading era of üTestern Canada and marked the starË of

extensive agriculÈural settlement (Warkentin and Ruggles, L970) ' Weir

(1960) presents a serÍes of maps compiled by J' warkentin showing the

settlement pattern of the region between 1870 and 1901' I^lithin thís titne

Ëhe population of southern Manitoba increased by a f.actoT of more than

threnty (l.larkentin and Ruggles, Lgl}) with much of the agricultural land

of the Portage Ptain settled by 1880, Jenkins CI974) further points out

that settlement of the Whitenud River watershed area !r'as well advanced

Ambrosia Rise Sedimentation Re!€E
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by 1881, ThÍs settlement Progress was also greatly enhanced by the

constructionofraílr'¡aysninftiallylíukîngspuËhernManitobaËo

Minnesota in 1878, anél finally by completion of the cPB Transcontinental

line across the southern Prairies ín 1881. Thus it is evident that much

of the Ínitial setËlement, land clearing and large scale agrÍcultural

development in the Lake Manitoba region occurrecl about 100 years ago'

Modern sedimentation raÈes Ín Lake Manitoha were calculated using

the pollen data assumÍng the AmÞrg.sia ríse horizon repÏesents 100 years

B.P.Themeanannuallínearsedimentationrateisexpressedintermsof

millimetres of r¿et sediment deposited per year ' and the mean annual

sedimentation intensity is expressed as grams of dry sedíment deposited

persquaremetreperyear.TheformerwasderivedbydivÍdingrhe

Ambrosia rise (_ín millimetres below the sedirnent,/water interface) by

100(thatis,thenumberofyearssincetheonsetofagriculturalactivity

in the watershed). The latter rate, sedîmentatíon intensityr \^las calculated

bydividingthedryweÍghtofsedimentpersquaremetrecolumnabovethe

Ambrosia_horizon by this tirne factor. Although Èhe rates have been gir¡en

tothenearestgramor0.lrrn,accuracyofthedetermínationsisprobably

lessthanthis.Tinallyrifmyprevíousinterpretations\¡rerecorrect

(Section6.1),itisevidentthatintherellctsandareasofthebasin

the modern sedÍrnenÈation raEes will be zero. The results of these calcula-

tions, suÍmarized ín Table 7-2 anð. Tigure 7-2, ilLLL be briefty discussed

followedbyseveralcorrrnentsonthevalidityofthesedeterminations

in the South Basin.

Excluding the relict sand areasr post-cultural linear sedipenËation

-1 in core D-l to 3,5 "rrt year-l a" core 40
rates ranged from 1,7 rm Year



TABLE 7-2

calculated. sed.irnentation rates based on the Ambrosia rise horizon for.six.cores
of Lake Manitoba. see Figure 2-I for core l-ocatlons/.

Anbrosia rise
rtorlñaeptrr

("*)

Uppermost narker
horizon d"ePth*

( 
"*)

POST-SET
Linear Sediment-
ation rate in
nn wet sedinent

per yeaÏ

TLEMENT
Sed.inentation
intensity in
g dryrsed-irnent
per m* peÏ yeaT

in the South Basin

PRE- SET
Linear Sed-iment-
ation rate in
rnm wet sed-iment

per yeaÏ

TLEMENT
Sed-inentation
intensitY in
g d.ryrsed-iment
per n- per yea:

Core
4t

33

33

L?

77

30

2?

39

40

260

r49

I¿L

330

295

240

The base of the sediment

This value represents an
for the interval 135-'330

overlying this
average of 160
cn d-epth.

"n

horizon is taken

g/^'/yr for the

oou

790

844

53)

to be 4J00 Years

interval I7-I35 cn

ÞÞ

d.epth ana 46? e/^2 /yt

??

r.7

n<

0.2

0.2

0.7

0.6

0.5

27r

ßI
I20

?1 ( +

30r

155

1ì .l

D-2

D-3

n0

oo/

,É

+

Ir.J
.ß..
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SEDIMENTATION INTENSITY

t-settlement and pre settlenent sedinentation in-
sities in the South Basin of Lake Manitoba calculated
the basis of Ambrosia rise horizon depth. The site
ated just south--of the lake represents Cadham Bay,
ta Marsh. Because pollen data presented by Sproule
72) was used for this calculation, a pre-settlement
e could not be detennined. Pre-settlement sediment
defined as the core interval between the ragweed rise

B.P
abs

izon and the uppermost marker horizon (about 4500 years
.). In the relict sand areas modern sedinent is
ent and the post-settlement rate is zero.
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\,rith the average sedimentation raÈe equal Ëo 3'0-oro yttt-l ' The ¿verage

rare f9 approxirqately one-half that quoted by Kennedv (1949) of 1 foot

per50'yeals,Modernsedi¡nentatlontntensityrangedfrornapproximately
-) -'l 2 -1 j- ,f. ^ r1 - a'>-t - -2 - - ---lr

300 g m - year - at D-l to over 7OQ g rn-'y"at-t in 40 (ì = 627 g m -year *)'

The data show that the average sediTnentaÈion raËes observed

in Lake Manitoba over the past 100 years are not unusually large'

Estímates of Lake Erie offshore basin sedimentation intensitíes' whích

are generally believed to be the highest rates of the Great Lakes ' rAnle

frorn 0 to over 6450 gt-2y""t*l r^¡ith a basin average of approxlrnately

1300 ro l5O0 g r-2yuur-I (xemp et a1, Lg77, Ig74; Anderson, L974)' Lake

ontario,s basin receives an average of 200 (Thornas et a1, L972a, b) to

600 e *-2y".r-l (Kemp er al, Lg74; Kemp and Harper, Lg77a) and Lake

Huron approximately 200 to 250, *-2y"tt-I (Kemp et al , Ig74; Kemp and

ilarper , Ig77b). In srnaller lakes' repoÏted sedimentation rates are extremely

variable. Varues as high as 25 r* yurr-l have been reported in Long Lake,

l^lashington (Thomas and Soltero, Lg77). Brunskill and Graham Q979)

quote Denis and Challies (1916) as referring to a rate of 80 t* yttt-l

sediment accumulation in cedar Lake, Manitoba, In contrast, canadian

Shíe1d lakes cornmonly deposiË less than 1,0 nrn of sediment Per yeaT (Hecky'

L975a, b; BrunskÍIl et al, 1970).

TheredoesnotappeartobeaconslstentspaËialvariationÍn

linear sedimentation raÈes or intensities throughout the South Basín of

Lake Manitoba, alÈhough cores 39 and 40, which are closest to the Diversion

entrance, do record the highest intensities, comparison of this posË-cultural

sedimentatÍon raËe with Lhe rate calculaËed for the imnediate Pre-cu1tural

period (defined as the time period between 100 yeats B,P, and the first



marker horizon at aPProxÍmately

examined excePt D-ln there has

rates in the most recent 100 year period'

I.L,J

Thecontentionthatsedimentationrateshaveincreasedinthe

South Basin during hlstoric Èime is apparently justified based on the

ragweed pollen rise horizon. The're is, however, considerable difficulty

inexplainingthisincreaseinsedfmentationinËermsofsourceand

transport mechaniSTns'

Numerousphysical,chemicaland/orbíologicalconditionscan

lead to Íncreased sedimentation rates in lakes and reservoirs' one of the

more likely conditions is a change ín the sediment load being delivered to

thelake.Increasedsedímentloadingtothelakebythefluvialsystems

would, in light of Hochbaumrs (1965) coxtfnents on the widespread network

of artificial drainage canals, seem !o rank highest În importance for the

LakeManitobasituaÈion.Outsideoftheextensiveditchconstruction

within the l^lhitemud Rlver watershed area, however, the rernaÍning South

Basin watershed has relatívely few artificial draínage r^rorks and only

seven canals are actually connected directly to the lake (see Elliott '

I978,p.65).Makingthesirnplifyingbutsomewhater:roneousaSSumPtÍon

that all sediment being delivered to the south BasÍn is deposiËed within

the basin, it is possible to estimate the sedimentatlon rate on the basis

of the tt¡o river influxes Ci'e', I{hitemud RÍver and Portage Diversion)

plus,ofcourse,theauthigenicorganicmatËerandcarbonatecomponents

in ttl.e record' TêbIe 7-3 outlines these calculatÍons'

252

4500 yeazs'B.P,) shows that Ín all cores

been a signffr'cant increase ln sedimentation

Modern Sedimentation Rates ba.se9, oP, FJ.es.elF:Pa Sedi¡nent Influx



TABLE 7-3

Calculated- fluvial and. authegenic sedinent contríbution to the
South Basin of Lake Ivlanitoba and- basin sed-imentation rates.

Average annual- suspend-ed- load- of the Whitemud- River
(no-i nÄ af 1A2-1OZÁ'lxL/l * L/t Y/

Average annual suspend-ed- load. of the Assiniboine
River Diversion (period. of t9?0-19?7)+

Average bulk density of nodern sed-inent (based- on
O-2 cn core interval; see Section 4.2)

Area of sed-inentation in the South Basin

Authígenic carbonate component of the mod-ern
sed-iment (based. on an avera€e of 2% cal-cite
content.)

Authigenic organic matter conponent of the mod-ern

sed.iment (based. on an aveïage of 14% organic
content

Linear sed.inentation rate using the d-etrital
contribution only

Linear sed.imentatíon rate using the d-etrital-
-'r .,^ -,.+r^i -enic contributions!-L UÞ oU Ulrlóç

Linear sed-imentati-on rate before the contruction
of the Assiniboine River Diversion ( using the
d-etrital- plus authigenic contributions)
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44,900 tonnes

J72,300 tonnes

t/

L,2 g/cn-

2000 km"

L73,500 tonnes
1ô7 1¡ê2?
l/e! ./ vwr

65,ooo tonnes
1ôT 1¡êâ7
},vr J vl4!

)t based- on d-ata in

0,L2 nm/yr

0.22 nnfyr

0.034 nm/yr

Inland. lJaters Directorate (1978b)



The Whiternud River and Portage Dlyersign tqgether contribute

about 1100 tçnnes pf eqdiment per day to the sputh Bas.in, us.íng an

average bulk.densf.ty of L.20 gn3 and a depositional 3¡ea of aPProxÍmately

?,,Ê-L---!^t^*-1
2000 k!û'results in a linear sedimentation rate of about 0'2 mrn year I

The striking difference between t,his calculated present-day sedimentation

rate and the Anbrgsi3-hased rate of about 3,0 mm r".r-1 is furËher

enhanced if the contribution by the Diversîon is eliminated. That is'

príor to 1970 when Ëhe Díversion was first put i:rto operation, the

sedímentatÍon rate in the basÍn due to fluvial Ínflux and authígenic

carbonate precipitation and organic matter generation Would have been

about 0.03 nrn y"rt-l.

7 .2.4 Dis.cussi.on

The díscrepancy between ¡+tþfppi"-based and calculated

sedimentaLion rate values can be explaÍned in several ways;

1. This data can be used to supPort the suggestion that

there is a source supplying a considerable quantity of sediment which was

not included in the calculations. The most obvious source of sediment

viould be wave erosfon of the shoreline. However, calculations show that

in addition to the river Ínput, a minimum shot'el-ine recession rate of

_3-1
approximat-ely 2 metres per year (or about B m" year - Per lÍnear metre

of shoreline) over the entire 380 km shoreline of the South Basin ís

necessary Eo accounÈ for Èhe observed sedirnentatlon rate (assuming a bulk

density of. 2,0 g *3 for the eroded rnaterial). There have been no TePorts

of shoreline recession or property loss of this magnítude anywhere in the

South Basln and such rates do not even seern possihle on the gently sloping,

254
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lowlyingmarshyageasqralongthebedrock*boundedportionqfthe

lakeshore. Furthernore, nearly 4QT' of' the bas:inls 380 km shoreline is gra-rrel

orsandbeachandthusnotapotentialsourceoffine-grainedsediment.

Otherposs-ibleSourcesofsedirnentarewind.transportedmaterial,

sediment derived from the North Basin' and sediment derfved from the

reworkÍngofre]ictareasbywavesandcurrents.Thesepotentialsources

are very difficult. to quantify. Lacking any evidence of widespread aeolian

depositsonlandsurroundingthelake,itseemsunlikelythatr¿indblown

material has contributed significantly during the past 100 years' In Lake

Balat'on,Hungary,whichisverysimilarinmanyhydrologicalandrnorphological

respectstoLakeManitoba,Felfoldyetal(1969)estimateairfallmateria]

contributes approx ímately 27. (18,000 tonnes yt^t-l¡ of the lakels total

sediment budget. símilarly low values are esti¡nated by Kemp et al G97l)

for Lake Erie (37" or 500,000 tonnes y"tt-l¡' For Lake Manitoba'
Á-I

even usíng the híghly unlikely value of I x 10t tonnes year - airborne

contríbutionplustheriverínputstillyíeldsasedimentationrateof
-l t 

-^ ^-^ -i +..á o 1'o1 n

onlyaboutO.4mmyear--,almostafullorderofmagniËudebelowthe

observed "Ambrosia risett rate'

ThecontrÍbutionofsedímenttotheSouthBasínofLake}4anitoba

from the North BasÍn cannot be accurately assessed because of the absence

of data. The numerous settling sub*basins in Lake ì4anitobats North Basin

as well as farther upstream in the Lake ÞtrinnÍpegosis basÍn' suggests that

thisnorttlernsourceofsedÍmentisprobablynotsignificant.Tnthesouth

basinofLakeltrinnipeg,Kushnir(1971)liker,liseignoredanycontribution

fromthatlake'snorthbasin.Itisprobablyreasonab].etoassume,given

the Narrowst restriction in Lake Manitoba' Ëhat the influx of sediment into



the South B'asin fro¡n the NorLh ll,;rsin is about equal to tbe seclimenc

clutf lorv from tl.re South Basin Ínto [be Nor[h,

sediment is equally dif.[icult to assess.

of areas similar Eo the offslrore ìlarshy PoinL anonaly could provide a

sedÍment contlil¡ution by r,;ave and current reworking of exigting

soul:cc of f ine-grainecl sc<,l íment,

of [hese regions

majol source of

the entíre 1000

source of sedirnent f or the more southern regi-on, ancl that this area yie1c1 s

mainly silt and clay upon erosion, a subaclueous 1'erosion ratelr of about

B-5 to 9.0 mn y"or-l is necessary to account for the average obseryecl

in the mapped South ßasin rvould argue against this being a

sedir¡ent. Eve n

2
\/! u(rlt¡41/lJqu

sedinentation rate farther south.

reasonable over such

not unlike those of

the rather limited geographi_c extent

Wlrile it is possible that erosion
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if the highly unlikely assumption is made thai

basin nortlt of tlie study area is a poEential

the unmapped portion of ttre basin does

sed ime11t buclget .

2. l'recause tire sedimentation rate basecl on

horizon is actually lecording an average rate over tl-ìe

r lcraa Fí-"1.11.' ''ñ r,^r-^- -l^^ts1..- r-L^È¿L rd!óE drud pd L Lr(-u-LcrrIy J-tt rv¿ILer ogpttìs tnaE arg

might be arguecl l-hat much higher seclimerltati.on rates occurrecl early in

Ehe southern area.

the 100 year period and since then have clwincllecl co

of about 0. 1 to 0. 2 nui y""r*1 , Tt-ii.s rvoulcl seem I on

It is unlikely EhaE these l:ates are

reason¿rble as tbe initi¿rl event of land clearinq ancl

result in an initially hígh sediment foad to Elie lalce. similarly. most

of the drainage ditches \^rere constructed during rhe first trùo clecacles

I-lowever, subaclueous erosion in

rernain a poEcntÍal lacEor in the

of the 2Otir century (Jenkins , L97 4 , p. 24) , llowever, the l-ryclraulic

capacity of Ehe only natural large strcam entering the basii-l , the l^/llitenucl

tlre Anibrosia rise

past 100 years, it

l-be calcul-ated rate

+1.^ ^,,-l:^^^ !^ tLile surrace, to De

cultivation should
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River, is limited; it is not a large channel in terms of potential water

and sedinent discharge. Even if the largest.daily sediment load on

record for the river (11,975 tonnes dry-l, April 20, lg74) is used as

a daily aveïage for every day of the entire year, the calculated sedimentation

rate of 0.13 mn y"tt-l for the basin is still nore than an order of

magnitude less than the Ambrosia rise rate. Moreover, if the variable

sedimentation rate hypothesis r^rere operative, one would expect striking

differences j-n the concentration of po1len grains, authigenic carbonates,

and organic matter within the upper 35 cm of sediment. The pollen grains,

for example, which are arriving at the lake primarily by air transport in

a more or less constant annual abundance, should be very dilute in the early,

high sedimentation rate section of the core and more concentrated in the

most recent record where contrastingly low rates prevailed. This is not

the case (8. M. V. Nambudiri, personal corununication, 1979).

3. The most likely explanation for the contrast in rates of

sedimentation based on sedinent influx and those calculated from the

po1len data is that the rise in ragweed pollen is not actually contained

within the sedinent deposited about 100 years B.P. Instead, the increased

influx of ragweed pollen that began about 100 years ago has been incorporated

into older (deeper) inaterial by sediment mixing.

Vertical sediment nixing by organisms is a conmon occurence

in both marine and lacustrine environments (e.g., Berger and Heath, 1968;

Nichols , !974; Nichols et aI, 1946; Krone, 1974; Hakanson and Kallstrom,

I97B; Bortleson, 1970). Numerous detailed studies have been undertaken

in an attempt to quantify the resulting sedinent disturbance. Guinasso

and Shink's (1975) calculations show that biologically-induced sedinent
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mixing in the abyssal marine envj-ronment (depths greaÈer than 1000 m) can

affect over 40 cm of the sediment profile. Cole (1953) found that

burrowÍng organisms could penetraËe as deep as 24 cm into the bottom

muds of a small lake ín Michigan.

In Lake Manítoba numerous studies have stressed the abundance, in

terms of biomass, of the benËhic populaÈion. Vascatto (1969), Sieminluk

(1970), Tudorancea (I975, L974), Tudorancea and Green (1975), and Crowe

(L974a) all report high populations of the "burrouTers" (e. g., Nematoda,

Oligochaeta) wíth densÍtíes reaching as high as 25,000 indivíduals m-2.

Thus, it seems likely that bioturbation is an important mechanism of

sedíment dÍsruption in the lake.

As important a role as organisms may play in the disturbance

of sediment, this process of mixíng is probably greatly aided by wind-

generated re-suspenslon and sediment reworking. Kemp eË al (l-977)

suggest that sediment mixing probably due to lÀ7ave action in Lake Erie

can affect as much as the upper B cm of the sediment profile in v/ater

depths of 8 to 10 m. Símilarly, on Ëhe basis of the step-like nature

- 210_.or rD Drorrres in the offshore sediment of Lake l"lichígan, Edgington

and Robbins (L976) propose Èhat major storm-índuced re-suspension has

periodically affected from 4 to 8 cm of sediment in \^7ater depths greater

than 60 m. Kemp eË a1 (L977) quote Johansen and Robbins (L977) in

referring to mixing of up to 1l cm of sediment in Saginaw Bay, Lake

Huron (B to 1l m water depth). Lee (1970) quotes work in Lake Erie by

skoch (1968) showing sedimenË míxing of 5 to 7.5 ern depth in 11 m of

r.Tater attributed to wave and current action. SËill within the Lake Eríe

Basin, Sheng and Líck (L979) show that wind-generated waves that



259

occurred durfng a single storm produced sufflcient hoÈtorn shear stresses

in the shallow, western basin of the l.ake Cmaxirnum ilepth 7'3 n) to efode

upto0.5crnofsediment,andfurtherconcludethaÈrepetitionofsuch

storm events may cause boÈtom sediment mixing of up to 14 cm'

That sediment Ïe-suspension is occurring in the South Basin of

Lake Manitoba during the ice-free season is confirmed by Èhe study of Kenny

(National Water .Resource Instftute, 1978) l,rhích shows good correlation

between surface wind speed and turbidity of the lake water' The botton

sediments in the south Basin are probably every'where within wave base

(waveLengthl2)oft'normal''winddrivenl¡iavesandcerËainlywithinwave

base of major storm \^Iaves. using Galayts (1964) calculated wave climate

daËa for the south Basin (see section 3,7i ilnormalt' Ì¡Iaves corresponding

to winds of. 25 l.,n hour-l will have heights of 15 cm and periods of 3.0 sec;

,,maximum storm \nraves" generated by winds of 85 krn houn-l will have heights

of 150 cm and periods of 4.5 sec.), it can be shor^m that the maxirm¡m shear

stress generated by normal $Iaves in 6.0 m of hTater is capable of inÍtiating

movement of sediment grains of 0'08 mn diameter'I

It must be streçsed, horrueyer, that this yery fÍne sand fraction

(O.04 to 0,08 mn) is probably the easiesË grain sÍze category to erode

1

These ralues were calculated using Galaytl Cf964) avera1e and storm wave

characrerisrlcs and rhe equati'on gîven by Krene (!91!t-P: 15?)' The Para-

meter values us€d lrere coefficie4t of viscosityi ^0'01002 poise (I^IeasÈ' 1969)

and r^¡arer densft|,"-õ.géãg g tf-1 for waËer at 2OoC; rì'ave-lengthz L4 m normal

$iaves; 3t m storå \¡/aves Ccalculated from Ffiedroan aåd Sanders, 1978' p' 468)'

This ealculated shear sË.res.s (in dynes cm-2) _was then compared to Figures

2 and 7 in Miller et al- (Lg77) and Flgure 4-5 in Blatt et al (l'972) ro

determÍne the grain size capabte of Uãfng eroded. Tl¡-e failure of Ëhese

works ts extend înto the fine silt and clay size fraction of sediment

necessitated approximating Èhe critical shear stre$S (or current VelociËY)

of the cohesive fine sizes by extrapolating the data frorn the standard

Hjulstroints Diagram for the particular mean \^IateÏ content of Èhe sediment

(ãfter Postma, L967, P. L58)'
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(.Fíg, 7-3a). Hfgher r¡elocities and sheaz sÈres'ses' a're required to

initiatefnoyementofbothfinerandco4rse'rTnaterials'Thisisdueto

the strong cohesive nature of fine-grained sedimenË' and the fact that

the smaller partÌcles create a hydrodynanically'smooth boundary layer

whichfavorsthegenerationoflaminarflowsratherthantheturbulent

flowscreatedbyarough(largergrainsize)boundary..Unfortunately,

outsÍde of Hjulstromrs (1939) and sundborgts (1956) pioneer work, very

littleexperimentally-derlvedempiricaldatahasbeenputforthin

theliteratureandrËhus,atpresent'grainsizes'smallerthanthefine

sands/coarsesiltscannotbetreatedquantitativelywithrespectto

critícalshearStressandparticleentrainment.Nonetheless,Figures

7-3bandchelpconveyageneralfeelingfortheapproximatesizefractions

that can be eroded by the calculated shear stress generated at particular

depthsandwaveconditionsinthelake.Thus,t'normalt'waveconditíons

areprobablynotcapableoferodingtheclayeysilt/siltyclaysediment

covering much of the basin at depths of greater than 5 m'

Maximumcalculatedstorm\¡Tavesaretheoreticallycapableof

exertingenoughshearStresstoerodegrainsfromcoarsesiltsizeupto

sand I to 2 mn in dÍameter at mosË offshore loeations' It must be emphasized'

however,thatduetoavarietyofcomplicatingfactorssuchasthebasic

inaccuracy of eropirical wave form calculations in shallow r^rater (Peregrine'

Lg72),thelackofanyknorrledgeoftheilsit]rhulkshearstrengthofthe

sedimentCRíchards,Lgl4),theroleofhighionicconcentrationsinthe

sediment pore fluid producing stronger bonds and thus increasing the values

of the critical shear stress (Terwindt ' Lg71) ' or the error of applying

unidirectfonal crirical shear stress values to oscillatory flow conditions

cKomar and Miller, Lgl3), these values cannot be considered anything more

than rough order of magnitude approximaËions'



Figure 7-3a. Critical erosion velocity required for various
particle sizes and moisture contents of r¡nconsolidated
sedinent (data leplotted from Postrna' 1967) '

Figure 7-3b. sediment grain size erosion capabilities of "nor1nal"

wind generated *u,rã, (see text) at various k¡ater depths (horizontal

dashed rinrrj-in ti,e sòuth Basin of Lake Manitoba. The grain size

capable of uá:,ng eroded is- indicated by the intersection of a

horizontaf dashãd line with the critical erosion velocity curve '

FigureT-3c.Sedirrentgrainsizeerosioncapabilitiesof¡naximum
rrstoïm" generated *ut", (see text) at various water depths

(horizontal dashed linesj in the Souttr Basin of Lake Manitoba'

The grain tir"-.tp"Ute oî being er9d9{ is indicated by the

intersection of a horizontal dãshed line with the critical
erosion velocitY curve

26L
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Lik.ruir., probably Lltc rnosl critical facEor, the cl cpth of

erosiorL, is difficult to calcul¿:te. The bottom cleposits should be

^-^-1 .-Å r^ ^ .l^-.Êeroceo to a oepch at which the increasing shear strengtlt of the seclirnent

er¡ ¡;rl S Fhe è,or-rc'aS i¡c slrr.¡t- sl-rpqq l¡oinL: nrrrr'l i nr'l ts^ .í ts i-,, r-1.^ .,^e\luurr Lr¡L qsç!s*r. -..Þ -- _ __--o _.rr.*-_* LO .at Dy L.|.ìC \^JaVe.

Although a varicty of sediment properEjes in[]-uence the nlaterialts

qlrpnr ql-r-onoFIr f Iro .l Þdrõõ nF nn¡lg¡¡lidatiOn Of COI¡paCtiOff iS OIle Of Ilte

foremost controls in homogenous sediment.

'I'o summarize, average sedirnenEation rates in the basin for ttre

past 100 years as de[ernÍned by the Amblosia rise ho¡izon

large r,rhen compared to the calculated sedimenEation rates

reasonablè maxir¡rum present-dav river sediment influx and

oonarrF'inn 
^1r'h^"..1. ^.t.t': r 'í^'.^'l sources of seclim,.lll- crn he srroogglgd,quuf Lrvll4f ùVUt LgÞ U! ùEU1t¡ru¡r vu L,\r¿)bl

it is unlikely that enough sedíment can be generated, givcn rcasonable

condj,Iions and síLuations, over the past cenIury to account for the

ragrveed-deternined sedinÌentation r¿-Ltes. lrurther research i-nvolving

"dating" of the near-surface sedilnents by a vaïiety of natr.lral and artifj-cal

short-líved radionuclides wíIl help to further evallrate the amount of

clisplacement due to sediment mixing. Tt is most 1íke1y that the 4*t foqt"
;

pollen Ïras been mixed into older, deeper sedimen[s by bioturbation and/or

v/ave-generaLed re-suspension and mÍxing. While ít is possible and, índeed,

nrobable that sedimentatíon rates may have increased in association with
--- ----J

the acìvent of agricultural activíty and construction of artificial drainage

worLs in the watershed, the magnitude of this increase cannot be estab-

lished from the rise in ragweed pollen.

1^,,^-t,,dr ç drlulr¡dawuùIJ

based on the

in situ sediment



SECTION 8

SYNTHESIS OF INTERPRETATION OF SEDTMENT

PARAI"IETERS BY UN]T AND CORRELATION OUTSIDE OF BASIN

UNTT A8.1

The oldest non*glacia1 unit identified in Lake Manítoba sediment,

Unit A, is a dark Brey¡ flrm, plastic Ëo sticky clay and silty clay with

common Èo abundant silty clasËs, ti11 clasts, and pebbles, The high clay

contenL of this unít suggests that deposition occurred in the offshore

portion of a deep-lrater stage of the lake. Grains and clasts are present

throughout rhe unit but are particularly abundant in the lower 3 m and

are interpreted as being rafted and subsequently dropped by nelting

icebergs calving off the nearby glacier, The upper 2 m of Unit A are not

as highly clast-charged, suggesting a more distant glacier front. The

angularity and sharp boundaries of inclusions similar to these in Lake

Agassiz sediments near l^Iinnipeg has lead Baracos (.L977) to suggest that

these features were deposited from icebergs as !'cemented or lithified

material rvhich subsequently disintegrated into silt.r' A more

1ikely explanaÈion, however, considering the juxtaposítion of both silt

clasts and the lithified (1írnestone and dolomite) grains' as well as

clasts of probable till orÍgin, is that the silt and ti11 clasts were

transported and deposited ín a frozen state thus allowing the unconsolidated

sediment clasts Lo retain their angularity and undeformed shapes (Quigley,

1968; McPherson, L970 Fenton, I}TO; Te1-1er , L976a) '

The complete absence of any macroscopic shell remains and the

low organic matter content of Unit A suggests that the lake r^ras

o¡ganically unproducttye or had such a hi.gh seclirnentati'on rate that

inorganic sedirnentaÈ1on oyerwhelmed and diluted any organic contribution'

264
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TheextrernelylowdensityofQuaternarypol-lengrainspercubiceenti$etÏe'

of sediment reporËed by Nambudiri et al (Ín preparation) would also

suggest high ínorganlc seditnentation raLes'

Nambudiri et al (I97g; 1980) report that the palynomorph

assemblageofUnitAisdominatedbypre-Quaternaryrnicrofossilsthat

probablywerederivedfromd'irectshoreline\¡/aveerosionoftheCretaceous

shales outcropping aL the Manitoba Escarpment'

onËhebas.isoftheabundanceofangularsiltclasts,thedominant

dark grey color, the relatively high expandable lattice clay mineral content'

and the clay-rich texture, unit A ín Lake Manitoba ís interpreted to be

equivalent to UnÍt 1 and possibly the lower part of Unit 2 of Teller

(Lgl6a)and Last (Lgl4) in the main offshore basin of Lake Agassiz in south-

central Manitoba (Table B-r). unit A is also probably equivalent to the

upPerpartoftheBrennaFormationínNorthDakotaandMinnesota(Harris

et al, Lg74; Arndt, L977)'

The marker horizon developed in the clay*rfch sediment of unit

A in core D-l is probably correlative r¿ith Rominger and Rutledgets G952)

,,old drying surface,, between their units 3 and 4 in the Lake Agassiz basin

inNorthDakotaandl4innesota(TableB-l).Aspreviouslysuggested'a

period of nondeposítlon and probably eroslon occulred betr¿een the deposiËion

ofUnitAandB.Thisunconformityisequivalenttotheextensiveuncon-

formiry recognized by llarrÍs et a1 (Lg14) and Arndt a97]) between the

BrennaFormationandt}reSherackFormationintheupperRedRiverValley.

AspointedoutbyTeller(I976a)'however'noequivalenËhorizonhasyet

been identÍfied in the sediments of the main offshore basin of Lake Agassiz

in southern Manitoba'



TABLE 8-1

CORRELATION OT' LAKE MANITOBA UNITS I^IITII

ELSEIIIT{ERE ]N THE LAKE AGASSIZ

BASIN
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T.AKE HANIÎOBA
(thls rePort)

I'NIT D

8'ooo Expoeure-nondePoeltlon
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È
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e
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I'NIT A

12,(xx)

l3,0oo
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SILT UNIT
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(Upper &
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Fenton (1970)
I InterPretatlon II
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SILT UNIT
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HAN I TORA
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(1977)
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precise correlation of Unit A wi'th the post-,glacial lacustrine

stratigraphy identified irrnediately south of Lake Ïanitoba by Tenton (1970)

and Last (Lgl4) ís sonewhat problematic, In hole P-4 (location SW 22*13*7 I.{ 1)

Fenton (1970, p. 84) suggests that the 5.2 rn of fine-graíned, greyish

brown (.2.5y 412), clast-charged lacusËrine sediment overlying the upper-

nost ti11 belongs Èo his upper or Brov¡n Clay Unit, Last (1974, p,135)

confirms this using the low montmorillonite/il1íte CM/f) clay mlneral

ratÍo characteristic of his Unit 3, although the uPPermost sample analyzed

resulted in an anomalously high M/I ratio. Thus, the 5'4 m of this studyts

Unit A at core location D-4, which is at approximately the same location

as Fentonrs P-4 site, should be equivalent to this Upper Lacustrine Clay

Unit (table 8-1, lnterpretation II). However, in light of (a) the imprecise

nature of the subdivision based on color, Cb) the fact that Fenton!s two

units (i.e., Upper and Lower Lacustríne Units) coulC not everyþthere be

identified in his study area, and (c) the ÍnconsistenÈ clay mineralogy

results, it is possíble that Lake Manitobals Unit A can be correlated to

any part of Fentonts Lacustrine Clay Unit south of the lake (Tab1e 8-1, Inter-

pretation I).

Two radiocarbon daËes have been acquÍred from Unit A in Lake

Manitoba. On the basis of the abundance of pre-Quaternary microfossils,

these two dates have been corrected Eo L2,000 years B.P. (from >371000

years B.P.; Gx 5647) and 11,000 years B.P, (frorn 2g,3oo: i'UZ| vears B'P';

GX 6300; see Table 7-1).1 Urria A rnras probably deposited between slightly

lpurther evidence supporËing the approxÍmate magnitude of these correctlons
and the resulting chronology is ttre identificaËion of a sharp declÍne in the
abundance of picãp sp. and corresponding -rapid rise in Pinus sp. in the
upper merre of Uñf A in core D-l CNambn¿fri et al, f9ZÇ;JEAO).
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before L2,OOO years B.P. and about 11,000 years B'P'

Using these tvlo corrected radiocarbon dates results in a linear

sedirnentation rate for Unit A of about 0.3 cm per year or a sedimentation

intensity of close to 1500 g (dry weight) ^-zy"^t-''

8.2 UNIT B

overlying unit A in the Lake Manitoba basin is unit B. The unit

is a clayey to sandy silt and is marked by relatively good bedding

and a very high dolomite content. A marker horizon developed into the

top of Unit A separates it from Unit B'

The high silt/low clay content of unit B and the well-laminated

character point toward a depositional environment of higher energy than

that which was responsible for the deposition of Unit A' I interpret that

unit B was deposited during a low water phase of the lake, probably coincident

with basin reflooding after developrnent of the marker horizon in unit A'

The absence of this lowermost marker zone from core D-3 can be explained

by erosion associated with the subaereal exposure of the bottom sedirnent at

this site. significant erosion and loss of the sediment record is further

confirmed by the absence of the uppermost 1 to 2 n of relatively clast-free

cLayey sediment of Unit A from cores D-3 and D-2 '

The Assiniboine River probably played a major role in delivering

coaïse-grained sediment to the Lake Manitoba basin during this tine '

During the deposition of unit A, the mouth of this large river was to

the west and south of the Lake Manitoba basin, and most of the coarse

clastic uraterial which it brought into Lake Agassiz was deposited in the

large Assiniboine Delta (see Figure 3 in Te1ler, L976a). However,

coincident with the Iow watel phase following the deposition of unit A'
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Èhe Deltars channels shifted resultíng fn ? gueat'eÍ influx of coar$er-

grained sedigent to the Lake llanitoba ørea.

The assoclation of several marker horizons With Unit B Suggest

that periodic low \^¡ater conditions and sediment desiccation occurred

duríng the deposition of the unit. AlÈhough the record is dominated by

detrital input, the presence of Mg-calcÍte (4 mole percent MgCOr) in

the upper 0.8 m of this unit indicates that minor authigenic precipitatfon

of carbonate material es¿u¡r'sd 
"

On the basls of its coarse grain size, relatively well_developed

laminae, low moisture content, and stratigraphic position above deep-water'

clast-rich lacustrine sediment interpreted to be correlative to the

Brenna Formation, unit B is equivalent to the Poplar Riyer Iormation and

lower part of the Sherack FormaËion of the upper Red River Valley (Harris

et al, lg74; see Table 8-1). In the offshore Lake Agassiz basin of

souËhern Manitoba, grain size and clay mineraLogy r,¡ould suggest that unit

B (as well as possibly part of the overlying Unlt C) be correlated to

Teller's (1976a)Unit 3 and Last!s (L974) Unit 3'

South of Lake Manitoba, Tenton (J970, p' 64^66) has suggested

that after deposiËion of his Lor^¡er (Gray) Lacustrine clay UníË, lake levels

dropped sufficÍently to subaerially expose and oxÍdÎze Èhe lacustrine and

ice-laid sediment in the southwestern portion of his study area as roiell

as in the main Assiníboine River delta area. Then wîth higher blater

levels the expanded lake eroded and re-deposited this oxidized sediment

Ëo form hÍs upper (Bror.¡n) Lacustrine clay unít. The low-lrater phase of

the lake, however, is evidently not recolded by a disÈinct unit of sediment

in his area. l,iker^rise, there is essentially no dlfference in grain size or
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míneralogy between hiS pre-lowering and poSt-Jowering'lacustrine sedÍrnent

(see Last, I974, P, 135-136).

An alternatÍve interpretatÍon for the stratigraphy soulh of Lake

Manitoba (see Table 8-1, Interpretation I). ís that all or most of the

fine-grained l-acustrine deposits of the Portage Plain (and \^lest Plain)

area \^7ere deposited príor to the 11 ,000 to 10,000 year B,P, lowering

of Lake AgassÍ2. Thus, as shotm in Table 8-l and suggested in Section

B.l, unit A in Lake Manitoba is equivalent to Fentonrs (1970) entire

(that is, both Lower Gray and upper Brown) Lacustrine clay unit' unit

B in Lake Manitoba either (a) does not have an equivalent unit south of

the lake due to subsequent erosion and loss of the record, or (b) is

equivalent to a thin, discontinuous "offshore lacustrine silt" (Fenton'

1g70, p. 25) overlying the Lacustrine clay unit. GillÍland (1965'

p. 19) also makes reference to this r'lacustrine[ silt and sand óeposit

overlying the fine*grained lacusËrine clays in the Portage la Prairie

area. He attributes these silÈy sands and sandy silts to transport by

wind from a "sand desertil to the southwest and deposition ín a verY

shallow stage of Lake AgassÍ2.

orr. 14c date \^/as obtained from the sedíment of unit B. This

date of 10,000 years B.p. (corrected from 10,150 ! zlo, GX 5651; Table

7-l) from the lovrer few centimetres of the unit in core D-3 confinus the

regíonal correlation and Ëiming of this major lor¡ ro¡ater phase of Lake

Agassiz and also supports the contention that erosion and loss of Tecord

hasoccurredincoreD-3coincidenÈwiththelowering.UnitBn¡as

deposited between about 10,000 to 91000 years B'P'
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ConsÍdering the numerous perfods of non-deposition implied

by the marker horizons scattered throughout Unit B, it is difficult to

arrive at a ïneaningful sedÍmentation rate calculatton. An average linear

sedimentation rate of about 0.15 cm year-l (-or a seidimentation intensity

of abour 900 to 1200 g 
^-zy"^t-I) 

can be calculated using 10,000 and

9,000 years B.P, as initÍation and termination dates of Unit B. However'

actual rates were probably considerably higher than this because

deposition r¡/as probably not continuous over this period'

8.3 UNIT C

OverlyingUnitBintheLakeManitobabasinisUnitC,Theunit

is a silty clay and clayey silt with a lower dolomite content, slightly

finer grain size and poorer bedding relaËíve to unit B, It is separated

from Unit B by a marker horízon developed inËo the t,nderlying unit '

unit c represents deposition in a lacustrine environment probably

quite similar to that of unÍt B. The relatively high sand content of the

unít. in D-3 suggests eiËher the proxirnity of a high energy shoreline

environment or a higher energy regime associated with shallower vlater

írmnediately after the development of the marker horizon in the top of

Unít B. The overall fÍner average graîn size of the unit relative to that

of Unít B would imply a slightly deeper lake, a 'more distant source ) oT a

decrease in the amount of coarse materíal being delívered by rivers (notably

the Assiniboine River) and shorelíne erosion.

I ínterpret the strikÍng decrease in dolomite content relative

to Ëhe underlying unit as reflecting the result of a comhination of factors'

Íncluding; C-a) a decrease in the amount of coarse silt-sized material in
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the sedi$ent (which is the terminal grað'e of det'rital dolomite)¡ (b) a

decreaseintheavailabledqlorqiteinËhel.T4telshedduetoaweathering;

and(c)adecreaseínthecontributi'onofstÏeamssupplyingthedetriÈal

dolomite. The higher calcite content of the unit is rnainly due to an

increase in authigenic precipÍtation of tbis carbonate mineral' Whether

the cause of this enhanced precipitation of caco, is due to increased organic

productivÍty is uncertain. The total organic matter of the sediment remains

rather low (unit average of 5.7%); however, the firs't macroscoPic shell

remainsint'hepost_glacialrecordofLakeManitobaarepresentin

UnitCandarerelativelycoÍmoninportionsoftheunitincoresD.2and

D-3.

overall,UnitsBandCprobablyrepresentthefinalphasesof

lacustrine sedimenËaËion of Lake Agassiz in the Lake Manitoba basín' I^Ihether

the body of water ín the Lake Manitoba basin during the deposítion of unit

c was part of the norÈhward-migrating main body of Lake Agas sj.z or vrhether

the souÈh Basin of Lake l"fanitoba had, by this tfme, achieved a more or less

autonomous existence is not readily apparent from the sedinentary evidence'

The low number of pre-Quaternary (maínly Cretaceous) microfossils in the

sedimentofUnitC(andintheupper50cmofUnitB)reportedbyNanbudiri

etal(1980)wouldcertainlyÍmplythatthelakewasnolongerreceiving

sediment contribution by direct \À7a.ve erosÎon of Ëhe CreËaceous shales of

theManitobaEscarpment.TurthenDole'ifthestrongdecreaseindolomj.te

content of the sediment at the base of Unit C ís interpreted as a decrease

in fluvial contríbution to the 1ake, the implícation is Èhat Èhe Assiniboine

River was at thÍs tiure by-passing the south Basin and entering the rapidly

receding Lake Agassiz pr Èhe Red Rfver faÏther easËward' I't is likely that
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afterthelor,reringofthelake,recordedbythemarkerhorizondeveloped

intothetopofUnitB,theSouthBasinofLake}lanitobabecameaTarge

cul-de_sacofthernainbodyofLakeAgassizwhichwassiËuatedfarther

north and east (I'iC. 8-1)'

Tf the depositional environment anil lacustrine geographic

settinglhavesuggestedaboveisvalid'allormostofthesedimentof

unit c is transítional between true Lake Agassíz sedimentation and Lake

Manitobadepositionand,therefore,doesnoÈhaveanequivalentinmost

oftheLakeAgassizbasinínsouthernManitobaortheupperRedRiver

Valley.Arndt(Lg77)indicatesthatAgassizlacustrinesedimentation

ceased in North Dakota about 9000 years B'P'

one radiocarbon date vras acquired from the organic matter in

Unir C. Thís date of B30O years B,P. (corrected from 8770! 22o; GX 5650;

Table7-1)isconsistentwj-ththebeliefthatLakeAgassizhadwíthdrawn

from southern ManiÈoba shortly after 9000 years B'P' and suggests that

by about 8300 years ago the main body of Lake Agassiz had receded to a

posiËion north or east of the south Basin, tr'Iest Plain and Interlake Areas

as suggested bY Prest (1970) '

8.4 UNIT D

Ûverlying Unit C in the Lake Manitqha basin is Unit D' Thís unit

is a relatively thick, dark grey, fÍrm to soft, silty clay characterized

byincreasingamountsofcalciteandorganicTnatterupwardÍnthesection.

TheunitisseparatedfromËheunderlyingUnÍtCbyabasin.widemarker

horízon develoPed into Unit C'
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Figure 8-L. Lake Agassiz during the deposition of tlnit c in the Lake l{an-

itoba Basin. The rnain body of 1,"k" Agassiz is located north and

east of the South Basin, 
"tt¿ 

tft" Rssin:-boine River, which previously 
-

had been a major contributor of sediment and $rater to the Lake l'lanitoba

areaisby-passingthelaketothesouth.(LocationofLakeAgassiz
and ice tãtgitt", -ítt p"tt, after Elson, L967) '
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UnitDrepresentsrnalnlyoffshoredepositioninabodyof

vtater occupying the Lake llanitoba basin Lhat Þras probably very similar

insizeandgeographícextenttotodaytslake.Thislake,however'was

subjected to numerous periods of at least Partial draining or drying

and desíccation as evidenced by the marker zones scattered throughout

theunit.Furthermore,boththefrequencyanddurationoftheselow

water/desiccation events Íncreased through time' The increase in

physicochemical preeipitation of calcite in the lake and the hígher

ave.ragepercentMgCOrÍncorporationfntothecalcitecrystallattice

relative to the underlying units can be indicative of several things'

includíng: r^/armer vTater temperaÈures, higher salinities, higher MglCa

raËios, and increased primary organic productivity'

Fourradiocarbondateshavebeenacquiredfromthesedimentof

Unit D. These dates are 8000 years B'P' (corrected frorn 10'170 ! ZZS;

GX 5646),7700 years B.p. (corrected frorn 11,075 I gso; cX 5649), 7000

years B.p. (correcred from 9550:550; BGS 561), and 6240 t rgo years

B.P.(GX5648'nocorrecËionrequired;seeTableT-1).Usingdatesof

about 8000 years ago for the end of marker horízon development in the

topofunderlyingUnitCand5500yearsB.P.forthe'beginningof'most

recent drying evenË in the basin (.i.e., the end of depositÍon of Unit D),

yields a sedimentation rate of about 0.18 to 0.2 cm y""t-l (800 to 900

-2 -1.g m - year *) for Unit D.

8. 5 UNTT E

OyerlYfng Unit D

is coars:e-gf ained (-sands 
'

in the Lake Manitoba hasÍn is Unit E' The unit

si1ty. sands, and sandy silts) Ên the sQuÈhern-mosL
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portion of the basinr ênd fine-grained cl4yey silte basinward. The calcite

of the unit alsp contalns the hÍghest average l'feCO, content of the post-

glacial sedioent record, The upPernost (anô best-developed) rnarker horizon

in the basín seParates Unit E from underlying Unit D'

unit E represents a substantíal change in the physical, chemical

and, probably, bíological condÍtions of Lake Manitoba. After deVelopment

of the marker horízon at the top of Unit D during Èhe final rnajor drying

event, reflooding of the lake occurred ín part due to a souewhat less arid

climate and, possÍbly more importantly, to the díversion of all or a major

part of Èhe Assiniboine River into the basín. Associated wÍth this Sudden

increased fluvial contribution, the coarse-grained delta complex (i'e',

relict sand area) was deposited in the southwestern portion of the basin'

This deposition was probably coincident wiÈh rnajor alluvial channel cutting

and fÍllÍng on shore south of the lake as suggesËed by Fenton (1970) '

Borh Fenton (1970) and Gilliland (1965) have suggested multiple

stages of channel development during the post-Lake Agassiz period' In

part on the basis of color differences (brown sand versus grey sand) and

in part on the levels of the fluvial channel-fill sands, Gilliland proposes

four dístinct phases of alluvial channeling and fill conËrol1ed by fluctua-

tions of the insrediate base leyel of the sËreams (that is, fluctuatÍons

in the level of Lake Manitoba). As only his most recent phase i" 14C

dated, Ëhe precise sequence and tfme of the earlÍest three phases and

their possible correlation to the offshore sËraËigraphíc record in Lake

Manitoba is speculatiye. Gillilandts Alluvial Phase 1 (fluvial channel

cuttÍng) Ís posslhly cqrrelatíve with the low water-desiccation perÍod of

the lake respons'ihle for the oarker horizon deyelopment rn the top of Unit
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C(seeTableS-I).HisAlluvialPhase2(-channelinactivityand

depositionofGreySandFacies)couldthencorrespondtothereflooding

of the lake and depositíon of Unit D in the offshore'

Afteralenghtyperiodofflor¡oftheAssiniboineRiyerthat

by-passed the Lake Manitoba basin to the south' Ëhe river was again

diverted into the lake hasin (torresponding to Gi11i1and's Alluvial

Phase3)helpingtorefloodthelakeafterthedevelopmentofthe

youngestbasin-widemalkelzoneontopofUnitD,Thisdiversionalso

supplied coarse-grained sediment (sand and silt) to Ëhe delta facies

ofUnitE(nowidentifiedonthelakebottomastherelictsandarea)

and clayey silt basinward' Finally' Gillilandrs Alluvíal Phase 4

(channelinactivíty,depositíonofBrownSandFacies)whíchisdated

atabout3400yearsB.P.(seeTableT-1)correspondstothecontínued

regressíonofthelake'sshorelÍnesouthwardcoincident\,/Íthrising

\"/ater levels.

Alternatively,consideringthecomplexitYofadis'tributary

system at the mouth of a river, it is possible that all four of Gillilandts

alluvialphasessouthofLakeManitobatookplaceduringËhedepositionof

Unít E in Ëhe basín'

Sproule(Lgl2)presentslirnitedsedimentologicaldataonthree

cores(upto8.3mínlength)nearDelËaBeachinCadhamBayofDeltaMarch.

on the basis of the grain-size results presented in his FÍgure 91' U"it E

lTh.r. is some confusion as to the precise grain-size boundaries used by

Sproule. On page 20, he indicates tfrat t'Sands were separated by sieVing

into mediurq (-0,5-0.25 uun) and f inã sand (0'25-0'1 ruu) .'' This would imply

thatsinceËhepercentagesofhismedÍumsand*finesand*sílt*clay
fractionsappa¡entlySumto100%inhisFigure6,theveryfine-sandfraction
C0.1-0 ,0625 rmn) has been included ín the silt-sized category, sirnilarly'
he does not clearly identify what silt/clay boundary he uses' Tf the 0'002 rn

diameter divÍsion of Kline t"a ¡'it*aiã"t Cig+g) *a"' indeedo used (as is

Ímp1íed elsewhere in his thesis) then most of Sprouiets grain size distributi
peïcenrages cannot be directf' "o*pìred 

with thL resul-ts of this study'
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is probably equivalent to the sediment between about 565 cn and 50 to

75 cm depths in his Core A. The strong grain-size discontinuity at

365 cm in Sproulers core probably Tepresents the uppernost marker horizon

with the relatively coarse sands overlying it corresponding to the lower

coarse fluvial facies of Unit E. The clayey silt underlying 365 cm then

would possibly be equivalent to Unit D'

Possible hypotheses regarding the significant increase in Mg

content of the calcite in unit E were discussed in detail in section 6'3'4'

To sumnarize, the higher MgCO, incorporation into the calcite is believed

to record the conbined effects of a substantially higher Mg/Ca ratio of

the lake v/ater and possibly higher water temperatures. The increased

Mg/Ca ratio can be attïibuted to several physical and chemical phenomena

that were probably associated with the final desiccation event of the

lake and subsequent reflooding. These include: (a) precipitation and

then selective dissolution of Mg-bearing evaporitic salts on the lake

bottom as well as in the pore spaces of the sediment by the overlying body

of water and by discharging grormdw ater; (b) ion exchange of C^*2 fo'
t1 ^c L

Mg'- on the montmorillonitic clay minerals of the deposits; and (c) the

increased relative contribution of Mg-rich surface water (Assiniboine

River) and growrdwater to the lake'

The results of carterrs preliminary examination of the diatom

stratigraphy of units E and D (see Appendix c) further supports the

suggestion that during the earliest stages of Unit E deposition, the lake

was sma1ler, shallower, and more saline than during the deposition of

portions of the underlYing Unit D'

Tho radiocarbon dates have been acquired frorn the sediment of

itnit E in this srudy. These dates were 44651 ros years B.P. (GX 5645)
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and 2S5Sl 130 years B.P. (GX 5644; Table 7-L). In addition, tt'e 3375

! ZSO years B.P. (I-1255) and 2400 ! ZSO years B.P. (S 446) dates reported

by Fenton (1970, p. 57; see also Sproule, Ig72) are from material correlative

to unit E.

Usingtheabovetwodatesfromthisstudy,anavelagelinear

sedimentation rate of about 0.1 cn y"ut-1 (or sedimentation intensity of

460 g^-'y"ur-r) for unit E can be calculated. In addition, the 4465

I fos years B.p. date from sedirnent irnmediately overlying the uppermost

marker zone in D-l when compared to the 6240: 180 date frorn near the top

of unit D in D-2 suggests that the marker horizon records a major hiatus

of as much as 1800 years of nondepositi-on and/ot loss of the sediment

column by erosion.

8.6 UNIT F

The youngest unit defined in Lake Manitoba sediment, unit F,

is characterized by a slightly finer grain size, a lower MeCO, content

of the calcite, and higher organic, moisture, and calcite contents relative

to Unit E.

Initiation of unit F deposition probably occurred coincident

with the diversion of the Assiniboine River out of the drainage basin of

Lake Manitoba. Because of its similarity to the modern botton sediments

of the lake, the sediment of tlnit F represents deposition in a lake very

similar to that of today. The lake probably was considerably more

organicalty productive relative to the 2500 year period irunediately preceding

the deposition of Unit F as evidenced by substantial increases in organic

natter, including shell fÏa$nents, authigenically precipitated calcite,

and P comPared to Unit E.



No 14C dates were acquired from llnit 'F' The 2555

from the upper several centimetres of Unit E can he used to

timeofdiversionoftheAssiniboineRiveroutofthebasin.Usinga

línear sedimentation rate of 0.1 cm year-l calculated for Unit E' this

diversion occurred about 2000 to 1900 years ago. using this 2000 year

B.p. date for the inltiation of unit F sedímentation, a linear sedimentaÈion

-'l
rate of approximately 0.03 to 0.07 cm y.tt-t (sedimentation intensity of

140 to 300 g ^-zy"^r*L) 
can be calculated for the unit. This lower

sedimentationraterelatívetotheimrnediatelyprecedingunitisin

keepíngwiththelossoffluvialsedimentinputbythediversionofthe

Assiniboine River'

28L
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SECTTON 9

POST-GLACIAL HISTORY OF LAKE MANTTOBA

TNTRODUCTIONq1

On the basis of the lithostratigraphy, the chronological framework,

and Ëhe correlatíons wíth uniÈs and events outside of the immediate study

area, the following history of Lake Manitoba can be constructed. The

major depositional events responsíble for producing the stratigraphic

units are shor¡n in a serÍes of south to north cross-sections (FiS. 9-1)

and maps (Fig. 9-2) of the South Basin.

As Late l{isconsínan ice began to recede from the region, Lake

Agassiz was formed by the trappíng of meltwater between the ice front to

the north and higher elevations Ëo the south and west. As previously

demonstrated and reviewed by numerous authors (e.g., Moran et al, L976;

Teller, L976a; Harris et al, L976; Arndt, 1977), Lake Agassiz sedimenËation

began about 13r500 years ago in North DakoËa with the deposition of Èhe

Wylie Formation. After a re-advance of the ice into this southern portion

of the basin sometíme before 12r800 8.P., which deposited the elayey

hrhitemouth Lake til1 in souËheastern Manitoba (Teller and Fenton, 1980)

and the Upper Til1 Unit of Fenton (1970; and Gílliland, 1965) imrediately

south of Lake Manitoba, Lake Agassiz rapídly expanded norÈhward into

southern Manitoba. Ilhether the retreat príor to t.hís minor advance was

sufficient to a1low lacustrine sedimentation to occur in the Lake Manítoba

basin ís unknown as the till was noÈ penetrated ín any of the long cores

in the basin.

LATE PLEISTOCENE TO EARLY HOLOCENE - I,AKE AGASSIZ PHASE

282



Figure 9-1 Cross-sections showing conditions in the Lake Manitoba
basin between 12,000 years B.P. and today. Refer to
Figures 2-1. o'r 6-2 for location of section in the South
gasin. Locations G-25 and P.4 at the southern end of the
sections refer to wells described by Gi1liland (1965) and
Fenton (1970),respectively.
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By about 12,000 years ago, the ice did retreat far enough

northward to permit fine-grained offshore lacustrine sedimentation in the

southern two-thirds of the Lake Manitoba basin (Fig. 9-1a). The highly

clast-charged nature of the lower several metres of Unit A suggests an

initially close ice nargin in direct contact with the lake. Sediment-

laden icebergs calving off this glacier front and density culrents

eminating fron the ice providsd source and transport mechanísms for the

coarser grains and clasts in addition to the normal clay-rich sediment

being supplied by rivers draining the newly deglaciated Prairies to the

west. In addition, wave erosion along the lakers western shoreline

provided abundant fine-grained sediment including pre-Quaternary micro-

fossils and rroldrr organic carbon. An average linear sedimentation rate

of about 0.3 cm y""t-l is calculated for this stage of Lake Manitoba.

Over the next 1000 to 1500 yeaïs, offshore deposition continued

in all portions of the southeïn Lake Agassiz basin while the ice continued

to retreat northward in ïesponse to the noderating climate. In the Upper

Red River VaIley of North Dakota and Minnesota' the clay-rich Brenna

Formation and numerous sandy deltas on the westerï side of the lake were

deposited (Arndt, 1977; Elson, 1967). In Manitoba, sediments equivalent

to the Brenna Formation were deposited in the offshore portion of the basin,

with the Assiniboine River forming a najor ¡OSOO km2) delta in the western

portion of the basin (Elson, 1967). As pointed out by Johnston (1946),

Elson (1967), and Teller (I976a), various lake-level fluctuations occurred

during this tine in response to changes in the elevation of the lakers

southern outlet, crustal rebound, and position and novement of the ice

margin.
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I^lithin and i:nmediately south of Ëhe Lake Manitoba basin, offshore

sedimentalion continued with the deposition of

and Fentonrs (1970) Lacustrine Cl-ay Unit CTig'

thickness of this phase of Agassiz sediment is

associated with the following 1ow level stages

have removed a portion of the record.

The overall climate of the regfon during this early Lake Agassíz

Phase of Lake Manitoba was probably a few degrees cooler and slighËIy more

hurnÍd than todayts conditíons (Moran et al, :.g76). Nambudiri et a1 (1979)

suggest a spruce-dominated boreal forest covered much of the land surface

surrounding the lake, This is further confirmed by numerous other palyno-

logical studies of correlable lacusErine sediment Ín and around the Lake

Agassiz basin (e.g., Shay, Lg67; l^lríght , Lg7L, RÍtchie, 1976; Ritchie and

Lichti-Fedorovich, 1968) .

About 11,000 years ago' ice retreat \^/aS suff icient to open

a lower, eastern outlet into the Lake superior basin, resulting in

significantly lower lake leve1s (Moran et al, Lgl6; Teller, I976a; Saarnisto'

Ig74). In portions of North Dakota and MÍnnesota' this drop exposed much

of the lake floor Ëo desiccation as well as erosion by newly developed

drainage networks (Arndt , Ig77; Rominger and Rutledge, L952). Coarse-

grained alluvial channel-fí11 and finer-gral.ned overbank sedlments of the

Poplar River Formatíon were deposited on the clays of the Brenna Tormation

in the Upper Red River Valley (Harris et al , L974; Arndt , L917) ' In the

main part of the offshore basin in south-central Manitoba, however, this

lorn¡ waËer phase of Lake Agassiz has not yet been idenÈified in the sedimenË

record (Last , Lgl4). rn the Lake Manitoba basin (Ftg' 9-1c), this lowering

the upper part of UnÍt A

9-1b). However' the total

unknovrn because erosion

of the lake may
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event is recorded by: Ca) a marker horÍzon developed into the top of

Unit A and (b) a loss of sediment record due to erosíon'

Arefloodingofthelakecause¿Ibyare.advanceoftheíceacross

the eastern outl-ets about 9900 years ago hrought an encl to this loT'^i rtater

stage (Teller, ::g'l6a; Arndt, Lgll; Harris et al, Lgl4), and deposition of

the lower coarse-grained portion of unit B in the Lake Manitoba basin took

place (FÍg. 9-1d). As higher water levels were attained, sedimentation qf

the relatively finer, upper sections of Unit B occurred' In the Upper Red

River valley, the lenewed waÈer leve1s viere Tesponsible for deposition of

the laminated silt and clays of the sherack Formation over the Poplar

River and Brenna Formations (Harris et al , L9l4; Arndt, 1977) '

Most authoriLies conclude that the newly reflooded lake attained

nearly the same \nTater levels (i.e., campbell beach level) as the previous

phase(e.g.,Arndt,Lg7];Teller,L976a;KlassenandElson,Tg]2;Moranetal,

L976;Elson,L967;Delorme,I}TL;Ashworthetal,L972).Therelatively

lowamounÈofpre_QuaternaryrnicrofossilsinthegPP.e.rpartofUnitB,

however, suggests that by this time the lake basin had constricted suffi-

ciently to eliminate any major contrfbution of cretaceous shales from the

Manitoba Escarpment. This means that lake levels rrere probably considerably

below the campbell beach 1evel during the latËer stage of deposition of

Unit B.

This fÍnal sedimentaÈíon event of glacial l-ake Agassiz Ín the

Lake Manitoba basin l^Tas short-lived. opening of lower eastern ouËlets

due to northward retreat of the ice in Manitoba and ontari'o occurred by

about 9500 years B.P. (saarnisÈo, 1974; Teller, I976a),and the lake

rapidly drained in a serÍes of Stages, I'n southern Manitoba, Lake
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Agassíz may have pers.isted untÍl about 9000 years ago, at which tiroe

complete withdrêwal of r,rater from the Lake l,Ianitoba basin and subaerial

exposure of Unít B occurred over the next several hundred years. This

9000 to 8500 year draining/dryÍng event marks the end of the Lake

Agassiz Phase of sedirnentation in Lake Manitoba.

Roughly coincident with these final sedímentological evenÈs of

the Lake Agassíz Phase in Lake Manitoba, Nambudiri et al (I979) recognize

the onset of relatively warm and dry conditions (the HypsÍtherrnal

interval) evidenced by the establishment of a Prairie-type of vegetatíon

in the region. Ritchie (1976) and l^Iright (1970, 1971) also note a shif t

from a spruce-dominated boreal forest to the Prairie-tyPe vegeÈation ín

the region.

9.3 MIDDLE HOLOCENE - EARLY LAKE MANITOBA PHASE

The southern shoreline of Lake Þtanitoba during the next 4000

years fluctuated from a position north of the sÈudy area to probably very

close to todayrs configuration. Lake level fluctuations were in response to

several controlling factors:

(a) Minor variations in the rate of retreaË of the ice front

to the north during the earlíest sËages of this phase, ín part, controlled

the levels of waÈer in the Lake Manitoba-Lake Agassiz system (Ringrose,

I9753 Grice, L970; Elson, L967)t

(b) Greater rates of crustal rebound of the lakers outlet area

in the north relatiye to the South Basin had tr,ro complimentary ef f ects:

namely, C1) an increase in the elevation of the Fairford River outlet

r¿ithout a correspondlng downcutting would increase the effecÈÍveness

of Èhe outlet ln ponding trater behind it, thereby raising the r¿ater levels,



and (2) the differential rebound would cause a tilting of the basins

resulting in a gradual southward transgression of the lakets shoreline;

(c) The warmer and drier cllrnate of the region during thÍs

phase, as evidenced by the pol1en record of Lake Manitoba G{ambudÍri et

aL, 1979 anð. in preparatiOn), would cause a constriction and possibly

complete drying of the lake by increasing the evaporation/precipitation

ratio over the basin and decreasing the fluvial and shallow (local)

groundwater inPut.

Thus, when these factors interacted to create Very low (or no)

water conditions in t.he south Basín, marker zones developed in the

sediment on the floor of the 1ake. I^lhen condiÈions favored hígher \dafer

levels in the basin, the lacustrine sedimenÈ of Units C and D accumulated

(Fig. 9-1e).

Thís long 4000-year period of oscillaËfng 1or¿ water to dry lake

conditions which began about 9200 years B.P. \^las evidently a regional

phenomenon. Callender (L967, 1968) ancl Owen et al (1973) have suggested

t,hat Devilrs Lake, North Dakota (200 krn south of Lake }tanítoba) compleËely

dríed at about 6000 years ago. Likewise, Moran et a1 (1976) and Clayton

et al (7g76) estimare that the climate in North Dakota was considerably

r¡Tarmer and drier relative to today during Ëhe 8500 to 4500 year perÍod,

with many small lakes and streams completely drying. Furthermore, Ringrose

(Lg75) alludes to evidence of subaerÌal exposure and weathering on till thaL

is today submerged below the waters of Lake Winnipeg' and iurplíes that the

low rn¡ater necessary for this exposure occurred sometime after 8300 years B'P'

Final-ly, the tendency toward a relatively walmer and drier

clÍmate during this period is further conflroed by paleobiologis¿f
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studies in the ¡egipn in addition to those in the Lake Manitoba basÍn'

For example, ßÍrchj-e and Hadden (Lg75J identtfy the Period of 7200 to

6200 B.p. as \^Tarmer and drier than present on the basÍs of the po1len

stratígraphyofasmalllakeonThePas-moraijteabouÈ100knnorthof

Lake Manitoba. This warm, drY perÍod is coincídent with the culmination

of prairi-e-type vegetation and condíËÍons over much of Èhe l^Iestern Interior

plains region Gitchie , Lgl6). Rirchie and Kbivo (1975) offer further

confirmaÈion of this r¡arm, dry episode by identif.yj:ng a corresPonding rfse

in brackish rvaËer diatoms at this Grand Rapids core site. r'n a small lake

on the pembína upland about g0 km south of Lake Manitoba, Delorme (1971)

interprets the ostracod stratigraphy as indÍcaËing relatively lower but

significanLlyfluctuatingv7aterlevels,.highersaliníties,lowerprecipita-

tion and higher evaporation at about 5500 years B'P'

During Ëhis 4000-year phase of Lake I'Ianitoba, organic productÍyity

in the basin increased substantially causing an increase in the authígenic

components within the sediment record (i'e't organic matter and physico-

chemically precipitated calcite)'

Byabout6000to5500yearsago,thehÍghermeanannualEemperaEures

and the lower precipitatíon and inflor"r fínally overwhelmed the tendency of

crustalreboundtocausesouthwardbasinflooding,andthesoutherntl¡io-

thirdsoftheLakeManitobabasinunderwentamajorperiodofdryingand

desiceation(Iig.9-1f).ThisfinaldesiccationepÍsodeofLakeManitoba

lasted until about 4500 years ago and marks the culmlnatíon of the Early

Lake Manitoba Phase of lacustrine sedimentation and the beginning of the

fínal,Late Lake Manitoba Phase'



9.4 LATE HOLOCENE * LATE LAKE ]'{ANITQEA PHASE

The1000-yearperÍodofdes.iccationandnon-depositionin

the Lake Manitoba basin between about 5500 and 4500 years B'P' was

terminated by the diversion of at least part of the Assiniboine River

into the Lake ManiLoba r¿atershed. This diversion resulted in the

deposítion of the sandy fluvial-deltaic cornplex of unit E in and

immediately south of the basin (Fig. 9-2a). With continued rísÍng In/ater

levels due, in part, Ëo the added fluvial contribution and' in partt Ëo

the decreasing aridity of the region, the lake gradually expanded durfng

rhe next 500 to 1000 years (Fig. g-zb). Salinítjes in the newly developing

lakewereprobablyhigh,inresponsetothegradualdíssolutionof

soluble, evaporitic salts deposited durÍng the previous 1000 years of

more arid conditions and, probably, to a higher solute load of the

inflowingStreams.Higher\^Tatertemperaturesand,inparticular,higher

l4glca ratíos in the lake water permitted elevated leve1s of Meco,

incorporationintotheauthigeniccalcíte.Inaddítion,thelakebecame

more organícal]y productive resulting in higher levels of organic matt'er

intheseclimentaswellaSmoreabundantcalciteprecipiÈation.

The decline in non-arboreal, PrairÍe-type pollen in the Lake

Manitoba sedimenÈ reported by Nambudiri et al (L979, in preparation)

indicates that the climate had begun a gradual shift tor^rard cooler and

lgetÈer conditions after about 6000 years ago, thereby supplementing the

addeddischargeofwaterinËothebasin.Inaddition,differential

crustal rebound also probably continued to affect the region and help

raise the leyel of the water in the South Basin'
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Wave erosion of the coarse-grained fluvial-deltaíc sands of

Unit E by the southr¡ard transgressing lake, as well as continued influx

of the Assíniboine River sediment províded sources of clasÈic material

for the development of a barrier beach at the south end of the lake

(Fígs. 9-1g and, 9-2c to 9-2e) . The initiatíon of marsh vegetatíon condiËions

behind this barrier ín Delta Marsh took place about 24OO years ago

(sproule, Lg72). The presence of two dlstinct parallel beach ridges

immediaËely north of Cadham Bay on the Delta Marsh barrier (see Fenton,

Ig7O, Figure 5; and Gilliland, 1965, Figure 12) suggests tI^7o stages

of barrier beach constructíon correspondíng to slightly different lake

levels over the nexÈ 2400 Years.

By about 2000 years ago, the gradient of the Assiniboine River,

which has been supplyíng r¡rater, sediment, and ions to the lake since 4500

yeaïs 8.p., decreased to the poínt that the northvrard-trendÍng channel(s)

beÈween the lake and the Portage la ?rairíre aïea was completely abandoned

(Fig. g-zd) and. the river assumed its present-day eastward flow. Thís

decreased gradient and subsequent abandorunent was due Ëo channel sedímenta-

tion, a risíng base leve1, and continued differential crustal rebound'

The most recent 2000-year history recorded in the offshore

sediments of Lake Manitoba reflects a period of consíderable stabílity.

Over thís time, the productivity of the lake has continued to increase

resulting ín higher levels of organic matter and calcite in the record'

However, due to the lack of major fluvial ínput, overall sedímentaÈion

rates for this final period are comParaËively very low, averaging about

-1--10.05 cn vear-' versus about 0.1 cm yær during the precedíng 2500

years. In spíte of the decrease fn fluvíal ínput vía the Assiniboine

River, the South Basfn has mainÈaíned a stable lake 1evel



during the past 200'0 years, Apparently, increasÎng precÍpitation and

coolertemperaEurescombinedwiththeeffectofcontinueildifferential

crustal rebound have been able to offset the loss' Similarly' Nambudiri

et. a1 Oglg and Ín preparation) suggest that' with the exception of an

increaseinAmbrosiawhichresultedfromagriculturaldevelopmentin

thewatershed,vegetatÍonpatternshavenotalteredsÍgnifieantlyduring

the last 3000 Years'

HumanactÍvltíesandmanipulationofthelaketsdrainagebasin

have not significantly affected the sediment record' Although pollen data

wouldsuggestaLargeincreaseínsedímentationratesinthebasinduring

thelastl00years,thereisconsiderabledoubtestothereliabilityof

usingtheAmbrosiarisehorizonasatimemarkerinthesedimentrecord

of Lake Manitoba'

g.5SUM}TARYOFT}IEPOST_GLACTALSEDIMENTARYHISTORYOFLAKE},IANIToBA

DepositíonoflacustrinesedimentintheLakeManitobabasin

beganabout12,O0OyearsagoasmeltwaterfromtheretreaËingglacierwas

impounded in fronr of the ice (Fig. 9*3). High ra,tes of sedimentatíon

prevailedforabout1000yearsaselayeysedlmentbroughtinbymajor

riversdrainingthenewlydeglaciatedPrairiestothewest,aswellasby

shorelineerosíonraccumulaËedintheoffshorebasinsofthisLarge'

deep, proglacial lake' In the iniÈial part of this Lake Agassíz phase'

theglacieritselfalsoprovidedanabundanceofcoarsegrains,pebbles'

and tiIl clasts. Organic productivity in the lake during this early

phasewaslow,andthesedimentrecordisdominatedbydetritalcomponents.
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By 11,000 years ago' conËinueô retreat of Èhe ice sheet in

response to the trìode.rating climate opened signif i'cantly lower easteln

outlets and much of Lake Agassiz, including Ëhe Lake Manitoba basín'

drained. However, \n/ater 1eve1s again rose at about 10t000 years B'P'

due to a re-advance of ice over the eas'tern outlets' This final episode

ofLakeAgassÍzwasshort-livedandbyaboutg500yearsagothelake

began to drain in a serÍes of stages as the eastern outlets u'ere

undammed. The south Basin of Lake Manitoba was again dry by about 9000

years B.P.

AlternatingT/retanddryconditionsprevailedíntheLakel"lanitoha

basinforthenext4500yearsmainlyinresponsetothelnteraction

ofawarmeranddrierclímateinwhichevaporationgreatlyexceeded

precipitation plus inflow and differential crustal rebound which tended

to increase the depth of the south Basin in relation to Èhe North Basin'

Duríng t,he driest of these periods, distinctive marker horizons developed

ín the exposed mud on the lake floor, while during t'\'Tetil periods depositÍon

of both authigeníc (magnesian calcite and organic natter) and detriË41

componentstookplace.Atabout6000yearsagotheSouthBasinenÈered

thefinalandprobablylongestperiodofdominantlydryconditions'

ThesecondmostrecentepisodeofsedimentationínLakel'lanitoba

was initíated when all or part of the Assiniboine River began to diseharge

into the south end of the Basin abouÈ 4500 years B.P. rn addition to

helpíng reflood the lake, this added fluvíal input supplied coarse-$Iained

sediment, Moreover, high MglCa ratios in the newly developing lake'

probably in fesponse to the gradual díssolution of evaporiÈic salts' in the
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bottom sediments and possibly supplemented and maintained by a high

Mg/Ca ratio of the inflowing Assiniboine River' resulted in the

precípÍtaËion of magnesian calcíte \^Iith a considerably higher MgCO^

content than that of the prevíously deposited sedíment.

The Assiniboine River r¿as diverted ouÈ of the south Basin

watershed about 2000 years ago resulting in lo¡^rer offshore lacustríne

sedimenta¡Íon rates and deposition of finer-grained materíal' CalciÈe

precipitation in the lake and accumulatíon of organi-c matter ín the

sediment has continued to steadily íncrease over the past 3500 to 4500

years. Erosion and redistríbution of the sandy deltaic sediments of

the Assiniboine River by wave action has creaËed a barrier beach separatÍ-ng

Delta Marsh from the main lake at the south end of the basin' Except for

these developments, however, there has been little change Ín the lake over

the past 2000 Years.
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4.1 .1

Llvln6stone Corlng

Equlpnent Requlreroents

Llvlngstone corer lnclud.lng, (a) J em diarneter,

2O-guage stalnless steel, J'22 crn long core barrel(s)

wlth bevelled. cuttlng edge and. holes for connectlon

screHs, and. escape of water at upper end.¡ (U) " plston

assembly consistlng of two rubber stoppers, a conlcal

aÌuminun polnt, a slotted. threaded shaft, washers and.

nuts¡ (") ^ 1J m long, 3,0 run plastlc-coated. plston wlre;

(¿) " stalnless steel- sarnpler head wlth threadecl core barrel

attachnent holes a¡rd. a slotted., square central shaft;

(e) screws for attachnent of (a) to (¿); (f) a l-26 cm long,

I.J cn d.i-ameter, square, steel piston rod. threaded at upper

and. lower end.s, wlth netal- stops or flanges 24 cm fron lower

end. (Further speclfications of the Llvlngstone sannpler can

be for¡nd in tfrlght , 196?),

Lowering cable¡ l0 n long, 5 mn d.ianeter, plastlc coated..

Connectlng (or drive) rod.s¡ varlable lengths of 2,24 cn

dlaneter, seamless 4I3O cnrone-molybdenun steel a1loy threaded

plpe.

T-handl-e

Screw driver(s)

PLiers

Vise-grlp pflers (2)

Crescent nrench

Tape neasure (30 n length) and. metre stlcks

L¡ire brush

33s
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Methy1 hydrate (ae-tcer)

Tape, narkers ancl plastlc for labellng and

seallng core.

fce au6ers 15 cn dla¡reter capabì-e of penetratlng the

naxl¡nr¡n ex¡ncted. lce thlckness.

Board. or unflexlble rod. for plston wlre surface attachment.

Small sled.ge or hanmer

Shovel

Tarp

Rubberlzed. gloves

F1eld Procedure

(") Before arrlvlng at sarnpl-ing slte, assernble corer.

Adjust plston d.laneter by compresslng or expand.lng tbe

rubber stoppers such that the assembly flts tlghtly lnsld'e

the core barrel but rnovement ls st11l possible by puJ.Ilng the

piston r+ire.

(U) At the sampllng slte, place al.l requlred. tools

on tarp, auger a hole through the lce a¡td. neasure water

depth with weighted. tape neasure. La.y out the corer ln

extended. posltion (that is, the lower end. of the plston rod

ts at the upper end. of the sampler head a¡rd. the entlre uriit

measures about 237 c:lr, from the end. of the piston at the

base to the top of the piston rod.) on the ice and connect

the appropriate lengths of d¡lve rods to the upper end- of

the plston rod.. Mark the sed.lnent/water lnterface on the

assenbly by placlng a vise-grlp rrench at the water d.epth

d.istance measured. from the base of the core bar-rel . Measure

and. llkewlse mark exactly I n above this point.

4.L.2
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(") Slowly lower the apparatus through the lce

to the Level of the flrst r+rench, maklng sure that the

plston ls posltloned. at the very end. of the core barrel

a¡rd. that no tenslon ls appllecl to the plston nlre. The

corer should. be at the sedlnenL/wabet lnterface. CarefuJ.ly

remove the wrench that ls at the water sr¡rface. Rotate

the d.rl-ve rod.s such that the fÌanges on the lower end. of

the plston rod. d.o not colnclde wlth the grooves ln the top

of the sampler head.. Careful.ly take up any slaek on the

plston wlre and secure lt to the board near the auger hole.

Apply slow, even, d.ownward. pressì.rre to the top of the

d-rlve rods (t-nandle) stopplng at the Ievel of the second.

vlse grlp rrrench. Pull out the assenbly, disconneet the

fil-Ied. core tube fron the sanpler head and. plston' seal,

label and. place uprlght ln vehicle.

(a) Carefully renove all lce ar¡d, sed.iurent fron the

plston, plston wlre, squaxe rod. and. sa.rnpler hea'd. uslng the

wire brush a¡rd. nethyl hyd.rate. Insert the plston and. plston

wlre lnto a new core ba:rel. Thread the lowerlng cable

through the two water vent holes in the upper end. of the

new banel a¡rd. attach the sanpler head. Lay out the corer

ln the conpressed. positlon (tfrat is, the lower end' of the

plston rod, ls at the base of the corer a¡¡d. the entlre unlt

¡neasures about Lll cn from the end. of the plston at the base

to the top of the piston rod.) on the Lce a¡¡d. connect an

add.itional d¡lve rod. for sampling of 1-2 n delÊh below
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sed,lnent-r¡ater lnterface. l'lark wlth the vlse grlp w¡enches

the sed.tmenl/uater lnterface and- exactly I n above lt.

(") Slowly lower the apparatus through the lce

uslng the lowerlng cable to the leve1 of the first wrench.

Bemove thls wrench. The sa.npler (whlch ls stlLl ln the

compressed. posltlon) fs now at the sedlment,fualer lnterface.

Push the sarnpler to the Ìevel of the second. rrrench by applylng

downward. force on the drlve rods. Do not renove thls second.

wrench. It ls so¡newhat helpful, but not necessary, to attempt

to re-enter the prevlous core hole. the plston and. the end.

of the core barrel are now at a posltlon 1 n bel-ow the sed.inent/

water lnterface. Pull up on the d.rlve rod.s ard rotate the

rod-s to the posltlon such that the flanges d.o not colncld.e

wlth the grooves ln the sarnpler head. The rrrench ls now 1m

above the water level a¡d. ¡narkes the posltlon the sampler should.

be d.riven to. the lor¡ering cable ls no longer of use and. can

be released.. Proceed as above; secure the piston nlre at the

sr:rface, drive 1n to the level- of the trrench, puIl out and.

rìlsconnect the flIled. core barrel. Each add.ltlonal 1 n core

length attempted. wtIl requlre the ap¡rroprlate positlonlng

of the second rrench above the one narklng the sed.lment/r+ater

lnterface.

Extruslon of Llvlngstone cores

ExLruslon of the f11Ied. Livingstone core barrels ls

acconplished. by re-attaching the plston, sanPler head. and.

piston rod (tn exbended. posltion) out the top of the flIled-

A.1.3
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the bar¡eI by applylng force onto the top of the plston rod..

Requlred equl¡nent for thls ¡rrocedure includes¡ spllt

1,6 cn d.la¡neter rlgld plastlc plpe, plastlc sheetlng, tape,

narkers, st¡rrofoan cups (for end plWs) ln a.d.d.ltlon to the

Llvlngstone assembly and. assorted. too1s.

bar¡el. The sediment 1s extmd.ed out the base of

339



APPENDIX B

Nurober and frequency of analyses per core'

The value outsl¿e of the paientheses ls the total nu¡nber of analyses

of that parameter wlthln the partlcu-]-ar core; the value lnslde the lnren-

theses ls the frequency of analysls (one analysls per x cn of core) of

that lnrameter wlthln the core. For exaruple, ln'core 1 the molsture content

of 2! subsaroples Has d.etermlned rhlcÌ¡ results ln one molstu:re content

analysls approxlnately every 2 cJtr. The total- number of analyses for all

the cores ls glven on the flnal page of this Append'lx'
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Table C-l

Table C-2

APPENDIX C

Biologicaì. Data

Lake Manltoba plankton specles 11st
(sunmarlzed fron Bajkov, 1930).

Results of reconnalssance lnvestlgation
of mollusks in cores from the South Basin
(reported. by Dr. I. Lubinsky' DeParbtgtl!,
of Zoology, Unlverslty of Manitoba, 1979),

Fesults of reconnaissance lnvestlgation
of d.iatons in core D-l (reporfed- by Dr. R.

Carber, Anthropology Department, University
of Hanitoba' 19?9).

Table C-l
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lable C-1. Lake Ma¡rltoba plankton specles
Bajkov' 1930). â = abund.ant;
c = coßnon; lc = less connon¡

üTXOPHYCEAE

Anabaena flos-aquae Breb¡ c

Aphanocapsa elachista llest:
Chroococcus f lnrnetlcus Lemm: c

Merlsmopedla glauca Na€: Ic
Mlcrgcystls aeruginosa (Xutz): c

Nostoc connune Vauch: c

Rlvularia pisum (eg.): a

C}TLOROPHYCEAE

Actlnastrum gracilllmum G. M. Snrlth: 1c

Botryococcus brauni Kutz¡ c

Cladophora sp.: r
Closteriun moniliferum Ehrb: c

Closterium sP.: r
Coelastrum ¡nlcroDorurr Na€.: lc
Cosmariun botrytls Uneg.: 1c

Cos¡narium ¡neneghlnli 3reb. : lc
Cos¡narium renifo::r¡e (naffs. ): Ic
Cosnariun sp.: Ic
Crucigenia quadrata Mo:ren¡ c

DlstJosphaerlum pulchellum llood': vc

@@ sP.: r
Eudoring eleé(ans Ehrb.: c

Ulcrospora sp.: Ic
l'lougeotla sp.: r
0ocystls lacustrls Chad. t c

Ped.lastn¡m þrYanum Uneg.: vc

Ped.:lastn¡n d.uplex Uneg. t vc

Ped,lastn¡n d.upLex va'r.: vc

llst (sumrna¡lzed. fro¡n
vc = very co¡lmon¡
r = rare
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Ped.lastn¡¡r lntegn¡¡r Nag.¡ r
Ped.iastn¡¡n slnplex I'leYer. r c

Ped.lastn¡n slnplex l,leyer. var. t c

Pediastnrm tetras (UnrU. ): c

Rhlzoclonlrrln hlqrggryPþlglm Kutz.: c

Sgenedesmus quadricaud.a 3reb. ¡ a

Selenastrun sp. l Ic
Splrogy¡a sp. r r
Stauragtnun brevls plnu¡n Breb. ¡ r
Staurastrum leptocladum Nord.st.: r
Staurastru¡n sp. : Lc

TetrasÞora gelatinosa (vauch): c

lrlbonema sp.: r
tlllothrix zonata Kutz.: lc
Zygrrema sp.: lc

BACILLARIACEAE

Amehgra ovalls Ehrb. ¡ lc
Asterlonella fgnnosa Hass. :. r
Cyclotella antlqua' lf. Sn. ¡ c

Cymatopleura sP.: c

Epithenia tr:rglda (nf¡rU. ): c

Eunotla sp.: Ic
Fla.ellarla crotonensls Kltton: vc

Meloslra grannuLata Ehlb. t vc

Melosfua varlans (ng.)r vc

Navlcula radiosa Kutz, var. gþ3. ti' Snlth¡

Navlcula sp.: Ic
Pleuroslgma attenautun ti. Smlth¡ c

Rhlzosolenla norsa lI. & G. Hest¡ r
Stephanod.iscus nlagareoe Ehrb. ¡ 1c

Sr¡r1re1la ovalls Breb. var. gþ Kutz. ¡ Lc

@sp.¡ lc
Syned¡a sallna lf . S¡nlth¡ r
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!¡rrglra sP.¡ lc
Tabellarla fenestrata Kutz. t vc

labellarla floccr¡losa Kutz. ¡ Ic

F],ATELLATA

C_eratlun hinnd.inella 0. F. HuIl.t
Dinobryon sertularla Ehrb.: c

Dlnobrvon stlPltatu¡n Steln.: Ic
Glenod.lniun pulvisculus Steln.: 1c

Perld.inlun tabulatgm Ehrb.: r

RO{'ATORIA

Anuragg aculeata Ehrb.: vc

Anuraea coghlearis Gosse: vc

Asplanchna Priodonta Gosse: vc

Brachionus baJ<erl, MuIl.l Lc

Brachionus bakerl, MuJ-I' var. 9ntz11 (fra^nae):

Bracþionus ba.keri, MuII. var. brevispinus Ehrb'

Cathypna l:¡ra Ehrb.: c

Colurus grallator Gosse¡ c

l,lonostyla quadrid.entata Ehrb. ¡ c

Noteus quadricornis Ehrb. :

Notholca longisping Kel-Ilc¡ a

Polya:r-fhra Platyptera Eh¡b. : a

fbiathra sp. t a

Ic

356

COPEPODA

Canthoca¡nPus sP.: vc

Cyclops blsucpldatus Claus¡

.t9f-s. sP'¡ c

Dlaptonus shoshone Forbes¡

EP!98 sP'! c

PHrl,LCFODA

Acropen¡s l¡arlne Balrd: c

c

3c

lc

vc



Alona ouadra¡rgula¡ls

Bosnlna longlrostrls
Ceriod.aPhl4þ sP. t

Chydon¡s sPhaerlcus O' F' 11u11¡ c

Daphnla longisPlna 0. F' l'1u11: vc

Daphnla longlspina o. F. l'1u11. vax' @:
Daphnia lrulex de Geer: c
Dlapha¡osona brachyr¡n¡¡n Lleven¡ c

Diapha,nosona leuchtenbergianurn Fisch' : lc

Kurzia latissima Kutz: c

Moina sP.: lc
Sid.a crystallina O. F' t'1u11¡ c

SimocePhalus vetulus O' F' Mul-1: 1c

0. F. l'lull .¡ c

0. F. Mull. ¡ c

c

OSTRACODA

Candona sP.: r
Cypria sP.: c

Ll¡nnicythere reticulata Sharpe t

PRÛTOZOA

lintinnoPsis sP. ¡ c
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Table C-2. Resul"ts of recon¡alssance lnvestlgatlon of nol1usks ln
cores fron the South Basln (re¡nrùed. by Dr. I. Lublnsky'
Department of zoolory, Unlverslty of Hanltoba' 1979).

Core D-l , 2O0 to 208 cm d'ePth:

Vallata tricarlnata (S.V)

Sphaerlun strlatulum (l*'. )

Annicola fimosa (S.V)

Lvmnaea (Stasgtco+a)
catascopium (SaY)

Lyrnnaea (St'aflr.cofa)
elod.es (SaY)

Pisidiun sP.

Core D-l , 625 to 6t+5 cn d'ePth:

Few small fra¿rrents

Core D-2, 590 lo 6OO sn d'ePth:

No moLlusks.

Core 13, 2? lo 27.5 cn dePth:

VaLvata trlcarinata (S.V)

3 specimen

I specimen

19 specimen

] spacímen

2 specimen

2J specimen

!.Te@ sP.

@sP'

Cote 29, 17 to 25 cn dePth:

Valvata trlcarlnata (S.V)

lrunaea. sP'

of Annicola and Pisid'lq¡q sP.

Harstonla . 
({nnl ?oliaae )

decePta (Baker)

Marston la 
. 
(a¡nnl ?oIldae )

decepta (Baker)

Plsldlun sP.

JJ specirnen

l20spssinsn
I specimen

345specimen

47 specirÀen

45 speci*utt

2t specímen

I19 sPecimen
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Table C-J. Resr¡Lts of reconnalssa¡ce lnvestlgatlon of d':latoms ln
core D-t (reported. by Dr. R..Carter, Anthropology Departnent,
Untverslty of Manltoba, L9?9).

Core D-I. 290 cm.

Valves counted z 321
Preservatlon: generally poor. Many

Cyclotella kutzlngiar¡a?

lhc1otellasP"
Diploneis sP.

Surlrella Peisonis
Navicula (3 

"p. )
Nltzschia (z 

"p.)
Stephanodi scus ha¡rtzschli

+ S. minutus?

Nitzschia hungarica

Dlatona sp.

Stephanod.iscus nla€arae

EPilhe'ia. sP.

Cocconeis sP.

Bi]ggÞ sP.

4@sP.
!¡.rnelopleura sP.

99gPþ@ sP.

Melosira sp.

A¡nphora sp.

I3d.ete:mingte centric
Inde!çrm !ne!_g, Pegnate

valves were badLy corrod.ed..
No. %

89 28

81 25

38 t?
22?
L55
t55

Lrt

IV

4

4

)
?

3

I
I
I
1

1

I
14

Concluslons and tnterpretatlon (R. Carter): laJ<e relatlvely snaller'
shal]orer, llttoral zone Poorly d.eveloped, alkaIlne, qulte saline'
May be shallow enough to pe:mlt a nldespread eplpellc botto¡n flora'

+

3

I
1

I
1

I



Core D-1. J80 cm.

Valves cor:nted. z 16?
Preservation: excellent.

l'licrosiphona? sP.

tYagllaria construens var. venter

Cyclotella sP.

Stephanodi scus nla€arae

Nitzsch:la cf . kutzingiana

liitzsch-ia (a 
=P. )

Stephanod-i s cu s hant zs gþii
+ S. ¡ninutus?

Navicula (z 
"p.)

l4elosira granulata var. angustissl¡na

I'lelosira granulata

Gyroslgna sP.

Surirella ovata var. !Èlgþ
FYagilaria sP.

Nitzschia cf. apiculata

Nitzschia cf. d.issiPata

Cymbella sP.

A¡nphora sP.

Stagroneis? sP.

No.

rtl-

33

n
IO

1]
10

þ
?5

20

16

J-V

UO

360

Conclusions an¿ Interpretation (n. Cart,er): lal<e relatively larger'
d.eeper, well-d.evelope¿ littoral zolre, alkaline I sollle salinity.

B

2

¿.

I
I
1

I
1

1

1

4

2

I
I
1

I
I
t
I
1

I



Core D-1. 620 cm.

Va1ves counted: l?2
Preservatlon¡ good., a few

Frasilaria construens var'

StePhanod.iscus nlagarag

Microsiphona? sP.

Cyclotella sP.

Dlatona sP.

Navtcula (Z 
"P. )

S_lephanoqiscuP hantzschi i
+ S. minutus'r

-t*- ¡,--"tt*
Synedra sP.

Dj_Plon"Þ sP.

Stephanod.i seus subtilis?

etched. or

venter

co:roded.

No.

4,0

25

22

t7
13

11

Pleurosigna sP.

Cyclotella kutzingia¡ra?

A¡nPhora sP.

Pinnr¡la¡ia sP.

Suriretla Peisonis
l'1eIoslra granulata

Indete:¡rinate Pennate

Concluslons a¡d Interpretatlon (R'
deeper, He11-d'eveloped llttor^aI

va1 ves.

70

2?-/
1(
-J

l?
-t

l^lv

I
/
h

36L

6

?

2

2

2

2

1

1

1

L

9

?

3

2

1

I
1

I
I
I
I
'1

5

Carter): lake
?þne. alkallne'

relatlveLY larger'
nod.erate saIlnltY.



Distribution of characteristics of surface sediment' Refer

to Figure 2-L for number and location of sanple sites '

For contoured maps, the dots represent conÈrol points.

APPENDIX D
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APPENÐIX E

Results of a^nalyses of physlcal, chemlcal and nlneraloglcal ¡nrameters'

The folLowlng table lists, ln nurnerlcal orrùer startlng wlth core 1'

thc results of "näy"l= 
of samples of sed'lnent cores taken fron Lake Manltoba

an . inmeòiate surror:nd.ing al:eai refer to Figure 2-L Ln the texL for the

location of these cores
A blank on the table lnd.icates that the analysis was not d'one' the

percentages of quarfz + feld.spar + total calcite + d'olonlte + total clay
nineraf s were nol:lnallzed. to equal" tovl, The anor:¡t of nagneslan calclte

(i,r;-;ä;itå)-in-tire sarnple is, ln all cases, repo¡bed as a-percentage of
the totaL mineralogy. The a¡nount of nagnesian calclte subtracted' fron the

anc.i:nt of total- ""Ilit" 
is equal to the percenta¿e.of lox-l'lg oT no:mal-

caicite. The ind.ividual clay nineral peicentages (1."., expand'able clay
¡ninerals, i]Iite, kaolinite plus chlorite) are relative values suÍurlng

to 100iã.
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APPENDIX F

Sedinentological Data Collected from the South Basin of Lake Manitoba
by the lr{anitoba Department of Mines, Resources and Environrnental Management
(.-l . Crowe, pelsonal communication, 1978). Station numbers refer to the
grid line intersects shown on Figure F-l.
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Figure F-L. Sampling grid
collected by
Resources and

location rnap for sediment sanples
the Manitoba Department of Mines,
Envirorunental Management.
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G.1 INTRODUCTTON

Varíous statistical analyses $/ere made on the surface sedíment

data collected in thís study. The goals of these analyses \'Iere to (a)

quantitatively describe the various attributes of the sediment (such

âs¡ parameter mean, standard deviation, etc.) and (b) investigate and

analyse ínterrelationshíps among the sediment Parameters. The results

of (a) were included in Ëhe descriptive section (ChaPter 4, Tables 4-l

to 4-3). The purpose of this Appendix Ís to present and discuss t.he

results of (b).

In order to help simplífy and interpret the rather complex

correlatíon coefficient matrix (discussed belo¡¿), R-mode factor analysis

(investigation of association among sample variables) was undertaken.

Fact.or analysis has been used r^¡ith sone success in numerous lake sediment

studies (e. g., Callender, 1968; Dean and Gorham, L976a, b; Mackín and

Owen, IgTgi Thomas et al, 1973) to help determine or confirm Èhe basic

processes that have controlled lacusËrine sedimentation. However, it

must be emphasized that the interpretation of both the simple correlation

matrix, as well as the factor loading matrix extracted from it, is rather

subjective and often not very definitive. AlÈhough multivariate

statistical techniques such as factor analyses are important and powerful

rools because of the abilíty to siroplify an oríginal large and varied data

noatrix into a much smaller number of hypothetical variables or factors'

interpretation must alvrays be done wíth real or probable geologic processes

and relatíonships ín mind. In addition, the constraints lmposed by such

thíngs as "closedrr data sets (Chayes, 1971) and guestionable levels of



significant factor loading (Jones and Bovrser, 1978) often make inter-

pretation difficult.

(-a

An initial correlation coefficíent matrix was generated from a

data set consisting of analyt.ical values for twenty-seven variables from

thirty-Ë\,ro locations in the South Basin (Table G-1). However, by

including sample data from the two strÍkingly anomalous areas of the

basin, the resulting correlatíons portrayed a raÈher dístorted and

confused pattern. It is believed that a more realistic picture is

established by partitÍoning this "mixed populationrr and analyzing the

covariation pattern among the variables of the more homogeneous clay

and silt-rich sediment of the basin. A sinilar, essentially textural'

separation was necessary ín sedímenÈ analyses in Placentia Bay' New-

foundland (l^li|ley, Lg76) and Loch Leven, scotland (Maitland, L979).

A new correlation coefficienÈ matrix was derived for the

DATA SET

Ëwenty-seven variables from tvrenty-seven locations. All surface sediment

data from the relict sand areas as defined by EÌ;re 207" sand contour

1íne on Figure D-5 was excluded from further computations. Likewise' the

variables, mercury, cadmíum, 1ead, aragonite, detailed carbonate mineralogy

parameters, bulk densíÈy, porosíty, and qrater chemistry' IáIere not included

in the sÈatistical analyses because of incomplete records. Color and

fossil content $¡ere excluded because of their qualitative nature. Iinally'

in an effort to reduce the skewed nature of the various parameÈer sample

distributions, a logarithmic transformation was aPPlied to the data

(Alder and Roessler, L977, P. 346).
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Table G-I Llnear correlaÈion coefficlent maErix of 27 physícâ1, chemical- and rnineralogical
surface sedlment variables frorn 32 locaËlons l-n Lhe South Basin of Lake Menitoba

(rel1ct sand areas included) '

Molsture l,Iater Organic Total Fu r'h tott1.ì:tt Quarrz Calclte Dolorntte
conÈent depÈh matter carbonaÈes H" míner

Moisture
contenE 1.000

Water depch .378 1.000

Organic
naEËer .728 .594 1.000

lotal-
carbonates .689 .261 . 190 1 ' 000

pH .326 .t+27 .269 '447 1'000

Eh -.257 -.220 -.305 -.019 -' 095 1' 000

Total clay
mLnerals .664 .542 .809 '236 '278 -'342 1' 000

Quarrz -.867 -.532 -.801 -.590 -'377 '189 -'816 1'000

calclte .650 .472 '785 '333 '104 -'232 '594 -'803 1'000

Dol0rnlre .270 .100 -.085 .610 .536 .og2 -'004 -'293 -'062 1'000

Feldspar-.368-.500-.666-.086-.23L.401-.7||.568-.631-.ILt

Clay
(slze) .4Og .5t7 .649 'O57 '2g2 '113 '588 ''424 '465 '055

Mean graLn
slze .807 .576 'B2g '141 '3g4 -'157 '687 -'712 '687 '232

Potasslum -.005 -.344 '039 -'368 -'o2g '070 -'091 'o97 '071 '084

\JI
!



Sodium

Calcium

Magneslum

Iron

Manganese

Phosphorous

s llr
Copper

ZLnc

Expandable
clays

l1llte

Kaolfnlte *
chlorlte

Sand

Moisture
content

-. )/o

.7 50

.447

.7 23

.848

.554

.585

<e(

.637

.188

.650

a1a

-.707

I,later Organic
deprh maÈter

-. 633 -.830

.64L .622

-.062 -.081

.321 .687

.44s .816

.514 .726

.319 .547

.365 .603

.542 .808

.333 .330

.319 .32r

.463 .629

-.543 -.804

ToÈal-
carbonaLes

-.r44

. 663

.7 99

.300

.380

. r4at

.344

.151

.064

.153

.265

-. 315

-.447 .401

t.ao - 77)

.332 .089

.46L -.r75

.382 -.307

.¿II -.JIö

.368 -.414

.355 -.I27

.505 -.319

.402 .042

..LJ) -. ¿rrU

.].46 -.340

-.470 .285

ToLal clay
minerals

-. 788

.666

.034

.546

.7 07

<an

.7L2

¿o"

.7 31

.222

.627

.318

-.799

¿npH QuarÈz

.730

-. 899

-. 389

-.691

-. 815

-.622

-.777

-. 5IB

-. 604

-.189

-.660

-.647

.838

Calclte

-.617

.697

.010

qo?

.7 r8

.7 47

.528

.450

.444

.026

.7 33

. s97

-.688

Dolomite

-. t87

.482

.871

. ¿q¿

.188

- ña?

.418

.T2T

.07 7

.430

-. 099

.188

-.37 5

!
!



FeldsPar ClaY Mean srain 
:(size) '=li"å"'" PoEassium sodlum calcium Magnesiurn lron Manganese

Feldspar 1.000

Clay
(slze) -.467 1.000

Mean grafn
slze -.819 .826 1.000

PoEassluru -.O72 .232 .200 1' 000

Sodium .876 '.542 -.870 .004 1'000

Calclum -.573 .37L .651 -'239 -'677 1'000

Magneslum .050 -.065 .087 -,175 -.O25 ,5O2 1.000

rron -.460 .611 .734 --529 ',637 -5I4 .I97 1' 000

Manganese -.589 .562 .786 .232 -,762 .666 .206 .916 1' 000

phosphorous -.588 .468 .639 .156 -.659 .600 -'100 .592 '722

Sflt-.700.o25.551-.050-.781.692.370.500.648

copper -.47g .666 ,680 ,424 -.598 .365 .053 ' 
781 .79I

Zlnc-.596.593.747,122'777'r+gg-'036'708'774

Expandable
ctays -.401 ,605 .602 .153 -.403 -262 -196 .369 '333

rllire -.555 .322 ,578 .188 -.665 ,505 -' 030 .619 .725

KaolinlEe + .^^.. -.oro .319 '610 '006 -'674 '596 '184 '510 '627
cn-Lor ].Ee

sand.832..560-,g02-.083.939-.772-.270-,745.841

*J
co



phosphorous stlr copper zrnc u><:i:T:ot" rllite -Ïl:li:: * s"'d

Phosphorous 1.000

silr .473 1.000

Copper .464 .44L 1.000

ZInc .622 .530 .763 1.000

Expandable .187 .rzs .3o2 -h24 1.000
crays

llltÈe .683 ,614 -544 .596 -' 105 1' 000

Kaollnlte + -^. . t28 .695 . 503 ' 555 'I22 '77 4 1 ' 000
cn10r 1Ee

Sand -.646 -.842 -.677 -.759 -'432 -'686 -'752 l'000

{
\o
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G.3 CORRELATTON MATRIX

The relationship between the twenty-seven variables is shown

in Table G-2. This rnatrix of simple linear correlation coefficients

exhibits numerous complex interrelationships. Approximately 20% of the

variable pairs show strong correlations. I'/ith tTnTenty-seven Samples

used in the analysis, a correlation coefficient of greater than ¡ O'+l i

is significant at the 0.01 alpha confidence 1evel; greater than I O'OO I

is sígnificant at the 0.001 alpha confidence leve1. To facilitate a

brief preliminary discussion of some of the more noteworthy features of

thís matrix, separate tables showing sígnificanÈ variable pair correlations

within the physical parameter grouPing, ¡¡ithin Èhe mineralogical parameter

grouping, and within the chemical parameter grouping are presented

(Tables G-3 to G-5).

Among the physical parameters (Table G-3), organic maÈter, clay,

moisture content., and mean graín size are all positively correlated wíth

each other, whereas sand and silt are strongly inversely proportional

to mean graÍn si-ze, clay and organíc matter' Part of these strong

relationshÍps, particularly with respecÈ to the clay versus sand and

silt parameters, is, of course, essentially a function of the closure of

the data set. That is, since the percenÈ sand plus percent silt plus

percentclaymustequalLOOT..therewouldbe,evenintheabsenceofany

relation betlreen the variables, a tendency toward negative correlation

(Chave and l'lacKenzie, l-961; l"fiesch, Lg76; BuÈler ' L978' L979)'

other relationships suggesÈed by the physical Parameter

associations are fairly straightforward. It is expected that the organic

content would sholt a good positive correlation with the percent clay and



Table G-2. Correlation
sediment variables
excluded) .

coefficient matrix of 27 physical, chemical,
f.rom 27 locations in the South Basin of Lake

and mineralogical surfacê
Manitoba (relict sand areas

liolature
c.ontent DePth

Organtc Tota1
natter carbonate

Total cIaY
nlnerals Q¡rartz

ClaY l'lean 6ra1n

Calctte Dolornlte FeÌ<tspar (elze) e!-ze

lloleturc 1'000
content

Depth .t6l¡ 1'000

orgentc '?55 '4o¡+ 1'0oo

natter
lot¡l -.^? '7fi 'JZt+

carbnetes
pH -.'$+? '?J6 - '18I¡

Eh -,282 -.128 -'257

lotrl claY .5¡-1 '26) '5L6
¡lner"ale

Quertz '.5N "255 -'569

Calcrtc .1gJ .2W .55L

Iþlmltc -.698 -'Ln -'?T
Fel<lspar ',1rg -.308 "249
Clay (slze) ,56) .t+n '7L6

Ëean graln .491 JIL '622
alze

Potaeglui .164 -''+25 '088

So,ù1r¡r -J.Jr -.fr9 -'n6
Ca,lcfun .15S '5L5 'o75

t{a6nestrn -.î9 -.9Ð -'?5)
Iron .388 -.o25 '49+

l{anganear .6tr4 .I0l '6?9

Phosphoroua ,56) .111 '620

Stlr -.oÛ7 -Joz -,þo
copper .j+5 'luo ')52

1 .000

,v76 1.000

.069 .L69 1.ooo

.on -.2L -.299

-.Or¡9 .749 .09+

.ÉB -.ßJ _.L27

.311 .P5 .)o9

,o32 .t92 .],9L

-.8L3 -.OBl -.047

-.tro6 -.016 ,06?

.-,62J -.ù5 .L55

.ol0 -.219 .4?l

.608 -.001 -.104

.3BB -.0r+1 ,19)

-,69 .O2o .oo5

-.5Ð --Ln -'24)
-.149 -.ulo -.rgJ
.314 -,Ln ',264

-.05s .oo1 .110

1.000

-,6* l.ooo
.2n -.?49 l.ooo

-.6?9 .fr6 -.fi6
-.655 .6s7 "496
.189 -.206 .fiJ
,o35 -.t95 .52-1

-.L99 .010 .ro9

_,?66 ,vtg -.190

.n? -.59+ .6zt

-.t+n .1io? -.36r
.o24 -.r58 .111

.2o5 -.262 .u+5

.2)B -]fi .r+r

.129 -.006 -.08I+

-.otr .026 .r25

.tÉ ,89 ,296

.29 -,n9 -.25)
-.369 -.ot+o -.012

.Ly -.5?2 -'r+01

.d+6 .&9 '5r2
-.r05 .635 ,47)

-.252 .5oB .94
.I?B '.666 -'t+2
.otz .5n .5L5

1.000

.5u7

-.5v1
-.247

-,v7 5

.408

.q6
. Bll

-.)68
-.628
-'5?B

.og6

-.J74

1.000

-,zfi
-.92

1.000

.8¡¡B 1.000

æ
H



Table G-2 (cont.)

Zlnc

ExFntlable
clays

Illlta

l(aollnltc
+ chlorlte

Sr¡d

l{olsture
content DePth

.460 ,J+9

.22) .241

.frz .r95

.494 ,2r5

-.t+ll -,I2

Organlc Total
natter carbonate PH

.6@ -,gL .191

.260 -.194 -.ú78

.565 -.n) -,?t+5

.496 -.2]^6 -.245

-.528 .LLz .o9

Total claY
Eh ¡nlnerals

-.r28 .ryz

-.o22 -.118

_.r7? .12r

-.r59 .v7 5

.06? -.9t

quartz Calclte

-.o9 .o2o

.r41 -.r01+

-.120 .nB

-.069 .206

.565 -.574

Dolomlte

-.92

.096

-.)64

-.266

.2L9

FeIdsPar

- .0Bl+

-.102

-.2tt4

-.244

.589

Clay
(sIze)

.6?)

.438

.62J

.593

-.9+7

llean 6181n
slze

.trn

.9ú+

.419

.,+O)

-.5r0

co
f\)



Table G-2 (cont.)

Sodft¡n Calclun llagneslun üanganes6 PhosPhorous SlIt CoPPer Zlnc
Potaselur

Pot¡selrn 1.000

Sodlun .36L

Calch¡¡ -,99
tlagneatrn '.065
rron '82o
llBnsancsG ,95
Phosphoroüe .222

Stlt -.11t6

Coplpr .4?6

zlnc .1gl
Erpandablc .146

claye

fllltc .5N

faoltnltG+ .22)
Chlorltc

Sa¡d ',155

1.ooo

-.08+ 1.000

.e+5 .104

-.098 -.)28
-.260 -.r85
-.9+9 .492

.t9 .168

-.089 -.)t9
-.52) "2^
-.r49 -.062

-.?f2 -.01
-.L* -.022

-.015 -.2*

1.000

-.494 1.o00

-.626 .8t+o

-.611 .530

.28) -.þg
-,U+) .6)L

-.?24 .fi6
-,t?9 .108

-.J68 .J|o

-.on .m

.166 -.p9

1.000

-.2Ù7 1.000

-,)o2 .652 l.ooo

-,J7L .v7'+ .257

-.161 ,24L .ll+1

-.1ól+ .206 .Yz

,n) -.11t6 '.W

1.000

.e5
-,N6
.6n

'592
.4n

'49r
.401

-.2fr

1.o00

-.r?9
.lgt
.96
.210

.fi8

.r+6)

-.)52

1.000

.56)

.601

_.069

1.000

,ggt

-,t+5

(-¡l
æ



Table G-2 (cont.)

Kaollnlte+ Sand
Ctrlorlte

t(aoltnitc+ 1.000
Chlorlte

stn'l -,1.f 1'ooo

5,



Table G-3. slgnlflcant lnter-correlatlons among the surface sedlment phystcal varlables'

++or--lndlcatesslgnlflcantposittveornegatlvecorrelatlonat.00l.<Ieve1¡+or-
rnd.rcates sr*nrfrcant posrtrr" à, negatrve correlatron at .or-< revel. Data from rerrct
sand areas not lncluded'.

l,lo1st¡re Organlc Mean grain

Depth content matter siáe Sand lillt Clay

Depth

l,lolsture
content

ûrganlc
natter

Ìlean graln
slze

Sand.

s11t

CIaY

++

+#

co
L¡l
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the mean grain size because of the affiliation of organic matter for the

finer grain sizes of the sediment' This is due' in part' to the greater

adsorption capacity of the srnaller particles (Tissot and tr'lelÈe, 1978' p'

56)and,inpart,tothelowerdensityoftheorganicmat'ter(Slatt'1974).

Líkewíse, the noisture content-clay relationship reflects the high porosity

of the finer-grained sediment'

Among the mineralogical parameters (Table G-4) ' dolomÍte' quartz

and feldspar a1I show significant positive correlation with each other and

inverse relationships with calcite and, clay minerals' Several of the

mineralogical parameters show significant correlations with the physical

variables. Dolomite and quartz show strong negative correlation with

moisture content, clay and organic matter, whereas calcite tends to vary

posítivelywiththesephysicalpaÏameters.Quartzandfeldsparare

correlated wÍth sand, and clay minerals with moisture content' mean graín

size, and organic matter.

These physical-mineralogical variable ínÈerrelationships suggesË

some degree of síze segregatíon of the various mineral components' It is

generally accepted that quar tz and feldspars tend to be relatively enriched

in the coarser fraction of sediment (Thornas et al, L972a; Thomas,1969a;

S1y and Thomas, Lg74; Jones and Bowser, 1978)' whereas clay minerals and

organic maÈter are concentrated ín the finer fractions (Frin, L969:'

Thomas, 1969b; Thomas et al, Lg72b; L976). Siruilarly' Èhe negatíve

correlation beËween calcite and dolomite and the positive association of

theclay-calcitepairseeminglycanbeadequatelyexplainedbyinvoking

terminalgrainsizeconcePts.Thetenninalgrainsizeofca].cite,orthe



Tota1 Total clay Dxpandable Kaolln1te+

carbonates cafclte Dolornlte Q¡rartz Feldspar minerals clays Illlte Chlorlte

lotaI
Carbonates

Calclte
Dolomlte

Q¡rartz
FelttsPar

Total- cIaY
mlnerals

Ex¡nndable
cIaYs

IlIlte
Kaollnlte+
Chlorlte

+

+#

\
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SmallestSizetowhíchcalcitecanbereducedbyphysicalabrasion,is,

according to Dreimanis and Vagners (1971) and further confirrned by

Kennedyandsmith(:.:g77),considerablylessthanthatofdolomite'

Consequently' according to this hypothesis' detrital calcite would

respond differently to a given set of hydrodynamic conditions than

dolomite.ThispoíntisdÍscussedingreaterdetailinSection6.

Fewofthechemicalparametersana1yzedinthísstudyshow

striking correlation wíth one another (Table G-5)' Iron' manganese'

coppeï , zinc, and phosphorous all show moderate to high positive

correlation with each other and negative association with nagnesium'

Sodiumisinverselyrelatedtophosphorousandzínc,whileironand

manganese vary positively with potassium'

Theseintra-chemicalassociationsofferlittlenewinsiglrt

intoanypossibleprocessesorfeaturescontrollingthesedimentpicture

intheSouthBasin.TheStrongassociationbetweenironandmanganeseis

expected because of the trvo metalsr essentially sirnílar chemical reactivity

in freshwater sysÈems as pointed out by numerous investigations (wetzel'

L975, p. 251; Stumm and Morgan, 1970' PaBe 525; Morgan and Stumm' 1965;

DelfinoandLee,1968).However't'helackofanycorrelationbetr,¡eenthese

tr¿oe]-ement'sandredoxandpHchangesinthesedimentisplzzLíngsince

thernobility(solubility)ofthevariousleandMncompoundsisbelieved

tobe,toalargedegree,controlledbypH-Ehconditions(Krauskopf,L957,

chapter 10; Garrels and christ, 1965, chapter 7; sly and rhomas, L974i

Burns and Nriagu, L976) '



pH Eh Potasslu¡n Sod,Iurn Calcium l{a6nesiur,r I;ron lian6anese Phosphorous Copper ZInc

pH

Eh

Potasslu¡n

Sotllutn

Calclum

Ma¿neslun

I1^on

l,langanese

Phosphorous

Copper

ZIne

++

*

L¡t

\o



The phosphorous-iron and phosphorous-calcium correlations

have been noted in many lake sediment investigations (e.9., Kemp et al,

1976; Irlilliams et aI , I97La, b; Bortleson and Lee , Ig72; Bortleson, 1970;

[^Ientz and Lee, 1969; Otsuki and lletzeL, 1972) and are related to t.he

sorption of phosphorous by Fe and Mn hydrous oxides, clay minerals

and calcium carbonate.

Several of the chemical parameters show high correlation

coefficients wiËh numerous rnineralogical variables. Predictably, iron

and potassium both show high positive correlation wíth illite but inverse

relatÍonships with total carbonate, dolomite, and quartz parameters. A1so,

as would be expected, calcium varies positively vrith total carbonate and

calcÍte but inversely with quartz. Magnesium is positively related to

dolomite. The trace metals also show strong inverse relationships with

carbonate.

The Fe-l,fn-P-Zn group of elements show strong posítive association

lvith the physícal parameters of mean grain size, organic matter, elay, and

moisture content, whereas sodíum and magnesíum exhibit a significant ínverse

relationship with these physical varíables.

In summary, examination of the linear correlation coefficients

among twenty-seven surface sediment paraueters reveals several primary and

indj-rect interrelationships which are of potential value ín helping under-

stand the present deposiÈional processes and sedimentary environment of

the South Basin of Lake Manitoba. These associations seem to be relatively

straightforward and have been demonstrated in other geolinnological or

sedimentological studíes. The minerals, in general, show sympathetic

trends with various grain-size parameters suggesÈing that quartz, dolomite,

590
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and feldspar are segregated in the coarser fraction of the sediment and

clay minerals and organic maÈter in the finer grain sizes. Elementa]

associations probably reflect (a) the mineralogical composition of the

sediment, with, for example, sodiurn associated wíth the coarser fraction

in response to a higher plagioclase feldspar comPonent in thís grain size

group, and (b) the greater sorption capacity of the fine-graíned clay

partíc1es for elements (and compounds containing the elements) of

the Fe-Mn-P-Cu-Zn grouP.

G.4

G.4.L

The previous discussion outlined sorne of the more obvious

inÈerrelatíonships among t\,tenty-seven physíca1' chenical and míneralogical

attributes evaluated on the modern bottom sedíments of the South Basin'

The purpose of R-mode facËor analysis is to siurplify' suffnaÏíze and

possibly clarify these multivariate relationships. Thís is done

essentially by creating a rninimum number of new, hypothetical variables

which are linear combinaÈions of the origínal ones and contaín nearly

(but never exactly) the sane amount of information (Järeskog et aL, 1976) '

Thus, each original variable can be redefined ín terms of these appropriately

"weighted" ne\,/ variables or factors such as: ,j = ^Lj't 
+ tZ5FZ +

* a F + â.E. (Klovan, Ig75); where Z, is an original variable, and' *noi-rn '-j-j J

n F ^ a- -F- . . . are the ner^r variables or factors' Since "',rFltolj'l' ozj'z ' rJ

a^.F^ etc. will be comnon to several variables, they are termed comnon
¿J¿

factors, whereas a.E. is a factor unique to 2.. The ttweíghtsr" 
"lj, 

a2i,

FACTOR ANALYSIS

General Cofiìnents
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etc. are factor loadings and the Ulr 12' eËc. are factor scores. The

total statistical variance of an original variable will then be the sum

of the squared loadíngs which is termed, in factor analysís jargon, the

communality. Likerøise, the total amount of variance accounted for by

each ne\,I variable can be comPuted.

In a matrix display of the factor loadings of these m new

varÍables (factors), the columns of the matrix can be thought of as a

1íst of coefficients of a linear equation relating the original variables

to the parËicular factor, while the rows will show horv the varÍance of

the particular original variable is distríbuted among the factors (Kl'ovan,

Igl5, page 41). Thus, the values in the columns of the factor loadíng

matrix can be used to give some kínd of physical meaníng or causal Ínfluence

to the factor while Èhe rows can show how the original variables interrelate

with or contribute to Ëhe various factors.

Since the new variables can be thought of as linear combinaÈions

of the orÍginal varíables, they are, in general terms ' averages of the

originals. Thus, the loading matrix, which represents simply a list of

vectoral- projections of the original variables onto a set of factor axes

in m-dimension space, is often difficult to interpret. It is, therefore,

useful to nove the positions of the factoï axes sueh that (a) each factor

will have only a few variables wíth high loadings; (b) each original

variable wil-l have high loadíngs on only a few factors; and (c) for any

pair of factors, few of the variables will have hígh loadings on both '

mâny variables will have small loadings on both, and some variables will

have high loadings on one factor but not on the other (Klovan' l-975).



This repositioning of the

result ín producing factor loadings

-1 or 0 thereby facilitating a meaningful interpretation of the factors.

Thus, in the rotated factor matrix, high positive loadings are indicative

of a variable (or group of variables) closely related to the positive end

of the factor axÍ-s, loadings rrear zero suggest that the variables are

essentially independent of the factor, and high negative loadings indicate

that the variable is strongly unrelated to the posiÈive end of the facÈor

axis. Each factor can then (theoretically),by the association of the

particular group of original variables, be interpreted in terms of the
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factor axes (rotation) will basically

r¡hich more closely approach either *1,

natural processes controlling this association.

Fro¡n the geologÍ-cal perspective, Èhis last inËerpretive step is

the most important in the analytical procedure. Although the extracÈíon

and solution of the derived facÈors can be accomplished successfully

from a mathematical- standpoínt, if they cannot be confídently interpreted

with respect to underlying causal processes or envíronmental sj-gnificance,

they are of 1itt1e geologic use.

G.4.2

The results of the R-rnode factor analysís of the Lake l,fanitoba

samples is shown in Tigure G-l and Table G-6. Ten facËors account for

over 95% of the sample variance. However, only the factors that explaín

at least 5% of. the variance wíl1 be considered here (after Järeskog et al,

I976; Fogarasi and Mokievsky-Zubok, 1978). Sinilarly, sínce there is

lítt1e agreernent as to r¿hat constitutes a significant factor l-oading

(J8reskog eÈ al, L976) only rotated loadings of greater than I O.Sl will

be considered in the interpretation of the factors.

Results and Factor Interpretation
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Table G-6. Loadings for 10 rotated factors of R-mode factor analysis
of the South Basin surface sedinent data (excluding relict sands).

Varlables

Ho1 sture
content

Degtb

Organl c
Datter

în* ¡l

ca¡bonates

pH

Eh

lot-al claY
nlneral s

Calclte
Dolonlte
FeldsPar

Clay ( sl ze )

llea¡ graln
a!ze

Potasslun
Sod-lun

CaJ.clu¡n

!1a€neslun

llar¡gar¡e6e

?hosPhorous

s11t

Copper

t2)
J32 -,2* -.007

.J+4 .nB .5ú

.2* -,202 ,nt

.)59 .? I -,?21+

-.138 .or2 .048

.o25 -.003 ,283

.l.oo .I?l -.141

-,e+? -,0)6 -.031

.B+5 -.168 .114

-.29 .2t/ ,039

-.?r -.101 -.)2)
.r25 -.i+s .604

.t29 -.29r .8n

,o35 -.919 .015

-.053 -.171 -.t77
.? 9 .495 -.o02

-.r23 ,592 -.145
.:-29 -.890 .183

.245 -.? 52 .068

.91? -.3O0 .016

.028 .144 -.925

-.o82 -.618 .266

-.1?] -.*? .205

Fact016

456
.496 -,n9 -.381

.481 -.r.74 .77 5

.688 -,309 -.t9
-.185 ,055 ,t52

,077 .183 .89
-.26r .109 .O23

.fi? .078 -.26)

- ,26? -.106 .*6
,"t6 -.0?3 -.)r7

-.?? 5 .023 ,)83

-.o3B .485 .tn
.505 -.496 .0J't6

.t?? -.292 -.00¿+

-.2' -.144 -.o?9

-.?6? .lo8 -.256
-.006 -.007 .It
-.893 .082 -.014
.?26 -.120 ,s79

,44? -.253 -.09
.425 -.n2 .099

-.s7t .066 -.061

.n? -.01+6 .019

.?oo -,7?3 .2r+

595

?89t0Conrouna)'ttY

-.r27 .299 .o22 .09? .965

-. o9l .ov .]-39 .1d+ .943

-.096 .377 ,v76 .051 .934

. t28 - .041 - .033 . 011 ,n0

.loL - .o25 - . d+6 ,039 .96?

.8n -.tfi -.083 -.0¿+6 .995

-.1r.¡4 .58g .O¿t -.038 ,966

-.088 -.p -.oor+ -.062 .9A6

- . 116 .068 .oÉ .?9+ .967

,095 -.t57 .105 -.00¿+ .980

.?t+g -,o57 -.1'6Lt -.115 '967

-.040 .2:,;9 .083 -.063 .965

-.s?8 .t5? .142 .o3l ,9tß

Expandable -.lao .ozg ðg7 -.olo -.?55 -.109 -.o?? -.131 -'055 'o57
c-tays

Xaollnlte+ .oss -.t4? ,Vl? .t1¡s -.919 -.ogz -.g?9 .),25 '?08 '058
clrlorlte ' r ¿/

Illlte .10ó -.'4 .o* .?f4 -.88? -.109 -.oB+ .114 .477 .13}

sand -.4g5 .t55 -'?87 -'ol5 '?J2 -'s?8 'o5g -'81'6 -'?3I "059

Percent of varlablllty accouated for bv facto¡s:
*.6 t5.2 g'? 8'4 " e''g----ú'" 4'o 3'4 3'L 3'0

.103 .ot+1 ,025 .163

.3r? .t?5 .031 -.002

- J5? .214 .015 .Zr?

.021 -.020 ,o23 -.065

.ol+2 .103 .141 , .048

-.1.08 .oo2 .1.31 .149

-.101 .o* .u4 .661

-,s?5 -.033 .^9 .111

.t?5 -.03t .o7? --o*
_.006 .188 .]44 .t25

.n0
,926

. yÞ0

.n9

.935
o<)

oRl

.980

. yt'{J

,>y

.9&

.n2

.9ú
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Factor 1, accounting for approximatel-y 35i¿ of the total sample

varíance ís domÍnated by high posítive loading on calcite, Cã, and P, and

inverse negative loading on quartz and sand. This factor is interpreted

as a calcite precipitation factor. ?hysícochemically precipitated calcite

grains in lacustrine envÍronment.s are typically smaller than sand size

rlt
(Kelts and Hsu , Lg78; Brunskill, 1969; t"tuller and wagner, 1978), thus

accounÈing for the mutual exclusion of the sand-quartz and calcite-Ca

variables. Furthermore,in situ precipíLated CaCo, has been shown to

co-precipitate phosphate both by adsorpEion and by intercrystalline incorporation

into the calcite lattice (Otsuki and l'IetzeI, Ig72; Bortleson and Lee' 1972)

thus explaíning the Ca-calcite-P associatíon'

Factor 2 explains 15% of the total variance and relates the

íllíte-Fe-K-Cu variables at the negative end of the axis. Positíve

loading is shown on the total carbonate, Ca, and Mg variables' This

factor is interpreted as a clay mineral factor. The Fe-K association

reflects the eomposition of the most dominant clay mineral in the lake -

i1lite - and the cu variable shows the effects of this trace metal sorption

onto Ëhe fine-grained clay mineral particles. The high negative loading

of the Mn variable on this factor is probably a result of indirect

association via the high Fe-Mn variable pair correlation.

Similarly, Factor 5 (77. of the sample variance) also seems to be

reflecting the clay míneralogy varíation within the basin. In thís factor'

high loadings are shovm on the clay sized maÈerial and on the three

individual claY míneral groups.



597

The l-ast two factors can be interpreted as essentíal1y energy

related factors. Factor 3 (I0"/. of the varíance) is basically a grain-síze

factor wiËh mean grain size and clay shorving hígh posftíve loading and sÍlt

exhibiting high negative loading. Factor 4, accountíng for about 87" of

the sample variance, is indicative of the secondary or indÍrect relation-

shÍp ímposed by the general segregation of mineral specíes ín particular

grain size fractions. ft shows high posÍtíve loadíng on organic matter,

clay minerals, clay-sized material, moisture contenÈ, water depth,and Zn,

with negative loading on dolomíte, llg, feldspar, and Na.

In summary, factor analysis of twenËy-seven physÍcal, chemical,

and rnineralogical variables from the South Basin surface sediments has

emphasized several sígnificanË interrelationships among the variables

and given some insight into the do¡ninant factors controlling the variability

of the modern botÈom sediments. A factor interpreted to be índicaÈíve of

calcium carbonate precipitation accounts for much of the variance in the

data and is the dominant factor extracted from the correlation coefficient

matrix. Further supporting evidence for Ëhis mechanism in the lake rvill

be discussed in Sectíon 6.3. The remaining significant factors can be

related to the clay mineralogy and to the energy regime of the 1ake.

Horsever, in contrast to many other lacustrÍne depositional envíronment

studies (e.g., Sly, L978, 1977, L973; Thomas et al, 1973; Mackin and Owen,

i-979; Moore, 1961), bathymetry evidently does not Play a domÍnant role

in conÈrol1ing the nature and pattern of sediraentation. I{hile this nay

be an artÍfact of sampling (a11 samplíng staÈions r¡ere t'offshore" sites

ln water depths greater than 3.5 n), the extreme shal-lowness of the

South Basin probably dictates that bathymetry is, in fact, not a major
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factor in control-1ing wave induced energy díssipation. Other energy

regime factors, sueh as wind setup and seiches, shoreline and offshore

currents, stream and groundwater infl-ux, posiÈion in basin relative to

rnaximum or effectíve wind fetch, or a combination of these factors v¡ith

6 to 7 rnonth ice cover, also rnay be more significant than bathymetry Ín

controllíng sedimentation patterns. Unfortunately, these additional

facÈors are very difficult to quantify or predíct.



APPENDIX H

Lake Manitoba water chernist'ry data collected at tlo sites in the South
Basin by the Manitoba Governrnent Water Quality Division, L973-1977.
The Delta site is located about 1 kílometre offshore (north) from the
tor,¡n of Delta, Manitoba; the Sandy Bay síte is located about 1 kilometre
offshore from a point about 7 kilometres east of the town of Amaranth,
Manitoba.
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DELTA SITE

e/Zl zz
2n4 o

6/?4 19

3/?5 0

6/z S 14
9/? 5 nd

úze o
6/ze 17
B/20 19

Lo/ze 7
2/?? o

s/zz 20

DH CaCO^' 6e/ú
8.7 20)
8.2 40
8.3 r35
8.0 286
8.5 2r?
8.7 208
o.¿ ¿l¿
A A ]Q<

8.9 194
8,5 215
8.1 zg+
8.6 2r0

0 0 0.02
00nd
0 0 0.01
0 0 0.00
0 0.04 0.00
0 0.04 0.00
0 0.04 0.00
0 0.o4 0.00
0 0.04 0.00
0 0.04 0.00
0 0.04 0.00
o 0.00 0.00

Date Temperature Speclflc Cond. Total DlssoLved
(oc) (rnlcromhos/sec) iollds(m6/1)

CO^ 0H As Cd Cu Pb
('elr ) (^e/t) (^e/t) (^e/t) (^eh) 6e/t)

0.01 0.o2
0.01 0.01
0.01 0.02
0.00 0.01
0.00 0.0t
0.00 0.01
0.00 0.01
0.00 0.0r
0.00 0.01
0.00 0.0r-
0.o0 0.01
0.01 0.01

nd
nd

26
1B
rai
¿+
l<
lq
lo

r.B

lq
0
7
0

lo

0
B

11
10

t2

nd
nd
+¿

54
57

44
50
oy
47

nd
.L
10

T7
14
1a
IO
-LO

17

]Q
l-o

2BO

J75

350
190
150
11 rì

160
a¿v
2)O
2BO
220

)85
430
330
+)J

426
286
?'2IL

J+7
46:¿

þo

nd. 68
nd 9)
48 5r
50 Bo

56040 5645 7645 42
lB 5645 5?
55 79
43 57

c'\

nd

460
)(v
¿L)
*o
260
360
500
200
3)o
))v
4ro
3Lo

0.40
nd
nd
nd
nd
nd
nd.

nd-

nd
nd
nd
nd

L6
6
6
)

zo
6
2

t6
,)

¿o

I

r900
2fr0
14r0
24ro
r4B0
rB30
¿¿¿v
-1100
L628
16fl
214.0
t6g

1265
1600

77D
nd
870

1060
r260
7r7
966
894

r27O
984

HC0.
6's/l)

208
.1,')Q

r50
J+9
a¿v
205
)22
209
203
2lr1
346
2)2

Date NI Zn Ca lvlg Total ltardness Mn Fe K Na TotaL organi,c. Total Inorganlc
(re/r) (^e/t) (re^) *e7t) (rslr) (^s/t) (^e/t) (^s/t) (^e/t) carbon ('elr) carbon (^s/t)

8/?3
2/z+
6/zt+
)/.( )
o/! )
?li¿
6/ze
B/ze

rc/zs
207
5/77

0.03 o.o7
nd 0.01

0.01 0,o2
nd 0.00
nd. nd
nd. nd
nd nd
nd nd
nd. nd
nd 0.Oz
ncl nd
nd. nd

o.25 0.05
nd nd.

0.05 0.01
0.08 0.06
0.05 0.82
o.o2 0.17
o.o2 0.05
0.04 0.41
o,o2 '0.09
o.o2 o.29
0.02 0.o2
0.02 0.10

0.r0 0.20
nd. 0.O5

o.02 0.01
0.08 0.06
0,04 o.3)
o.o2 o.07
0.06 0.03
0.02 0.o2
0.04 0.01
0.18 o.B3
o.2o 0.r5
o . 05 0.0r.

o.o2
0. 02
0.04
0.05
0 .12
0 .05
0.o2
0.04
0.01
0.08
0. 02
0. 06

nd
nd

0.01
0.01
0.05
0.02
0.02
o.o2
0 .02
0.02
o.o2
o.o2

L/o
260
110
¿)v

148

L20
145
r55
2ro
150

fl7
nd
93
nd
nd
nd
qq

n
I'I

Date Turbldlty F NH? NOî+1,¡O' TotaL P ortho-P . c1, . .1104 . o, saturatlon
(r¡tu) - (^e/t) ('e/r) (^å/t)" (^e/t) (^e/t) (*e/l) (^e/t) ' (')L)

a/?t
2/74
6/?4
3/7 5
6/? s
9/7 5
r/?6
6/ze
B/zs

ro/ze
z/zz
s/zz



Date lenperature SPeclflc Cond.
("c) (nlcronhos/sec)

0
t(
nd

o
to
18
I
0

?o
12

Nt z,n ca l,lg TotaÌ Hardness lçfn Fe K. Nq Totar organtc Totar rnorga¡Ilc

('elr) (,v/t) ('elr) t'e7r ) '""öe7ii*'--- t'äirl <'ä7tl l..e'it) (melr) carbon (mslr) carton (msll)

nd n.t nd' 69 ?82 0','5 \'st l9 ?P9 nd 60

nd 0.16 so ó 'rsi nã' -;å' ?6 Yo 16 5r

nð nd )5 ?4 3e? "ä ;ä 
'l 

1çy 15 58

ntr nd 40 br r5o 'ä ;ä !t ?99 Le ?
nd nd 45 ?B \2 nä ;; zÇ ?19 r? 42

nd nd. 40 +a æ? "ä ;ä li i:l re 45

;d nd re { 2PP li lå * ,73 i1 3?

"[ nd 42 58 7! lå i.iä ;; ããó zr 45

;ã "a t ?5 \22 lä ;ä is 2ro ?z r+?

ii :å i {, 'Ä lå ;iä iã 8i ?6 4?

Date Îu¡bldltv F , .NHi N03+NO2 T9i"1,-l Hho-P Cl SO4' 02 satuÌatlon

(Nru) (nelr) t'*Àl 
^'iíu7ii -('el^r] 7^e/t) ('elr) ('elr) (%)

Bn2 ''.t' 'lv 
siä 

-îffi i:3ã 3:33 T'Z i:! '"1t/iri I iå ó:o? o.oa 9'92 ó'oá úóo L?o e)

slzs e n.r ó:õä õ:t[ o'oú o'03 4oo r55 n¿ì

L/ze r nd ó.ó; Þ:þl 9'92 o'02 510 leo eI+

6/?6 I nd -o'.ä q:+ 9'9 o'oz ?:Ð reo e5

8/zd 6 nd o.16 o'or o'rq o'oz 280 r45 9)

10/?6 L5 nd o:õ ó:o? ó:õa o'02 J7o 160 a+

z/?? z n1 õ:it o'oþ 9'?9 o'oz 410 2æ nd

îtt ,¿ :i s:i; s:ÎÍ ::i; 3:3ã 'ìo, iå: u

SAì{DT BAY SITE

Total Dlssolveat pH CaCO. HCO" CO" OH . As Cd Cu Pb^r;îiffõ;7i)- - t'e/il t.uill t'eÀl 6e/t) (ns/t) (ne/t) ('elr) ('elr)

-|260 8.? 2oB 2?5 o 9 nd nd 0'01 0'02

nrr 8.3 ,aá ';ró 9 9 nu nd nd nd

ltoo 8.6 zze 2t;l 29 o nd nd nd nd

1160 8.8 z:r-e 1à'o zâ o ntl nd nd nd

Lno 8.4 ,ug ic.g rY 0 rd ¡td nd r¡iI

Bw 8.6 ;¿oo ;:¿'/ ô o nd' nd nd nd

sls 8.8 ,oó iãl 11 9 nd nd nd nd

1046 8.? t?; ;lí' iz 9 nd nd' nd' nd'

t><A 8.2 ,oZ lt| 
-ó 

9 nd nd nd r'a

-ã-á 8.6 zLo z77 14 9 il nd nd nõ-

;ä ä:; ;;" ;t', tz o nd nd ncl nd

t9zo
zt+zo
19?o
1¿020

ù50
TJ77
l-465
t?96
zo66
r6?0
1690

8ll)
3/? 5
6/7 5
9/75
t/?6
6/ze
8/76

Lo/zo
207
5/?7
9/7?

8/73
J/? 5
ol!)
9/? 5
t/?6
6/zø
8/zs

Lo/?6
2n7

9n7

o\
H



APPENDIX I

Core DescriPtions

Thefollowingappendixprovidesadescriptionofthesedinent

recovered from each coring site and lists other miscellaneous

field and l0cation data for each site. The initials JTT, CTS, and

IrrML refer to Dr. J. T. Teller, Dr. c. T. Shay, and the author

respectively. The descriptions are based on visual exanination

of the sediment and therefore the textural aspect of the descriptions

may not always precisely corresPond to the results of the laboratory

grain size analyses listed in Appendix E. The locations of sample

sites are given in kilometres distance along a particular bearing

from either the towns of Delra or-Oak Point, Manitoba. Refer to

Flgure 2-L fot locatíon of cores.
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COR.Û NUMBER: 1

Date Acqui reù 2f4/?8

n^+^ ll-*-"¿la¡¡lJQUg !^vruueqffia, z/4/?8

Ðate F ro zen:

Date ThaweC:

Date 3ubsanPled:

AcoulreC. bY: JTTr

Fi eltl Location, 9'65 ISII

Field Conment::

l,later Dcplh: 3,65 n
(corrccteC relative
io long-term rnean)

fce Thicl"ness: t4 cn

z/ß/za

cTs, IJML

Drive 85 cm'

Photonraphs:

SubsanPles: 21'

Subsanpfc lD ilz

Described bY:

recovered 5? s,

603

fron De1ta al ?J4o

uçlvtt
(n^

0-52

LT-
JTTr r.{YrL

DescriPii on

Sand.. flne to ned'lum, v' dk' graY--' 
Ó,5-v. l/o)¡ Top has a bl-ack rind'
òtoú"tr-Y ihe resr¡lt of corlng;
iãu""t-äheIl fragments throughout'

r5)



CORE NIJ]4BER., 2

Datc 
^cqul 

rea, zf4f?g

Date ExtrudeCffi, z/u/?B

Date Fnozen:

Ðate ThaweC:

Lcquired bY: JTT,CTS, 1{lll

Field Cornments: Drive 13 cm'

Field Location z t3.7/ km from

llatcr Dcpth: 4,77
(correcteC relative
to long-tena mean)

Tce Thic?'ness: 94

Pho bolraPlls: -

Subsanples: 10

Subsanpf c 7D ilt ?15 - ?2 4

DescribeC bY! ¡,ML, JTT

hard. bottom, d.ifficult corlng' bent
square rod..

,Elr U¡¡ \ ç;¡¡

604

Delta at )?5o

fron toP of core

0-20

DescriPti on

Sand, nediun to flne, black (5't ,Z,S/Z) --to d.k. graylsh brounn (2,5x a/Z)t shell
frag¡enis thoror:ghout, organlc-rich ln
lower 5 cm.



CORE NUMBER 2 3

Date Acquired z z/S/ZA

DaLe Extrudedffia' z/s/28

Ðate !'¡o zen: Photo6raPhe: -

Date Thawed: SubsanPles: 2J

Date Subsarnpled, 5/5/78 Subsanple ID #¿ 725 ' 747

Acquirec by: J1rf ' CTS, i.¡}IL Described by: tl}l],' JTT

Field. Conments: Drive ?L cn' recovereô' 63 cn, slght Langruth

Fi elti Location ¡

I,later DePth: 4.8+ n
(õæecGã-rel-atlve
to 1on6-t,enn mcan)

fce Thickness: 9? cn

605

Ig,?t Isn fro¡Tr Delta at 3?5o

llônt h I nmvv¡v¡¡ \ Y¡¡'

a-^- +nn nf mrn¡ ¡ v¡'¡ uvt' v4 "Y ^:

0-11

TT.57

fi-63

ÐescriP'¿i on

Silt, sandy; dark greenlsh gray (*'t 4/t)t
hlghly folslt-, gradatlonal lower contact'

Sand., siIty, flne to ned.iu¡n al ?O - 25 en' b?9:,rylrÎq

ftner or more silty rlth d.epth¡ darlc gray \)t +l L)l
io="ir" to 18 ct, not" observed' below¡ sharp lower
contact.

SlIt, clayey to c1ay,sllty¡ d'ark greenish gray (5GY a/t)t
sticky,- sttgr,tty lioctcy-at upper contact; nu¡nerous root
flbers at contact and' at 60'61 cn'

aL 2990,



CCRX }¡LÏ43ER: 4

Datc Acqulred:

Date Extrudedffi, z/s/zg

,*-**
Date Thawed:

Date Subsanplec, 5/S/ZA

ê.couire'J bY: JTT' CTS 
'

z/ s/za

Fleld Location:

Fic1l Conngnts: Drive

I,lalcr DcpLh: 5.89 m

(corrccteà relative
io long-tcn,r mcan)

Ice Thickncss: 96 cm

Photo;jraPhs: -

Sub¡anples: ?

Subsanple ID f: 1181 - t?07

llfl1, Described bY: ÏJÌIL ' JTT

96 cm, recovered' 80 cm

606

2O.g) kn from Delta al 743o

n^-.1 L' f ¡m!ç¡/ v¡¡ \ v.¡¡

fron toP of corc

0-80

)escriÞ1"i on

Clay, silty; dark gray (S't t+/t)¡ fossils throughout¡
shell concentratrõn ât'20-?L, ?2-?4i 3'5 T 1i¡nestone

grain at' LTt5, sever^a1 Ll¡nestone graltt" (1-2 cm) at
11.16 cm.



n^Þî lithf DEìP.
uv¡w ¡r vt ¿tpLr.

-_---:-
Date Acquired:

Date Extrud.eC
ãi¿ TescriF¡

Ðate F¡o ze::: lhotoÉraphs: -

Ðate Thar.'ed¡ SubsalPles z )é

Date subsanpled., S/S/ZA subsanple rD f' Lt?4a - LL55

Tl^ ^ ^-i 
.}. 

^,1 Ìrrr .LcquircC by: JTT, CTS, WIIL uescrloeo ci¡: Hl"lL, JTT

Field. Con¡nents' Drive 100 crn, recovered 92 cm.

z/ s/za

607

Field Location I t9.30 IoTI fron Delta al 20

z/ s/za

llater Depth, 5.47 I't¡

(correcteC relatlve
to long-tenn rnean)

rce Thick.ness: 98 cm

ueptn \cn
f-n- *n¡ nfI r v¡.¡

0-g?

Tla-¡zì nJ i nrr
L V v¿ r'l

CIay, silty; gray (5X 4,5/t), scattered'
fossiLs to 60 cm.



CORE Nul'lBER: 6

Date Acquired., 2/S/ZA

Date ExtrudeCffi, z/s/za

Ðc to Fro zcn : Z/ S/ZA Pl¡oloõraph: : -
Ðate Thawcd , 4/26/Zg Subsanlrles: 4

Date Subsarnpled.t 6/18/?8 Subsarnple ID #z I2/l - 1301

Â^^rri rn.l }¡r¡. Tmr¡equiruu -:¿. ..rrT, CTS, l,lML ÐescribeC by: lfit1¡

FielC Conmgnts: Drive 1OO cm, ston6. smell of H^S, sight De'ta I99o,
Diversion 209o. - ¿

608

F1eltl Loc¿Ltion z L5.28 km fro¡n Delat at 1lo

{ater Depthz J,20 m

(correcteC relative
to long-tern ncan)

Tce ThicP,ncss: 98 c¡n

llô¡1 h | 
^huvf e¿¡ \ v¡.'

].*^- +nn nfliv.'¡ vvlt vt

0-96cm

ÐescriP'¿i on

Clay, sllty; g.ray (5Y 4.5/I) unlform throughout,
seve¡:al concentatlons of shells ..



CORS }¡L¡,'f !ÐR: 7

Date Acqulred: z/S/ZA

Date Extrudedffi, z/s/za

Date Fïozen , z/S/ZA

Date Thawed, Z/ZZ/28

Date Subsanpl-ed. , z/n /Zg

609

Ficl-rl Location: 11'26 lcn fron Ðetta at 160

À^^.'t-a.ì Ìrr¡. frfv]îñvqu¿¿çú vJ . u ¡I t

Field Comments:

l.later Depf h: 4,6nr

Gãrrectei relative
to long-tcnn mean)

Ice Thi. cP.ness: 99cm

cTS, i,ll{L

frr'l'ì Ä¡ì r¡o
¡tg¿ s¡¿rvl

Dl-rn*n+rpnlrc.
I¡¡VUvl\!sP¡rv.

Subsanples: ?n

Subsanple ID f: 1 - 30

Described bY: W,\iL

site diversion and. tower.

fDepln \ cln

fron toP of

0-86

Ðescrip'"i on

C1ay, sllty; very soft, d.ark eray ( 51 4/t), shell
frag:nents abr:nd.ant throughout.



COP.E NÌ.I'138R: B

Da+.e Acoul red: Z/6/ZA
!e ev ¿ ¡vv

Date Extrud.ed.
ã,r¿ lesæffiã, z/6/Za

rlr*o T.mzo¡. ^ t/ t^^ phol.o-ranhs:)<7Ue r LVL'¿;I: C /A /Cg rlrur¿u,jr'¿!¡¡ù

Ðate ThaweC z +/ZZ/Z8 Subsalples z 27

Dafe SubsanpLed z I+/ZZ/ZS Subsample ID f : IL56 - 1180

Lcouirc,f by: JTT , l,Jll], DescriÞeC by: JTT, LrÌ'lL

FielC Connents: full drive but lost about 10 cm ? off bottom, also
questionable top because of possible d.isturbance.

69 cn recovered..

Flcltl Location: 6.8+ kn from Delta at )I4o

l,iater Dcplh: 4.5 n
GorrccteC relatlve
to Long-tcnn ncan)

Ice Thlckness: 92 cn

ueFtn l\cfì
fron top oí

610

0-69

Descripti on

cIay, sl1ty¡ dark gray (5Y 4/t)l occasional mollusks.



r|^Þ1 Ì\iln¡DE1P.u L'lw ¡\ v¡ ¡ !!¡r .

Date Àcquired.:

Date Extrud.cC
and. Described¡

9

z/6/?8

Ðate Fro zen: ¡ lL /oo l)holo'lrapÌ¡s: -
alvllr

Dafe Thawed , A/ZZ/ZB Subsanples: 14

Date Subsanpled; 4/zZ/ZA Subsanple ID iTt 7268 - t28L

LcquileC by: JTT, WL DescribeC byt 
WML

Field Co:rments: Drive 90 cm, recovered 8l cm; d.ifficult d.riving in lower 10cn.

z/6/za

Fl el-rl Location:

llater Depih: 5.1 n
Tõor;ãæA-reLaiive
to 1on6-terrn mean)

611

8.0 km from Delta at þ2o

Ice TliicPgessz fl en

Depth (cn
frón top of corc)

0-83

ÐcscriP';i on

clay, slIty; g.ray (5Y 4,5/t), upper I cm very high
molsture content, several sheII coneentratlons'
loweP 2 cm ls slIty to fine sand', d'arh greenish
gray (5cY 4/t).



CORE NUM3ER, 10

Date Acquirgd. z 2/6h8

Date Extruded
ãnd Tes¡riÉ t z/6/28

Ðate Fn:zen | 2/6/?8

Dare Thawed: +/zz/Zg

Date subsanpLed , t+/zz/Zg

Acquiled, by: JTT, r,ìll,l1,

Fi cld Conments: ful-l d.rive,

Fictd Location, 28'16 IsTr

I.iater Depth: 5.8 n
Gõrr""tei relãtlve
to 1on6-term mean)

Tna T¡hinl¡nnr-. 98 Cmt

l)l-r n* n ryrr nh c .Il¡v vvtircPr¡Ð.

Subsanpl-es: 1f

Subsanple ID fz 1222 - 1238

Described bY: rmm r.h.r
cJIl¡ l1¡l!

recovered. p0 cm

612

from Delta at 11o

Ug-t,u¡I \v:i¡
f-n- *n¡ n{
I M,r vvP va

0-90

'lla - nri n* i a¡

C1ay, silty; dark 8:I.ay (5Y
of core, fewer fossils
shelIs fronr 8J - 90.

4/t) tirner in l-or¡er half
fron 65 1- 85 crû' nany



CORE NUI'138R¡ 11

Datc Ácquirecl. 2/6h8

Date Extrud.eC::
and Described. 2,6.78

Ðate Frozen, 2/6/?8

Date Thar.'eC | 4/22/?8

Dafe Subsanpl ed. ; t+/ZZ/7 B

Acquire'J by: JTT, ln.ll,

Field Conments: fu1l drive,

Ficld Location - 24't4 k¡n from

Watcr Dcplh: 5.1 n
Gorr"cËi relãtive
to long-tcnn mcan)

fce Thickness: 99 cm

Þl.ral nrrn nlr.: r¡¡¡vuvf\¡sP¡¡e.

\iìr hêañ¡ | ôe . \v q vrJe¡,¡t¿¡ vv . J

Subsanple ID llz 1'292-L?96

Described bY: JTT' I'lliI,

fu11 recovery

613

DeLta at ?9o

¡J r.tP uI¡ \ v¡r¡
1-^- +nn nf mrê
IIv¡,¡ vvf v4 vv¡v

Tìa c ¡ri n* ì a¡

Clay' siltY¡ g.ray
lower 10 cm has
very soft.

(S'tS/t) lower half of core is finn''""iv iew shells' upper 20 cm



gORD-¡L'IBER, 12

Datc ,lcoul recl: Z/6/ZA

Date Extruded.
ãnã-¡Gõiiffi¡

Ðgte FYozen: 2,6.18

Ðate Thar+ctl z 5/tZ/78

Ðate SubsanpleC: S/|Z/ZA

l"-'"re'a 
"tr 

t-, lll,ll

Fi eIå Corner¡-t s: Fu1I drlve,

z/6/za

Fjclrl Location z 20.11 kn from De1ta at 2!o

l/aLer DcpLh: 4.8 IflTt

Tcorre"t cC reÌa"lve
to lon;-ten,r r,rcan)

Ice TìricP,ncss: 99 cm

'l)h ¡, I n.rr: nr. r. ¡
L ..v vvpL¿¿"tv

iub:arrlrl o; z 3/+

.lubsanplc IDft 99 - t32

Dcscribcd by: JTT, m,1L

recovered. 98 cn.

,eptn ( crn

fro: top of core)

6r4

ô-oR

r'ìn^ arì n{ ì n¡

C1ay, s1lty¡ d.arkegray
J0 cm.

$Y 4/t) fi:mer ln lower



^ ^Þ1 t{t tf ÞrlR .vv¡w ¡¡

Date Acqujred:

Date ExtrudeC
and Described'' 2/6/?8

Ðate !'ro zen : z/ 6/Z A

t" t,** , 4/fi/?S

Date SubsariP1eC , 6t+/tt/28

T3

z/6/za

615

Ficlrt Location, 16.89 lqn from Delta al J6o

Acquircd bY: JTT, ill.il

FiclC Connents: fu11

l,later Depth: 4,7 m

(corrccteC relative
to Ion3-tcrrn mcan)

Ice Tlrickness¡ 1.02 n

l)l-',r4 n.rrr n'nc .I ¡¡VVVt\luP¡¡v.

Subsamplesl. j5
Q"Ì'-a-¡l a TTI 4. /t, ^ôJUUÙ¿i'l1¡lu ,- ,r. o+ - yÕ

Described. 'ui¡: JT¡1', WML

fu1I recovery

n^-+x /^*uç!u¡r \ç;¡¡

'l¡i rro

f.-^- +nn nf mro¡ r vr,¡ evt, v4 "Y ^:

0-100

Ðes crip Li on

CIay, silty; dark gray (5Y 4h) several d'istinct sheIl
zones af n.o - 27.5 cm, 69.0 - 70,5,cm' 79.0 -
80.0 cm, illd W,5 - 8J.0 cnr¡ thin clay laninae
at 96,0 - 96.3 cm, moderately firnr throughout'



¿ lt
rt^Þ1 tilnúDlaP. I¿tUV¡U ¡.

o"* **t"u ' 2/6/?8

Date ExtrudeC
and- Descri beC ¡ Z/6/Z g

,artt-* . /e/Za

Ðate Thawed: 5/tZ/78

Date Subsampled ' S/tz/ZA

¡ ^^. ' 
I ro,ì Ìrr¡ . Trn¡r.u\-{ urrvs vJ . I ¡. f,

Field Location:

r: ^1 ¡ ônnnan* c.
.c .I gf ¿ vvr,r¡'¡v¡¿ vJ.

\^later Dcplh:
Gæõ"t"f-relatlve
to 1on3-ten" mcan)

Ice ThicP'ncss: 1 m

T) l.r r Ì n +¡: n'rr.: .f ¡¡v ev'rr Ér¡ ¡v

.'lubsanPles:

3ubsanplc ID il¿ )'287 - t29t

ñ^-^-r1- ^,l Ì..r ¡uescrl oeo, ci : JTT , 'rll,iL

f ul-1 recovery.

10.48 k¡Tt

4.5 n

'rJl'iL

+lì | | d?l 1rô¿s¿ s¿vvt

6t6

from De1ta at l0o

uepan lcn
frór top of corc)

0-100

DescriP'"i on

clay, silty; very d.ark g-ray (5Y 3/t) upper 12 cn
verly soft, scattered ¡nollusk shell throughout'
lower p0 cn 1s s1i6ht1y d.arker (5^l 4/I).



CORI Null3ER ¡ L5_-_-.
Ðate Acquired, z/6/ZA

Date ExtrudeCffi, z/6/7a
n l¿ l^a

Ða*ue Fro:eti: z/ o/ / Ö

Ðate Thawed z 5/tZ/79

Date 3ubsanpled., 5/tZ/Ze

AcqulreC. by: JTT, iD.iL

6l-7

Fiel<l Location, 5,63 k¡n fron Del-ta at 15o

Field. Conment:: Full drive,

llater Depth: 4.5 ¡o

Tõ;cctei rela',1ve
to l-on3-tern mcan)

Ice Tìrickr¡essz Tl cm

Dì.'nÌ nryr: nirc .
I ¡¡V ev¡

Sub¡anples: 5

Subsanplc IÐ ilz L302 - 1306

:l^-^-;1,^.ì Ì¡rJescrleec cy¡ JT1l, lll'íL

recovered. 84 cr¡.

I,eFLn (cn
.{. -^- +n¡ nf 

--,.\JA\J,': LVy' vi wLv¿

0-&+

]ln ^ nri ¡l ì nn¿ Y v¿ "'.+

Clay, silty d.ark gray (ST +/t) occasional mollusks.



CORE ì¡U'í3ER: 16

Date Acqqired, z/6/ZA

Date Extrud.eCffi, z/6/za

Ðate FIr: ze:: I Z/6h8

Ðare Thawed. +/tS/Ze

Dal,e iubsampled ' t+/tS/ZB

Lcouirci. bY: JTT, lnil

Ficl-d Location z 3,06 km from

Field Connentc:

l,later DcPth: 4.3 n
( oarroo*.o.ì rol a'-ive\uvrr
to 1on3-tcn,, ncan)

Ice Tlrickness t 97 cm

l)l-'.rt n.rrr ni.,' .I ¡¡V 9V,

- .tJubta;rP1es: l'4

*r"*"*rOr. L2O8-I22I

DescribeC bY: JTT, irrl,ll

recovered. 73 cn; lost neasuring tape end'.FuJ-I d.rive'

jjeptn \ cn

618

Delta at 14o

f'-^- +^^ nf mraI I V¡'l Uv tsr v¡

0-?3

Ðcscrip'¿i on

C1ay, slightly s1Ity, dark gray (Sl t+/t) upper 10 cm

very soft, scattered. shells throughout..



CORE NUI'IBER I L7

Date Acqì+lred:

Date ExtrudeC
and DescribeC:

Ðate Frozen Z/A/Z8

Ðate Thawed: 4/23/?8

z/z /ze

Date Subsanpled, tt/zl/ZA

À^^.'{¡n.ì \r¡.
J:çqqI¡vq !J.

Fieli Connents:

Fi cld Location I IZ,06

lÍater Deptht 5,2 m
(corrccteC relatl're
to 1orr6-fcn" mcan)

fce Thickgesss 109 cn
z/8/?8

JlT, lll'il1;

'l)Þ'n ï n.rrr nÌ',: .¡¡¡v9vl\!slr¡¡u. -

Subsani;Les:. 30

Subsanplc ID ft 7094 - tI24

ñn-¡¡i }rn¡l -1r.¡ .*'":-"----:J¿-' J11, l{l'tIJ

Full d.rive, recocvered. 96 cm, three attempts because the
piston was tkoo loose.

jJeptn \ cfr

Isr fron Oak Polnt at 18Oc

fron top of qore

6L9

0-96

ÐescriP'¿i on

Clay, silty¡ dark gray (5Y 4/t)rabundant scattered.
mollusk sheIls, concentatlon at 28.0 - 30.0.,
roots a¡rd. f ibers at 80 cm.



CORß I'IUÌ'IBER: 18

Date Acqul redz Z/?/?8

Date ExtruCed
ã"i=ÉsõñTeã z z/8/Za

Datc Frozcn , z/g/zg

Date Thawec: S/t6/ZA

TTT, Vll'llé.couirc'J oY: !

n: ^1 ¡ ônnma¡* c .l'] e-[C. Uonme¡t ui: f'll

Fleltl Loc¿rtion: 8.04 Isn fron gak

llaLcr DcP!Þ: 5.8
G&rccfõc rela{tve
io 1on3-tcn,r rncan)

l)l I o L tr'1r'a Pir r: :

;lubsanplss | 32

iubsanPf c ID ilz

DescribeC bY:

d.river recovered. 94 cnr

Ice Thick'ncss: 109 cn

,eptn \cn
fron toP

620

Point aI, ?t4o

0-94

1.062 - to93

JTT, H}iL

DescriPti on

C1ay, siltY, dark graY (
Llve worrn-like organism

5Y 4/1,), shells throughout,
(Nenratod.e ?) at J cm dePth.



COP,5 Ìi\¡'438R 19

Date .Acquired, Z/Z/Zg

Date ExtrudeC
ã"c-Gõñ6eã z z/8/Za

Date F¡ozen, z/g/ZA

Dafe Thawed z 2/1'4/ ?B

Ða'ue Subsanpled, z/ t\/Z A

AcqulreC. bY: JTT,

Field Locat,ion¡ 11.28 kn from Oak Point al 2650

FielC Co::ments:

I'later DePLìl: 5,6 n
fõ"rr""#ã-rel-atl ve

to 1on6-tcrTrl mean

f ce Tlli cl"ncc s : I ur

u{t

Pho.LoÉraPhs: -

Subsanrples z 32

Subsanr,lc IÐ ilz 3t - 63

Described. bY¡ JTT, IIIIL

*ä,1ï;',t;::,2;¡,'il;î:'îi;;:'ïäî:îi,ã";'::¿s:îi,'iií"'

lìo¡4 h I nnu e-ti v¡ ¿ \ v¡¡.

62L

l*a- *nn.|¡,; wvf

0-98
n{ mra

n^-^+i nl i nn
lgJç¡LVwtJLl

Clay, sllty, gray (5Y
shell concentratlon

4,5/t), scattered n¡ol-lusk shells'
zone al ?3,0 - 76.0 cm



CORE NLì].138R. 20

Date Acqui rerl: Z/Z /Zg

Date Extruded. _ t^ t_^
and. DescribeC: ¿/ ó/ (0

Ðate tr'rc zen: -

Ðate Thawed:

Date SubsamPled:

^^^"i-a'ì 
\r¡.¡.vr.] qrlvs vJ .

r; ^l .1 ôn¡man* c.
I f ulú wv;,¡¡rtv¡¡ ve.

Fielrl Location:8,0J Isn from Oak

Photolral:hs:

Sub:anrl:1ec: 3

z/g/Zg subsanpre IÐ ,f z 9!2 ' 9I4

JTT, !ll,lI, DescribeC by: JTT' 1{l'1L

drive 22 cn' d.id. not pound', recove¡ed about 6 -Ê*t
water tenperatures: 3.5 m: 4.0", 3'9 *z 2'6-,
?,fr, 2,0 m 1.5 m z 7,6", 1.0 m! 0.5-

tlater Depth: l+.t ¡n

(correcteC relatlve
to lon5-tcnn nean)

Ice Thickncss: 96 cnr

lJeptn \ cfì

622

Point al 266o

fron toP__gl corc

O-about6cm

ÐescriPti on

Gravel, sand.y., and clay, sandy and- silty¡ d'ark
gray (S't t+/t), pebbles to I cm dlaneter, carbonate
ãna-natie lgneous grains, entire core is d'isturbed,
not cerbain of stratlgraphic relatlonships'



CORB Nì.JI'{3ER ¡

Ðate Acqulred:

Date ExtrudeCffi, z/B/?B

?T

z/z /ze

Ða*r,e FYo zen:

Ðate Thawed:

Ðate 3ubsa,ngþ!:

AcquireC bY:

Flelti Location t3,æ Io from Oak

r: ^.ì ¡ l,ì^qh ôhl ê .
¡ -l'Jlü vv¡'¡,Lrw¡¿ vr '

llater Dcpth: 3.0 ¡n

(ã&recteà refa',ive
io Ion3-tcrn rircan)

Ice Thick'ness¡ 77 cn

z/a/za

JTT ' }l'rIL

f d¡ive ?l en

3.0"'

?hoto,:raPhs:

SubsaJlI:les: 11

Subsanpl-e tÐ ilz 850 - 869

Desc::ibed bY, JTT, lll,ll

recovered n?? gÍL; water tenperatures: 2'0
1.0 m: 1.1-

623

Polnt al ??2o

Depth (cm

fron toP of corc

0-8

8-26cn

26-27

Tìa- ¡ri rr* i nn

Gravel, sand.y, hlgh carbonab content of gralns' sharp
lower contacf, flbers and rootlets at contact'

Clay, sllty, occaslonal sand- gralns'. very f1*' sticky'-áit"t ieel, àark greenish 6ray (Xy 4/t), abund'ant

root fibe"" (fnt"i¡rreteit aé rôot flbers by Narnbudirí)
several carbonate gralns up to 1 c¡n ln d'lameter'

c1ay, gravellY¡ sandY, 5 I 2,5ft,

m:



rr^Þ1 NìlMTlnR.
MW ¡!

Date Acquired:

Date ExtrudeC

22

Ðate tr'rozen: 2,22,78

Date Thawcd z l/t|/Ze

Dafe Subsa;rpled t l/t\/ZA

AcouireC. bY: JTI' i$ll

FicId. Conments: full d¡ive to 1

recovered. 9?
5,5 m, 5.oR'
1.5 m z 0,2-

zlzt/ze

Ficltl Loc¿rfi<¡n I 19,33 lsr fror¡ Oak

[atcr Dcptht 5.?
(correcteC relative
io 1on6-tcrm mcan)

Icc Thickncss: !4 cm

Pholonrapi:o:

:iubsamÌ¡l es: 5

Subsanplc TD ft LZB2-I286

DescribeC bY: JTT, HliL

¡1, ful1 recovery; fuLl d.rive to 2 n'^-
cryr water temperatures: bottont 3,2' ' ô
4.5 n, 4.0 n, 3.5 m, 3'0 m, 2.5 m, 2.0 n:1.1-'

Deptn \cn

624

Point al 2?Oo

f-n- *nn
¡ ¡ v¡" vv.Ë

0-100

100 - Iyl

a{ mra

Ðcscripli ort

C1ay, sii.ty, d.ark gray (SY 4/t),
nollusk shells.

clay, as above, fewer shells.

firm at base, scattered



rtñÞî NtMqqîR.vvlu ¡r

Date Acqulred.:

Date Extruded
and Descrlbed t z/zt/?B

23

zlzt/ze

Ðate Frczen: - Pl¡olo;jraprs: J

Ðate Thawed: _ Subsalpl_es | 5l

Date Subsanpled: Z/ZZ/ZA Subsample T! fz44+ - 5)6

Acquirc<l by: JTT, t'llil Describcd by: JTT' WML

field Cornments: Full d.rive to 1n, recoveled' 1n; full drlve to 2 n'
recovered 1 n; d.rive 2OO - 26J cry' recovered. 6Jncm;
Hater tenpe¡atures: botton: 4.0", 5,5 nz 3,6",
!.0^n: 2-,5o, 4,5,^, 4.0, ?¡5 ^, 3.0 n, 2. jm and' 2.0 m:

O,3", 1.5 n, and. 1.0 m: 0.4-.
Core from 0-100 crn given to D. Slater for pollen before
subsanrpling and pH and. Eh neasurements taken.

Fieltl Location: 26.

ljatcr Dcptlit 5,9 n
(correcteC relatlve
to 1on6-tcn'r mcan)

Taa 'Tlhì nl'nnrc.

94 Isn fronr Oak Polnt at 2880

:ìôn1 h I nm

f-n- *n¡ nf¡tv¡,¡ vvf vr

625

89 cn

0-100

100 - 200

200 - 257.5

257 .5 - 265

DescriP'¿i on

C1ay, silty¡ dark gray (SX t+/t), no vlstble Ia¡ninae
lupper 10 cn soupy gradlng to firm at base of core,
scattered shells throughout with a zone of high
concentratlon at 10 - 23 cm.

CIay as above except fewer shellswlth no observed
shells below 1J0 cn.

ACIay, as above except grad.lng to gray (5Y 4,5/I)
below 2!6 cn¡ no shells.

Conposed. of clay spherules and. pellets nearly spherlcal
arid. very well round.ed., naxlnum size of the
pellets ls 9 ¡nn, nlnlnu¡n slze ls 1 run, pellets
d.o not have any la¡ninae or nuclel, æd are. ln
a clay rnatrlx, d.ark greenlsh gray (9t t+/t),
sed-i¡nent ls frlable and. treaks aparb easlly'
drry' stlcky feel.



ôrl
CORE NLtI4SER: '+_---.-.----
Ðate Acqulred: z/zt/Za

Date ExtrudeC_.---.=--.-.i--.î
anc lescrL Deü ¡

Date lYozen: - l'hoto;rapirg: -

Date ThaweC: - iubsamples 2 29

Date 3ubsanpled z Z/23/28 Subsanplc ID lt 1239 - L267

tr cqulreC by: JTT, lnil DescrilcC by : JTT, liML

Fiefd Conments: Fu.ll d¡lve to 1 ¡n, fr¡ll recovery; ful-l d.rlve. too2 n' ft¡lI
recevery; llater tenperatures: bottom¡ 4.3:, J.0 ur:

2,5', 4.5 n, 4.0m, 3,á rn, 1.0 m, 2,J nz O,7-, 2.0 m,

1.5 m, and 1.0 nz 0,?-.

z/zt/Za

Fielrj Location r 2?,55 Io fron Oak

l{afer Depth: 5'9 n
Tõæõctei rel-atl'¡e
to 1on6-'renn ncan)

fce Thickness: gfl cn

iJep1,n \ cÍt
frãn top of core)

626

^^ -o.Hornl aÎ. )v)

0-100

100 - 200

ÐescriPli on

Clay, sIlty, tl.ark gray (S't 4/t) scattered' shells
thror.rghout wlth greatest abundance ln upper J0 cn.

CIay as above excegt fewer shells' very weakly
lantnated. ln 1ower25 cu¡, sllghtly llghter color
below 150 cm but not cllfferent i"tansy 4/L.



cOnE NtlM3ER z 25

Ðate Acqui r"¿, zfztfTS

Date Extrudedffi, z/zt/za

Date FYozen I Z/Zt/?8

Date Thai--eC, 3/ZZ/78

Date Subsarnpled t 3/ZZ/?8

Â¡¡rriro¿l hv. f|TlTtõurlu¡rvu YrL. u¡¡ t

Fielci Location z L6,9I lo fro¡r Oak Polnt aI 296o

Field. Conments:

l^iater Depth: 5.6 n
Gõtre"-t"i-relat1ve
to 1on6-tenn mean)

Ice T¡ick'ness; PB cur

l)Ì-rnt nryrr nlrt.¡ ¡¿v vv,)ÁsIr¿u

Subsanples: 38

Subsatrp1e ID #t LOZ4 - 1061

Described bY: JTT, WL

F\-¡Ll drlve to 1n' recovered.94 cn; d¡lve 100 - t26 cn
recovered. ?6 cni Hater teurperatures¡ botton: 4.9-,
5.0 n, 4.5 n, 4.0 m, pd. l.J ru: 3.5". 3.5 P¡ 3.0 n'
2,5 m, and. 2.0 m¡ L.3", 1.5 n and. 1.0 n¡ 0.4-.

ueI]tn \ cll
{.-nn *,rn nfrIv¡¡¡ evE v¿

627

0-94

g4 - 100

too - t25

L25 - L?6

ÐescriPli on

Clay, sllty, gray (5Y t+,5/t) upper L2 cn very fluid',
abundant ¡nolIusk shells wlth zones of concentratlon
a¡ 62.0 - 63,0 and. ?8,0 - 31.0., fl:mer at base'

nlsslng
SlIt, sllghtLy sancLy a.nd. clayey, dark gray (5Y 4/L),

nollusk shells scattered. tlrroughout, occaslonal
coarser gralns near base, sharp lower contact.

slIt, pebbly, sandy, clayey, d.ark gray (SX 4/t),
carbonate pebbles up to 15 n¡u ln ùla¡neter.



COR.0 NUI']3ER . 26

^'zz/?a
Date Acquired:¿/

Date Extrudcd
and Described¡

Ðate FYozcn t Z/23/ZB

Date Thawed; )/ZZ/28

Daie Subsanpfed ¿ l/ZZ/ZB

AcquireC bY: JTÎ, llML

2/23/?8

Fi clrl Loc¿rtion ' 16 '91 Isn

Field Connentc:

l,latc¡ Dcplh, 5'9 n
(correctei relative
ùo 1on6-tcn,r racan)

fec Thickncss: 89 crn

628

from Oak Polnt al 2&+o

'l)Èin{ nryrr n'rr,: .
¡ ¡¡vvvtr¡ut/¡¡v.

Subsanrples | 58

Subsanplcl!ft9t5-y/2

Describcd by: JTT, l¡l{L

Full d¡lve to 1 m' recovered' 98 cn¡ full drlve to 2 n,
recovered. g2 cm, full d.rlve to J cm' recovered 99 cm

d-rlve to 3?5^ recovered. ?5 cmi llater tçmperatures:
botlomr 5.!u, 5,5 m, 5.0 n, 4.J n: 4.0', 4.0 r¡, J.J.rut:
3,Lu, 3.ùn: !.3", Z.fu, 2.0 ¡n, I.5 rn, and' 1.0 ¡l: !,?-.

Tlo¡t h I nmyv.t/v¡¿\v¡|¡

fron top of corc

o-98

98-
100

192

200

100

_ t9?

- 200

- 298

ÐescriP';i on

CIay, sltty, dark gray (5Y 4/t), scattered shell fra'g-
nents, ¡rosslble br¡:cror at 52 - 5l cm,

nlsslng
CIay as above

nlsslng
Clay as aboveaexcept few shells' very weak color

band.lng ln lower 58 c¡n rrlth "ca¡bonaceous" Jenses
at 286 c¡n. TlL - n3 crn and' /73,5 - n4 co; also
below 26? Ls generally sllght1y d,arker color'

nlsslng
clay as above excePt no eheIIs.

Clay, slJ.ty, very d.ark gray (5Y 3/t) to clark greenlsh
ãray (5cy 4/L), nuch lo¡rer vater content, stlcky'
ã""êràf sneil fra*¡nents, very ¿lstlnctlve stn¡cture,
angular, bloeky, "fltted' together"r eas!l'¡-
tllsa6gra€ated but below 32A q d'oes not faLl
epart easlly, root flbers at 313.

298-300
300 - )n
3L? -325



CORE Nì.JI'138R: ?

Date Acqui t"¡' zfzz/7a

Date Extrud.eCäåffi, z/ztlza

Date I'rozen t Z/24/78

Date Thar-eC z 3/|Z/ZB

Date subsanplec t l/tz/Za

AcoulreC bY: JTT'

Fielrl Loc¿rtion rl4.50 km from Oak

Field Conments:

l,later Dcplir: 5'5 n
Tcorrccied relative
io Ìon3-tenn mcan)

Ice Thl cP'ness:

I.IML

PhotoãraPhs: -

SubsamPles: 48

Subsanple ID ilz 80? - 849

Described bY: JTT' llML

FuLl d.rlve to 1n' recovered' 91 cm; fr:t1 d¡lve to 2 rn'- 
t""ou"ted 89 "t, dttuu +'o 25? cIIIA recov""4 8,"115,o, 

3.0o,I,iater temperaturest botton: 5,2-, J,Q mzo)'9 r

4.0^n, 3.5 mr 3.o rn, 2.5n, a¡ra 2'Þ n¡ 1'3'' 1'5 ¡n and 1'0 n:

1,2- .

Depth (cn

629

Polnt at 24Oo

fron toP oi-erc

90 cm

0-91
91 - 100

100 - 189

189 - 2oo

"00 
- 2I+0

2t+0 - 2rl

ÐescriP'"i on

C1ay, sllty, d'ark gray (S't' +/t), abund'ant sheIls'

nlsslng
Clay as above exce¡rt fexer shells'

nlsslng
C1ay, as above.

C1ay, sllty, d'.ark greenlsh gray (¡cy a/t).!3 aart<
--ä"t-( iv't+/t), dtv, blockv structure slth so¡t¡

Ët"ff 'peff'et", graã'atlonal upper contact from

24o +'o cl&.



CORB NLII13ER: 28

Date AcquLred rz/23/28

Date Extruded
ãfñ'tãffibeã z z/24/ze

Tìr*o Eìmzon.

Dare Thawed, 3/tz/Za

Date Subsar¡pled. t 3/tz/ZA

Acquirccl bY: JTT' lll'll,

630

Flelti Location z?8,L9 k¡r fron Oak Polht aI' 2820

z/z+lze

Field conngnts: Full d¡lve to 1 ¡0, fuil recovery¡ fulI ¡tr1ve t'o 2 n' recovereil

96 cm, fuIl d-rlve to 3 r¡, rgcovered' 96 cql, I"t"=,. ^otemperaturçs: botton¡ 5.!", 5'5 n, and^5'0 n: ¿{'U- I

4,5^n, 1.5o, 4.0 g, 3.5 n, 3.0 m, 2'5 m, 2'0 m and' t'5 m¡

1.4", 1.0 rn: L5-

l,later Depth: 6.1 m

Gõrrectec relatlve
to long-tcn'r mcan)

Ice Thicl,,ness: p0 cm

Dl.'a{ nryrr nl'rc .
I ¡¡V evfì!eH¡¡r.

Subsamples: 52

Subsanple ]D f:5?
'TT,Described. by: uJ

Ðepth (cm
frã;r top of core)

0-100

100 - 196

tg6 - ?go

200 - 290

zgo - 296

- 588

I{ìlL

DescriPii on

Clay, sllty, dark gray (5\ 4/L),soupy ln upper 10 c'n'

oäc."ronäl shellã throughout but nore abundant

from 10 - 35 ø, shell ãoncentatlon at 26'0 - l4'0 cn'

a I nn Ughter gray 1-arnlnae at 66 cn'

Clay as above, no nollusk shell's obser"ed beLow L73 cn'

nlsslng
Clay as above.

Clay, sllty, d.ark greenlsh grav (¡cv !/t)'{lerr
finer, aaiter than above, a.ngu)-ar blocky strucuture
ls reit develolæd' ln upper beconlng less relI
d.eveloped. ln lower, shells present'



CORE NlJl"i3ER: 29 (see

Date Âcoulred:

Date Extruded.
anC DescribeC:

Ðate F¡ozen:

Date ThaweC:

D-1 )

Date Subsar,rpled:

Acquircil by:

FielC Conments:

Ficld Location: (sáme as D-1)

l,la * nr Íìn nl Ì¡ .

Tõõffectã-re1atlve
to long-tcnl rnean)

Tce Thicl',ness:

1)ì-ral nryr:nhc.
r ¡¡v wv;\!el/:¡!.Æ
q1ìÌì^1ñ¡'l êq.
v u vlru¡¡¡ j¿¡ ev .

Q,rlrc:nnì o T1 l!.
YLv lu tt .

I lôc^7r ôô^ hr¡.
vvJv¡¿vçu vJ.

Depth (cn
fron top of corc)

631

Ðescripti on ITñ{ +U¡¡¿ V

Interprctation



CORÍ NLII'IBER: 30

Date Acouired, 3/tO/ ?8

Date Extruded.affi¡ã, )/ro/ ?8

T'\¡ta !ìm?ñ¡. -

Date Thawed.: -

Date subsanpl-ed t 3/tz/Zg

r\ ^^r,ì ra,l lrr¡. illtlI,
r.9v ur¡vs vJ .

FieLd Conments, hlve 20 cn'
onto lcet

jriclrl Loc¿rtion: 8.05 kn

l'later Depth: 3.9 n
(co;recTã-relative
to 1on6-term ncan)

Ice ThicP'ncss: 104 cn

632.

fro¡n Delt a at )?5o

T)Ì-'nf n rr:nì¡c.
¡ ¡¡v 9v. \¡ !. l-¡ ¡¡J.

Subsanples: 1

Subsar'rple ID f , &7

ttl'IL
Described bY: "

recovered 5 cm, core fell out of core barrel
uncertaln stratlgraphlc relatlonshlps'

n^-+x /^-,El/u¡¡ \vr¡¡
f-^- +^¡ n.{: mrê¡Iv¡.¡ uvì/ v¿ -Y*:

o-5

]ìa ¡ ¡rì ¡* i nn

Sand, flne grained'' hlgh "carbonaceousrr content.



CORE NUI'138R z )L

Date Acqui reü )/LOf?8

Da'!.e_Extr99e4 l/to/Ze
and uescr] Dea:

Ðate Frozenr-

Date Thawed: -

Date subsanpled, 3/tz/Zg

Acquircd bY: tt¡ML

Field Conr¡ents: DrIve IJ

Ficld Location: 8.86 h:n

I,later Depth: 4.5 n
(cor;ã"æc-reIa'uive
to 1on6-term mean)

Ice Thick'ness: 1¿t4 co

Photo6raPhs: -

+rhc¡n¡l cs t 18J q u¡Jc¡¡¡Ì'¿ ev 
'

Subsanple ID llz 891+ - gtl.

Described bY, UML

cm, recovered. 49 crn, bottom I cur feLl out
ba¡re1 onto lce.

633

fron Delta at 3300

Deplh (cm
frãn top of core)

48-49

Ðescripti on

CIay, slIty, d.ark gray (. Sx 4/t), scattered' shells
ttrror:ghout, uPPer 13 cn souPy.

clay, sandy' sl1ty,.d'ark gray (S't' 4/t), no shelIs'

of



COR¡ NU'I3ER ? 32

Date Acqulred rl/to/Za

Date Extruded'
and- Described:

Ðate I'rrc zen: - PhotoåraPils: -

Date Thawed: - Subsanrples: 25,

Date Subsampled.: 3/tZ/78 Subsanple ID f:

.A,cquirerl by: lJlll Described' by: tlML

Field. Conments: t\-rt} d-rlve, rgcovered 90 c¡n; I{ater
J.O^n: 5.2", 4.á t' 4.0 n, ).fu
2.0ö, 2.0 nz I.?", L5 m and 1.0

ilrc/za

FicId Locatiolt t?,?Z ls',

I,late:: Deplh: 5'3 m

(correcteC relatlve
to 1on6-tcrrn mcan)

Ice ThicP'ness: 104 cn

634

fron Delta al 3390

ijeptn \ clTI

fron toP of

0-49

49-64

&-?2

ÐescriPli on

C1ay, sllght1y sllty, dark gray (5r 4/t), scattered'
molÌusk shells throughout, greater abund'ar¡ce at
38 - 49 ccn, concentatlon at 45,5 q, sharp Io¡+er
contact.

sa^nd., ¡¡ed.lun to flne gralned', 5Y ).5/t, beconlng
sllghtIy flner at base.

slIt, sand.y and sllty sand', d'ark gray ( ¡y 4/t)'

69+ - 6?9

tenperatures: ^botton¡ 
and.

and. l.Q n: 2,8", 2,J mz

Ír r 1 .0".



CORE NIJMBER¡ 33

Date Acquired:_---

Date ExtrudeC
anC Described:

Ðate Frczen: -

Ðate Thawed: -

Date Subsa,npleC: l/ tZ/Zg/

Lcquired bY: l¡¡IL

Field Conments: d'rlve 37 ctt,

i/ro/?8

3/ro/?8

Iricld Loc¿rtion¡ 18.52 h

llater Depth: 4.5 n

----=-

(correcteå relative
to 1on6-ter:-,r mean)

Ice TlrlcP.ncss: LL¿ qt

Photo¡raphs:
.2

SubsanPles: ''
,*"** ,O , z(¡ttz - 653

Des_criÞeC bY ¡ l{ML

recovered. 2J cn

fron Delta at 3100

iìo¡l h I nnsv_t, e¡¡ \ v-,.

fro:r. top

0-22
of corc

22-25

]'ìa ^ ¡ri nl i nn

Clay, slIty, dark gray (5Y 5/L) t uPPFr I cn soupy'

"äit tr,"ôughout,-abundant shells, rnalnly shel'I
fragnents below-10 c¡n, several J-arge gastropod'

shells neal base.

Clay, pebbly, sandy, 51 5/I¡ sharp uPPer contact'
p"úui"" tä-t cm ln cllaneter, rnalnJ-y carbonate

þalns, very ¡norlY sorbed', sheIIY'



C-ORE NIJ}138R , )4

Date Âcqut reü3/Lo/?8

Date Extrudedffiïffi, 3/to/za

Ðete Frr¡ zen: -

Date Thawed:

Date Subsar¡pled z 3/tZ/78

/.coulreC bY: tù{L

Fietd Co:rnents: FulI d¡lve to

Fielci Location 5.& Io fron

Watcr Dcpth: 3.9 n
(""ñ""t",i reLative
to 1on3-t,cnn mcan)

Ice Thick'ness: t?5 c¡st

Pho'uo;lraPhs:

iubsalples z 33

Subsanplc ID ilz

Describcd. bY:

1 n, recovered. 94
cn.

Depth ( crn

636

fron toP

Detta at 2800

o-26

26-32

32-42

42-91

861

lltlfL

- 893

n^^^-i nli nnjJEJ9ILVwL-r¿r

slIt, clayey dark gray (Sx 4/t), scattered' shells and'

shell fra¿pents throughout, upper J cm soupyr becamlng
J.ess clayeY at base.

sand, sllty, flne to very flne gralnecl, sllght1y
clarker than above, scattered' shell fra6rnents,
abund.a¡rnt bl-ack sPecks.

Sllt, sand.y and. clayey, flner than above, an I ran

¿lameter- carbonatô pebble al i+ cn, less sand. contentt
sllghtlY llghter.

Sand., sllght1y srlty, sharp uPper eontact ls both
texfural and. color, 2 cn sllt-rlch la¡nlnae at
iã,5-- þ.5 æ, sIlght color .change tton 5Y 3fZ
to 5Y 4/1 below 75 q.

CIay, sllty anct sllty, clayey, dark gray (5f 4/L)

nlsslng
Band., sllty, d.ark gray ( Sv t+/t), fossll fragnents'

cB; drive to 110 cn'

9t - 9t+

g4 - roo

100 - 105



ñA1>]1 l\flIMETìP.UU]E ¿T

Ðate Acqulred:

Date Extruded
and. Describeå¡

35

t/ß/za

Date Frozen: -

Date Thawed: -

Date subsampl-ed , l/tz/Ze

Acoulrcd. bY: I{l'1L

tlrc/za

Flcld Location z 2,42 lm

Ficld Connentq:

Water Depth: 1.9 ¡n

(correctei relatlve
to long-tertn nrcan)

fce Thic}.ness: 94 cn

't)Þrn l nrrr nf¡g ¡l¡rvvv¡-rtÉI

Subsamplg; t ZO

SubsanPfe 7D ilz ?48 '767

DescribeC bY: Hl'lL

Cadham Bay of Delta Mareh, drlve 53

637

fron Delta at, !?9o

Slte ln

ilo¡{ h

fro;r t
("*
op

0-18

r8-n

J7-53

'l'ìa c arì ¡{ ì nn
P v¿ v"

C1ay, sl1ty and sand y, 5'l 3/t ¡ few she1l fragnents,
abr¡nd.ant root flbers tLrroughout.

Clay sllght1y sllty, sharp upper contact, color changet

5y 6/L, abrrtd.a.nt black streaks, abundant flbers'
il:m-, stlcky, lon ¡rolsture content, dry, gradatlonal
lorer contact.

CIay, sllty, nalrùy a color coatrast, "oxldlzed"
color¡ 2.5Y 5/2 Lo 2,5f 5/4 and. 5T 4/1' abundant
roots al n - ll0 co.

crnr fulI recovery.



CORE ìiul{SER | 36

Date Acqutred z)/tO/ZA

Date ExtrudeC
and Describec¡ l/to/za

Dgte F:rczen: - PhofodraPirs: -

Subsanples: 5Ðate ThaweC: -

Date SubsampLed ¿ l/tz/ZA Subsample lD 
"/¿1307 

- I3tL

AcqulrcC by: HI1L Pcscribcd bY' WL

Ficld Connents: zu11 d.rive to 1¡n,recovered.89 cm, very d.ifficult drlvlng
ln last 10 cn.

638

Field Location , 3.2? Isr fron Delta al 285o

I'iater Depth: 4.? m

TcÑrectei-reLatlve
to long-ten,t mcan)

Ice ThicP-ness: 110 cm

lìâ¡î h I 
^mvvrj e¡¡ \ v.'¡

l.-^ñ +n¡ n.'l^
¡f v... wvE v+

0-89

n^ ^ ^-i nr' ì nnJgaç¿LvvLJ;t

C1ay, very sllty, d'a¡k grav (5Y 4/t), ul?"k .-
streaks ln upper 10 to 15 cn, consld'erably
nore clay rtót¡ at base, scattered' nollusk shells'



CORß NlJl{3ER: 3?

Date Acquired, 3/tt/ZA

Date Extrud.edffi, t/fi/za

Date I'ro zen :

Date ThaweC:

639

Field Location z 13,69 kn frou De1ta at )60

Date SubsampLed z 3/tZ/78

Âcquired bY: tùl1,

FielC Conments: F1'lI

I'later Depth: 4.6 ¡n

fõõrecGã-relatlve
to 1on6-ternr r,rean)

Ice Thickness: L23 crt

T)Ì-.r,* nr¡rnnl^c.
¡ ¡¡v vvr l¡Þr¡¡v

SubsanTlles: (1

SubsanplelDftns-t0?)

Described. bY! tlML

jJe?an ( cn
fron top of corc)

d.rlve to I
recovered. ff

0-E+

E+ - 100

LO} - Ln

n, recovereil &l c,n, ¡ fu1I d¡lve to 2 ¡nt

crrr¡ drlve lo 27/ ¡ x€covered' 91 cn.

Tìa - ¡¡ì nl ì an

CLay, slIty, dark gray (5't t+/t), scattered shells,
t pp"r 2 cn soupy, tfa* bone or shelI 4cm long at
82 cn.

rnlsslng

Ctay,as above, sheIl concent¡atlon at 104 - 105 crn'

Uäiow 1J0 becones sllght1y nore sllt-rlch, sandy

shell-rlch Laninae at 166 cm, subtle textural change

at 1?O cn beconlng less sllty below, large (¡ *)

"ir"ii at t65, scaltered, to abwrd.a¡rt shells tlrroughout.

nlsslng
SlIt' sllghtly sandy and clayey, d'ark e¡. ly (SY' a/Ð

no shells ebse:¡red' belor 2t5 oi¡,

SlIt' clayey, 51 3/L, very reakly lanlneted'

sl1t, clayey, ôark g¡eenlsh gray (fry l+/''), uloctcy

stn¡cture, a¡yr so¡¡e pelIets, atlclcyt cnurbl'y'

rn - zoo

?00 - n6

276 - 289

289 - 8t



CORC NWBER. 38

Djrte Acqulred t l/fi/ZA

Date ExtruCed.
ãA-¡esõiTãã z 3/n/Ze

Pate tr'ro zen:

Ðate Thav¡ed:

640

Ficltl Location z ?l+,!6 k¡n from Delta at 360

Date SubsanPled:

i.couired bY: lIl'IL

Fi cl-d. Connentc:

l/ater DePLh: 5.0
(õoñEtA-rel-a',ive
to 1on6-ten,r raean)

rce ThicL'ncss: 115 cn

tl D/za

Phoioõraphs:

Subsali:les:

F\:11 d¡ive to 1ni recovered' 93 sn¡ full drive Lo 2 rI¡- 
:r""o,r""e¿ gB co,; drlve to l1J, fulI recgveryl l'later

tenperatur"=, - üotiot¿ 2,2", 4'5 nt 2'8" ' u'o'r?öTl 
0.9o.;:ó'tr, Ðd 2,J mt !.2u, 2'0 ¡n: 1'0"' 1'5 n and'

jJeptn \cfì
fron toP of corc

Subsannlc ID llz

rr^-^-iÌ.a¿l h.¡.
UUèU!IVUU VJ '

0 -93

93 - too

100 - 198

198 - 200

200 - 282

282 - 285

589 -&o

UI'lL

fìa-n¡i nì ì n¡

Clay, sl1ty, dark #a!¡ (5't 4/I) soupy ln upp¡rr 10
-- 

"äått"teä 
shells-throughout, .sheJ-Is seen nostly

fra¿pented., a ]lve red wo¡rn (r) at ? cn'

rnlsslng

Clay as above, excePt fewer she}ls'

nlsslng
GIay as above.

J1ay, slIty, d'ark greenlsh gray (*'t' +/t).q{'--"*tlfy,- 
ùIocky ãtrr"ttrr" whlch grades lnto

a peltètaI structr¡re ln the upPer crr '

CIII I



CORE NIJI'138R. 9

Date Acqul rearS/LI?B

Date Extrud.ed.ffi,3/n/za
¡tâ+â cñrññ.

-

Date Inawed:

Date Subsanpl-ed, 3/t4/ZA

ÂcqulrcC. bY: tJl'IL' ffiS

Field Conn'snts: Ful1 .j_:lve to

64L

Fic1cl Location z 5.23 km fron Del-ta at 33Oo

l'þter DcPth' 4' 8 n
(corrected relative
to long-tern mean)

Ice Thick{nesst 111 cm

T)l-,^+^-T1 ñhc.I ¡¡V Vvr \¡ * P¡ ¿v

Sub¡anples: 4]

Subsanrplc ID f 2299 - þL

DescriÞed bY: tJl4L

rì^ñ{ h I 
^ñuçPu¡¡ \e;r¡

¡-^- +^n n{ mra
f Iv.,¡ vvt' v1 "Y-:

0-69

1nt
cm.

recovered. 89 cn¡

69_89

89 - 100

100 - 146

t46 - L49

ÐescriP'¿i on

CJ-ay, sllty, becoglng nore silty rrlth depth, d'ark
gray (5Y 4/t), uPper 10 c¡o soupy wlth d'ark'
flnely dlsseminated. organlcs' shelIs con¡non

throughout wlth concentratlon at L9-t9.5 cn and

32.13) cn, lower contact ls gradatlonal over 4 c¡n'

Sand., flne gralned., slIty, clayey, dark gray ( 5't 4/I),
aburda¡¡t shel,l fra€r¡ents.

nlsslng
Sar¡d, as above, flbers ¡resent throughout, wood.ln

lo¡rer 10 cm, shelI concentratton at L3? - 134'c¡n'

SlLt, sa,ndy, clayey, d.ark gray (Sx 4/t), uppel
contæt ls gra'dalional over J cn, abi¡nd'a¡rt shellsr
1ar6e (a *) wood' fragnent at t4?.5, nea'k blocþ
stn¡ctr.¡re, flbers tlrronghout, cnmbLy at base'

Sll,ty, Bed¡. good. bJ-ocþ stn¡cture, frlable lnto
large angular blocks, d:ry, d'ark greenlsh gnar| (fiï' 4/t

.d¡lve 100 - 171,

Lt+g - t&



COnl¡ NUMBER I tO

Date Acquired, 3/to/Za

Date Extrudcd.
and DescribeC:

ñr*o Elvnu on.

Ðate Thawed: -

Date Subsanpfed:

AcquireC. bY¡ tlML

t/D/za

Flclrl Loc¿rf t<.¡n, 4'83 Io fron

Photo,SraPhs: -
,4iubsar¡Ples | :

t/n/za subsanpt-c rD ilz 687 - ?r4

DescriÞed by: lll'll,

FulI d.rlve to 1n' recovered' 86 cm; d'rlve 10q -
recoverî¡ llater tenperaturest,., bottonl ?'?^Z'
2.5 ß; ä'o t, 4d 1.5 tt 1.4', 1'o ¡r: 1'o-'

Field. Conments:

l,later Depth z 3'? m

(correcteC relatlve
to 1on6-tcrrn ncan)

Ice ThicP,nesc: 113 cm

642

De1ta at 2810

ueptn \ clTl

frón top of corc)

0-86

86 - 100

100 - 121

LzL - L¿I

]ìac ¡ri n{ i nn

CIay, slIty, d.ark gray (S't +/t), beconlng sllghtly
rienter ar 35 - 4¡ tt, uPper I øn soupy' large J cnl

chtcoal fragnent at 11 c-o, scattered' shells
throughout, ioots a¡rd' ftbers abnnd'ant at base'

nuch flrmer below J0 cro.

nlsslng
Clay, ês above but beconlng more slIty arow¡d 110 -

tL? cm

Clay, sllty.r.clark gray to darf ercentsh gray (5't' 4/L
-;ä' nx- tr/t), torã cbn¡nct than aþove, sIlghtly

"r"útry 
wrirr eood u1oóky st:r¡cturer v€ry abunda¡t

flbers ln uPPer 2 cln.

12? ' ful'I ^J.0 nL: ?,7",



CORS NUÏBER z 4I

Date Acquired: z/to/ZA

Date ExtruCei.
ã;a-æscñ¡ã, z/n/Za

rlatô q.ñdô¡.

Ðate ThaweC: -
Date Subsampled., t/zl/ZA

ônnrriro,ì }.v: JTTr l¡MLr.uuu¡luú v.t.

Field. Cornments:

643

Field Location:8.86 kn fro¡n Delta aL ?96o

þjater Depth: 4.6 n
(correcteC relative
to long-term mcan

Ice ThicP.ness: 98 m

l)'n n i n rr: n!' .: .
I ¡¡V Vvr \L 4 Pt t.¿ .

;iubsaIFl,-es: 1

Subsample ID #z L428

'T1' l{l'll,gqgerIgec__ry: "

drove 10 cn, stopped. by flexlng rods'
exlrud.ed. core on lce, recovered. 4 cm sand., üd not retaln¡
attenpted. corlng a6aln at sa¡¡e sPotr d,rove 40 crn, retalned
thls core' recovelled. 16 cn; Used soll auger and' sampler to
penetrate deeper than corer¡ 0 - 1.1 n¡ probably alternatlng
sand. and. sl1t¡ 1.1 ut - 2.1 ¡n¡ clay and slIty clay.

uepÎ,n \cft
frón top oi-gafÐ.

0-36

Jla- ari ¡* i nn

Sand, flne to very flne gralned., sllghtly clayey'
fibers present, abgnd.ant shells, a 1 crn thick
l-aminae of clay al I? - 13 cmr sIlghtly flner
gralned. and nore c1ayeY at base.



l¡a
CORE NuÌ'138R: 

q'
_-_.
ñ¡4 n Â¡¡rri yo¡r . ¿/fi/?8
lJa l,g õu\.1 14 ! es .

Date Extrud.eC;iffi.2/tz/za
Ðgte F):o zen: -

Ðate Thawed: -

Date Subsampled:

ê.couircå bY: JTT,

Fielrì Location | 22'55 ll]lrL

Fi e]d. Co;rments:

llater Depth: 5'6 n
(correcteC relatlve
io lon3-term mcan)

Ice ThicP.ness: 99 cn

z/n/ze

IilML

PhoSoßraPhs: -

Subsanples: 19

Subsample ID f2 t3t¿ - L3)O

Described. bY: JfT' ¡¡ML

Drive to 1¡rr recovered' 80 cn; 'd-rlve frcrn 1 - 2n' recovered'

80 cnr. Used. soil grobe to recover sed.lment fron d.eeper than

end. of core: 2OO - .2I9 cn¿ c1ay, sl]ty, d.ark gray, soft'
scattered shetls, sharp lower contacta 2t9 - 2)J cnz clayt
sticky, d.ry breais and crunbles, ln¿lstlnct pellets, shells,
flbers (?).

from Delt a al 3350

Ðepth ( cnt

fron toP of corc

644

0-80

80 - 100

100 - 180

DescriP*,i on

Clay, sllty, and clayey sl}t, d'ark gray (ST- t+/t),
scattered. to abund'ant ¡nollusk shel'}s, soft'

nlsslng
clay and. stlt as a.bove, concentratlon of mollusk

s-heIIs at tt}- ILi cn, and' Ir4 - 1J6 cn, no shells
observed. below 156.



tt.

COR.E NUMBER: t+3

--------
Date Acqr+Lred. ' z/tt/ZA

Da_t e_Extryle4 z/p/Zeand DescribeC¡ '

;* .-*",-

Date ThaweC: -

Date Subsarnpled t l/tg/ZB

Acquircd bY: JTT' WI'fL

Ficlcl Locafion J7 '?2 lç;¡r,

Field. Conments:

tlater Depth¡ 4.8 ¡n

(correcteC relatlve
to long-tenn rncan)

Ice Thick'ness: 97 cm

64s

fron Delta at J?4o

Drlve ?5 cn, full ree¡very¡ very d.lfflcult corlng and'

extruàtng; attealÈed to use sol1 ¡rrobe,' penetrated to
175 cm depth, recovered loose sand, fg, quartz-rich'

Pholo;;raPhs:

Subsamlles: 3

Subsar"rPle ID f 2 I33I - t338

Described bY: JTT, WL

'll a¡* ì-r

fron
("t

0-55

55 - 75

of corc

n^^^e¡ -J ì an
,gùLlt/vLJtt

Sand., dark gray (S't. t+/O'5), nedlu¡u to fine gralned''
scåttered.-sr¡êfis and shell fragnents, sa1't and'

pepper apPearance.

Sand, sllghtly sllty, cLayey, sllghtly softer than
above, othernlse as above.



CORE NIJI13ER: &

Date Acqui t.a, z/nf?A

Date ExtrudeC
and- Described¡

Tlr*a l'mqor.

Ðafe ThaweC:

Date subsanpled, l/tg/za

4.çqgiry.l--U: JTT, tll'li,

Field. Conmgnj,s: Drive 75 m,

z/n/za

Field Loc¿rtion:!J,JO kn fron Delta aL )060

l,later Dcpth: 4,5 m

7;Tro.1¡.1 ro] ative\evrr
to lon5-tcn,r mcan)

Icc Thicl'.ness: 95 q

T)ìnnlnrrrrnhc.r-:::-:::¿:-l:=' -

lubsanples: 6

Subsannlc li) ilz t)ila - I336a

Tloenri hoâ h'¡:--::::-3: JTT, tlÌlI,

rrecovered. 59 ctn.

Ðepth (cm
fròn top of corc)

646

0-40

M-59

| !ôô^?1 nl ì 
^ñ

Clay, slIty, g.ray (5Y S/t), soft thrroughout, very
fluld. ln upper 4 crn, very sharp lower contact.

Clay, slIty, dark greenlsh gray (9X t+/t), ary, stlcky,
weak angular platy structure to very flne block!
structure in upper J cm gradlng to cruubly and'

flner blocky stmctu¡e ln lower 10 crn, Pln polnt
slze hoLes are ¡rresent ln upper 5 cn' holes are
enpty a¡¡d not assoclated. ¡rlth a^ny type of plant
reroalns.



COP.¡ Nl.ll'lBER¡ 45

Ðatc Âcqui tea, Zfttf?8

Date Extrud'eC.ffi,2/tz/ze
Ðate F¡ozen:

Ðate ThaweC: -

Date SubsanPleC:

T.rryI
Acouired bY: '^'I

Fi cLtl Location:

FiclC Conments:

l,later DcpLþ: 4.4 m

( corrccteâ rel-a',,1 ve
to 1on6-ten,r r,rean)

ilD/ze
TIML

Drive 36 c¡n,

Ice Thick'ness: 99 c'st

647

12.08 Isn fro¡n Delta at 3O2o

Dì^^+ ^rrtnhq.I rlvuv,J¿Ér¡¡v. ,

SubranPl es :

iubsanPfc IÐ ilz

Described. bY:

recovered. J6 cn.

Íìo¡* h I nn
,vÌ, v¡¡ \ v.,.

fron toP of corg

4- r0

10-18

18-20

20-n

5

t3Tla - t34L

JTÎ, llÌ,ll,

Jloc nri n{ ì nn

CIay, slIty, gr.ay (51 S/t)' soft, shell concentratlon
at base, sharP lower contact'

Clay, sllty, and' clayey slIt, dark greenlsh gray (5GT 
----'+ttj,-¡i;, .rler tÍ¡an above, no shel's, gradatlonal

louer contact.

Clay as above but beconlng lncreaslngly ¿a'I¡t9I -
äolorea untlt below 14 cm color ls black (7'5 fR

2,5/O), god angul-ar platey st:n¡ctr¡re'

CIay as above but sllghtly llghter (5T 3/t) ana

less relI develoPed' stn¡cture'

Clay as above, upper 4 cm ls-very dLry and' conslsts
of ror¡nded. peiiets ln a clay natrlx, good' blocky
stn¡ctu¡e overall, beconlng very sllty near.baser

clryness and. clegree of stn¡ctural d'evelo¡xnent

both tl.ecr""t"-ão*nltaJd'r- loner contact ls lnd'lstlnct'
color grad.es to *Y l+/t at about 25 ø'

SlIt, clayey, sa.ndyr.beconlng sandy slIt by 30 c¡o'

dark sray (5't. t+/t).z,7-36



CORE NT-Iì,'IBER ¡

Ðate AcQurreo.:

!4e-Er!rTge+
anC Descri ÞeJ-¡

46

z/n/za

T)l-'n{ nr¡,znhq: 0-
Ðate Frozen: - ¡¡¡vvvi)¡Ér¡'v'

Date Thawed: - SubsanPl-es: -

Date Subsarnpled.: - Subsanrple r! f: -

Lcquired by: JTT, llÌII, Described by: JTT, Hl'lL

Ficld Locatio¡: 11.89 kn fron

Field Conments:

\,later DePlh: 5'1 n
-._--_.:GorrecleC rel-atlve
io 1on6-term ncan)

Ice Thickness: 98 qo

No core tal<en, could. not d¡ive sampler; used' soll ¡rrobe to
determlne sediment¡ 0 - 46 cm: sand, fine to very flne
grained., sllghtly silty, d'ark gray, abund'ant shells;
l+6 ' 57 cn:' siIt, clayey, fiber throughout' d'ark gray

n - 70 au sand, flne gralned', abund'ant shells'

648

Delta at )L?o

¡^-l !. I ^-!ç]1u¡¡ \v.¡¡
fron toP of rgrc

Tl^- nri ¡{ ì nn
,gJv¿LPv'e"



COFE NLIMBSR: 47

Ðate Acqul reqz Z/tLf?8

n^ + ^ !ì-* +r rå aÁ)JA Vç Þ^ v! qs vu

-_--.-_==--and ,escrL Dea¡

Ðate I'::o zen: -

Date Thawed: -

Ðate SubsanPled:

AcquireC. bY: JTT'

z/n/za

F1eld Locationz 20,J8 kn fro¡n

Field Conments:

Watcr DePtìr: 5.1 ¡n

(õõrecielrelatlvc
io long-Terrn racan)

fce ThicP'ness: 96 c¡r

?hoioßraphs: -

Subsanples: I

l/g/Ze subsanPle rD f , r*2 - Lj49

Hl"lL Described bY: JTT' tlÌIl,

Drlve 60 crn, recosered' J4 cm'

649

Delta at 3110

n^-+ r^ / ^*JJgl-ru¡¡ \ u.¡l

fron toP of

20-30

30-33

T- 9+

Ðesc:iPïi on

siIt, sa.nd.y, clayey' clark gray (5Y-!/L-)' abund'a¡rt

shells wlth a ¡-ä p"f"cÍpoa shelL fra¿nent at

;;;;, very abr'ríd'a¡¡t root flbers th¡roughout'

sarrd, clayey, slIty, d'ark gral (5Y t+/t)-2 flPl
flbers stlll ;ñån to aúwrâa¡rt' gradlng lnto
lower tutlt.

SlLt' clayey, color as above' dry' w'r'th abw¡d'ant

flbers tlrroughout.

clay, slJ.ty, da,rk greenlsh gay (5GY -yt)' P{-
good. bl-ocky tftl"ittt" et"dr;g'io ftne anti cr¡nb1y

st:r¡cture wrtn ¿ãÉni flue¡ not.as connon as above'



CORJI NIJI']3ER:

Ðate Acquired:

Date Extruded.
ãnã-õêõilÉ:

48

Ðe.te Frc zcn:

t/n/za

Ðate Thar.'ed: - Subsanples; -

Date Subsanpled: -- *rot,-
LcouircC by, WL DescribeC by:lllÍL

FielC Conments. Drlve 10 cn, stopped. by rod. f1ex, no recovery although flne

650

FicLrl Loc¡rtiol | ?.60 kn fron Delta at l04o

I'Iater Deptht 4f4g n
( corrcctc..ì relat,i vc
to ì"on6-tcn,r ncan)

Ice Thickncss: 105 c¡r

T)hnl n,'r.r n'rrc.r L.v evt)L¡.l-".v.

gralned. sand. nas coatlng the core ba:rel.

,cpth (cn
fron top of corc)

Tla- n-ì ¡'l i nn



COP,ENWBER: D-1

Datc Âcqu1 redzZ/Z3hï to

Date Extruded.
and. DescribeC:

Date Fro zeni-

Ðaie Thawed: - Subsanples: IQJ

Date subsamplec n/2,8/?8 to subsa¡rple rD # ' 
*? ' 4L5' 49 ' 4g+

3/8/?8
trcoulrecl by: l,"un rrlrr DescriÞed by: Jlft Hl'lL

'¡ ", ïJllL

Ice ThicP'ness: 102 co

z/28/ze æ
3/8/?8

Pholoßraphs: 14

Fielri Location:

Fie]d. Connrents: Used. Llvlngstone eorer to sanrple O - 1 n ( cores 29

l,latcr DcPLht 5,7 m

(correcteC relatlve
to long-term nrean)

651

t9,3) krn from Oah Polnt al 2550

lïb,'î3 ",i"ii åq'i. ï;: " å . rBl'ilo'tr'i:?tÏ: ;

fron

2,5 m, 2.0 n, a¡¡d. 1.5 u 1.1-.
t
n

(""

0-119

lLg -
tzt -
t3? -

t?r
r)2
159

DescriPti on

Clay, sl1ty, da¡k gray ( 5l 4/L)' upper / cn soupy,
sl¡elLs con.non wftn ôoncentratlon al 22 - 24 cn,

flbers present at 60 - 65 ^, becomlng stlffer wlth
depth.

nlsslng
Clay as a,bove.

CXay, s1Lty, sllghu.y coa'rser than above, sllghtIy
aärter (-Sx t+/t), falntly color Ia¡nlnated'' shells
are co¡D¡non but fewer than above.

nlsslng
Clay as above, shelLs beconlng rELrer a 1 ¡¡¡u thlck
clay Lanlnae at 24O co.

nlsslng
CIay as êbove, beconlng nottled' 5X 5/L anð' J'| 4/L

ln Lower 30 co, ftsh scale al )L7,

nlsslng
Clay as above, elrarP lower coütact

159 - t96

L96 - 243

24) - 259

259 - 3t9

ê, b, c),
bctton:

mr ].0 n:

3t9 - 320

320 - ))o



330 - J+9

749 - 381

381 - 385

385 - 4to

410 - 4/+1

tl+L - I+73

D-1 contlnued. 
652

Clay, slIty, fr't 4/1', much fl:mer, d-rter thar¡ 
-

atoue, not vlslbly Ia.nlnated., no sheIls' weak

anguJ.ar blocky st:mcture, seattered' rou¡ded' pellets,
slight color tf,.tg" to 5Y 4/t at !+t+ - 348 c*.

-l ^^{-æ||t¿ÞÞ¿¿¡6,

lnterpreted. as out of P1ace.

Clay as above excelÈ no stn¡ctural development and'

"ifgntty 
nolster than above, scattered nollusc

shells, very PoonlY larnlnated'

nlsslng

Cfay, sllty, "lumpy"r very soft, sonewhat soupyt
cónslsts of luraps of dry clay 1n a natrix of. very
soft, nolst cray, I¡nps are JGY A/t +'9 5't-4/t ana

comrnonly 2 - 5 ¡nrn ln d-ianeter, 6radatlonal lower
contact, questlonable as to whether thls unit ls
ln place, posslbly out of place or at least hlehly
d.lsturbed.

Clay, slIty, 5Y l+ft, scattered sheIls, rnolst as above'

slIty la¡ninae at 498.

nlsslng
CIay as above, occassional black ¡nrtlcles'
C1ay, sllty, 5't 5/L, nottled' 51 4/L ln upper ?0. 

*'
posslble contoled bed.d'Ing, concentratlon of bl-ack

ãrgantc natter aL 5?g - 581 cm' no observed shells'

Clay as above, but falnt to d'lstlnctly Ia'mlnaled''
la¡rinae a¡e nJn1y color changes, sllty ar 612 - 614'

Clay, slIty, 5Y 5/1to JT 4f I, usturbeil ln upper 10

cm, posslbly fáintly Ia¡ntnated' fron 635 - 660 cn'

soft, d.oes not """úy 
break, becornlng flryurT,dth

depth, oon" oi d.ark þay to black (z'5't' 3/r) oreantc
¡oitter dlsseninated -through 663 - 665 cn, la,ninae are
nore dlstlnct fron 660 - 6?0 ø, sharp lower contact'
2 rnn thlck sllt Ia¡nlnae at 663 and' 670 cn, no

observed. shells.

Clay, slightly sllty, 5y 4/t -:h"tp col-or a¡¡d'.tex-

tr¡rar cõntaàt lfltl-uiper r:nlt, occaslonal shells'

Clay, s.Ilghtly sllty, beconlng. nore srlty wlth d'epth'
-îy'4f L,-sofl,-"ã"ä"¿ 2 nn-tntct sllty 1a¡nlnae at

?35 - ?J7 ø, nã oU"erte-d' lanlnae ln upper l+0 cn'

tóitott,ã¿ Ia¡rtnae ¿l ?25 - ?n ' rare shellsr uPPer

5 cn hlgtùy d'lsturbed' ancl posslbly out of place'

Clay, sl1ty, *l 4/I, slurp uPPer conta-ctt ¡nuch- 
"iirr"" 

äna ¿rr"i iha¡¡ above' Dole 911t- content
than above, reakly deveJ'oped oaIl blocþ stn¡cture
it itrS - ?l+6 co' occaslonaL shell fra€pentsr soÍr€

black orga,nic aatter'

4?) - 499

499 - 502

frz - 563

5Ø - 606

606 - 6?4

624 - 610

6?0 - 685

685 - 7n

?77 - ?t+6



?46 - 79+

6s3

D-1 contlnued,

CIay as above but beconlng cJ-ayey sILt wlth d'epth,
eeveral d.lstlnct Ia¡nlnae of stlt al 770 - 772 en'
broken shells connon, several whole nollusk shells'
overal-1 color ls 5GY 4/t uut becomlng 5't 4/I
below ?80 en' numerous organlc specks, upper Ó cn

conslsts of 'lunpy' clay and' pelleted' clay and'

ls Probabl! hlgh1Y dlsturbed.

nisslng
Sl}t, clayey to slIt, frl 4/L t'o 5'l 6fZ, ttm', d'ry,

weakly developed' snaIl blocky structure ln upper
10 cn gra'd.ing to very poorly d'eveJ'oped blocky
structure nith degbh, beconing nore silty wlth
d.epth, poorly }anlnated' nea¡ base.

nissing
CIay, sllty, pelleted' and' lurnpyr very soft, 5't \ft,to

NJ, gra"d.lng to lower, ¡rrobably dlsturbed, possibly
out of Place'

Clay, sllghtly stlty, N5, soft, no she1ls, no bed'd'ing

sharP lower contact.

Sllt a¡d clayey slIt, fr'! 4/t to 5x 6fZ, sl¡nlIar ln
aPpearence to 80? - 839 c¡n, sllty Ia¡¡lnae lncreaslng
ln abund.a¡rce wlth dePth.

SlIt, clayey, color as above, several pockets of sl}t
a¡d sanâ Lcattered. thror:ghout, large blocky stn¡cture
welldevelopedlnupper20cn,gradatlonallower
contact ouei 3 cn, éttty sand. pockets are 1a¡nlnated'.

Sllt' sa'nd'y, clayey, 5Y 5/3 to 5Y 5f4, velJ- 1a¡nlnated'

wtitr sevéra1 aistinôt l"tlt,ae of very fine gralned.

sand at 9?0, sharP contacts'

Sitt' clayey, a^nd' sllty c1ay, 51 4/I, reak, s¡naII
b3.ocky ltn¡ctr¡re, nasslve ln lower 10 cm'

nlsslng
Cray, slIty, 5! 3/2 to JY 4/1, nasslve but softer

than above or beIow, ¡rrobably dlsturbetl'

Clay, sllghtly slLty, 5Y 3/L to 5't',4/1', carbonate
pêuur""-cou¡on (dlaneter to I un), so¡ne nottllng
fron 101+O - 10fj cn, several sllty a.nd sand,y cLasts
or blebs at bsse.

clayasabovebutrrlthfewer.pebblesandnoresuty
ancl sancly clasts or blebs ( concentratlons at
glZ- - lo80 cm, 1o9o - 109à ca, a¡¡d 1103 - 1106 co'
very Ind:lstlnctly lantnatecl ovsrs'll'

7Ù - 807

807 - 839

w9 - 867

867 - 887

887 - 905

905 - 929

929 - 90+

9e - 775

975 - 983

9ú - 990

990 - 1030

1030 - 1054

toy - LLtz



Ittz - LL/+t

Lr4t - rt52
tt52 - Lt?o

tt?o - Lt??

rt?? _ t2j4
72]È- - 1J56

6s4

D-1 contlnued

Clay as above but softer, hlgher nolsture content'
upPer 4 crn probabry aråturõed, beconlng JY 4/L
below LI?s'cff', 3,i ^ 

ca¡bonate pebble al lL22 cn'

Clay as above but na'ny nore sllt clasts'

Clay as above but fewer sll-t clasts'

Clay as above Au¡ 5Y \fL,
nlsslng
Clay, sllght1y sl1ty gradlng to clay-at base'

scatterãd- "är¡onal" 
pebbles up to I cm d-ianeter

throughout, 5Y 3/.2 but col-or ls rather va¡iable
ransríg *ân- 5xa/1 to JY 3'5/,1, abund'ant slltv
clastsl sllt tlasts are L - 6 -nn tn slze and range

rr, "oiår fron 5T 5/t t'o 5'IR 6/3 ' upper J0 cm

exhlbits weakJ-y d'eveloped' large blocky stmcture
on broken surface, sed'lrnent ls dlfflcult to break'
sttcky, very plastic, sllt clasts lncrease ln
abundance fronr 1280 to 1110'



rra\Dn ÀlllMErfR.vL¡w ¡ì

---.------ña+^ A¡¡rri rorì.!4Ug neq

n^ + ^ tr1..* rr rÄ oÀ
,GUç !^vrqsvs :: :
and Descri bed:

D-2
z/zS/za. to

2/26/?8

T)t- ^+ ^1?2 nhe .
Ðate F"rOzen: _ YnoJorjl'¿Pr¡o. t5

Ðate Thawed: - Subsanrples | 87

pare subsanpte d, tff,Jrïrï'

3/4/?8. to
3/Lo/78

Acquired by: llML Described by: JTT, tfML

Tir^rÀ ñnnmanr.c., Used. Livlngstone corer to sample O - 2 nz FuIl d.rive to 1 n,r'!sr-ú vv¡¡¡¡'¡e¡¡vv 
recovered. 9? cnt¡ fuIL drivã to 2 nr reeÆvered.89 cn; Used'

a¡¡tifreeze to thaw ar.¡ger on ¡nornlng of 2/26/78, posslble
sample confusion at 10 - t2 feet d'egth and' 18 - 20 feet'
aeplr¡¡ d.rove She1by but no recovery, redrove an¿ recovered'
seálnent, last l0 feet very d'tfflcult augerhg' skip
sarnples at d,epths of 20 - 23 feeL, and 25 - 28 feet'

Ficl-d Loc¿rtion z N,L4 Io fron Oak

llater Depïh: 5.7 n
(correcteC relative
to long-tcrn mcan)

Ice ThicP.ncss: 101 cm

îìa¡'t h

fro;l

Subsanpf e ID ilz 250 ' 298 and' 4t6 - 453

655

Polnt aL 2280

(n-

0-300

of core
ÐescriPti on

C]ay, sl1ty, dark gray (Sx 4/t) very poorly
La¡rlnated throughout rrlth better developed'
La¡nlnae near base, lanlnae are ¡oalnly col.o¡
dLfferences (t.ê.¡ lllo!€ oltve gray, 5Y' 5/?) and
dlfferenc"s in shelL naterial, shells a¡e scattered
to abund,ant throughout tflth concentretlons at 80 -
83 cur, and 113 - 114 cmrshells a¡e less conrnon to
rlre úetow Zt+A cm, an ostracod (t) zone ls present
al 268 - nZ glvf¡g the sedlnent a sllty and' sand'y

feel, sIlghtIy da¡ker color at basal l0 cn'

Clay, sl1ty to clayey sl1t, fi'I 4/1' to-5T 4/1:-ùry

"",å 
Ufo"i.y ln upper 2 qn gradlng to less well

d.eveloped. stn¡cture ln lower 2 ø, very sharp
upper ãontact, uPPer 2 cn breaJ< lnto ror¡¡rcled'

peffets a¡¡a .d.lãõrete unlts havlng s¡nooth rorurcletl

ór¡rve'd surfaces, gradatlonal. I'ouer contact'

C[ay, sllty, ProbablY out of P1ace.

300 - 301+

304 - 333



Ð3 - 365

D-2

656

contlnued.

clay, sllty, 5Y 4/I to 5GY 4f t, ttn, d'ry, weak

"ng"l.t blocky stnrcture, poorly Ia¡ulnated' to
noi vlslbly lamlnated', sllght1y hlgher nolsture
content below 354 ø, rare shells, wealtly d.eveloped.
yellow (516/6) ba¡rd' or staLn at 350 crn'

Clay, sllty, 5'14/Lr vêry soft wlth pellets' probably
d-isturbed. and posslbly out of place'

CIay, slIty, 5Y 4/I, poorly lamlnate throughout'
best Ia¡nin.lloo ln upper 10 cur, good' structural
deveto¡xnãni (p"rr"tai-to blocky étructu¡e ) fron
426 to- 456 cn, grad_in6 to IIttIe vlslble structure
to base.

Clay, sllty, 5^t 4/l' rare shells.

C1ay, sllty, overall color ls 5Y 4ft A* several
tighter ãa ¿"r¡."r bands are deveLoped. throughout,
flnn but lacks an$ structure, no shells, not dry'

C1ay, silty, 5't 4/t to JGY 4/t, 9+8 to J80 d'oes

not brealr easlly, very plastlc, structurelesst
possibly d'lsturbed., specks of black ¡raterial
lfrroughout nod'erately soft, rare shells' sharp
lower contact.

Clay, slltyr fr'í 4/I to JY 4/!, uery goocl angular
biocky "iroót.r"'best 

developed' ln upper 5 cn'
d.eereaslng wlth clepth, sllghtly d'rie¡ tha¡r above

or below but not aé ary as 'lOO to 104 lnterval'

nisslng
Glay, sl1ty, 5't 4/L beconlng 5l)/2 ln lower several--*; ?ß tô i6o is nore plastlc tha¡r above' beco¡nes

clayeY sILt at 752.

Clay, slIty, frY 4/L, sllghtIy anguJ-ar, lloclw
stmct'rä'oñ Urot"n edeé, drler thra¡¡ above, shell
fragnents.

nlsslng
PosslblY out of P1ace.

C1ay, sllty, and' clayey s1Lt, 5! 4/L to frl 4fL'
reLl Ia¡ninated., rare shelIs, g¡adatlonal lower
bound.ar¡r.

SlIt, clayey , 2.5! 6/.2 to 2',51 4/2, well la¡ulnated'
, dark y"irät bróm 

'(2,5x 4/2) sraLn g-r0-- 9r5'
lanlnatlons are conposed, 

'oi'tftf"'el1t beas (0.2 nn)

a¡d thlcker clay u"¿" (1'3 nn), lanieae less
d'lsttnct, below 910.

365 - 426

426 - 4s/

487 - 490

490 - 98

548 - 603

6w - 611.

6tt - 70r
?or - 760

?60 - ?65

765 - 853

853 - 857

ïlt - æ7

887 - 9r5



' D-2

915 - Loos

1005 - 1015

LoL5 - Lo29

t)?g - 7058

contlnued.

nlsslng
CIay, sllty, fkm, frY 4/t t'o 2,5! 4/t, ùlstlnct

color band.lng belon 1012 cs¡, shells colTunon to rare..

CIay, stlty, 51 3/2' wlth occaslonal sllt Ia:nlnae'
wþII la¡nlnated. overall.

Slltr clayey and. s1lt, lamlnated', occaslonal sand'y
bed.s, Lower / cm ls rnore clayey, carbonate pebbles
present throughout, basal 15 cm are hlghly
charged. wlth sllt and' sand' clasts and' blebs and'

have a r+ld.e ra.nge of parblcle sizes ( pebbly, sand'y

sllty clay), overall color ls 10 Yn J/l but
great varlatlon ln colors d'ue to the clasts'

C1ay, slIty, fi::m, tO65 lo 1068 contaln abund'ant
sifty and. sand'y clasts, granules a¡d' pebbles of
a wld.e varlety of colors-inc1u¿ln1, Io\fR Jf 3, 5Y 5/?'
IOYR ?/2, 2,5! )/2 and. 2,5Y 4/?,

1058 - 1068

657



CCRE NUI'l3ER: D

Ðate Acquired:

Date Extrud.ed-_-_----:-î----i
and Descr] Dec.:

-3
z/n/za. &

)/28/?8

Date F:o zen: '

Ðafe Thawed: -

Da'ue subsanpLed ,l/7/7.! 72
3/10/78

Acqulred bY: l,l't4¡

il6/za ø
3/1,0/?8

Ficld Location:

Fi eld Coirments:

I,later Depth: 4.8 n
(õõrrectec rel-atlve
lo long-tcn,' mcan)

fce Thickness: 121 csl

L3,29 Isr from

Photo,3raPhs: -

Subsar¡ples: 106

Subsanple lD ilz 19+ - ?49

DescriÞed bY: WML, JTT

Used. Llvingstone corer to sarnple 0
1 n, recovered. 93 cni fr¡-l-I d¡lve
d¡lve 200 - 278, recovered' 69 cn¡
2J' and. after 31'¡ lost uPPer f

lo¡t h I nnvvI v¡. \ v...

fro;l toP

658

Delta at 3580

0-7
7 -93

af ¡n¡o

93 - 1oo

100 - 197

Lyl - zoo

200 - 245

ÐescriPt"i on

nlsslng
C1ay, sIl-ty, 51 4/t +o 5x 5f2, lnd-:Lstlnct color

útd.ltg,- scattered' nollusk shells tbroughout, soft
to flrru at baser

nlsslng
Clay as above, carbonate pebble at 111 co' Plant

fragrnents at 133 co.

nlsslng
SlIt, very clayey ln uPPerl gradfng, to less clayey

nore sand.y fron 23Q +.o 245, 5T' +/L' sharP 'Lower
contact, occaslonal shelIs, reaJ< color la'nlnatlon
ln Lower 15 cm.

G[ay, s1lty to ellt, very clayey, fr't 4/L, fl:rmer tha¡¡

"tot", lôwer anor¡nt of sand' ancl sllt, occaslonal
ehell and. shelL fragnents, god btoclcy st:rrcture'
gradlng to cnloblY.

nlsslng
GLay, sl1ty ancl sllt, clayey' rel'l lanlnated rlth

tantnae generally less ti¡a¡r 1 co thlck a¡¡d' 1 to
4 crn apart, colors range rron 5y l/1 

^+o 
2'-5't' .2'5fo'

rare s[re1].E. Upper 16 c! and lorer 19 cÐ dlsto'bed¡

- 3 ¡n: F\rll drlve to
to 2 m, recovered 77 cm,
d.ifficuJ.t augerlng at

cn of core (0 - ? cm).

245 - ?69

269 - n4
n4 - 353



353' 39t+

n-3

394 - J96

396 - 423

423 - 4zB

659

contlnued.

Clay, sllty as above but beco¡nLng lncreaslnelÏ
aailcer côlored' wlth d'e¡rbh to N3 and N2'J at base'

sllt Ia¡oinae ax¡e lncreaslng wlth d.efih' Lower 20 cm

are nottled. w'lth a llghter tan oxld'lzed color
possibly d'ue to storate ln core tube' rare shells'

nlsslng
Clay, slIty as abover uPPer 16 crn a¡e d'lsturbed'

Sl1t' clayey, N?,5r greasy feel, a large nollusc shell
al 4?5,

Sllty, clayey, N3 to N2,5, rare nollusk shells' poorly

1a¡nlnated..

Clay, silty, and stlt, clayey, NJ to N2'5' slmllar
to above.

nissing
SlIt, clayey, N2,5, occaslonaJ- sheIl' gradatlonal

loner coniact, upper 16 c¡n ts d-lsturbed''

Sllt, clayey, 2,5[ 3f I, nore sllty than above' d'ls-
tlnct color change, occaslonal shell fragments'

urlsslng

Slltr clayey as above, upPer 12 ø ls d'lstr¡rbed'' below
--h:6 i*inätions arie belter developed. nlth lncreaslng

sllty Ia¡rinae nore comnon' 
"h91l",."ronunon 

throughout'
colors range fron 2' 5T 3/t lo fil 4/t'

urlsslng

Sl1t' cJ'ayey as above, cllsturbed'

Sllt, cl-aycJr' and' c1ay, slIty, *x..!/t' ?l*pu
lncrease ln slIt fan{ ¡¿s uäiow 6t? ' rc]']- Ia¡rlnated
thror:ghout.

O-ay, slIty, upper 14 cm cttstr¡rbed'' carbonate
pebble ar' 6l+i' co, beglbnlng at abou! 670.a¡¡d'

contlnulirg to tt'e base the sedlnent exhlbits
good. blocky stnrcture on a broken surface' sharp

loner contact.

GLay, sllty and' slIt, clayey, fr't úfL lo 5y 3'5/L'
ffne a¡¡gr¡Iar bloclç: stnrclure on broken surface'

Clay, a¡rd sILt as above, 5Y 2'5/\ llPtrs.ar¡d' rood'

fraenentl "t 
gÞ¡-*, äibott"lã pebble ar 695'

ulsslng
lnterPretecl as out of ¡ùace'

Sllt' clayey as above, Dut exhlblts a flner and' uore

poorly d,eveLoped' bloclq "i*"tur"' ¡nbbles tlrroughout'

beconlng tã""-elIty a'nâ sa^ndy ln lower f cm'

428 - u+9

ttr+g - 455

455 - 457

45? - 498

498 - 515

515 - 5t8

5r8 - 577

fl7-5n
ll9 - 592

592 - 6+3

e3 - 676

676 t 6)0

690 - 699

699 - ?01

?01, - 7L7

?L? - 79+



?9+ - 764

?& - 774

?!4 - 81.1

88t - 822

822 - 831

831 - 883

O - 3 contlnued-

Sllt' 5! 5/t to 5Y 4f 1" uel-l. la¡nlnated''

lnterpreted' as out of Place'

SlIt as above

88) - 905

905 - 9t5

9r5 - 95?

nisslng
Sl1t as above, èlsturbed''

Sllt and. sa^ndy sllt wlth clayey- ão**od' to sl1ty, c1ay, weLl.

range fron JGY 4/t lo 5! 3/t
pebble at 816 cm'

s11t, clayev, 5Y 4/t ro fil 4fL'
soft ln lower 10 . c¡n .

S1It' clayey beconrlng sllty "]ty' 51 3lt' scattered'

slIt blebs, þeconlãg to"ã clayey wlth d'e¡Èh'

Clay, pebbly, sandy,-slIty, 5y 4h Io 5Y 3/t -+'o.
5!3/2, occasronai'lanrinäã õr sirtv cra¡ 3q-silt
ín-lpi"" r+ *l *1on 929-1s verxr falnt bed'd'lng'

otherwise t"riv-nãn¡e¿¿ed' pebbles are nalnIy

carbonates, orii" uto*tt =ialt'lng ls present on

pebbles and' structural surfaces'

660

slIt, gradlng
lanlnated., colors
anð. 5Y 5f2, ca¡bonate

weaklY lanlnated'



COR,l NI]I'IBER:------_.-
n^+ ^ ,\^^tri ¡o¡ì.lJd Lg nev

D-4
)/t/?8

Date SubsampLed:

i.couired bY: t¡ML

u(i'f'7,8"

Fielcl Location, on la'nd'

Ficld. Conments:

llater DcPth: -
(correcteC rela'uive
io long-tcnit mcan)

4/g/7a. æ
7 /15/78

Ice ThicP.nccs:

Severe cor"rosion on lnsld'e of shelby tubes'
tubes d.amaged. whlle corlng, others had to
sedlnent, very d-lfflcr¡It augerlng'

Photo,3raphs: -
D

;lubsanrl¡l es ; '

Subsanple rD ilz 2 680

DescribeC bl¡ ¡ 680 , t499

66r

lsd 4, sectlon 22,
townshlP 13' range

0-r52
t5? - t85

L85 -
J05 -

7 EP!

T5
3fr

\fl-fis
365 - n9

arid. 1499

ña^¡¡i n{ ì nn
YVJv¿¿Yv1¿"

nlsslng
Sand., ned.h:¡n to fl¡e gralned', sllghtly coa'rser-;l' base, toxa, 5f3,
nlsslng
Clay, s{ty and sa.nd'y wlth abund'ant slIt clasts'
-î,SyS/z äveralI bui clasts are va¡lab1e colorec'

flr¡u, dense, Jrghtfy stlcky' several pebbles'

nlsslng
Clay, loYR 4/1, dense, fl:m, blocþ stnrctr¡re--

throughout on ["õiãå sttrrace (nay b" ?t arbtfact
of erbn¡sfon, sffghtly slJ'ty' abruld'a^nt clasts of

"itt 
*a tü-i (?-), several Pebbles'

tlÌ,lL

several shel-bY
be cut to exbrud'e

399 - t+26

426 - t+&

Lffi - 4gl
t+87 - 5t8

518 - ,+8

*8-fi9

nlsslng
GLay as above.

nlsslng
Cl,ay as above.

rlsslng
GIay, vera sIItY, sandY

vêry stlff, flru, dr¡rt

Unit
InterPrclation

nlth abuntlant Pebbles, LOXB 6/3
no obsa¡red bedd'tng



jEB - 609

&9 - &+9

D-4 contlnued.

ulsslng
Clay;PebbIY, sandy, sl1ty¡

d.rJ¡.
2,5\ 4f2, fl:m, stlff,

662



663

ff - 1 (a¡fffea end d.escrlbed. by l'Íar¡ltoba Hydlo, l/t6/ZZ)
located. 1 Iq[ offshore fron Sectlon 35, townshlP 14, range 9, PM at 10?o

O - t?5 øz GreY claY, :ledlun to soft.
tZS - 440 cm¡ 3rown, ¡nottletl ¡oed.lu¡n to Iow pLastlc sll,ty clay' trace flne

sand., stlffness lncreaslng wlth d'epth.

Il+O - 610 c¡n¡ Dense, d.ark grey ¡ned.iun plastlc sllty clay, eone slIt pockets,
sone gravel, sone flne to coarse sand..

6fO - 910 cn: DBrown anù grey nottled. nedlun plastlc sllty clay vlth
n1¡rerous silt pockets throughout, some ¡nlne to nred.lun sand.'

trace of gravel.

910 - p60 cn: Grey, stiff low plastlc sllt' wlth nedium to flne sand' trace
of gravel.

uI - 2 (arfff ea and d.escrlbed by Manltoba {yd¡o , 3/L6/?8)

Located. 1.5 kn offshore from Sectton 35, townshlp 14, range 9, PM at 10?o

0 -260 c¡r¡ l,lottLed. greYr bror+n cJ-ay, softr nolst.

260 - Jflg cn: hown, ne¿lu¡n to low plastlc sl1ty c1ay, sone very flne slIt searrs

l?O - 6IZ gJt¡ Brorm a.nd grey d.ense nottled sIlty, clay nlth nu¡nerous slIt
pockets, some flne sa.nd., trace of gravel.

6tZ - 910 crn¡ Brown, nolst, dense sllty clay of sllght pLastlclty' rrlth med'lun

to flne sand' trace graveL.



APPEND]X J

Variation with depth of various sedirnent
in cores D-1, D-2, and D-3.

664

characteristi cs
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Figure J-1. Variation of physical parameters Lrj-th
depth 1n core D-1.
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Figure J-2. Variation of mineralogy with depth
core D-I.
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REL ATIVE P ER CENTAGE
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Figure J-3. Variarion
clay minerals wfth
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Figure J-4. Variatlon of pH, Eh, and elemenÈal
concentrations wiÈh depÈh tn core D-l'
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Figure J-5. Variation of elemental
wlth depth in core D-1.
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figure J-6. VariaÈÍon of
depth in core D-2.
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pH Eh(mv)
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Figure J-9. Varíation of PH, Eh,
concentrations with dePth in

and elernental
core D-2.
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Figure J-11. Variatíon of
dePth in core D-3'
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APPENDIX K

Summary of subsurface. water chemístry datafrom the Lake Manitoba_Lalce l^linnipegosis area.
The following tables ancl figure are taken fromvan Everdinge' (1971). Figure K-l Ícre'rifÍesthe sample location pointsl
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Table K-2. Chenical anall'ses f or brirre spi:ings
Location nunbers ref er to Figure tl-1 ( f ::om van

j.n th¿ l.rlles i'llnnipe¿osis-]lanitoba ar¿a.
Er.'er:dingen, 19 71) .
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Tabie l(-3. Co¡nparison of ion ¡-atios for subsur-face anC su::face \rìâters ln scuthern llanicci'¿r
/ i-.-,.:. r-^n Ir:,¡.rirrnSCFI , 1971).

++Na +K r-1

Pal-eo'oic fornatÍon waters* 0.038-0.219 0.012-0.f90 10'000-307'000

Brine s¡rinss* 0.06E-0.146 0.065-0.09ó 15.9-6,029 10,000- 63,344

+-r +-+
Ca"+ Hg" ^r-tlrd Slu of cons t itucn t s

+
K

Surface waters affected
by brlne discharge**

Surface çaters outside
brlne di scharqe arÊax*x 1.4 -18.3 0.3 -5.8 I.3-17.1 43- 525

* I sorlnø sa::.le and 3 fon¡at{^- "-ts^' ---^ro5 with less chan 10rc00 ag/11ter¿ Jyr 1!ró JÉF¡!€ d¡ru J !u!:rGLiUll wdL<l ÞüPrs

dissolved solids were omitted,

r:* Lake'.Jinnipegosis, Lake Ifanitoba, Ebb-and-Floç'Lake, Fairíord River, Lake
St. HarLin, Sturgeon Bay at nouih of Dauphin River.

*** Dauphin Lake, 9 rivers draining lfanitoba Escarpnent, Lake llinnlpeg, Berens
Rlver and Winnipeg River.

0.4 -0.8 0.08 -c.25 25.r-49.0 646- 1,358

o\
co
5



Cores wÍtli sediment showing marker
zone characteristÍcs.

APPENDIX L

The followlng table lists all cores from
Lake I'fanitoba in which mociern zones are
identified, indicates the appropría.Ee core
depEh, thÍckness of the zone ancl summarizes
which characteristj_cs are present in each

6Bs



Core

¡tôñrh rnml

3(?) 2L(?) 23 25(?) 26 27 28 32(?) 37 38 39 40 41(?)x 42x

53- 8-26 257- L25- 3t-2- 210- 2g0- 64- 2Bg- 282- L46- L21- 110- 2Ig-
63 265 L26 325 257 296 72 292 285 160 I27 113 235

5GY 4/L ColoT X X X X X X X X X X

Moisture content
rlecrease(relative X X X X X X X X X
+^ ^-,^-1-,-í -^LV VVs!fj/lrrÉ
qaáimonfl

S tructure
--ô,,'rar l, l,rnl¡r¡ x x x x x x x x4lróur4l ufuLN-v

ne'l letal X X X X

øra,núLar/crumbly X X X X

--{ ^*- F: ^ I ^^1 ,,PrrsmaLrc/ curumnar

Rootfibers X X X X

'T'avJ-rrr¡'l nh¡n qo

(ro1 ntirze r-n Õvêr- X X X X X X X X X X X X X
\!çÀs

1---'*^ ^^l;-^- +\f .v r rlå Þsu llucr¡ L/

o\
o\



tlôñrn | 
^m 

ì
\ vr¡!/

rn^..+,,-^ 1 ^L --. ^^rç^ Lur ér Ltrd!rËs

(relative to over- X X X
'1,,-i-- ^^J-'-^-¡\!j/ !rrË ÞsulllrErr L,r

45 46(?)i' 47 D-l D-r(?) D-r D-1 D-l D-2 D-2 D-2 D-z D-3 D-3 D-3

20- 46- 33- 330- 44r- 737- 807- 97s- 300- 333- 603- 760- 245- 676- 7Lt-
2t 57 52 349 473 746 839 983 304 487 611 76s 269 679 7s4
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