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. -Abstoaot
"Hazard Lake", located in the St. Elias Mountains, Yykon
Territor;. is an ice dammed lake formed by the surge of the
Steele Glacier in 1966. Since 1975 it has annually
catastrophically drained by means of a sub*glacia] tunnel
During a fouc weeR field season in 1979, the final stages of
lake filling, and the complete lake drainage were observed
and measured. The‘discharge curve ‘produced was similar to
that produced by Clarke (1980b) for the 1978 event, showing
that.the~phy$ioa1 parameters controlling the flood remain
.constant\throdgh time and supporting the floatation model of
‘Jake drainage( It isgsugoested\ﬁhat the low value of the -
Manning roughnéss’coefficient. h“,~oa1oulated for the;tumnel .
walls'by'Ciarke is due to imcompleie ciosure of the tumnel
betweenhevents resulting’ in an erroneous input to the
drainage model. A model for the h1stor1cal development of
ice damméd lakes is proposed. and tested aga1nst '

observation

B Lake" processes were 1nvest1gated wh1le the Take was
fill1ng, and these suggest that the lake is unstrat1f1ed,

~and the major 1nflow stream enters as underflow. .Sect1pns
. examined in the lake bottom after drainage show the “

deposfion of a thick bed of laminated silts, dsually

d1rectly over]ying gravels, and overlaid by cross 1am1nated

and mass1ye;sands The laminated s1lts are interpreted as

~ being deposited by underflow during the nine years of lake

p'stability. No evidence of an annual cycle is seen ih this = g
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Liqt of symbols used in the text

Surface area of lake
Lake level (elevation above seal)
‘Maximum laKe level

Lake depth-

Acceleration due to gravity 1 A

‘Ice thickness

Constant e
Tunﬁel iquth‘ )

Manning roﬁghne;s coefficient
Pressure of water film at g'acier base

;Glaciostatic pressure

—

/'-"// ’
Totat outflow from lake

Hydrbstaiic preiffff?/;
~ Discharge -
~Z .

Inflow to lake |

D*scharge through overflo® channel |
Diéchgrge thrbugh tunnel |
Cross sectional area of ‘tunnel
Co-ordinaté measured down glacier
Vo lume of'lake '

Max imum Qoldme of lake

Lake Hevel‘ |

Eleyatioh.of glacier bage

‘Elevation of glacier surface

A

Density of ice (0.91 Kdlﬂ)
Density of water (1.0 kg/1)
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Pl%te J; Hazard Lake

The upper photograph shows the lake‘on the morning of July
9th, rapid drainage alreagyxcommenced. The lower phbtograph Iy
shows the empty lake basin 48 hours later.

’
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X‘%Yf‘lntroduotion
Glacial lakes formed by glacial advanoe have the}potential
to empty catastrophically by means of the formation and B
rapid enlargement of a sub-glacial tunnel. This results in a 4
huge. sudden and unpredictable increase in the discharge of
streams carrying water from the glacier, a significant
'env1ronmental hazard

M0st studies of the glac1olacustr1ne envwronment either
poncentrate on Ple1stocene depos1ts, where the processes of

sedimentation are unknown or in modern glac1al lakes where

processes may be well studled but access.to the result1ng ¢n///

—-sediments-is difficult. This part1cu1ar type of lake enab1es.

the processes to be studied whilst the lake 1s full or
_f1111ng. and the sed1ments to be well sampled after drainage !
has taken place. '

| Thts study reports the results of'tour weeks field work

in July, 1979, on an ice dammed lake of this type.

A,'Objectives of the study.
| The major objectives were: _ _

1. _To observe and'measure the emptying of the lake with the
aim of test1ng ex1st1ng models.

2. To review the L‘1stor1cal development of this and other
lakes and to compare them with a history predicted by
ex1sting models.

-3. JTo examlne the processes operat1ng in the lake’ wh1le

full, and the relat1onsh1p of these to the sed1ments ‘
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deposited, examined in detail after drainage.

4. To compare results with existing models of glacial lake

\

sedimentatioh.

B. Location 4
| Hazard_bake (an informal name: it has also earlier been

descr ibed as North -Fork LaKe by Sharp, 1947) is located in a

jtr1butary valley othhe Steele valley, in the Yukon
| Territory (UTM referlence 7V ET4291; 61 15’ 24"N ,140 12’

30"s), (Figure 1). The lake is retained by an ice dam formed
by the Steele glacier (formerly known as Wolf Creek
glacier), a major valley glacier over forty kilometres long.

The lake occubies au éhaped valley surrounded by 3,500 to

4000 metre peaks. The major inflow stream is Hazard Creek, a
meltwater stream derived from a number of glaciers on the
slopes of Mount Wood name]y the Hazard glac1er and the
Rusty, Trapr1dge and Backe g]ac1ers (Figure 2) |

The St. Elias Mountains are a ma jor range conta1n1ng
one of the largest jcefields outside of the polar reg1ons,
and ,some of the the highest mountains in North Amer1ca,
1nc1ud1ng Mount Logan, the h1ghest in Canada. The area is
extens1vely g]ac1ated with a number of very large valley
glac1ers A large proport1on of theee g]ac1ers are known to

surge, that is on ocaasion the f1ow of ice 1ncreases

" radically, causing an ‘advance of the toe of the glacier.
.Thus*they are liable to dam the drainage and create ice

| dammed lakes. Collins and Clarke (1977)'estimate that over .

~

Y
{



Figure 1: Location map

The scale of the map is 1:500,000. (‘from NTS

and 11SF).
Canada.

The inset_shows the area in relation
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f
Figure 2: Map of vicinity of lake '

‘Scale is 1:50,000. (from aerial photographs)
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,200 such lakes exist in the north east. part of the St. Elias
»
range alone. Hazard Lake .was formed by the surge ‘of the*

Steele Glacier in 1965-67 (Stanley, 1969, Wood, 1972).

- C. Bathymmetry S : ""{,,
| Surveys of the 1ake'mere;é;rried‘out in 197#i;nd 1979.
Results of the eah]ier survey'werélEeported‘by}CollinS»and
Clarke (1977), and those of the f;ter by Clarkeﬂf1980a,*b)
(Figure 3). The lake is 2;1‘Kilometres long and;%as a

max imum width of 0.5 Kilometzgs.lﬁme average depth is 16

metres and the 1979 survey shows a maximum depth in the

vicinity of the ice dam, of /100 metres. The estimated volume

is 20 million cubic metres,/ . The lake consists of three
main sections; an extens1 e shallow area ‘in front of the '
large delta of the 1nfl stream; a narrower deeper sect1on,
‘,,deepen1ng up to the ice/dam; and a narrow, shallow side arm,
»wh1ch contains a smal deltaj.fed by meltwatee from the
Steele Gjac1er. The fmajor inflow stream, Haza%a'ceeek.1
of the lake, and three minor 1nflow

‘enters the west e
-tofhe input, alt building small e

st?eams'also co s
deltas. When fQ11 the lake me1nta1ns a f1xed level due,%o
the presenc 'of a rocky channu1 adJacent to the ice dam
which acts'as an overflow on sphl lway, forming a stream

dISGharg'ng along the marg‘n of #he Steele Gla01er



N Eigure 3: Bafhxmmgtrx“gjﬂHazard;Lake“ ,,,,,

The scale is 1:10,000 and the contour
(aﬁ}er Clarke 1980a).
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D, Historical development of Hazard lake
The history of the lake has been outlined by Collins

and Clarke (1977) and Clarke (1980a, b), using aerial
photographs, published work, and the.observations of field
parties working in the area (Table 1). The Steele Glacier
surged in 1965-67 resulting in a rapid advanCelof the ice
front and a thickening of the ice in the vicinity of Hazard '
Creek which-at that time drained along the’ margin of the
Steele Glacier. This resulted in the damming of the
drainage and the commencement of the filling of the lake..

. The lake reached 1ts maximum level between September 1966
and August 1967 and>rema1ned full until late duly 1975 when
the lake drained sub-glacially beneath the Steele Glacier.
The lake basin was observed to be empty in August 1976 but
probably fﬁgled and emptied earlier ‘in the year. It filled
again between September and. duly 1974, only to drain between

| the 31st of July and the 5th of August 1877. The
filling- emptying sequence was repeated in 1978, and was

served and measured the results of which ‘are given by :
Charke (l980a, b).The actual emptying of the lake was
witnessed for thetfirst time during the field season of
1979, / when rapid drainage occurred over the 9th and 10th of“

- duly Prev1ous to these recent fillings little is known
From the observations of the first parties in the area (wood
1936, 1972 Sharp 1947), and aerial photography it is clear '
that the laKe ba51n remained empty for- at least 30 years '

( prior to the last surge of the Steele Glacier, and was

- ¥

-
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~ Iable 1: Higtgrngf“Hiiard Lake

After Clarke, 1980b.
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" Autumn, 1965 Onset of surgé of Steele
' glacier, lake basin

_ , empty
August Basin partially filled
1966 .

~ September Basin partially filled
1966 .
Sept 1966- " Basin full, overflow '
Aug 1967 - operating

‘Summer 1870 as above
Late July Tunnel drainage
1975 T v
2-5 -Aug Tuninel  drainage after g’
1977 . lake compietely refilled
8°August  As above 4
1978 S
11 July ' As above
1979 .
26 June - Tunnel'drainage after
1980 ' incomplete filling -

---_—-—————_----—-----_--—---—- --------

A.S.Post

.photography

Canadian government -

photo A19647-42 .

Canadian vernment'
photo A19739-35

Canadian government

_photo A20128-13

photo A21523-77

'R.B. Campbel]

W.A. Wood and
R.B. Campbell

Clarke (1980) -
witnessed by
author

G.K.C. Clarke -
(pers. comm.) ™ - x .

--------------- - -
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_:quffected by the small surge of 1940 However there 1s )

clear evidence of previous fillings in the form of terraces

about 2-3 metres above the present maximum lake level, which

couid oﬁly be formed as part Qf a previous delta at a time

of higher lake level. Also.thé existing delta is very
“extensive and would appear to be the product of a longer

. -period of sedimentation than the thirteen years of reéént
‘fillinbs.'Dating the sediments of thié delta could:-lead to

the dating of an earlier surge of the Steele Glacier.
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Plate 2: view of lake vicinity , |
Hazard Lake viewed from summit of 3000 m peakK to_south
of the lake. The lake basin is empty and the arrow indicates

the iée dam.




- _,“ILF_Review,of:previousework - - SRR
The phenomenon of catastrophic drainage of ice dammed lakes
is common and is noticed wherever such lakes exist. Iceland,
with historically a‘relatfvely large population, extensive

| glaciation, and a long literary tradition, possesses a good
record: o* these events. The Icegandic language has the word -

Jokulhlaup especially to describe such occurrences, wh1ch
indicates their impor tance as an enviromental ‘hazard. This
~word, wh*ch’translates literally as . glacier burst”, 1s nbw
generally used in English language literature Thorar1nsson\'
(1939) suggests that the earl1est account of these floods is
found in Iceland1c therature a: description of the 4
inexplicable rapid rise of a river blocking ‘the path of p
travellers be1ng found in the Sturlunga saga of the 13th
century Thorarinsson was able to trace the record of twenty
eight jokulhlaups on the Ske1dararsandur, from the end of A
the 14th century onwards. ,
~ Rabot (1905) catalogues examples in the Alpéﬂ Norway,
“lceland, Sp1tzbergen Greenland. and the Himalayas, w1th an
emphas1s<pn the Alpine examples, where jokulhlaups have
caused extensive damage in.the past. For example. Rabot
describes the floods of a lake impounded by the Gretza
. gtacier, which destroyed 600 houses and chalets in 1595, and
cites many other cases in wh1ch stream channels were

Ny changed, large boulders transported, trees uprooted and
property destroyed Several of these have also been studied
by:later.workers, such as the lakes_of the Vatnajokull._ in

~ gk
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y
Iceland, ‘the Gornersee, Switzerland, and Strupvatnet, /
’7N6r§ay”an{s”eakfy"ﬁérk-réfiécté the5&¥sir?butibn*6f'ﬁf“”’
populatfon in glaciated areas, but increased exploration and
{'interest 1n glaciology ‘has lead to examples being described
: from many parts df thé.worldy bearing out Rabot's
~spéculation thattthe phenomenon'is Foundeherever ice dammed
lakes exist. Norwegian examples are discussed by Strém
(1938) Liesté] (1955) Howarth (1968) and Whalley (1971)
Patagonian examples are described by Nichols and Miller
(1952), Greenland by Higgins (19707, Alaskalby Lindsay
(1966), Stone (1963a,.1963bt LMaPCUS (1968)' the Arctic by _ ;_,
Maag (1963), Brook (1971), and Stohe (1975). Canadian -
examples are Summ1t Lake, B. C studied by Gilbert |
(1971, 1933),'and ‘Mathews (1965 1973) . Tulsequah Lake, B.C.,
studied by Kenr (1934) and Marcus (1950).'and Hazard Lgke

“itself.

q -
A. Descriptive work

éﬁﬁtﬁejwork on this type of 1ake has be%p

descrtpttve An examination of the work reveaﬁs the

s

N\

follouing genera] features. _’ » N o
1. Drainage is catastroph1c usually taking from a few days
'to a few hours from the. observedpcommencement of
1.dra1nage Most records of the drainage are based on
a'discharge measurments on‘outflow streams at the toe of
, ‘the glacien. o | '_ ‘i e
’J2,' Drainage is repeated a numberqu<t¥meS;.usually

£
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- annually; but the ‘lake may. be stab]e for longer per1ods

‘ between events

Some lakes remain stab]e for a number of years before

the first drainage.

4. Drainage is either by-means Sf a tunnel;in the ice at
the -base of the ice dam, or by erosion of the 1ee dam
after the lake overteps"the dam. The length ofithe
tunnel'formed depends on the distance of the lake from

‘ ‘the toe of‘the g]aeier, and.can be over 60 Kilometres.

St Dra1nage is not always complete w1th thefoutflow be1ng
abruptly halted while water remains in the laKet‘
Examples of th1s are given by BJornsson (1975) and
Whalley (1971) . L o S

6. Water balance calcu]at1ons confirmed by dye tracing
'experlments descr1bed by G1lbert (1971 1973) show that
water may be transm1ttedafrom the lake _to the g]ac1al
dra1nage system up to three months before catastrophic .

drainage.

‘7., Depths of lakes 11e between 20 and 230 metres although
| deep lakes are rare. 4 _
8{4 The nature of lake dra1nage depends on the.thermal
_ cond1t1ons at the base of the glac1er If the glacier is .
frozen to its bed‘the lake will tend to drain by '
overtopp1ng the dam and erod1ng a channe?. The
subglac1al drainage typ1cal of Jokulhlaups only takes
‘place if the g]acier is wet based i.e. if a thin film of

water ex1sts at the base of the lce._

] =
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w i
B.. Geomorphological effects of JokulhAaups

Rabot (1805) indicated that it las 1ikely that
jokulhlaups were very frequent in periods of‘more extensive
"glaciatjon; and little attention had been paid to their
possibla effects of Pleistocene sediments. Seventy years
lateh Embleton and King (1975) write -

A"Although present day jokulhlansfhav?\been studied

in Iceland, Norway, North Amertda an&balsewhere.

5reccgnition of possiblelpleistocenefjoKUThlaups and

rtheir: effects has advanced little" "
Jt appe&#s,that there is ndw anﬁincreased”awareness of thé
potential of . these catastrophic floods, and there has been a
réagonable amount of work//Clague and Mathews (1973)
proqqped an emp1r1cal relat1onsh1p between the total volume
of the lake (V) and the beak: dlscharge of ghe jokulhlaup (Q)
‘by examining d1scharge records of modern examples Th1s

s

was:- . B

Q(max) = 75 (v)es7 | I G}

[ A ‘ o
where Q is measured in cubic metres/second and V in millions

of cubic metresl The extent and depth of Pletstocene ice
dammeé\lakes can bé estimated by the distribution ahd nature
-of.-the - sedlments depos1ted in them. and thus the maximum
dlscharge of jokulhlaups poss1b1y resulting from the laKg
can be calculated. .Clague (1974) went on to apply this <
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result to sediments in glacial meltwater channels in the

Rocky Mountain trench, B.C.. He estimated the peak discharge
trangporting the sediments deposited, and compared this to
the discharges expected from ablation alone. He explained
the resulting discrepancy by postulating jokulhlaups from
glacial Lake Elk. He also suggests that the presence of
jokulhlaups may be commonJy'recognised in other g]acta]
meltwater channels. | |

‘ Bretz'(1923)‘examined the phenomenon of the channeled
scablands of .Montana, Idaho and Wash1ngton and suggested f
that the features observed there represent the results of -
huge floods." Later ‘work by Pardee (1947) ‘and Bretz (1969)
indicates that these floods could be caused by jokulhlaups

from glacial Lake Missoula. Birkeland (1964), work1ng\1n

Nevada, used the hypothes1s of jokulhlaups from glac1a1 Lake

~ Tahoe to expla1n the transportatlon of.boulders over three

metres 1n d1ameter More recently. in a study of the
A
variation ‘of grain size in varves, Shaw G11bert, and Archer

(1978) suggested thi% the exceptw&na] flows of Jokulhlaups‘

'ma%>be respons1b1e for occas1ona]*f1nd1ngs of .sand layers.

w1th1n the winter layer of a varve

Despite th1s 1ncreas1ng 1nterest in the effects of

joKkulhlaups there remains much worK to be done in assessing

their 1mportance as a Pleistocene 1andform1ng agent
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'C. Theories concernih;~the”inittation and. propagatipn of the
flood | | -

Any hypothesis concerning‘the phenomenon.is constrained
bx the-necessitylof'explaining the observations of the
descriptive work outlined above. Rabot (?éOS) states:

"The causes which tend to form rock caverns go a]so

to the formation- of glac1er cav1t1es, namely, thex

pre ex1stence of fissures, erosion, corros1on and |
hydrostatic p%essure, to which must be added the |
action of air above_32.degrees‘Farehheit..The waters
df a glacial barrier or berder lake, or of a
- subglacial or ice pocket lake in this way”tehd.to
,scoop:themselves out a passage.through_the mass of
ice_cpnfining~them." )
‘ This~eXplanatioanails to account for many of the saiient“’
features of the jokulhlaup, most 1mportant1y fa1l1ng to

accourt for the catastroph1c and cyclical nature of the

' dra1nage

The floatat1on hypothesis
 This was out11ned by Strém (1938) and Thorar1nsson

(1939), and 1s based on the fact that ice is less dense than
water. Thus 1f the Take water atta1ns a .sufficient leve] the
ice. barr1er w111 float, al]ow1ng the escape of Tlake water at
the base of - the dam. Thorar1nsson out11ned the thSICS of
the problem; stat1ng that the .lake l;vel ‘D’ can be related
.to the ice thicKness "R" in a toOsely defined "critical
tzonef (“that zone of:the barrier, theltiftihg of which will

e
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. start the hlaup") as follows. d,'s”*h,' |
Floatation will take place when the glac1ostat1c (ice
overburden) pressure becomes equal to the hydrostatic
' pressure The glaciestatic pressure (Pi) is equal to;hyl g
where g is the accelerat1on due to grav1ty and\p is the 1
~ density of ‘ice. | | ,
The hydrostatic pressure (Pw) is equal to Dp,g where‘p.,ie
the density of water. 2 )

Thus the barrier will float when

Pio=Pw o (2)
. /

QP
DPug = hp, g . | 3

N

thus: | |

| D=hp T - (4)
\‘9':;,‘ . . R .

eSubstituting relevant values, it is found'that the»barrier

will float when the lake level atta1ns 0.91 the th1ckness of

, the jce in the cr1t1cal zone. Th1s is a s1mpl1f1ed re]at1on

and takes no account of the bed and ice t0pography
Thorarlnsson po1nts out that there are two varlables

' controll1ng the 1n1t1at10n of dralnage, the lake level and

the th1ckness of the ice dam. Thus ice dammed lakes can he

- used as an,indieation of glacial'thieknees;-For'examb]e, if
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the'retaintng glacier has a mass balance of zero, the only
varijable is water depth and a'jokulhlaup will occurvevery
' ttme the critical lake level is reached. 'If there is a
poslt1ve mass balance, the requ1red cr1t1cal level will rise
with t1me and eventually the lake may not dra1n
catastroph1cally if there exists a constraint on its maximum
. depth, as is the case}at Hazafd Lake. If there is a negativev
: mass balance the relevant»lake level will decrease ‘and
eventually the Jake w1ll not - f1ll at all Thorar1nsson thus
suggests that the occurence of Jokulhlaups and the lake
‘level requ1red to produce them can be used as a pred1ctor of -
past glac1al reg1me and. attempts to estimate the extent of
"'_Iceland1c glaciers 1n the Saga period. in the l1ght of the

' records of Jjokulhlaups. ’

The ice deformation hxgothesis‘

) Several cr1tls1sms ‘were leveled at the floatation

B model. Whalley (1971) felt that outflow from the lake would
occur as a basal sheet rather than as a local1sed tunnel.
‘:Glen (1954) suggested that once the ice dam had floated the .
' escape of water would result in 1nsuff1c1ent water rema1nlng
in the lake to keep the dam afloat Thus the max1mum rate of
'd1scharge from- the lake wduld be equal to the flow. enter1ng’
the lake and no catastroph1c dra1nage could result. Glen
went on to develop an alternat1ve model for the formation of -
_the_tunnel, based on the deformat1on characteristics of ice
_under.stress.:Considehing the situation at the base of the.

ice dam, there exists a vertical compressive stress (Pi) due
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to ihe weight of the overlying ice given by:-

Pi=hp g | | (5)
: : % , _
Also there exists a horizontal stress, normal to the dam,
equal to the hydrostatic pressure (Pw). Now:

Pw = Dp, g ’ - (6)

~

If D is apprdxiﬁatély édual to h, then the horizontal stress
exceeds the vertical b§:h g (Pw =P, ). This {s equivalent t
a shéar stress of ha]f‘this value’acting on planes at 45
degrees to thethdfizontal. If fhis stress is of syfficient
magnitudé, appréciabié flow of ice will occur, leading in
time ‘to the breachfng bf.the‘iCevdam'at~the.base. Using the
apbroximation of perfectApiéSticity suggested by Nye (1951)~
and a yield stress of one bar, Glen calculated that this

~ process wouldrbecome'sigﬁifican%lat_depths greater than 200

‘metres. As a geﬁera] expL?hafioﬁ tﬁfs is-obviously |

'; 5nadéquételas they are Known tb“occur:in lakés; shch as
Hazard Lake, wherefthe depthé ére much  less than this value.
“Marcus (1960) also pointed_qut-thét the time'EeQUired to
form a tunnel of any length‘is unrealisticﬁ'

Hypotheses-based on glacier hydrology
e

’ Whalley (1971);.wofkihg~on the{glacia] lake
'Strupvatnet, in Norway{ rejecting the floatation hypothesis
on the'groundS'thaf no perceptible lifting of the icé‘dam

¢

* .
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| 'waS“observedt-and-the.tce deformation model as the lake is
shallow, suggested that the internal drainage“system of thet
-fglacler.is impOrtant in {nitlating the/ jokulhlaup. He
suggests that an enlargement of the dra1nage system’ during
;t1mes of h1gher discharge as described by Stenborg (1969)
taps the lake as it becomes:- hydraul1cally connected It is’
d1ff1cult to_expla1nlthe»connect1on found between lake
level, glacier'thickness’and draining events if‘thls

‘ mechan1sm was universal, but it may'be applicable in special
R cases. Rothl1sberger (1972) found that he could expla1n the
.dra1nage of the Gornersee Swltzerland by his own model of
the glac1er hydrology The plezometric head in the glac1er
varies seasonally, depend1ng on .the discharge through the -
1nternal dra1nage system At t1mes of low discharge the
p1e20metrlc surface lies above the lake level; and at. high
d1scharge below thus the lake w1ll not empty at times of f o
. ‘low d1scharge as there is no pressure d1fferent1al act1ng
<"away from the lake. The hydrology of. glacters is poorly

,lunderstood but it seems that it may. be an 1mportant factor'*
in the dralnage of some lakes ‘ s |

These models expla1n the 1n1t1at1on but not the_

catastrophtc nature of the. drainage. In all cases it would
be expected that due to the pressure d1fference between the~'
water in the tunnel and the glac1ostat1c pressure, ice

deformation would tend to close the tunnel when formed

‘ Hyggtheses involv1ng fr1ct10nal meiting

E?estdl (1955) proposed a mechanism account1ng for the

S

A" TR
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2

chatastroph1c nature of the dra1nage He suggested that once
‘a passage 1s,established, the turbulent flow of water
through’the tunnel would cause fr1ct1onal melting of the
tunnel walls, thus enlarg1ng the tunnel more rapidly than
plastic deformat1on could close it . Mathews (1873) |
'cons1dered thermal cond1tions 1n the tunnel more closely and
suggested that of .the potential energy lost in the fall of
water from the lake'tolthe toe of the.glacier,'initially,
ntnety per cent is available for the melting'of the tunnel

' walls, although th1s proportion would be smaller as the
tunnel enlarged. Mathews der1ves an equatlon relat1ng tunnel
water temperatures to melting rates, and this was later
improved by thbert (1973). This mechanism is compatible

2

w1th e1ther the floatat1on or the ice deformation models and

lanswers Glen's cr1t1s1sm regard1ng the cont1nu1ty of flow 1n'

the floatatlon mode 1.
- J.F. Nye\(1976) proposed a: mod1f10at1on of the

-ffloatat1on model derived differential equat1ons for flow in

" the tunnel lead1ng to d1scharg’ time relat1ons and tested
these aga1nst observatvon using the detailed survey of the
ks “jce dammed lake Gr1msvotn, Iceland, reported by BJornsson
(1975)' This paper represents the most successful attempt to
expla1n the phenomenon of Jokulhlaups '
| The modi f ied floatation mode]
This mod1f1cat1on of the floatatlon model descr1bes
fhe cr1tical zone of Thorarinsson (1939) prec1sely by

taK1ng 1nto account the bed and 1ce topography Nye

........
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“defines Zb as the“elevatien of the glacier base, Zh as .. ... .

that of the glac1er surface h equal to Zh-Zb is thus'
the glac1er thickness. .The glac1er is assumed to be wet
based and thus the existence of a thin film of water at;ﬁ%
the base at a pressure p is postulated; If‘s is a } ht@i
Jcoordinate measured down glacier then the pressure

‘gradient at the base is given by:-

- délds = -d/ds (pw g Zb + PV . (7)
_1f p is defined as being the ice overburden pressure,
then :- .. - :
i?u:g ((Zb +p, h ) - (8)
‘ Hw : ‘

'S '

Now the hydrostatic pressure due to the lake is given by
@ = 209w 9 » where Zo is the elevation of the lake level
above the toe of the gla01er Thus the seal will be |

broken when the hydrostatlc pressure is equal to the

max1mum value of the glaC1ostat1c pressure, when: - «.

d/ds { (1 -9, ) Zb +p, Zh ) -(9)
, N Je

IT the bed and ice topography are Known then the value
' of 8, and thus Zb and Zh can be found 1ead1ng to the.

calculatIOn of Zo at the critical po1nt by equat1ng
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hydrosgatic and glaCiostatic pressure

Nye tested this model against ihe survey of
Bjornsson.(1975), and found that drainage took place
with the lake level 20 metres below that .expected (and
40 metres below that predicted by Glen s model).
explained this discrepancy by’yonsidering the effect of
the ice already -afloat. before the seal is broken. This
ioe-has a‘bouyant_forCe actinglon it and since it ‘is

mechanically connected to the ice in the region of the

seal, it acts as a bouyant cantilever, serving to reduce

the glac1ostatic pressure at the base of the dam The

- extent of this action is limited by the mechanical

strength of,the ice, and Nye using the assumption of
perfect plasticity, estimated its magnitude as being

twice the yield stress. This gives a pressure reduction

“in .the order of two bars, roughly equ1valent to the

‘f“twenty metres of water required.

Conditions in the 1ce tunnela
Given that a tunnel can be formed, Nye goes on to o
examine conditions in the tunnel as water flows through
it He conSiders two main effects acting on the tunnel
the frictional heating and melting of Liestél (1955)
and plastic deformation acting to close the tunnel
Firstly he derives, from thermodynamical principles; a
series of differential equations describing thé?geometry
and flow of ice, the'continuity of the system, the flow
of water;‘the energy of the system, and heat transfer.

.
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Using the results of Rothlisberger (1972) and Shreve '

‘(1972) it is assumed that the’ escape of water from the )

.lake will taKe the form of a single channel at the base -
of the glacier To obtain equations describing the main -
part of the jokulhlaup, the simplifying assumption that
the: plastic deformation of the ice is negligible during
this phase of the drainage is made. This is justified on
the grounds of goodness of fit of ithe results to
observation. Simplifying the original equations he

'arrives at the following equation:- T .

do/dt = K Q1 2% o (10)

j?

A ]
‘where b'is~the Jischarge, t is time, and K is a value
that is a function of p051tion and time It can be shown
that K (a measure of tunnel roughness)*is essentially
constant, and if t= 0 is chosen as. the time at which Q
becomes theoretically 1nfin1te. and Q is the average
.discharge over the length of the tunnel then the

| .equation can be 1ntegrated to give:-

= ( -4/ Kt)s © - (11)

Thus the exponential increase in discharge is well

‘ ‘explained If this equation is compared to the record of

Jthe jokulhlaup of 1973 obtaineéd by Rist (1974) an
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extremely good fit of observation to theory results. A

A",fﬁ regression of ]n(Q) against In(- t) gives an exponent of
-4 000, 06. "and realistic values for K . |
Closure of the tunnel
| Grimsvotn is one of the examples in which the
jokulhlaup'terminates beforéﬁthe resebvo;r is exhansted
‘Nye states that the cause of closure is a rap1d increase
in the rate of pﬂastic deformat1on of the tunnel walls
'The magnltude of the force acting on the tunne] walls is ‘
dependent on the pressure difference between the water -
jln the tunnel and the glaciostatic pressure of the
N overlyIng ice. As the lake level drops and the
‘jdkulhlaup approache§ca‘peak the preseure in. the tunnel 
drops rapidly. Nye shows that the rate of plastic =
deformation of the tunriel walls is proportional to:-
| AUty o)y S 2)
v ,
;whére:t’ 1efthevtimq,remainjng before the diseharge
' becomes theoretically infinite (equal to -t). Thus the
_ deformation rate 1n1t1ally remains’ fa1r1y stable, as the
quant1ty to{t' is close to 1, but 1ncreases rap1d}y as
t’ becomes’small thve rate be1ng approx1mate1y
propor tiona to t; / t' to the ninth power. At th1s
ﬁ".~p01nt the Jokulhlaup will terminate when the rate of ' t;%ijg“
) closur-e by 1cv deformahon overcomes the enlargement due "

to melt1ng. This pﬂint'1s}not always reached before the



‘ﬂhreserwpir is exhausted but in the cases where th |

+Nye has developed a comprehens1ve model which seems to

&
drains completely the tunnel will close if the flow of
water through the“tunnel (the discharge of :the i put:

’streams) is insufficient to maintain. a high enoygh

melting rate to overcome plastic deformation ~t this
closure does not ocCHr immediately it will usu%lly
follow in the’fall when“themdischarge of the streams
drops as freeze up progresses “

Thhs Nye identifies three phases in the propagation

{ \

dam is breached when a. suffic1ent lake level is

' /
of ch Jokudhlaup L . "
‘4.1. T e

/reached and flow conmences in the tunnel.- At this

.

'/{d point plastic contraction of the tunnel and

expansion by meltlng are of the same ordér of

magnitude However Nye shows that"the 51tuation of,
- a tunnel draining a reserVOirLat f?xed pressure is

essentially unstable and this leads to the next

,~stage ,

“2. In this phase the melting rate far exceeds the

_ plastic closure of the tunnel giv1ng rise to the

full catastrophic flood of the Jokulhlaup, the = /)

discharge of which can be approximated by the
equations given earlier _ d 1;- {r-;_.

3. In the final phase the plastic deformation rate '
N

rapidly 1ncreases to over take the melting rate ande\~

close the tunnel , o ".» Lr

o
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ve/tures of the Gr1msvotn .
Jokulhlaup and should3have general application.
Claire (1980a, ) attempted to generalise these

o
results by apply1ng he model to further measured

.//jokulh]aups, the JU]y 1978 -event "at Hazard Lake and the

1965 and 1967 eveht at Summ1t Lake B Q He qeneral1sed

the model bYACOW“d ring the effects of reservo1r

‘ geometry on.thetjok 1hlaup. He was also able to include =~

the effects of dia tic closure on the tunne] Clarke

_makes a number of ssumpt1ons

1. The cruc1a1 pal t of \the tunnel 1n controll1ng the -

characterlst1cs of the f1ood is that part 1n the

reg1on of the seal to the lake. Th1s assumpt1on is

4 Just1f1ab1e in that the gla010$tat1c pressure wh1ch

g 1

dééﬁ The shape andiroughness of the tunnel do not vary

| -A maJor departure from Nye is ‘the con51derat1on %f lake

.affects theérate of iunnel closure through.'
deformatidh is at a maximum at this po1nt

2.'.The'§eal is cons1dered to be close to the lake andg _
thus the gressure in the tunnel is apprék1ma)ely
equal to-the hydrostatlc pressure 1n'the lake

3 Id
w1th position along the, tunnel. ‘

htl The potent1al gradiept in the tunnel is given by the
average over the length of the tunnel i.e. the c

', elevat1on d1fference betueen the Iake level and the
toe of the gla01er d1v1ded by the,d1stance from the

lake to the toe

LT

- A\
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g reservo1r. and sma]ler as the slope of the walls

29,

“geometry, The'volume'is_reiated to the discharge bsw-

[ ]

. dV/dt = Qi - Qa - | (13).

a

where f is t1me Qi is 'the inflow into the lakehland Qa

is the flow. out of the lake. Qa = Qt + Qo where Qt is

the volume d1scharged through theieubglacial tunnel, and

Qo is fhevdischarge from the overflow when the 1dke is

,ful]_ Clarke solves the equatlons of Nye under these

Cew O

conditions w1th the additional information that the

volume in the lake (V) may be releted to the lake level

(D) by the equation:- .

S0 /Do (Ve )N RNt

<

where Do is the maximum lake depth, Vo-is the maximum

' volume’ahd mis depehdent on. the geometry'of the

reservo1r, be1ng equal to 1 for a vert1cal]y s1ded

decrease. The_results of th1s simulation are to produée
an‘eétimaté of the only unknown pahameter jh thefmodelh
the Mann1ng roughness coeffiCIent n', a measure of the
rpughness of the‘tunneluwalls Nye reports a value of n’

of 0.12 ﬁ°-335 for Grimsvotn and Clarke obtains values

of 0"08 mo * 335 for Summ1t LaKe, and 0 009 m° 33s for “;‘.f

Hazard Lake The expected range accord1ng to Nye is 0.01

/

'
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_to 0 1 nf0-33g , and thus the value for Hazard Lake is

supr1s1ng]y Tow. Clarke (1980b) states that it mlght be
possible to obtain such a value for a pol1shed tunnel of

ice, hut this has never?been‘investigated

experimentally. He also suggests that this low value may-

indicate faults in the input of the model, and pinpoints

the potential gradteht as ausource of possib]e.errdr.
The assumption that the entire tunnel is closed and
reopened every year'maf/ge incorrect, and thus the

potenttaI gradient over thg-length of the tunnel mtght&
. ( .

‘be greater than that used in the model.

‘Clarke also' tested the model by fitting the .

discharge results to a,relattonship:- |
Qt =c(Vo-V) L (15)

where ¢ is a constant of proportionality, and p, a

‘constant, is bredieted.by Nye’s'model,‘if-tuhnel elosure'.
‘is negle?f§d° to be 1. 33 He obtains a value of 1;12 for -
- p at Hazard Laker aga1n possibly expl1cable by the | ‘

estlmatérof potent1a1 grad1ent, and for the analysis of

'the Summi t takelevents. three markedly d1fferent results

fdr—the'three”jokulhlaups studied. Some of this
var1ab1]1ty 1s due to the quallty of the data but

Adef1n1te differences ex1st If the ﬂyeumodel is correct.

'ahd'a11,1nputs to .the model,remain‘the’same then the.

characteristics of - the floods resutting_Shoutd.be”_v .

30
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hidentical Clarke suggests,that these 1ncons1stencles I
 may be due to: .
. l. Tﬁe'hydrological conditions ln the glacier, as

: described by Whalley and Rothlisberger above. .
2. .Tunnel.collapse, and engorgement of ice and other

. material. | | :

3. Varying degrees of closure of the tunnel from event

to event

ClarKe concludes. that calibration'of the Nye

' difficult,.in the Tight of the apparent variability of

n’ -

'»vterm1nat1on of the flood through plastic defo mat1on is
more l1kely in a steep s1ded reservo1r than in a shallow
's1ded reservoir, This is because in @ ‘shallow ldedr‘ |
reservoir, mos t of the volume is. stored at a h1‘h
elevatton in. the lake and thus the hydrostat1c pressure,
and the pressure 1n'the tunnel wlll only fall.sharply
towards the end of the flood, -when the.reservoir is:

f

';nearly exhausted Thus 1ncreas1ng rates of creep closure

-

- and steep reservo1r s1des serve td:\educe peak

: d1scharge
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- D.-Glacial lake and deita sedimentation
Sed1mentat1on in glac1al lakes h\s ‘been the subject of
much attent1on in the past. Accord1ng]y this rev1ew of the
| l1terature will be brief'-Most of this work has been related
to the rhythm1c bedd1ng Known as varv1ng There has been 4
. much discussion over the mode of depos1t1on of these
sed1ments, and.concern1ng the cycl1cal variation in the
deposittng agents. The suggestion that each coarse-fine
couplet comprising‘avvarve represents the.depositsof one
year’s'sedimentation was first made by- De Geer (19t2) who'
also proposed that ‘the coarse layer was depos1ted by current
'Flow ‘along the lake bottom dur1ng the summer months ‘This
flow is suggested to be a result of a dens1ty d1fference
-ibetween the stream water enter1ng the lake and the lake
water caused by temperature d1fferences between the two The
f1ne,1ayer.ls depos1ted from suspen510n during the winter cr

v]when 1nflow ceases due to freez1ng The role of these

‘,dens1ty flows was doubted by Iater workers such as Antevs

"‘w(1931) on the grounds that these flows had not been observed

to occur in the f1e1d, and-also many lakes d1d not possess ce
the temperature strat1f1cat1on requ1red by the hypothes1s
Kuenen (1951) showed that dens1ty flows were l1kely to occur

"1n glacial lakes as ‘the dens1ty d1fferences were more due to

S suspended sediment content than temperature d1fferences

_Field measurements showed that this d1fference was usually s
vh1gh enough for- these f]ows to occur. Agterberg and BanerJee

-(1969) recogn1sed three genet1cally seperate parts of a

s
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“s1ngle varve: ‘
1. The coarse silt/sand layer, depos1ted d1rectly from the
| turbidity current. . .
'.,v2. The lower~bart of the clay layer, deposited from
| susoension as the turbidity curre#t stagnates
_‘3t The upper part of the clay_layer{ formed-from deposition
- from suspension over’winter'jn‘the absenoe}of‘further
Coinflow.
This explanation'ls,now generally aocepted as the mechanism
of deposition of these sediments, but the nature of the
turb1d1ty currents themselves appears to be var1able |
~Gus takson (1975) observed the occurence of dens1ty
ourrents as ‘a continuous under f Tow’ dur1ng the melt season.
‘However, G1lbert (1975) stated that in the example under
1nvestigat1on major dens1ty flows were a rare event occuring
only a few tlmes‘durlng_the melt season and were probably
due-to slumptng of material-frOmvthe delta front. Underflowm
was- an- 1nterm1ttent but frequent event The conttnuous T’ |
underf low model would result in varves, rhythmic. bedd1nQ E
‘ethat-1s.‘1n fact, annual. However;_1f underflow 1s‘
.discontinuqus{ then it is'possible.that either'no "varves"
. s.or more than-one “varve may be depos1ted 1n a s1ngle melt
.season Th1s second s1tuat1on may be rare, the annual nature |
E of varves in ‘thick sequences has been well suppor ted by .
_ pollen analysis and by ra 1ocarbon dat1ng But this’
o égf;?b1l1ty does exist’ ‘and more work is required to
d

"eytniate the}conditionsyin-whioh‘the‘two types of underflow
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occur. Shaw, Giloert'and Archer (1878) show that ‘major flow’
events may occur in the winter months also, result1ng in.
coarse layers. within the ‘winter’ part of the varve, and
further complicating the situation. |

Sturm (1979) relates the nature of the processes .

: operat1ng in the lake to the sed1ments deposited. The main

parameters that he considers are the mode of influx of

- suspended matter, and the state of strat1f1cat1on in the

lake. Un1form cont1nuous 1nflux of suspended se‘vment into

a lake cannot g1ve rise to varves or lam1nated sed1ments of

r

any kind. D1scont1nuous pulses of suspended sediment will h

give d1fferent results accord1ng to the state of
strat1f1cat1on of the laKe If the lake is unstratified,
then the sed1ments wiltl: form simply by.settling’under

Stoke s law, and will be lam1nated each lam1nat1on

' reflect1ng -a pulse of sus nded sed1ment 1nflux If
]strat1f1catlon exists dur1ng the summer months, varves Wlll
vbe depos1ted Thus ‘this model allows the pred1ct1on of -

sed1ments depos1ted under known hydrologlcal cond1t1ons and‘.

V'I ce versa

“Work by Wank1ewlcz (1979) suggests that w1nd producedc

‘bottom currents may be 1mportant Jn glac1al lake

the lake surface produces

F;a return current 1n the opposxt' d1rect1on on the lake
ji}bottom The veloc1ty of these cfrrents may be. estxmated and
it can be shown that moderate

?

nds can produce a current

il

suff1c1ent to ma1nta1n mater1a as coarse as s1lt 1n

/]
/..
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suspension E
" Thus the sediments of the lacustrine env1ronment are
well studied, as are those of the glaCio fluv1al
.env1ronment However the transition between the two, the
deltaic and proxrmal lacustrine situation, is less well
] understood In this situation the sediment. supply is greater.
and the system is more sensitive to variataons in flow
strength in tha 1nflow stream In the lacustrine -
‘ env1ronment only the annual cycle in discharge is apparent
but Gustavson, Ashley and Boothroyd (1975) believe that
three orders of cyclic1ty in discharge may affect ‘the
deltaic environment .
1. The annual cycle, a5°mentioned above "
2. fA second order cycle, related to short term weather

| -changes, from a few days to a few weeKs _
3. The diurnal variation in discharge due to the daily

I

_temperature fluctuations _ L
Thus sedimentary features can be explained 1n terms of any ‘
of these‘three variations 1n discharge Gustavsonv-Ashley |
) ‘and Boothroyd went on to ‘examine. the sedimentary sequences

“ in glagiolacustr?he deltas,,u51ng the work of dopling and
Walker (1968). and recognised a repeated~sequence of
sedimentary structures which they relate to a cyclical
variation in discharge This sequence, lying between w1nter
clay layers marking one years depositioqg is of a thin unit
' of type B ripple drift cross lamination overlain by a.

: relatively thick unit of type A which grades bacK 1nto type



_“5; 1tself grading 1nto draped lamination Th1s ref;ects the,/,»“
1ncrease and subsequent decrease’ in current strength over
the melt season. Ashley (1975) shows how these deltaic

,.sediments can grade 1nto lacustrine rhythmically ‘bedded
deposits, as the silt/sand component of the varve thickens

-as the delta 1s approached ‘Shaw - (1975) explains more:

| "proximal sequences in terms of frequent movement of the
paths of distributary channe]s on the deita, as well as
discharge variation | ' ‘ ‘

. Thus the role of turbidity currents in the lacustrine
environment‘is~major,‘a]though the extent frequency, flow
'patterns} initiation, ano distribntiOn in present qay lakes'
4needs to be better understood before lacustrine oo ,‘
sedimentation can be better understood Thj frequent
variation in discharge -the changing of channel p081t10n and:
ethe-large sediment supply leads to complexity in the deltaic .
”env1ronment that does not ea511y lead\EE?reugi%? generally x;v
_ 'applicab]e mode . It appears that the continudls density al, "v
";flow of water entering the laké'is an important agent in the
*dep051tion of sediment This can ‘be integrated w1th models

- of proximal varve formation to explain the grading from

ﬁﬁj" 4[ deltaic to lacustrine sediments 'i'”-*' A'* R

: : Lo N A‘ -\ : : . . - - .
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'r'was by a system devised b the author Sampl1ng was _rom'a.,'
“rubber boat and the pos1t1 .

’using a system of. double mar

g - o ,
I1l: Field and-laboratory-methods -~ . '

s

- Q

A. Fleld work I C

ST

Measurement of lake processes

The a1m of thws part of the study was. to ga1n ins}ght

Vinto the~processes operating in the lake. Measurements were

made of: . . 5 o B .
1.  Lake water temperatures |

‘Inflow stream water temperatures

. - Stagé’ levelzof 1nflow,streamsr
‘Current-strength of inflowvstreams
4Suspended sed!ment content of 1nflow streams

:‘fSuspended sed1ment content £ lahf water

7. -Lake bottom sed1ment ‘samples.
A sampling gr1d was erected for use 1n 1nvest1gatvon "of "lake

‘bottom sediments -and water Th1s gr1d ‘was - constructed SO’ as

to give as complete a spat1al coverage as poss1ble and

_cons1sted of s1x groups of five s1tes, a total of th1rty |
'(F1gure 4). Sampling was 1ncomplete 1n the f1eld due to the

| 'premature dra1nage of the lake Prev1ous 1nd1cat1ons were

that the lake would dra1n around the" end of duly but- the
commencement of rapld drainage on the Bth of duly meant that

a complete sampling was not possible Nav1gat1on on the lake

of the sample sites. was fédl

r flags on the shore A number”‘

i.of pairs of flags were placed on\the shore,ﬂpsing a map.v



. Figure 4: Sampling locations on lake

Scale is 1:10,000

.
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prepared by S. Colllns T T1ght M. Sm1th and T.Ber stresser
in 1974 and a- Brunton”compass ‘Each pa1r of flagZ were T

placed SO as to define a line of sight across the lake, and
3 \each sampling point was at the intersection .of two such
lines. Positioning of the raft on such a line was made us1ng
'the'prtnciple of parallax when the two flags appeared to be
on a line of sight, the craft was on the line deflned by the
flags The flags were constructed of dowling. survey tape.

nd orange nylon material and were read1ly v1s1ble at

d1st 'ces up to 1.5 Kllometres if binoculars were used.
Pos1t1 -
probabl
_the-posit'oning of the flags-'In this case . surVey techniqUes

tary, but with better methods, th1s techn1que _

ing'uslng this method was very precise, to within

2-3 metres but the accuracy is. very dependent'onv

were rudi
could prove useful for work on small lakes w1th a small
f1eld party ) . ’ .
; Samples of lake water were collected at 5 metre depth
intervals us1ng a Van Dorn sampler Temperature of the waters&'
was measured by s1mply 1nsert1ng a mercury glass thermometerj'
(accurate to 0.5 degrees Celc1us) into the siﬁple
}1unediately after aollect1on, the spec1f1c heat of ‘water
being h1gh enough to make any errors. due to cool1ng/warm1ng t
N of the water by the air or shallower water negl1gtble One
l1ter samples of water were colxected in plast1c bottles to :
" be. later analysed for suspended sedmment content. The " |
original aim was to f1lter these samples in the field but

the f1lter1ng apparatus avallable proved to be inadequate .

..“o‘
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and thus the number of samples taKen was 1imited by the
~ number of bottles ‘resulting in on]y a partial sampl1ng of
,suspended sediment. These samples were later processed in
,the.laboratory. | | : ‘ | ‘ .

- .Sampling of the bottom sediments was carried out using
an EKmann grab sampler. As mentioned above sampling was
1imited by the premature disappearance of the lake The

lsamplerlin general worked well but was. adversely affected
by“sedlments coarser than sand In these circumstances the
sediment prevented the full closure &f the jaws of the

sampler, and most of the finer sedlment escaped as the; ~

sampler was be1ng recovered The sampler was emptied into a"

large plast1c sample Eag, and'the sample allowed to settle
in camp. Excess water waspthen syphoned off and the sed1ment
‘allowed to air dry '

A stream gauge was establ1shed two days after start of
~ field work and mon1tored da1ly The stream was also closely
observed for a coﬁtinUOUS period of th1rteen hours The
stage level was measured and suspended sedIment samples
~ taken every hour and the strength and d1str1but1on of the
'current flow was measured over. the per1od of an hour using a
Pr1ce current meter ] P
: 0bservat1on of laKe level '%‘_ | fl ""' ‘;f
_ The lake level was closely monitored us1ng a siMple
'survey method On arr1yal at the laKe, a s1mple gauge,

sisting of a length of dowling marked in cent1metres was'

, 1nserted in the lake. and the lake level measured relat1ve ‘

© C s
R .
v . AN
. i

r .
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to an arbitary zero point When drainage commenced this o

'uﬂsingle gauge_had.. insufficient range to -cope -50-once- the

'level fell to near the base of‘the gauge. a second gauge was_AV

' inserted deeper in the Take, and the tendency of water to , -
1ie horizontally used to Tevel between'them .dhis process‘r.
| was repeated as the .level continued to dropgbut became
impractical as drainage became extremely rapid. At this ?
stage drawdown was estimated using a number of scaled
photographs, from which measurements were later obtained
Sampling after drainag S e
Sampling of lake bottom sediments commenced soon afte#

A NG ORI
-

drainage Twenty two Sites were chosen SO as to give as full
a coverage of the lake bottom as pOSSible (Figure 5).
| sampling took place in the east end of. the lake where steep.
sides to the lake led to slumping and. washing down of most=

sediment leaVing fittle preserved Most, sampling therefore“'
took place in the west end of ‘the lake. and chOice of Sites.~'

here was limited by the semi-liqUid nature of the bottom “i
sédiments ‘The sediments had a high water content and werelf
thus very mechanically weak making work on them difficult 3

. and sometimes hazardous However the lake bdttom was.v'- ;
- dissected by a number of streams, and these eroded their w?

through the bottom sediments Along the banks of these

)‘ .

[ 4

€~ - .-

: streams the sediments lost much of their water content -;é
, making work pos5ible Twenty two sections were exposed using

:. a shovel to trench the sediments. and these were measured

described photographed and sampled a total of Forty four "

. c

-vJ .
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- samples being collected. - | .

S3 .

B Labora:\r¥ work

The sed1ment samples collected with the Ekmann sampler,
.and directly from the lake bottom were supjected tO‘a gra1n

size.’analysis, using a comb1nat1bn of s1eving and hydrometer

"';methods, and procedﬁres reccommended by - Krumbe1n and @

Pettijohn (1938) and Folk (1959) Suspended sednment was
Kanalysed using a s1mpl1f1ed vers1on of the method
vrecommgnded_bytﬁstrem and Stanley (1969). The ash1ng
procedgré-was not-d;ed the filter paper s1mply_being

: we1ghed before f1l:;r1ng, -and again after dry1ng Thls .
method is l}kely to be sl1ghtly less accurate but has the
advantage of being, rap1d and requ1r1ng less equ1pment

K
P
., o



IV. Results -

A. Lake and‘stream processes

The factors affectlng processes 1nvest1gated were laRe
and stream temperatures/, suspended sediment content of lake
and-streams -d1scharge of inflow streams. As prev1ously
ment1oned equ1pment and t1me were insuff1c1ent for an
adequate exam1nat1on of these factors affect1ng
sedimentation. However. us1ng the results obtained in
comb1nat1on with. prev1ous worK which outllnes the expected
behav1our over t1me.of glac1o-fluv1al'and lacustr1ne systems
Tsometuseful order of magnitude results can be obtained. )

&

nggerature
A Puil coverage, as or1g1nally planned was only

poss1ble ohvsample gr1d-A. sampl1ng on other gr1ds (B- El
"belng limtted totone'looatton The results are summarised in o
Figure 6. and tabulated in Append1x 4 They show a small t_ |
'i range, the coldest temperature recorded being 5 degrees, at

10'm and 20 m,_sample stat1on E2, and the warmest 7.5

';} degrees.-at the surface. stat1on At. Thus the lake appears '

"rto be essentlally lsothermal but a smaTl degree of

strat1f1cat1on occurs between the suyface‘apd deeper waters

.,.:The surface water is 1- 2 degrees warmer than. the water at 5

m. There is a d1scernable trend w1th depth temperatures
_'decreas1ng sl1ghtly w1th depth 1rfiﬂ3st cases. -and only

increasing 1n one example. stat1on.C2 The magnrtude of this
effectfis small. however. be1ng at the most a d1fference of . R
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‘Temperatures are measured. in degrees centigrade,

metres. For sample locations see Figure 4.
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72‘degreesl”lhereﬂts“also a“trend’touardsfstghtly coolen
 water temperatures atydepthvin the deeper parts of the lake,
stations E2 and C2. h l L | '
The temperature of the 1nflow stneam was not monitored
.closely due to the breakage of the thermometer dur1ng f1eld
’worK However , three measurements were made at an earl1er .
stage. These were all taken 1n,the late afternoon and shou |
temperatures of 5.5, 6 and 6.5 degrees for ‘July 4th, 6th and
}7th-respecttvely ' | | S
Susgended sed1mentl lake Water‘ , .
ﬂ/// * The. results of the analyses performed are summar1sed in
Figure 7, and tabulated in Append1x 5. No clear pattern is_
recognisable. Sample po1nts D2 and E2 show part1cularly h1gh
'sed1ment concentrat1ons at the. water surface, as does A2 -
only cloq. to the lake bottom, at a depth of 10m. Sample B2
showed a, very low conoegx;at1on at. the surface, of 0 007
grams/l1ter Apart fr t ese apparently anomalous results'x
the other samples were s1m1lar 1n sed1ment content, show1ng
no consIstent trend ‘with depth or pos1t1on w1th regard to
- the main sourceiof sediment It is worth notmg that the .
2suspended sed1ment concentrat1on of locat1on C2 1ncreased ,

7'l'close to the lake bottom, as did the water temperature
“Sus anded sed1ment 1nflow stre ms B

Append1x 6 g1ves the results of a deta1led sampl1ng of
'\Hazard Creek and s1ngle samples from the three largest
~streams also contr1but1ng to the waters of the lake Figure ~°

hl8 shows the var1ation of suspended sedlment concentrat1on

s
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Figure 7: Graph of suspended sediment against depth .
T . 5'.:1‘9- . : ' . -

»

-SUspénded‘sediment is measured in g/1 and depth in metres. -
Fof sample locations see Figure 4. < S :

”
- . .
o ro
.. . o
~ . : ~
od - L,
o . . o
. .
- @
‘ . . AR - -
e d - b
- 2 . . - ot
—————eme® - L.
e ' : ‘ Q
o 1 . - “l . A 1 o
" ' ! -
o . : . [ .
\N‘o“ C
D ¥ B A ’ | &
-] . S
o] [ e B ~ . P”
o . C ol
. . ) <
° ) o
o A L A 1 L (-3
L] -
“ r
o~ v o~
4 o
o o .
- -
> LY
o o
e . - e
- ! 1 1 ? 1 o
”
oy
a \ : [o
P
" o] .Y
o o (-3
: \
[ Fo o
(8]

0.0 0.1
4
0.0 C.1

3
J
-
0

0.2

- E2

"0.0 0.1

“‘
043

0.2

0.0 0.1
02

. 1

N T 15 20 25 . 30
S .DEPTH(M) .

.

- . . EheglN



. /. .

7 \

@\Mlth time in Hazard Cree& ‘on duly 18th.- There s a general —
ncrease in concentrat1on from mornang to afternoon with
the highest values be1ng recorded between 14: 00 and 16 00
Lo /hours The max1mum value obta1ned wa5\1 957 grams/l1ter
d / This is in agreement with the results‘quoted by Church and
Gilbert (1975) which show that max1mum sediment
: concentrat1on precedes max imum d1scharge by a few hours o? a

‘/-‘f‘-between suspended sed1ment concentrat1on and stage on duly

/

given day F1gure g 1s a graph show1pg the relationshtp

18th, .and it appears that a dtrect relatlonsh1p ex1sts The
corre]at1on coeff1c1ent for thts,relat1onsh1p 1s 0 86. |

The suspended sed1ment conoentration for the minor

'streams shows a h1gh range,. from D.186 to 2. 879 grams/11ter.'

X The weather on duly 8th was overcast and- wet resu1t1ng ina -

v_htgher than normal sed1ment content in these streams

\'§ng§m §L§gg and dlschargé | | .

‘ Measurements were made on four. 1nflow streams, Hazard
'Creek and - three-m1nor streams (F1gure 3) For Hazard‘Creek
d-a da11y record of stage and one ser1es of measurements '

hlead1ng to a. dwscharge est1mate were: made. Insufflc1ent t1me

and equ1pment prevented the establishment ‘of a, | '
stage/d1scharge relat10nsh1p For each of the mlnor streams‘

“dan est1mate of discharge was made from the measurements |

obta1ned o o TR ;'h':' R ‘ |
| Table 2 shows -the results of thecd1scharge est1mates

for the four streams. F1gure 10 shows the var1at1on in stageg‘,

'over the twenty three days that the level was mon1tored and'
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~ Figure 8: Graph of 5usgendeq>%fdiment against time

. These are the results:from sémé{esﬂtaken on du]y;jBth;‘
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B ‘Table“g‘_.*_Discharg e""resg Ttg—

 location  pate  Time Discharge
- ' - Amd /s ]
ﬁ;;;;&'é;;;&’3&’&’?6’65’56-"éfa-' """
_.Stream e July 8° f320 0‘*21 .
Stream 2 July 8. 14,00 0.17
s_t’.?'m' 3 July 8 1_6".00_ 0.39 -

(I
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'““M*f“f““F1ggr6“1gz*6ragh“9195tageMagafnst'time“‘*““““ .

This records the variation in.stage from July 4th to 25th. -
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_ Figure 11 shows tHe stage variation over a thirteen hour

period on July. 18th. These results are tabulated in
appendices 7 and 8 respectively. Examination'of the weather
log kept in the field shows that’ high stage appears to
correlate with highs in temperature, rather than
preCipitation This agrees with the resulfgs quoted by Church
and Gilbert (QDUS) that most of the variation in run off can
be explained by air temperature this being the mosr“ -
f'important factor ih\melting rates The daily measurements of
stage were made between “1§; 40 and 19:00 hours} and an .

;_ examination of Figure 11 shows that these levels must be
very .close to the peak for that day )

‘ " Further examination of Figure 10 indicates that the

'_ discharge measurement made for. Hazard Creek was made at a

f time of. Tow stage, in fact Tower than any stage measurement
' made during the daily monitoring of the stream. To obtain an
':estimate of the peak and mean daily discharge. a comparison
w1th results quoted by Church and Gilbert {1975) is made.. ‘An
- examination of their Figures 3 and 4 shows that minimum &

discharge occurs in the early to mid morning, and peak

o discharge is in the late afternoon Thus it is reasonable to e

assume that the discharge measurement made was close to the
' minimum dlscharge for that day. This- is supported by Visual
. observations of stream flow over the delta of Hazard Creek '

the timing of the‘discharge measuremen; was chosen to be at

the lowest possible stage so as to facilitate wading of ther, B

\ strenm Examination of Church and Gr’pert’s Figure 8 shows

iy '
- - . ) . . I’ o
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Sedimentolbg§' &nd Drainage history of a glacier dammed lake;—
. - . \ ¥ T
St. Elias Mountains, Yukon Térritery

"“*. " by David G.E. Liverman L \
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To Whom "it May. Concern
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Pages 54 and 77 are not missing from this. thesis, but

‘have been misnumbered.
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disoharge. and one third to one quarter of the peak
.,

sl

:," discharge ‘Although the use of this result for esti es- of

| Adischarge pf Hazard Creek: may not be §frictly Justifiable..;
” the estimates produced may be - shown to be reasonable in the g
ylight of other work. Support fer this approaoh is the

- tdetailed hydrological study of.&gsty Creek by Faber (1972i

L Rusty Creek is a Major c0ntrﬁbut6r to the waters of Hazard

L Creek (Figure 2). He reports results which show a 51milar

:brelationship between minimum. mean and peak discharge ‘on a '

"giveq day Usmg these results 1t can be estimatecﬂ.that the s

| "peak discharge of Hazard Creel@ on duly féth was in the oﬁder r
¢ if'fof 22. m3 /s , equ1valent to a stage of 0 05 m. The minimum
,A o -.dis;':harge was 6 m3 /s equwalent to a stage of -0. 23 m. The
'mean stage was 0.13 m, which can’ Jae equated to; ?the mean ‘.
,\:discharge of ‘12 m3 /s I L ",. ' |
| v duly thh was a day of above average di soharge (Figure
. | : 10) The peak staGe level on’ du'ly 18th was -0. 05 m as " o é
\* "'o_opposed tb a mean peak stage of -0. 09 m. Now making a ) !mtf} :

-

""“the“ sfage/disoharge estimates made leads \to aﬁw : =

e g

/‘_: ::the shﬁ'ﬁm was m?nitored (duly 4th to July ‘22nd)" Usihg the

S :*""‘_,.Nre}ationship batueen peak and “mean dischargs established e
. ;.i-. earﬁier . it #a:ﬂd appear ‘that- 8. 5 m’ /s is a reasonable | Wl
A ‘l“eﬁ“timte for the mean discharge qf Hazard Craek over this .-

'@- f ﬁqniod Thus the mean da'I ly discharge oi?er thi,s period is _ -

’ P ~ £ ¢ H N B !
'{“c., 1¥ o vy s % m . Vo H ) S ** Pz»‘v"‘ ) . ' "~ ey, . * :
i & n‘ 11'3{"’ .(.‘s ‘:;".s'-% . T '&' B L SR N R
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ff'easomng' rests on .rather shaky ground due to 1ts rehance .

lg*&\ :

- 4

; ;#Qb a Hu er of s1mp'|1st1o assump't'nons regardmg the
) oUr of glacial strea}ns ﬁowever the result obtamed '

N )‘

' ',h“xest’able against otalﬁr éata@ 4. ment oned abo&? Faber
& 1972) made,bg de.t’ﬁ' led yUro’Téqmal study of Rusty Creek, a

. wf maq_br tt!‘butanae@%’azab’ C;‘eek He reports resu]ts of 2. Dx o
‘ f05 m For ,,thé 'ﬁgan‘ aﬂy,, dﬂscharge in the per'iod du]y 19th
o to 5ugust 19”th 19§7 and 1 8x105 m3 g‘, the per1od duly

.,‘

C

9th August 15t;; 1968 The est1mate for

6btaine6'above is 7 3:(105 m3 Exammatmn of aerial

e dally d1scharge»

Rusty CreeK ‘and Hazard CreeK to be made Rusty Creek

L study for azard Creek appears to be rea,sgnable

e \ The 'measurements of the d1scharges of the minor mflow |

v - streams were made :on duly 8th, the day on,wbwh the. lgnest .
v stage level was measured bn Hazard Creek The weather was

coo '1. and wet mth cons1de§able ram at the a1t1 tude of the

N

a

lake, probably falhng as sﬁw at h]éher elevat1ons It .

to the total 1nflow wou'ld be anomalously h1gh Th1s is
e

because the1r source is mair],]y precftntat‘lon whereas that

‘)

B
mimlnum in such w,eather as é,gndenced by the low stage,_

*

'+‘.,.

~ : - e’skt’im&t'ed to"ibe‘ 7 3:105 m3, It may" be:argued . that the above .

" photographs al]ows est1mates of - the dramage basin areas of ..

° might be eXpeetéd that- the contmbut ‘on of the mmor streams ’

. of Hazoa{d‘ereek 1s ﬁnow and*‘ice melt Melt would be at a

whﬂst disqhar:ge due to prec1p1 tat1on would be h1gh An. ,



~morning of July 1st the lake had not yet attalned its.

'po1nt 1t was observed to have dropped 30 cm below the

: 12 1s'a graph plottlng lake»level in metres below ‘

58

Q.

“estimate for the peak discharge of Hazard Creek on the 8th

~

canlhe\madeuby methods similar to those above and yields a

figure of @@® /s . Thus the minor ' -eams contribute'at the

‘most 10% of the total'inflow; and ‘probably normatly much

less, and are thus not cons1dered dn the effects of 1nflow :

on lake dra1nage

B Lake f1ll1ng and dra1nage

h When measurement of the lake level commenced on the

max imum level. and- overfﬁab was not occurring The 1ake

—

~level rose at approx1mately two centimetres an hour until,

‘the morning of the 3rd, when the outflow was observed to be

loperat1ng . The lake level fluctuated over a 20 cm range for

the next five days until the morning of the 8th &f which )

Rl

’qﬁ: -

»"-

max1mum levelvatta1ned By 8: 25 on the morning of tqkmgth
the level. had dropped 71 cm. in the last 15 hours, and,1t was

1

‘fassumed that rap1d dra1nage had commenced From th1s po1nt

onwards the take Tevel was closely mon1tored w1th l o f
“ measurements be1ng made at least every hour apart fr' .

four hour perwod between.1 30 and 5:30 on theaioth F1gure

X imum-

' against time in hours from an arb1tary zero. po1nt#pf 17:00 '

hrs on July 1s1 By wﬂ 55 on duly 10th the lake. lével had

——

& dropped over 12 m:and the original’survey method had to be
replaced by phd?ographtc methods Th1sgmeth$? became

;. . ”'g \(A"' N P . . - ) E:
')A,&..g) . ) R o . e
. s a’ - T

h"‘“ h

-



',Plate 3: Out £ low §ZLeam

Outfiow stream flowing after the lake atta1ned max imum
level, July 3rd. The Steele Glacier is visible in the
background damming the lakg. , .




_.first measurement, 1
: v | .

. » K.
S ST R S
Figure 12:}Plot'gi lake level against time Lo

. T S
relative to.the maximum lake le

The drawdown is measured
on the time axis is the time of

oint

achieved. The zero p
7:00 on the- 1st of dJuly.
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_Plate 4: Lake drainage. - - . - N

The Uppeﬁ‘pﬁoibgraphvﬁas taken at 06:30, duly 10th, at which.

-

\

point the lake level was 3,63 m below the maximum level
attained. The lower photograph was taken at _:14:00 on the
same day. In the intervening time the lake level has dropped

4 m. Many small strand lines are visible on the lake shore

to the.left of the photographs. The photdgraphs were taken
adjacent to stream 1 looking eastwards towards thel delta of
Hazard Creek. : : . ‘

~-
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Plate 5: Lake Drainage 2

- -The upper photograph was taken at 18:05, July 10th, at which -
~point the lake level was 13 m below the maximum attained.

The second photograph was taken at 22:00 the same day, the
lake lewvel then standing 27 m below maximum. Both pictures
are from the same location, the delta of stream 1, looking
North. ' S ' S

®
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"!ﬁ 1{/ ) ‘ : ' . . .
? ~impractical after 23 00 due to lack of light Drainage

1ith,

-

-

o analysis was used which gives a best fit straight line = ! '.f‘

became-éompiete sometime between this time and 05: 30 on the

R

To conveit 1ake levels to discharge the variation of

o Dsurface area with depth ts.requlred The area of the lake at
[ e\

5m depthg$ntervals was obtaine&«ﬁ}om the resuits of a survey
made by | G.K.C. Clarke and others in, 19;,9 (Clarke 1980a, b)),
'anh is tabuiateqyin Table 3. To obtain area estimates for i

intermedtate values the statistical techniqUe of regress

‘through the data points An examination of the raw data.

nf_obvious]y shows thatia 81mple linear model wouid not be :

,:feffective, and thus a, semfrlogarithmic transformation was

e apined This proposes that ‘the relationship between depth

°‘(d; and surface area (A) is of the form - f L
| | : (1&5‘

Lo

I

o where a and b are constants If 1ogar1thms are taken of both” :

sides of the equatiOn 1t”2§%transformed to -

hﬁA) ln(ah+ d hﬂb) ?né ”i-dtis jf7¥rfy
This is a iinear relationship between the natural ]ogarithm
of the surface area and the depth A correlation coefficient_ :

;Qof -0. 9989 was obtained for thisfrelationship. and'the
regress‘lon yie]ded values. 6f ~(Bb50 for in(b). and 11. 691
for ln(a)A The re51dua1s'show:noptrend Thus the '_f;;\ ;};e:

. q ’. ;. ) .A et . o '. ] ) ,:!'.




. Tsble 3: Hynsometric data, Hazard Lake |

"-v#

After Clarke, 1980a

,-----—nu-au-——-——---—-—-—~--\---—----——-.-

'Contour .. Water depth Contour
Elevation (m) - (m} . . Area (m2 )

............ 5----------,----;-----_--_-

1674 0 71274000

C18eeT - 8 .- 873700 o
~ iee4 .- .10 . 622700

- B

e85 . 461800
ies4 20 .7 349700 <

BT S - R 263700
| 1644 -~ - 30 - .ZOSGQO

1638 - .35 . 144200

.83 - 40 105100

64
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e . : | . . ' |
;' reiationship between the two variables can_ be expressed by
_________ se;:melhe equation:- . S"7'f ;M_;_;sff_s_“mm;“;mﬂst;mtwt_ws;fM
sin(A) 11.691 - 0. 06050(d) | 'ri»]i (18)

4iAn F test showed this to be 51gn1ficant at alpha =I0.01
'.s_Thus. using this equation, a value of surface area can’ be "
s,estimated for any given depth ) )
s At any 1nstant the discharge 1nto or from the iake (Q)
g fis given by: ? Y- | S ' o | '_ L
- * __,Qr:.-,-dd/’d,t;g(A‘) L )

“where A‘ is the surface area at depth d and t 1s time The o
it_rate of change of depth W1th time ds . difficuit to measure
'jfdirectly,,and s’ estimated by the follow1ng proc:dure Given -

ftwo measurements at times t1 and t2, the depths at these

3p01nts being d’ and d2 respectively. the change in depth
fﬁu'9to~er the time t‘¢- t2 1s Id' -'d2| Thus the average rate of

slchange in depth over this time 1

5

. ”.'M

o pdvegr fthet T gy

| VAn estimate of the 1nstantaneous discharge at a time halfway B

"'“"ibetween t1 and t2 (t'l2 is gtven by -.ﬁfb'ﬁ.’
e | - g
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'”‘allow a correction of this'

\"‘Nl - ._ | . ‘. O ) . 66

'Qa a‘In'orde?'to estimate‘the'diScharge'thPOUQh the tunnel

s

(Qt) the inflow to the laKe from Hazard Creek and other

streams must be known (Qi) Clarke (1980a) est;mates this to

| be a steady 5 m3 /sec The data collected from the inflow =

streams allows an improvement on this estimate to be made

| ~Appendix 9 is a list of estimates of Qi on a daily basis

These were q:de us1ng the 1nformation of peak, mean and

. minimum discharge and the corresponding stage levels, Using

the 1nformation obtained on duly 18th an appdbximate stage/
discharge relationsth can be established usmg a lmear
1nterpolation for the values between the three data points

This 1s then scaled agalnst the Mean discharge over the

“total period of time ‘of stage measunement Ideally a m&?e

N
accurate stage/ discharge relationship would give ‘a more

‘ prec1se estimate of *hese quantitues, and a furtherér

’ correctio lmight be made for the variations between days

"that the accuracy of the data dld not

Howgver, 1t was fe'

“*d? prec151on in this’ case
\

-Despite the uncertainties in the estimates of discharge.-v

;mb this represents an improvement on Clarke 8. estimate. as ) o
‘shown by the fact that when the correction is applied to 'y,ili_,
..'ftgive Qt Qa + Qi there are no - negatiVe valdes of Qt which a
:Elwould occun if Clarke s correction was used Estimation of -

‘y;&lot whilst the lake was at 1ts maximum level was impossible ..
o due to the fact that the“amount'dj watee 8 ;
. "ffflake by the stream aleng the margin.of%the

”§teele is unknown
“ S il a S

~“and d?. “Thi§ “figure is the overall discharge from the lake, -~ "

~



"'iequation s calculated by Clarke (1980a) using regression

- against time , f’, ':,}1 AT "A'.ft

'“f;-obtaining an accurate reading when the lake surface was ' g

o 1t would be expected that the error in measurement would

.-V:'very accurate. and errors of up to ten per cent are liKely

U T
I o . IR IS S g . : b ol . N . ‘__v o A . P

-vof the lake (V) is related o 'the depth of water above the

"tabulated in Appendix 10 along w1th data pertaining to
"discharge calculations, total disoharge,cinflow to the lake

"and tunnel discharge Figure 13 is a. graph of discharge

' accurate. the main errors being due to. difficulty 1n
""disturbed by waves As the lake commenced to drain rapidly, ";.

-increase due to the frequent repositioning of the gauges
“3The photographic nethod used for the final stages i8s not

\_d'observed The rapid fall~in~lake level resulted in the
}h“'iformetion of many small slope Fa;lures in the sediments
. éxposed as the\lake level dropped. P 5
'?ﬁfleaamples both being‘rotational movement}

8T

(Qo)

1.
ot

The volume remaining in the lake at ‘a given ‘time is

alculated by the method of{Ela{ke (1980b) where the volume -

<
A SN S R TN 2 b8 S B i I

b
SRS

seal to the lake by equation 14 (page 29) m' in this

¢
AR

methods as being 0 06 - far Hazard Lake ‘The: volume discharged

RS-

from the laKe at a given time 1s approximetely Vo -V and is

Early measurements of lake level are probably fairly "*

PR .
4

s rvations_

Two notable effects of the rapid drawdown were

";aihe second observation o{§note was the formation of Lffd" .
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___Figure 13: Discharge/time, lake draining® ~ - ' ¢

v ’ . . .
- K

‘Discharge is thd overall discharge from the lake ‘in this
case. . S -
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d
P]até%:_ﬁ ice dam
The ig a

gh.. At the base of
fgfmed by collapse of t
fect of the water.

& .-

‘dam portrayed shortly aftér*dpgﬁnageL;]oégjhgggbgghﬁ
el _is"clearly shown at the base of,the dam, as is _ -
idé mark showing the maximum lake level, The dam -is 100.

the dam many ice blocks can be seen,
he dam after removal of the bouyant =

Y
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A

L, ¢ : ! A . -
“ . Thg example of the upper -photograph was observed on the
'* ,Bouth side of the delta of Hazard Creek. The lower . .
- photograph shows a failure‘close to the delta of stream®
o (bushes in picture are gpproximately im high). -~ . = '
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» ;r/ﬁ
- r&z, ‘}k“‘l ’ w S ‘ .
L many small"htrandlines Plates 4 and. 5) ‘These formed in a-

T

very briéf pe“riod top tonmetres of the_ lake f)anks |
L ere ob& be WS of them .in the: short period as the -
):‘ake was: f'?} ;mg, hut \gere clearly marked by them during I
drainage On 6 34 e, many more strandhnes were visible.
- - some of a cons1derably greater s1ze&than thdse originaily |
observed Enbleton »and&)&}ng"i 1974) ci te ex ?s ‘of - t}h‘e’se 3
" describéd Hy &tqne .i(, 1963a) ’and others and‘ sUgd %t‘;t\hegp
form dur?ng drainage specifi&lly m periods of TEuow
than cataétrophic dramage Thas ’eXanple‘&ows that
not the case at Haza.rd Lake. It is suggeﬂt"ed tha“t Athé?e.., PR

RY

| _”te*gettes are formed during the f‘lllmd‘ c;f the laKeM

f’.;,.tims df low lnflow and thus times of st'

igf lake level R
% - e
2 4s acting to the‘"

hpreservaltéon The rap‘idityv of formation ob‘sen\led in th?
- L;.-_case casts. considerable doubt on work that attenpts to - ; ‘ /

:,relate ve'Fatively minor terraces to major variftions in lake o

| - level. such as that of Brook (1971). and Stone f(1953a) \'

- R

LN .
B .

‘ 71'_'~C Sections 4'in ‘lake sedimonts o D | - -
| | Uri-tten descriptions of the sections constitute "
'.‘~Appendix 1 The ]ocations of the sectngns are displayed_i_}"

: __-Figure 5 ,ix 12 is aé, list of samldﬁ taken fro‘m;--_\ hev'

.,-.~_:“".?‘,39°”°'1"5 To facilitate descriptgon a nunbe?eof mq.jor facies
Cwiny be}dewibed -inito which -;f»,f;-{uﬁ;ments of the sections’
- ‘.?.f::f"_.-z'?'u-ild he classified Thesz ). @xtent fol]ow those of
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The fac1es are:-‘ S

but differ in aetail

éha\'w' ( 197-5)

.,'fu. : . :

¢
Cross bedded sand (B1)

Masswe sand (82) s ';--." .

2.
3.
4 Cross lammated sand (83)
5
6
7

i“\"'

Graded bedded sdnd (8’@

Laminated silts (C’)' . “'—’t‘
, C18y$ (Iﬂ(éb

: 7""3

A
Thls“%qieg 1s cenmon an&" is usuaHy@uncptowargs‘ :
ﬁ M ﬂ PR 3 -\\w ’ ; - ’

the base" of s

t1ons %tructure i/s diff1cuTt tqd,iscern, <0
-_"but hon&ntai e

".'genera’lly poor Cl sts are well ro"

M“‘rhfs faciﬁf -,:,;;.;s rare. only: being found in two

".sections Vlher-e seen, the sets of the cross beddmgg

appeared to be tabula;' The um ts ‘of cross bedding ar'e o

between 1 and 5 cm in th1ckness and conta'in beds 0 5 to '-f;:
temthick. o o T e
B2 Mass1ve sand LT .;)
e This facies cbns1sts of mass"ive sands internal'ly
o structureless. Bedd'ing ththness ranges from 0. 01 to :
0. 50 n%and the facies }':s.'conmon in the sect‘T/s.

83- Cross laminated sand , f‘f’»“’-" S

| Thjs fnctes is’al'so cammn, and cdhsists of@ipplef.'”
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- .
, . o 5‘ - . L

%'ift cross lammﬂ‘ted sand It 1s found in“’most sections

o ‘m . <3 y
7L andBof%

“-'“"“"""“’;close to” th&sﬁment %ource Both t

b.-d dopling arid Walker (1969) are found, 1 9, the draped
0 o _lamihation of Gustavson Boothroyd and. Ashleya(1975)
N '.."'Type B t’zross lamination appears to be more comnon ‘Some

"v"apparently massive beds were assigned to this facies on .

-

L -

3 (e vthe grounds thgt the on]y structure v1sible at the
B _‘:"contact with the ovenlying unit was rlppled The RN

o é,.internal struct%ure oi’ the sediment was comﬂohly - | . )
A difficult to see, due to the water sgake&?nQure of the ’

R sediment Sets of laminae were between 1 and 3cm tmcK

L .
g }"" e aiid the Aaminaevwere themselves between 0. Q and-% o
S ’* L S - & e “ - : .
S A thJcK s ‘ o A r T N
«s',‘-“.'- o "‘e"',' P S \' "' . ,.‘ ) Fo . ‘ o » o‘-
PR B4- Gradeprbedded sand . , ) '
| This;\_acies was - conmon anfthis in' co@}natvion E
'x witg its usg as an indicator\oi flow conditions.'_-' P
.,s justifies 1ts inCiMS‘lOn as a separate facies The 4\_/'
| RN ‘ thickness of~ the bés. 1nv’lved ‘was variable, from 0 5 to
TS ' ; B 10 cm, ‘ and the material involved varied from coarse ﬁand
.“":"'"h" " ’ to si 'It ?\ ‘ . ..-‘ ? p_l e . ,v —.j' . - P S
o 1 X C- Parallel laminated silts e _:-., s;/ e \' .
3 , @ This facies was comnon, and formed the major '. ‘ ",‘
’ ” eonponent of sections reJatively distant from the

sediment source The lamination was generally flat lying
but was ebs’"ved to be draped over boulders on the lake
bot:tcm (Plate‘TB) Individual laminae were of a thickness




| . : . 74

B ‘ ‘ oo _ - . C

o . o . e _

‘ Con ‘ . r

.. Plate 8: Faciesc
., Laminated silts (facies C) draping over a boulder at the
: -base of section D7. The photograph shows the sharpness of

'the"tgntaqt be%wcgen facies C and A. ' o .
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Plate 10: Fac1

es B3 .

Draped Iaminat
D11
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ﬁbinocular m1croscope showed that eadhmdmmina 1s graded

'.uf;om f1ne sand/silt to silt/clay Minor faulting was :";;““
observed in these. sedimentsmdn several loéﬁiities f"f',A.J
- ClayS | N R
’ | | Th1s was a distintive faoies usually found at the

‘utop of the section The claus@here ﬂ&ually massive but
%&-5! Y

‘kﬂetimes showed hor1zonta1W1ﬂm1nation The unit Was ~f”“'
o general]y thin. (1 2cm), and draped und;&)ying .

i%7ﬂ;f”i‘_ Table is a l1st of ff. ' ';ansit1ons found in the ?“f:*ﬁ
K h : h‘seef?bns. Zom bottom to top ’ ﬁt1ons Figure 14 is a '3"7‘
i.‘-f; d1agram showing the sections des;;.*;;. The samp]es taken,f‘“
,"‘775_f are 1isted in Aébendi§’12 with: their iocat1ons It can
; *[:ii’a read1[y ﬁ: seen that fac1es A and D. are most commonly Found ij{
f%ﬁ%b‘W 'at the'base and top of the seetﬁons respect1vely The '

' soc1ated with ',.'
M _fga P R

Jﬂb’
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_P_LQ 4: Facig_s_ m in sggtion

3 . o v‘;.

The sequences 1isted below are from the bottom of the oA
sections. described- upwards. S

‘--“----—-‘---—----------—-------—--—--‘ '

Sectibn ‘ Sequence S '

.

P . l“.f’ . : i L" . -

“--f?ﬁ?ii‘--fffffuéi-éinéi-iléi--""f' SR
o aB2ecB3- L '»
A‘c- -B4- B3: 32 ;j’f, S :1‘"¢&hj ST e
'32 -B3-C-B2-B4-C-B4-D . T+
A c B2- B4 B2 B1-fh 4 ‘ ‘ PRAREE (.f.-“ )
A-ceB2° :f71j~'. j,“?;:: T T
. —A c- B4 32 -B4-B2-A-D . - SR g
", A-B2-B4- B3 “B1- 32'~;Ief";f[ e
“J%A C'B3 c 82 c- 32 D "'“f ff;:f*7f]°j:gfhrff§;§“
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.'lram, of vgections, arranged in
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Table 6: Folk-Ward parameters, Ekmann sampler
. \ )
This table li%ts the results of the grain sgze'analysesu
performed on samples collected with the Ekmann sampler. The .
measures tabulated are graphic Folk-Ward parameters. Mean
‘grain size and sorting are measured in phi units.
Location Mean grain Sorting . Skéwness Kurtosis
: size :

N mm = s o e s e e e oo -
Al 5.30 2.01 0.59 1.82
-A2a 5.83 1.87 . 0.42 0.84
A2b 6.23 2.04 0.69 2.36
A3 5.83 2,11 0.35 1.89
A4 5.07 2.38 0,20 1.81
A5 6.83 2.46 0.48 1.74
B1 6.67 2.33 - 0.46 1.26 °
B2 2.90 2.25 0.24 1.20
"B5 6.47 2.95 0.35 1,23 .
C2 7.00 3:41 0.19 1.24
, E2 8.50 2.66 0.15 0.92 -
F2 4.93 1.76 0.41 2.05

. ~
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ma jor problem with thia type of sampling in this case is

that coasidering the complexity of the upper part of the .
sections measureqd affer arainage the samp les can only be
real1st1chT?‘TﬁTerpreted if it is knéwn exactly what is

being sampledw The sampler scrapes off sediment from the

lake bottom‘which may baﬁffbm a humberkbf sedimentary units. ' (
"The internal structure is not preserVed well, and thus these

. samples are impossible to relate to the sediments seen after
4drainage. The sampler is also seriously affected by any
mate“91'aoarser than silt that sticks in the Jaws resulting

in fiefunshing out of fine material. The use of some‘sért of
coring aev1ce would have y1e1ded more useful 1nformat1on as

the sediment wou]d/be recovered as part of a strat1graph1c
sequence that could be related to the sediments seen. after

drainage allow1ng an investigation of the eFfects of the

-dra1nage on the sediments depos1ted
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V. Discussion

A. Lake drainage

The objective of the measurements made of lake drainage

was to test the existing models for the drainage of these.

(4

types of lakes. Clarke (1980a) states
"If sucessive floods differ significantly, even when
211 external influences appear similar the Nye model

v must be- incomplete in some impor tant way .

. Clarke publwshed the results of the detailed measurements of

ghe 1978 jokulhlaup from Hazard La&ke, and a comparison of

Lis results with those reported in this study constitutes a

test of the Nye model. As fér as possible the discharge

results have been treated in a simliar manner to those of

Llarke, although it is suggested that the estimates of‘input
" to the lake from inflow streams is. superior in this case. |

" Clarke fits his data to the.relationship of equation 15

(page 30) by means of a regression of log (Vo-V[‘againstflog
Q. His'results are a value of 1.1174 for Jo énd--S 343 for

log c. Figure 15 is a logarithmic plot of Q agalnst Vo V for

_the data of Appendlx 10. A regress1on analysis was performed

- on this data, 'and an examination of the residuals showed

that a simple linear fit was pot_applicable, the data being
best described by one equati for the first fourteen data

po1nts which are‘h1ghly 1nf?g§nced by the accuracy of the
correct1on (Qi) applied, and another equatlon for the rest

of the data The regression analys1s for the later part of

87
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Figure 15: Graph.of discharge/ volume discharged

‘ . . . .
The regression line 6h{ained,1n this study is marked on the
graph. Clarke's result from the 1980a paper is

indistinguishable. from this line on the scale of this plot.
The equation is:- 4 ) , '
Log {Q) = 1.134 {log (V-Vol} - 5.477.
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“the flood, from 10:00 on the 3th of July. to the termination
of the flood, involving 75% of the volume of the lake,
yielded values of 1.134 for p and -5.477 for log c. An F
. test on the regression gives a value for Flat degrees of
freedom 1,35 of 318.6, a significant result at alph@ = 0.01.
The residuals showed no trend , oA

This represents an extremely close agreement with the
data of Clarke, despite the use ef different methods of
‘measurfng'lake level. This resuit is very useful in the
light of Clarke's report of results from three Jokulhlaups
from Summit Lake where successive events were highly
variable. This result ind1cated=that the model used may be
at fault in some way. The closeness ' of the results reported
here shows that the character1st1cs of the 1978 and 1979
events were virtually identical, supporting the model of Nye
for the growthrof the'jokulhlaup. This also suggests that
the assumptions made-in the model'do not always apply in the
1nstance of Summit Lake as hypothesised by Clarke . (1980a) -
Thls result supports the unusually low value of n’, the
Manning roughness coefficient found by Clarke (1980a, b) in
his computer simulation of the 1978 discharge. As Clarke
‘comments, this velue is difficult to explain.in physical
terms, despite the fact 1t‘ma9 bgutheoreticerly’possible for
a pol1shed tunnel in.ice. However. the work of Shreve (1972)
indicated that the stabie position of a tunnel carry1ng
wa;er through ice is at the base of the glacier, and
therefore must have an interface with material other thanx

T
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i ice,'making this”vaTue‘bf‘n' unrealistic. The alternative
'explanation that the assumptions made in the inputs of the
model are incorrect is prefered here. As C]arke suggests,
parts of the tunnel may remain open from one event to .
another, acting:to increase the potential gradient which is
a primary input to the model. The potential gradient ih this
case is the gradient in the region of the seal. Clarke uses
the spatial average from the mouth of the tunnel to the toe -
of the glacier. However, it the seal is close to the.lake,v
as is likely in this case, the‘potential gradient is liable,

to be greater. This is because Hazard Lake sits in a

) - / :
relatively minor tributary valley to the Steele Valley., The

valley of the Steele Glacier is probably of the typ1cal U
shape. and thus the steepest part of the tunnel will be the
~initial sect1on, from the wall to the floor of the va]ley.
If the tunnel closed partially, it weu{d be in this!region
also. as the ice thickness is greetest at this point. Thus
for the opening df‘the_tunnel, after.the first drainage w
event, the potential gradient as estimated by Clarke is
likely to be an underestimate. This has the effect on the
hydrograph of a m;revrapid'inchease in discharge. This ‘is

" analogous to.the effect of a smoother outflew tunnel, and
.thus'may'explain.the low value of n'.

| It would appear that'this-hypothesis is likely given.
the observstion,of G.K.C. Clarke and R.W. May (R.W. May, |
University of Alberta,.personal communication) that the lake

basin was still empty in latevseptember,1978, after the

LA

mul
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drainage.eVent of August 8th. This indicates that.ih the
region of the seal. the area at which plastic deformation
‘would be a maximum, the tunnel was still open after six
weeks. It would not seem unreasonable to assume thét the
tunnel rema1ned open over most of its length in the eq}to
eleven months between the jokulhlaup and- the re en1ng/ot

the tunne]

However, fur ther worK is required on the closure of. the

[ S
ST

tunnel before the model can be calibrated with any degree of
i certa1nty. This closure should be possible to model as. the
behaviour pfvice under stress is we]] Known, and this in
combination with a sufficient Knowﬁedge of ice and bed
topography.should enable an estimate to be made. Thus a
constraint can be made on the value of the potentieT.
gradient input to the model, and the prediction of n’ can be
improved. A possible test of this hypothesis 6f partial
ldsure could be made if the records of a number of
Jokulhlaups are ava11ab1e from a glven lake. The value of n'
B produced from a model such as C]arke s should be not1cably
different for the f1rst drainage of such a lake (for |

\1nstance the 1975 event at Hazard Lake) . Subsequent events

o should show similar results if the time per1od elapsing

between outbursts is the same, as the closure of the tunnel:
E ie time dependent. This hypothesis is also supported by the
R onlyibther values of n’ calculated for jekulhlaups; Nye
reports n’' = 0.1? ﬁ°~33e for the 1973 event of Grimsvotn,

where the-period,between eyents is.five years and plastic
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-closure stops the joku1h1aup"before;exhaustﬁqn of the
‘reservoir. THis would indicate that the tunnel is probably
_completely closed in this case. Clarke (1980a) |
reports n’ = 0.08 for the 1967.flood 6f Summi%_Lake. The
interval between events in this‘case was twg years, and it
might be expected that'the tunnel wés closed over a greater
proportion of its Jengfh than at Hazard Lake, giving a
higher value of n’. It is therefore hypothe;ised that the
value of n' is not as variable as Clarke (1980b) suggests,
most of the variability in dischérge records being due to
different degrees of closure of.the Iunnel. 1t seems
possible that the value of n’ of 0.12 repérted by Nye may be
generally applicable, but discharge prediction is difffcult
unleés'the'tunnél geométry is Known. waever,‘for the first
event after an initial period of stability following the
formation of the lake,‘the estimate of potential gﬁadienfv‘

used'by Clarke and Nye would be;valih; and thus the model

should be useful in predicting discharge records for this

event, probably the most important from the point of view of :

environmental hazard. Subsequent peak discharges'wquld be

expected .to bé greater if the tunnel does not close

compietely.

It is concluded that the Clarke-Nye imodel is a good one

. . ]
for predicting the discharge record at Hazard Lake. The

>
close matching of the 1878 and 1979 records show that the
model is applicable through time for a given lake. No firm

conclusions can be draWn regardiﬁg the general applicability

[ .

~

4



‘of the model, but it seems probable that further work on
modelling the behaviour of the ice tunnel after dra}nage may
allow ‘this. The peia discharge predicted by tpe.Nye>modgl is
620 m3 /s, and the maximum discharge measured in 1979 was
706 m* /s, which is compatible if the_accuracy of the
observation of lake level is considered (plus or éinus 10%) .
B. A model for the historicéL developmentfof ice dammed
lakes

In this seétion a géneral model will be developed for
the history of ice dammed lakes, and this will be applied tp
Hazard Lake. This is useful in that it provides an
explanation of the sequence of evgnt# observed in studied
ice dammed lakes, ahdmallows.preaﬁction of “the future
development of these ana other examples. The floatation
hypothesis is accepted for the initiation of the jokuthlaup. ,
Thus the main two variables to be modelledfare the
glaciostatic pressure (Pi) and the hydrostatic pressure
(Pw). | | |
Glaciostatic pressure ‘

This is given by Pi =p,gh where h.is the glacier
_thickness. The glaciostatié pressure is at a maximum in the
fegion of -the seél,hand all'prédictions refer to fhe glacier
thickneés at this point. The posztion of the seal is»that *
pdfnt at which dé/ds = 0 , whefe b is given by equation (8).
The ice thickness h,fs confrolled by the mass balance of‘lhe

glaéigr. Qenerally the mass balance at the critical point

A
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will be initially pos1t1ve ~and the glacier will thicken

impounding the lake:. The mass balance will subsedﬁentlyzbe

negative. allowing the seal to be breached ahdfthe“”L”flﬁﬁx

Jokulhlaup mode of drainage to take placeJeThis t-t'

a]ways the case as in the situation wherelzge:1ce‘é;g\%s
contlnu1ng to th1cken but not as fast Q§ the\1ncreaeeY1n
hydrostatic ' pressure is possible, although all known
examp]eE’are dammed by an ablating glacier. In the case of a
surge dammed lake, the ice thickness will increase rapidly

' for the duration of the surge, and then, due to the thermal

imbalance caused by the surge, ablate stead11y until thermal

eQU111br1um is achieved. This ablat1on can be descrlbed by _

the equation ‘
h = h(max) - a t . (22)

" where h(max) is the initial thickness of the ice at the &
of the surge, a is the ab]atvon rate, and t is time elapsed
from the surge end. If the lake was not 1n existence prior
to the surge then’it will cease to exist before the glacier
reattains equilibrium. A

Hydrostatic pressure

"Hydrostatic preseqre is given'by equation (6)'(page \;
20). D in\thjs equation is related to the volume of the lake
by equation 115) (pade 30). The volume at any given time is
given by: | | |

V= / Qi dt-.f_otdt-'i\aogt\‘« (23)
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Qhebe Qi is the diécharge”ofAthe 16flow Qtreéms. Qt is the
discharge through the sub-glacial tunnel, Qo is the

" discharge of an aiternative outflow of water if in
existence, and t = 0 is the time at which the lake is
sealéd. Thus the variation in hydrostafic pressure..which
can be observed diﬁgctly by measuring the lake level, can be
vrelated_tb the discﬁafges through the tunnel and of the

inflow streams. Qi is usually easily measured if a

discharge/stage relation is established, and the stage is ’a

monitored over the period of the lake’'s existencey Qo can be

estimated by similar means, but Qt has to be obtained by the
equation above, (25), given that Qi and Qo are Known.‘fhe
-discharge through the tﬁnnel is predicted by the modeligf

Nye (1236). The tunnel drainage follows three phas;s.

1. The rates of enlargement and closure are balanced in the
initial stages. The exact relationship of discharge to |
time has not been investigated but Nye (1876) shows that
this i6 an unstable situation, leading to the next T;
stage.~r \

2. 'The rate of enlargemeﬁt through melting becomes
dominant, giving rise to the catastrophic flood typical
of drainage. The discharge is re{ated to the volume of
the lake b;\equation (15) (page 30).

3. If the reservoir is exhausted then the tunnel will later
close. The lake will be resealed after a period during
which Qt = Qif'Depending on-th; geometry of the lake,

and the rate of plastic closure, the lake may be
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~resealed before the réservoir is exhausted. This ocgurs
when the rate of closure through creep becomes dominant .
Thus the variation of hydrostatic and .glaciostatic

essure can be modelled and the history of a given lake can

. pr
:‘<;be/pred1cted if suff1cient 1nformat1on exists. Two —~.-

Possibilities are outlined below, the first a situation

' where the lake lewel is unconstralned that is where the

~
Iake water has no alternatlve mode of escape the second

'poss1b1l1ty is that where the lake Jevel has a maximum

possible value,

1. Th /glaciostatic pressure increases due to thé surge of
he glacier, to a maximum ice thickness of h(max). If
the glaciostatic pressure exceeds the hydrostat1c .
pressure, then the basin will be sealed . and a lake wil]
start to form. A
,The glaciostatic pressure w1ll decrease at a rate of ay
g, and the hydrostatic pressure will increase at a rate
of Q.9 Do(sQi / Vo)-until the two become equal, at which
point tunnel drainage commences. ,The hydrostatic

pressure is then‘governed by: -

\

Pw = 0,9 Do{(/Qi dt -sQt dt ) / v } (24)
v 4 '
The integral of Qi from 0 to t with respect to time is
the volume of water supplied by the inflow stream from

the start of the melt season to time t. When Qt exceeds

/

(
J



0i the lake level will start to fall and the «

| catastrophfc flobd,wif1~ensue. _

BJKIDepending on reservoir geometry ad& rate of creep
closure of the tunnel, the jokhlhlaup will either .
terminate before exhaust1on of the reservoir through
resealing of the tunnel or the reservoir will be

gﬁdak,,vgkhausted and the tunneJMW1ll reseal at a later date, .

“ﬂg:@.,njhis sequence of events will be repeated. unti] the ice

“dam is too Tow to retain the lake, or the feeder stream
finds an alternative course. o

Lake level constraihed . . - .

1. The initial format1on is as above. \

2. The laKe will f1ll unt1l the hydrostat1c pressﬁre '
atta1ns the max1mum possible value i.e. D = Do at wh1ch
,Point the lake level will be fixed. ;..f:xi |

3. The lake will remain, stable unt11 the glac1er ablatéb to.

the point where Pw = Pi and tunneludratnage will be  -

Cinitiated. : S \r.ﬁff Lo

4. The lake level will start to fall when 3i = Qt, and the

Jokulhlaup will follow

‘5. The sequence of events will be repeated w1th tunnel
dra1nage be1ng 1n1tated at 1ncreas1ngly earlier stages
of lake‘f1lling until Qt exceeds Qi before D )bo
which point the history becomes that of a. lake with no

constraint on Jake level. ... ' -~ . %

‘ve

—————-————_—————

Application of the model to Hazard LaKe _ -
 Application is 1n some ways df¥f1cu1t due to the fact

+
T
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*
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that data iswincomplete, but some us@ful’results can be
obtained and the weaknesses in data collection can be
plnpointed. The'inouts to the model that are Known with a
reesonable degree of certa1nty are' 5 | S _'/
1. The ablat1on rate of the jce dam, reported by Collins
and Clarke (1977) to be 2.6% m/year (from megsurements
made over ore year only). |
2. The exact dates of draihage tn 1878 and 1979, and -
approx1mate dates for- other events
3. The date and duration of thé surge Qf . the Steele
- Glacier, stated to be 1965 to Summer, 1967, by Stanley
(1969) . ' | | |

4., 'The dlscharge est1mates for the inflow streams repor ted

in this study. .

S{ The geometry and volume of the laké;as repor ted by l
“‘Clarke (1980a,b), with V = 19,790,000 m® and m = 0.06.

6.. The elevation of the.surface of the Steele Glacier in

the v1c1n1ty of the ice dam (1705 m. a.s. l) and the

¢

max imum_ lake level (1674m.a.s.1) (Clarke, 1980b)

-From this data.a number of deductions can be made. The

initial thickness of the glacier after ggrge, h, can be

calculated as follows. From the floa ation.hypothesis,'

,dra1nage will take place under the ond1tlons of. eQuat1on

(4) (page 18). .

-In 1975, h -D=31m, -and thus h = 344 m. If the

uablatlon rate is 2.65 m/year then he th1ckness after surge

o

= 369 m. If the lake was not in ex1st nce prior to the<surge

<
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then the value of h must have been such as to be equivalent
‘to a value of d less than 161 m. Th1s gives a value of h of ‘
180 m thé maximum thickness prior to the surge. This
' assumes that the glacibstatic preseure remains the cont;ol
on the filling of the lake, althoughvin fact Hazard Creek is
" Known to have found an alternative drainage channe along
the margin of the Steele Glacier By similar methods the
date at which the lake will cease to exist can be.predicted
to be when h reattains 180m, (in 2045. There are considerable
uncertainties in predicting the variation in Qi. These are
the main data lack1ng in the app11cat10n of the model, as
on]y one discharge measurement was made in the course of
-"this study. However, using the arguments out1lined earl1er,
" and the work of Faber (1972) on Rusty Creek, a basic model
for this variation can be set up. Faber shows‘that peak
~discharge for the year occurs in mid duly:»BreaktUp in the
area is in mid May and freeze up mid September. Peak
discharge in 1979 was measured at 1.04x106 m3/day, based en
a mean daily discharge of ﬁ2m3-/s. The simﬁlest‘possible
| “model is of .a linear increase from 0 at break up to the
discharge maximum'on the 15th of duiy, followed by a Jinear.
decrease back to 0 atkfreeze up. This is elea;ly'an
"oversimpliftcafﬁon;but in the absence of better data is used -
as an input to the ﬁode]. - _ .
,AU§ing these data, a number of events can be.ehedieted.

1. The date of initiation of tunnel drainage, and the

critical'lake level.
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2. The volume of the Tlake at'tﬁis7point
3. The date of drainage of the lake _

The laKe'level at which drainage occurs is_predicted '
from the'Bhowledge that\in 1975, d = 338 m was the 3ritica]5
level for tunnel formation. If the ablation rate of -the ice

dam is 2.65 m /year then the critical lake level decreases

by 2.38 m /yéar. The decrease fn lake volume at this point

can be calculated by equation (14i (page 29). The date of
creat1on of tunnel drainage can be predicted from knowledge
of the cr1t1cal lake level and the f1]11ng rate of the lake.
The volume at the cr1t1ca1 level is V and this is equal to .
Qi dt. In thfs case'Qi‘= ct where t = 0 is May 15th, and c =
(1.04x108 / 60)m3/day until July 15th, and(fj;04x105 / 60)

m3/day subsequently. Thus

[¢4

V=c tz /2  (25)

and tﬁu§\the date of tunnel drainage can be predipted.-

“Qt ;E\Qgt known in the earlier stages of drainage, but
a simple modéT mgy'be substituted for its behaviour as an |
i1lustration of the application of the model. If it is /
consideﬁ%d.thai Qt varies linearly from zero at‘the
initiation of the tunnel until Qi = Qt, the slope of this
line can be obtainéd,ﬁsing the 1979 data, wgere tunne]l
. formation occured 18idays.before Qi = Qt = 12 m3/s. Thus the-
variation of Q(t) can betpredicted. and the date of rapid

draihage is where Qi = Qf. Qi = ct, and Qt = b(t-t{)'where c

4
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is defined as above, b = (1.04x10¢ /18)m3/day, and t‘L is the
| number of days between breakup and tunnel format1on '
These pred1ct1ons are glven 1n Table 7. The faults in :
the model are apparént when th1s is compared to Table 1, the
actual chronology.of‘events concehn1ng the lake. However, |
the fault pﬁobab}ytlies in the assumptions made regarding Qt
and Qt. Qi vanies‘in.character from year to year, a high
melt year in 4977 resulting in an earlier date of drainage‘
than in 1978. The simple linear mode] for variation in
discharge_over the melt season used here is; from
consideration ef the behaviour of other glacial streams, not
a particularly accurate one. However, the results do
apphdximéte to reality, and with better tnpdt data, the
pbedictione shouldvbe reliable. |
~~

A glacial stream entering a lake may do so in three .-

C. Lake processes

ways  (Bates, 1953) .

1. Underfiow, f1f the den31ty of the 1nflow stream exceeds ‘

| that of tHe laKe water. | .

2. Interflow, if the den51t1es of the lake water and lnflow
istream are equal

3. Overflow. if the density of - the stream water 1s exceeded

by that of the lake.
The density difference between the'lake~waterland the waters
- of Hazard Creek can be_eastty estimated. The temperatuhe

diftehenee-is considered‘to be negligible,‘the differehces

4
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Table 7: Predictions of the historical model

These are the results as calculated by  the mé@hods outlined
in the text. d is the elevation in metres above-the seal at -
which point drainage will commence. V is the volumé
lake at this stage in m3x10¢ . D(t) is the date at. whNch -
tunnel drainage will commence and D(1) is the date at which
the jokulhlaup will occur.

- e e e me e e o e S M G e e - R e e A S A B M T E T W Gm e e e e e e e

Year d -V D(t) D(1)

" Tie75 338.0 1979 wuly 3
1976 ~ 335.6  17.00 June 30 July 20
1977 .- 333.2 14.55 dun§.27 July 14
1978 330.8 12.41 June 2% duly 11
1979 328.5 10.67 June 21 July 89
1980 326.0 9.63 June 18 July 1
1983 318.9 5.57- Jupe 11 June 20

= e e e e Gm e A e e G 4 n W e e e W Em e S M e e e Gm e Sk L G Sm em Sk Ee m s Gh e e G G e e G e e S e
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=
,.of less than'one degree giving a density difference of less -~
than 0.1 g/1. The suspended sediment content is hore o
variable. The,TaKe water'had a mean suspended sediment ‘(3$;f
content of.0;04‘g/l,eand the infiow stream had values
ranging fr66‘0.206'g/1 to 1.88 g/1. These;values can be
converted to actual densities by assigning a specific
gravity of 2.65 to the sediment, and calculating the weight
ot water displaced by the sediment. Thi's shows that.the-
density difference between lake and stream waters is{a’
mtnimum‘of-0.103'g/l and a maximum of 1.146 g/1. Bell (1942)
states that a density difference of 0.01% is sufficient to
give'underfTow; The density difference approaches this value
at the minimum but i in general much higher. Thus underflow
is the most lIkely mode of entry of the inflow stream The
characteristics of th1s underflow will depend on the
var1at1on 1n;the,d1soharge and suspended sed1ment'content of
the uaters,ofrHazard Creek. It will thus vary widely in
. magnitude on a diurnal basis, and may -not operate at
dlscharge minimum, and low suspended sed1ment
concentrat1ons Thus the effect of stream inflow is of a.
da1ly turb1d1ty flow that suspended sediment concentrat1on
appeared to be related to discharge although the exact.form
of this relationship was not‘investigatedivThe»variation of S
discharge with time follows 'three‘per'tod'i'o"fluctua’tions.
Firstly, a daily variation, apparent from the resu]ts
reported earlier in this study, secondly a longer period

‘variation reTated to weather cond1t1ons,‘apparent again in
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the stage/time graph of Figure,ﬁQ. and fhi}d]y, the énnual.~
> ' . i ¢

variation from 0 at break up to a maximum ip mid summer to 0
again at freeze up.

Examination of the results of temperature and suspénded
sediment content for the jake‘show that thé'lake is
essentially unsfratified. The‘presence or absence of

stratification is an important control] on the nature of the

—t

sediments deposited.

| D. Interpretat1on of the lake qad1ments
1. Firstly the effects of repeated f1111ng and emptying on

the sediments are considered. Theoretically this should .take

the form of a transgress%ve-to regressive sequencé. At E
given point, the mean grafn'size should ihitialjy‘g'ade‘from
coarse to fine, whilst the lake‘is fillind, aoo subsequently
-napidly-grade from fine to coarse as. the ?akéveﬁpties. If a
récordtoxists of the repeated dréining events}fthis pattern
'shoulo'be repeated a number of times.-However, this trend is
~only seen once in the sections examined. This is best ’
_explained by considéring*the bulk of the sediment -
constitutiﬁg the Sections ‘o be the product of thg'initial
per1od of stability following the f1rst‘?11]1ng of the lake
Th1s hypothes1s is supportedhby the volume of sediment in
existence, over one metre 1n‘¥%1at1vely distal positions,
_and the short perlod of time ava1lable for sed1mentat1on |
dur1ng cyclic drainage (one to two months . as opposed to nine

years). This indicates that much of the sediment deposited
- QL
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in recent'fillings is eroded during'theﬁdrainage, and while
the lake is empty. Erosion was observed on steep slopes in

-~ the lake, where l1ttle sediment was preserved during

( \\\ S
drqinage d ‘

\\\A model for sedimentation

\\ The main agent of  sediment input to.the lake is

I

i underflow from the inflow stream as a turbidity current
Thls is. cons1dered to be a daily event during the melt
'season and the magn1tude of the flow is dependent on the
'discharge of the 1nflow stream, wh1ch varies accord1ng to
el the pattern outl1ned above. As the lake filled the effect
would be of an,1ncrea51ng distance from the source of
- sed1ment the ;nflow stream After filling th1s would be
constant for the period of stab1l1ty, and then decrease
rap1dly dur1ng dra1nage The effects on the sediments of
'_thls source movement are contro]]ed by the ffects on
.current veloc1ty. It would be expected that current velocity |
would‘decrease exponentially with distance from soUrce if
| the slope remains constant Thus the sed1ments should. show
the - effects of two var1at1ons in the depos1t1ng current the .
| var1at1ons 1n magn1tude due to variation of discharge of the
-source stream, and the var1at1ons due to the change in
pos1t1on of the source.
The facies states outlined earlier are characteristic
- of deposition in definite flow conditions. These are in
order of relative current strength A, Bt, B3, ?2, C, D. The

grain size of facies A precludes deposition from underflow.
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rrents, of

2. and C. Thus

Facies B4 would be deposited in declining
similar.srtegnth to those depositing facies
the probable position of deposition of the sedin
indicated.'Thezgravel facies is deposited by stream flow
the sand facies B1-B3 are deposited by underflow in proxi
positions; B4 is deposited in declining flow conditions in
reJattvely proximal positions; C is deposited by underflow
in dtstal positions; D is deposited fromasuspension in times
of little underfiow aottvityr
The variation in the underflow can account'for.the

| characteristics of.some of the sediments. The laminae of
facies C'are probably.due to the dturnal.variation‘in input
resulting'in a sequence of increasing and declining‘flowa

giving rise to the grading seen. This hypothests‘may be
tested in the fol]ow1ng manner . An'examination of Plate 9
and otH@r photographs allows an est1mat1on of the mean
th1ckness of the laminae. If thys is divided into the
th1ckness of the section, this gives the number of laminae

in the sect1on This should be equal to the the number of

(jz}>act1ve days dur1ng the depos1t1on of the facies which can be

est1mated g1ven that these sediments are the product of the
nine years of stab1l1ty, to be 1090 days The est1mated
number of laminae is 985, prov1d1ng strong support for the
hypothes1s Fur ther support for. the existence of underflow
was the observation of a sharp breaK between the waters of
~the .inflow stream and the lake at the po1nt of entry of the

" stream as the stream water "dives" beneath the “lake water.
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Examination of Plate 8 shows that laminae thin ‘as they drape

over aboulder. If deposition.was from suspension from

errflow or interflow, the laminae would not show this
variation in thickness, and thus deposition from suspension
in a bottbm current is likely. In the'sampling of the lake

waters, an increase in .suspended sediment concentration and

’ temperature was observed near to the lake bottom at sample

position C2. This point is located in the centre of the lake
basin;vand these observations may indicate the detection of

turbid flow on the lake bottom. Nb evidénce5was observed for
the effects of the longer term cycles on'thesé deposits and

this will be<disc055ed later.

These laminated sediments are not considered to be the

.product of wind generated bot tom cuﬁrents The uniformity in

thickness, and the absence of any other sedimentary

nstructures makes th1s unl1ke1y, as 1t wouid require winds of

a very high degree of regularity in strength and duration.

" This particular location is subject to wide variation in

wind, -
The model can be applied to explain tBe charactgriéticé
of the sections measured. Sect?bns D4, 8, 9;~13,'15;_16, 17,

18, 19, 20, 21, -and 22 all show the same general

/characteristiéS' gravel at the bése of the'secfidn

unconformably overlain by lam1nated silts, which themse lves
grade into sand facies B2 or B4 over]ying this is the clay
facies D draped over the underlylng sedments. The most

complete example is D18 but all the above sect1ons show at
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least part of this sequence. This can be interpreted in the
fbllowing manner. Initially, béforerthe'filliﬁg of thé'lake{
the valley was filled Ey a braided stream. The gbavels apé
interpreted as being the product of sedimentation in thig
environment and thus were aeposited prior to the forma{;on

/
of the lake. On filling a transition to a lacustrine /

environment occurs. It might be expected that the se#iments
should grade from the coarse'éravels to the 1aminéteh silts,
but this fs only seen in one section, D3. This sharﬁ
transition would be possible if the turbid underfiow was
confined during filling to one major channel, pgssibly the
existing stream ped. The effectszgf Ihis'qnderflow during
this pefiod'would thus be cohfjnéd to this chanﬁe],}until

the lake attaiged its maXimum 1evef. At this point the
positién 6f.inflow woﬁld become relatively stable, resultinﬁ”
in very high rates of sedimentation at this point.  This méy
have choked the confining Ch2§j§; and allowed the unéer?idw&

to miérate over the delta' suffade, allowing sedimentation

f

over a large pért of the lake basin, and the deposition of
the laminated silts. Ah altefnative hypothes;s is that
during the.period of filling, underflow was not the
predominant{process.AThi§ is certainly like]y in the early |
:stages, as the lake water would initially have a High
'suspended sediment concentration, close to that;of the
inflow stream, -and interflow or overflow could result., Thus
initial sedimehtatioh.could be by deposition from <;

suspension, and the sediments would not show the effects of
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current action.

When drainage commenced, the source moved closer" ta ‘the
point of deposition, resulting in the observed grading into
sand“facies, due to the increasing power of current flow.
The degree of this effect depends ons the position of the
section relative to the source. Sections D14, 17, and 22 are
expdsed in positions some distance from;the main stream flow
reestablished after drainage. Thus they are Snaffected by
the increasing curr?nt activity during drainage, and the
sequence'seen is simply from laminated silts to clay.
Section 13 is ;;posed close to the inflow of minér stream 1
and the other sections are exposed close to Hazard Creek.
Thus they are affected strongly by current aptivity during
drainage.-It might be expetted that these sections should
show effects of'an increasing current, followed by a
decrease as the stream abandons the area as drainage
progresses. This‘is to SOmecéx%ent seen, but the sitqétion
is complicated"by the fact that these sediments at the top
of the sections could ﬁavé,peen deposftéd in any of the
drainage events, or be the product of more thén one.
drainage. Also the effeéts of,efosiohiare difficult to-
gauge.\The clay draped over some of the sections is,

deposite& during drahi/:? in the final stages, where

-~

n As the lake level drops. In the

sediment i

areas affectedfﬁyﬂst?eam action the effect of drainage is

\,

analogous to a very slow current, that washes fine material

from the sediment, and redeposits it as-drainage becomes
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complete. This was observed to occur at the lake margins

“during drainage.

Sections D7, 10 and 12 show thicker and more complex
sequences at the top of theﬁeection} These can be explained
by the hypothesis that these locations were exposed to d\
greater variation in the amount of stream flow. In the case
of section D10 1t would seemidthat the section was at some
time in the path of an act1ve stream channel, later
abandoned This results in a grading upward into graye]
followed by a return to sand facies as the flow decl1ned
The characteristics of the other sections can be explained

in a similar fashion. Sections 1/2, 5/6 and 11 show

siderable compﬁexity, and do not poss aminated

s. These secti

are exposed very close“to the -
inflow of the stream at maximum lake level, being covered by
one to two metres of water at the most. It is suggested that
these are typical glac1olacustr1ne deposits, show1ng

frequent alternation between sand facies, and evidence of

relatively high current flow, being the only sections

cdntgining facies B1 and B3. |

One feature that requires some}efﬁlanation is the lack
of evidence for any annual cyele in the laminated'silt
facies. It is possible that samp1ing”on a finer scale than
that done in this study, say every two centimetres or finer,

may ‘have revealed grain size trends with depth. Certainly

“the cases where several samples were taken at d1fferent

depths such as section D12 reveal that the sed1ments are
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quite variable. ‘The absénce of varves as such ié'easiiy
explained. The 'winter” section of the varve is deposited
from suspensien in times of very'row inflow. In this case J—
virltually no inflow takes place for seven months of the |
ye . The amount of sediment that.een be deposited in thif ‘ .
ime can be calculated. The average suspended sediment
tontent of the Jake water is 0.04 g/l.‘Censidering'a Qater ‘LM}
“column with'a height of 10m and an area of 100 cmz.‘thee 49
of sedi&ent is contained within it: If this is entirely
deposited during the winter, and assum1ng a density of 1 5
- g/cm3 . Shaw, University ‘of Alberta, persona1
communicatron), this results in a bed less than 0.2 mm
thigk, uhrecogniseable in the sedimentary record at this
level of sampling. However, at lake depths of 100, m, this
would produce 2 cm of sed1ment No sediment was preserved in
- the deeper portlons of the lake, and thus th1s was not
observed. Thus the absence of stratification on the lake,
and the shallow depths, meanvthat insufficient sediment is
1d” in suépensiqn\to allow the depositign of recognisable ‘ﬁ
var . | | ' X
S eraldpredictipns can be made from this sedimentéry.

-mode ] that

n be used as a test of the mode
~ size can in this ¢ ed as a measure of the

ability of the dépoéi%ing current to carry sediment, and . -

-

thus fhe.veloctty of ‘the current: In this case the main
control on current velecity is dietabce from the source as
the slope of the lake bottom is fairly uniform over the

] “

- * s "
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regiofi of sampling; and thus proximal deposits should have a- -

larger mean grain size than~distal depoSits S1m1larly the
graphic standard dev1at1on can be interpreted as @& measure
- of the var)ab1l1ty of the current depositing the sedlment,
'and in thts case increasing distance from the source should
have a smoothlng effect on th1s var1abi]1ty Thus sorting

would be expected to increase with d1stance from source

G

/ﬁw Using these measures it can be predicted from the mode1

that a plot of mean grain size against sorting should be a
straight line if mean grain size is measured in phi units,
with the most prox1mal depos1ts at theocoarse and poorly
sorted end.of the line. F1gure 16 shows this, w1th'fac1es B3
,pﬂotting at the proxima].end‘of the l1ne. and facies C at
the distal. Table B is the mean values for thesé parameters
for each facies state analysed and th1s shows that the

pos1tlon an curreht action ascr1bed to each fac1es in the

model is corre t, the order‘of proximity being B2-B3-B4-C. A

regression was p formed on the data ffrom facies C only),

’r

- -and this gave a value of 0.95 for the-correlat1on

coefficient, 0.32 for .21 for the 1ntercept

'on the, graph1c standard ev1at1on<ax1s The regression was ‘

"
=
o

s1gn1f1cant at alpha . _

If the lamjnated silt un‘t.ts oonsidered, the position

~ot souroe'during theudeposition f th1$ un1t is considered _

to be constant, at the max1mum Tak level Thus the d1stance
- Of the source from the sect1on can b esttmated (Append1x

11), If mean grain size or sort1ng is plotted against this,

b

R,

war f
“»
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 Jable §;~Meéh grain’sfze'ggg sohting gj‘fécies‘
- Given below. are the means for each of four facies of

Folk-Ward parameters mean grain size (Mg) and graphic
standard deviation (D). Both are measured in phi units.

FACIES Mg D
B2 3.44 1.47
B3 3.28 1.04
B4 4.50 1.21
C 6.40 2.51
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Fiqure 16: Graph of mean grain size /standard deviation

This graph plots graphic Folk-Ward parémeterS’against each
on coefficient for this relationship is

- other. The correlati
0.95, and the regression equation obtained for facies C

samples 1is
: Sorting = 0.325 (Mean) + 0.215.

Both are measured in phi units.
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alstraight line should:ﬁesult-(FigUres 17, 18).hA regression -

analtysis was performed on both these relatiohships,vdsihg
data from facies C only. Therexgs a correlation coeﬁficient
of 0.67 between mean grain size and distance fnoh source,
and an F test shows the_hegreSsidn te‘bé'eignificant at -
alpha = 0.01. The ebrrelation coefficient between sorting

ehd distance from source is 0.45, and the regression is

significant at alpha = 0.01 also. In both cases the .

residuals showed no trend' On the graphs it can be'eeen that

the points wh1ch do not fit with th1s model are either of

another facies, or at a great d1stance from the ‘source '

~ (sections D18, 19) An exam1nat1on of Figure 5 shows that
.D18, and D19 are probably dominated by sed1mentat1on from
minor stream 2, which exp1a1ns the poor fit. Thus these

results support the sed1mentary mode] ‘of deposlt1on from

underflow I ' T

. N t R ] ..
ﬂ["- . !
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Figure 17: Graph of mean grain size / proximity

-

The correlation coefficient for. this relationship is 0.67.

The equation of the regression line drawn on the graph is

Distance = 274.5 (Mean) - 1014.

Data from facies C alone were uéed for this ana*ysis,/’
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" from facies C is

.
S
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Fiqure 18: Graph of standard deviation /proximity

This graph plots graphic standard deviation against dfsfanCe
from source. Standard deViatﬁon is measured in-phi units.
.The corre]at1on coefficient for this relat1onsh1p is 0.45,

'and the equatlon of the regression line drawn for the data

distance = 542.3 (éerting) - 452.4
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VI. Conclusions and suggestions for further work

A summary of conclusions made in this study is given below:

1,

.-fThe per1od of st

. sedlments

The Nye model as adapted by Clarke is supported by the

results obtained in the 1979 field season.

The 1978 and 1979 floods were very similar in discharge

characteristics, indicating that the model is applicable

through time i.e. the physical parﬁmeters of the flood

do not change from yedr to year. ‘
The value of the Manning roughness coeff1c1ent n’ found

by Clarke of n’'=0. 009 is supported by the results of

1979, although it is suggested that - incomplete tunnel
closure results in a mlslead1ng value for th1s
coefficient due to its effect on the potent1al ‘gradient
used as an input ‘to the model “

The main constra1nt on pred1ct1ng dates of drainage
u31ng a model based on the floatat1on hypothes1s is an
adequate Knowledge of the water balance of the lake,\and
the: mass balance of the conf1ning glacier

Tunnel dra1nage appears to be establlshed up to_ZB?days

before the Jokulhlaup becomes apparent Thus ﬁhe early

[

stages of tunnel drainage are relat1vely 1mportant -in

v

vpred1ct1on of dralnage dates.

l1ty dominates sed1mentat1on in the

:lake, and the cytlic drainage produces no ch racter1st1c”

. The dom}nant proce s of sed1mehtat1on 1n the aKe is.

that of depos1t1on ‘from turb1d underflow

118
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8. The lake is unstratified with regard to temperature, and
the Volume of sediment preserved in the water column is
1nsuff1c1ent to allow depos1tion of class1cal varves.

- .

"~ Suggestions for further work

1. A close monitoring of the inflow Streams, and the

over flow }f operating could lead to a.better.phediction

of drainage’détes, and a description of the eérly stages

of tunnel drainage. | |

2. 1t seems possible that the closure of the tunne] after |
drainage could’ be modelled, and the hypothesis of
partial closure tested. This could result in the
»cglibrationandtgeneral application of the Nye;mode],

3. A more detaiied'sampling prOgram‘couidVTead-to the \
-1dent1f1cat1on of the effects of the annual cycle in
discharge on the lake sed1ments | |

'.4.‘ Use of a cor1ng device wh1lst the lake is fﬁll coUid o

enable the effeéts of the drainage of the lake on the

ediments to be 1nvest1gated

v,v‘ v/. y
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VIIIf Apﬁend‘&tI

A. Section descriptiohs

These descr1pt1ons are f1e]d notes. Unless stated beds

are flat ly1ng, and contacts shdrp. For location of the

sectionsvsee,F19urev5. Sections are described from the top
downwards; and are measured in metres. The nomenclature of
dopl1ng and Walker (1969) has been applied to r1pple drift

cross lamination.

. Section D1

0-0.21 ' .

<

. 0.68-0.91

"~ Medium grained poor 1y sorted sand underlying thin veneer -

-of clay on surface. Roughly bedded, thickness=icm.
" Sample D1A. o L
0.21-0.26 = & - .

Shazf contact over 1nterbedded very coarse and med1um

. _ .
S . N

o

sand.

0.26-0.35 4 -7 o .

v

] F1n1ng down bed of coarse sand to s11t ‘laminated.
0935-0. 51 . . R
Poorly beddea_medium grained sand, fining in lowest 3cm

to fine sand..-

0-5{—0'68

4
Poorly sorted gravel, average gra1n svze 1cm d1ameter,

poorly bedged Sample D1B

,

_ GradatiOnal contact ihtotcoarse sand with~peqbles. |

S 12

v

: s
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massive.
o.0t-088 .
Massive fine grained sand/silt, fines downwards . Sample
DIC.- o i
0.95- | o

¢ Coarse grained flat bedded sand with pebbles, ‘poorly
sorted. | ‘ | |
Section D2
fThis,seétion lies below D1, 1ying,2m north. It is
SUQgeste&ﬁfhat the first three units described correlate
- with the last three units of D1.
0-0.09 - |
Maséive coarse sand with pebblés upito 1 cm diameter.
.0.09-0.16 | - |
Gradational contact into unit fining downward from,finé’
" sand to silt, laminated. Sample D2A.
0.16-0.21 7 .
Very coarse sand with pebbles, poor ly sorted.
0.21-0.23 | |

\

Medium grajned well sorted sand. -

. 0.23-0.29 G R - )

| Undulating rippled.contéét leads into fine, well sorted
sands. Cross laminated (?Q; ‘ | .
- 0.20-0.33 | | |
o | Type B cross laminated medium grained sand.

© 0.33-0.39. o - |

*

As aboYe but with occasional draping of'sjlt/clay over
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laminae.
0.39-0140
Massive coarse sand
0.40-? |
Resistant, ‘partly consolidated silt, with roots embedded
in surface . |
Samp]e 2B is a channe] sample from 0.23-0.39m.
Sectlon D3
0.00-0.05
Type A cross lam1nated medium grained sands. f1n1ng
) downward.
0.05-0. 09
| Flnely laminated s1lt
0. 09 0.36 ' _
Roughly bedded medlum and coarse sands. Sample D3A.
0.36-7 | " | |
- Gravel, bebﬁle diameters ranging from 0.5-10cm.
Section D4 | o
'0.00-0.06 ‘ . | -
Coarse sand-QithfpebblesvunderiYing }ipp]ed upper

.-sd%?aee.

0.06-0.13 ‘ _
} Thinly.bedded fine sands‘(thickpess=1cm).'
0.13.0.15 | |
Med1um gra1ned sand, poorly bedded

0 15-0. 19 '
. : A : . ;
Rippled contatt overlies cross laminated (?) fine sand.
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{s « - . {ag

. 0.19- 0 39 . o -
Med1um gra1ned sand grades downward 1nto ]am1nated ' \\\\\
silts Sample D4A from base of unit. _ S - -

0.39- 7 | | ‘ |
Grrvek

Sectioﬁ D5
OJOO-0.01
Fi

© 0.01-0.04

e silt/clay draping rippled surface .

F1n1ng upward sequence from very eoarse to med1um sand.:
0.04-0.25 |
‘Sequence of graded beds; 0.5-5 cm in th1ckness, as a
who]e flnlng downwards_from predom1nantly medium sand to
fine sand. o
0.25-0.45 / ‘, |
Gradat1onal contact leads into lam1nated s1lts Saﬁple
D5A is a channel sample through the unit.
o.45055..' e ' |
sequence of graded beds grading from coarse to fine
sand. : | |
- 0.55-0.58
‘Poorly bedded silts.
, Sect1on D6 | _
‘This, section lies - three metres away from sectlon D5,

—

/——’
~and the first unit-6f D6 11es“d1reetly below . the last un‘t
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Medium coarse sand, poorly bedded. Sample 6B is a
channe] sample through this unit.
0.30- p 41
Lam1nated silts 1nterbedded w1th fine sand Sample DBA
is a channel sample through the unit. '
0.41-0.55 |
Cross laminated fine sand/silt.
0.55-0.59 ' |
Mediun to coarse grained sand, massive.
Section D7
0. 00 -0.03
) Finely. 1am1nated clay draped over rippled, surface.
0.03-0.15 o
Coarse sand poorly bedded'with a concentration of
’ pebbles towards the base.
0.15-0.22 ,
Sequence of graded beds, th1ckness 1. 5 cm grade from.
coarse to medium sand. '
10.22-0,23 |
. Medium grained Sand,ncross bedded (7).
0.23-0.27 '
Coarse, mass1ve sand
$0.27- 0.31 7 |
» Graded beds, coarse to med ium sand thickness 2cm.
o 31-0.51 ‘&‘ o |
| Interbedded f1ne/med1um sands, fin1ng downwards

'0.51-0.81 _
;-
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.Lam1nated S1lt/c1ay Sample D7A from 0. 53-0. 55. sample
- D78 from 0.60-0.65; sample D7c from 0.66-0. 72; sample -
D7D from 0.77-0.81.
0.81-? '
Coarse gravel. w1th boulders.
Section D8
0.00-0.02
- Massive fine sand
0.02-0.52
Coarse sand/grave], structureless, coarsenlng towards
~ base. i | AT _ . BN
0.52-0.84° T o L |
Lam1nated swlts Sample DBA is a channel sample through

AN

the unit.
*0 84 7
| Gravel. e

_S§9t1on D9 - R o f S S
~ 0.00-0.19 . B I
Roughly bedded f1ne to med1um gra1ned sand Sample DQA
'fo 19-0.83 R |
E;;1nated s1lts Sample DQB from 0 20 0.28; sample DQC
from 0.28.0,40,-sample DQD “from 0.68 0.73; sample DSE
from 0.80-0-83. o D

S “Gravel, o
- Section D10 -~ e
10.00-0.20 | | |



‘Under1 1ng thin veneer of clay, coarse gravel, with
pebble up to. 50m d1ameter o
.20-0.23
Flat bedded coarse sand. | | - o P
.23-0.25 S S i/
. . Graded beds, thickness=1cm{ grading from cparse'to fine
“sand. S | |
.25 0. 26
"Fne sandr structureless
.26-0.29 B
Medium sand, massive. |
.29-0.33 . 0

" Graded beds (sand s1lt), samp]e D10A.

.33-0.50 o
‘ Lam1nated silts, samp]e D1OB from base
f»o.504? !
. Gravel/coarse sand.’ B -
/Sect1on D11 / o }‘ | .
| 0.00-0.10 . . . . -f:'
\K F1nely bedded fine sand. . . | §~' : ._;.5 IR
£0.10-0.35 S s . R ?-
o Mass1ve coarse - sand - ;} i
0.35-0.400 o f : ‘i,'r S
Cross bedded ftabular) medium gra1ned sand. ‘ RN
0. 40-0.60 _-ﬂ_f.

InterBedded med1um and f1ne sands, type B crossv

ﬂéminated draping of clay over some lamlnae
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o, 60- 0.72 | o
Very fine sand/silt, ‘horizontally bedded, shows some
_ _ gradlng.Sample D11A . |
0.72-0.79 .
| Massive sand}~finihg-downwards from medium to fine.
10.79-0.81 | B | |
Coarse sand, structureless - | ';
' 0.81-7 .
) ' Gravel. | ‘I
.08

Lamineted clay.
. 0.08-0.09 |
| Fine sand.
| 0.09-0.12", ‘
| Lamihated'claY/si}trﬁ ,.,N L ;"A “4:_"
: _0'.1'2'0'f13 o : L ‘_ O
| Fiﬁe sand. o | |
0.13-0. 17 o
Laminated s11ts. o }v_  *s“<‘ o o RS
0.17-0. 28 T e Lo
- Type A cross lam1nated f1ne sand Sample D12A
0.28-0.84 . LB_;» R S

JGradatlonal contact Jinto lam1nated silts. Sample 0128

4

‘from 0.30-0.35; sample 0120 from 0.40-0. 455 sample p12p -

from 0 50 0 55 sample D12E from 0 60 0 65 sample D12F_r”

: ;from 0. 70-0.. 75 sample D1ZG from base of unit.



0.84-7
Section D13 - . | : . |
0.00-0.01 ' o |

" Structureless fine sand.

.0.01-0.27 5‘ - |
Laminated silts. Sampje-D13A is a channel sample through
the unit. o | ;\ ‘ ,

or27-2° e

. Coarse gravel.

 section D14 E T
$0.00-0.01" o

4~“ }-l_ Clay,-iaminated._ _ |

0.01-0.46 . - - . }

lLaminated'sili; samp]é D14A is a éﬁannel séhple thr

- the unit. ’ . | ;
0.46:2 .
.lerqvel.- R
Section D 15 - . | “
 0.00-0.005 . v s

% Clay, massive? BRI S

¥ 0.005-0.18 .

: L4

Fineaéand.'“ fided ,-

| o twigs. o o
. 0.18-0.58
3 Laminéfed‘sii

© the unit.



1 0.58-7

0. 90 ?
Section D17
0.03-0.55 .. |
’ ,/A\Lamlnated s1lts, sample D17A is a channel sample through
: 0.55 ?

Sect1on D18
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Gravel

Sect1on D16

0.00-0.01 . . ® . N
- Fine sand,cross lam1nated. . h ‘

0.01- 0 03

Massuve clay

'0 03 0. 06

Flat bedded med1um sand
0.06-0.11
| F1n1ng down sequence from fine sand to s1}t_f
0.11-0. 80 .
Lam1nated sifte Sample D16A from 0. 11 0. 15. sample DISB

from 0. 45 0. 50 sample D17~ qngm 0.85 to 0. 90

o

Gravei

0. oo -0.03/ .

Mass1ve:c]Ay,

N

unit. R , , N o

" Gravel.

0. 00 -0. 0025
« Lam1nated clay,ik

‘ L ' 3 T e
. ¢ ' : .

\

e dJd
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N\

0.0025-0. -
- -mediuﬁJsa' C
0. 03 0.06 na\w

" Fining up bed from coarse to medium sand.

' 0.06-0.20 | | "

Laminatedzgélts.-Samp{é*DJBA is'a channel sample through
tHe un# | . ' '

0.20-7
‘Grayels. ' \*\¥

‘Section D19 - . - |

0.00-0.40 o \\\\\\\

Lahinated silts. Sample D19A is a channel sample :”“

0.40-7

Pdft]j’conéolidated gravel.

\

‘Sec?ion ggg
© 0.00-0.005 -
MassiJe dlay.r
0. 005 -0.05.
Flat bedded f1ne sand;
+ 0.05-0.70
. Lam1nated silts, base not seen but est1mated thickness
1. 36h Sample D20A is a channel sample through ent1re.
sect1on, sample D20B is from. 0. 10-0.15; sample D20C
0 20-0. 25; samp]e DZOD from 0 40-0.45; sample D20E from °
- 0:65 -0.70.
\Sect1on D21
~L0.00-0. 10
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' Maésfve clay. | :
0.10-0.11 I T
Fine sand.. “
0.11-1.21

Laminated silts. Sample D21A is é\channel sample. Base
of unit not exposed. o , .7 |
Section D21 |
0.00-0.01 |
Structureless clay.
0.01-0.41 |
Laminated silts. Sample D22A is é channel sample through

the unit. Base of unit not exposed.



IX. Appendﬂx 2

Raw data, gra1n s;ze analys1s

—r—

This appendix tabulates the results of grain size
analysis'perférmed on the samples collected. Under the
heading “hydroﬁeter readings” are six columns. These are:

1. EL. TIME; time atiwhich the reading was taken, .given in

‘ minutes'singevsettling commenced.

2. HYDR.; Hydrometer reading at this point.

3. CORRN Correction factor (the hydrometer reéding in a .
sett11ng cylinder centaining only dlstilled water and

| dispersant). ‘ _

. 4. T DEG C; the temperatue of the correction cylinder

5. PHI: The diameter of the particle settling at this time,

. -
N Y . N . o 7

. o ‘e ' ~~
~in phi units. - e '
‘ ‘ o

6. PCT. FNR. The percentage of the sample fineT than this = (O
. phi value, ' )

£

s are given ipn a similar fashion. The T

The sieve resu

&

2 WT. GMS“ the> e1ght of

3.' PHI; the part1cle

4. PER QENT. The perCentage o
in tBe §ieve

" 55“PCT. FNR.; as above.




D1A

¢

HYDROMETER RESULTS

NONE

\

 SIEVE RESULTS
° WT. ‘GMS.

DIAM. -
4.

2.
1.000

0.
.
:300
.250
.180
.125
.090
.063

o o o o o o

MM.
000
000

710
500

1

24
11
4

0.0
.59
3.13
2.
3]
2.
10.
25.
.29
.31

.51

51

71

93

45

27

PHI  PER CENT
-2.00 0.0
-1.00 1.56
-0.0 3.07
0.49 2.46
1.00©  3.63

1.74  12.86

2.00  -10.24
2.47  24.75
13.00 20.85
3.47 11,08
3.99 4.42

41

O O

. FNR.
100.
98.
95,
92.
89.
76.
6.

00

38
92
29
62
39

B4,
20.
A
.29

78
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~ HYDROMETER RESULTS E 5 S
CEL. TINE  HYDR. CORRN T DEG C PHI - PCT. FNR..

5.0 115 4.0 24, 31 15.00
49.0 9.4 4.0 24, A5 10.80

“ 6.0 8.5 4.0 24 .63 9.00-
182.0 7.8° 8.5 24 08 8.60 —"

320.0 + 8.0 0 2a. 49 T 8.00 . -
140000 7.8° 4.0 24, 55 7.60

SIEVE RESULTS = |

O O o ©o o o
© O O N N o

7 DIAM. WM. WT. GMS.  PHI  PER'CENT PCT. FAR, !
o 7 2.000 0.0  -1.00 ~ - ‘0.0 . 100.00
SR ‘i.oqp’ 018 -0.0 0.3 99.62
Goto 00 043 051 0.26  99.36
0500 . 0.24 100  012553_.998.88 | |
. 0.3 . "0.35  1.50 0.70  98.18 /
5 0.250 - 0.65 .  2.00  1.30  96.88
fb.{77j'é 0.87. © 2.50  1.74  95.14
. 0.125 . 2.65  3.00  5.30  89.84
o 0.8 474 . 3581 948 80.36
' 0.063 . 6.05  3.99 10.10. - 70.26 .



D24
HYDROMETER RESULTS

EL. TIME HYDR. CORRN T DEG C
o 24

_SIEVE RESULTS ',
DIAM. MM. WT. GMS. -

\,‘»\

0.5
1.0

2.0

4.0
7.0

.

'26.5 5.5
20.0 5.5
15.5 5.5
11.2° 5.5
9.8, 515

/

. '4:000 0.0
" 2.000 1.07
1.000 1.38
0.706 1.03
0.500 & 1.46
0'300 '3.88
©00.250 . .3.42
0.180 - 12.30
0.125  20.02
0.090  20.27
0.063 12.64°

.00
.00

51
.00 -
.74
.00
47
.00
47
.99

o o o o o

PHI

4:00
4.44
4.89

1
1

11

19,
19
11,

" 5.36 .

5,75

0.

g8

PCT. FNgy

19.94

13.77
9.50
5.41

4.08

\

100.
98.
97.
96.
95,
.62
.38

g1
88

76.
.38
26.

. CENT PCT. FNR.
- 0.
.02
31
.98
.39
.68
.25
.68
01
.25

00
98
67

70 .

31

70

68
.43
46

141



D2B - R
HYDROMETER RESULTS

EL. TIME . HYDR. CORRN

0.5 25.5 5.5

1.0 19.0 5.5
2.0 4.0 5.5
4.0 110 5.5
8.0 -9.5 5.5
SIEVE RESULTS .
DIAM. MM. WT. GMS.
2.000 0.0
1.000 - 0.02
. 0.700 0.47
) 0.500 0.76
.0.300  3.22
0.180. . 18.49°
) |

.063 49.47-

T DEG C-.  PHI
24.0
24.0
24.0
24.0
24.0

PHI

.00
0
.51
.00
.74
47
.99

3.99
4.42
4.88

5.36 -

5.84

PCT. F
20,07
13.54

NR.

18.53

. 5.52
4.01

PER CENT PCT. FN

0.0
0.02
0,47

-0.76
3.25

49.61

*18.55 -

100.
99.
99,
98.
95
76.
27.

R.
00
98
51
75

.50
94
33

142



D3A

HYDROMETER RESULTS

NONE

DIAM.

4,

2.
000
. 710
.500

= N

¢

~

© © © © © © © o

MM.
000
000

SIEVE RESULTS

PHI  PER CENj PCT. FAR,

WT. GMS. =
'o.d T -2.00
1.23 -1.00
2.79 __-0.0
3.09 0.49
5.82 1.0
. 30053 1.74
7070 2.00
23.24  2.47
“12.06 3.00
. 5.19 3.47 -
T 2.08 3.99
e~

0.
14
.60
.87
41«
40

T I CR X

28

16.
.62
.22
.83
.93

21
11

0

47

~ 100.

98

86.
93.
* 87.
59.

43
21

10.
5.
3.

G

00
.86
26

57
1
.49
27
44
51

39 «
a7 -

143
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D4 |
HYDROMETER RESULTS

EL. TIME  HYDR. CORRN T DEG q
| 24,

24,
" 24,

.063 -

| 0.5 '58.5 3.5
1.0 52.5 3.5
2.0 45.0 3.5
4.0 35.0 3.5
8.0 26.0 3.5
15.0 - 20,0 3.5,
- 730.0 7.0 3.5
" SIEVE RESULTS | |
“\“ﬁﬁlAM. MM.  WT. GMS.
| 4.000 . 0,0
2.000 % 0.0
” QOOO 0.01
}o;7bo.~ 0.03
1 0.500 0.03
£ 0.354 0.06 °
- 0.250 0.10
T om0t
0.125 0.35
0.088 0.95
0 1.59

W W oW NN,

'\ .

.00

51
.00
.50
.00
.50
.00
51
.99

© © © o ©o © o©

o s
PHI ‘ch. FNR.S
4.41  §7.52

4.8 60.715w
5.21  50.95
5.58  38.67
5.99  27.62
6.39  20.26
6.86  16.57
PER CENT PCT. FNR.
0.0 . 100.00
0.02  99.98 .
o2 9806
0.06  96.90"
0.06 99.84
0.12 - 99.72
0.20  99.52C
0.20  99.32
0.70  98.62
1.90 . 96.72
3.18 93.54
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. D5SA o - :
HYDROMETER RESULTS

EL. TIME HYDR. CORRN T DEG C  PHI  PCT. FNR.

' 16.0 13.8 4.0 24.0  6.38  19.60 .
) 49.0 10.9 4.0  24.0 7.16 13,80
98.0 10.1 4.0 240" 7.66  12.20
‘ 184.0 9.2 4.0, 24.0  8.11 . 10.40
318.0 8.8 4.0 24.0 "8.49 .  9.60
1414.0 8.6 4.0 24.0 . 9.57° 9,20
0.5 °37.5. 5.5 4.0 4.11 54.60 -
1.0 31.5 5.5 240 4.5  52.00
2.0 .25.0 5.5 24.0  4.98  39.00
4.0 19.0 5.5 240 542  27.00
" 8.0 155 5.5 240 5.8 20,00
180 12.5 5.5 24.0  6.45 14,00 -
42,0 0.5 5.5 2400 7.05  10.00
157.0 - 10.0 - 5.5 24,0 7.88  9.00
SIEVE RESULTS | T o S
DIAM. MM. WT. GMS.  PHI  PER CENT ' PCT. FNR.
© 1.000 - 0.02  -0.0 . 0.04  99.96
0:.700 1 0.03 0.51  0.06 99.90
0.500 0.03 ©1.00  0.06 . 99.84
0.354  0.05° - 1.50 ' 0.10 . 99.74

0.250.  0.26 2.00 . _0.52  99.22
077 046 250 0.3 98.90
0.125 . 0.81 . 3.00 & 1.62. 97.28

0.0887  2.79  3.51° 558  91.70

- Y



a8

- 0.063 . 4.83 3.99© - 9.66 -~ 82.04
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HYDROMETER RESULTS
. EL. TIME . HYDR. CORRN" ‘T Deq-c ~ PHI PCT. FNR.

0.5 '36.5 4.0  24.0. 4.10  65.00
1.0 305 4.0 - 240 454  53.00
2.0 25.0 4.0 24.0 = 4.98°  42.00
450 19.0 4.0 24.0 5.42 30.00
8.0 16.0 4.0 24.0  5.90  24.00
14.0  13.0 4.0 .24.0  6.28 18.00
6.0 11,8 4.0 24.0 ° 6.36  15.60
50.0 10,1 4.0 24.0  7.17  12.20
98.0 9.5 . 4.0 24.0 ' 7.65  11.00
181.0 9.7 3.0 24.0  8.09  13.40
3180 . 9.1 4.0 24.0 850 - 10.20
-63412;b»' 8.4 4.0 240  9.57 $8.80

SIEVE RESULTS = S
'DIAM. MM. WT. GMS. . PHI  PER CENT PCT. FNR.
2,000 ©  0.00  -1.00 0.0  100.00

1.000 0.08  -0.0 - €16  99.84
0.700°  -0.06  0.51  0.12 . 89.72
0.500  0.07 .00 0.14‘3",99;581'
0.354 0.08  1.50  0.16  99.42
0.250 . 0.18 ~ 2.00 0.36  99.06

C 0177t 0.43 . 2.50 0.8 98.20
0.125 168 3.00 3.36 . o4.8a
0.088 ° 3.95 . 3.5( . 7.90  '86.94
0.083 - 4.95  3.99  9.90  77.04



DB

‘NONE

SIEVE RESULTS -

DIAM.

4

2

-

©O o ©o © o o o o

HYDROMETER RESULTS
WM. WT. GMS. . PHI PER
.000 6.0 - -2.00 0.0
000 - - 0.03 ©-1.00  0.03.
000 1.46 © --0.0 1.3
710 5.36 0.49 a4,
500 17.11 .00 15.64
.300  50.16 1.74°  45.85
.250.  16.33  2.00  14.93
180 . 13.81 . 2.47 12,82
125 4.0 % 3,00 3.67
090 0.59. - 3.47 0.8
.063° -0.08 ~ 3.99 . 0.

CENT PCT. FNR.

S0 -

I
07

3

100.
99.
98.
93.
78

7.
»

00

97 -

64

?4_
.10
.25

32

70 0
03
.49

.42

148




PCT.
96.
93,
91,
85,
76.
68.
70,
59,
54,
.
a4,
| ,3éu
29.

F

.

" PER CENT PCT. FNR.

D7A
~° HYDROMETER RESULTS - |
CEL. TIME  HYDR. CORRN T DEG C  PHI |
005 52.0 4.0 24.0  4.30
15 50.5 4.0 . 24.0  5.08
2.0 49.5 4.0 2400 527
4.0 46.5 4.0  24.0 5.72 -
8.0 42.0 4.0 240 6.17
15.0 38.0° 4.0 24.0  6.57
 16.0 3.5 - 3.5  24.0  6.62
% - 3.0 34.0 45 240  7:03
-48.0 312 4.0 200 7.3
‘396.0 28.0 © 40 240 . 7.80
183.0° 25.2 3.0 24.0 . 8.24
319.0 23.0 4.0 ~24.0  8.62
14140 18.5 © 4.0 - 24.0 9.65
| SIEVE RESULTS - |
© DIAM. MM. WT. GMS. PHI
2.000 0.04  -1.00 0.00
.+ 1000 0.06  -0.00  0.12
0.500  0.05  1.00  0.10
00250 0.06. . 2.00 . 0.12
0.125 - 015 3.00 ,  0.30
0.063 . 0.14 3,9§r: . 0.28

1

99
99

00.

99.

.99,

ag.

00
.88
.78

66

36
08

149
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"HYDROMETER RESULTS o
EL. TIME HYDR. CORRN T DEQ C  PHI  PCT. FNR.
53:0 3.5 24.0  4.32  99.00
52.0. 3.5 24.0  4.80  97.00
- 51.0 . 3.5uCENRS,  5.29  95.00
__43.5f»f{”*’  . 5.75  90.00

13,0 © &8 78.00

5
0
0
0
8.0 |
15,0 40,0, - & .60 7i.ogv
0
0
0
0
0

30.0 <“86.5 5 - ..7.08  64.00

53,0 - 29.5 0 28,0 7.3 51.00

9%.0 26.8 - 4.0 24.0  7.79  45.60
183.0 22.8 3.0 2470  8.22  39.50

. 318.0  21.0° 0, 24.0  8.60  34:00
1413.0  17.2 4.0 - 24.0 © 9.85°  26.40

' SIEVE RESULTS' -
DIAM. MM." WT. GMS..  PHI  PER CENT PCT. FNR.
2.000 0.0 -t.00 0.0 10000

1,000 0.02  -0.0 -  0.04  99.96

500 0.04 .. 1.00  0.08  99.88
250 0.10  2.00 0.20  99.68
125 © 0,15 ‘~'3.oo_ | ‘10;36,4 . 99.38
0637 0;03,5’§% 3.99  0.06 | ' 99.32

o o o o



"HYDROMETER RESULTS =~

EL. TIME HYDR;J CORRN .T DEG C PHI

0.5 51.5 4.0
1.0 50.5 4.0
2.0 49.7 4.0
4.0 A7.0 4.0
a0 Yzo 5.0
15.0 38.5 5.0
18,0 35.5 4.0
51.0 30.2 4.0
98.0 27.2 4.0
185.0 25.0 3.0
329.0 22.7 4.0
1415.0 -18.2 4.0
SIEVE RESULTS -
DIAM. MM. WT. GMS.
2.000 0.0
1.000 0.10
'0.500 ,0.12°
0.256 0.16:
- 0.125 0.17
0.063 0.12

o

0o O O O O O o O o O o

5.30
4.79

.73
A7
.58
.67
.37
.81
.25
.64
.65

coc:oco\)\xm<c>‘c>'m

PER CENT
0.0

0.20

ol
0.24

0.32
0.34

0.24

5,27

PCT. FNR.

93.00 -
91.40
86.00
74.00
67.00
63.00
52 440
‘ 46 . 40
44.00
37.40
28.40 -

PCT. FNR.br

100,00
- 99.80
99.56

98.66

99.24
98.90

151
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D7D - |
HYDROMETER RESULTS N : | o
EL. TIME HYDR. CORRN ‘T DEG C' ° PHL  PCT. FAR.

~.
~

0.5 43.0 4.0 _ 24.0- _ 4.26  90.00
1.0 48.0 &:0__ 24.0  4.75 —_gh.00
2.0 46.5 4.0 fEZiD\\\\\s.zz ‘ ‘85:66\*7 .
4.0 43.0 40  24.0 -TETEE\\\\zgioo T
0. 385 200  6.12  69.00 |
5.0 34.5 4.5 240  '6.53  60.00
6.0 34.8 4.0 24.0  6/58  61.60 .
. 38.0 30.0"'ﬁ§.o 240 7.15  50.00
50.0 28.0 4.0 24.0  7.33  48.00
97.0 25.0 - 4.0  24.0 %.73 42,00
©183.0 22.1° 3.0 240 822 W20 |
‘% 319.0 ~ 20.2- 4.0 24,0  8.60  32.40
14140 162 400 24,00 9.64  24.40
 SIEVE RESULTS . R
DIAM. MM. WT. GMS. -  PHI  PER CENT PCT.:FNR: |
- '©4.000. 0.0 2,00 0.0 100.00
2.000 ' 0.49 . -1,00.  0.98 . 99.02 :
1.000  0.26 . -0.0 0.52 - 98.50 ..
0.500 « 0.35  1.00-  0.70  97.80 |
0.250  0.44° ~2.00 \\\\U:ae;;\\igs.gz
. 0.125  0.46 - 3.00 082 ° 96.00 _
0.063  0.27%Ek 3.9 0.54 95.46 .



" DYA.

"~ . HYDROMETER RESULTS

EL TIME“‘H*BR.,

0.5
1.0
"2.0
4.0
8.0

~715.01 -
28.0

_ . 53.0
. -~ '96.0

1182, 0
 316.0
i4‘1:'2';'0»,.,

SIEVE RESULTS;é
DIAM. MM. wr GMS

n"

" 4.000

1
o
I’lm
Q
o

e
)

2.000 *

o o o

47.0. 4
45.5 4.
42.0 4.
36.5 4.
30.5 4.
26.5 4.
s 4
22.5 4.
20.8 4.
18.2 3.
175 A,
150 4.

0.0

.40

CORRN ~ T DEG C

.22
43
12

.0

L0 /0 O 0 o U U O O O o

. . FNR.
24.0  4.2%  86.00
24.0  4.71  83.00
24.0  5.17 76,00
24.0 . 5.60° 65.00
24.0 © 604  53.00
. 24,0 .  6.45 44.00
. 28.0. 6.87  38.00
ofo.  7.32 | 37.00
24.0. - 7.73  33.60
24,00 "'8;18\;:\§pl40‘ .
24.0 © 8.57° 27.00
2.0 [9.62 2200 .
‘PHI  PER CENIzPPCT ENR.
-2.00 0.0 . 100.00 &
-1.00  0.44 0 99.56.
-0.0 0.8  98.70
" 100+ .0.2a 9848~
2.00 "o.ep ‘o7.66, ¥
3.00 96.38, i
- 3.99 530

ﬁ%




. . . .;DQB ,..,..'.A<, .., _ .— P
b |
~J HYDROMET?R RESULTS

~ HYDR.

"EL. TIwE
.05
CTe 1.0
- 20
4.0
9.0
15,0,
50,0

. 180.6,
SIEVE RESUL
DIAM. MM.
. 2.000

'cu

~ifﬂ &3 250

o0
0.500
101700

. 0, 354

50.0°
48.0

£ 46.0
41.5

340

291?-‘-'.
124.0
20.0

TS

WT GMS'

P . W

i e
.. v

8 ’ N
A . -,
oo » v A

CORRN T DEG C

A5

0
.02

5
5
5
5.
5
5
5

,©O ‘0. o 6.0 o o

.06.
067
:Qs,
207
:"08'. e
‘10,
09
i ;6é’f

. 5"', ‘

~ PHI

24,
24 .

6,

%
N~
S
o o o eo o o o

-1.00

2 oo;'

'2 50

';,3 00

|

P

3. 99

IR, S R, L T

- PHI

3

.28-
.22
.16
.29

.10

0.0

0.04- .
S

0.51 -

0.12
0.12

‘0f04

;_‘ L

.75

.66

.48

]

,!30

014
0.16
.1 0.20-

5“6.18

L

PCT.
90.
86.
82.
73.

s8.
49’
38. o

%0 e

PER CENT PCT. ‘FN
00.00 . ¢
99.96

1

f

99.30
- 99. f@* .

154

FNR.
00 o
0
00

o0
00
00 -
00

99.84 ¥

99.72 = - .
89.60 4

93‘92 e

98 88 S



.?pgc o |
'fff HYDROMETER RESULTS f-Aﬂ_ R

v"

. v r‘*EL,, ME HYDR CORRN\ T DEG ¢\~‘ PHL
@$~g -:Aﬁ§§~v 0.5 51.5 6. ow; 24 O[J«
SN 0 5000 ,’??0" (58,

PR 12

NP AR ,'z*?f.,
NSRRI T S
‘ “ ',,.8'6 “ f 35 0 ‘; 6' 9 ‘

v. : o

8.0 Qg;pﬁ}' 6.0.

.
an
a"“ b
3 S

.8

Q;, 1.29.0 “27193_ ,s.o' 42.00
Y 59.0 23.8 5.5 36.60
. 159.0 - 20.0 6.0 28.00
| 270.0 18.8 - 6.0 25.60
443.0 17.2., 6. 24.0 22.40
!'1413vo 5.2 6.0 24.0 i 8.40 -
. SIEVE RESULTS :' - M
“ - DIAM. MM: WT. GMS. - PHI -PER CENT PCT. FNR.
7. "2.000° *Q 0.0  -1.00 O'*fﬂ 100.00%
0.083 .. 0.88.2 '3;§9fﬁr"_31,zﬁjn 98.24 -
- S
o A Ao \
N E ' .
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DD o -
HYDROMETER RESULTS o T f | i
EL. Time% HYDR. CORRN' T DEG ¢ PHI  PCT. FNR. - 'y

0.5 52.0 5.7 24.0  4.30 " 92.60 | "agg
1.0 50.5 240 4.79  89.60
48.2 24.0 ~,.5.25  85.00
40.2 4. 5.94 ° 69.00

137.0 1. 62.60

32.0 .50 52.60

e

5
0
2
0

"

I3 S IS
R e R R R )

.

0
2 0
6 0
8. 24.0
15 '24;0- i
50. 0
101, 0
0
0
0

< .
‘oo o

24.
. 24,
24,
24,
. 24,

25, .31 39.60 - "
215 .78 31.60
242.0 * 20. .38 28.60

- '371.0 18, 69 25.00

1 1358.0  16. 60 20.60

" SIEVE RESULTS B

DIAM. MM. WT. GMS. ~ PHI  PER'CENT FCT. FNR. - . .°

2,000 0.0 - -1.00 0.0 100.Q4 . .

)

0.063°  0.88 ° 3.99 . 1.76 - 98.24

“ay

~ .

o O o O O O O o o
SIS TS RS NS RS T )

I R
© ® ©® = 3

TR
‘ .

,J..
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S peD | |
HYDROMETER RESULTS | |

EL. TIME HYDR. CORRN T DEG C  PHI PCT. FNR.
0.5 52.0 . 5.5 24.0 1 4.30  93.00
1.0 50.5 5 24, 4,79 - 90,00

0 49.0 . 5.5 - 24, 5.26 - '87.00 ) |

0 44.8 5 524, 5.70 78.60 R

0 39.5° 5.5 24, 6.14  68.00

15.0°  35.0 24, 6.54  58.00

0 32.0  30.0 24.0  7.03  48.00 7

0 7 ‘ 7

0 5 8

0 5 8

0 5 8

0 9

-

2
- - A,
0 : 8.
| 5

54.0 . 25. 24, .36 40.40

SERYN
47 - 20.00 &
82 27.00 W

.64 . 22,00 | \\

" 27. 24.
' 24,
- 24,

24,

153,
 267.0  20.
. 390 19,
IR TP Wt S
+5% . SIEVE RESULTS S | |
i  DIAM. MM. WT. GNS. PHI  PER CENT PCT. FNR.
. 2,000 - 0.0 =100 - 0.0 100.00.,
. 0.250 - .0.42 2,00 0.8 1 99.76 .
0.063  0.27 - 3.99  0.54  98.62

i . .
©O © o u » o o
© ©O © ©o-0 O © © ©o © o

- - T T NS T - SERC ST T S

’g £

-

& : LW o
Q » ) . v .
A - ,
- . . c ) e e
»
-~
O



158

T . ’ | . ' : ) A . X
‘ . . \ . y ) e , |

' - g . o . ~
o D9E L Tl .

<

ST~
HYDROMETER RESULTS “~

EL. TIME  HYDR.- CORRN

0.5. 50. 6.0

10 Y90 60
2.0 45,
4.0  38.
8.0 32,
14.0 26,
0
0
0
0
0

5
6.05 52.00°
6.40  41.60 A,
6.84  35.00
7.32 28.20
. ,
8
8
9

U ® o U o o wm
. B ‘

6

6
e 6
%h" , 'f‘, ~27.0 , 23.5 -6
5@*;‘ g o ‘54, : ﬁ20.1 " 6.
| 6 .00 21:00

6 .40 18.00

6 .76 16.00

6 .60 13.00 - k":r

".:146:f~M~1s 5

| t’.260..' 150

o . 432.0 14.0

14100 12,5

SIEVE RESULTS~_ | - |
DIAM. . wr GMS PER CENT PCT. FNR.
28000 - - 0. o - 0.0 100.00

““0?355 ; 0.33 ; '_,1.45_ <0.66 - 99.34 |

05‘563\ 0139"_ 3.99 . 0.78 . 98.56 "?

N - A -~ I - I - .O'O'.c_::o S
(&
S

L
‘~ -&‘#‘_’- p . BN N «
9 < . X
. P T - |
Lo P Co, ot A )
: S . - - -,.‘ N . - ~ . .
s C ". e (T A . o~ . .
o T, : o ORE : . . . S
. . LR Y . . . . ;

kg Ty

¢
P,*
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D10A—w¥ -:é-f'x‘i> S

HYDRUMETER RESULTS o

EL. TIME  HYDR. CORRN TDEGC  PHI  'PCT. FNR.
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HYDROMETER RESULTS \ .

B )
EL. TIME  HYDR. #€ORRN‘ T DEG C PHI PCT. FNR.

0.5 50.0 5.57 24.0 4.28 ss.bé

1.0 46.5 5.5  24.0 4.72  82.00

2.0 40.5 5.5  24.0 5.15  70.00

4.0 325 5.5 24,0 , 5.56{ 54.00

_ 8.0 255 5.5 24.0 5.99  40.00

18,0 20,0 5.5  24.0.  6.52  29.00

72.0 15.0 5.5  24.0 7.48  19.00

173.0 13.2 6.0  24.0 '8.09  14.40

1358.0 12.2 6.0 24.0 8.61 12.40

1364.0 10.2 6.0 24.0 9.56 8.40

SIEVE RESULTS | ,

DIAM. MM. WT. GMS. PHI - PER CENT PGT. FAR.
-+ 2.000 0.0 -1.80 ° 0.0 100.00
0.500 0.02 1.00 . 0.04 99.96

0.250 0.06 2.00 0.12  99.84 .
0.063 0.43 3.99 0.86 98.98
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HYDROMETER RESULTS
EL. TIME HYDR. CORRN T DEG C PHI PCT. FNR.

0.5 46.0 6.0  24.0 4.22 80.00 -
S7T1.00 41,00 6.0 24.0 ° 4.65  70.00
\ 2.0 33.5 6.0 24.0  5.07 55.00
4.0 26.0 - 6.0 24.0 - 5.49  40.00
8.0 19.8 6.0  24.0 5.93 27.60
13.0 16.0 6.0  24.0 6.25  20.00
54.0 12.8 6.0  24.0 7.25  13.60 -
1740 10.5 6.0 24,0 8.03 9.00.
€0.. 10.5 6.0  24.0 8.58 3.00
1502 & 10.0 6.0  24.0 9.55 8.00
SIEVE RESULTS |
DIAM. MM. WT. GMS. PHI  PER CENT PCT. FNR.
2.000 0.0 -1.00 0.0 100.00
.0.700 0.03 . 0.51 0.06 99.94
0.300  0.26 1.74 - 0.52 99.42

0.063 3.43  3.99 6.86 92.56
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HYDROMETER RESULTS
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HYDROMETER RESULTS

EL. TIME HYDR. CbRRN T DEG C PHI PCT. FNR.

\

0.5 48.5 4.5 24.0.  4.25  88.00
1.0 44.0 4.5 24.0  4.69  79.00
2.0 37.0 4.5 24.0 5.11  65.00
4.0 . 29.0 4.5 24.0  5.52  49.00
8.0 22.5 4.5  24.0 5.96  36.00
7 43.0 22.0 4.0 24.0  6.30  36.00 -
4.0 19.5 4.5 24.0  6.33  30.00°
25.0 18.0 4.0 . 24.0 6.74  28.00
68.0 15.5 4.0 24.0  7.44  23.00
117.0  14.0 4.0 24.0 7.82 20.00
242.0 13.0 4.0  24.0 8.33  18.00
386.0 12.5 - 4.0 24.0 _8.67  17.00
1424:0 12.0 4.0  23.0 9.59  16.00
SIEVE RESULTS )
DIA“T\?M. WT. GMS. PHI  PER CENT PCT. FNR.
2,000 0.01 ~1.00 0.00  100.00
1.000 0.04 -0.0 0.08 99.92
0.500 0.04 1.00 . 0.08  99.84
| \07250 C0.07 2.00 0.14 99.70 -
0.125 0.10 3.00 0.20 99.50
0.063 0.25 3.99 0

.50 99.00
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HYDROMETER RESULTS
EL. TIME HYDR. CORRN T DEG C  PHI  PCT. FAR.

0.5 50.5 4.0 24.0  4.29  93.00
2.0 44.0 4 0 24.0 5.19  80.00
4.0 37.5 4.0 24.0 5.61 67.00
7.0 32.0 4.0 24.0°  5.95  56.00
14.0 28.2 4.0 24.0 _ 6.42°  48.40 |
5.0 25.0 4.5 24.0  6.43  41.00
25.0 23.0 4.0  24.0 6.79  38.00 i
69.0 18.0 4.0  24.0 7.47  28.00
117.0 16.5 4.0 .- 24.0 7.84  25.00
243.0 15.5 4.0  24.0 8.36  23.00
387.0 14.5 4.0  24.0 8.69  21.00
1425.0 18.5 4.0 23.0  9.60  19.00
SIEVE RESULTS ‘

DIAM. MM. WT. GMS. PHI  PER CENT PCT. FAR.
12.000 0.0 -1.00 0.0 1oo.oo\
1.000 0.02 - -0.0 0.04 99.96
0.500Q 0.10 .00 0.20 99.76
0.250 0.17 2.00 0.34 . 99.42
0.125 0.04 3.00 0.08 99.34

0.063 0

.05 - 3.99 0.10 99.24
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" HYDROMETER RESULTS ) N o

EL. TIME HYDR. CORRN T DEG C  PHI  PCT. FNR. = &

0.5 43.0 5.7 24,0  4.26  85.60- ?ﬁiif%”%§1
1.0 45.5 5.7  24.0 4.7%,;¢J9f60&%§$;;t’ .
. | SN,
2.0 .38.0 | 5.7 - 24.0 5'12~rj§§f'§0 f?ﬁgff B
4.0 30.0 5.7 24.0 5.53 48,60 |
8.0 23.0 5.7  24.0 5.96  34.60
15:0 18.5 5.7  24.0 6,37  25.60
‘99.0 16.5 5.7  24.0 6.83  21.80
70,0 13.5 5.7  24.0 7.44 15,60 )
185.0 12.0 5.7  24.0 8.17  12.60
325.0 11.0  5.7% 24.0  8.53— 10.60
450.0 11.0 5.7  24.0 8.76 10.60
1410.0 " 10.2 5.7  24.0  9.58 9.00
SIEVE RESULTS '
DIAM. MM. WT. GMS. PHI  PER CENT PCT. FNR,
2.000 0.0 -1.00 0.0 100.00
0.063 1.70 2.99 3.40 96.60
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HYDROMETER RESULTS
CORRN
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24,
24.
24,
24,
24,

PHI -
-1.00
1.74
3.39

©O O O O O © O 0o o o o o

192

PHI . PCT. FNR.

4.25  84.60
4.69  76.60
5.11  62.60
5.53  48.60
5.96  34.60
6.37  25.20
6.98  20.80
7.39  17.00
8.15 v 14.20
8.52  12.20
8.76  11.60 e
9.58 9.60

PER CENT PCT. FNR.

0.0 100.00
0.30 899.70
6.40 893.30
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1A3
HYDROMETER RESULTS. wj;;?” - , -
EL. TIME HYDR. CORRN !T DEG C PHL - PCT. FNR.
 0.5. 48.0 5.7 24.0 4.25  84.60
1.0 43.0 75.7 - 24.0 4.69  76.60
2.0 37.5 57 240 5.1  63.60
4.0 29.5 5.7 . 24.0 5.53  47.60
8.0 23.0 5.7  24.0 5.96  34.60
15.0 18.0' 5.7  24.0.  6.38  26.60 =
30.0 16.2 5.7  .24.0. s\gs 21.00
87.0 13.8 5.7  24.0 7.60  16.20
182.0 12.0 5.7 24.0 8.12 12,60 ¢
3110  11.5 5.7 24.0 8.50 - 11.60
437.0 11.2 5.7  24.0 8.75  11.00.
© 1400.0 '10.2 5.7  24.0 9.58 9.00
SIEVE RESULTS - S
DIAM. MM. WT. GMS. PHI  PER CENT- PCT. FNR.
2.000 . 0.0 -1.00 0.0 100.00 .

0.063 3.25 3.99 6.50 93.50

o



1A4

'HYDROMETER RESULTSL

EL. TIME

0.

S

1.

oy !

.ggf, 7'9
173.

303.

429.

1396.

. © » N

5
0
0
0
.0
0
0
0
0
0

L3

0

SIEVE RESULTS |
MM. WT. GMS.

DIAM,

o ©o o o N

[000
700

.300°
. 106
.063

o w o w @ N O (8] w wn o

5.

0.0
0.13

16, BN BENE NS TS NS TT TS TS S

7.

N NN N NN N N w9 .
. ,

©2.88

5.03
2.50

24,
24,
24,
24,
24,
24.
24,
24,
24,
24,
24,

PHI

HYDR. CORRN T DEG C
36
33.
29,
24.
20.
16.
1.
10.
10.
9.
9.

0
0
0
0
0
0
0
0
0
0
0

PHI
5.10
.57

.48
.94
.36
51
.07
.47
.72
.57

<

e od . i
® N o o o v »

0 b o

PER CENT

-1.00
. 0.51

1

.74

3.24

A

-.0.0
0.26

.03

PCT.
© 60.
55,
47,
37,
28
21,
12,
- 10.4
Y
8.
6.

PCT.

100.00

5.76-

10.06"
5.00

FNR.

89.74
93.98

- ,83.92

78}95

1



1A5 |
HYDROMETER RESULTS
EL. TIME HYDR. CORRN

0.5 50.5 5.7
1.0 49.5 5.
3.0 435 . 5.
4.0 36.5 5.
8.0 29.0 5.
130 235 s,
32.0. 19.8 5.
59.0 17.0 5.
152.0 14.2 5.
283.0 13.5 5.
409.0 13.0. 5.
1383.0 11.8 - 5,

~ SIEVE RESULTS
DIAM. WM. WT. GMS.
2.000 0.0
0.063  0.81

e I R R e L T T S

T DEG C

J

- 24,
!

\}24.

o

24,
24,
24,
24,
24,
24,
24,

24,
24,
24.

4

. @ o o o o o o o o o o

B

© O O N OO »n

o

- PHI
© 4.29
4.77
19
.60
.02
.32
.93
.35

(8]

71
.58

01
45

PCT.
89.
87.
75.

61

46.
35.
28.
22.
17.

15

14.
12.

60
60
60
.60
60
60
20
60
00
.60
60
20

4

PHI PER CENT PCT. FNR.

-1.00
3.99

0.0
1.62

,

00.00
98.38

FNR.
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X
196~

181
HYDROMETER RESULTS
EL. TIME HYDR. CORRN T DEG C  PHI  PCT. FAR.

X 0.5 51.0 5.7  24.0 4.29  90.60 .
1.0 49.0 5.7 24.0  A4.76 86.60
2.0 42.0 5.7  24.0 5.17 - 7360
4.0 37.0 5.7 24.0 5.61 62.60
8.0 31.5 5.7  24.0 6.05  51.60
14.0 26.0 5.7  24.0 6.40  40.60
62.0 21.5 5.7 24.0 7.42 31.60
166.0 15.5 5.7  24.0 8.08  19.60
295.0 15.0 5.7  24.0  8.43 18.60
422.0 14.0. 5.7  24.0 . 8.74  16.60
1383.0 12.5 5.7 24.0  9.59 13#59-’
SIEVE RESULTS - . 0
7 DIAM. MM. WT. GMS. PHI ~ PER CENT PCT. ENR.
2.000° 0.0 1.00 0.0 100.00

0.063  0.54 3.99 .  1.08 98.92"



1B2

HYDROMETER RESULTS

EL. TIME

0.
1.

2
4
8.
14
38.
65.
159.
289.
415,
-1389.

SIEVE RESULTS

< DIAM. -
' 4
2,

O o o o

HYDR. CORRN
5 17.5 5,
0 15.5 5.7
0 14.0 5.7
.0 12.0 5.7
0 10.5 5.7
0. 10.0 5.7
0 9.5 5.7
0 8 5.7
0 8.0 5.7
0 7.8 5.7
o' 7.8 5.7
0 7.0 5.7
MM. WT..GMS.
000 0.0
000 3.08
.000 1.27
500 7.03
.250 12. 10
125 7.7
.063 “4.07

T DEG C
24.
24,
24.
24.
24,
24.
24.
24.
24.
24.

04,
24,

PHI
-2.00
-1.00
-0"0

2.00

~3.00

3.99

‘o o0 O O O O O b o o o

PH

©W O ® NN o0 g U oS b oW

PER-CE

0.
6.

2

14.
24,
15,
8.

I

.91
.39
.88
.37
.85
.25
97
.35
.99
A1
.68
.54

NT

16
.54

20

14

0,

06.

46 -

PCT.
23.
19.
16.
12,

S T S N e S R

PCT.
1

F
60
60
60

.60
.60

.60 "

.20
.60

NR.

j

60

.20

.20
.60

FN

00

193,

91
77.

' 53,

- 37.

29.

R.

84
.30
24
04
58

44
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1B5 -
HYDROMETER RESULTS
EL. TIME HYDR. CORRN T DEG C  PHI'  PCT. FNR.

0.5 45.5 5.7  24.0 4.21  79.60
1.0 41.5 5.7  24.0 a.66° 71.60
2.0 37.5 5.7  24.0 5.11  63.60
4.0 ' 33.2 5.7  24.0 §.57  55.00
8.0 29.0 5.7 24.0  6.02  46.60
{5.0 26.2 5.7  24.0 6.45 - 41.00
43.0 21,5 5.7  24.0 7.16  31.60
69.0 20.0 5.7  24.0 7.49  28.80
143.0 18.0 5.7  24.0  8.00  24.60
273.0 16.5 5.7 24.0  8.45  21.60
'400.0  16.0 5.7  24.0 8.72°  20.60
1378.0 13.5 5.7 24.0  9.53  15.60
SIEVE RESULTS - |
DIAM. MM. WT. GMS. PHI  PER CENT PCT. FNR.
2.000 - ¢ 0.0 -1.00 0.0 100.00
.0.300 0.51 1.74 1.02 - .98.98

0.063  7.57 3.9  15.14  83.84



199
12
~ HYDROMETER RESULTS oo /
EL. TIME ‘HYDR. CORRN T-DEG,C  PHI chy.sgg.v
0.5 47,5 5.7 24.0  4.24 83.60 N
1.0 <485 5.7 240  4.71  79.60 \\\\\
2.0 42,8 © 5.7  24.0 5.18  74.20 5
40 W0 5.7 24.0 5.63  66.60
', 8.0 35.0 .5.7 24.0 6.08  58.60
6.0 21.2 5.7 24.0 6.55° 51.00
3.0 26.1 5.7 24.0 7508  40.80
71.0 4.1 5.7 24.0  7.53  32.80
136.0 © 20.0 5.7 24.0  7.98. 28.60
'383.0 17.0 5.7  24.0 _ 8.70  22.60
1372.0 148 5.7 24.0  9.60  18.20
SIEVE RESULTS o o o
DIAM. MM. WT. GMS. PHI  PER CENT PCT. FNR. ,
2.000 0.0 -1,00 0.0  100.00
0.0863 4.32 3.99 ~ 8.64 . 91.36
\“{ _.



162 |
HYDROMETER RESULTS

EL. TIME "HYDR. CORRN T DEG C

0.5 53.5 5,

T 0 sso s
3 2.0 52.5 5
4.0 52.0 5

8.0 50.5 5
15,0  49:2 5
27.0 . 47.0 5.
'64.0 . 42.0 5
129.0 38.2 5

1 247.0 ?4,8 5
376.0 32.2 5
1367.0 270 5

SIEVE RESULTS
"DIAM.  MM. WT. GMS.
2,000 0.02

0.063  0.89

7

TN N N NN NN NN NN

04,

24.
24.
24.
24.
24.
24.
24,
24.
24,
24.
24,

PHI

-1.00
3.99

O O O O O O O O O o o o

PHI

[{o] @ o™ (o] ~ ~N (o] (62 B & ] -3 L=

.33
.82
.31

.80
.29
72
11

.67
13
.55
.83
il

PCT.

95

94,
93.
92.

89.

87

- 82.

72

65.
- 58.
‘53,
42,

200

FNR.-
:60

60

60

60
.00
60
.60
00
20
00
60

PER CENT PCT. FNR.
© 0.00

1

.78

1

00.00
98.22
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1F2 . ' ,
HYDROMETER RESULTS: S PR
EL. TIME . HYDR. CORRN T DEG C PHI hcr. FNR.

0.5 39.5 5.7  24.0 4.14  67.60
1.0 32.8 5.7  24.0 4.56  54.20
2.0 25.0 5.7 24,0 - 4.98  38.60
4.0 19.2 5.7  24.0 5.43 . 27.00
8.0 14.8 5.7 24.0  5.89  18.20
6.0 13.2 5.7  24.0  6.38  15.00
55.0 10.8 5.7  24.0 7.24  10.20
108.0 10.0 5.7 24.0 « 7.72 - 8.60
243.0 10.0 5.7  24.0 8.33 8.60
378.0 9.0 5.7  24.0 8.62 6.60 B
1363.0 8.8 5.7 - 24.0 9.54 6.20 ~
" SIEVE RESULTS
DIAM. MM. WT. GMS. PHI  PER CENT - PCT. FNR.
2.000 0.0 - -1.00 0.0 100.00
- 0.250 0.22 - 2.00 -+ 0.44 99.56
0.106  2.87  3.24  5.74 ' 93.82

0.063 . 5.81 3.98 11.62 82.20



X. Appendix 3

Data from cumalative curves

Tabulated below are the phi values at various cumalative
percentages, measured , directly from cuha]ative curves ’
plotted from grain size analyses. P95 refers to the phi
value at which point 95% of the sample is coarser that that .

value. Also given is the percent sand and silt in the

sample.

@ e e o e e e e e e em v e e e M e e T e m e G M e e M MR e =SS

-—- e
e e e e e o e an ae e e e e em em e e e e e B e W e e e e e e e A = e S -

DA 4.3 3.3 3.0 2.3 i.8 1.2 0.4 8 7T
D1C 1.0 5.9 5.2 4.4 3.8 34 .25 19 65
D2A 5.6 4.3 4.0 3,2] 2.6 2.2 1.2 73 27
D2B 5.6 4.4 4.0 3.3( 2.6 ‘2.1 1.8 73 27
- D3A 4.0 2.8 2.4 1.9 4.3 1.1 0.4 9 5
DaA | 1.2 6.9 6.2 5.3 4.5 4.3 3.7 6 87
D5A 11.4 6.5 5.6 .4.6 4.0 3.8 3.2 18 74
D6A . 11.7 6.7 5.8 4.7 4.0 3.7 3.0 23 68
D6B 2.5 2.1 1.9 1.5 1.1 0.8 0.4 93 i
D7A 3.3 11.6° 10.2 7.6 6.2 5.8 4.8 2 64
p76  13.3 11.5 9.8 7.4 6.3 5.9 5.3 1 68
“p7¢c 13.4 i1.6 10.3 7.6 6.1 5.8 4.6 2 65
p7D 13.5 11.3 9.6 7.2 5.8 52 4.0 8 66
D9A . 13.2 10.8 ~ 8.9 6.2 5.2 4.6 3.8 8 67

202
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D9B 3.6 1.2 9.5 6.5 5.8 5.1 4.2 5. 68
DIC  12.8 10.4 9.4 6.4 5.6 5.2 4.1 . 10 67
DD 13.0 10.8 9.1 6.9 5.8 5.4 4.4 4 70
D9D 12.9 10.6 7.7 6.7 5.8 5.3 4.1 2 7%
DSE  12.3 8.9 7.6 6.1 5.2 4.3 3.8 6 78
D10A 8.1 5.6 5.0 4.2 4.0 3.6 3.1 4 72
D10B  11.5 7.4 6.0 5.0 4.4 4.2 3.8 7 82
D11 7.5 5.6 4.9 4.4 3.9 3.6 3.1 27 70 -
b12A - 5.1 4.2 3.9 3.4 2.7 2.3 2.0 82 16
D12B 12.0 9.5 6.6 5.6 5.0 4.8 4. -
D12¢  12.9 9.8 7.5 5.8 5.0 4.7 T4 )
D12D 2.2 8.5 7.4 5.9 5.3 4.8 4. /
D12, 13.0 96 7.2 5.8 5.1 . 4.8 4. //
D12F 3.1 9.5 7.2 6.0 5.2 5.0 4. |
D12G 12.8 9.6 7.5 6.3 5.6 5.2 4.
D134  13.0 9.9 9.4 7.6 5.6 5. 4.
,D14A.;i 12.8 10.2. 8.4 6.5 4.3 4.7 3.
~ D15A  13.2 11.0 9.3 7.0 5.8 5.4° 4.
CD15A - 13.2.11.3° 9.8 7.0 5.9 5.5 4.
D16A ig.s‘ 9.0 7.2 5.8 -4.9 4.3 3.
D168 ;E§.1 1.1 9.0 6.4, 5.2 4.7 4.
DIGC  13.1 11.2 9.3 6.7 5.6 5.3 4.
D17A-  12.8 10.2 7.8 6.2 5.5 5.1 4. [
D18A | 13.1 0.0 7.9 6.6 5.8 5.4 4. /
D18A 12.4 9.2 8.0 6.7 5.8 5.4 4. /Z
. .D19A 13.8 12,1 11.0 8.5 7.1 6.1 4. ;
6.9 5.7 4.3 4.5 4. -

D20A 11.3 8.9



D208
D20C
D20D
D20E
D21A
" D22A

11.
12.
12,
12.
12.
12.

11,
11.
12.
11.
10.
12,
12.

12.
12.
13.
10.

© O ® w U o

(o] w (o] [0 o) w »

N O © O O © ~1 =3 -3 ~3 =2

w O w o,

o N

H @

N O N

-
[§ 2 B

NN NN NN

o N O
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Qs OO O NN YR O W
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o) N NS NS TS TS
A O ® 9w o N

N O O o =3

o W v o» -

16 I -SR-S

—
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84

.83

83
83
82
78

75
87.

81

83 .
My,
80

83

32

66

64

49

75



XI. Appendix 4

Lake water temperatures . f

Temperatures are in degrees centigrade and depths in metres

Location Depth Temperature
A 0 . 7.5
A1 .5 6.0
A1 T 5.7
A2 (duly 3) 0 7.0
. Ad : . ‘
A2 5 6.0
L& .
A2t 10 5.7 .
A2 (duly 4) 0 6.5
A2 ,u 5 6.5 /;)
A2 " .10 6.5 © -~
A3 0 6.7
A3 5 5.5
A3 - 10 5.8
Y 0 6.5
VR 5 . 5.5

A4 10 5.5

205 /



AS
A5
A5

B2
B2
B2

D2
D2
D2

, E2°
E2
. E2
E2

10
20

10
20 -

g o o ot o, ,
g9 N O o,
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XII. Appendix 5

Suspended sediment concentration, lake water

"Surface” refers to samples taken from the Take
sur face, otherwise the number following the location refers

to the depth belowgthe lake surface.

‘:Location Suspenided sediment
.J“:"l . ) .
o ~ | Goncentraggon (g/1)
D2, surface . 0.297
D2, 5m 0.082

D2, 10m 0.060

E2, surface 0.139
E2, 5 | 0.040 .
E2, 10m L o.osé
E2:Y20m <1\ | 0.095
3 . .
c2, surface 0.038
€2, 5m 0.069
€2, 10m 0.063
C2, 20m 0.053
C2, 30m -~ 0.070
B2, surface | 0.007
B2, 5m - 0.055
B2, 10m 0.041 |



A2, surface

YA2; 5m
A2, 10m

F2. sur face

F2, 5m

~\

0.038
0.051
0.122

0.051

"~ 0,056

208



XIII. Appendix 6

-

Suspended éediment content, inflow streams

This table_contains the data obtained from an hourly

< sampling of Hazard Creek between 08.00 and 19.00 hours

on July 18th; and also samples obtained from three minor
inflow streams on f%e afterﬁoon of duly 8th.
Location * Time" Suspended sediment

‘concentration (g/1)s

Hazard Creek 08.00 ‘ °”o.2éo'4

Hazard Creek  09.00 0.206 .
Hazard Creek ~ 10.00 0.283° | .
Hazard Creek  11.00 0.260 g
Hazard Creek.  12.00 0.473 R
Hazard Creek  13.00 . 1.211

nazard Creek  14.00 ~  1.957

Hazard Creek 15.00'. - 1n488

Hazard Creek = 18700 1.883
Hazard Creek 17.00 " 1.388

Hazard Creek 18.00 1.119
Hazard Creek - 19.00 ' 1.335
Stream 1 . 13.00 . . o0.186

~Stream 2 14.30 - .2.879

Stream 3 15.30‘ . 1.832
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e X1V. Appendix 7

~Staqe’measuremenL§i duly 4thj22nd

The measurements‘tﬁbu13¢ed are in metres below or above
an arbitary zero point, taken as beiﬁg‘the stage at which

-

< the first measurement was made.

- e e he wm e e e e e G e tm M e e A e e A m Em em e W A e e e

e
Date Time Stageg - r
g 4th July 15.45 0
5th July 18.30 0
6th July 17.40 -0.07
7th July 18.00 -0.17
8th July 17.50 -0.20
9th July 17.50 -0.17_
11th July 17.30 -0.13
12tn July 17.45 +0.03
13th July 18.00 +0.03
14th July . - 18.00 0
15th July 17..05 -0.17
17th July 17.00 -0.05
18th July 15.240 -0.15
19th July 17.00 -0.05
, 20th.July 15.40 -0.15
- 21st July 14.00 -0.05
22nd July 19.30 0

o a0
N ,-



L)

XV. Appendix 8
) . . y / . \?\
Stggg measurements, - July 18th //

Below are the results of houfﬁy observations of stage

made on July 18th, from 08.00 to'Q@.OO hrs. The stage is -

AN

measured in metres from an arbitary iéromgofht.

A7

Time Stage
08.00 .25
09.00 -0.23
10.00 -0.23
11.00 -0.21
12.00 -0.17 /
13.00 -0.15 oo
14.00 -0.12 : |
15.00 -0.09 :
16.00 = -0.05
@ “7.00  -0.05 . .
ig.op | -0.07 s 7T



) NXVI.  Appendix 9

Estimates of daily discharge

o

Tabulated below are estimates made of the inflow into
. ' - -~ . .
the lake over a 24 hour period, used as a correction to
_ -estimate the volume of water "escaping thrgugh:the

sub-glacial tunnel Qi is given in metres3/second.

TIME D1SCHARGE TIME DISCHARGE
0.00 14.0 13.00  16.0
01.00 13.0 14.00 19..0
02.00 11.0 ‘ 15.00 21.0
03.00 9.0 16.. 00 23.0
04.00 8.0 17.00 23.0
05.00 7.0 18.00 21.0 |
06.00 ?.o 19.00 200
07.00 6.0 20.00 19.0
08.00 7.0 21.00 18,0
09.00 8.0 ~ 22.00 16.0
10.00 10.0 23.00 15.0
11.00 12.0 |
12.00 14.0
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XV1

¢

I. Appendlx'lb

| Dlscharge calculat1ons and data

"D is the lake level

zero point,

measured in metres from arr arb1tary

three cent1metres below the’ max1mum level

attalned db 1s the d1fference in lake level between f

?

sucessive measurement s,

between measurements, in

isurface area Of_the lake
bracketing measurements, -

the_methods described in’

discharge from the'lake,

in metres dt is the t1me d1fference

thousands of seconds Av1s~the

at a lake level halfway between the .

in-metres2x10% } calculated us1ng

g1ven 1n cub1c metres/second as is Q1 and Qt.

d1scharge into .the
q1n the text,'and Qt

tunnel' given by Qt

from the lake at the depth of 1nterest

methods of the text

the teXt Qa 1s the overall
‘caloulated by Qa = dD/dt.A . and is
Qi is the

lake from the 1nflow streams as estlmated
1s the d1scharge through the sub glac1al
Qa+01

V 1s the volume d1scharged
calculated by the

and g1ven 1n cub1c metreleo

213

‘Date Time D dD s'dt’_hA :t'_:oa. ~Qi‘ ]Qt" Vo
Aste 17.20  1.02 - C e
. o.08 1a 5 1.126 -6.6 19.0 '12;4ui?1.050
21.05 - 0.94 - - - T
0.13 42.0 1. 133,'43;5,10;03 6.5 0.935
" 2nd  8.45 ’\0}81 _ I .f”
| © -0.04 10.5 1.139 -4.3 8.0 3.7 0.85f
11.40 0.77 o o
0.4 25.8 1.145 -6:2 21.0 14.6 0.755
18.50 0.63 | ,




'3rd.

" 4th

5th

6th

08.

13

19.

07

11

.-19
) 2‘_‘117
YO;;
14,1

08.

-, .112

15

.40 .

50

.55 -
.50

~30

10

30 0

;001

.25
.18

.16

50 -0.03

0,08
.12

.13

.12

.16

01

07 .-

.31

.07

.07

.02

100
.15.27.

.04

11
.01
.01

.04

10
01

.07

48.
18.

22,

14,

34.¢
24,
15.5

5301 |

10

12.

24,

43,

1,161

1.174

1,179

1:183

1.183
1.189

4 1.274

i':1.189
i 194
1.190 )
. '1.186

1.186

1.188

-7.
..4.
-3.

-0.

1,193 3.
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5 Laké fu]l,outf]ow
‘oberatfng and’ thus
2 éstihate of tunnel
djs?harge»not

7. possible
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22.
7th  10.

12.

47

13.

16

gth 08.

09.

09

12.
- 13.
14.

. 14,

00

55

05

.45
.45
10

.20

25

05

.30

25
00
05

30

27
©-0.03
.24

.08
15

.16

.23
.92
.98
.02
.25
.30
a7

.39

0.
0.
0.

7.
D,

07

01

02

09

.01
.69v
.06
'04.
.23
.05
;07

.02

20.

64.

11.

57.

10.5

187
.184
179
177
. 191
153
128
7124
,115!
.102

.089

13.
37.
30.

25.

17

14.

12.
21,
1.1.
14,
13.

14,

11,

17,

18B.

O ¢

10. €
13.
22.

12.

7.
27.
43,
37.
36.2.
42.
34,

32.
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1207
1642
1750
.2406
2732
L2514
6280
0190
1,071
217
351
412

.464



10th

- 06.30 3.63

15.45  1.46
16.30  1.50
17.30 1.57
18.30 ~ 1.63
1930 .68
,20;30 77
21.30 ,37.
f22.3o .98
23;30 10

06.30 '.2.25f
01.30  2.41
05.30 3.3

0.

0.

.07 4.5
.04 2.7
07 é.s
.06 3.6
.06 3.6
.08 3.6
.{b, 3.9
.09 3.6
1y 58
15, 3.6
16 3.6

.90 14.4 .

32 3.8

.38 3.6

1

1

1.

1

. 096

092

089

.084
.081
.076
.070
.063
. 055
048
.038
005

.969

17.

16.

21.

18.

18.

23.

29.

26.

35.

43.

46

62.

86.

.948 100.

’
/

S21.
’ 23.
23,
21,
20.
19.
8.
6.
5.
14,

113,

.0 106.
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.505
.566
617
.688
.748
.8}8
.909
.008
147
X
412
.820
479

.806



07

08.

09.

09.

10.

10.

11.

11

12,
12.
1.
13.
14.

14,

.30

30

00

30
00
30

15

.35

00

30

30

45

25

55

.01
.45
.69
.89
.97
19
.53
.78
.25
50
.40
62
22

.96

.44
.24
.20

.08

.34
.2‘.?
.47
.25
.90
.22
.60

74

.925
.906
.894
.887
878
.863.
.849
.830
| 812
.785
.758
740

.710

113.0

120.0
99.3
39.4

107.4

139.8

117.9

260.2

112.9

196. 1
185.4

185.0

292 1

10.
12,
14,
16.
16.
18.

20.

21

.0 119,
.0 1271

.5 106.

0 149.
0 129.
0274,
0 t28.
0 212.
0 2033.'
0 205.

.0 313.
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4171

4.468

4,656

4.775

4,902

'5.136

5.375
5.666
5"95,i -
6.400

6.820
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0.71 2.3 0.680 211.8 22.0 233.8 8.088

15,38 987 |
0.31 0.7 0.660 284.0 23.0 307.0 8.425
16.00 10.25 . | -

| 0.51 1.5 0.633 215.2 23.0 238.2 8.861 *~

16.25 10.76
o 0.83 2.1 0.608 240.2 23.0 263.2 9.275
17.00 11.59 o | ;
o 0.95 1.8 0.574 303.1 22.0 325.1 831
17.30 12.54 . a
 0.55 1.5 0.550 201.8 21:0 222.8 10.23
17,55 13.09 |
©1.27 3.6 0.520 183.0 20.0 203.0 10.72
18.55 14?36' | |
| 2.24 3.6 0.468 291.4 19.0 310.4 11.61
'19.55 16.60 . ., - |
© 2,77 3.9 0.404 286.7 18.0 304.7
©21.00 19.37 '

7.90 3.6 0.291 689.0 17.0 706.0
22.00 -27.23° |



XVIII. Appendix 11

Distances of sections from squrce

_The distance from the mouth of the inflow stream

'is given in metres..

A e M e M ee e Sm e Sm me m te A ke G e M em e Wm e e e e e S e e em e e e em e dm e e a e e e e

Section Distance Section Distance
D1, 100 . D12 800
2 100 D13 970
D3 300 D14 . 1020
D4 2 - . D15 1070
D5 450 D16 | 1000
D6 450 f D17 890
D7’ 1100 - D18 , 2000
DS 930 D19 1700
pto 150 7 D20 570
D11 75 | b1 650
o D22 680
&
Ky
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I. Appendix 12

Sample de§éFiptions and locations; sections
Unless stated all samples are channel samples through

the intervals given.

éample Depth: Description

Number  (m) | .

D1A ,0.00-0.21 Massive sand

DiB 0.5{-0.68 Gravel, massive )

DiIC 0.91-0.94 Massive fine grained sand/silt
D2A 0.09-0.16 Laminated silts/sand

D28 \\1’0.36-0.39 .Cross laminated sands

D3A \ 0.09-0.36 Poor 1y bedded medium/coarse sands
D4A 0.36-0.39 “Laminated silts

D5A 0.25-0.45  Laminated silts ﬁ

D6A 0.30-0.41 Laminated silts/fine sand
D7A 0.53-0.55 Laminated silts

D78 0.60-0.65 Laminated silts :
D7C  0.66-0.72  Laminated silts
D7D 0.77-0.81  .Laminated silts

D8A 0.52-0.84  Laminated silts

DA 0.00-0.19  Poorly bedded sand i
D98 0.20-0.28  Laminated silts

DSC  0.28-0.40  Laminated silts

DID 0.68-0.73 Laminated silts

DSE  0.80-0.83  Laminated silts ‘
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D10A
‘D10b
D11A
D124
D12B
D12C
D12D
- D12E
D12F

D12G’
D13A
D14A -
D15A "

D16A

D{6B.

D16C
D17A
D18A

@19A'

D20A
" 'D20B
D20C

D20D

 D20E
D21A
D22A

.29-0
.45-0.
.60-0.
17-0
.30-0.
.40-0
.50-0.
.60-0.
.70-0.
.80-0.
.01-0.
.01-0.
.18-0.
11-0.
.45-0
.85-0
.03-0.
.06-0
.00-0
.05-0.
10-0.
.20-0.
.40-0-
.65-0
11-1
.01-0.

.33

50
72

35

.45

55
65

84
27
46
58
15

.50
.90

55

70
15
25
45

.70
21

41

75

.28

20,

. Laminated

Graded beds, sand/si\t

~

Laminated

sand/silt, flat bedded

Cross laminated sand

Laminated
Laminated
Laminated
Laminated
Laminated
Laminatgd
Laminafed
Laminated
Laminated
Laminated

Laminated

Laminated
o

Laminated

Laminated

Laminated

Laminated silts .

Laminated
Hgminated
Laminated
Laminated
Laminafed

silts

silts
silts
silts
silts
silts
§ilts
silts

silts

silts

silts

silts

‘silts

sil%iw
silts
silts’

silts

silts

si]tsv

silts.
silts

silts
]
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