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\ .,A_bs'_t-ract;.‘

SR Sunwapta Lake 1s’a small\proqlacral lake adjacent to
’Jwgf lh. =% : : S .
'“the retreatlng Athabasca Glac1er (Columbla Tcefleld Jasper»“

ﬁNatlonal Parx). Dlscharge in +he Sunwapta Rlver has been -

. : ‘
--]monltored 51nce 19&8, and work]on sedlmentatlon 1n the lake

o ; o-~-"

:jf{has been carrled out 1n prev10ui/years. Durlng the melt

'.1

‘mf_\eason of 1975 suspended sedlment dlstrlbu+1on and
P -‘-": .l B | .

ngep051tlon were studled based on samples of suspended and
.{ . Y

'Qfmvdlssolved sedlment from the 1nflow stream and the lake
‘eﬂFSedlment pan samples from the lake bed dlscharge

'4measuremen+s from the 1nflow and outflow streams,'”

hE
FE o

,eiutemperature records, and core samples taken wlth a grav1ty

'ﬁi From the data, sedlment 1nput patterns and‘processesfi

bd;of sedlmentw';strlbutlon (by overflow, 1nterflow, and

4

'yunderflou) 1n the lake'and rates of sedlmentatlon were
:'esults and the core samples were compared,f>”

"ob+a1ned in prev1ous research.‘
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1. INTRODUCTION

Sedlmentatlon studles have beeu carried out on several

ufglac1a1 lakes 1n North Amevlca, wlth varlable results

‘ (Klndle, 1930; Mathews, 1956, 1964a and 196Ub Gllbert,

1972a and 1972b, 1975a and 1975h; Ashley,‘1975- Church»and

Gilbert, 19751 Gustavson,:1975- Kennedy, 1975). Processes of
sedlment dlstrlbutlon and rates of sedlmentatlon differ, not_ﬂ

only between lakes but within each 1ake through time and .

v
1

space. Such dlfferences are the result of varlatlons in

e

sediment supply and the’ characterlstlcs of lake water and
- I

1nflow1ng stream vater (Johnston, 1922 Klndle,_j930;
”'Katheﬁs,.1956;:G;1be;t{£1972a and 1972b, 1975a and 1975b;
| Kennedy, 1275). ' \

Before rev1ewing llterature on- sedlmentatlon, some
. (
clarlflcatlon of terms is necessagy, partlcularly as varlous

authors use d1fferent terms for the same phenoﬂenon or

ot

eprocess.IAlthough 'sedlmentatlon' by deflnltlon refets to- a'

complete Ccycle involving origin, transport, deposition and

consolidation.of sediment, many uriters employ a‘much ;

narrowar defihitdon. Fluvial sedlmentatlon, processes of
.sedlment transport and dep051tlon im streams, is often
_dystlnqulshed from lacustrlne sedlmentatlon, prooesses of

g sedlment transoort and dep051t10n in standlng water- bodles

(Kindle, 1930 Mathews, 1956 ; Fulten and Pullen, 1969).:The\

‘term 'sedimentt refers to the sqlid material suspended, or

v : ;
¢
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otherwise transported by‘water."'Dlssolved sedlments"are
those substances ! (sdch as soluble salts) that comblne wlth a
11qu1d o form a solutlon; Slnce this materlal is not
deposited»inﬁsae :.Same manner as suspended sedlment and, in
glaciai lafesb its effects on den51ty are often masked by -
large concentratlons of suspended sedlment,';t1sjﬁreqnen@ly:
dlsregarded in +erms of sed;mentatlon. 'Suspended~sediment;'
refers to those particles whose individual welghts are equal
to; or less than, thelr respective immersed welghts because
of the ",.. upward momentum or flux of momentum in turbulent
eddles in the flow" (Leopold Holman, and,Mlller;r1964); -

Morlsawa (1968) sums  up the dynamic forces actlng on a small

spherlcal grain 1n suspen51on as-

6rruV + 4/3nr3p,9 = 4/3nrdp,g . (-1
wheregv r3 is the volume of theg sphéreibvc the settling
’velocity;u_,fthe fluid visco ity;p2 , the density of the
fluid; gq, the acceleratfon djé‘to gravity; andpey., the
density of'the,grain. By algebralc rearrangement of the
..known and unknown varlables, 1t is pos51b1e to determlne the
velocity of settling for a small spherical'grain:

o
.

V= 2/99r2 (p,-p1) | (1-2)
VI

iThisvis"known as Stokes' Law. The actual ra*e of settllng of
. fine particlesg’is 1nfluenced by partlcle shape, c1rcu1at10n
patterns vithin;the lake, wind—generated,turbulence,
sett}rng distance, vertical temperature differences mithin

N et T

v
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"3the'lake, and variations 1n suspended sedlment concentratlon
with depth ' '
*“1

Dens1ty is one of the most 1mportant factors affectlng
sedlmentatlon. Deflned as "the mass per unit volume"

(Prandtl 1952), and usually measured aS'g/cm3' densxty (o)

‘e?ls a component of the welght of a- solld or fluid (w=v pg). An

B

'1ncrease in den51ty wlll 1ncrease the welght (W), if the
\

volume {(v) and the forCe of grav1ty (9) remaln constant.;,w'h pp

‘Harleman (1961) suggests that dens1ty dlfferences between
"two mov*ng fluid masses,for between a mov1ng and a B -
ﬂbstatlonary fluld result 1n stratlfled flow. ‘The denser'ﬁmu
:flu1d will 51nk below th; less dense fluld- converseiy, a
llghter, 1nflow1ng f1u1d will remaln above a statlonary
fluid. Harleman defined stratified flow as "..; fluid
‘motlons in“a grav1ﬂatlonal fleld whlch are orlglnated or
'1nfluenced by variations in den51ty ulthln the flu1d '44"5
 Similarly, Bell (1942). defined a density current as r;.. a
tgraV1ty flow of‘a/llquld Or a gas through under or over a
fluid of approx1mately equal den51ty »In this paper, only
stratlfled flow in a water/sedlment complex is cons1deredr
‘fStratltled flow is here equated with den51ty currents, or
density flow. A partlcular type of den51ty current o
_resultlng from varlatlons in suspended sediment
concentratlon, is referred to as a "turbldlty current" or
"turbldlty flow". : . " 7
¥ _ )

The vertlcal position of the ‘current w;thln a standlng

water body determlnes the t ype of den31ty curren overflow,



- v . . . . . N .. . e .
‘1nterflow or underﬁlow.-Overflow is tho movement of a more
. \ . .. .
'or less dlscrete water/sedlment complex over the surface of

r'" : K

S a water body. Interflov 1s the: movement of a. more or leSS'QIEqu’”S

dlscrete water/sedlment cdmplex w1th1n a/body of water. '” j;

/ .
Accordlng to Harleman (1961),van underflow 1s ., “ee a steady

r

'.unlform flow of 2 lower 1ayer fluld ... along an\lncllne
- \ |

whcn the dr1v1ng gravxty force per unlt area (due to the
den51ty dlfference between the two fluids) is 1n equlllbrlum
‘with the Shear stress exerted by the flxed boundary and th@
mov1ng 1nterfa01al boundary." In lakes, the flxed boundary
1s<the delta and‘the lake bed. The m0v1ng 1nterfac1al
'bounda Iy is the overlylng water/sedlment complex. The
'woverlylng water adjacent to the underflow frequently becomes
entralned by the underflow curren*'and moves at'a veloc1ty
almost equlvalent to that of the current (Mlddleton, 19660)..
Stratlfled flow results from é&g51ty dlfferences caused
by: 1) dlfferences in chemlcal or mlneral comp051t10n (for‘-
example, fresh uater and sallne water), 2) temperature

R

‘dlfferences, or 3) dlfferences in concentratlon of suspended

and/or dlssolved sedlment (for example, turbidity currents,

nuees ardentes). a ' A ‘ e

Nuwerous studies relating to stratified flow and
sedimentation in lakes have been undertaken, both in the
.laboratory and_ln the fleld Laboratory experlments designed \\

to study den51ty currents in water often utilize tanks or

‘dltches in which slope, dlssolved and suspended sedlment,‘

temperature, v150051ty, and other 1mportant varlables of

o



;Hhoth +ne 1nfluent stream.and thevstandlng vater are

: relatlvely well-controlled.vFrom the behav1or of currents ln.
‘;' such controlled env1ronments,_t4eor1es hQ‘f been proposed G
“regardlng the nature of den51ty currents as agents of ‘
sedlment *ransport (Bell, 19&2-'Kuenen, 1950 Nlddleton,
1966a -llésoc), and 1nterpr°tatlon1of resultlng rates and
processes of sedlmentatlon applled.to sedlmentary dep051ts.“
R lgvna*ure (Kuenen) 1950-;Kuenen and Mlgllorlnl,_1950;_.mA
Walker, 1967; Shaw; 1975)-.,w | | ARG

k Den51ty, or stratlfled, flow has been studled from

:Jvarlous perspectlves. leferent researchers have looked at._‘
den51ty flcw 1n terms of fluld dynamlcs (Harleman,_1961),

temperature dlfﬁerences (Antevs,°1931 and 1951-'Mathews, k§‘
4 1956), suspended sedlment dep051t10n (Kuenen and Mlgllornnl,

1950- Mlddleton, 1965 and 1966c). and varve ﬁormatlon

(Antevs, 1931 and 1951':Kuenen, 1951::Baner]ee, 1973a and’

195§hy}ghntevs (1931) proposed a theory of varve formatlon,'ﬂ

based’ on thermal stratlflcatlon 1n glac1al lakes. In 1951
.he modlfled and expanded his theory, taklng 1nto account

A

further studles on temperature reglmes ‘in large gla01al

;. lakes. In Antevs' work, temperaturefdlfterences both between

r~<
1nflow1ng stream and lake water, and w1th1n the lake 1tse1f

were the essentlal crlteria for uarve dep051t10n. Emphasis-

was placed oh 1nterflov and partlcularly overflo ”‘Mathews:_i»"\

g

(1956) studled sedlmentatlon in Garlbaldl Lake, Britlsh
Columbla, and its relatlonshlp to the phy51cal llmnology of

the lake water. The results 1nd1cated the importance of
: N



'23fthermal stratlflcatlon 1n lacustrlne sedlmfntatlon,'at least_

.f 1n large glac1al lakes (Gar1bald1 Lake 1s bver 248m deep).
““.;maaor cause of stratlfled flow in Bow Lake

”nsuspended sedlment ‘on den51ty stratlflcatlon

- glac1al lake.,Durlng the melt season, the large

‘te

,lake and the 1nflow1ng stream(s) in terms of suspended o |

' sedlment. Under these condltlons, the behav1or of - the

;f,Slmllarly, temperature dlfferences were fo nd to be the.’

Kennedy, 1975).
&..

Unllke Antevs,'Kuenen (1931) con31dered the effects of‘

.\\_

,__concentratlons or_suspended sedlmenL enterlng many glaclal._,lggg:
".7_71akes offset the effects of the sllght temperature

‘ dlfferences, both Hlthln the 1ake,,and9between the lake and'

7;the 1nflow1ng stream. ThlS 1s partlcularly llkely Fn small

CoTwe

h,'lakes.:Temperature of ma11mum den51ty (UOG) may not be

"{r acjed at any tlme throughout “the year, and water

erayures durlng the melt season may remaln just above

' 9

free21ng. A change in water ﬁemperature from O°C to uoc

'_5ra1ses the den51ty by 0 00013 g/cm3 (Kuenen, 1951).. But 12000

mg/l of sedlment adds 0 0012 g/cm3 to the den51ty, and
concentratlons of glac1al meltwater streamns have been‘. y,, 4. %
measured as hlgh aF 15, 000 ng/1l (Kennedy, 1975).\

‘Furthermore, the quantlty of meltwater and concentratlon of
suspended and d*ssolved.ﬁedlment may vary greatly - *%

AN _
dlurnally, seasonally, and annually. There is llttle

: opportunlty for egulllbrlum to be establlshed hetween the

1nflou1ng sedlment-laden water and 1ts vertlcal 0051tlon

,7w1th1n the lake ulll be determlned for the most part by

-



den51ty dlfferences between stream and lake Hater due to

'WSedlment concentratlon.-When concentratlons are low or water

/

x;tempenatures hlgh stratlflcatlon due to temperature

idlfferences may predbmlnate. qunen (1951) ‘stressed the

rlmportance of turbldlty underflows 1n glac1a1 lake"

sedlmentatlon, partlcularly in terms of varve formatlon.
.3

‘(1 '.,

Field studles on glac1al lakes frequently illustrate

yugthe 1mnortance of den51ty currents 1n lacustrlnev
3ased1mentatlon. nghly turbld underflows and 1nterflows uere/}
_found to be the domlnant agent oﬁ sedlment transport and
_dlstrﬁbutlon in” Llllooet Lake, Brltlsh Columbla (Gllbert,

-1972a and 1975b) Measurements taken 1ncluded sedlment load

analysws, current measurements, temperature and
-

.transm1551v1ty *eadlngs, and. bed samples taken with a'

grav1+y corer ﬂnd an Pckman grab sampler. Varlous types of

kN

flow (overflow,\lnterflow,1and underflow) at dlfferent tlmes

of the year apparently cauSed varlatlon 1n rates of
L
sedlmentatlon and sedlment dlstrlbutlon. Such varlatlons
H
o
vere marked by greater or 1esser amounts of sedlment in

~

'traps" lam1na+1ons 1n, and thlckness of varveS' and mean

grain 51ze. From the data. collected at Lillooet Lake, it was

Vasuggested ‘that low to moderate stream flov resulted in

‘”"1nterflow' major floods,.such as those due’ to heavy summer

“and autumn rain storms, caused major Lnderflows.  t

'Other fleld studles on glac1a1 lakes 1nc1ude,the workﬁﬁt>7'

'_Wof Mathews (1964aﬁand 196ub) on Sunwapta Lake and Rlveb, ﬁg'

“ A

iyt 'u‘? B (=4 B

that of Kennedy (1975) on Bow Lake,band that of Smlth
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"on Hector Lake, all in Arherta. Although. hl. ield Season
was short and hlS samp 1ng technlques relatlvely 1nadequate,ﬁ
.Fathews (196ub) demonstrated that Sunwapta lake is an

“.effectlve suspended sedlment trap. In twenty~£our hours< {;fj

(July 22 23 1957), only 0 01 percent to 0.02 percent of

;the amount of flnevgralned materlal tranSported 1nto the
Alake was measured at the outlet, the Sunwapta Rlver.'
Coarse- gralned materlal sand and coarse 51lt was found
only in the southeastern part of the lake, where the major

-meltwater streams entered. Mathews suggested that ", the

{
bottom topograohy here [ the southeastern part] con51st1ng of

a very gentle slope 1nc11ned away frhm the two stream deltas

‘suggests that turbldlty ‘currents are locally 1mportant in

4 !'

-?ﬁprov1d1ng the coarser ‘debris.” Further work on Sunwapta Lake

B A

dihas also 1nd1cated4the 1mportance of turbldlty underflovs

" (Gilbert, 1975a). T ~

2 BN [ e - e S v

A falrly 1nten51ve study was carrled out in 1973 on
processes of sedlment dlstrlbutlon 1n Bov Lake (Kennedy,

1975). Stream uater level and dlscharge, suspended sedlment

concentratlons in both the lake and stream, rates of ‘
i
sedrmentatlon,.lake bottom samplesl conductivity and density"

were'measured or calculated. The results indicated the
importanca of overflow (observed as a mil&y plume) in the

r '
~distribution of sediment, Low concentratlons of - suspended '

Sediment 1n the glacial stream dlscharglng 1nto Bow Lake

)

Wuere thought to accoun+ for the frequency’ of overflows and
RE

'-‘

the apparent lack of underflows. Klndle (1930), in hlS work
e e T e ‘

£ v . . N
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- on Lake'Cavell, Alberta, also noted "temporary den51ty

segregation“ marked

by a sharp colour contrast between the

sedlmen‘-laden glac1al stream and the relatlvely clear lake '

o water. He attrlbuted thls to den51ty dlfferences due to

2

dlfferences 1n suspended sedlment concentratlon. Sedlment

L -or overflbw, plumes
)
;# lakes, such as Lake

7.

have been observed in other. glac1al

N

Loulse, Peyto Lake and Sunwapta Lake,

Alberta. However, the glac1al streams enterlng Sunwapta Lake

have very hlgh suspended sedlmemt concentratlon3° it is

thought that both undeiflov and overflow. occur (Gllbert,

1975a).

1

‘Results obtalned from studles of den51ty flows have

been used to 1nterpret such natural phenomena as "a

submerged muddy 1ake" in an otherwlse clear reserv01r. thlck :

accumulatlons of coarse—gralned materlal far out’ at Sea and

)

1mmed1ately upﬂtream of dam structures (Bell 1942). "mllky

Ve

plumes" extendlng from the mouths of s*reams (Klndle, 1930

Mathews, 1956; Kennedy, 1975) ; and graded beddlng (Kuenen

and Migliorini, 1950;

Migliorini combined
to‘interpret'graded
4 - '

a possible sequence

interpretations, as

’probably be applied

sedimentation.

o

Kuenen andvnenard 1952). Kuepen and .‘
thelr laboratory and Fleld obigfvatlons
beddlng in the Apennlnes, and construct
of events. Further observatlons and

vell as those already carried out, can

to other locations of past andfpresent



1.2 Purpose di'the T e§;§
Because of 1ts size’ and 1ts prox1m1ty to Athabasca

Glacier, Sunwapta Lake 1s characterlzed by a large 1nput of

s .
o-

sedlment and relatlvely constant temperatures - only
sllghtly above free21ng -‘durlng the melt season. Such

conditions, as suggest a by Kuenen (1951), favour lacustrlne
€% 4

3

sedlmentatlon 1nfluenced bg den51ty stratlflcatlon due to'f

i ey

dlfferences in suspended sedlment concentratlon, rather than
by temperature dlfferences, between the 1nflow1ng stream

- water and the standlng (lake) water. The purpose of thls
sgudy is to measure’ rates of sed}mentatlon and sedlment

' d;strlbutlon in a small proglac1a1 lake - Sunwapta Lake.

a

From such measurements, it should be p0551ble to determlne:
. N
1. © The major process, or‘proceSses, of sedlment

\ distribution active in this'laké durlng the summerh?f

| 1975, ana =~ | |

2. By comparison withhcores obtarnedrfrom theytake bed,
some - 1ndlcat10n of recent past processes.

Results obtalned in thls study could be compared wlth those

found for other glacral lakes.

N

1 3 Locatlon and General Descrlgtlon of Fleld ea

////////Sunwapta Lake is 51tuated about 520 12' north latitude,

4..

'and 1170 121 west longltude, about 0. ukm southwest of the |
Banff/Jasper nghway 1n the extreme southern portlon of
pJasper Natlonal Park (Flg. 1). About 8.5km- to the east,

Sunwapta Pass marks the houndary betveen Jasper and Banff

KN
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Natlonal*Parks. Athabasca Glac1er forms an outlet‘glac1er

tongue of the Columbla Icefleld whlch extends to the south

e

and west.

ciow

The bedrock geology comprlses massrvely folded

sedlmentary rocms, vlthgllmestone formlng the_promlnen,

S vertlcal CllffS. Mountaln peaks rlse'between‘3280 and UZOOm”
above sea level. Sunwapta Lake 11es at about 1926m. Numerous
gla01al features -»c1rques, aretes,'moralnal\and outwash ﬁ:fj?a “{
dep051ts,.U—shaped valleys;,hanglng valleys 4 remaln as_;fd
ev1dence of/mo/e exten51ve glac1atlon 1n the past. Sunwapta

Lake lS 51tuated at vhat vas once the Juncyron oﬁhtwo valley

glaC1ers. a northeast—flowlng glac1er (of vhlch the

Athabasca Glac1er 1s a remnant):and a larger glac1er thch

'modlfled the northwest/southeas ftrendlng valley nou

A

l occupled by the Sunuapta Rlver. The latter glac1er has long

g‘51nce dlsappeared, vhlle the Athabasca Glacanr 1s apparently

st111 retreatlng.,ln the last thlrty to forty years, the

N N

', frontal margln of the Athabasca Glac1er has retreated about

ZUOOm. Moralnal depos1ts cover thezvalley floor north Qf the
\
present toe of the glac1er, and prev1ous stllthaﬂds are

m%;ked by/@rcmlnent rece551onal moralnes. Late al moralnes
border the east hnd ves+ 51des of the glac1er and extend y'ﬂ

beyond the present glac1er termlnus; Former trlbutary

&

glacrers on Mt._Athabasca have been - left as hanglng glac1ers

-;(Ba1rd,-1966'vHarrlngton 1970) , i‘ ‘g_--f' - .Vlf”"".y" S

Mountalns enclose the glacxer 1n a sem1—c1rcle, from”

Mt Athabasca (Q167m) on the east' Andromeda utn. in the-

> i R ."»‘ .
L ¥ S
TR : . T



o s+reams '1ts ou*let the Sunvapta Rlver. The 1ake has

‘Tg_ (Peld and Charbonneau, 1972 and 1975); In 1945;

L hAt the toe of Athabasca Glac1er, the old moralnes andﬁf*f"
foutuash dep051ts of the glac1er have caused pondlng of

glabial meltvathr, and, 51nce 1935 the creatlon 3£La small

proglac1al 1ake_}F1g. ?)..A proglac1a1 1ake 1s usually

deflned as:a lake "0ccupy1ng a bas1n 1n front of a glac1er 7;f§:_¥L¥

of the lake - Sunwapta Lake - are p :uarlly small meltwater'f”
R -Q, Ll RS
1ncreased 1n area‘v1th the retreat of the Athabasca Glac1er

_for example;if”'

'over two thlrds of the present lake area lay under the

glac1er 1ce. The area of the. 1ake 1n 1957 was determaned to e

.

be O 13kmz and lts maximum: depth'was between twelve and
flfteen metres. By 1969, the surface area of Sunwapta Lake
was about O 16km2 The glac1er stlll formed the southern

boundary, .and: calv1ng along the 1ce margln created»smallih‘

e

1ce§yrgs durlng the melt season _Atﬁpresent, a narrou band‘ju"'“&'

of moralne and outwash dep051 moralne-covered 1co :fu*}f7f"
separates the 1ake from the v1s1b1e51ce margln. In 1975

-3de1th the contlnulng growth of actlve deltas,-the lake was

‘-about 0 1u5km2 1n area.alftfh

The lake s d1v1ded 1nto tvo ba51ns by a

» . S o R N
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moraine-covered bedrock ridge trending west/eest (Fid.'B);
"The rldge forms an 1sland flanked by two shallow channels,_
about 6m deep on the west side and um deep on the east side.
The larger basin, the north basin, is about 11m deep in +the
deepest sec;ion.;On the east shore, a streem flowingﬁg
northwest from a glacier on Mt. Athabasca has built’ a delta
into the 1lake. The smaller.-basin réaches a depth of about
10m. The south bas1n is belng potlceably reduced in area by

»

ythe active growfh of, del+*as, 51nce the ma]or sources of
water and sediment are the melpyater streams flowing
directly frqm the”Athabasca Glacier into the south part of
,the'lake.oIn 1974, the majd% source of water and sedimeﬁt
was the stream from the?mbraine—qevered ice west of the
lake, formingvthe sgufhgest delta%s-:In ;575, the.souihwest
stream was largely iﬁaétive; the deminant Stream was that
flowing froh the glacier inte the'sdutheastypart of the
lake, forming the southeest delta. It seemsﬁllkely that
changes Hlthln the glacier's internal dr;inage System result -
eln the predomlnance of either the southwest or tLe scutheast
stream.e

Because of its proximity to the glacier, the

temperature of the lake water, as well as atmospheric

D4

temperature, is affected by ice-contact and katabatic winds,

The higher the'étmospheric temperature, the.qreater the
effect of the cold katabatic winds sweeping north off the
glacier. Lake water temperatures remain only slightly above

fEeeZIng throughout. the melt season; in fact, ice may form

" .
~ - ey
v ) e ey
. Vo . . . .
w e 't e LA
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FIGURE .3
BATHYMETRIC MAP OF SUNWAPTA LAKE
, AND. ,

REPRESENTATIVE PAN SITES

“SOURCE: 1974 SURVEY (GILBERT, 19750) '
#SCALE :  lem.: 15.6m ‘
LEGEND-

§. - THE PrOXIMAL ZONE

2 "V 2L THE EAST CHANNEL

3 i% . THEZWEST CHANNEL

4 . - THE BEEPEST SECTION OF THE LAKE

5 - . THE DISTAL ZONE )

| ToBhiterval=: dm - e e a o Ll

Reference (Om depth) is Water Survey Stoge of 3 feet at Sunwapta outlet
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R FIGURE 3. °
BATHYMETRIC MAP OF SUNWAPTA [AKE
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on‘the iake_in summer. . R ." ‘lh‘“‘.“  N .
: $unwapta Lahe.forms a smail falrly shallow, relatlvelyi

'well deflned study area. Sedlment }s carrled 1nto the 1ake

largely by glacial meltwater streams from the Athabasca

Glac1er, generally w1th one streanm domlnant throughout a.. -

. o
,

melt-seaon. Streams f10w dlrectly 1nto the" 1ake with no

1ntermed1ate pondlng'and therefore, no intermediate

.trapping of sediment. Little sediment is introduced by
non- gla01al streams - a factor aiding measurement of

‘sedlmentatlon rates and processes.'Furthermore, the

effectiveness of Sunwapta Lake as a sedlment trap is

rconduc1ve to the" study of sedlmentatlon in a glac1al lake.

Major ‘preliminary field studies‘of~Sunwapta Lakethaveﬁf

ca

‘already been carried out (Mathews, 196\&; Gilbert,'1975ay,

’and_equipmenttuas tested.during the summer of'1%7u.

Sunwapta Lake is readlly accesslble from the

'Banff/Jasper nghway.‘Hosever, although boatlng is- allowed

l"the lake 1s apparently not a favourlte w1th park v151tors

:due to its muddy coloured waters, cold temperature, and

RSO,

' somewhat unatqractlve (that 1s,'unforested) 1mmed1ate N

__F&-‘,’ o om s @

H;surroundlngs. -In addition, the 1ocal clinate is dlrectly
'Vfaffected by the - prox1m1ty of the glac1er. Fleld work in the
"area, therefore, was generally not hlndered by such tourlst

" 1nterference as boating, sv1mm1ng\and tampering with

i

equipment.
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' Concluslons regardlng the process or processes of
sedlmentatlon wlthln a l\ke reqgirg_;nlestlgatron_oﬂ—ems
rates of. sedlmentatlon and the dlstrlbutlon of suspended ﬂl"
sedlment throughout the lake. Experlments and observatlonsvj
have shown these two factors to be a functlon of the
sedlmentatlon process' overflow, 1nterflow or underflow e
‘(Klndle, 1930' Antevs, 1931 and 1951; Bell 1942- Kuenen,
1950 and 1951; Kuenen a;d Mlgllorlnl,.1951- Mathews, 1956
Middleton, 1966a - 1966c- Gllbert 1972 and 1975b and
';Kennedy, 1975). Overflow plumes are a v151ble 1ndlcator of
'sedlment movement in a standlng water body (Kindle, 1930,
Marhews, 1956; Kennedy, 1975) . Interflov and underflow
movements of currents and sedlment belngjsubsurface
processes, are rarely observed. The presence of one or more
types of flou must often. be 1nferred from relatlve sedlment
nconcentratlons and sedlment dlstrlbutlon patterns studled ‘in
“fthe fleld Unfortunately the 'controlled env1ronment' of an
'jexperlment is not dupllcated 1n nature. In flumes, for. |
example, tempe atures, dens1t1es, nlsc051ty and sedlment h
"gconcentratlons can be adjusted or held constant for long
perlods of tlme. Certain propertles may be selected'fOr

study. In the natdral enV1ronment the number of . varlables

affectlng sedlmentatlon, their relatlve 1mportance, and the o

"i’idegree to vhlch they 1nteract are' largely beyond Jeasurement G

v = T
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by present fleld techn1ques._,if},{-ﬁ<ff S e e

‘Freld work 1s necessary to- reveal the s1m11ar1t1es‘and
dlscrepan01es between experlment and reali ty.,‘*fortunatelz,
fleld work is restrlcted. For example,al[hough sedlment 3
f_dep081tlon 1s not llmlted to. the mel+ season, the cold |

'weather, 1ake 1ce and 1ack of su1+able equlpment restrlcts
afleld study of most proglac1al lakes to the summer months.

From July 2 to August 21,: uspended and bottom sedlment

< B

hl

sampleS\were collected from seleCted 51tes 1n Sunwapta Lake
(as descrlbed below).‘Sprlng break up occurred about May 15,

but field work did not commence untll July 1_ This was a
N\

?result of delays in obtalnlng equlpment and arranglng 11v1ng

3

-accommodatlons. A fiel'd camp was establlshed and some ;”

°

'prellmlnary work done between June 20 and June 23. A rented
‘traller was located 1n the Brewster Staff Camp area and
served as both llv1ng quarters and fleld laboratory. Thehf
rfleld laboratory was set up for prellmlnary welghlng, drylng
‘and analys1s of the sampleS' dry samples were taken to
'Edmonton for: further ana1y51s 1n the phy51cal laboratory of
the Dept- of Geography, UnlverSLty of Alberta. On ‘the 1sland

" in Sunwapta Lake, a small shed was placed to protect

"
e ©

‘sen51t1ve equlpment from weather and tourlst damage. A ‘Small.

_alumlnum r ow boat was used, on~+he lake.,Poor weatégic_
1 e p ’

1nclud1ng heavy snowfall ended the,fleld'season;oniAhgﬁstﬂarfffji

’

21, . L TemedvnlE i . : St




'f,f9ng Field Methodologx ,Hf-__ ;;'.

"2.2.1.Slte Selectlon ‘ii“"d | :vﬁ‘l h?j L S

E

, 3 '
- Inltial fleld work 1n June 1nc1uded selectlng.sampllng

ﬂz:ﬁjJ51tes in Sunwapta Lake.’A bathymetrlc map based on 1973 echoGZf;
. soundlng data was used to select general sampllng kocatlons‘f'Vi-?'

o

*ﬂ?representatlve of varlous parts of the lake (se Flgure 3)~-=*~V~~*
: *h The prox1ma1 ‘zone - the south ba51n, where the major
*source of water and suspended se ,Lmeni daschargedwlnxooo-;; o“go

- 5
':the lake.ATn 197&,

,,—‘..: hn‘cﬁ&@-f

the southwest‘streamhwas the major

*fSOurce;iln 1975 _the‘southeast stream. The south basln“'rf:'“ﬁvﬂ
3-wa5 also the area most llkely‘to-be affected by -
4Hvuﬂderflows (Antevs, 1951- Gllbert 1972 and 1975a). "hf'”'?ul'l*
é."North of the east channel. This wWas the shallower
| channel about two to three metres deep. Flow betwoen
dthe south and the north basrns vas constrlcted between
uthe 1sland and the southeast delta, the most actlve
delta in 1975.. - - ., j' | '7
s‘j3. North of‘*he west channel. ThlS channel vas w1der and
pdeeper than the ‘east channel. The lake bed w1th1n thls
_channel was felatlvely steep and 1rregular.
YQ.: The\deepest (about 11m) part of the;north‘basih and of

the whole lake._

N

Se- The dlstal zone = ‘the relatlvely shallow (u 5 - Sm)

‘Tarqe lahes, settllng of flne materlal from suspen51on

ﬁoy“";

......
T el ay

- e o e A -
: et ;..,nv-v-.

e.._ - .

e the

dom""

assumed to b




nat‘h'ews',' 1964b) . Y

.0

'-tIn addltlon,'sampllng was carrled out regularly in. the

.and at the lake outlet, the Sunwapta Flver.

[

,_,_southeast stream and less frequently in the southwest strean

~

lwo major types of sedlment sampllng were conducted at

Af

b these lake 51tes: S ST .'{J5}3"“u ;“”1':

'.1;‘ Sampllng of suspended sedlment in surface and subsurface'

LA B AP A

- O @ e aaa

L ot
vater, and '<“~’“f~v”;ja;

- -

'ffZ Sampllng of - sedlment Seftllng out or otherulse dep051tedf37ﬁ

Ttlhﬁ lake bed ‘p ‘ ptfpyﬁ

>

—.-._ ———hem —m SSSmsss SEsEmsmRewa

Two types of sedlment pans or traps were employed to

collect sedlment dep051ted on . the lake floor. Seven large'

s

sedlment pans and four smaller cake pans were placed in the -

1ake. The large sedlment traps were based on a new Suedlsh
de51gn, w1+h a" collectlng area of 16&1 7cm2 ,and 51des about

o

5cm,high;‘Each c1rcular pan was attached at the“base to four
folding“'arms' with veiqhts (Fng 4). The combined weight of

the arms, the welghts, and the pan was thought sufficient to

‘prevent disturbance by'normal currents and to reduce

- possible disturbance_by slumps and umderflows. In tﬁe‘centre"

nof” each ‘Pan;.one. end of a gulde rope. was attached to -a

N

”fyertLCaI pole. Whlle'whe‘pan rested on the lake bed the'

\,,..-. - w’
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7:§aapvolved but nelther the equapment ‘nor
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A

Before recovery of each sedlment pan, & small marker

{float anchored to ‘a - rock was . placed nearby.VA c1rcular

S

plex1glas 1lid was lovered along the gulde rope onto the open

-

'sedlment fllled pan (Flg. 5). The 1id- reduced loss SE

. PR
w - - b
- Ta <

“sedlment durlng T¢ covory. Each pan was taken to shore and

jlts contents emptled into. large plastlc’Jars wlth 11ds.'.,wn
“After emptylng,—the open pan uas returned as'nearly as

-

_7p0551ble to its orlglnal p051tlon in the lake,

ThlS model proved both heavy and cumbersome.‘Recovery
by hand of each sedlment pan wlth the addltlonal welght of
the sedlment regulred a great deal of strength partlcularly

. for those pans in deep (10 - 11m) water. A v1nch pulley and

]

'Qtrlpod system wOuld have reduced the amount of labou#

e, : ".w-»' L e

sultable boat or

...

'fraft was.” avallable. The pans, belng c1rcular and heavy;‘were
dhlso dlfflcult to empty.vHowever, the major problem was the u.~
?louerlng of the 11d down to. the open pan w1thout dragglng »
and/or upsettlng the pan, an avkward procedure 1n all but : .
‘very calm hater. The boat had to remaln statlonary whlle the
lid was dropped and the pan ralsed- unfortunately, an anchor
_ could not- be used each tlme because-tjlf N | i”t f.pw
:1,tht would have dlsturbed ‘bottom sed;ment,.'

2, _It mlght have landed on a‘pan, and.“ B >\;ﬁiL

B 3;‘vIt would have been 1mposs1ble to ralse wlthout rocklng

- the boat“and perhaps upsettlng the Sedlment fllled pan
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- fff“f.j'restlng on' the stern.dﬁriett5&fﬁij {
Calm or: near-calm condltlons were relatlvely rare 1n July
and August, 1975 and the pans could not be brought up at

regular 1nterva1s.-A record was keptﬁof the tlme perlods

between recovery and replacement of each pan (Table 1A and
Sedlment pans were.placed at each of hé"five’”'
.representatlve 51tes in- Sunwapta Lak Threenpans’(A” B,:andr
C) were located 1n the south ba51n.‘51nce the major 1nflou

of water and sedlment occurred 1n the ba51n, dep051t10n into
> -
these three pans,,as exg_}ted to be hlgh Sedlment —;v;;q:;“}%@

= L v X % - o ae
’ R, e e B 5 .

a-ev L A e - . P E2

SRR RS- Y

concentratlons were known toabe hlgh and +he p0551b111ty of

e

underflows had already been 1nvest1gated 1n 1974 (Gllbert

e

o e

1975&) .""

F‘nlthemnorth basin, Pan 1 was sztuated north of the'

3 S

west channel,lthe deeper of. the two channels. Pan 2 was

laced 1n the deepest sectlon of the lake- Pan 3 north of

VAR .{

the east channel and Pan u 1n the north or dlstal
portlon of the lake.‘These pans remalned 1n the same general“‘

locatlons from June 23 to August 21 (Flg. 6). In order to

’:

place a pan 1n the deepest sectlon of the lake and to- ensure

that all pans were placed on relatlvely flat areas away from;

~
by

steep slopes (potent1a1 slump zones) lake bed proflles were
Q'~ ......

taken Hlth an echo sounder 1n the west and east channels and”f

”'1n the centre of the north bas1n. Pans 1 and 3 were not

o

placed dlrectly 1n the channels because of the steep,

1rregular lake bed at these 1ocat10ns.'

The second type of sedlment trap used was a small-

oo e
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able 1b. . Time intervals betweenlplaéement and _.recovery of
- large sediment pans. ' '

S el baidebsi bl S bbb D e B R T L R St e 1
Pan | Location | From | To |
mmremetmm ——— .- el ikt P Sl ikt 4
R | R | [

A {4 south basin | 1730 Jun- 20 | 10.30 Jun 22 |
T : t 1030 Jun 22 I 0910 Jul 3 |

i | -2050 Jul 14 {- 1600 Jul 19 {

| | 1620 Jul 19 | 1050 Jul 25 |

| | 1110 Jul .25 | 1200 Rug 3° |

Ly i 1215 Aug 3 I 1135 Aug 8 |

{ | 1200 2ug 8 | 1034 RAug 21 |

i o I I |
b, — - '&\E-:'-j—*-‘ﬂ-f' —————— e ——————— tm———— v-{
o { : { { |
A | south pasin I 1000 Jun 23 .| 1050 Jul 4 [

| { 1115 Jul 4 f 1010 Jul 15 . |

| I 1030 Jul 15 -y 1015 Jul 21 {

ol | 1030 Jul 21 | 1030 Jul 26 |

[ b 1045 Jul 26 Il 1135 Aug 3 |.

] | 1150 Aug 2 | ~"1130 Aug - 8 {

l ‘ . 1135 Aug 8 [ 1105 Aug 18 [

{ { 1120 Aug 18 I 1515 Aug 21 1

| ' | . | i
————— R i i b L --———~——--——-——-—-+-———————»—-—-——»—--|
o | ﬂ N |

~C. | south basin ] 1745 Jun 20 | 0940 Jun 723 |
! ‘ I 0940 Jun 23 | 1015.Jul 4 |

I 11040 Jul | 1040 ‘Jul 15 I

; 11100 JﬁT‘?%' | 1040 Jul 21 . |

i { 1100 Jul 21 | 1100 Jul 26 |

i { 1120 Jul 286 i 1110 Aug 2 I

| | 1120 Aug 2 | 1155 Aug 8 |

| i 1220 Aug B8 | 1100 RAug 21 i

I | I ) i
————— A el c et — e - —— i kY upup S |



FIGURE 6
LOCATION OF SEDIMENT PANS AND CORES

SOURCE: 1974 SURVEY (GILBERT,1975q)-

. SCALE :  lcm : 15.6m
LEGEND
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nfmstrlng connected the wlre to ‘a- surface styrofoam float

ﬁsupplement and check the larger sedlment pans (1 - 4) in the

rsquare cake-pan. Fach pan had a collectlng area of

approx1mately 400cm2? and 51des about 5cm high. One exceptlon

was a replacement pan with an area of 289%m2, A lead weight

was attached to the bottom: of each pan. wlres were looped

a

from the four corners and . 301ned in the centre of the pan,na
(Flg. 7).

The cake pans (1r ,2a, 3A and UA) were used to
north basln (see Fig. 6). Placed from two to four metres’

from each 1arge pan, the attacned floats of the 'cake pans

were also useful as markers when the larger papns were belng

emptied and replaced. These smaller pans proved satlsfactory

"J.r-‘ut"

ip terms of sedlment collectlon and ease of handling. In/

. =
relatively calm veather, each pan was brought to the surface

and 1nto the boat, emptied rapldly into plasth jars, and
lowered back into position - -an operatlon requi rlng ten to
fifteen minutes. If the boat could be kept fal,ly stationary
during a'scent, the welght of the pan and its antents ,
prevented the pan from tlpplng oveﬂi;idttle vash-out~of"
sediment ‘was evident when the pan .was raised slowlya‘The

square shape and llght weight of the pans made. emptylng the

sedlment relatlvely easy. Instead of taking each pan to

]shore, the operatlon could be carrled out in the boat; this

‘was & valuable tlme—saver, partlcularly when calm periods

often rasted only a few hours. S : )

g’Unfortunately the llgh+ welght of the pans made them
<
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- currents or wlndublown 1ce, dragged them into deeper water.ﬁ{ff‘u

:semeral Cake P&nﬁ were placed north offthe sast channel DA

‘”pans probably dlsrupted sediment ‘movement by’ currents f”

R

<suscept1ble s dlsturbance Several cake pans ‘were lost or -»fffffVV

moved when the attached floats. because of unusually strong ,J-'g?”f;

Sedlment samples Were never obtalned from Pan 3A although

s o @ -..e..o """r.‘..‘"“}," w e e geay

The absence of a 11d and the nece331ty of ‘the boat

' remalnlng statlonary durlng recovery restrlcted ralslng of
. the' pans to calm weather perlods. A record ‘Wes kept'of the' g

-tlme 1ntervals between recovery and replacement of each cake

pan (Table 2). ‘o

The high sides of both thb;sediment:pans and theicake‘

. -

adjacent to the bed However, materlal settllng out from

g suspen51on or deposrted by all but the deepest currentsl

o would have been caught in the- open pans. The 51des,'on the

other hand may have reduced wash—out of sedlment in the ‘pan-

by deep currents. .Sediment from each trap was poured 1nto

Eone Or more large plaSth jars. These Jars were then sealed

1abelled (date and pan number) and taken to the fleld

laboratory or to Edmonton.

LN

2.2.3 §amplinq of Suspended Se diment

‘Concentrations of suspended sedlment may vary both | L f
horlzontally and vertlcally. Sampllng bottles or 'mllk
bottles' were used to obtaln surface samples in the 1ake.

.

Each 450em3 glass bottle had a permanent label and a

'snap—on, spr}l—proof lld. Samples were collected by hand a
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iTable 2.- Tlme lntervals betveen placemen+ and recovery of

: _'fl small sedlment (cake) pans.ffef_ ,

‘r**-f*f*f+* ---------- ﬁ--’fr4. ------ mmm e :Téb----f+f-rf?--'1
'I-Pan lw Lecatlon ’ R I From ,|‘¢ ng~

I -1 T
73 near Ban 1h_,,fqli_3929,Jul S Gl':OQuprul
| north of west . .0950 Jgul 14 1 1135 Jul.
| channel I 1140 Jul 21 1220 RAug °
1 . i 1230 Aug 3 | 1455 Aua
I . S |
e r_—b e, —————— ———————— term e ———
O R R e SR LR
| near Pan 2, . 0930 Jul 5 { 0915 Jul
| deep section of |_,0940 Jul 12 | 1115 Jal"
1. north basin. -t 1715°dul 20 < 4 pan lest
| o 1020 Rug 13 4 1420 .Aug
R b 3 ol el o . I -
*”*€“?"‘*7""Fﬁi"ﬁf““fi""ﬁfftl """ =TT
A - T 1 &
..} near Pan 3, o -0%40 Jul -9 . pan lost
~ | .north of east .. ¢ 10710 Jul 25 1. pan lost
{ channel 1 )| “
L PP : I o R
+__'___;.--;_,_--—-f—-+-———-.v_'—----———..—H.A—---,-. ------
A | L D L
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" { north (dlstal) i 1fu0 Jul 14 { D15 gul
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e T

bottle was lowered on LtS sxde 2 - 3cm lnto the lake and

about 300-- HOOcm3 of water allowed to flow 1nto the bottle

as the boat drlfted. The bottle was then sealed and marked
L ~d - b -
' 1th the date, tlme and 1ocat10n of the sample; Bottles were

B t ansferred from the lake to the fleld laboratory in v

e V= L A L T ~ e e o 2

co partmentallzed boxes.,tn R T I T
Because of the relatlve ease of handllng, surface
samples could be obtalned on a falrly regular basis, usually

:ﬂn the mornlng and late afternoon/early eVenlng» Sampllng

was carrled out from July 2 to August 21..The styrofoam

s

floats attached to ths sedlment pans and marklng their
p051tlons were: also used to markss1tes for suspended
sedlment sampllng. In thls way it was hoped that suspended
; sedlment concentratlons at the surface could be related to
"amounts of sedlment settllng ‘out in: the sedlment pans.'
Falrly‘regular surface water samples were taken: 1n the
-v1c1n1ty of Pans 1 2{ 3 and Bj; less regular samples at Panv“,
u. Pan u 31te, the dlstal (north) end of Sunvapta Lake, was

~,rk‘v

usually dlfflcult to sample because of the prevalllng /
katabatlc wlnd The w1nd was from the/south and the boat had
to be returned to the south end of the- lake, a tlresome and
tlme consumlng bu51ness agalnst the wlnd and waves.~For thls
reason, the Pan a slte was not sampled as regularly as were
the more acce551ble 51tes near Pans 1@%2 3 and B. - Samples
were also collected about tuo or three tlmes a ueek from the
lake outﬁet. - -‘.’ ",'r o R .'t .

For subsurface samples, a Van Dorn bottle proved
A S e v

/.



ce

" that ~-depth (Fig. 8). Samples were generally taken at

L T

;Asatlsfactorv;'The 'bottle',‘a heavy plastlc cyllnder open at!:;“
both ends, was lowered to the de51red depth where a
‘messenger (a short metal plpe) ‘was used to trlgger the/
'release of two suctlon cups. The cups closed the open gnds

—of ‘the cylinder, trapplng a sample oﬁ water and sedlment at

f

_ L L : I .
-vertical intervals of 2m as marked off on the attached rope.

However, within the east and west channels, the interval was
!

.Jreduced .near.. the lake bed to allow for the shallow water

C o \

depths. Each sample was brought tp‘the.surface_andgempt;ed

- -into a bottle, The~hottles were labellad and tranéferréd to-

~the fiel}d laboratory. .

tourlst bridge made the mlddle of t

o

Subsurface”samples vere collected far less frequently -

"and lesstregularly than surface samples. Unlike surface

|

.sampling, relatively calm weather was neceSsary'in\order'not

to drift too.far from the samplingfsite.~5ampllng was .
carried out in the east'and west chauuels, in the cemtre of
the north ba51n, and-in the, K south ba51n {(Table 3). A
depth-lntegratlng sampler for lak%s would have produced a

more complete vertical average ofvsedlment concentratlon
. )

from surface to bed.
Regular mornlng and late aft rnoon suspen 2d sediment
samples were also collected from the southegst stream. The

n streanm channel

accessible for depth 1ntegrat1ng samples (Stlchllng and

Smlth, 1968). An open 'milk bottle' was clamped into a

depth-integrating samplervattached to a sampling rod
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Table 3. - Van Dorn bottle samples.

r

Location

west channel -
- south of pan T

east channel -
south of pan 3

- - o - — -

deep section of
north basin -
near. pan 2

south basin
near pan B
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",(Flg. 9). About 350cmJ of water were. regulred for a‘ Hf'd
'representatlve sample. If too llttle water and sedlment were
collected the procedure was repeated. If the bottle ‘was too

‘full or dld not - reach the. bed the bottle was: emptled and
washed out and the sample retaken. Each sample bottle was
{labelled and taken to the fweld laboratory. ) .
| About once or twice a week \slmllar samples were | 3
collected from the southuest stream. Samples were obtalned
:by wading-into the stream' there vas no flxed sampllng
"point. Because of- the relatlve 1nact1v1ty of thls stream 1n"
'1975{ sampling and other measurements were largely conflned
to the southeast stream. ThlS was the reverse of the
'procedure in the fleld season of 197u (Gilbert’ 1975a).

An attempt to measure suspended sedlment concentratlons
through use of a transmlssometer falled. The 1nstrument
proved too sen51t1ve fo@}the hlghly turbld waters of thefv

-’lake, except for areas of groundwater 1nflow along the
shore. As wlll be discussed.. below, transm1551v1ty, measured
" by means of a. transm1531v1ty klt,'was found to correlate

'ulth suspended sedlment concentratlons.,

“

2s 2 4 Current and’Veloc1t1 Measurements

Suspended sedlment dlstrlbutlon in a lake is partly a

o
o

ifunctlon of the characterlstlcs of the 1nflov1ng stream(s),

“1nclud1ng suspended and dlssolved sedlment concentratlons,-

temperature and dlscharge. In 1975, the major stream flowlng
. N : .
into Sunwapta Lake entered from the southeast. Dally

o



3 —_— sampling rod .

"oglen 450 cc sample bottle . . . ; L

) (—-_. direction of water movement

adjustoble clamp coee
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FIGURE 9
DEPTH INTEGRATING SAMPLER



2,i_Th° lake was a small proglac1al lake,‘only O 1u5km2 1n

'the southeast stream (F1g.ﬁ10 and Appendlx B). Dlscharge Has-*
-plotted agalnst vater stage, that is m ;.‘the helght of
Jthe surface of theéyater above an arbltrary datum" |

A(Morlsava, 1968). Dls&harge is » ;; the volume of water

(mornlng and afternoon) varlatlons 1n suspended sedlment

”tconcentratlon vere sampled wlth a depth-lntegratlng sampler.;ff”

o~

*_‘lessolved sed*ment concentratlons of stream samples werea"'u

A

-estlmated "lth a2 cond“Ct1V1tY meter, as dlscussed below.7““'

Temperatures of both the stream and the lake water here not

o

: measured because"‘

a

s The major stream,'the southeast stream, flowed dlrectly

from the glac1er to the lake-‘the temperature of the

: water was assumed to be Just above 0°C.

'area, fed by glac1a1 meltwater streams and affected by

cold katabatlc ulnds. Temperatures in the lake were.f'-fffﬂ.””'J

3

. assumed tp be Just above free21ng, 1th.11ttlelor2no-"

rvarla 1on across the lake.;.”

3. lInstruments sen51t1ve enough to measure p0551ble slrght__

I

'temperature varlatﬁ%ns wlthln the lake and between the

f.major s+ream and the 1ake were not avallable. ;'chf

4. The large 1nput of suspended sedlment made 1t unllkely

- that temperatures would be 51gn1f1cant in sedlment

_dlstrlbutlon in the lake,,,’”

S .

Two stage-dlscharge ratlng curves were constructed for’

4

‘flov1ng nhrough a cross-sectlon of the stream channel per: .

unlt tlme,_measured in cublc feet per second" OL: cublc f;ﬁi

1




42

"30ULS SNSY3IA (D) 3FO¥HHISIO ¥04 S3IAYNT ONILHY  -07 3I¥N9I4°

(W) 39818

S1]€ - (3961%)°%90716°32.= O

3

4 =

(&

AN.Hmzmzc.p.m £anr

'3v 9y - (39¥18)%70071S €€
. g - 2 anr

n
o)

(SW3).

[llllllllllllllil.lllllllllllll!lllLllJ_llllJllllllllllllllllllflllllllllllllJIllILllllL lLl
W

J0UHHIS TG



S 43
i [
L Sa e
o K ¢

metres per second (Morisawa, 1968). Dlscharge is calculated

u51ng thP equation:

2\

[ @]
l
=
<3

(2-1)

"'4-4

. .. . . . . ' -
" where Q is discharge, A is Ccross-sectional area of the.part

of the channel being measured, and Vv is mean veloGity at

Y

that s'ecvtion. C ' e d
. : . LT .
The width of the main Channeltpf;the‘southeast stream
was fixed at abqut 25 feet (about Bn) by concrete walls

supporting the *ourist bridge. Here, a small portable staje

recorder and wooden stilling well “fastened to the bridge -
supplied "an almost continuous record of water height in

centimetres, High and low periods of flow were apparent on
‘ ‘ ; LN ‘

‘the‘chart, particularly diurnai)fluctgations. On July 9,
vandals tampered with the float and balance wheel, making
the record less reliable for é few days.

The velbcity of the streanm was measured wlth a Gurley
current meter and stop watch., A tape measure was fgstened to

the bridgegand st;etcﬁed across;the width of the stream. At

.
.

two-foot (O.6um)_intervals along the tape, the current meter
was lowered to 0.6 of the depth. The mean veloc1ty of the
Southeast stream was then calculated from the total velocity

meéasurements across the width of +he Strean.,
. N '’ .

T stage-discharge rating durve was drawn for July 2 - 5

based on four yelocity/area surveys. From the rating curve .

-

it was.édssible to read the discharée for'any water height,

Stream velocity was monitored ten times between July 6 anc

r



August 21, Aamot spell with air' temperatures about 26.89C
lasted for the first two weeks in July. . Stream levels were
high, the southeast delta“uas flooded, and the lake level
was O-3 = 0.5m hlgher than 1t uas in August. The remalnder

of the summer was generally cool , wlndy and wet. Both stream

v -

and lake levels fluctuated uldely. The large guantities‘of

¥

sediment transp0r+ed by the southeast stream resulted»in -
rapid growth of the delta. Hathln the streanm channel,
fluvial prooesses varied betueem'erosiOn and dep051t10n.
Irregular dep051tlon in the cross-seétion measured dould
have affected the relatlonshlp bet ween cross- sectlonal area
and mean: velocity. This may have modified the discharge
estimates and‘therefore the stage-discharge rating ourve;
'The disoharge of a streanm is a function of its -
byelocity; whdch im turn affeots'tme competehcy and capacity
‘of'thg,stream. Furthermore, the velocity of the stream‘ o
‘influenoes the.momentum of the resulting current upOn.
entering-fhe lake. If the momentum is great,'overcoming
inertia of the lake water, the’currentAand its sediment load
may travel further across (or w1+h1n) *he lake than if
momentum is low.
o N ;
At_fhe outlet of Sunwaptaclake, the Sunwapta River, a
permanent;gauging station has provided outflow data 'since
1947. 3oth water stage data and calculafed mean daily
discharges'are available for the period of open water,

usually from late(April or mid-May to October,

Within the lake, an attempt was made to monitor
: ( . '

\
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currents flowlng wlthln one to two metres of the bed. Thls‘
was part- d% a f1e1d study on tuerdlty underflovs carrled
out 1n Sunwapta Lake in 155& and 1975 (Gllbert 1975a)._In
_the 1974 season, a corre1a+1on was found between wingd )
veloc1t1es as measured by an anemometer, and bottom current
veloc1t1es (Gllbert, 1975a). The data for 1975 have not been
analysed at present and it 1s not known yet uhethe;‘a
\51m11ar correlatlon existed for July and August of that
year, . o |
Drogues had been used with some success to study
surface and subsurface currents in the south ba51n in 1974
(Gllbert, 1975a) « A. 51m11ar attempt in the north basin 1n

197% was largely unsuccessful Each'drogue-éonsisted of four
aluminum vanes about 43 X S56cm jOlned at rwght angles. A ﬂ

- measured length of strlng attached the vanes to a surface
tloat, usually a‘plastic bottle or piece of‘styrofoam

V(Flg. 11).'In theory, movement of a current at the depth at
’thcb the drogue is suSpended pushes the drogue at the speed
and in the dlrectlon of current flow. In practlce,.
'compllcatlons-arlse. Wind and vaves affect the float, often
pulllng the drogue at a veloc1ty greater than that of the
current. If the wind is strong enough,lt.may move‘the floas
and attached drogue in a direction opp051+e or normal to the
cnrrent flow. If a deep current is transportlng the drogue,
the float may act as a *dragq’, creatlng a discrepancy

be*ween the real and the appa;ent velocity. The- smaller the

float, the less its effects on drogue movement. In the
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FIGURE 11
DROGUE

|

e metal vane
.



"E7the lake would\have ‘raised objectlons from the Natlonal

47
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turbia\waterﬂofvSunwapta Lake, a highly visible. loat vas

';necessary. unfortunately, small brlghtly coloured Ob]eCtS on

Parks Serv1ce staff. *
) )

Four drogues were released on August u (Flg.‘12)..
ﬁ. ‘A surface drogue 1n the east channel,.
2. A surface, drogue in the westvchannel,
3. A 2nm drogue in the vest cnannel;vand.
4., A am dfogue in the west channel. | r
bTheluovementS‘of the drogues in the:north basin confirmedv
_robservatlons on surface and subjacent current flow. The east
channel surface drogue drifted from the narrow Channel ‘into

Al

the north basin. It was caught by a strong current flowlng
north from.a‘?emporary channel on’the‘delta, and'floated
barouna the east end of the island. 1bout one-third of the
way touarus'the west end ofvthe'island, the float resumed. .
its north/northeast'drift towards the lake outlet. The
drogue uas bicked up«in'the_centre of the north basin. The
vest channel surface drogue floated:in‘a north/northeast
direction and uas_picked up in the centre'Of the basin
northwest of Pan 2. The 2m drogue noved slouly north-and

‘ then northeast toiards the outlet. The Um drogue moved
north/northeast, then apparently grounded southeast of Pans
1 and 1A. The movement of the drogues agreed with wind and
general lake' water movement. A strong wlnd-was blowing. off
the glacier, and lakeZVater flow wasffrougthe‘south basin,

TN

through thefuest and east channels, into.the'north basin,
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‘and towardstthe outlet. The exceptlon was the temporary
,current flowlng around the’ east end of the 1sland this was
vreflected in the movement of the east channel drogue. The |
fact that the surface drogues moved much faster than the
subsurface drogues was probably a result of the decreasing
" influence of the wind with increasing water depth

The lack of flxed reference p01nts made drogue
veloc1t1es impossible to measure, In addltlon, the drogues
- had to bhe folloued by boat in order to be seen, and the boat
drifted rapidly to the north The lake»was too large\and |
turbid, and the. floats .too small to be followed.ﬁrom_thej

1sland or the shore. il

S L ¥IES

Seven cores were obtaihed from the bottpm sedlments of
Sunwapta Lake on July 30 and 31..A floatlng platform forpthe“
jgrav1ty corer and trlpodswas constructed from lumber and |
empty oil drums (Flg. 13). In the centre of the platform’an
openlrg was left for the corer.- The’ platform was towed to.a
corlng site and anchored wlth heavy rocks (Anderson and |
Hess, 1969), | . "J

2 gravitf corerpis allowed to fali\freely'to the lake
bed., Its driving force is the velght of the corer plus any
attached we;;hts (Emery andleetz, 19&1). The grav1ty corer
used in Sunwapta Lake con51sted of a,heavy metal plpe about

four inches (11cm) in diameter, elght feet. (about ‘24 4m)

1long, and weighing about one hundred pounds,(#S.ng). Four



drum

FIGURE 13
GRAVITY CORER AND RAFT
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metal leS Megé joined tg§t§e plp° near the upper end.

P
LN

~Before corlng,'a flfty—pound (22. Skg) welght was attached to

L [~
f1ns,~and a'metal 'nose

. T ) , ™ 7_ R
.f*tseﬂiment.;A removeable plastic co gg 1£%Er vas fltted 1nto

o F e - . “,“_.@; T TTE
" the metal pi pe for°each core. When the core waq:gollected o

ard the corer ralsed a’ core retalner inside the bottom end

of the pipe closed to prevent sediment escaplng (Flg. 1&).

When the plaxform was anchored at a corlng 51te, Eycore
liner was slipped 1nto the corer, the nOseicone-was screwed
on and the corer with the attached welght was suspended from'_

the tr;pod over the¢platform openlng. A rope from the top of

the corer passing through a pulley at the apex of the trlpod

/

vas wound around a small hand—opera+od w1nch Ihe wlnch was

D¢

~attached to the. platform and controlled the ralslng and

lowerlng of the corer, The corer was lovered by ulnch over

N,

the selected site, At a certaln depth, dependlng on the

depth of the lake at that p01nt,'the w;nch gears vere locked -

and the corer suspended in the lake./The strain was taken up

by hand._When the corer was steady, the winch gears were

. )
released and the grav1ty corer allowed to drop into the lake

bed sediments. The heavy corer and sedlment were then raised
slowly With the wlnch. When the top of the metal plpe wvas
about a metre above the lake surface, the mud vas cleaned
off the welght and flns, and the water permltted to draln,
out the corer. This water was forced into the pipe as the

N

corer was falling through the lake. When sediment was driven

s

I
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4'A11nto the corer, some;ofhthls water was pushed out through

~.the cores collected.

\‘\' N )

“*jopenlngs at the top of - the plpe, in. splte of hydrostatlc

pressure; however, this water probably reduced the length of

\

To prevent sediment from,spilling'out of the corer at.

o

”the surface, the bottom half of a. tin can attached to
lstrlngs was pladed over the nose cone and bottom end of the
.~ pipe..As’ the corer was slowly raised to the top\of the 4' ~

'jtrlpod, the inner plastlc plpe was gulded out of the metal

plpe. The tln can was then rep¥532d\w1th a plastlc lld'

seallng the bottom end of the plastlc tube;, To keep the

?tubes uprlght, each one' was t1ed to a leg of the trlpod The

tubes were transported to the fleld camP uprlght in the back

of the truck and tled to the %ront of the traller. The coresa*
‘were allowed to. dry for about two weeks. Each plastlc tube

and core was then spllt 1n half and 1eft to contlnue drylng._y

On August 24, the cores were transported to 1=’dmonton for

_photugraphl%g and’ further analy51s in the laboratory.

Inltlad dlff culties in handllng the corer and the

unconsolldated nature of the sedlment resulted in the loss

A

of several cores. Some spillage of sedlment also occurred

befOreethe bottom end of each tube could be sealed. The
grav1ty .corer has been used with better success in more

'i{consolldated lake sedlments (Gilbert, 1972).vCores were

N

" taken in the general v1c1n1ty of the sedlment pans, although

/

not close encugh to rlsk dlsturblng sediment in and around

a N

each pan. Three cores were collected frdm the south ba51n.':“=

s

ad
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Four cores . were taken from the north ba51n (see Flg. 6)'

e gjn'the'deepest sectlon, south of Pan 27 .
2, iIn.the.uest.channel south of Eam 1,

3s In the'centre of the lake, vest of Pan 2, and o Sy
4, .ln theinortheasttpart oF the lake, opp051te the'outlet-mhi
' hdggTheSe ‘cores 3hould prov1de ev1dence of recent past |
‘_sedlmentatlon rates, partlcularly when compared wltt bottom
‘lsedlment samples from the field season of 1975._Structures
_such as varves, lamlnatlons, folds and slump structures‘
provide clues to past processes of sedlment movement and

N - t-
“~;dep0s1t10n. o R : :

.3 Labg;aEOEXHMeth g ology

o

2.

.1aField Laboratorz o _ L - '-lfht
Samples collected from Sunwapta Lake were taken to the
fleld laboratory, w1th the exceptlon of those obtalned at .

. the end of the fleld season and brought to Edmonton." |
.Labora+ory equlpment con51sted of: L small electrlc Flsher
oven for drylng samples, a vacuum pump and fllterlng j- _
‘apparatus de51gned for Gelman 0. 2M and Watman_gb (5&1) . ﬁal'

fllters, a transm1551v1ty klt, a’ Hach conduct1v1ty meter
o (after July 181, a Sartorlus balance wlth a maxlmum of 160 "

g, a balanceiupd 5ca1es for larger welghts, contalners of R
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sedlment from each pan 1nto plastlc gars. At camp, the
if sedlment was al&owed to settle for several days, after whlch;‘

9

".'the excess water was syphoned off. The small amount of

wu”;-sedlment in. each_beakerrehut averaged about twenty four'

“‘sedlment lost wlth the relat1Ve1y clear water was not '*jjvﬂ}ﬁ_;:
f{jcon51dered 51gn1flcant. The remalnlng wet sedlment was then

. emptled 1nto several beahers and drled in the oven. Each

beaker had already been welghed and numbered at the

n;
beglnnlng of the fleld season. A record was kegt for each

sedlment (or cake) pan sample con51st1ng of°7

1., The Pan number or letter. fﬁ“" g g

“ﬁ;; The date and tlme the samble vas: brought up from the
lake bed, and s "j.‘th. S .

'>?’3.€ The numbers and velghts o§ the beakerstln whlch the o

sample was drled.

%

. ",.‘“- .

hours.'A beaker remalnedgln ﬁhe oven untll all v151b1e 51gns

'wﬁ;, B R
, of. m01sture had dlsappeared._Each beaker plus sedlment was
- 9“1‘- Lo

then welghed and the comblmed welghts of. the beakers and

*

sedlment for ea¢h sample %ere added to the above mentloned

record.‘Smaller samples from eachﬁdry sedlment (ob cake) pan“ih

sample were“preserved 1n labelledfcellophane bags for later

graln-51ze analy51s. The remalnder of each sample vas'ﬂj’

dlscarded.g' | | |
Knowlng the-area of the sedlment pans and the tame

1ntervals each remalned on the lake bed, 1t is poss1ble to R&'

calculate rates of sedlmentataon for each pan. From thls : ;y

[}

. . §
./. A ) : R o e




4ihfotmation one may be able to assume'sedjmentation rates
for each .of the five representatlve areas ‘shown in Figure 3:
the pf@xiaal 20he, the north side of the east and west
chan;els, the deepest portlon of the north basln, and the
dlstal zZone, Graln 51zeﬂanaly51s of the smaller samples
’preserved should 1ndlcate dls*rlbwtlon of graip-sizes
. o
throughout the lake.

. At the beglnnlgg of the field season, all suspende&
Jsedlment samples were flltered using the vacuum pum; and
fll*erlng apparatus (Flg. 15) . T='ac'h fllter was weighed on
'the Sartorlus balance béfore use. Each stream wvater sample
was.finst.filtered‘through_a'relatlvely coarse Watman 50
filter and then through the fine'Gelman'O‘QU filter.
'llthough.the filtering apparatus was designed to usé both

f11+ers 51multaneously, in practlce it proved faster to
f;lter flrSt the coarse, then the f1ne sediment. Sand and

- Coarse silt particles were trapped by the coarse Watman -
.mesh the va\/}rand flner sed1men+ passed through into a
:trap flaskm Dlstalled water vas used to vash out%the sample
"mllk bottle* to remove any remalnlng paTtlcles. The Watpan
tlltar and coarse sediment vere placed in a plastic‘pefrie
dish marked Qith a codefnumber. The water and flne sedlment
from the trap flask was filtered +hrough a Gelman fllten.
"Thls filter wlth the trapped sediment was also placed in a #
Wmarked petrle dlshf

t Because of the visible lack of coarse suspended

_sediment in. the lake samples (ulth/one of two exceptlons),

P s



water and sediment
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omly the Gelman filter was used. The sedlment caught by the
/
flne mesh wvas placed in a marked petrie dish. These dlshes

were drled slowly on top of the oven because the

/,-

temperatures 1ns1de the oven requlred to dry tﬁe sedlment
pan samples me1+ed the plastic dishes. The dry sedlment andv

filter vere weighed on the Sartorius balance and the ue%ghts

recorded.
. |

2 standard form sheet vas used to record data on the

.

_Suspended sediment samples from the stream and the lake.

=

These data comprised:

1. The sample code number as marked on the petrle dlsh

2. The date, tlme and location of each sample,‘”'

3. The weight of the Gelman fllter and Hatman filter'(if‘

used) for each §amp1e;;
u; The veight of the‘sampling_bottle ('milk bottle‘) and'
contents prior to filtering, ' | !
5. The ;eight of the empty samﬁfimg bottle(after filtering,
aQa | ¢ | i , |
6. The welght of the Gélman fllter and Watman fllter (1f
used) plus the\trayped sediment. '
From these weights it .was possible to caiculate and record,
for each sample, the volume of wa+er in the sample, the
welght of the sedlment, and the concentratlon -of suspended
sediment in mg/bf | h
A transm1351v1ty kit drastlcally reduced th< number of

sampkes requlrlng fil erlng. Transm1551v1ty is a measure of

the percentage of llght passing through a water sample."

i
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eDistilled vater‘is.set for‘a transmissivity'of 100 percent;
%in_other words, .|all the light from a source is assumed to
Ipassédlrectly through dlstllled water. The greater the |
concentration of suspended sedlment in a water sample, the

lover the percentage of llght alloved through tWe sample.
S

Transm1551vhty readlngs were taken: before orlin.place"
‘!f, fllterlng. For each readlng,.the needle-on ‘the gauge was

set at 100 percent for. a sampleée of dlStllled water. Each
|

suspended sedlment sample (in a 'milk bottle! ) vas stirred
I

v1gorously to dlstrlbute the sediment evenly. Immedlately

~after stirring, d smaller sample was poured into a small

|
clear glass bottlb belonglng to the.klt. The small bottle

was shaken and placed in a compartment in the kit, The 1lig

‘on the compartment was closed to prevent addltlonal llght

*

modlfylng the rea 1ng, the llght source in the compartment
. was turned on, and the transm1551X1ty of the sample recorded

from'the'gauge readlng. The small sample was then returned

[y

T

x
h the transm1551v1ty test and the

fllterlng uere carrled out for each sample. Hovever, when

.to the orlglnal la(ge sample.
Inltlally, bo

oy

transm1551v1ty readings uere plotted agalnst suspended
sediment concentrag}obs ofalake amples .as J@lculated fronm
fllterlng results, a relatlonshlp was appareTt for.
transm1551v1t1es betveen flfty and elghty pe cent (Flg. 16
and Appendix B). With the plotted graph, only those,samples

- |
with +tansm1551v1t1es 1ess than 50 percen+ orxgreater than -

80 percent had to be flltered. As the majorlty\of lake

. , _ - |
‘ | : .’ ‘Z'f ‘ . : { _u\\
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samples fell wlthln those llmlts, the‘graphhproved a
labour-and t1me-sav1ng dev1ce. It was ‘hot dlscovered uhy the
correlation broke down below 50. and above 80. percent
transm1351v1ty.'Perhaps\belov 50 percent, partlcles are ,
coarse enough to settle out betveen stlrrlng the sedlment’
and readlng the gauge. Another p0551b111ty might be that
partlcle-to-partlcle 1nteract10n in a hlgh concentratlon
could vary with every‘sample, affectlng the passage of llght

through each sample. Above 80(percent, it may be

concentratlons are so small thatqvarlatlons in particle size
and’ shape from sample to samplehnotiCeably‘affect\the

passage of laght and, therefore, the transmissivity'reading.
However, Since . so few samples had a measured transm1551v1ty

greater than 80 percent, one cannot dlscuss the exlstence,

»

or lack, of correlation between concentratlon and
transml551v1ty above BO percent.

The hlghly turbld nature of the“lake uater prevented.
use of the transmlssometer. Thas lnstrument vas set for
readlngs 1n~the 85 - 100 percent.transm1551v1ty range. The
transuissometer was used successfully lnasuch lgkes as Bow
Lake and Hector Lake, Alberta, where suspended sedlment
cohcentratlons were much lower than in Sunwapta Lake
(Kennedy,.1975 Smlth, 1975).

 The limitatiODSvof.sﬁaCe and equipment in.the field

laboratory prevented use. of the plpette-evaporatlng dlsh

.

-method of analy51ng dissolved sedlment concentratlons.

However, on July 18, a Hach conduct1v1ty meter was borrowed

.



N

from another f1e1d party.,The electrlcal condu?t1V1ty\S§ the
watem in each suspended sedlment sample (that ls, in each
'mllk\bo+tle') was teskﬁd‘before the sample was flltered.
Conduct1v1ty was read off the gauge as mlcromhos per .
centlmetre. From a table supplled with the éonduct1v1ty
meter, concentratlon of dlssolved sedlment was found to
equal (approxlmatelyo 0 u times ﬁhe conduct1v1ty of the

E

-sample. Concentratlons were measured in ng. 1. Because of the
jnature of the’ roehs in the Sunwapta Lake area, the dlssolved
sed;ment or Fon conCentration was assumed to consist largely
or ca1c1um carbonates.‘The conduct1v1ty measurement of each
sample was recorded on;the suspended sedlment data sheet.

If dissol#ed sediment ooncentrations.were high-and/or
varled s1gn1f1cantly, this mlght haVe affected stream and
lake water den51ties- this in turn would have affected the
omovement of the 1nflow1ng stream,water and its sedlment
load. ,n'Sunwapta Lake, ulth 1tsfoon51stently hlgh suspended‘
- sediment concentratlons, the.effects of.the dissolved: °
sediment were relatlvely unlmportant. Furthermore, measured
conduct1v1t1es were generally low, never exceedlng 105
'mlcromhos/em in the lake, or 115 micromhos/cm.in the stream.
The lo;est cohductivity reading formthe lare samples was 55
micromhos/cm. An increase in dissolved ionlconcentration %rom

about 60 mg/l to about 90 mg/l 1ncreases the Hater den51ty

“by less than 0. 00003 g/cm3 (Kennedy, 1975).
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Gra1n651ze ana@y51s of north ba51n sedlment pan samples
was cdrried out, using the hydrometer method uetUSLev1ng,
7and, where necessafy, dry 51ev1ng, thlS 1s descrlbed in
’greater detall in Appendlx c. Oonly a few samples had a
'_51gn1f1cant (about 10 percent or greater) proportlon of
“materlal coarser than u¢, whlch on the Wentworth scale, is

'the division between very flne sand and coarse silt.



- 3. Analysis and Discussion

=% —_——= —-_——

In Chapter 1, stratified}flow was deFined as-" sse fluld

‘motlons in a grav1tatlonal field whlch are orlglnated or-

influenced by varlatlons[ln density within the f1u1d sas

(Harleman, 1961). Variations in density betweethwo

currents, or between a current and a standlng water body,

are caused by dlfferences in chemlcal or mlneral

comp051t10n, temperature dlfferences, or dlfferences in

concentratlon of suspended and dlssolved sedlment. The’

density .of an 1nflow1ng stream current relatlve to the

den51ty of the lake water determlnes the current's vertlcal

p051t10n within the lake. Where the den51ty dlfference is
k

sufficient, overflow, interflow or underflow’resultsei

—— e e  — e = - -

3,2 Thermal Stgg’g;i_fli ion -
Den51ty flow due to thermal stratlflcatlon is regarded
as 1n51gn1f1cant in many small proglac1al lakes for two

v
!

reasons: ' . x g

Ja 'The relatlve similagity between stream.and lake water

temperatures, and

2. The -overriding 1mportance of a large and variable 1nput

of suspended sediment.

A

The prox1m1ty of a glac1er Hlth its accompanylng cold
katabatlc wind is usually sufficient to keep lake water

temperatures barely above free21ng. Thls is partlcularly
-

{
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true forasmall shallow lakes. Lake water temperatures remain
_constant both horlzontally ‘and. vertlcally, the‘thermal zones
(eplllmnlon, metallmnlon and hypollmnlon) common in nany
‘non glac1a1 lakes, cannot be establrshed Thermal
'stratlflcatlon w1th1n a lake requlres water temperatures
_ above 4oc, the temperature of max1mum water denszty, except
~in the hypollmnlon, and a drop in temperature of 10C for
every metre of depth in thevmetallmnlon (Antevs, 1951'
Smith, 1966). The 1nflux of céi@ glacial meltwater and
frequent agitation by wind-induced'waves Create isothermal
.condltlons within many proglac1a1 1akes. Tnterflows -due to -
temperature dlfferences between stream and lake water cannot .

occur. If some of the waten entering a glacial lake is

Y

non—glac1al 1n orlgln, overflow or 1nterflow due to thermal
.stratlflcatlon could result as relatlvely varm stream vater «
enters the.frlgld lake water, Hovaer, proglac1a1 lakes,are
generally fed solely or malnly by gladlal and nival A
meltwater streams wlth water temperatures almost 1dent1cal
to 1ake water temperatures‘ Below uOC, smaller dlfferences
in temperature between stream and 1ake water are requlred to>‘
“produce stratlfled flow than is the case above yoc’ (Mathews,.
1956 Schllchtlng, 1961) « A change in temperature from ooc
eto 4oc 1ncreases water density by 0 00132 gm/cm3- a drop in
temperature from 80C to uoc 1ncreases water den81ty by

" 0. 00012& g/cm3 (Hodgeman, 1940) . If sedlment 1nput is small
and constant, only sllght temperature dlfferences are

-necessary to produce den31ty flow due to thermal
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' stratification (Kennedy, 1975). In a proglacial lake fed by
-glacial~me1twater str=2anms,. conditions;are feversed.
Temperature‘differences arL negligible' sediment 1nput is

large and varlable, correspondlng to diurnal and ‘
. |

"Weather-induced fluctuatlons in glacier mblt;.ﬂithin'
proglacial lakes, den51ty flow, and to a: large extent i
sediment dlstrlbutlon, are 1nfluenced predomlnantly by
den51ty varlatlons caused by dlfferences 1n sedlment'
concentratlon.(Kueﬁgn, 1951). r P |

A‘somewhat different situation may exist in wiﬂ%ér if
inverse thermal stratiflcatlon is establlshed The greater
density -of  the deep, /armer water may retard settllng of
‘flne partlcles from the llghter ‘colder vater layer subjacent, -
to the lake ice, Meltwater carrylnq small amounts of .
sedigent. 1ntroduced after freeze up, and whlch 1s lower in
.denZij than the deep uater, may be distributed by overflou
'or interflow below the layer of llght, relatlvely

s

fsedlment-free 1ake water. A sudden heavy 1nf1ux of sedlment

A .,A__ .

could create a situation similar to that of the melt season
in whlch the effects of temperature.are outwelghed by the
~effects of sedlment concentratlons. After break up, lnverseff
'thermal stratlflcatlon nay have a ‘minor 1nf1uence on the:
‘1n1t1al dlstrlbutlon of sedlment. The relatlve lack of
'sedlment at ‘this stage could make the sllght temperature
dlfference betueen 1nflow1ng cold glac1a1 water and the deep

'sllghtly warmer lake vater more 1mportant than sedlment

concentration drfferences._hs,mentloned,‘such a situation

3.

. {’f‘ .
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~would be short-lived in a progLacial lake;A R

- : | ‘
_3 3 Suspended and DlSSOlV°d Sedlment Concentratlon

Varlatlons in dlssolved sedlment may generaté dens1ty\
flow but, llke thermal-stratlflcatlon, the effects are_d

5*wwusually 1ns1gn1f1cant in comparlson wlth those of suspended

:f_'msedlment concentratlon.'Because the source of dlssolved
S <
'vr,fmaterlal is groundwater, the 1nput of dlssolved sedlment
vflnto most glac1al lakes is relatlvely constant' changes in
'fgdlssolved sedlment concentratlon w1th1n a stream or lake
‘result ??om dilution durlng hlgh flow.-Slnce a lake acts as"
a damper on peak and low stgeam flows,_one would expect

greater fluctuatlon in dlssolved sediment concentratlon at a

‘stream sampllng 51te than at a lake sampllng 31te.,Howeve?
;the addltlon of groundwater to ‘a .lake could. 1ncrease the
”dlssolved sedlment concentratlon of the lake water above
that of the stream uater. leen 1d°nt1ca1 stream and iake
iwater temperatu es and small stable suspended sedlment
concentrations, small varlatlons 1n dlssolved sedlment could
be 1mportant 1n den51ty flow and sedlment dlstrlbutlon.“-
| Suspended sedlment refers to those partlcles kept 1nv
suspen51o; by turbulent eddles within a water body._(For a *
brlef dlscu531on of suspended sedlment and the fall Veloc1ty
a

.of partlcles 1n water, see Chapter 1).,Although some vater

is dlsplaced by the partlcles, the add1t10n of suspended

BN ’sedlment to vater lncreases the dens%ty of the. vater (or

water/sedlment mlxture), den51ty belng "the mass per unit



rthe 1ake. Where

"sedlment 1nput durlng the melt season and llttle or Do

B rvolume" (Prandtl, 1952). Hhere sedlment 1nput is- slow and

ﬂfrconstant, there wlll be 11tt1e dlfference 1n concentratlon

~
S

: e1ther=~etween the 1ake vater and the stream vater or wlthlnf

'lment 1nput is varlable, dlscrepanc1es'

‘arlse betveen the amount of . mater1a1 enterlng a lake and the~

.,_amount of: materlal settllng out or bErng\defoblted in the

lake over a glven perlod of tlme. Because of the,‘

tlmate_
relatlonshlp betveen glac1er melt and proglac1al lakes, the'

51tuatlon 1n many such lakes 1s one of 1arge and varlable‘f

sedlment 1nput over the wlnter. As dlscussed by Kuenen 'f

“nﬂ,(1951), such condltions produce glac1al 1ake varves and

'4rema1n1ng in suspen51on after freeze-up settles out over the

"wlnter,-proglac1al lake water lS probably never

.den51ty of the lake water at lower levels, thereby slowlng |

;‘comp051te varves, thtle opportunlty ex1sts for lake Hater

-

fand stream vater to equallze in- terms of suspended sedlment

. /\/‘

A concentratlon. ThlS has several 1mportant effects on )

sedlment dlstrlbutlon and dep051tlon,.1nc1ud1ng'

1. ‘The establlshment of settllng 1ayers w1th1?,the lake,

and

.\»» .

*

Y 2 The generatlon of den31ty flows as overflow, 1nterflow,.

or underflou.-f

Although 1t 1s generally assumed that_most sedlment SR

_ sedlment free. As mentloned,vthe greater dens1ty of the

warmer uater near the lake bed retards the settllng out of

fine partlcles. As the partlcles settle,.they 1ncrease the

*
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t‘;'thelsettlement of flner partlcles from hlgher'levels.
';vAmelloratlon of alr temperatures may generate stream flou
and the 1ntroduct10n ‘of- eroded streambed materlal 1nto the“.w
lake. Slumplng on delta foreset:%eds and the pressure of ”
lake 1ce along the shore may put already dep051ted sedlment

back “into. suspen51on. These condltlons are not contlnuousﬂ

Dependlng on the depth at wh1ch the sedlment enters or lS
wyfﬁﬁ re-lntroduced 1nto the lake, a se+t11ng layer may form 1n'dff?7'
| whlch suspended sedlment conientratlon, anad therefore

\\\\\\\ den51ty, is hlgher_than in the surroundlng water. Hhere

'ufrectlons. Such

break-uP. some sedlment de9051ted 1n the-strea ]channelﬁ:fh‘

(glac1er 1ce melt, fluctuates'd urnally. Sedlment 1nput 1s -'u” -

not contlnuous. Durlng the day, wlnd-generated;turbulenceAQ;ﬂ"””"“

-and'streamfcurrentSfaidfin;keebingJsedfmentgin}suspension:f

, " . L N N

at night or on overcast days, settllng of suspended \

"fo)sedlment is encouraged by"V*f 4 H[,;i;t 5j-f f,}}iﬁ{tg;;~a§3"““

i'i,_fThe lack of turbulence generated by katabatlc wlnds and

ffhlgh strean flow,
R Ny oo R : e A
“:’Z.H;The low densxty of the re..tlvely clean 1ake uater,, S
tag.:The absence of partlcle-to-partlcle 1nteract10n, and

e ks
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'-and therefore less effectlve in generatlng turbulence which

70

N

SurfaCe;during(tho night, reduc1ng turbnlence in the

w

lake'untll late mornlng or early aftern

.

oon.

In most progla01al lakes,'the greatest proportlom of

sedyment/enters the lake 1n the afternoon as stream

dlscharge rlses from relatlvely lou mornlng values. In early

sprlng, n1va1 nelt may not occur in the mornings and no

’ V

‘ sedlment enter the lake untll the afternoon. Beca

use the

'contnast betueen air temperatures above the glac1er and

/]

4

those above the lake and ‘its surroundlngs is less pronounced

»

than in summer, the katabatlc winds are of

‘
o

. N : .
keeps sedlment in suspensxon.,thtle suspended sedlment is -

¢ .

¢

shorter duratlon

added tox the lake overnlght. Sedlment in suspension 1n the

lake may have up to twenty-four hours to0 se

<~

suspen51on when the n°xt sediment 1nflux oCCurs.,

suspended sedlment may form
. !

7'sett11ng,

~

a

"

tle ‘With little

the-greater the amount of sedlment stlll'ln:

'settling.layers‘ within the

. Or no 1nterruptlon. The shorter the period of unlnterrupted

Therefore,

lake, 1ncrea51ng lake water den51ty within each layer. This

in turn affec+s each succe551ve addltlon of sediment and its

dlstrlbutlon in the lake. Eor example, Stream currents with

low sedlment concentratlon may be less dense than a 'layer'

*

~of lake water contalnlngvsedlment from a. prev1ous 1nflux.,

»v 1

/ .

Overflow or 1n+erflou above the settling: layen wlll result.

{

\ e i

3.3.1 Qverflow - S o

s o

!

. ‘, .

Overflpw occurs when a water currentjflows over the
N . : N . . 'V‘.-“ . ‘:'(’ . N s .

R

5,

)
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surface of a‘body of water with.a density greater than that

of the current. Tn a proglacial lake, overflows usually
“ /

* bl

{
result when the sediment concentratlon of the stream wvater

© -

’lS less than-.that of the laké water.

Beyond. the channel(mouth,~the current sgreads out. over

the lake. Curremt veiocity decrmases vi&@ distance from the. |

- .mouth of the streamq lf, on entering a lake, the current -

'*fans out' over the lake'surface;.the sediment deposited

[3

should reflect an equal loss of velocit§ at equal distances - ¢

in a fan*shape from the source. Both size and amount of

sedrment should decrease at the samé rate in all directions.

5

This is ‘more likely where 1n1t1al current veloc1ty is lew,
f ) .
. C o [
Where current velocity is high, the 'overflow plume' may

follow a gfeferred path across the lake in the direction of
greatest momentum and lowest rate of veloc1ty decrease.

Under these c1rcumstances, the directlon in uhich a stream

EY IR

enters a lake influences the movement of the sed1ment or

overflow plume. The breferred pathﬁof an overflow plume, and
. ' ‘ i +
any variations in that-path (due,  for example; to migration
{
of the source stream across its delta) should be reflected

L d

in sediment depOSition. ‘
& ‘ < -
Regardless of the shape of the overflow plume coarser

panticles w111 be deposxted near the mouth of the stream as

&

competency and capaCity decrease. Only the 51lt and clay

4

partrfles are fine enough that the turbulence component of
o
the overflov current, the upward disper51on of stream 11ues
" of "Elow inlturbulent water, is sufficient to support the

2



| ) - - .

weights of the indi idual particles; Qﬁne,sedinentvmay

’

"indefinitely since the slightest
ot ) N\
‘aloft, Furthermore, m1x1ng at the

remain.in suspensio
turbulence keepsei
_current/shbjadent water interface decreases the. density of

r'the current whlle 1ncrea51ng the den51ty of the underlylng

- ;water. The fine sedlment transported by overflow currents

-tends to- be dlstrlbuted throughout “the lake. Overflou

i A

dep051ts cannot - 1nd1cate trme of transport and dep051tlon
unless there is a regular tlme sequenpe of overflou"'

occurrence; In glacial lakes, such a regular pattern of

-

sedlment 1nput takes place both dlurnally and seasonally.

ﬁntevs (1931 and 1951) con51dered overflow a prerequlslte in /
1

‘the- formatlon of gladial lake varves, N . o ‘ /'

——————— ! . '~' . ) ) ."7 - | Q
Interflous occur hhén incoming Stream-vater\is denser<
‘—-—-'

vthan the . surface lake water but less dense than the 1ake o
bottom uater. An interflow, wlll descend 1nto the lake untll
it reaches a level at! whlch 1ts den51ty equals that of the’
surroundlng water. The reductlon of slope gradlent és the

curren+ spreads out over the denser lake water, plus the
| . }

re51stance offered by lakz vater 1nert1a, reduce current

vveloc1ty,and cause.dep051t10n. If stream dlscharge 1s hlgh

A

the momentum wlll propel the 1nterflow along a preferred

. 'fath.

Durlng perlods of hlgh flov, a greater proportlon of
&
’-ﬁsedlment w111 be. carrled a greater dlstance along thls

- Ly

preferred path.‘
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J

The level- at whlch an lnterflow 4111 occur is
At”determlned by the relatlve den51n1es of stream andﬁl ke 'f-"-?f

vater, and relatlve den51t1es wlthln the'lake. The*pr‘senCe'p

'of 'set*llng layers' wlthln the lake can be a major
\

1nf1u°nce on +he depth of an 1nterflow. Por example,:a"l
1nterflow may spread out over a settllng layer of hlghe

-den51ty, whlch 1n turn may overlle water with a, lower

5

'concentratlon of su3p°nded sedlment than elther he curre t
‘or -the settdlng layer. If(the settllng\1ayereuere\absent,

the 1nterflou ulth its sedlment load would have descendeﬁ t

*

. greater depth the fall dlstance of the 1nd1v1dual sedlment/
partlcles would have been reduced and the dep051nlon of

flne—gralned materlal would the been proportlonally hlgher
: r .

closer to the source, The greater the fall dlstance of a

A

partlcle, the greater the opportunlty for turbulence, due to

current flow, waves and p0551b1y rain=- splash and
vpartlcle—to-partlcle 1nteract10n to act on- the partlcle

k4 e

keeplng lt 1n suspen51o . Only flne 511t and clay is

transported 1nto the lake by 1nterflow.

T -
v

- .

g

. . \‘ , . | )
Underflows, more than any other type of. den51ty flow,;

\

'*f”follpw a preferred path._Thls is- partly due to thelr

, .veloc1ty and partly to thelr great den51ty relatlve to thé’ !

‘_foverlylng water. The dr1v1ng force for both overflow and

flnterflow 1s *he orlglnal velocity of the stfeam,current.~,_v
R 3 » Pea o A BN
'f‘The driv1ng force of an und7rflow 1s a product of the uelght ﬂ;=¢”]
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- . e
of 1ts own sed1men+ load and the neloc1ty head the e |
poten+1al energy Pf the curren# vhlch 1s determlned by the’g
;slope:ﬂradlent. As long as the gradlent 1s suff1c1ent1y
_steep,_an underflow is self renewlng. Fven though deposltlon
1s occurrlng behlnd the head and in the ta11 the head of |

‘the underflou 1s erodlng new sedlment (Mlddl_ton, 1966a).~

When slope gradlent decreases,'ve10c1ty head i decreased.-

Veloc1ty, and therefore competency and capac1ty, areﬁ

u reduced Lateral and vertlcal spreadlng of the current takes

t ! -

place as the Hater and sedlment of the underflow mlx wlth
,theVlake water. Sedlment dep051ted 1s no longer replaced by

fsediment erPded by the head the dr1v1ng force prov1ded by‘
sediment welght is greatly reduced and the underflow g

tgdissipates._(For a comprehensl' a3
g 5 s T
underflows and their - de9051tsvwsee Ku nen, 1950 and 1951

Kuenen and Mlgllorlnl, 1951-«Kuenen and Menard 1952'-

Sanders, 1965~ NlddlethJ 1966a - 1966c-'and Mlddleton and
"“Hampton, 1973). Underflows may: flow around large obstacIes,.
o overrlde small obstacles and cllmb gentle reverse slopes.vw

tngh steep slopes, on the other~hand may act as. a sudden

“check -on. current veloc1ty, cau51ng heavy dep051tlon on the"
upstream_élde of ‘the barrler.u _4 g ‘ _‘
Kuenen (1951) suggested that underflow actlJlty should

‘be most common 1n sprlng. Lake vater 1s relatlvely -

~’d_sed1ment free and the large quan}rtles of water released bf

rapld snov melt cause er051on of unconsolLdated streambed

~dep051ts..The suspended sedlment 1ntroduced 1nto the lake 1n _]e

- @v'

usSran on turbldlty .



this manner should be suff1c1ent to create large den51ty
‘dlfferences between the 1nflow1ng stream and the lake water;h“ 3
_resultlng in turbldlty underflow. There 1s ev1dence that..
"flnshout'(of prev1ous unconsolldated dep051t5/does occur .
r(Kennedy, 1975- Sugdeu and John,\1976). Although thls'\
phenomenon is- not necessarlly llmr?ed to nlval meltwater,p
Athe dlscrepancy between the capac1ty oF the sedlment free
water and 1ts actual sedrment load from clean snow 1ncreases

Lo & CEEPIE
“1ts effectlveness as an erodlng agent, relatlve to

e

sedlment -laden gla01a1 meltwater._Suspended sedlment

- concentratlons of the stream may be low in comparlson wlth

‘.summer values, but hlgh in comparlson with: 1ake water. It

has also been proposed that underflow act1v1tx is most

‘ common 1n summer. The glac1er lce\ls the major source of :
_ suspended sedlment hot weather enhances glac1er meltlng;

: 1ncrea51ng the sedlment concentratlon of the meltwater and

\‘

‘ generatlng turbldlty underflows. ThlS rs most llkely to
:occur when warm weather follows a, perlod of cool
:.-temperatures and calm cond;tlons.;Sedlment already in’

'suspen51on has tlme to settle out .and- the den51ty

'”.dlfference between the lake and the stream water Hlll be_f;:pfﬁg]

- Afenhanced as alrhtemperatures rlse, Tt is pos51ble that the

'g;the meltwater stream(s), the sedlment remalnlng 1n the lake'

1*;ﬁat sprlng break-up, w1n¢er weather condltlons,'condltlons of

"OCCurrence of ma]or underflow events varles from lake to’=*7

;lake and from year to year. Such factors as. the length of :;.

{ . -l

]snow and 1ce melt, sprlng and summer weather, and,the amount
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'—\kYp,of debrls in- the glgétgz 1ce 1nﬁluence the relatlve
\ .

I den51t1es of stream and lake water throughout the melt

b N

)

season.: _ | Lo o
While AnteVs (1951) conceded that underflous could

. ¥ =

o .occur under certaln condltlons and contrlbute to the‘

.‘g“formatlon of proxlmal varves, Kuenen (1951) con51dered

j;turbldlty underflows a major factor in the dep051t10n of the
: SO

!

A
'summer varve layer“largely because'

‘1.eADen51ty dlffer' ‘es due to suspended sedlment

'concentratlon betueen stream and lake water throughout
o N

1most of the melt season would favour underflow or

1nterflou,-#%’ jot

I

Y2 fTurbldlty current§ already laden wlth suspended

*3sed1ment would tend- to dep051t not erode, eXcept 1n the
> ‘.;\ffﬁ' head,vand S

j;\'ﬁdaAB;flSuch varve features as the relatlve coarseness.of the
L ffsummer layer, lamlnatlons,‘and,graded or multl graded
{unlts can be producéd by underflows,_as shown‘by -
.dexperlment (Kuenen‘ 1950 Kueneg and Mlgllorlnl,_1950

'iv}fv “t~"iKuenen and Menard 1952~‘M1dd1eton; 19&6&)._

Underf&ows are not constant tnroughOut the melt season,‘

because sedlment concentratlon varles dlurnally as well as

»'?f “ seasonally. Furthermore, as d1scussed below, slumﬁlﬁg of
S ) |

,1j" preVlous dep051ts may generate a turbldlty current.‘The

5ummer layer, 1f dep051ted largely by turbadlty currents, l;kﬂ‘“

”.should con51st of graded and multl-graded 'unlts', each unlt




R

~

dlstance from the prqxlmal zone, the units are 1nterspersed

\Hlth 1ncrea51ng amounts of fine. sedlment representlng
_ | .
seLtllng out. from suspen51on between events. Some of thls'

'flne sedlment w*ll also be f1ne silt and clay carrled ‘in the

. \
‘ tall._mhls vould explaln 1n pars the lamlnatlons present ln\

»

uthe summer 1ayers of comp051te varves. Slnce turbldlty
'underflows would transport and dep051t the largest quantlty
‘and the coarsest partlcles of the total sedlment 1nput the

' 'bulk of the summer layer should cons1st of underflow
N _

dep051ts. f = h ' o - R

As the underflow moves along the lake bottom, sedlment

is. dep051ted' the coarsest material 1ﬂ the prox1ma% zone, .

=

ylncrea31ngl¥Jf1ner matef}al towards the dlsthl zone.vW1th1n‘
“the underflow, the coarsest materlal is transported by ‘the

'head where ve oc1ty is. greatest. S the current passes over

- .a po/ﬂt on the b

R 1

r the largest partlcles are de9051ted

assoc1ated vlth turbldlty underfl ws (see Kuenen and

lMlgllorlni 1950 ‘Kuenen and Menard 1952). If the current

:1s travelllng 1n pulses,'an 1nverse1y graded or multl graded

S

'«-dep051t may result- coarse materlal is depos1ted over flner

materlal one ‘or - more tlmes dependlng on the number and

- 'strength of the pulses. Where one turbldlty underflow is

fajfollowed 1mmed1ately by another underflow, the flnest __A'““

. J

N

'"Q”ay be eroded awiy,ﬁ»“ﬁ'
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‘ assoc1ated with movement by tractlon include heterogeneous

~and convoluted lamlnae (see Sanders, 1965, for a

ccmprehensave dlscuss1on on. structures formed by dep051t101*

‘ debrls flow whlle dens1ty dlfferences between the stream/f

78

leav1ng a,; sequence in whlch coarse materlal grades upwards

1nto moderately f1ne sediment overlaln by coarse materlal

<

gradlng upwards 1nto f1ne salts and clay. 5

L Some urlters (see Sanders, 1963 and 1965) have divided
the sedlment load of a turbldlty current 1nto- 1) the .

suspen51on load and 2) the traction load ~The former

consists of those partlcles actually carrled in turbulent

suspen51on"when depOSLted they produce such features as
syndepos1tlonal deformation structures (for example,"flame..
structures ) v resultlng from d;p051tlon durlng current
mo%ement and deformatlon by current drag. Other'features-'

1nclude structureless f1ne-gra1ned beds and fine- gralned

i

| graded beds, ' Thef tractlon load con31sts of materlal '

transported by ",.. slumps, flowlng graln layers and mov1ng

v1scous suspens1ons" (Sanders, 196“). Dep051t10nal features

structureless beds, cross—strata and coarse- gralned graded

and 1nversely graded beds.vThe comblnatlon of tractiom plus

dep051t10n from suspen51on produces such structures as plane
A . .

parallel lamlnae,,'rlpple drlft wlth depos1t10n from above'

-

from‘turbulent suspen31on and from tractlon).,

| _ T :
Interflows and overflows may occur between,.or_durirg,

underflow events. An underflow may orlglnate as a slump

<

i

wate& and lake water produce overflow or 1nterflov.
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andfueather~induced arlatlons in sedlment 1nput resqltlng
, o v
1n overflow and 1nterflow are probably respon51ble for the

llght/dark couplets v151b1e in the summer\layer of many

glac1al lake varves.,When sedament 1nput 1s low and the lake

.

,water 1s'calm,_a;higherwproportion of fine= gralned sedlment
~Sett1es out, /After’freezehup,vmuch of the remalnlng flne

51lt and clay is dep051ted. If no: dlsturbance occurs or no

ﬁ

new materlal is 1ntroduced 1nto the lake. ‘the slovly
. )

‘settllng sedlment forms a f1ne gralned structureless, or
N

fine- grained graded, bed generally qon51dered to be the

'varve w1nter layer. '

©3.3.% Slumps

— - )

.

lumplng transporbs materlal downslope in bulk(form.;n
-,The movement of mater1a1 is 11m1ted by length and angle\of
slope, weight and thlckness of materlal, graln-51ze and
porcentage of clay, amo nt of pore pressure, and shear

Qf*strength of the mat:@dal (Hampton, 1972). The equation

A RN ’ b v

.relatlng these varlables has the forms
T=c+ cntan¢ + nt | ~(_p)“
",where c lS a’ constant and ", .o o T is 1nternal shear stress, e

cn 1s 1nternal(normal stress,¢ is the angle of Lnternal
A

‘ 7_frlctﬂon,n 1s v1scosxty,,andg 1s the rate of shear straln‘;ﬁ“

fifgeneral' a hlghly permeable ma eri

5 ,
(veloc1ty gradlent)" (Mlddleton an%&ﬁampton, 1973)a
a

W

w1th low. porosmty on- a -

low angle slope 1s not llkely to move a great dlstance 1f 1t;£
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A does slump at- all. Dlsturbance oﬂ\materlal mov1ng slouly
downslope allows the expu151on of pore water, 1ncred§bs
frlctlonal res1stance be*ween partlcles and encourages

‘re-arrangement of materlal into a. more consolldated mass.~;;ﬁ

v

Furthermore, a 10" 51°Pe gradlent prevents the bu1ld-up of”4ohJ‘

T

momentum. Accordlng to Moore s\(1961) flndlngs,

".;. flne-gralned rapldly dep051+ed sedlment may accumulate
Voo

.. SO fast that the processes of consolldatlon by reductlon of

pore\water cannot keep pace. ThlS results in excess pore »3:7

-

1water pressures wlthln the burled sedlment and does not

‘

eallow the normal 1ncrease 1n shear strength w1th depth of -

burlal.f Under condltlons of slow\dep051t10n, the presence
of clay 51zed gralns 1ncreases the cohe51on of a. dep051t. By :
'fllllng hn pore spaces and 1ncrea51ng the surface area-of

partlcle contact, clay augments frlctlonal re51stance 1n,'_;

’unsorged sedlmentary dep051ts. Wlth rapad depositlon,.the

)

reverse'occurs. A hlgh percentage welght oF clay 1n the
dep051ts 1ncreases the den51ty of 1nterst1t1al water and
1-lower§ the permeablllty, thereby retardlng expu151on of pore B
cwater and 1ncrea51ng 1nspab111ty.iOPly 10 percent of the

v_sedlment de9051ted need be clay &n’ order to reduce expulsron

© of pore water and sustaln sedlment movement dovnSIOpe '“¢VN

bl

: (Hampton, 1972).vMany proglac1a1 1akes experlence rapld

’x“dep051tlon durlng peak flow perlods._;pf;ﬁii

t . s

The fluctuatlng 1nput of‘suSpended sed1ment~assoc1ated

'ffylth glac1a1 lakes may create an 51tuatlon 1n uhlch°’

’fpﬁ,;"Layers' of unconsolldated_sedlment wlth«a hlgh por051ty
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PRI l,:l,ly &fﬁz"V_ﬂuf»‘
fﬁana low percentage of flne—gralned materlal, dep051ted
rapldly durlng peak flow events, alternate Hlth e

{2;:93Layers' of less permeable materlal wlth a hlgher

v

'TiPercentage of clay, dep031ted durlng succeedlng stages

?

Of low flOWQ S

dAn overlylng clay bed would qreatly hlnder expu151on of porea'”
_ S T |
e water rrom underlylng rapldly dep051ted béds of coarse 511t

-./ .
and saud vhlle 1ncrea51ng pore water pressure because of

the addltlonal sedlment welght. Shear strength lS decreased

K

by 1ncreaséd pore pressure and co"seguent reductlon ef

1nterral frlctlonal re51stance.ushear stress is- hlgh because'”““ﬂ

of the sedlment welght, the steep delta slope and the stressif

‘exerted by the passage of water curren+s.-v‘“

Slumps may be generated by rlslng seepage pressure as

"lake levels fall (Andresen and Bjerrum,/1967).-Groundwater

”..could proV1de the necessary seepage pressure 51nce ': -

hock [1ncreas1ng pore water pressure]. Durlng a’ brlef /”

d the sand wlll behave as’a ‘1quld ...‘ (Andresen and

'~.1ake deltasaafter peak.flow events.vThe trlggerlng mechanlsm

".Wimaylbeficedofﬂlargef§t“ es’; carrled down by the,stream, the"



»'5‘

actlon of lake ice along the shore, the mo&ement of anlmals
on the delta near the water's edge, or the occurrence of
slump1n§ on o+her parts of the delta.:,’:'. g ih:'.“ ”f@?fl?f[

3iy, A'bhenomenon often assoc1a+ed wlth subaqueous slumps 1sff'

” the geqeratlon of a turbldlty underflou (Morgenstern,'1967-"

)\ y,\ “ o ~-

Hampton, 1972 Gllhert, 1975b). From observatlon and

o
ot

experlment, Hampton (1972) proposed that an. 1rcrease in f"

/ water c&mtent could transform a. slump 1nto a debrls flo-f':'

' whlch movement V.;. occurs along 1nnumerable shear pl nes o

"w1th1n the hodynof the materlal{lggurther dllutlon and h?rlffad“i‘

’ 3
z'decrease 1n den51ty of a hlgh—veloc1ty subagueous flow may
_occur, elter through the breaklng of 1nterfac1al waves or

j.by furbulent m1x1ng between the flow and the overlylng
: water. A +urb1d1ty under 1ow may result. Wlth a hlgh vater

’content comparatlvely 1 ttle‘lnternal frlctlonal

I

re51stance, and hlgh mom ntum sustalned by a steep slope _f’

._gradlent, an underflow can travel{a great dlstance, relatlve3f£‘

”;to slump movement, 1nto the lake\hefore d1551pat1ng..§ecause.
of 1ts slover veloc1ty, the slump material may overrlde and‘
.even dlstdrb the depq51ts of the precedlng underflow. Thus,

.one may flnd coarse-gralned graded dep051ts underlylng the L

\

ffoldsj faults, sedlment fragments and 51mllar structures
fl@assoc1ated

wlth slumped materlalﬂ Whlle dlstrlbutlon of

..’,

Atrsedlment by slumplng tends to be looallzed sl' p-generated&iaff

'underflows may transport sed;ment as far as the dlstal o
shoret RegardleSs of vhether]ﬂurbldlty unﬂerflow does or

. | S
'udoes not occur, partlcles alrf dy)settllng in the lake v11llj7¢n°’
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“h;_cha T 1 wlth a depth of about 6 Sm vas thenvlder and deefev

"‘1nto the lake than would he"the case if the sedlment were

(A

-a
dﬁv
1sland and 1ts east.and

be dlsturbed and new material put 1n suspensxon.\The

<h

the flow Hlll a1d 1n keeplng the sedlment 1n suspen51on. In

addltlon,‘the 01rculatlon patterns w1th1n a lake wlll have a

v

o longer perlod of’tlme ln whlch to exert thelr 1nfluence on

r o

the part1c1e5°'a hlgher proportlon of sedlment,.lncludlng,

perhaps,‘coarse 51lt and flne sand may be carrled fPrther

xallowed to settle"out‘undlsturbed.;; REEAN

Sunwapta”Lake, 1n 1975 consmsted of a s uth ba51n and

1

'north ba51n 9m and 11m deep respectlff

_y, separated by an

l

It
R

i

Of the channels connectlng the ba51ns, the ues¢

ovement of dlsplaced water and any turbulenqe generated by .

ro"

l PR
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asland, the main g¥ream Flow was
_ . oo o i o o YL
scuvh=ast ant a countarclockws go circula*ion pettsrn : o
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by humas and mechinical. error, hur ﬁ@ forrer is turther ™"

D

affacred py unpredictaby » Of~2n adverse field condgtions..

> lecation of Sunwapfa‘Lakeféijacent'tb_“h@ 2thabasca

Glacier, whnils Gr=2ating in”ih*~r°“‘1hq environme Bt for st udy\
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Onl'}héﬂbbough up whz“ *ha laka'was calm.‘Eéc Fuss of
~kataba+tlc ManS, calm ps 1015 wﬁr: 1nf:@qu¢gt and of shorrt

Auration. w*rd ard waves OCpanOP‘l1y resulted ip #he losg

of som- sedrmenﬁyvh lo a4 Dan was bhaing racovnrcd a“d
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“rotied. The hoat waq uq:fable anm,each pan was taken <9
Snors q;fo:e_peinq-emptieﬁ. All qcvan scdlmpw‘ pans, plus

. - ’ ’ L l"- ' } .
the spell Caksz pans, ou1d o+ bb:fecovered’anﬁ r2aplac=ad on

tie san=s day, Pans were usuallyﬁh:ouqh*”up OV=I an interval
Of *Wo to fhres days. ThcrcFo:e, while +he effecws of an
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‘particularly true for “he 'south hasin, ind for the north
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. . . * “

turbidi+y unierflow ac+t’vivy,

CEn Ttho sounier WS used-durinq nlacement >f +he :
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sedliment Fans on *h@ lakc h2d. Steepr slopes like1ly to be

-

subject *o slumolng Ware “avoiiad. During ®ach successive
oo vy : v .
" 1 4 N -
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. ..ll . . ) - '.’ .:'. ) . ’.'
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u, Sedimentaty Structures ‘in theﬂSunwapta Lake Cores
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Erimary scﬁ'm@rtary st rucgurcs ar= those QbructL oS,
- B ENS - )
A\uch c£ b iilnq ana lamina- oﬁs,'fdrww%'h.. at ths time orf .

:

]

de position OF sho tly *hereaf“cer and hifore consolidation »of

,Fhe rock in which *hey are founaw (Pe*+ijohn and Porter,
~ .. , : ) : L oL .
19¢4). Such structures ranas from isolated microscopic

- L : o o ‘ ,

features 4o large-scale sedimenta*ion units. A gedﬁméntarion,

. -

(DA

unit . is defiged i Pat*ijohn and Po++=r ("9fuy ras. v, o

layer »r dz2posit formed under condi“ions of esSeniially_

»Pcnbtaﬁf f&ow and sedimpn* ﬁiScharqc;.disfinunshed from

like wnits Ly changes in qréi\jsl"r :nﬁ/or fﬂbflC 1nd1cat1ng

changss in v¢10c1 y awd/or dir=c+ian OF flow, ?qs ‘are -
consicdered to bs sediman+ lay=rs or s*rata . o
"euo. dIstinguished from one anoth* by fﬁbloglcal changc""

(S=1ley, 1976). Bedding is defined by Sslley (1976) as

-

"e.. layiring within beds on'a scale of 1 or 2cam" and

.

lamipation as ",.. léyerinq within\bpds or a scals of 1 or

2rat.xCommon usage divides- -sedimant l@yers into strata

P

'

greater than "cm in thickpess, and 1am1na >, less than lem'in

~hickness. - o o .

. - . . N
-

Laborafory experim%nts ard flPld obschatwons strongly

.

suggesr -a clooe Porrespondcncc between sedlmenfary ' <~

‘v
vstruc_ures and ths QHV1LO“m¢Qt 1n whlch they were rormﬂd

(A tevs, 19?1 ang. 1951 Kuencn, 19§O apd 1051 xKuenon and

.
-

B
,

\MigliQrini; 1920; Kyen=n. ard Ma'1ar:d W9<2--Car022i;wj957;
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fobe, M eT TS Sandars, T9F; Briags anAd Miidle+o

“ivilicon, 1563 and 13664 - 166Ac; Walker, 1947:
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Ty dampron, 1977, "iddle+on and Hamp*on, 197:
s, S}aw, 19755 w5el1ley, 1977y, Changes ig wv=l«
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wd;scdg:;di'for‘exampla,~wi'h Lespecy *o varvas.

Card 193515 Kyenen, 151, *urbidi*;s)%huencn ‘and

-~ . e T B e v ) TN g L

19565 Huanan, 14°71; - ;TG wegtTa%ifi

% ST R , o

hedtorns (Hatms and a I
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2o - ITs0latsd sedimentation units o7 structurss,. in
prizlcularc, those associa*=1 wi*h tarbidi-y und=rflows,

Y]

. PoSztdi-positinanal Asformation s<ructures:

.

- A larqe—scalé disturb%&”séquénc=5, and

be dis-ort er‘ Jor (‘on*or““d lémi%'idn.
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U

o

ons of +*he OltsLandina'féafurﬁs of many jldcial i
‘deposlits “1s the a l*vrqafwﬁg b= d* of finz-grained and coarse-
. o R | _ M :

(Q:QCOarser)—q:ainéd sediment forming rhythmic se@iménta%ibn
Yy - v. * ! .

urirs. ¥here such rhy-hmic ani+ts are considered to b~ annu al

' .

de€.posits, *he resul= of relativaly high sedim=rnt irput
dur:ing che melt season and cela*ively low sediment input

furing the winter (berwe=n Irssgzs-uv and break-up), they _
X . . X ) \ . o : \ '

_Have pzen cwsrmed varves (Antevs, 1921 and 19%3; Kuenan, t

v
— © 1651, ag-erherg and Banerjse, 196°). 2 'simpls' varve

consists of 'a dark, .predominantly clay, wincar layer-aqd a

?

light, pr=dominantly silt, summsrt layer. (see, for example,
wPetrijohn ard Pottsr, 1964, Plate 1), The beds may appeéar ‘o

be massive, that is, without visible irn+ternal structure

1
. . . o 4
ettijohn and Potter, 127U) or graded, that is, showipg

-

Fed
2

i

M... grada*ion in grain-size from coarss below to fine <

above" (¥iddleton, 1965). Massive beds occuf wheh the
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sedimert introduced is of one size;.or set+ 1;wg out of -

.

.. R S S S L e '
material *akels place-xg.water~not calm enouqh to-allou slow

o
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steady settlement accordlnq to *hc ac* ual Fa‘l VQlOClLy ot
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h »a

[n}

ea ticle. Jradlnq reflcc S they ot tlcmcnt og'd f ont
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Tstould pe of apnroximace 1y “ggi‘ ~hickness throughout a
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rqiéci@LQlak@>¢xcepz Winere steap 31npes prevent a +hick
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t inoa 'cowposite! varve (ﬁu“} Hallum and ¥alton, 1Qc7),
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considzsred wo raflect short-+ernm charges in +he environmenst

. . . . o . o .- >, . . e
such as fluctuations i1n sedimen< inpyr or variations in

CUIr=n< velacity. For example, where glaci

2l meit i5 the

. . - ., — . K . .- N
dominant sourcs of sediment, dlu:galAzluctuatlons in
seidimen* inpu* may produce thin pa*allel lamlna*lorf

. (. .
(Fuernen, 19q1'.”ath\LS, 196Lb Duff et al, 1967) . The
' . L IR VRS S .
rlné—grdﬁnwd lanwr eprésent the settling out of matarial

in rela‘lvaly calm wate=r in +\§ 1a+c “lqht /eacly morniﬂg

i . . . .
period; ‘ths soméwha:”coarser sedlmenf (WHiChﬁmay‘lnclude
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-arnd uwd:*flows, almost 1mm°dlate1v after +ha af;ernoon
influx. oF sedlment A oerlod oF warm °unpy davq and cool
ray prodUCe Darallcl lam1na+1ons formlng . o
9 U S kN o~ e s ) .
_rhythmlc bHdlm@Hta 1or U“’ta. On a 1argér:sqale, .
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'‘psuedo varvest, Whers the wintar varve lay

is absén% op-
/

obscur=d, *h=s:z '»rsuedio varves! may be, mistakep for annual

o o Ben N
epQsits, The *h;ckne. Qf cach indl v1qua1 lamina or ned

v

Wwithin 1 s=dimenta- 1OA'up1f %i} core depends on tn=

amount of sedimens depositad tfie core location and ths

’)

'lcnqth}of *ime in which conii“ona nf weather, msle,
. // - . N i . PN - ' M
.. M - . ¢ . - . -
discharqge, ssediment irnpu*+ and n<her =nvirormental fac-ors
r<mair2d cors+ant+,. ' . é%; : - e . .
o o . , ,
[ : N ‘

Pd:a‘lal hamlnd+lon, ma551v¢ heds and q:aded bﬂd* may

alsb L assoc1ﬁ*°d with turbidity underflows, as discussed ¢
NS o , , / o :
belowf‘ S ' ; , . ‘
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ac*olacustrlne deoo¢1ts may also covtaanbeds and
v \\

dedlnq scquencms‘abtrlbu*CH To furblﬁlfy undﬂrflow ac*1v1ty‘

(Kuengn hd Vlgllorlnl, 1050- Kuenen; 1951 Kuancn ahd



“rard, 0T T5 widdliean, 1325 3na TR€Fcy Chippimyg, 1972;

3 3dleron ang Fampton, 197 . The vigazle “urbidi-e seqguence

U
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heo bein degerined by Louma (17¢2) ara analysad oy Simon
e (195%) 0 Brisfly, -he SCqusncs from bass to top consists

ot 4 COArsS==arains ¥ missive or qradai h=A7 overlain Fy a
' - B . A
lamirazed 423 ot 3and, a4 bej 0l Cross-lamingt<d sani, a £¢d
. 1 -
, 4 Ll . . o
Of lamira+ed =arnd arj sil+, ani frnzally by a bed of
Laminared mud s=presen+ing settlemens of fina mat-=rizl from

She a1 of ~he uhd@rf]nw.’Thi beds forming *his

Stdimontation unit+ or A point on +he lake bed are an

.

D

itdication of -he curr=ant v

¢

: . ] _
locicy deray through +ime, a+
*hat partarcular POin*., nnec an gndernflow reachss slopes of
lower 2agis, "fra=zing' of +he -raceimm 1oad, material moved

along sne hHed by rolling "and saltaciorn (Saqd4r93-19651

CSelley, 137f), pay-take plirceg, dare, one miqht exnect to

“ind 2 'Bouma-+ypa' soquapce, The 'frozen' *rictidn carper |
ftorms the massivqi~coar5c-qrained'b66. Increass] ped c

., L ' ' !
ronghn-s§ Caus2s drag on *he adjacent still-moving curren-,

?

drnd idnd i suspension is 12positad as parallzl laminae

With *n< 10ss of much of'i*s_coa:sa s=dimen+ load, currens

Ve _oclty is reduced; Tipples form on *Ke sand bed (ciimbing

N

rip;les, if 'sana fallout is stil'l takirg plac2); current

vilccity is fur-her r%duCGd;bY“resistance provided py

s - -

terdt ore roughne ss: and sil#’ani +he sand remaining 1n

‘susgpension is de positad as parallsl laminations. Zvantuall
N - , _ | e . '
c.onlly mud is lefr to gettle out. The ahserce of s comple

‘louma-type' *urbidits sequence a+ a tite lo=s not ghan an




N

\

al*ermyte =2xplanarfon, other than “~urbidi+ty u
ac*ivirv, must b

nderflow
aA.:
tracrtion

= found for the form

on ofithéfSégueﬁée.
ty und%rfioﬁs *radspgr; ma'—rlal‘jn'a’f
carpe* (fandsrs, 134%) . t+he +o+al ldad of ihe
. N B
cuirent nay be Eax'ied‘in suspension, Dépoéition'of the

- traction load ﬁ?d.of.thé suspension

s#rudtures Wwithirn a &urbidit@ 3
has 124 +to discussiohn

load nroducss different

N
turbidity underrlow and
A -racrio

1
+

2dimentacion uni+ and this
of what acruilly cons+ti-utes 3
! carp=*%t 1

S

in the form of a

. $
Fs Ad=posice (sse Sanders, 1965). TF
i1bsent, the haze of “he s2dimenvary
May corsiss of lamina<2d or cross-laminatsd sand.
If 2 jraction carpet is present (in *he form of 3 debris -
- . . : . . .
flow or inertiay flew), .bu* sand i< not carried in
suspension, +the rasul+ing depozics may corsist of a coarss,
s*ructurslsss B24, 3 pad of -ip%le cross=-laminatior and a
‘ \ _
N layer of lamina-ed silr and clay. Turhidi*y underflows not’ .
. . : ‘ ! . ¥ . ‘ ’
transportinyg sard in sudpension are tarmed 1ow—i~ﬁsi§y
undearflows, Lacﬁingtbo*h;a.tragxioz carpet ari sand in | ¢
N &y 5 P
sugpengion, an underflow may leave its mark
*onled or scoursd peddiing surface, laminated silt beds and
dist

currenv.originating on” a very

sufficicnt velbci+v 5 erode,

i

i
ct

orted anrd convoluted fine-grairnad lamiras. A turbidizy

Ste=p slope may have
Only “ine-grained sedimen* from the
, s
settle ou:*

o

rather *han deaposit, material,
tail may @verntually
in areas of arosion,

1

V=locity d=cay ani cha
only’kith'iime out
v »

N

\ ‘
nges in sediment load occur,’' nort

in space, from *he original inception of

S

™



theunilerflow o its aventnal fissipasion somewhers on +hat
: . . ».,' . " “ . dn

lake. Dzd, With increasing dis-arce from +he sedlment source,’

« s

D

the lowsr intzrvals of +tha *yrbhidiv= g=gqu=nce (ths massive
ard codrse=grained, gradad beds andg the lower interval of

parall-l-lamina~ior ~ seo Fouma, 947, and Valksr, 19567
A . '

will rfrot hz prqsonf. This reflaces Cur:én“‘?@lccity decay

a

rhreouah space, {rom the unp=r f£low re ime. through the lowsr

S ) .
11 as the

flow r=gime *o relavivaly cala wa*er, 3c w

sedimsnt depositior tha+t has alr zady ncenrred. Walker (1967)

o : ,
has analysed Zurbidita sequances in tetms of pumber and

-

O]
fie- R

thickness of Zp-arvals nres

1]
o)

’ N
“. B2 Suggests vhat +he absence

<

[ou)

T
»dd .
o

a

{0

ot th: lowsr sediment intoer

LS.

s 13 a factor or +hs distance

Ol ~he samole from +tha seliment source, 3 5equénce-beginning‘

1

S owith currsur ripple <ross-lamination is a .gooid indication. .

That cufrens valocity 3+t *his point had alrzady decreassd +g5
. N . bl o “'_ '

S I o - o Co _

Theppdn part of the lower flhw Tegims.c (Rouma, 19£2; Simons

= ale, 577 Walker, 1967). Tf fhe current dissipates

: o .
it reaches a barrisr or “he Ais*al snd of the lake’
L 3 . L ,

basin, orly fins-grained material will be leftr to saet+le out
) oo : S e et . s -
from suspension., D=posits-should consist of fins silt and

& i
4

.clay, rather +than sani and coars= silt, or a.combination o£'

. . v N . AN .
coarse and fine sediment, TH

¢

D
o
I

es5=nce ‘of ‘syndepositional

deformation featurss suggasts tha+ cutfen:_moVemenf was o 0 ¢

s+idl taking place, Finewgrairsg, grad2d beds may be-the

" ST S . ' S e g
T ER .- A ke . B . . Kl

deposizs of ‘arn underflow +ail, .

.

b

Turhidity anierflows 92nerited in “lume sxperiments are:

S S

Tn

a

dizcksd as the and of the f1line,

3 - . E ot b B s

Sediment se+tlfs out from

RS




x. _ . - s

7

suspensidn forming ‘a paa Trading upwards from cnar 2.54an4d

(11 presens) +o Clay. Tn 1 laka pr resernvolr, anguﬁderfléw“
may b chs¢ka>1 by a ni-ural or man-ha%é obs*taclae befor%fthe
;curfﬁnz ganadissigate. Al‘hoﬁqh a poérsmfdrainei massiv% or

qra&ed‘bedugould b pr%sen*, *ha rc;qi;ihq,furbidifé | o

: B quAncs a- \hlﬁ boint ou7d rk “he parallel laminations |
' : B . - \‘ ' . - -. ."' ’:

And pED~S‘ldm;"dflOP nf rhe 'Bouma-tvpo'_'urbadltc
SEgquence g 1

-

°rﬂs*~lam¢va’*vn (awﬂ 1T 4 larger scal-e,

.

Cross-ba JJ‘?;) is a common fes*urs turbidime sequencas,

T

Currsn* ripple oLoss-lamina*ion-is ‘the crcqs-;ec+lonal

.

“he ‘moulding of p=d matarial into ripples by

currants in thh lowe- flow rpqimd‘(ﬁimons 2+ al,, 19f%3;
feKea, 1GR3y, gtoss—siie 2rosion arnAd l%c—sidq'deposition
L - . . . 7 g . .
cause iateral hhg Vertical migration of Lipples, which ip
-fu:n"pgoduces ¢ro$s-1amim&f d 0340'(Mc~ee 12A5;: -5p11= Y,
. 1 o ) . .
1976). A cr Obﬁ“l&ﬂ’ﬂ&’ﬂj =5 g=norally blenda upwaxdb into

\ ‘

ﬁg.or;Zoﬂ*dl lamz na- 1on this E%f]PC‘S.a.dGCIN

36 in CUL‘L‘CDL -

adSAi bhad rouqHPQQ: and, depo‘1+1on of the

nﬁﬁj FoarsH“asdlmpnt load, Furtha:moro, is veloéify

i

RSP TN : D R T . . oY
“n.:&%ses *he 'necessisy? of rasicstance due “olh2dferm
)». 7. g Y T
5s’ decredsps. The rioples heCome,ﬁore' nd morc-

T d ‘With 1ncraas1ng wave 1a1a*h pvc—n‘rually, theg

ﬂ@&gcosb lamlna lon may 41 :aopkar 1;>b wavy or

-

ho Lzovfalxpa*dllcl lamlnaﬁ AIn a lacustrine cnv1rbnment;;
- N . A-' - .

féppias'at op*n ar@_ganerqlly a@&oc1a'cd w1+h'tgrbidity.

' o . . & L
:}Q:Ey{;w bccause ot tnc 01rr~nf velocity required aﬁ%ng the

’” -

o



et narc e and erosion of. *h= 1pi+

/Vinﬁ—qtaiS%d'ma‘efial may b= ~rod=3 by *he hoyd o

vin»thickngss. (& brief summary.of commonfpos{fdepositional

B
X <

o, ard othe faer “haw riprles cinonly form in sand.. An S

y of vinnls cross-lamination was undsrtaken by

V‘}ﬁv‘*v “eCdy should he syidspe bo*h vertically and =

0

Jow travels

*la~vrelly From +he [OUrcs. -Howaver, i€ an uynderc
. . . . - . i h
Ino'pulsest or is followeAd immediataly Dy another urderflow,

e

al deposirs may Occﬁ%$\

rt,
\»

subreguans undzrfiow, or =xis=ing £edding surfaces may b= ;
) S o . / . : - s B '
L forme 3, and 1™ and fine sana incorporated in the. “

. . - . . . . 9 .

overlving coarse lzposits, Horizon+al 1aminafioné_may be R

o

o}

1—

oo
f

-+

LIt o articline;'$nd*synclinb%,'or re Cumbont tolis.

e

TIrversely gradaad ?I adlri-qradsqd Coarse-graineqd beds may t-

1

proaucs: e

Lo3Tructure haS4heénkformeﬁ, i+ wmay pe Subjécted

Lo StTasges that deform,” 3nd cop=*ipaq ohliterate, +he

.-

\
b

Y
-
[l
[9}
4
=
1
hd

L)

SuCh deformation WAV b= on 3 very minor sbale,

arf'ecting 2nly ons se« of laminas, or i+ may be on a very -

.

large :cale,'affccrinq several varves, or beds many me+res

-

" B

'deformation'strUthre 1s aiven dn® 3elley, TQTﬁf;iAmong the

MOST CHWRMOT Qefprmation sTrtuc*tures re@dqnizcd are s'lumps and

N, . \ .' - "
glid=:, Ais-onted or ~0n orted Hods anﬂ lam;na‘1on., and

bt
2
v
-
t
)
c .
0
+
=
o]
0n._-
e

“Slumps cause folding

and’ TdUl ing of lamuw3 ana’ brd lijquefaction

. B



o

and griin-f£1ow densrally &es‘"iy 3

2%, Batwesr thege

Ui

S rucures pres

slump nedding =ontAaining sodimens

Ar'd fraymens s af grad=dq bheds, hori

N 2
,cfoSS-laﬁinztion, and o%herldan5éi
vdﬁ;j_miY'lie unrbnfofmébiv:5ﬁef
may d@form.‘hu neinlnq qurfﬁc* o;é
STIESS caused by & SWifely- mov1ng

)
{

Iiﬂ%‘ﬂfiihQﬂ,:xO“ cOhT:lVG ocidlnq

~—

NV primary de positiongls

“WO extrepes, on= may fing

flow structures

jo?s

Zon*al anp

~ionalt feafares{ blumo

- ES

uPi»Formed ocddwmg or 1;
T whlch 1 MOVCQ. Th?
grawh—Flow or sli 1° on a

sur € ‘ace ma{ de to* n *he

&5, thevdeformed sediment

. = \ . . -
Mey Iner g resistancs -5 flgyg becaus=:of greater '"hedfiprg
flowuyélocify.-AltennatiVQly, 4

sutficizn- Pressurs oy und=rlying

-;efo:ma‘ion{by 3iffarenf1al

urbidity unierflows-can b= q

’

mn
s
1o
oY
D
n

Liddle Ton and Hampton, 197

T
g

DO S 1

(=3
o
s

a
at another Site, 4 sedlménfation

hiqh4velocify;'blump qonorated und
. P ‘

\ . .‘v - . oy

: ‘parhaps disturb@d, oy thc slow mov

Dlstortod beddlﬁq or amlnat:
‘?éctbrsfﬁ 1des slumpS( D15+or+cd

.

1+ one sife maj corrslat—'

or Sliii)$ay'ekert

fine~qgraingd se imonf_to
!

Aoading, |+ . .
N . /

T2 g ted by'slumps-dnd‘a.

a

'

7) Thnré oru »sldmp

w1‘h unaeerow 1é posf
i
g%\ﬁepo\lfec by a

wrflow may De ovcrr ddeny

1nq slump marérldl

f

r .
orn max rcswlt from othur'

lamwna+wor_1r coarse

n‘-and/or Flne—gral ed . dlmen+ has b en rala*ed to‘i
‘ . v> ‘ . S " -.‘ ‘ . e : ’ . (t
TR DV 1) an oveﬁtiding forgej...hf$pch:'”“hp passag@ oc

//, furpldlfy currento], 2) "ff er
slow mags.mOVemwnt of qafurd*a
naASE

enti”l overloaalng, and 3)

.

a séd*moh*° on an:gnclined;

DG N

P

..
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‘5lope" (Coleman an#d Gagliano, 19&5; See,also,5Q2ulynski'

B

-and Smith, 1963). .
.

‘ . . , ! B .
Convolute laminatlon,-ln whlch t he lamlnae have been

0. N

_ <
|

’,—' "‘;,

cy

[N

'ﬁdeformed lnto antlcllnes and syncllnes, has_been_discussed

\
.

by Dzu&ynsxl and Smﬂth (19F?) Sanders (1955). Coleman and

Gagllano (1965(’ and Sel1ey (1976),

amo“g others. Selley

(1976) suggests that convolute lamlna+‘on."..: probably

,originates ees by +he Hewarerlnq of -

sedlmen+ aided by *he

shear sxresses set up by the +urh1d1ry flow ltself ceoel

©

’

Di fferences in degree of por051ty and cohe51vepess betweed

sand and fine- gralned 1am1nae créate st resses wlthln t he

sediment layers +hat ‘may cause ",,,

laminae wlthout any lat eral shortcnlnq" (D?ul)nskl and

N

leng+ henlng of the

" Smith, 19€3); that 1s, ‘he Forma 1on of an*ﬂclwnes and

synclines which, unllke the f%lds creared by slumping, are.

®

not reduced in areal extent. Sanders (196?) has lncludod

convolute laminae in the group of sedﬂmentary structures

o

considered to have been produced durlng dc0051tlon from

ﬁurbulent-suspen31on.,Th;s could“lead\to di3cussion as to
1 1 .

whether convolute laminatlon is'a syndepositional or a.

post- dep051tlonal deformatwon struc*ure Tf several

mechanlsms are. responsible, for the formation of convolute

lamlnae, then the classification of the convolutions as to*
N . Load

syndepositional “or post-depositional

. -
~Sedimentary context.

hajndepend on its

Perhaps ah unusually rapid and relatively heavy

o

deposition of fine-grained material,

for example, deposition

v

©



from the tail of a turbidity underflow in an area of R

»»ofherwase slow se*tlement of 51lt ‘and clay from overflows,

’
L3

wcould generate 1ncrea4ed pore water pressure u1thln the

N

;sedlmeﬁ;. Gradual exppls;on of‘waﬁer'from the ung%tlying

silf'could pos ibly rasult in smal‘-scale, fine- gralned

v

coovolufe laminRe within fine- qralned sedlmentatwon unlts.

~

-Compaction due to rhe welght of over1y1ng sedlment may
further deform convolute laminations by flattenlng out the
anticlines and syncllnes agalns‘ ‘he upper and lower beddlng

. surfaces (Grabau, 1960). leferent1a1 1oad1rg may also

“~

‘result in the format‘o“ of load casts and . pseudonodules

(Selley, 1976) . Whereae convolute lamination refers. tb a.set

N
' - . . ‘
5

. .. . . ) Lt
£ ;amlnae deformed "into anticlines and synclires, load

A
by

a

"casts deforam thse underlying sedim=nt from above only.‘Load

casts disrupt otherwise horizontal fine4graiged-laminationx

It is poselble for segments 0f *he overly‘ng coarse gralned'

'

- N

béd to becomo comple ely detach > d From the bed and

surrouncded by distort=z d»lamlnae or structureless mud in a-

R

massive fwne-grdlned hed these segmepts aré frequently

+etned pseudonoduies {Pettijohn and Potter, 196“;,Selley,4'

L3

1976) . : s

The primary sedimentary structures discussed above are.
ap . * . * .

those which are likely to be present 1n a section of |

- . ‘~:
glaciolacustrine deposits. The types of structures, their

dewz2lopment, thickness and location within the section (or
core) can indicate the 1OCation of the seCtion3in_the'1ake

-~

relative to the sadiment source, and *+he changes in the

1

4



a3

S

. - ) r . - ~ .
.._'~x Yol . R

-env1ronment ln uhlch ‘the sedlmen S were dep051ted.

.0

-
; . 1 ! I
Sunwagta Lake CoreS'.Prlmarz Sgdiﬁégt_gz Structures

_ e eme——m . —m RS ISR mmans -_— —_—— o=

AN

~;>_'

ly 30 and 237, 197§ sevep 'corés vere. obtalned fromv

Sunwapta Lake, four? from the north. basvn and +hree from th-,

south basln (Elq. 6) usinq a grav1+y corer. The

°

”unconsollda+éd predomlnantly flne~gra1ned nature of the

lake bed sedlments caused problems 1ﬁ°+he corlmg operatlon.

-

‘ ' g
Several cores wers lost completely, flowlng ‘out - of ‘the corer

"9

13

_ as;1r~was taken from~the water., Of the cores that ware
”suCcessfully collected; there ias some/disfurbance and loss

“at the base of the cores on remov1ng and seallrg the core

3

liner. dorlzontal lamlnatlon a+t the base of several cores

'

shows faultlng and bther dlsturbance probably related to the

Y

-f)ouace of" uncorsolldated mud before the cap was put on the

core llner. As the corer de;cended through the bottom
deposlts, fr1c+1onal resistande be*ween the core llner and
the sediment caused drdag along the sides: lamlnae yere
elther bent downwards at +he 51des, or assumed a
convex-upward cross-sectiohal profile._The degree of
convexity varies from core to core and Hl*hln each core.

Several of the cores also show slight, 1 —m2mm,.vert1cal

dlsplacement within setsvof laminae., This faulting may be

"due to drying. A more serious problem than the above Jis the

1055*or‘small sections of several cores which broke off or

crumbled away, leaving gaps in the core ‘record’.

u



184
LI . [
Desprte ‘some. dlsturbapce and loss, ;;jwas thought *hat

-

prlmarv sedlmen+ary scructures v151ble 1n the cores coulq\be

o

related’*o sedrmentary orocesses aud ra+es of sedlmentatlo

-
o, A1 . . P A R R . . o

4.2.2 Sedimentary Stracturss in the Cores. TR
a °evera1 prlmary sedimeutdry‘s uctures can be o

recogplzed 1n some or all of.ane cores mhe predomlnant

4

features, deflned laroely oh +he basls of descrlptlons and
photographs of s*mllar fea+ures found in Dettljohn and
Potter (196U)L M ddle*on (196R), Jopllng and ﬂacDonald

v

(1 ?»5), and Selley (1976), can be clas51f’ed as: fOllOHS'

'1;~5Large—scal\ (several cenflmetres +h1ck) rhythmlc .
Sedimentation uults,ﬁ« ’ SRRV

2. Hdrizdntal lamfnatiOns,
3 4 - Bl . . N
. 3. [Coarse gralned s+ructureless beds,::"' e '

u, Curren+vr1pple cross lamlna ion, N DS

5. Pos:-depositional, deformatlon structures'
. N _’_‘7’.* ¥

a;r large—scale dlsturbed sequences,’and

LS

b. dlstorted or contorted lamlnatlon. Mo SRS s

These _ea*ures are not necessar}ly mutually oxclusmve..Two
3 \ . .,;. r

Or more ad;acenf structures may fonm a 1arger sedlmentatlon

-unit, | . ' ~ . ‘, S } - ;
C ' . * . - .4. .‘ . . <

___—.._.__ -2z ...__———..__.——_-- ———

This is a prominent feature of all seven cores. All ﬂ

Ed

other s*rucrures except certaln deforma*lon structures and

0
o



,j+h1ckness, of +he horlzontal lamlhatlon. The measurement of *

n&

Vsome s*ructureless sand beus are contalned

~are several beds of lamlna*ed sand and sets of lamlnae

-sedlmentatlon unl*s.,rachfun1+ con51s+s of' ' .-l.“

o
. : -

R

,l;fd h-ap arentl struc?ureless or fala*l lam1na*ed°
k P Y ' y

LA -
- ¢ . . !

flue—gralned bed -and

2o_.A complex bed ConSlS*lng oﬁ,fln
a e

flne gralned and coarse dralnedfse 1meht generally ln

.

ff/ coarse gralned struc+ureless beds, contortedxand_\ ‘f S

<

otherylse dls*urbed lamlna+1on, and rlpple . ”f'%\;‘

cross- lamlnatlon. R

N

rThe lelSlon be*ween unlts and be+ween beds w1+h1n each unit '

R\

is not sharply deflned- rather, 1+ 1s marked oy .a: gradual

change 1n\Q§; number and graln 512e, and frequently in the

. . e ,h EE
each unlt 31ze is som%what arbltrary because of the absence

‘of dlStlnCt boundarles. Unit size is’ varlable from core tO

@

core and wit h1n each core, ot L o i*

u 2.2.2 Horizontal Lamlnatlon' 4 S B
" The mos+ common and perhaps +he most«&&é&*nctlve,
feature ot all seven cores, horlzontal lamlnat"n occurs

xthrougnout the length of each g¢ore.. The lamlnae tend ‘to be

cohcen*rated in sets and are better-” developed and more
K ’ ’
numerous 1n the comolex bed of +he rhymlc cedJ.mentatlon
"unlﬁs Where coarse materlal 1s\present, +he lamlnae are
o A . >

.more dlstlﬁct and tne sets larger (that isy, thlcker) There

N

f [P

P . >

I



Ty . B SN ; . L . . y!

cons1st1ng o‘ sand and srlt. Othervise;\lamlnatlon 1s causad.,;

\

3

dby al er ng lamlnaevof clay and\flne 51lt or by ;'- R

¥ - ".'v"
o ' e \ . \

:;varlat ons 1n colour. The rndlstlnct na*ure of 1nd1v1dua1
_ . - _

'“flne*gralned laulnae'may make lamlnatﬂons apqoar rhlcker'ln
Vpredomﬂhantly rlne gralned sedlment.,u' o T .
N SR . a0 » £ . L LT fo ) I
S » .: DT

s -

- A
-

'-"5,5‘-_'2-_.2;3 Coarse: graln@d Structu l.'-,éé and Boorly Laur;gs:sg

. ,.l - . A -

Coarse gralned struc+ureless beds and beddlng is

’

5jpresen*-“n»se¢eral Cores, rangwng in’ +n}ckness rrom several

{*mrlllme res (almos+_a yerv thlck lamlna) *o several
;centlmetres._The coarsesf beds con51s+ of well-sorted sand.

‘ R LY

"ﬁThere are also beds of unsorted coarse 511t and medlum to

4

- s

‘i.flne sand. Whese srructureless sedlmentary features are not
f‘lsola*ed beds,,bur tend +o occur ad)acen* +o 31m11ar beds of
'5sllgh*ly dl*ferent grain= 51ze (graded beddlng), or in_

-beddlng sequences separa+ed by flner-qralned beddlng or

.lamlnae

q“'RLpplg 0;oss-lam1natlon
_~,;“ . -
“,pie croSs—lamlnaflon is rare, clearly v151ble in

fonly one of the seven cor es. A sequence of what may be a
,sectlor of cross—lamluated fine sand v1ewed normally or
K

"tangertwally to current flow dlrec*lona1s also present in

one co--. In general the cross~lam1nated sequences ?rade

upwards 1n+o hor17onta1 lamlnatlon.

v

w.
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Sectrops of . several of the cores have been folded and
faulted due to subaqueous slump ac*1v1+y 'Indlvidual beds
' )
~and lamlnae havo been contor*ed or: broker 1nto fragments
N

that preserve the orlglnal struc*ural fea*ures. Sedlment
clasts of both coarse- and flne~gra1ped ma+er1al have been
lncorporated 1q+o the dlsturbed beddlngg | |

‘The deformatlon ﬁu all casas has apparen‘ly affected
‘more than one rhy*hmlc sedlmen*aflon unit., With one )

: B 5 §
exc*pflon, there is no shdarp lower boundary between the

. slump ma*erlal and the subjacen .undlsturbOd materlal the

-degree o deformatlon decreases with sedlmenL depth ;

- ‘Laminations ‘rata have'been folded into. aﬂtlcllnes and

'recuubent folds. - N\_ L.
§ . . ;
Two cores (1. and- 7) show vell- developed 1oad casts and

pseudonodules.~Segmen*s of struc*ureless sand beds probrude
into underlylng alnerqralne lamlnated or structureless

. -]
beds, causing sllght upfoldlnq of "surrounding lamlnae or

beddlng seguences. In one core, a portion of the overlylng

sand’ bed has become completely eKclosed in the sub]acent
{> - .

fine- gralned_sedlment.»

‘ On a smaller scale (le“' than 1cm), fine- gralned single

v

. lamlnae or sets of lamlnatlo s have been golded s+retched

or 1ntellamlnated Several examples are v151ble where silt

and clay laminae have been gently folded *ntp an anticline,

These ﬁeatures may in fact be syndép051t10nal features, that
r 4 g
is, affected by the current that depos*ted them, rather than

¢
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'pgst4depositidnaLlféatgrqsr'd‘hafsAmay be the result of

N

differenti

¢

< post

B

core, "thd aeven

thLes =oi*h

Core

-

& .
v ~

' .
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al loading and would therefore he classified

-d<posifional deformation structures.
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The Sunwapta Laks Copes: ingzia:igalégg Analysis
e . A
4, 3.7 Genergl

:

N Ythe basis of “hedir hnown loca*ion wit@}w “he Qake,

3

1

southsast of Core 3.
-

cores aai

Da=iv an? tLr-< vorth

the predominant sedimentaty s+ructurés visible in each

pe A1vided into one intermediats,

h Lasin cores (Tig. €). The
. o - *

o basir copds ares
Coy= 2, 8%ca lonyg, collectad near Pan a, .
: . L.
B \\
. . . . v
cxn T oaloar ARa@ Iuong AR =T mourh and siigh+tly east
. . .
Yo Core 2, a1.4d O
t‘ i
Cors 2,e thie BOST east: Tily vore= of ne Tiies, goillacted

: - 1. - A N
A portion of the %¥p of Core 4 has

broken off an%{the oVerallllength remaining is

approximately 8fca.

i

> north basin cores are: )

Gore 1, 65cm lqng, collected south bf, and between Pans

2 and 24,

Core 6, about 94cm long, taken in *he centre of the

north basin, west of Pans 2 and 2A, and

Core 7, about €0cm long, collected in the northeast

section of the north basid, opposite the Mt., Athabasca

stream del+ta.
Ty

~

’

>, the west.channel core, occupies an intermediate

A
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- B . . . A

,p051twopy ln +m‘ms of sedlmentary structures, bctween the

.

"north and south ba51n coras. Core S was collactnd in the

~north basan, rorth of  the west channel
Fhd " ) B4 . - .

[ ..

&:.3?_2\ The §9t.lrh Eaag Cores - ‘ )

rFhc’most dlstlnctlve feature of Core 2 (rlg. ?7A) is

.

ihe hor*von*al’lamlnatlon presaqt'*hroughout the core. Very

faint flne gralned sets of “laminae alternat° with sets of

. sil+ and flne to—coarse sand lamlnaa formlng what appoar to

be largcr sedlmantatlon units, However, these units are not

.

‘\ i

clearly daflned ner are they divided into dlstlnc*‘i

, fine- g%alngd and coarso—gralnad beds' rather, the
sedlmentatlon unlts arc thd result of gradual varlatlons in

numher, thlc%ness, graln 51ze and dlstlnctlveness of

v
~

laminae. The unlts raqge rather wldelv in thlckncss, so it

is unlikely they represent the reqular seasonal changes in

sedlmant lnput and accumulatloq that dlstlnqu1sh varves, On

a general basis, the units vary from 10 - 20cm in thickness,
GX

mhp tog 2cm of the core consist of a structuyreless flne

7
sand. bed ovorlylng very thln, dlsturbed laminae folded into
ar anticline. The subjacent 2,5cm consists of alternatlng}
511+ .and sand lamlnae. Plftcen centlmetres from the top of
the core, silt and fine—to-coarse sand form very di;trnct
lamination; several coarse laminae are 2 - 3nn thiCk An
‘unusual bad of thick (2 =~ Bmm) altcrna 1ng laminae of fine

sand and coarse silt with quartz gralns appears between 22

and 24cm from the sndlment surfacc Predomlnantly sand

S 189
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CORE 2.
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CORE 4.
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CORE 5:
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laminae lie between 28 - 29cm, 30 - 32cm, 49 - 55.5cm @nd

*57.5 - 58.5cm from the top of the core. A sedimentation unit

consisting of several-beds of structureless and
. \“ . N .
poorly-laminated coarse sand lies hetween 22 and 23U.5cm. The

5

.- urit is inversely grad=d, with the coarsest sand bed {about

L4

1Cm fhick) at the £op. Several examples of in%érlamination
are present in the,gEds or sets of fine-grained iaminae;
Lamination.ag.the basa of fﬁé cora Has‘been disturbed, moet
likely during the cpring operatien.

Mast of the top 2écm of Céye 2 (Fig. 27B)Ihave been
disturbed.bQ slumping. Coarse and fine-grained lamlnae and
beds have been folded into anticlines and recumbent folds.

Tt is possible that two slumps—are represented and the,

"v571ghtly fclded para11e1 laminations be+tween Wb’and 20cm

3

mark an interval of undlsturbed sedlmentatlon. The slump

_material is predomlnantly flne—gralneﬂ bu+ several lamlnae,

N

5 - 1Cmm thick, of medium sand are'present. Two thlck (145 -

2cm) strata of struétureless silt and fine sand with
} & i . :

. . - . L . "y
rfumerous gquartz grains are visible between 26 and 30cm,
Geparafed and bounded by beds of finezgrained.laminae. This

resemhlies the coarse silt bed 22 - 24icm from the top - of Core

. \
2.  From 43 - u?:ﬁcm from the“sedlment.surface_of-Core 3, a

“beddirg sequence of poorly 1aminated and étructureless

-.€coarse sand forms a distinctive unit. The remainder of the

«
1

core, from 47,5 - 69cnm, c0951€+s of we11 developed sets of

siif and 5and laminae, each lamlna about "Tmm thlck

alternating with faintly laminated or stfuctureless beds;

v
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\ ’ 4 ) N
these units resemble the apparently thythmic sedimentation
units found in Core 2. As in Core 2, the units-rangL in,

thigkress from 10.- .°0cm.

\

2 small‘portion of the top of Core 4 has been lost. The
P -

’

first 2cm ¢onsist of several thicgk lamlnae of ‘fine sand and ,
5th1nncr laminae composed of sand\‘swlt and clgy'(F*g) 27C)
Core u lacks +he very coarse sand units found in Cores 2 and
2, Howiyer, Core U4 contains szveral beds of current ripple
cross-lapimatiop. The better-developed examples lie betveen
o, s —-SOcm and betweesn 61 - E7c¢cn from the top of the core;
The'former grades upward from a bed of poorly lamlnated sand
to ourrent ripple cross—lamlnatlon to 'wavy' 51lt laminae,
The latter follows a similar sequence, except that it lacks
the subjac~ t ctructureless send bed and +he rlpples are
composead of thicker laminae. Poorly developed rlpple
EIoss-lamination (perhaps viewed normally OT tangentlally to
'od;fen‘ flow) lles between 33 5 and u2 5cm; Unllke Cores 2
ard 3,-in whlch the lamlna% are largely horizontal and

o,
undisturbed, Core U4 contains numerous instances of disturbed

o

fine-arained laminae, Lamination is wavy, folded into
articlines, or interlaminated The top half of Core 4
con*alps more poorly laminated or structuréless beds of silt
and fine sand, than\do.either Core 2 or Core~3 Eigh+
centimetres from *he top of the core lies a 2.5cm thick bed
of horizon*a lly lam1na+ed 'sand and sidt. Below thls is. a

centimetre-thick stratum of sand., The bed has been disturbed

by coring and drying, but appears to be poorly laminated. 2



197

- bed of _Coarse 51l+/sand/1arge quartz aralnb, 3. qcm thlck and

about- 16 5cm«from the tep, resembles a bed presen+ 1n botn

Core" 2 (22 - 7Ucm from the *op) and Core 3 (26 - 30cm from.

the top). The bottom half ot Core 4 is apparently dlv*ded

1

into sedimentatlog“unlts similar to those in Cores 2 and 3.
: o 1 . . : '

4.3.3 The ¥ North Basin Cores
Core 1 (Fig. 27D)Iis composed’solely'of Fi'ne-grained_
haterial - silt.and clay. When damp, the core sectlons
vcompoeed predomlnanﬁly of clay appear as dark lamlﬂae or
Lpparently structureless beds of varying thicknesses,»
‘Similarly, sections comgosed”p:edominantly of =ilt adppear as
light-coloured laminae Or apparently structureless beds of
varying *thicknesses. No-definite annual of othef rhythmic
sedimentation paftern is cleafly v151ble in the core.k
However,“sets of eell developed 511t and 511*/clay lamihae
are)prebent at intervals throughout the core. The
'hetter-developed laminae lie between 9 - 11cm, 20 -.22cm; 28-
-/30ch, ahd 46 - 52cm from the sediment su;faée. Thess
laminations are genefally.adjacen* ‘0. poorly deLlned‘Lamlnae‘
,or“thick (about 0. 5cm) al+ernat1nq lamlnae of 51lt and "
511t/clay. Also appearing at intervals throughout the eore
‘aré relatively,thick (several cen+1metres), apparthly
structureless or poorlynlamlna*ed predominantly clay beds.
The best examples occur between 15 - 16.5cm, 22+ 25.5cm, 30

v 31.5cm, and 39.5 - 43cm, Several 0of these beds show

possible grading or inverse gradihgﬁ others .grade abruptly

'
ES
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from, or’ 1n+o, 51lt beés. The sets of 1am1nae and»the poorly

’

structured or strﬁctureless beds may form larger' .

.

.sedlmen*atlon unlts averaQAng 6 - 9cm in tthkPESS. Hoﬂever,,

. k)
there dre no deflnl -e boundarles separatlng one unlt from

another, Also Vi Slble'ln Core 1 are several.lnstanceS'of;
dfsfofeed flne~grained 1aminafidn. Wavy.end_;pihched out"l
laminae . eccur between 3, -{Uemﬂ 16.$ffvf7cm, 25;3»; 27em,
35.5 - 33cm, 4 = u6cm, and Aé.-'§0cm: Between 35 and 37cm
from the top of the core, flne gralned lamlnae have been

- folded - 1nto an antlcllne. Between £2 and Sucm, sectlons Jof
the overlylng clay sedlment bed dlsrupf the underlylng,

-

falnt 51lt lamlnatlons.

y¥ith the exceptiqn of some f/ine sand laminae betweeh 56
and 60cm, Core 6"(Fig; 27Ef con;ists of“silt anéyclay; qifh
horlzon+al lamidation the doml ant primary sedlmentary
‘s+ructure ‘hroughou‘ the core. Several beds, 2 - 3cm thlck
appear structureless, but may actual‘y‘con+a1n lamlnatlons
or gradlng not v151b1e to the ey As 1n_Core 1, the nore
distinct sets 6f”laminae appear af'intervais,‘rangigg,from 6
- 10cn, from.thefsedimenf'sdrfaee to the base of the Cerea
Some disturbance of the hpriZOQte13lamination‘occurs befﬁeen
20 and 25¢m and egain between 78'and'802ﬁrfrom the top of
the core. N, |

', Like the other north basin cores, Core 7
.(Fig.'27P)consists largely of thizontally 1aminated silt
and clay. The more distinc* lamlnae occur between 34 and

3€cm and betueen 44 and 4€cm from the sedlmen* sur*ace. Tuo

- £



features stand out rn Core 7.v<‘~w

-

‘1;f-The 1arge dropstone, about 16 5cm from the top of the

u,... . LS
core, and

'°32;Q”Thegpos+ dep051ilonal deformaflon struc+ures in the- e

upper 10cm of the core. wlt“~f“
, e

The top of Core 7 is unusual in *hat‘ t con*alns coarser

sedlment than 1s found anywhere e‘se in the three deep north

e

‘*ba51n coress‘Several hlck‘(about 0. Rcm) lamlnae of sand and.
ICOarse‘or flne s1lt con+rast w1+h dlst*nct 31lt and clay

ﬁ_lamlnatlon. Deformat*on of the horlzonral 1am1nat10ns
_appears to be the result of dlfferentlal loadlng of the

coarser materlal on the mud 1am1nae. Thls has crqeted load <

1

casts and pseudonodules. The 1nrerven1ng sec+1ons of

-undlsturbed horlzontal 1am1nat10n suggest that the

u'

deforma 1on was not dus, to sluhplng. About 14.%cm from ;pe

top of .Core 7 a 1arge pebble wlth an apparent long axis

‘ 4.5cm 1n length appears*as“a dropstone in +he soft bottom

‘sedlments. Three centimetres' +h1ckness of underlylng

sedlment'was disturbed.‘The pebble may haVe been thrown, but
Y

the distance fronm shore . makes thls unllkely. It is probable

that the pebble was 1ce—rafted

o

4 Iherzztar ediate Core

_'Core 5.(Fiq;.27Gyhcomh1nes features 51mllar to those in

Q‘B’“‘FJ

J.*

toresgz“j and U, with: features visible in Cores J 6 and 7

The top 3icm of the core con51sts«of flne gralned horlzontal

-

lamlnatlons, with one exceptlon' slump structures are
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'.v1s1ble be*ween 2 and 10cm fmom the sedlment surface.

Flne—grarned and flne samd lamlnae have been folded 1nto

) antlclﬂnes and recumbent folds.,A fragment of* a poorly

:lamlnated sand bed at 1eas+ 1cm thlcq has been 1ncluded ing"

he siump mater1a1 Dlstlnct horlzontal la 1nat10n is

151ble between 12 and 1BCm, 17 ‘and 1°cm, a‘d between 25 ana
R

’77cm. Two flne sand lamlnae, each about 2nm thlck are

.change abruptly below 37cm. Fron ?14-

’Jalternatlno W1+h 31lt lamlnae. Fronm ?1 46, 5cm, both

o

presert one,at 21 ‘Scm and the other at 28 5cm

Sedlmentary structures and predomlnant gqaln s1ze‘ Len‘

[}

6ucm belov -the

sedlment surface, over 50 percent of‘the sedlment is of sand_"

L51ze.,The sand is present elther as structureless or poorly

-

'flamlnated beds 2 - ucm thlck or .as lamlnae O 5 j,zmm thlck

A

h

coarse gralned and flne—gralned beddlng and lamlnatlons have,

vbe n fo;ded and fragmented by slump act1v1ty. From 46,5 -

;sedlmentatlon unit of poorly lamlnated coarse,cand lJes

vbetweev 46,5 = 50cm' the unit appears to grade upward from"

‘coarse to ver coarse sapd. A unlt of lamlnated sand (Hlth
Y ¥

very coarse to ,coarse sand and then 1nverse1y upward from

R
&

o R
Iy

some s1lt la}unae) between 51 and 55cm resembles the

fragments of 1amlnated sand bedding present in the slump

'materlal descrlbed above. A .second lam1nated~sand bed.

contalnlng ‘some 51lt lamlnae 11es between 56 and 58. 5cn.,

Several examples of dlsturbed lamlnae are present. A‘°¥

‘ narrow bed of what may be rlpple cross- lamlnatlon 1s v1s1ble

e .o h
. - e R [

. 3 . .. . K
. ° . D ) . . "\ .
. - . . - e e . - . " .

B R

&

.6Ucm,.+he horlzontal oeds and lamlnatlons ‘are: undlsturbed A

N

L



between 82 andféacm.'At the base of a fine sand bed, 2cn
thlck fragments of the underlylng, apparent‘y struceureless

-

)}

'mﬁSllt bed have been 1ncorporated into the. sand as fragments

;

fand wlsps or 'flame structures’'.

¢

)
&
4

é;}gSTAgglxsigwggd Discussion ,

wiﬁh”severaliexceptions, most notably the coarse

,&structureless and poorly lamlnat nd unlts,Kthe

oy, 1 >

.0/

sedimentary structures visible in the seven cores are not

-

distinctive, isolated features. p;Lpple cCross- lamlna+1on

-

grades upward 1nto wavy and horlzontal 1am1naf10n. Faint
lamlnae appear rn'the mldst of thin structureless bedding.
Flne gralned lamlnatlon grades 1nverse1y upward 1nfo

coarse-gralued lam1na+1on whlch in turn, qrades lnto

o

fine- gralned lamlnae or structureless beds. Therefore, while

rhythmlc sedlmertatlon unlts are V151b1e to some~extent in

i

°

S
all seven cores, +here are no abrup* dls+1nct boundarles ”

‘wlthln, and between, unlts. Clear cut annual de9051ts

1

(varves), bften descrlbed in - stud*es of glac1a1 lake

5sed1ments, are no+ V151b1e ~in elther the south ‘basin. or th~

of several facuors.

'
.

north ba51n and 1ntermed1ate cores %Thls may be the result

‘/-

Y

2

1. The relatlvely small area of +he tvo ba51ns,

,3;4 Lake currents of‘hlgh velocltYﬂaSSOC1a*ed Vlth hlgh Co

- , % -’ PR ISToRN '::5.."'_"{. e, . 8

-

2 The 1ocaflon of the baslhs w1+h reSpect to the sedluEQ+

sonrce,j T fJf'.lt a;_ Coe

s P - . . . e AN .
. Lot . . . . . PRI

y

dlscharge. "tﬂ{fﬁf
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u, ,KaLabatlc Ninds assoc1\a+e'q with hwgh +3@ Pra*ures,

5. The shallow dapth @f bo*h ba31ns, and
€. .Underflow and slump act%blty. -

W N

N . ) N ) .
The first four factors comblne to hasten the movemen+t of

promote,rapld sct+11ng and dep051 ion of both coarce and'

suspended sediMentﬂqut'the lake. The last +wo faCtors

;fine>mate;1al Sunwaota Lake has been shown to be an .
effe?iisg scdlment trap (ﬂathcws, 196Ub- Gilb' ,31975a),
but almost all sedlmentatlon occurs before wlntzr; By - the.
end of thg mel+ scason, little sedlmept is left in

susperblon to scttle out and form the structureless or
£

graded "lay 'winter! varve beds.‘Iﬁ additicn, underflow and

e S
3 !

siump act1v1ty may 1ntroduce new material in w’ntor, or

u"‘

remoye in sprlng whatever flnc—qralned ma*erlal has settled
bctween frcezc—up and break-up. hcreFore, the 51mpl¢
and complex varves descrlbed by Anuevs {1921 anad 1951) and’
oth@rQ are not presént in the Sunwapta Lake cores.
NeVgrvhqless, rhythmlch apparently cycllcal Sedimen;afioh
urnits defined by yariafiopgfih number,”thickness éha‘
grainQSizé of lamination, are visible in all .seven cores. Tt
seens likely, as dlSCUSSGd below, that +he small scale
rhythmic deposits (measured in mllllmetres) represent daily
(o; slight ly longer period)gfluctuations in sediment input;
the large-scale rhythnmic units (neasured ‘in ccntlmetres)
represent annual melt season dep051tlon. The latter 1ncludes
goarse-grained laminae, distorted and- contgrtedvlamlnae,‘&nd
such turbidlﬁylu?defflgy feafuagéigswgoarse stfugfﬁrélésé

fir e e ' ,,:".rl'l‘, ’



beds and r1ppl== cross-lamlnatlon.

The lack of well- deflned annual deposlts (varves) makes
it dlfflcult ‘o distinquish the sediment. and structures of-
one year from those of another year. Correlation between
cores 1is hlndered by the scarcity of marker beds; very
u51m11ar beds or beddlng sequences, such as qraded underflow
dep051ts Or sets of silt and sand laminae, may in fact have
been produced by two or more‘eveﬁis,‘elther 51multaneously

or wlth a tlme dlfference ranglng from several seconds to

several years. Wlthout_observ1ng or recordlng the underwater
B ‘ ’

progress of a turbldlty underflou or slump, +here'is no way

of knowing wh ther an event affec*ed one or more core 51tes.

2

Tt is not unllkély that an underflow travelled over one sxte’
and bypassed-another. The next underflow may have.reversed

the situation. Furthermore _underflows can travel din

Al

Wpulses' and unless they are checked abruptly, gracually

dlss1pate w1th the overall veloc1ty decaylnq through the.

AN

flow regimes, The ma551ve, graded or poorly lamlnated sand

deposits of one core could be related to ripple <: N

cross- lamlnatlon or- dep931ts from“suspensgon - ZIlne- gralned

ftall sedlment - in another core s1te. Er0510n of materlal by

hlgh velocity currents can create dlscrepanc1es between two
cores. Slumplng can dlstort deposits and structures such as
horlzontal or.- cross—lamlnatlon, at the same tlme, material

not dep051ted 1n a core area may be 1ncluded in tne slump

.materlal and transported to the core site. The distance

between two cores and their respective locations withinsthe
. P KN c .- '

L3
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lake influence +he process or processes-of deposition and:
“he reletive effects of an undarédater eyent on.thefcor%{ .
areas. The size and shape o *he lake basir affects the = *

results of a subaqueous cur r &&3R slump. Without continual

»monitorinq of discharqe énd inpu* from year to

year, ‘it is dlfflcul* (and oerhans mls‘eadlng) to relate tue

dd+a concernlng sedrmentatlon collec*od 1n one year to the
\ g, ST o A
events of prev1ous yearso . -
) ,.' . q\l L

However, several 1mportant factors relating to

’

>

sedimentation in Sunwapta Lake_are knJvn or inferred, and
'these factors greatly lnfluence the analysls of the seven

chbres., Sunwapta Lake is d1v1ded lnto two ba51ﬂs by an
)

lntervenlng bedrock rldqe--thls has affected sedlment

dlstrlbutlon and depos1t10n in the lake to’ a greater or
. }
lesser extent, dependlpg_an the location of *he ‘major

\

sediment source. At some time between 1950,and 195e, thé
Athabasca Glacier«retreated to a 1ipeésou+h of the ridgew
(Fig. 2). The two baSLns, the north ‘basin and the smaller
south ba51n ave been in ex1stence at least s1nce the time
of Mathews' sed1:Znt transport study in 1957 (Mathews,
v196ub).'A second major factor affecting sedimentationvin

'Sunwapta‘Lake has been the changes in location of the'major“

~sediment source or sources. Not only have the three maln

. streams mlgrated over their respectlve deltas, bu- the

relatlve' mpor+ance of the southeast and southwest streams
has changed over the years (Mathews, 196Ub' Gilbert, 1975a).

These two factows, the 1nterven1ng ridge and the changlng

LY
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- sedlment source,;should be evident in core samples takeén in

“fSunwapta Lakeh

)

The south baswn is the prox1mal zone. Slnce at least

1957 (Mathews, 196ub), the south ba51nxhas constltuted or

,

been 1ncluded 1n, the .zone. of rapld sedlmentatlon. T-n 1957ff;;*

~ i = he 0

“the sedlmentatlon rates was estlma*ed at-d 5 gm/cmz/day.'lt?"

was suggested that the top 10 -20cm of sedlment cores taken .

from the d per sectlon oF “the lake, in the zone of rapigd .

i
S i ‘o,

'sedlmentatlon, represented one year s dep051ts.
Tn 1975 dlscharge recorded in the Sunwapta Rlver (and
from July 2 to. August 21, in the southeast s*ream, see Flg.

17 and 18) followed the general pattern shown by the mean- of

. . @

‘mean dally flow in the river for the years- 19&8 = 1972
(Gllbert 1975a). Flow began in mld May, reached 1ts max1mum'

_peak 1n early July, peaked agaln at the end of

iJuly/beglnnlng of kugusr, and +apered off erratically,dto
. freeze up 1n mid- to-late October. Sedlment 1nput for. the
1975 melt season, based on suSpended sedlment concentratlon
and sedlment Ppan data, show a general correlatlon Hlth T
élscharge (Vlg. 19B), that 1s, the hlghes+ sedlmentatlontfl.
rates and heav1est concentratlons of suspended sedlment
-roccurred at the beglnnlnq and end of. July (approxlmately ‘
rJuly 5 - 15 and July ZR - 31, ‘(As dlscussed 1u Chapter 5, g
the correlatlod frequently breaks down when examlned for

partlcular 1nstances ) .The- south ba51n cores were collected

on July ?1 at +he end of the most actlve°perlod of the melt'

1 -

Q;season.'Pstlmated and measured sedlmentatlon rates for zone‘

‘



A'(the zrne olvrapld sedlmentatlon, see Flg. “6) suggest a
_.thlckness of 9 - 10cm of sedlment dep051ted between May 15
and July 31‘ ThlS would 1nclude mater1a1 dep051 ed by

'turbldlty underflows and materlal settllng out from

) _SUSPQDSLOH.

That turbldlty underflows occurred 1n.the'south basin‘
'seems reasonably certaln. An underflow was monltored by
“velocity. meters on August 17/18 197U (Gllbert 1975a), and

j_»COHQlthHS conduc1ve to underﬁiow activity: ﬁere noted'atrthe

beganplng and end of . July, 1973, Pur*hermore, certaln

Features v151b1e in the cores, (coarse structureless and

e

spoorly lamlnated sand unlts, rlppl° cross—lamlnatlon,

.lamwnated 511t and coarse sand), at present .can only be

\\trlbuted to turbldlty underflows as descrlbed by Kuenen

~

(19R1), Bouma (1962), Sanders (1965), Walker (1967) and

<

'lothers. Tt is p0551b1e that the coarse sand de9031ts about o

.- 33cnm and u3cm From the top- of Cores 2 and 2. respectlvely and

}uvthe current ri ple cross lamlnatlon beglnnlng at. u5cm from

«

the top of Core. u represent the same underflou_event. ThlS

o>

1dea is reinforced by the fact that underlylng sequences of-
_struo+ureless and poorly lamlnated beds alter atlng With
sets: of well developed lamlnae show a rough correspondance

between COI°S..Th1$ is shoWn, for example, by the lamlnstlon ]
56 - l?7"111 from the top of Core 2 and the lamlnatlén 60 - ) 2'
61cm from the top of Core‘3. If the slump matorlal o

/
compr1s1ng +he flrs+ O - 15cm of Core 3 sfcon51dered to’ be

N

N :
sediment redepos;ted by slumplng from out51de the core area,
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v

fthen the coars;\sand unlt actually lles about 48 - 80cm from

the sedlment surface.'Another underflow ’or a graln flow,

A

o may- be represented by the coarse 51lt/f1ne sand beds wlth

Tlflarge quartz gralns found in Core u 16 = 20ch rrom the to$

C_1n Core 2, 22 -‘zucm from the +op, and in Core 26 -

.

30 SCm from the top (or about 16cm below the base of. the
"slump materlal). These,underflow dep051ts,‘w1th thp ;-
'exceptlon of thelrlpple Cross- lamlnatlon, do not reﬁ&ectj"
veloc1ty decay,‘but lle uncomformably below flne—gralned;fnb
'sedlment. Sanders (1965) has suggested that a coarse-gralned
bed overlaln abruptly by a flne—qralned bed represents‘

Sy

'dep051t On of the tractlon load of a. underflbu followed by
"depos1tlon of materlal from turbulent suspens1on.}-

- he sand beds, the current rlpple cross—lamlnatlon
?v*s1hle 1n Core u and the slumo materlal at +he top of Core v

*f3 probably represent 51ngle,‘1sola+e' relatlvely

ilarge—scale events. The remalnder of tho core sedlments
.con51st largely of materlal accumulated gradually over
varylng perlods of tlme. In 1975 1t was estlmated that a
layer of sedﬂment averaglng 14 - 1qcm wn thlckness was added

to the bed of the south ba31n durlng the melt season. If, as

‘_dlscharge records seem to 1nd1cate, the mean dally dlschargevlvﬁ .

of the source stream (and therefore, to a large extent, the':
'sedlment 1nput) in. 1975 is falrly representatlvo of melt
tseason mean dally dlscharge, then an average thlckness of 1&
1Rcm of sedlment has been added to the south ba51n each

)

year in recent years.fThe apparently rhythmlc sedlmentatlon
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"units in alll® three clores range in +h1ckness from 10 - 20cm.

% A .
ﬂ+ is probabl that hese un1+e represent annual melt season

dep051rlon. Because there are no d\stlnct boundarles, the’

\

dFDOSltS of- one year merge 1mpercept1b1y w1th the dep051ts
S

of- *he prev1ous and succeedlnq years. However, t he dlStlnCt

sand/s“lt lamlnatlons present at re1a+1ve1y regular

ix

°1ntervals along ghe length of each coreuprobably indicate

perloos .0f maximum dlscharge and”sediment input for each

s

“year, July and early August on *he average, lS the tlme o‘

maxinun sustalned flow (Gllber+,197‘a). Mathews (196ub) and

K

.Gilbert (197ba) suggested +ha* the dlStlnCt lamlnaflon, in
_tﬁe order of 0e5 - 5.0mm tthk, present in cores collected

‘in 1957 and'197u‘respedti€e1y, récq:ded°diurna1 fluctuations

o s

in sedimeht'input. In 1975, fromeulybu - 31, when the cores

were taken from the south baSLn, an average daily thickness
15 :

of sedﬂmen+ in ‘the gorder of 1.5 KR 5mm was added to the

'lake bed south of the- 1slandg-Total accumula*ed thiekneéss

for thlSApeIlOd was approx1mate1y €. 25cm. The:top S5cm of
Core 2 ﬁorps\a'unit consisting of well-defined sand and silt
laminations . overlying poorly lamivated silt, and underlYing

a structureless'coarse sand bed about 1cm thick. From

dlscharge records and estimated sedimenta*ion rates

13

(Flg. 18, Table 4A and 4B), it appearsﬁlikely that the

) lamlnatlons represent the dally input of sediment from July

~
v 4

3 to July 31 If the coatrse- qralned lamination at the base

of the unit 1s'cqnsidered to represent the Juiy 2 influx of

vsediment,vapprpximately_25 - 30.1laminae can be counted



.
between the base and thé coarse structureless béé at tl!
5ur£ace. (Individaal laminae are not/always distinctiv
‘Maximum daily sediment inéut was record=d between July 3 \and
July 7. The base of tﬁé uni%itonsists of a centimetre
pcorly lamlnated sand with llttlQ silt; this may h
deposits'of the period of high disc@arqe, righestj
input, and high-velocity lake currents which transported a
large proportion of silt and clay rapidly into the north
ba51n.,Prom about July" 7 - July 1t,rboth‘sed1ment 1nput and
-discharge remained high; +his period is recorded by
approximately 10”well—defined_sand and silt couplets. -
Between July 15 and July 24, discharge dropped, ana.sediment
input, in contrast with Brevious~periods, was low and.
-stable. Average daily sedimen* accumulation 5dénthé lowest
of any time interval between July 3 - 21, On July 24,
discnarge 4nd sediment input rose and remained high untir
eariy RPugust. The qui2ter interval of mid-July may be
represented by the faint silt iamination;and occasional fine
sand laminé betveen 1.5 and 3.25cm from the sediment

4

surface. The range hetween day and night tcmperatures was

o
14

reduced, the lake was relatlvoly calm, lake level was
comparatively low, and sediment input probably did mnot vary

Oreatly over diurnal periods. Conditions on July 24 uere -

F—

conducive fo underflow act1v1ty, but whether the sand bed at
th= top of Core 2 was deposited on July 24 or later cannot
be determined definitely, as the subjacent material has been

'disturbed]»Tha discrepancy between the thickness of

s e A . N s - .. g
. o . © 5

CIPN o . - B
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¢
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accumulated sediment a2stimated for July (be*ween é,and Tcm)
and the actual thickness of sediment -in Core 2 representing
fsedlmen*atlon in July, 1975, may be. due to:
1. Pr051on of prev1ous deposits by turbidity underflow, Qr/
2. The method by which sediment accumulation was
calculated The ac*ual sedimenta“ion rates measured for
the threeqsouth basin sedament pane may have -been

'affected by wash out and entrainment of sediment already

deposited in the pans, by slump-generated tugbidity

urderflcws redepositing material into the pans, oc by

) N :

spillage of soft bottom sediment over the pan sides.

Furthermore, estimated sedfmentation‘rates for the pans

may‘reflect deposition.from underf lowus that'Pypassed the

.Core 2 site, - |

Another ‘unit consistingvof coarse laminated sand and

s1lt appears betweer 14 and 19,5cm from the top of Core 2.
The pattern of mean daily dlscharge in the Sunwapta Rlver
tor the- 197“ melt season was somewhat dlfferent from that of
1975, Perlods of  high flow occurread approx1mately between
June 17 - 28, between July 17 - Adgust 7, and between August
7 (wher ‘an underflow was, recorded “An the sou*h ba51n, see.
Gilber+, 975a) and Auqust 31. It may be +hat the coaree
.rlaminac.present, at 15.%cn and 16, 5cn from +he top*of the
; 5ere.are—underflow dep051ts assoclated with peak dlscharge A
‘on Ahgustt 4~ 5§ and- Auqust 16 18 repectlvely. The

coarse—qralned lamlnae record da11y fluctuatnons' the

finer-grained laminde reflect variations in sediment input



B
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-over ! perrod of several days- that is, an interval of cool

weather Hlth little diurnal change in temperature,
dlscharge, and sedlment 1nput. | ) o "~" ‘

The coarse sand and silt units appear to be C ,
concertrated in the upper half of the cores, Tt may be that
the sediment in the lower part of the south basin cores

corresponds to the coarse sediment and underflow structures

in the lower part of Core %, both reflectlng a time in vhlin

" the southwest-stream, as the major sedlment source, flowed

directly into the north ba51n.

}At least until 19§7 much of the north basin wasl
lncluded in the. zone of rapld sedlmen atlon; Sedimentation
rates ranged from O.6q/cm2/day ir the Ssoutheast corner of
the basin to 0. OO1g/cm2/day at the dlstal end - of the lake,‘
arnd Mathews (1964b) suggested that .a layer of sedlment 100 =

20cn thick, could accumulate in onée year in the aeeper_

sections. By 1974, and probably earlier, the south ba51n had

become the prox1mal Zone, Sedlmentatlon rates calculated for

the»south ba51n in- 197% Were ofter double *hose of the north

- '
¥ L

basin, It vas estlmated that an average thwckness of 5 7cm

s [ o

- owas added to the deep section of the rorth basin durlng “the

-

1975 melt sSeason - thlS was based on4sed1men+atlon rates

vﬁranglng from O 02 = 0 38g/cm2/day.

— !

- The cores collected in the north bas*n, with the

€xception of Core 5§ (from the wes+t channel), consist

predomlnantly of fine- gralned hor*zontal lamlnae.
;

O T T

HWell- developed “sllghtly ooarser Iamlnatloﬁ -appears ‘at @ “ew .

211
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irregular intervals, particularly in Cores & and 7. the

remainder of'the 1aminae are very faint and visfble only
. ' ¥
when the core is damp. Several beds of silt or silt ‘and clay

-
appear structureless. The horlzontal 1amlnae are probably

the resul+* of fluctuatlons in sedlmen+ 1nput during. the melt

and over 2mm) and the locatlontoﬁvthe north basin sites with

B

Tespact *to the ridge and the ‘sediment.source suggest that

.the laminae, in general, are not the result of diurnal

_conditions pxeyailedjn I ' " e

variations in sediment inpot, but correspond to 1onger
periodS'of stable weather conditioﬁs, Sets of‘ooarse—grained
laminae may record’ dlurnal varlatlons in sediment input
durlng perlods of warm weather and hlgh dlscharg ,”rom deta

collected 1n 1975 daily accumula‘ .on of sedlment in the:

deep sectlonkof the north basin‘ranged inp thicknees‘from

[y

0.0%mm in the spring. to' 1.¢€ énd‘1.7mm.at the begihning and

end of July, respectlvcly In perlods of warm weather,

“ -

e - R ” - LR

’5‘h1gh IOC1ty currents enterlng the lake from the squtheast

[

stream, and to a. lesser extent, from the southwest and Mte.. .

‘Athabasca streams,atransported eomewhat coarser materlal by

overflow, 1nterflow and p0551bly underfTOV, out lnto the
north ba51n. However, warm weather was aocompanled by -

‘katabatic winds, waves, and lake currents which generated

"turbulence and, as in the south basin, retarded deposition

. of fine-grained sedimentiin suspension -until calmer

) e - N
PR a

Tor T : ) a A L mte ~ Y e e "--.A o
=t The ‘lamifiatidns make "it difficult to distinquish one

\ .l
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season .fowever, the +h1ckness of some Of the 1am1nae (up to

o
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A
annual or melt season dep051t from another. Larger

,sedlmentatlon UDltS con51st1ng of a 's€t” of well deflned \

€

lamlnatlon and a poorlv lamlnated or. structureless bed (or_ly

bedding sequence) may'each representrone-melt seaSOh's'
dep051rl. On the otherfhand, several sets of_distincti
laminae may record several.periods of high flow in One_melt

Seasorn. At'1975 sedimentation rates, deposits‘of about 13 -
14 years are represented in Corelﬁ

A
!

"With the.exceptlon oF the top of Core 7 Core 6 is the

only ﬂbrth ba51n iore COntalnlng sed‘ment of sand size. The

flne sand lamlnatlons in Core 6 may have. resulted from a

31m11ar s1tuarlon to that noted on the east delta n 1974,

\

namely, the temporary flow oF-relatlvely hlgh-veloc1ty

" currents directly 1nto the’ porfh ba51n. Alternatively, these'’

lamlnae may have been produced?when-thevsouthuest Streamjwas

the main'souree of sediment.:Theffact that\Core 1 lacks

~,well deflned lamlnatlon would suggest that the dlstlnct
.lamlnae in Core 6 are related to flow' from the SOjthHeSt

. Stream. Core 1 does contaln minor features of dlsturbance'
”flne~gra1ned rippled lanlnae, for example, between 26

'i27cm, 32 o 33cm, and 45 -u6cm from the sedﬂment surface'

plnéhed out' or 1nter1am1nated sedlment, for example,

- between 49 —:%Ocm-'and lamlnae folded into antlcllnes, for
ﬁeramole, between 35 - 380m. These features probably resulted

from the passage of currents. Anemometers and velocity’

meters in the south ba51n in 197U related lake bottom

{currents.to wind (Gilbert, 1975a). A 51m11ar situation may

. L
T TORNNEK TR A SRR



.exlst 1n the porth bagln. Strong katabatlc wlnds are o

assoc’ated w1th hlgh air. temperatures, whlch 1n turn, are'

.assoc1ated wlth hlgh dlscharge and large sedlment 11put. The5

'same envlronmental condltlons that produced the clear cut

lamlnatloﬂs in Core 6 (20 - 21cm, 32 - 36cm,\and 56 6dcm
from the sedlment surface) may have produced he dlsturbed

lamlnae in- Core 1 (16,- 17cm, 32 733cm,'apd S3 - 55cm from-

theysedlment surface)"Alteruatively,‘miuor underflows

originating in the southﬁest stream may hawe been: ¢

4 .

»respon51ble For +he features of both cores. Tf minor

turbldlty underflows travelled as far as Core 6, dep051t1nd.
fine sand lamlnae inithe area, the passage of drss1pat1ug .
currents may also have produced the fine™- gralned contorted

lamlnae v151ble in Core 1. These latter features are'on a

, very small scale, the thickest belng less than 2cm..Since &o

'sedlment coarser than 51lt is present in Core 71, - taken east

v

of Core 6, a relatlonshlp between the sand aud-silt
lamination and the disturbed<laminae (ﬁhichjoccur at

:approximately the same depth in_each COre) would suggest

flow from. west to east. This would be likely if the -~

southwest stream were very active. : . S

e @
(3

ir the top 20cm of Core 7 may be associated with stream flow

from the Mt. RAthabasca delta. These are receut sedlmeuts.

- Core 7 was collected in the dlstal ZOne of the lake, w1th

RIC N SRR SN L . ~-‘¢

res ect to the ma or sedlment source. However, here uera:'
J

,'some h‘gh flow events 1n the Mt. Athabasca stream, for‘*”'li‘”
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'-example, 1n the early part of July, 1975, altnough thlS

stream was relatlvely 1nact1ve throuqh most of 1874 and o
. ’ ,,./ .,

1975. These events may have generated densrtywundertlows .7“"

_\“urwhﬁch dep051ted the coarse sedlment an the Core 7 area. o s

hlternatlvely, or 1n addi*ron,vslumps on the Mt Athabasca

stream del a maz have generated *urbldlty underflows

. N
! - T e PR - e

%
affect1ng the Core 7 51te.>W1th the exceptlon of the top

7Ocm o‘ Core 7, here are no 1nd1catlons that the deep ,

‘e
[
. R > o

sectlon of the morth basln was t e-prox1mal zone‘at auy t;meo.,r -

MY -’4n. v

vvdurlng the dep051tlon of the cored'sedlment

.‘~. ,-

'”‘Unllke the other north b351n cores, Core q does contaln

-f tqres Wthh reflect a prox1mal ﬁocatlon w1th respect to

o U

gthe sedﬂment source. The. very coarse sedvmen+ in. the lower

half of the core was probably dep051ted by turbldlty

L

'underfLOWS orlglnatlng in the southwest stream. It is known
, that in some years, the southwest stream was the major

source of sed’ment. In 197u main stream flow was dlrected

.east and southoast into the south bas‘n. However, it is
llkely that a# one tlme, main stream Flow was dlrectea
northeast 1nto §he west channel, just as 1n 1957 main

stream flow from the southeast ‘delta was dlrectly into the

north oa51n.'Furthermore, the sout hwest deWta is susceptible
to slumplng, for the reasons outllned for the south#ast

aelta (Se° Chapter 3). If the rate of sedlment accumulatlon IR

o Ce AT S e e

- "has- remalned relatlvely constant 51nce”the west channel SR

W - . e A
<w4»v,¢(“) : ‘ sl

<

became a zone of"low»to moderate sed1menta+~on 'then

e '_«_M,m,;.r e AR AR K Ry I S
' approx1matéiy~6 —-7cm thackness has been added each year for C e
Tt e L . _..;_h_ P . -. ; N } .l-- ‘“.V: .».: i . - e
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' i'settled our from suspen51on after *he coarser materlal was

f : 216

4 . hd .
the last 4 - SIyears. Well-defined lamination appears at \

1n+ervals 5 - 7cm apart in the top ?1cm ofﬁ*he core. ThlS

may rerlect dlurpal varlatlons in sed1men+ 1nput durlhg

annual perlods of max1mum dlscharqe. Slumolng has 1ntroduced

materlal 1nto the core area. The coarse lamlnated sand unlts

-y

'1ncluded in the slump materlal 31'— u7cm from the top of the

»

core resemble a sand unit v131ble between 51 and 5§cm. The_

relar%vely high- proportlon of flue gralned mater*al 1n the

vfs;pmplsectlon suggests that the slhmp occurred some, +1me

‘

’ arter the lamlnated sand bed was dep051ted Somc> of the s1lt

fand%clay may be +he flne graunea tall dep051ts whlch havrng

t.

deDos1ted 1ncreased the pore ‘wiater pressure and lﬂltlated‘A

the slump. Similarly, the coarse ma+er1al present in the
t .
slump Sec+1on 1.5 - 100m from the core top.may be material

<

redeposited from out51de +he core area. ThlS coarse sedlment'

would therefore, havG llttle to do with sedlmentatlon °
processes active at the core site at the time of the slump;
in fact, the sand deposits could bhe several years old.

Sunwapta Lake is e'small lake, only 0.8km in length., Tt

is very likely that, without the intervening ridge,

’turbldlty underflows could travel across the lake 'to the

:ﬁfﬂreclplent of sedlment densltv underfloWs probably afrected

"3 \,t‘-_"_‘»’l.7 -}

~distal zone. Prior to the glac1er's retreat -south of the

‘1fhlsland and the establlshment of the south:basin as the mald

BRI - -~ ..o

.the north ba51n. As dlscussed ‘in Chapter'B' the rldg has

- - .- - - - Lo -

restrlc ed underflow and to a lesser ex+ent interflow,

- .-A\'.yc‘-.‘,v_ . N . .
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activi+yv to the'south'hasin. ThlS is ev*dent 1n the laék of
/.
structures .in the north: ba51n ‘cores assoc1ateﬂ with
/ >
“underflow actlvlty. Wlth few exceptlons; the core deposlts
l /

suggest relatlvely stable condltlons of sedlmentatlor in the

’

deep sectlon of the north baS1n, at least 1n recent years.

s

Sunwapta ﬁake ‘has been shown to be an effectlve

sedlmext trap (Mathews, 1°6ub). Pcho soundlngs_ln the_lake

« W

‘in 197q and 197u (Gllbert 1975a) showed two rerlect1ng_»l

LN

horlzops. The upper horlzon was thouqht_to be'the surface of

the lake bed sedlments-'the lower Horlzon, the surface of

the non lacustrlne dep051ts. Measured thlckness of

lacustrlne sedlment ranged from less +han,7m along the‘
shorellne to over 9m in the deep Sectlons of the nor*h and

south bas1ns. There is too much sedlment in the deep

sections +o be accounted for by the measured sedlmeniatlon

rates of 1957 and 1975 Seyeral factors may explain this

e

dlscrepancy. . . - S IR

1. The retreatoof the glacier caused chandes;lhlthé'“mmli“
Yocation of the'prorimal, intermediate ahd distal Z0nes,
As late as 1957, estimated\sedimentation Tates in part
of the north basin were almost twice as hlgh as those
calculated *for 1975. .

2. The Nt.rAthabascafstream at one time may have

contributed much more sediment than at nresent.

3. "eltlng and calv1ng of the lce front. when it formed theo

southern boundary of the lake probably de9031ted large

quantltles of sedlment dlrectly 1nto *the lake.

T R ST e
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ERPE um of spdlment was- lndlcatad by echo soundlngs in the

‘{;7 Slumplng rodepOSLtad materbal from the s*@eq slopos'§f3;

. > <+ @ - - e o

the deltas and rldge into thn dcep sactlons of both

. ,,-‘)

delns."' = ; ;}:>w ' _5,H £:7v -'»‘>L j j,wyM
_It 1s.olgn1f1cant tha+ tho nor*hérn par+ of +hewlake,4 3
-presently the dlstal zone, has rglatlvely gentle slopes aqu
is Turthest from all sedlmeﬁf'soﬁfEés; hthlcknesc oF only .2 ;

north snctlon of the nor+h ba51n, although thls is the

"ﬁQIQQSt part of the lake. LT e e e



, sedlmen*arlon,'are many and varled Some are of obv1ous

"*1mportance: Meatherbcondltlons, both 1ong term and

B o e
- . ‘, o - . f . L L, - -
T - ‘ E2X) L . . e 4 . L e ,

5. Summary and Conclusions -

A proglac1al lake 1s formed when meltwater s ponded

‘ between the glac1er margln and a barrler such as a bedrock

rldge or moralne. Because of *ts prox1m1ty to a glac1er,

a progla01al lake 1s often charac*erlzed by a large'

7 - I
: bl -

7and varlable 1nput oF suspended sedlmenf correspondlng to.
_seasonal and TOnger- (over a perlod of years) and shorter-

,(hourlyfor;déiEXLctermwchamges in glac1er_ab;atlon (Pstren,

1969). Tt is this common characteristic that makes each
proglacial lake unigu= and*unpredicfabie. The“facfors

affecting ice andJSnow melt.and sediment“supply, and .
A

-

' therefore u‘tlmately controlllng proglac1a1 Iacustrln :

-

PRSI ] <
b on

™~

:'.Shorr-term..the condltlon of *he source gla' er (re*reatrngq Cae

- L

“or advanang, cold based of/warm based). the avallablllty of

-croaed materlal‘ the dlscbarge and varlablllty in dlscharge.

of the 1nfluent stream(s), the 31ze of the laka and th
bathymetry of’ 1ts bed4.+he locatlon of the prox1mal
1ntermed1ate,-and dlstal-zones uithin the lake. Other

factors may attaln temporary 1mportance' m’nor changes in

the channel or channels of ﬂhe source stream(i)

”jokulhlaups‘ addltlons of water and sedlment firom

intermittent-glac1al and non-glacial streams- 'ce-rafting;

condltlons generatlpg slumplng, changes 1n groundwater flow.

.These and other varlables conrrol the dellcate balance;

-between sedlment '1pput' (supply) and. 'outpuf' (deposition

N .
: A (l‘ . . '. ) . :
- - : C ey



‘5¥i? and OU;flOW)
The study of an. 1nd1v1dual lake 1s,5in itself, an

academlc excercise; condltlons vary from lakeuto lake- and. -

wlthlr each lake *hrough tlme and space. Tn -a larger

. S s n . ; PR
- LR S /,; T L] -

”‘context however, study of 1nd1v1dual glac1al and proalac1al[p.jn

lakes 1s necessary for several reasons, lncludlng the need

for comparlson wlth laboratory experlments, and a Eearch for

.

common characterlstlcs +hat w1ll a1d in the 1nterpretat;on
of present and past lacustrlne processes of seulment

dlstrlbutlon and dep051tlon. The more controlled the

1aboratory envir onmenr, the less 1+ resembles the natural

».'.'..4 « ee Ve q el :"”

""hvenw1ronment fmhe constantly changlng and 1nEerrelated

A'varlab‘es that have produced the sedlmentary structures now

v1s1ble 1n cores: and exposed sectlons cannot be reproduced
. '.xa_‘h -~
v ,_ ‘,’ :, _/-,.v-* h - l >

1n a laboratory.,At the same trme, direct observatlon oﬁ

. e - N
KT

sedlmentary processes in- proglac1al lakes 1s practlcally

LTS 2

' 1mp0551b1e. ‘The: relatlve 1mportance of varlous factors can\"'?:’

A

be more ea51ly assessed under controlled laboratory
. condltlons. Laboratory studies prov1de the cluestas to what

happens in a. proglac1al lake env1ronment through t1me and'

2

space- fleld studles prov1de a ‘measure’. of conflrmgtlon of

1aboratory flndlngs. . : . ;,;. ‘~ff'"

e s o - e

o Sunwapta Lake is a small relatlvely shallow,”“;;L‘

proglac1al lake adjacent to the Athabasca Glac1er. From

163 hen the lake came 1n+o ex1stence, untll the early
1060 s, when the ice margln no longer formed rhe southern
boundary, the lake increased in-: arear urth the contlnued

& o

retreat of -the glac1er front. Slnce the mld 1950 s, the lake

U

|
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'has occupied fwosbasins,ufheworiéinal north"basin and the
smaller, more recent south bas1n. Growth of active del*as
1and the- large 1nput of sedlment is gradually reducrng the
- area anad . *he depth of the lake°'+hls is par*lcularly true
.forqthe south ba51n whlch 51nce the late 1960'5, has beenr»
tne prox1mal zone. The lake 1s fed d1rectly by meltwater
streams, but +he major source oF water and Sedlant»han' ‘ .';;/L
changed several tlmes 51nce the lake's inception,
Cores collected from the lake bed clearly lndicatea

varlatlons, through tlme, 1n fhe locatﬂon of the proxlmal |

S .

and* @1stal zones. Grain- 31ze, sedlmentary structures,.and

S \

Athlckness of . apparently annual depos1ts reFlect the "

v,
~ [

',mlgratlon of the source stream and the d1v1510n of the lake_
’/
i +o ‘two, ba31ns.-Some of the changes known or though

have occurred Jin the lake can be recognlzed 1n the cor's;
Sedlment pan data from 1957 (Nathews, 1063b) and 197“ .fn
’ show the effectlveness of Sunwapta Lake "as a sedlment trap;

en
comparlson of the 1057 da*a wlthﬁthaf of 197‘ shows "the

4 \

effectlveness of the bedrock rldge as a barrier to sedlment
dlstrlbutlon be+ween the south and north basins., Total 4

, sedlment accumulatlon in the lake from May 15 - chober 15,

1975 was estlmated at 14,5 X 103 - 16 2vx 103 metrlc tons.

mThlS compares Hlth an estlmated sediment 1nput for the. 1975

meltlseason of 19 7 X 103'- 21 0. X 103 metrlc tons and an’
_ output-of 4,800 - 5 200 metric tons.
rom statlstlcal studles carrled out. on the Sunwapta

River in 1959 and 1960 (da{hews, 196ua), Nathews concluded

<
/‘ °
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‘hat air temperature and percentage of sunshlne had a much

[y

greater éffec’ on run-off. from +he Athabasca Glacier than

dld prec1p1tatlon or humidity. In 197¢, meteorologlcal data

from the Jasper weather statlon were used to supplement

gcneral weather obserVatlons at. Sunwapta Lake, In general_
- :

,dlscharge‘in‘the southeast stream’and the”sunuapta River

‘and end of the melt season,

@

1 -
a

3 varied'uith air,temperature and amount of sunshine. A tlme"

1
lag of one to two %ays between changes 1n maXLmum dally

temperature at. Jasper and changos 1n mean dally dlscharge
probably reflects the movemen*nof weather patterns and the
locatlon of Athabasea Glacrer wlbh respecf to JaSper. For

c"

the same reason, the relatlg@shlp is poor at the beglnnlng

aa_.

/A"positive, but 1ow correlatlon ex1sts between
dlscharge and suSpend d sedlment concentratlo; in the source
s*reams -of Sdna pta Lake. In general concentratlon varies
wlth dlscharge over the melt season, but the relatlonshlp
‘breaks down when examlned.for shorter time periods. No
hourly‘sampllng of suspended sedlment in the southeast
stream was attempted in 1975, but a comparlson of suspended
sediment concentrations;with meanntwo-hourly discharge

readings shows very little correlation between-discharge and

concertration. The greatest visible point scatter on a graph

occurs .when af ternoon 4ischarge readings aré compared with

afternoon concentration measurements; many high dischange

readirgs correspond with relatively low_ concentrations/ In

July and August, 1975, +he highes* concentr



occurred during periods of ;isind discharde. Concemtrations
generally fell,while flow wemained high. In many glac1al
meltwater streams, daily aﬁﬁ seasonal peak concentrations of
suspended sedlmen* do not c01nC1de with peak dlscharge
measurements (Fahnestock 1963; @s*rem et al., 1967; @Pstr=na,
1969 and 1975;‘Kennedy, 1975; Sugdenland John, 1976). Th;s
has been attrlbuted to ‘rapid 1ncreases in dlscharge
followlng perlods ofqlow flow cau51rg erosion of
uncqnsolldased streambed deposits (Kuenen, 1951;.Kennedy,'
1975) and/or accumulated meterial eroded by the glacier over
the winter and not removed. until spring melt (Sugden aud |
Johrn, 1976). Comparison‘of weather, dischafge and
concentration data for 1975 suggests that similar events
occur in the southeast sfneam from Athabasca Glacier.
'fluctuation ih sediment supply is a ma.jor factor in
proglacial lake sediment distribution. bifferences in
suspended sediment conceggration Crea*e differences in
density betweed stmeam water and lake water, and within the
lake. Sf tlfled flow results. In most proglac1al lakes,
including Sunwapta Lake, the large and variable sediment
supply outweighs the effects of temperature dlfferences or
‘dlfferenres in dissolved sediment (see Kuenen, 1951) In
1974, a turb1d1ry underflow was recorded in the south basLn
(Gilbert, 1975a). In 1975, an underflow was never actually
recorded, but evidence suggests that all three types of
density flecw - overflow, interflow, and underflow - occurredg

4

in 1975, as well as in pravious years, This evidence




w

“fa

T Dy e g ot S R I '_ .“.‘V.A,‘

ircludes:.

1. Observafion

of sedimen£ évéfflbw rplﬁhes',-
2. Observation of sediment plumes 'plungi?g! beneath lake

water a* the.edgé of Shallowblafé_margihs,

' 3.% Observation and-drogue movements showing variations in

e -

’

_directfion and vBlocity of lake curreats,. o - che e T e

. 1
%

G- Lavge fluctuatigns in.sediment supply, both diurnmally

@
. ™

and- over the melt season, ctalculated from discharge

%

measurements and suspended sediment samples,

5. " Variatioms in éediment concentration across the lake,
AR , ' . f .

6. Variations in sediment co%céntration_with depth within
the lake, aé shown by Van Dorn bottle éamples,

7. Biscrepancies between concentratiogs of suspended
éediment_in the gtream and af t he lake‘Surface,
suggested from susvehded sediment sanmples, | o

8. Coarse—grained méterial in the gentre of the south basin
and the relative lack of coarse-grained.materiql in the

north basin, as shown by sediment pan samples, .

9. The relative sedimentation rates between the south basin

&

ard the north basin, and within the north basin, as

caiéulatea from sediment pén samples,

10. The bathymetry of the lake bed, iﬁéluding Steep delta
foreset beds, |

11.‘Variations in.thickness of léke.bed sediments.indicated

b§ surveys with a Raytheon high and IOW‘frééuéncy

sounder (Gilbért; 1975a), and

12. Sedimentary structures, grain-sizes, and thickness of

-e
°
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3}N':ji.fl.i . 1-    ‘:—..k..i..v  ,.”.: e SRR
A4 "degqsitsjpresent in cores collected %gfﬂf§47—+97u, and

1975,(Mathews; 1964b; Gilbert, 197%a) . |

There has been some discussion as to whether turbid;t{
underflows‘;n proglacial lakés'are more'l*kely to occur in
early sprwngi ‘due to n1va1 mehtwa+nr, or in summer, due to
. the hlgh rate ‘of g&aCLOr ablaflon (see,.for exampls, Kﬁénén['
1951). Field studies at Sunwapta Lake during 1975 suggest
that underflow aétivity is most likely to occur when a
suddeén rise in'discharqe follows a bériod of cool uéather*
~and léw flowf ThlS may happen.at any time 1n the melt .
seasén, depending on waa+her condltlgns. Zxceptionally hig;
concéntrations of suspended sediment in the southeast stream
were recorded several times durlng July and August 1975,
iThese concentratlons were gonerally a35001ated w1th Lising
dlschaghe, rather than wlth the hlghes+ discharge
measurements; the latter were often associated with somewhat
lower éoncentrations. That‘undérflows afe a'relafively
uncommon (as compared with overflows and interflows), but
very 1mportan* factor in sediment dlstrlbutlon in‘Sunaaéta
Lake is suggested by the cores, by the relative
sedimentation rates, and_by the‘proportibn of coarse;grained
material in the south and north basins.: /

The sedimentat%gﬁ inte:vals betwéen replacement and

X ’ e ) »

. recoverg of each sédiment'pan in the south basiﬁ were
: qenéralLy tpo largé;tO'distihquiSh wvhether the high'"ates
were due to one cr more underflows, and when underflow
act1v1ty occurred durlng anhlnterval Hovever, the highest

<o



Scdlmcr+at*or ra*es calculated for tha sou+h ba51n pans "7

1ncluded porlods of raoldly rlslnq dlstharge. The hlg‘la

sedimentation rate calculated for Pan B is for the periodv

July 21 - 26. At this time, suspended sediment

1 o
corcentrations measurad 1n the sou+heast stream were. veLy

.'_) L

‘10w, Hlth the axcept*on of a sudden 1vcr=ase in

coucentratlon on the afternoon of July 2&;_ths suggests

3o

'+ha+ an underflow on July 24 supplled much of the sedlment

.~

in Pan B, giving an average spdlmmnta+1on.ratc of 0. 630
g/cmZ/day for that perlod The second hlghest sedimentation
rate of the field season for Pan C - 0,535 g/cm2/day - a}éo
occurred during the perlod July 21 - 2€,.

Study of underflow ac+1v1ty in Sunwapta uake is
complicated by +the high probability of slumplng. Slumpiug

may . have been I:ecPonSLblr2 for some or most of tje coarse

material and the high sed1men+atlop rates 1n the south

basin, Condltlons conducive to slumplng,'lncludlng rapid and

heavy sediment de0051t10n, fluctuatlng lake levels,.and
steep slopes (see Mooro 1961),‘werg present in Suuwapta
Lake during the summer of 197s. Deformation structures -
associated with slumps were found in both north basin and
south basin cores. |

Further study of the Sunwapta Lake cores may reveal
statistiqal feiationships between thickness of deposits,
variations in grain-size, ueau_dailf diécharge.or annual
discuarge (available from Water Survey -of Cauada), and

weather information from *he Jasper weather station or, for

R N



‘some’ years, from the v1c1n1ty of the Columbla Icefleld The'

lake is small, wlth an ea51ly 1dent1f1ed major source of

j

‘Water and sedlment. Annual dlscharge records are’ avallable’

.for the Sunwapta Rlver, from - 1948 ?o the presenti Wlth the",~

s e s s PR éww‘ﬂqrré

;yo;k“alfeadf oarrled out 1n Sunwaptaéiake anﬁ<"ts soufce MR ATEE

streams, Sunwapta Lake lS con51der°d +o be an excellent 51te

for contlnued study of lacustrln° processes in proglac1al

N

-

lakes.
Studles carrled ou+ in Sunwapta Lake emphaSLZe the *
hlghly complex naturg of proqlac1al lacustrlne
s~dlmenpa+1on.\5ed1ment dﬂstrlbutlon in-: Sunwapta Lake in
. 1975 wasjcontrolled by 1)- flhctuatlons in sedlmen* supply
'and“2r t he bathymetry of +he lake. The former determlned tﬁe,
'type of den51ty flow - overflou, 1nterflow or underflow -
actlve in. the lake at any par+1cular time; the latter
controlled the movements of the den51ty flow.in :the lak
These two fa;tors prevented a '‘normal* prox1mal to distal
3 association of graln-slze, thlckness of dep051+s and typos

fof sedlmentary struc+ures._ﬁ1thou+ 1nformat10n on the

bathyme ry ‘of the lakes amd@ the processes of sediment

v
4.

"distribution, 1nterpretatlon of Supwap+a Lake dep051ts would
be extremely difficult, o

"Cross—palley ridges of 'till or bedcock'are commonly
'associatedeuith valleylgléclation; If such a ridge existed
.1r a lake where underflou act1v1ty was prlmaflly respon51ble
for sediment dlstrlbutlon, the resultlng sedlmentary

_deposlts would show complex vertlcal and horlzontal

[y



f&ariatieh,'Pirstly, dep051t10n on the-prox1mal 51de of thc :
;barrler would be 1ntens1f1°d. ThlS may lead to the ertoneous-

7¢?‘;1nterpretat10n of a hlgher ra+e of sedlment 1npu Ta d ny

klnferrance, a hlgher rate of glac1er melt).'Secondly,

I R A “..‘.,- Iy

SN R N
Je PN

comflnrng an” dnderflowa+o .a . small basln could precLude fhe“'

'”Vﬂf?;etf‘;f”?aAf'?;{’“:“:“{fﬁa;ff"ﬁiifﬁy}in}’9;::ﬁ‘R"iﬁ.”ézéﬂﬁi;l;*;¥'

\ -

-

¢ formatlon of a 'Bouma type' turbidite sequence. Hhether or-
g . . «
not underflow activity was continuous or ‘catastrophic', the
-'saadeh‘cﬁeckihgsbf'£he“chrfeatﬁagaidsfviﬁe basid“wallS'would.

be more llkely to create the graded beddlng of Kueneh and

)

N1g110r1n1 s (1950) flume experlments than the coarsem

~ . [P SR N
o - A E e

parallel lamlnatrons (om beddlng) and cross lamlnatlon (or
‘cross- beddlng) a55001ated wlth gradual cu;rent veloc1ty
decay. r"bls could create a false 1mpre551op of the type of
‘.urderg:ow‘that occurred anvan ancwent proglac1al lake. Fgri*
exampl\i\the underflow recorded by Gllbert (1°75a) 1n
Augpst, 197ﬁ ,appeared to be of a 'catastrophlc'\rather than
a conLlpuous nature° houever, there Was no, 1nd1cat10n of
current Feloc1+y decay in the sou‘h ba51n cores’,” although'
coarse underflow deposits vere presenf. vaunderfleﬁ'ih an.

.ancieng.lake vas reiated to var#atiohs invsedimeni supply
,(as appeared‘to be the case in Sun;apta Lake),'Fhen
misintefptefation of ‘turbidity underflow activity could ‘lead
Ito‘wrong conclusifns'concerning sedimeﬁt input, streanm
distharge and glacial meit. Thirdly,'depdsits~ih the lee of
the barrler would more closely ressemble dep031ts in a '

dlsfal locatlon. This was apparent in the Sunwapta Lake

cores. F;qally; the presence of a ridge ¢ould hinder the
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formatlon of varves rn the lee of the barrler; Slnce only
overflow,gand some 1n+erflow, materlal could’ be transported
over the barrler, the sedlmEnt in- the lee of the barrler' -
would be relatlvely homogenous (51lt and clay) and p0551bly g
‘more evenly dlstrlbuted over the lake.l*n a small shallou..

b

lake (su

i Sunwapta Lakey\such materlal CAf not . carrledf

DT TS

out the lake, would rapidly settle out in. calm condltlons.
Varves were consplcuously abseg; in the Sunwapta Lake
cores- thus,: +he gearly 'tlme—scale' oFten used in the study
of anc1ent glaclglacustrﬂne dep051+s was not appllcable 1n
thls lake.'Because sedlmentatlon in proglac1al lakes is
seasonal rathor than contlnuous, 1f any degree of unltormlty
of dlscharge ex1sted from year to year, then some ev1dence
of annual changes in Sediment supply should be visible. The
rhythmlc sedlmentatlon unlts present in the Sunwapta Lake.
cores appeared to correspond with' measured sedlmentatlon
rates and recorded events in the lake. Therefore, these
unlts weTe con51dered annual However, field work 1nd1cated

that’ short- term changes in weather (partlcularly

temperature,gas it affects glacial melting) during the

melt season could be as important to sediment distribution as

seasdnal weather changes, The rhythmic units in the Sunwapta

Lake cores are relatlvely regular in thickness. The

oL

‘thlckness of 1nd1v1dual unlts correigcnds Closely with
annual_sedlmentatlon .rates. and therefore,fthe'units;canebe«

confidently identified as‘annual units, Regular thickness of

. rhythmic units in ancient deposits may also be used to

s

.
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‘snggest ah.anndal cycle, - However, fhe degree of’ confldence

Hlll pe much less in thdbabsenco of 1nforma+1on on
sedlmentatlon rates. For 1nstance, two or more major run-off

events durlng a 51ngle melt season may lead to an

-.oyerestlmatlon of the number of years represented by a

,1acusprine'Seqhence. The proximal deposits of a shallow lake

lack fhe 1mpc tant 'w1n*er clay' marker which is generally
#sed in varve counting. The absence of a clear marker bed
apd the varlablllxy of sedimentary charac*erlstlcs of
lacustrlne sedlmen*s of" +he Sunwapta Lake fype make them_
unreliable in terms of estlmatlnq time.

If Sunwapta Laké is fairly re resentative, sedimentary
p Y p

‘processes and Sedimentation in proglacial 1akes are closely

related to such 'external' facLors as varla*lons in sedlment

_*nput, dlscharge, glac1er melt, and weather coriltlons. Wlth

further study of proglac1a1 laCusfrlne environments, it may
be p0551ble to measure and statlstlcally analyse the
relatlonshlp betweer these varlables. Such measurements
could then be used in the 1nterpreﬁa*1on of ahclent
glac1olacustr1ne deposits and the énvironment in which they

were formed.
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'Appendix'ﬁ
This appendix cbqtains.the sediment concentration daté
collected from Sunwapta Lake,during the field season July 2
- August 21, 1975., The~suspendéé and dissolvedﬁﬁediﬁent |
‘concentrafion, in milliérams per litre, for‘the.soﬁtheast
stream, and at pan sites B, 1, 2, 2, énd 4, and the outlet

are shown in table A-1, Theﬂestimdted sediment load, in

v

metric tons per day, for the southeast stream is shown in

table A-2.
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Sediment load in»the southeast stream.

e

SédimentﬂLoad |
Metric tons / day |
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R | Appendix B

Statistical Methods used. in the Text

—_—_— sl _———  emeamda oD
[T

A non-linear relatlonshlp eklsts between stage {(the
height of 'the average water level above a-datum point) and
discharge (the‘volume'of Watedr passing through a givenlarea
in a given time iaterval - usually measured in cubic feet
per second or in cubic metres per second) Using actual

velocity and stage measurements, dlscharge was calcuted and

plotted as p01nts on a graph with stage, in centlmetres, as

the x-axis and dlscharg 1n cubic metres per second, as the
y-axis. Because the relatlonshlp is non-linear, the simple
linear regressiod equation, Y = A + BX, does not apply.
Instead, a log transformation is used. The equation for tpe
Iegression curve can oe'expressed in the form:

v = A'Logio(X) + B. | | ,(5-1)‘

/d”
&

The constants A and B were calculated using the Statlstlcal

. . . -

Package for the Social Sciences (Nie et al., 1975).
Two regre351on curves were plotted for the southeast

stream in the summer of 1975. The equatwon for July 2 - 5
t -

is: J
0 = 33.5 Log ;o(Stage) - U€.5 . (B-2)

The equation for July 6 - August 21 is:

s
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0 = 22.9 Log¢(Stage) - 31.5 .. (B-3).

ir which Q is discharge measured in cubic metres per séééﬁd;>j_'
and Lo 15 (Stage) is fhe log of the acfual héigﬁt of water
recér ed ih_centimetres. The tvé regression curveé are
'best;fit; lines. Stanfard error for éqﬁaiion B-2 is.0.252f
ard for -equation B-3, 0.411.

.Table B-1 shows digéharge calculated from stage

n,

reaaiﬁgs and fourteen velocity/area sgrveys.,Table B-2 sﬁogs
actual's¢agé readings for two - ﬁogrly intervals, from July
2 - Auguﬁt 21; 1975. Table B-3. shows .discharge for two -
hourlj intervals calcﬁlated from the stage versus discgarge

»

rating curves and measured stage readings.

ki

A non-linear félationship was féund tolexist between
the transmissivity aﬁd the suspended Sedimen£'concént:ation
measured for lake water samples. The form of the equatioﬁ.is.
the same as the forh of the equation form of the stage vs

discharge rating curve. The actual equation of the rating

L

curve is

¢ = 1647 Log 10(T) - 834 - (B-4)

t

in which C Sis-suspended sediment concentration of the .
sample, and Log jo(T), the log of the transmissivity_of the
sample. The constants 1641 and -834 were calculated using

the Statistical Package for the Social Sciences (Nie et al., o
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P A

Table B-1.- Dischax_:gegd '~'§£‘ége.Ateading's for the rating

ey

'm@;urves.‘ TRE SR ¢

.

|
|
+ o .
N v
1 i
l T
l. . "‘ RS
. + : -' ;&' S &
] ! ! |
| I L !
| ! | l
| i of | NSO
I | 1 1 [
- | I 30.4
{ | | 2.63 I 30.7
| A 637 81,0
I | 3.10 3307
| I 5.13 | u4c.6 |
e e e R 4
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1975). Standard error for *he equation is 29.1. The
N, i R * :

'regression curve has, been plotted on a graph on which the g
x-axis is the log of the transmissivity measured in percent,

and the y*ax1s is concentratlon measured in- mllllgrams per

11tre. ' \ K i R ‘K

Table B-U4 shows the transmissivity readings and

4

measured suspended sediment concentrations of 50 water

sampleslf:om Suuwapta Lake, from which the regression
.. o ’ .’

equation was calculated.

)

Scattergiams were used to shb&lthe deéree of
cérre1a+1on ex1st1ng between dlscharge tn the southTast
streau and both dissolved and suspendeq sediment - |
cencentratwon in the southeast Stream, at Pans B, 15'2, 3,
and 4, and in the outlet, The correlatlTn coeff1c1ents ‘for
dlssolved sediment concentratlon Versus dlscharge wére
generally higher than those for suspended sedlment
cdn entratlon versuSM&lscharge. For susp;nded sedlment
‘con entretlon, the correlatlon coefficient Jnvreased with

increased dxs ance from the southeast stream. The equatlons

for the 'best-

nes for each‘graph-c an be written as

) Cy= A0+ B (B-5)

Cg'=CQ + D B ; : (B- 6),

in which Cy4 is dissolved sediment concentration in
H L 4 N
milligrams$ per litre; Cs is suspended sediment concentration

in'milligrams_per lit;e;'h B, C, and D are censtants,

LT ' B
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Table B-4. Transmissivity readings and measured suspended

sediment concentrations, '’

A it toliaiashatn b B st et T TT T k|
[ Sadiment | * Transmissivity .
| Concentration | Reading |
! _mg/l o % .
== mm—————— L e 4
| 239.12 { 51.0 |
| 212.70 | 52.0 |
| 189.7€ - 1 52.5 |
f 202, 32 | 53. 5 |
| 186.20 | 54,0 !
t 200.09 | 55.0 |
| 206,01 i 57.0 I
| 1€6. 30 | 58.0 |
| 169,38 { 58.0 |
| 181.10 | 59.0 |
| 135,03 f 61.0 1
| 152.05 i £1.0 ]
i 139,11 | 61.5 |
{ 109, 21 | 6u.0 {
{ 115,04 - ] 64,5 o
{ 135,85 } 65,0 Tt
{ 95425 | 6740 {
{ 107.84 | 67.0 1
| 109.95 { 67.5 |
| . 99,36 | 68.0 |
| 101,94 i 68.0 |
| 108, 45 { 68.0 {
! 106. 81 { 68.5 1
{ 113, 24 i 69.0 |
| 99.30 [ 69.5 |
i 109.79 | . 69.5 |
i . 84,28 I 70.0 {
| 115,90 | 70,0 1
| 83.76 | 70.5 |
§ 92.66 | 71.5 |
| 95.26 | 71.5 f
i . 98,48 | 72.0 |
| - 94,86 | T2.5 ¢ !
| 74,89 | 73.5 “
{ 96'. 86 { 73.5 |
| 71.12 | 74.5 {
| 78.26 | 76.0 i
| €2.93 { 77.0 . |
| £8. 44 { 79.0 {
i 59,50 | 79.2 {
{ 43,31 | 80.0 f
| 53.97 | 80.0 |
{ 62. 47 i 80.0 |
{ »62.83 | 80.0 |
! 64,08 | 80.0 {
ler e e e —- e e e e e e ¥
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L4

_:caléulated Using the Statistical Package forAthe Sécial
Scienfes (Nie'et al., 1975); and Q is discharge in cubic
metres per second. |

Figures 20X to 20G fn. the text show the’ gesu1+1ng
'hest- flt"llnes for ‘each sampllng site, The correlatlon
coeff1c1nnts for the regr9551on llnes in Flgures 203 - ﬁOG

are shown in Table B-5. ; . )

Table B-5, Correlatlon coeff1c1en+s for the regresslon

llnes 1n Figures 20A - :20G.
8
e Lt T'*f'if"‘1‘ {°
, I { o | s
i Site | Cs | Cdowr o
! o | o {
b Al tom 1
| | o - {
| stream | 0.508 | 0,721 |
| Pan B b 0707 | 0.619 v
I Pan 2, | 0.727 0.543 | o
I Pan 3 | 0.684 | 0.504 |- L5
I Pan & | 0.698 {  0.355 |-
[ Outle€® | 0.696 | 0.522 | ;
{ ( I |
[N e PR, B R L 4
- VA
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Appendix C.

rf

Particle-size Analysis-of North Basin Sediment Pan Samples
Samples of material collecred'in north‘basin‘sediménﬁ
pans throughoﬁt the fiéld season were analysed in fho
phy51cal laboratory of the Department of Geography,
Unlver51ty of Alberta. pach samplo was mechanlcally
dlsaggregated~w1th a mortar and pestle. A smallerfsample,
averaglng 30g, was taken from each larger sample, chemlcally_

dlsaggregated using sodlum hexametaphosphate (Calgon), and .

wet sieved to separate the coarser fraction fron sediment

-

less than 49 , Grain~size analysis of sediment less than U
was ‘carried out'according to the standard hydrometer
technigue, except that a waterbath was not used,  the

temperature of the laboratory being relatively gongtant. The
’ . a ~." -
particle diameter is calculated from the fgrmu%a:

FERS
S . (B-7)
D = k /L

- T

where D is particle diameter; k, a variable dependent on
_temperature and spéciﬁic gravity (obtained from & table); L,

a. variable dependent on the hydrométergreading (obtained

v -

from 2 table); and T, elapsed time in minuteé:fﬂhe'

- R . : : K3 - 3 - - X
percentage of fipe material remaining in suspension after

~each hydrometer reading was calculated, using the equation:

. . " (B-8)
P = R x Gs x 100
Gs-Gw W

vhere P is the percentage of fines remaining; G¢, the

O \(



Specfic gravity of thé-sediment; R, fhe cérrected hyarometér,
reading; G , the specific gravity of watef'(asSumed 1.b00);
and W, the weight of soilkdiSpersed (g/ml). Thé"equation is
Eﬁbased on that glvon in the Amerlcan SOC1ety for Testing
Materials (196&). Specflc grav1ty of the Sndlment~was found
by analysis, to average 2.75.

. | ; :
Only 5 samples, from Pans. 1, 12 land 3, were found to

contain a significant (equal to or greater than 10 peLcen+)

proportlon of materlal coarser -than 84, The coarser fractlon»

i

of each sample was dry sieved for 2 minutes by hand gslng

sieve sizes 35, 80, 120, 170,‘£nd 230.

Figures C-1 - C-4 show the resulting particlefsiie\

13

distribution for samples from s2diment pans 1 - 4, 'On each
k¢ . \ .
graph, the x-axis is particle size in ¢ scale values, and

the y-axis is both percentage of, material less than )
remaining in suspension after each hydrometer reading and
‘percentage of material coarser than U4 remaining on each

sieve after dry sieving.



~ .memzmm.quzHoum I NHd ¥0d4 NOILNGINISIO 3ZIS 3J1144d #*1-2 3¥N0Id

ONYS 3NTJ4

~ ONBS 7 11s
INI4 A¥3AL  3S¥HOD

1718 HNIO3W 0L 3NIJd AY3A

0 b ) :
~ " T © (%) s3INTYA 31YIS IHd NI 3218 371211444 - -
Z- - E 4 S : 9 "L 8 6 .
—._—u_-_-_——__-“_-.-.-—__u_—-_-__._ﬁ__d_—_q____-___A____q_-__u—___—__.___q___
12 9nY - 8 onY x -
=g 0Ny - EZ INM - =
VLM - 5 A0 a -
S NP - EZ NN
’ 8 9NY - 2 OnY + . -
€2 NF - #1 NP @

0t

0z

0€

oy

0s

0s

Y3INT4 LIN3IJY3I4 IATLIHINUND

oL

08

06 -

oot ¢



256

*837dHYS" INIWI03S Z NUd™ ¥04 NOILNGINISIO 3218 31I11y4d *2-2 3Mn0Id

(%) w.u:.;; 37638 IHd NI 3ZIS 37011¥44d"
é - € 14 . S 9 L : g 6
ld.\_-—n_w_ LML R | —-—_—q_ -A-——_—_—_ _.__ﬂ_ _-—-__ ___‘—_‘.__qq_——-_ -.—_«\_ _-.——-‘ﬁ_——v._-—_ _au,— —._.-_,

81 ONY --8 ONY
Lrane - ¢ one
¥ ONY - €2 NOP
8 OnY - € 9Ny
€ onYy - Sz nr
§¢ g - L1ne

|

X
»
A
v
+
Q

ONYS 915 °
INIY A¥3A|  35¥BOD

ONYS 3NI4 1718 WN1O3W 0L 3NI4 AY3A A0

0!

0e

o€

oy

0s

09

0L

08

06

00t

C¥3NI4 LN3J¥3d 3AI1HINHND



257

— *83714HYS IN3NI03S € NYd ¥04 NOILNBI¥ISIO 3218 3101186 *E€-3 3¥NO14

(¢) S3NIWA 37YIS IHd NI 3ZI8 mguRpmcm
4 € : 4 S ; 9 L 8 6

—_-AA————_—-q_m—.—dadl—jq.dal——__—«,___4-.%-_.-|—11ﬁ1—-A«-‘—_—.._—qu\14_____—ﬁqﬂ__—q_-—-q,-_
. _ '

.

1

— 0¢

— 08

° ) . . ] . - 001

ONYS 1118
INIH A¥IA| - 35¥HOD

NS 3INIJ 1718 WNIOAW 0L 3NI4 A¥3A A2

N

Y3INI[4 LN3IJY3H 3ALLBINHNAD



258

*S37dHYS IN3WIO03S ¥ NYd ¥04 NOILNGIYISIO 3218 31311¥4d *v-2 3uNOI4

(v)

S3NTYA 3THIS IHd NI 3218 371011¥5d

4

ONYS 3N14

ONUS 111s

354403

INI4 A¥3IA . B : 1718 HNIG3W 0L 3INI4 AY3A

2 e b g -9 L g - 6
___—___~_—_q—qd——a____—4__~—-——-.~—___‘4,__—q___-—qq_‘_‘_——__.—1——-q—q4~___~.~—_~q
¥Z ONY - € .ONY A i
L1 I0C -9 00 .
g INM - 22 NOP 4
€ ony - L1 70r

AH7D

01

02

Q€

Oy

03

08

0L

08

06

00t

.

NHN3J

ALLET

-
a3

JINTJ LN3J¥3d



tems

srscmaner

L 1 1 - 1
L) 11 10
Mt -

B DIBIN RO JEDIALET ComCENrRRTIBAS. #An 3 BITC.

wh - .
35 ' N :
A
[N
: V
3 -
e = ’
Mm 1] o
3t
sl
2
N N N . L 1 N
N ' T} 10 X ) 1a "
An AT
N JIBEBLYLD MMOIALs) CORCINTARY Iomy. PaN | BIIE.
E1Ted !
s N ) .
53
il
a
iy
sz
v .
i:
-2
Stal .
H
i g " il it — L i L
~ 0 " " o " ’ 1 "
anr . Avoust
Lo SIBANLYER SERINEST ChCERToNt)pme N :
or
s}
5 3
i,
a
¥y
ez
ts mr
i N -
b
4
.
L I n i L " L
] 1" " 1 [ 10 5]
T AUt
T, QISSILYED MOINCET CONCENTRRTIGNG. PR § 6114,
—.-ﬁ
“r
i
| 1N S ¢
a
L]
g3
L)
g .
H
L3 T
y -
A 1 i A 1 i . .
] " n " 3 10 i)

MY . nourt
J- QIBSLTIO MOIALET COMCINTAR) IBog, BOUIALAST STRIAR. )

i R .

i 1 . . L i 1 It

] ] [ n . 1 10 17
. -~ . auoust
o 8T0ARGL BIgCnAROl Im Ine SRUTWEMAT DINEAR 4YED IT MOVAS. . .

FIURE BS (CONDI- SOUTWEAST S1AEAR DIOCIMROE AWO $£0INCH! CARCEATRATIONS 1N TAL DOUTREABT STRCAN AND X BunwAPIS LARE.

BUAPIROtD $1OINENT

ComCtusmnt|pm

CamNCTwIRAT Jou
£

7. DU ERDL0 BIDIALAT COSCEATRATIOND, PAw 3 1T0.

- -
8 2
T

tnan

g &
RS S

8
-~ -

Frel

s0a -

[ 8}

USPEMOCD BIDImERT
ComcemTnAT] o
8

~oud T

] BNEEL] ) L]

(L V.V

JUSPIMOLD BER) RENT
ComCruTEnt)on

(L VY]

]
T

' i 1" ]
C LMY

8. SUPEROCE BLOINCAT CONCINTARTISng. DOUTHERAT DTREMR.

LI T

L i P 2N n

1

L] n . " n
ART

A, AYRAAGE D1BCHARSC [ T BBUTAEMT RTREAR OVER 12 mOURS.

FIMME £1. BINCMST NPACAR BISCAARC Bx8 SLEINCAT COMCENTEATIONG 1N Pg SO0u’' nCART BTAAR Ang .5 SUNmdPlA LAKL.



>
:ﬁ . 00
s
.-ﬁ. - .Bﬁ - ;
_v.M nm
<«
L4398 L3 F
iy - : ¥y
[H 0 a2
mm - . jEeer .
mm ., mm
H L
g ) L aldn '
1 s 1 L I L " : ; S
. u [T 0. ) 1 . [T} ) n . ) Lo "
PO R . . wy ! X - Lt
£ BISS0LYLD DIDIMENT COMCKRIRATIONG. BUTLET (SuRMAPTA R1V(R). ' £ W SUMPENDED SLDIMNT CONCIRTAATIONS, SUTLET (Ul is AIVEA).

..ﬁ . . A . - , ’ soo

PI880CYE0_ BLBIRENY

w ) 2
- . - . -
= . nM B .
mw 2wl - - m >t
L ¥y
ez . « as
e e % 00
HH iz
- Mm
um el N _ 108
I i 1 1 L 1 1 . L . 1 . -
] A T) TR 2] f ] 10 11 " . 1) 0 " t 1" "
mr oy auoust = . X My Ll
0. BIAsMLTED MO nat n!..n.-.r:!... P BITE. . N : - . 8. UIFLAOED KEDINENT CHNCEATRATIOND, PAm & BETC.
- 00 . .
3 . r
wh . X PR o -
m..- > : : MM 00 - RS
s - . S
- ’ I\-» »
= e
i " . m.m. e} i . .
: e
Laof ES
I ) i ™
L L L L ! f 1 A
4 13 1] n ’ N 10 1 d L 4
. v - . Avoust
B SIBABLVLS MOIACNT COuCERTRATIONS. PAm 3 BIIL. :
“wr = ) 500
- . .
e
i
£l
a
.
e-
mm 100
m...
~
- M_s
’
(. L 1 n N N N .. N s L4 ~ 1 . i 4 _-
. 17 n n ] 10 %) T [T 1 . L . 1] N i
£y N * auoust - -t e . ~oust
K. DIBINLYIC BEOIALNT CONCINTMMTIONG. PRa T 0IT(. 3 . /F)l T €. BUMENOLD BEDINZNT COMCENIRATIONS. PAA § 8ITL. B . .
(L1 LN - -

oy

-] . )
M wh mw-oo
5 H
39 - st
oz -
v a« . i
5 - it
HA :
e ) . wm 1%
L o~ s L ) ) o . 2 L L A — . L -u
t 13 " ” ) %) . ] 1 " n ’ )
anr : e o . oy ot
(33 LI {1 {15 ComCInTMATIONG . PAm 5 ITL. B BUBPEROLO SLOIMENT COnCENTENTIONG, PAN § 8ITE.
“ : 00 .
“ .
L. - > \

(L ¢ 1}
(L %9



