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ABSTRACT

Meltwater mixing in sma11 arctic lakes at Saqvaqjuac, 63068'¡l was

studied in l9B0 and l98f to evaluate the applicability of theoretical

lake water renewal times, whfch assume LOO"I mlxing of all inputs with

the lake \dater, to ice-covered lakes. Tþo 370 GBq tritium additions

were made to 7.09 ha P & N Lake. One was mixed with the unfrozen water

aÈ the time of uraxiuum lake-ice thickness (Uay l9B0) and the other v¡as

mixed with Èhe lake immediately after freezing (october l9B0). Dye

experiments vtere also performed at four lakes to define the spatial and

teuporal distribution of the inflov¡ and icemelL layers. Resul-ts from

the tritiated water, conductance, tenperature and dye profiles indicated

that., during ice-on, the co1d, row-densiÈy meltwater floated in a Èhin

layer 0 to 100 cm beneath the ice, extended over the entire subice-sur-

face area, and left the l-ake without. mixing with the heavier subice

lrater. These results imply that l) lake models incorporating a lake

flushing rate term need to be re-evaluated to accomodate the lack of

meLtwater nixing beneath spring ice, and 2) more attention should be

given to the early spring meLtwater chemistry and its distribution

within the upper lake strata.
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INTRODUCTION

Lake vrater theoretical turnover tiue (TT) is an imporEant terrq ín

lake management models (vollenweider L969, Dillon L975, Dillon and

Rigler 1974, schindrer r978, schindler eE al. Lg7B, Fee rgTg), and

assuues thar all inputs mix completely with the lake.

lake volur" 1*3¡

(1)

annual outflow volume (13 yr-l )

However, results from a number of studies indicate thaÈ cornplete nixing

probably does not occur in Íce-covered lakes, but rather that inflows to

ice-covered lakes can proceed directly to the outflow, mixing only with

the upper layers of the rake (Groterud L972, schindler et al. L9lL,

Henrikson and wright 1977, Hulrberg L977, prenÈki er a1. L979, Hendrey

et al. f9B0). The purpose of this study vJas to r¡ake direct neasurements

of spring inflow and retention of icemelt by ice-covered lakes and

thereby refine estimates of lake turnover tiroe. Þfore accurate estimates

of lake turnover Lime would be useful in limnologieal problems concerned

with acid and nutrient l-oading as well as metal accumulation.

Arctic lakes provide a good opportunity for such a study because wind

energy transferred to the lake water is negligible during the long

period of ice-cover.

In conjunction with whole-lake nutrienË addition experiments in

progress at Saqvaqjuac, ¿¡ Canadian Department of Fisheries and Oceans

TT
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2

research camp on Iludson Bay at 63068'N 90040'I^1 , a series of experiments

was performed and measurments made to determÍne the fate of spring (snow

and ice) rneltwater beneath the ice. In P & N lake tritiated water (gfO)

was used as a tracer in a tr^ro-stage experiment, with the subice labelled

in l9B0 and both íce and subice labeIled in 1981. rn separate dye

experiments Rhodamine B was added to the melting ice surface (Turkey

Lake) and to the inflows (P & N, Spring and Hawk Lakes) to deterrnine the

spatial pattern of straÈification.

To better describe the mixíng during springmelt, the lake was assr:med

to consist of Èhree compartments (c): ice, subice (liquid \^rater at the

onset of rnelt ) and in-outf low (a11 inputs to the lake which r¡¡ere

discharged via the outflow).

The traditional theoretical turnover time model (Forrnula I) is based

on the lake hydrological budget ( Izg dataser). This model predicrs a

whole-lake turnover time where 
"r"n 

of the above compartments would have

Lhe same turnover time. In this study two whole-lake mixing models were

derived, and used to compare the traditional rnodel with the tritium

data. The triÈ1um data were developed by integrating the lake morphome-

try with the lake \,ùater inputs and outputs to form the HTO dataset. The

first nodel (¡fl) deterrnined a theoretical turnover tlure (ff") for each

of the three compartments, whereas the second model (M2) considered

daily changes in the lake system and predicted outflow losses for the

labelled watermass during the the ice-on period"

To provide an independent comparison of the traditional model and

the observed daÈa conductivity daÈa were also used in conjunction with

the water budget data to predicÈ daily outflow concentrations and were

courpared with the measured data"



MATERIAI,S AND MET}TODS

Descriptlon of Èhe study area.

Saqvaqjuac is situated 45 km north of Chesterf ield Inlet N.I.I.T., on

the west coast of Hudson Bay (nig. t). The four study lakes (p & N,

Hawk, Spring and Turkey) occupy depressions in bedrock composed of Late

Precambrian diorite, gneiss and granite" Vegetation is typical of the

arctic Eundra. Local relief is 20-50 m.

Saqvaqjuac lakes freeze about I October and íce depth averages

I.7-I.9 m by May. Slush ice, formed on the upper ice surface as a

result of snovr cover loading (Jones, 1970), does not occur in all years

and is usually (10 cm thick. Annual precipitation (mean for 1977-1981)

is 298 nm (nig. 2). Spring melt begins by late }fay or early June when

arnbient temperatures are near OoC, although freezing of inflows and

ouÈflows sometimes occurs during thfs period and may last several days.

I.Iith increasing aÍr and hTater temperature a moat forms and extends to a

maximum depth of approximately 1.5 to 2"0 m before the ice-pan begins

its rapid deterioration. P & N Lake ternperature Ísopleths for 1980 and

19BI are shown in Fig. 3.

P & N lake (fig. 4), the site of the r¿hole-lake t{TO experimenrs, is a

headwater lake with a mean annual (1977-1980) theoretical turnover time

(TT) of 2.2 years. Spring, tlawk and Turkey lakes (nig. 5-7), used in

dye experiments, have TT's of I"Ir 2.9 and 0.4 years respectively.

-3-



Figure l: saqvaqjuac research field camp and experimental l_akes





Figure 2: Ilean annual precipitation at Saqvaqjuac/Chesterfield Inletf.or 1977-198I- Iray - September from Saqvagjuac data, else
from EnvironmenÈ Canada
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Figure 3: P & N Lake temperature isopleËhs for 1980 and I9B1
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Figirre 4: P & N Lake, morphometric map showing dye addition site at
inflow no"2
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I2

Figure 5: spring Lake, morphometric map showing dye addition site at
inflow
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Fi-gure 6: Hawk Lake, morphometric urap showing dye addition site at
inflov¡
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Figure 7: Turkey Lake, morphometrie map showing site of surface dye
. addition
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Complete rùater flow data for p & N

provided by Dalton (lg8t) and l,trelch (pers.

Who1e-lake HTO addition experimenrs.

r8

lake for 1980 and IgBt are

comm. ).

The first addition of HTO to p & N lake was on 16 May i9BO, at the

point of maximum warer depth (zm¡,x ). A 370 GBq (10 cr) viar (llew

England Nuclear) ¡¿as added 0.3 m below the bottom of the ice, using the

apparatus shonm in Fig. B. At l95oh the HTO vial was crushed in the

stream of the T¡rater punp (flow directed horizontally). The pump r¡ras

turned off at 2330h, restarted (f1ow airned dovrnward) at OB4Oh and

continued intermittently frorn 17 - 19 }lay. Air was then pumped at 0.5
-tI ¡nin ' through airstones at 8 rn depth for 12 hours over the nexË tvro

days, af ter which prof iles showed that the HTO \^ras completely mixed

throughout the lake- Thermal stratifícalion was re-established within 3

days.

0n 3 october 1980, another 370 GBq of HTO was added ro p & N lake

under 13 cm ice. The vial was crushed, diluted in 200 I of lake r.Tater

and siphoned into the lake beneaËh the ice at t0 ml s-1. The airstones

r¡rere then lowered as before and air pumped for 20 hours over six days.

An outboard motor, the boat anchored to the ice-hole edge, vras also run

intermittently to achieve complete nixing of HTo r"rith the lake.

Duplicate outflow samples from P & N lake were taken at least daiì-y

over the entire flow periods of 19BO and l9Bl. To determine the

stratification of meltwater beneath the ice, a suction samprer (nig. 9)

which drew water (25 11 
"-l) frorn a layer about I cm thick was used to

sample r'rater through grids of holes. A 2 1 Van Dorn water bottLe was

used to sample the lake during ice-off period..
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Figure B: Apparatus used for first HTo addition (p & N Lake 16 ìlay
1e 80)
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Figure 9: suction samprer, used for sampling water at sma11 depth
intervals () 1 cn)
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Conductance (¡mhos 
"*-l 

at Z5oC) eras measured using a Radiometer

conductivity meter cal-ibrated against a standard 0.01 KC1 solution, with

a precision of 5"/" on samples f rom P & N lake, inf lows and outf 1ows.

Each subsample \"Ias transferred to a liquid scintillation víal containing

a 10 m1 allquot of fluor (Beckman All-Purpose scintillation cocktail).

A liquid scintillation counter (Beckman LSl00) with an effÍciency for

tritiurn of. 23 + 3% (gLass vials) and 2I + 3"Á (plastic vials) was used to

determine the activity of each sample (counting effíciency did not

change throughout the study period). The samples were counted to 5'A (2

C ) statistical counting error. Inc1udÍng sampJ-e volume error, the

precision of each HTO analysis was probably about + gT..

.^: In addition to routine monitoring of ice thickness and moat width

:' (the distance between lake edge and ice-pan) for l9B0 and l93l, in ¡lay

1981 marked rods (3 mm X 90 cm) mounted on a 9 
"r2 clear plastic base

were placed in l0 cm diameter holes rvith the base resting on the ice in

the boLtour of the hote 40 to B0 cm deep. The hole was fil led with r^rater

and left to freeze, leaving the rod extending above the ice surface.

After the beginning of melt, the increase in rod length above ice

surface was used to measure the surface icemelt.

Lake temperature (T) measurements were made regularly from May 1980

to August l9SL using two dlfferent systems, a Hydrolab model RT-125 (+

0.IoC) thermistor and a bead rhermístor (+ 0.OSoc).

Dye methods"

On 27 May and 4 June l9B0 and 12 June I9Bl, 20 I of Rhodamine B (dye)

solutlon was added over 0.5 hours to p & N inflow no.2 (Fig. 4), spríng

(nig" 5) and Hawlc (fig. 6) lake l-nflows respectively ro derermine the



inflow path. Rhodamine

ice (Flg" 7) on 14 June

Rhodaroine B fluorescence

Pore-waËer methods.

24

B was also sprayed over IOO m2 of Turkey lake

f980 to folLor¡ icernelt as it entered the 1ake.

rras Eeasured in a Turner model 111 fluorometer.

The loss of IIT0 Eo the sedimenE.s Tras measured using pore-r"rater

peepers (Flesslein , r97 6a) f i11ed wirh low HTO r^7arer ( <lo dpm) and

covered \,rith .21 ¡:m (Nucleopor"R¡ dialysis membrane. Each acryric pore

peeper vras 70 cm long and consisted of 36, 1.2 cm by 7.6 cnn chambers

arranged serially on a plane, each separated by a 0.7 cn wall. The pore

peePers were placed by diver on three occasions and left to equilibrate

fr¡r two weeks, after which they were pulled by attached float-lines to

lhe surf ace ( elapsed time 10 s ) where 8. 1 rnl of v/at.er f rom each lI ml

chauber was withdrawn by syringe and counted for iITO.

The HTo flux to the sedinents \,/as determined. in tr,ro steps. First, a

l-rest-fit tiure-dependent numeric nodel was used to describe the sedinent

HTO profiles (Hesslein, 1980b); and for each depth, the concentration

was gÍven by:

( cl.o= - 2ct, + c!_^z )

ct+ot= ct + (rt)

where: ^Ë_

t=

D-

Lz

HTO concentaÈion at dept.h z

I hour

diffusion coefficient of HTO

(cra) at nodel sÈarting time

into sediments
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Second, the model-generaËed curve r¡ras then integrated over the profile

depth and appJ-ied to the area >l m depth to give a flux for the entire
1ake.

Gross evaporation.

The difference between the HTO predícted for

v/ater budget and that actually measured (both

loss) during the íce-off period was assumed to

the lake srrrface via vapor exchange (gross

evaporaÈion). These losses were used together

losses to correct the IITO mass balance.

Mass balance for HTO.

ìlass (M) of HTO is deterroined by:

the whole lake from t.he

corrected for sediment

be due to HTO loss from

evaporation minus net

r,¡ith the other rneasured

outflo\4,

by the

subice

I,f = AC
SSS

1=max

I+ \ A.c.d.\ 1r-1
\,
i=0

where A is the area of the rnidpoint of each contour interval and C is
the concentration at depth for the subice (s) and ice (i) mass.

ìfodels.

rn P & N Lake the vol-'me of laberled subice water lost by the

during l9B0 r,ras determined by dividing the outflow HTO nass

corrected subice IìTO concentration. rn tg8l, when both ice and

were labeIled, the following equation was used:
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v=To Ts+Tl

Vs*Vl

where: V = volume of subice and ice lost via outflow (r3);

labelled \"¡ater

TO = mass of HTO lost via outflow (dpm); neasured

T, = subice mass of HTO (dprn); at time of maxinum ice thickness

V, = subice volume (*'); at time of maximum Íce thickness

T, = ice mass of HTO (dpm); at time of maximum ice thickness
?V, = ice volume (m'- r,rater equivalents); at time of maximum ice

thickness

For modeL Ml, the HTO and Hzo darasets for 1980 and l9g1 !/ere

conbined with the assumption that for the outflow volume measured or

predicted, the proportions for each the lake coarpartÈent dicl not change

frorrr one year to Èhe next.. From these pooled data it was possible to

obÈain estimates (t3) for the proporEion of each conpartment to the

tot.al outflow volu¡¡e. The turnover time for each compartment (TT") was

predicted by:



,1

TT=
c

t/
(,tt
\'"'

/ vr,r

lc
/.

\Ð 
u".

VH
c

-xVH
c

,ì

where: TT^ = annual .turnover time (yr)c

VW" = mean annual volrme of compartment 
" 

(*3); as deterrnined

fron the \^/ater budget

VL = mean annual volume of lake (23ZrZOO ra3)

VH" = mean annual vol-ume (r3) of compartment c

as determined from HTO and HrO datasets

Vo = mean annual volume of compartmenÈ c lost to the outflow
i.(n")

Daily HTO losses from P & N Lake outflovr provided estimates of the
a

losses (*') from the labe1l-ed subice compartment (t980) or subice/íce

compartments (1981). rn order to compare Èhese results ¡¡ith those

predfcted by the traditional ¡nodel (formula 1), a second rnodel r^7as

developed to predict daily HTo losses from the labelled compartment(s).

I{odel }12 predicred V, as:



¿o

PTo PTS + PTI

v=
p

tvs + PVI

where: V-= volume lost from labelled compartnent (m3)p

(\*¡.rr-i{o)
PTo X outfl-ow discharge

(vl+vi*vr-vo)
PTS = predicrecl HTO of subice (dpn)

PVS = predicted volume of subice (m3)

PTI = predicred HTO of ice (dp*); tg8l onty

PVI = predicted volume of ice (r3); I9E1 only

bL = roral lake HTO of previous day (dpm)

14, = mass of HTO melted from ice (dp¡n); l9g1 only

IUIO = mass of HTO lost via outflow (dpm)

VL = total lake volume of previous day (n3)

V- = inflow volume (n3)
].

V, = ice volume (r3 - \,rater equivalent); tgg1 only

Vo = ouÈflow volum" (*3)

To provide and independent comparison of the losses predicted by the

Èraditional nodel and the observed data, measured conductance v¡as

compared with those estimates obtained using the water budget data on a

daily basis.



RESI]LTS

Profiles 
"

The shape of the tritium, conductivity and temperature profiles
during the íce-on melt period were siurilar in lgBO and lgBI (Fig. lo),
except for the tritium profile. Profiles showed stratification, with a

thin layer of less dense, cold.er vsater wiÈh lower salt concentration,

located just bel-ow the ice. As springrnelt contintred, both the icemelt

and snowmelt runoff layers beneath the icepan became thicker, with only

a smal-l encroachment into the deeper layer, as shown by the HTO data

(rig. 1l). SÍmultaneously a shallow moat, which remained completely

rnixed, as deÈermined by HTO and conductance measurements, formed between

the ícepan and the lake edge (not shown).

Dye experiments.

- Four dye experiments, one iee and three inflow additions, showed the

pattern of subice spring meltwater. Al1 inflow Rhodamine B additions
provided simflar results; the dye extended from the inflow in a narrow

plume beneath the ice and became wider and deeper before reaching the

outflows.

At P & N Lake (27 llay - 6 June 19S0) the inflow rare vras about 5 1

-ls ' and the dye vras carried out in all directíons from the source,

forming a thln layer beneath the ice and becoming deeper over the

durarion of the experiment (Fig.12 and 13).

-29_



30

Figure 10: Tririum (HfO¡,
P&NLakerone
16 June 1981

conductivity and
site shown for 6

temperature profiles for
June 1980 and one sÍte for
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Figure 12: P & N Lake dye distribution, plan view, 27 l4ay-6 June 19g0
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Figure 13: P & N Lake dye distribution, plume
-6 June I9B0 (very low flow rate)

depth and length, 27 l4ay
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The initial dye distribution from Spring Lake (4-7 June l9g0) inflow
(about 20 I s-1) was in a narrow band, located a few cm below the bottom

of the ice (rig" 14). The dye reached rhe outflow four days after the

addition, with the hi8hest concentrations in the lake still.just below

the ice.

Dye vras added to Hawk Lake inflow (12_14 June lggt) at peak flow
(about 50 1 

"-1) and was found at the outflow afrer 33 hours. HÍghest

Rhodamine B concentrations were again found a few cm beneath the ice
(rig. 1s).

These three experimenËs indicate that the mel-twater infl_ows: l)
proceed toward the outflows as verËical1y discrete masses, 2) tend to
concentrate a few cm below the subice surface rather than imrnediately

adjacent to it, and 3) tend to mix more vertically as ínf1ow volume

increases.

The addition of dye to the ice surface of Turkey Lake (17 June r9B0)

illustrated that the dye poured down through the ice with the highest

concentrations found contiguous to the ice (Fig 16). Because the amount

of dye added ¡,¡as small, the dilution was rapid and no dye was found )3 n

fron the addition site. Thirty-six hours after addition, the dye was no

longer detecËab1e. This experiment showed that the icemelt water

remains irunediatel_y below the j_ce.

ewal times.

The daily P & N Lake discharge record for l9B0 showed a spring melt
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Figure 14: spring Lake dye distribution, plume depth and length, 4-7
June l9B0 (ì_ow flow rate)
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Fígure 15: Ilawk Lake dye distribution, plume depth and length, r2-r|
June l9B1 (high flow rate)



E c) .9 3 o o) -o s. # o_ c) Õ

0 0l o? o3 o4 o5
,"

,/
.a

'/

,,,
Ñ

// 
D

A
Y

40
I

o

D
is

to
nc

e 
fr

om
 ln

flo
w

 (
m

)
r6

0

O
U

T
F

LO
W

24
0

ffi
1 

in
cr

eo
si

ng
 d

ye

ffi
l co

nc
en

tr
ot

io
n

¡- N
J



43

Figure 16: Turkey Lake dye profile , 16-17 June I9B0
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peak prior to i-ce-off (Fig " 17), bur 662 of rhe total discharge occurred

between ice-off and freeze-up ( 108 d or 8O"A of the totar outflov/
period), because of several large sunmer precipitation events. For 19gl

the daily discharge record also showed a spring melt peak before

ice-off (nig. 18), but in contrast to the previous year, gs% of the

total discharge occurred during the iee-on period (zs d or 4rz of the

total outflow period ). These and other physicat data comparíng

differences between the 1980 and 19Bl v/ater budgets are shown for p & N

Lake and are presented in TabIe l.

Lake HTO concentrations were corrected on a daily basis for the

measured losses to the sediments (Fig.19) and the esti-mated losses via
vapor exchange (table 2) " The Ëheoretical turnover tÍme (rrc) vTas

predicted fron model I'Il for each of the three compartments (c); subice,

ice and in-outflow. Tabl-e 3 shols the differenE results determined for
1) the combined hydrorogical and water budget dara (Hro dataset), and

2) the combined tritiurn (HTO) and r^iater budget data (nro dataser ) .

Model 141 predicted that the subice compartment (TTs) was underestimated

and in-outflow (TTi) overestirnated for the annual- period (first melt to
outflow freeze-up). The volume lost from each lake compartment to Èhe

outflow was expressed as a percentage of the total outflow loss (table
4).

rn order to show the chronology of differences between

and measured losses, first, estimaÈes of the daily volume

labelled compartment were obtained from the outfrow HTO

taken at the outflow). Second, these measured data were

those predicted usíng the HTo dataset and model ì12 for the

the predicted

lost for the

data ( sarnples

compared wiÈh

enÈire ice-on
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Figure 17: p & N Lake dail_y ourflow discharge, l9B0
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.: Figure lB: p & N Lake daily outflow discharge, l9B1
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Table 1. Physical dara for p & N Lake, ISBO and l98l.

outflow Vol. (r3)

Input Vol. (r3)

Ice Vol. (r3) o

Subice Vol. (*3) Ji<

Z Annual Discharge
.- from first melt to ice-off

% Annual Input
from first melt Ëo ice-off

1980

g.42 x ro4

1.77 X 105

8.91 X 104

1.35 X 105

33.6 (27 days)

33,7 (27 days)

1981 (ro 31 August)

6.70 x 104

7.LO x rc4

B.B3 X 104

1.36 X 105

95.0 (25 days)

BB.4 (25 days)

¡t Note: At time of maximum íce depLh
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Figr:':= 19: Sedinent IìTO profile as
actual pore peeper data,
(diffusion rare = 1.3 X

predicted for
P p N^Lake 22

lo-'cm¿ s-r ).

numeric model and
Septenber 1980
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Table 2. HTO losses from P & N lake via the sediments and atmospheric

vapour exchange, 1980 and l9Bl.

Loss to SedimenÈs

Date -t _IFlux (dpm lake ' d ')

5.65 X 109

1.04 x 1010

1.03 x 109

* Loss to AËmosphere (V.E.)

Date -l _tFlux (dpm lalce ' d ')

3.03 x 1010

1.43 X 1011

* Note losses of HTo to atmosphere via vapour exchange during ice-on
were calculated as: íce-off X daily HTO-flux.

16 May 1980 - 2 Sepr. t9B0

3 Sept. t9B0 - 22 Apr. 19Bl

23 Apr. 1981 - 24 Aug. 19Bl

6 June 1980 - 26 Sepr. 1980

20 June 1981 - 31 Aug. 19Bl
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Table 3. Annual turnover tímes predicted by model Ml

for Ëhe three P & N lake compartments based on the HTO

and H^O datasets.
¿

ComparCment Annual Period

(yr)

r{To HzO

Subice 3.5 2.9

rce 3.4 2.9

In-Outflow I.g 2.9
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Table 4.

lost Ëo

and HrO

RelatÍve %

outflow for

budget data.

volume (*3) ot

combÍned period

and

the

each compartment of P & N lake

1980 - 1981, based on rhe HTO

PerÍod ComparÈment

Annual SubÍce

Ice

In-Outflow

Subice

Ice

In-Outflow

Ice-on

ITTO

'zo

(3s.4)

(2s.e)

(38.7)

(23.0)

(3e. e)

(37. 1)

57,052

4r ,7 53

62,389

2L,gOL

37 ,994

35,329

(43 . 1)

(30. 7)

(26 . r)

(47 .7)

(33. e)

(18.3)

69,487

49,486

42,I02

45,479

32,307

17,468
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period (fig. 20)" Differences between estimates !¡ere grearest at the

onseÈ of springmelt and became zero at ice-off.

trihen correcting the liquid p & N Lake vrater for all sart
(icemelt, precipitatÍon and runoff), the predicted conductivity

differed from that measured ¡ agãin with the greatest differences

onser of melr (Fig. 21)"

inputs,

values

at the
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Figure 20: DaiJ-y percent differences between da¡a predicted from modelIf2 and the measured data for labelled compartment volumes
Iosr via p & N Lake outflow, 19gO and l9B1
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Fi'-r';re 21' Daily Percent differences between estimates predicted f romthe hTater budget data and measured estinates forconductivity at p & N Lake outflow, I9B0
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DISCUSSION

Profiles.

rn P & N Lake the subice stratification which vras set up early in
spring melt and substantfated by the tritfuur, conductivity, temperature

and dye proflles revealed three disttnct layers beneath the ice: icemelt
on top, followed by lnflowing snov¡melt from runoff, and subice l-akewater

on the bottom' Evidence from total phosphorus and sil-ica profiles for p

& N Lake (welch lgBO' unpubl. data) reveaLed that infrowing particurare
matter and lablle substances also conformed to this stratifÍcation.
Figures l1 and lz show Èhat as icenelt and runoff continued, the
mertrl'ater layer became thicker, with a small amount of mixing with the
subice water. This li¡nited vertical rnixing persisted until ice-off,
which r.7as arso the time of spring turnover, and is typicar_ of arctic
lakes (schindrer er ar. r974, Minns Lgr7, Laperriere IgBr).

Flow from the outlet begins after the start of l-ake inflow. The

initiar P & N Lake ouÈf.r-ow consisted of cold (<toc), J-ow conductivity
meltwaÈer with no distinction between the icernelt (ice comparÈment) and

runoff water (in-outftow compartment) as determined fron the HTo data.
A sinirar occurrence v¡as first noted by schindler et al. (rg74) and has

since been shown eLse¡+here (Henriksen and I.lright lg77 , Jef f ries et a1 .

1979).

The vertical distribution of dye for p & N, spring and Hawk rakes
also showed that inflowing water (snowmelt) flowed beneath the ice with

-61 -



62

rittle rnixing with deeper \rrater (Fig. r5-r7). Runof f v/ater entered the

rake vi-a the inflows and, with the roixing of the ice-surface snownel_E

and the upper rayer of row density v/ater, formed a leading edge at a

depth between 0 and 1oo crn beloi¿ the bottom of the ice.

The spatial distribution of the runoff r^7aÈer r,/as a function of its
volume and density. The dye addition to the p & N Lake inflow Ëook

place during a period of early flow. shortly after the dye add.ition a

-- period of cold weaEher caused the inflow and outflows to begin freezing,
and 24 hours after addition the flow stoppecl. The dye slowry moved

throughout a large portion of the rake, the dye sËirÌ just ber_ow the

i-ce, and the energy required to distribute the dye can probably be

attributed to the residual Þrater movement set up by the inflorus and

density differences within the rake. when warmer weather caused fLow to
' ." resune four days Later, the dye had become widely dispersed Ëhroughou¡

rhe upper one neter beneath the i-ce, and with the subsequent decrease in

'' concêntration below threshold, a further descrÍption of dye moveuent r,ras

inpossible.

The Spring Lake and Hawk Lake inflow experiments took place during
periods of constant flow which resulted in a faster moveuent of dye to
the outflot¿. The pattern of dye distribution r^7as soner4/hat different for
the Hawk Lake experimenË (12 to 14 June 1981) than thar found for Spring

Lake (4 ro 7 June 1980), due to the greater Hawk Lake inflow volume.

The dyed inflow water q¡as initially found between 10 to 40 cm beneath

the bottom of the ice, in a direct band Eo the outflow. The fastest
moving !Ùater, Ehe topmost layer, was characterized by the rapid dílution
and then Èota1 replacement of the dye in the layer 20 to 30 cn belorv the
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ice r'¡hile the slower r.Tater was found between 0 to 20 cm ancl 30 to 60 cm

belor'¡ the ice and showed an increased residence tir¡e (Fig. i6). This

indicated that the inflowíng r^/ater (in-outflow compartment) had the
greatest verocity in the v/ater column and therefore the shortest
residence Èime.

These results allow better interpretaÈion of Ehe data froro rakes at
lower latitudes, where during melt the concentrations of various
materials in a vJaEer layer innediately beneath the Íce are often very
different from concent,rat.ions in the lake water below. prent,ki et al.
(L979) report that during springmelt a layer forms beneath the Lce at
Lake i'Iingra, l{isconsin which r¡7as composed of diluLe, cold icemelt and

runoff from shore. Samples were collected. from Lake wingra at c.5 m and

1'5 ltr (ice thickness approxiraately 0.3 n) and showed Ehat suspended

solids' particulate phosphorus, dissolved. reacÈive phosphorus, total
nitrogen, and filtered biochenicar oxygen demancl \{ere higher in the

runoff layer (0.5 m) than the lake water (1.5 u) thus indicaring a lack
of vertical ruixÍng between comparEments. Ilore recently a d.ouble inflow
spike (HTo and dye) \{as carried ouÈ aE Lz4o (ExperimenÈal Lakes Area,

Ontario) which showed the layering of infrowing water beneath the ice
(Linsey and Hesslein, pers. comn.).

The rayering of inflowing v/ater beneath the ice has also been shown

by Prepas (perso comm.) for Bob Lake (Iraliburton, ontario), where she

found that total phosphorus and totaL dissolved phosphorus Beasurements

r'rere similar at the inflor¿ and directly beneath Ehe ice, higher than Èhe

rest of Ëhe lake water. Acid precipiËation studies on snowmer_t in
central OnÈario (Jeffries et a1.. i-glg), eastern united StaËes (Hendrey
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et al-. 1980), sweden (Huttberg 1977) and Norway (Groterud Ig72,

Henriksen and r'Jright lg77), have shown that during ice-cover the

ínflowing runoff (which has a 1ow pH) forms a thin layer beneath the ice

and is associated with the litteral zone. Trace metal studies in
I{anitoba (Franzin and McFarlane 19Bl) also show this layer of snowmelt

(direct or runoff) beneath the fce. None of these studies have

quantif ied the vor-umes and flows of the mer-tv¡ater layers.

Compartment renewal times.

The daily discharge from P & \r outflow was very different for lgBO

and 1981' with l9B0 wetter and rgBr drier rhan rhe 5 year (1977-r9Br)

mean' In 1980, ÞJith major precipitation events occurring on three

occasions during the ice-off period, 302 more water r^¡as lost from the

outflow than in lgBI 
' 

and the outflow continued flowing untÍl freeze-up

on 26 september. rn 198r, flow ceased on Ir August, and onry 57. of the

total outflovr occurred after ice-off.

Although the ÈI^/o waÈer years T¡rere very different it was necessary to
combine the HTo data of both years to determine the role of each

compartment in the water budget. In order to do this it. was assumed

thaÈ during any year and r^rithin a specific time interval (ice-on,

ice-off, annual) the compartment proportions which exit via the outflow
remain constant- It was possible to determine these proportions based on

the HTO and HrO datasets (nodel Ml). Table 4 indicates that for both

time intervals (fce-on and annual period), the estimate of voluue lost
differed between the HTO and Í/ater budget data with Ëhe greatesË

deviatÍon during the ice-on period. The Èheoretical turnover time for
each compartment (TT", as predicted by nodel MI), based on the $/ater
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budget data (Hro dataset), rdas higher for the subice and 1ower for the

ln-outflow than determined from the HTO data (Table 2).

Based on the TTc deterrnined using both the HTo and Hro datasets, for
lakes with no ice-cover and assuming the lakewater is completely mixed

and knowing the lake's r¡rater budget, the difference between actual- and

predlcted losses (for all compartments) via the outflow should be zero.
However, in Ëhe arctic the overriding factor which reduces whole-lake

inixing is the duration of the ice-cover period. rn a year when most

precipitation occurs prior to and during melt (but before ice-off) the
difference between measured and predicted TTc will be large, with a

large proportion of in-outflow and a snarl proportion of subice ross, as

Íor P & N Lake in 1981. llhen mosË precipitation falls during the

i"ce-off period when the lakes are well mixed, the difference wiLl_ be

srngller (¡'ie. 3).

The greatest proporLion of in-ouEflow loss from the lake to the

outflow for any year should occur when íce leaves the ]ake late i-n Ëhe

year' when inflovrs cease early and when summer precipitation is 1ow.

The snallesÈ proportion of in-ouËfl-ow should occur when the ice-cover
period .is short, $/inter snor^7 accumulation is srnall and high inf 1ow

volumes occur during the open water season. For lakes where ice-cover
and/or density differences prevent whoLe-lake urixing the actual TTc for
any year wilr depend on the amount of precipitation, season of precipi-
tation, duration of the ice-cover period, and Èhe volume of the r_ake

basin relative to the size of the tributary drainage area.
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Flux to the sediments.

Fronr the onset of ice-cover to fÍrst outfrow loss, HTO losses to the
sediments as well as the incorporatÍon into the ice were the only losses
of ÌIT0 fro¡¡ the lakervater (subice), Horvever at al-r other times of Ëhe

year 10sses to the sediments Þrere (57. of the total HTo i_oss.

The flux of tlro to the sediments depends on the diffusion coeffícient
of HTO in the sediments and the concentration gradient of HTo at the
sedimenE-r"¡ater Ínterface. For P & N Lake both the diffusion coefficient
and concentration of HTO varied during the course of the experimenÈ (Ilay
1980 to AugusE 1981) and as a resurt the flux varied con.inually.
Estinates of flux were rnade for three time period.s corresponding to the
three peeper profires: 16 May to 2 September rggo (period r; r.3 x

-q I 
-jr0 -cm's ') 3 septeuber 19g0 ro 2r April 19g1 (period 2;5.0 x ro-5.r2

-ls -) and 22 Aprit ro 22 August r9g1 (period 3; r.3 x ro-5.r2 "-1). rn
1976 at' Lake 227 (Experirnental Lakes Area, ontario) Hessrein (19goa)

determined a diffusi-on coefficient for iITO in the sediments of L-2 x
-5t-ll0 "crn' s ' for the summer stratification period which is close Èo thaL

found for Periods I and 3. The higher diffusion coefficient for period

2 probably reflects fall turnover when a density inversion occurred in
the sediments- The 1ow density interstitÍar_ \^rater, which had been

heated to above 4oc, r/¡as replaced with coored rake water, which at the
time of freeze-up was below roc. This density inversion has been

proposed ersewhere for tenperaEe lakes (Hessrein 1976b) and was measured

in both Lake 227 and an Alaskan pond (llusgrave and Reeburgh lggx).
Hesslein (r980a) found Ëhat based on rhe diffusion coefficient and.

Èhe r¿ater conÈent of t]ne Lake 227 sediuents the observed diffusion can



be accounted for by ¡rolecular

content of p & N Lake sedimenrs

Hesslein (Tab1e 5), diffusion by

in the Saqvaqjuac lakes.

processes only. Although

is sor¡ewhat less than t.hat

molecular processes is also
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the Þiater

found by

occurring

,A comparison- of gross evaporai!þn_3" ..1"r1"t"d by HTO ,."" b"1.
"od rua"rtra

Throughour rhe ice-off period atmospheric losses of HTO from p & N

Lake include net surface l¡/ater loss in the forn of net evaporation and

loss due to vapor exchange. The daily loss via vapor exchange \{as

always greater than that lost to Ëhe sediments (Table 2).
Gross evaporaEion (GE) is defined as:

GE = neE evaporarion/(l-relative humidity)

(Hesslein, pers. corom. )

Il'-;'¿ever since GE is crif f icult to measure, it is usually obtained by

difference' P & N Lake offered an opportunity to obtain an independent

esËi-mate of GE using the HTO daEa. From the differences between the
measured HTO 10st from the outfl.w and that estimate of HTO r_ost

determined from the v/ater budget (sedirnent-loss corrected), daíly
estimate of rake surface GE were obtained. For 1981 the mean relative
hunidity aÈ saqvaqjuac (Alran, pers. comn.) was 777. w6íc' predicted a

GE rate of t38B *3 d-I over the open r,rater period. (to 31 August) whereas

estimated from rhe HTo dataset rhe GE was L27o ,3 d-1. For rggo the
estimated HTO predicted GE rate v/as 10wer, 764 n3 ¿-r compared to L24o
3 .-1md"
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Table 5. lrlater composition (% water) of cores taken from p & N lake

(Aug. I97B) ar'd L227 (Aue. 1975).

P & N lake* ll)Jxx

Depth Interval % water Depth Interval % waxer

(cm) 6.5m core 10.0m core (crn) l.5m core

0

2

4

6

B

10

L2

T4

L6

1B

20

22

2

4

6

B

10

T2

t4

16

1B

20

22

24

95. s

93.2

94.0

93. B

93.6

93. 3

93. I

92.9

ot .)

92.6

91.5

9l.s

95 .6

94.6

94.3

93.6

93.2

93.0

92.9

92.3

91.0

91.3

90.4

90 .4

2.2

5.2

7.6

9.9

11.9

L4 .I

16. s

19.0

21.4

23.8

26.2

95.9

96.2

96.s

96.9

96. B

96. 8

96.7

96.s

96.4

96 .4

96.3

0-
))
q?

7.6

9.9

1r.9 -
14.1 -
I6.5 -
r9.0 -

2t.4 -

23.0 -

:k Brunskill , pers. comm.

** Hesslein 1980a
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The GE equation used for P & N Lake required that the 1ake water and

aÍr ternperaEures be equal for any uniE of time. Thus, the reason for
the difference between the da11y GE rate as deteruined from the
hydrometeorological daËa and the GE rate determined from the lfro data is
perhaps due Eo the direction and magnitude of Eemperature differences
betv¡een the air and lake water observed for rggo and 1gg1, which were

not considered when deterrnining the GE rates shown above. TurbulenË,
rather than molecular diffuslon is the process which is occurring at the
air/water interface, and the diffusion rates qiere probabry different
during 1980 and 198I.

The results of rhis study show t,hat existing lake roading moders,

i¿Ì:j'ch assume that on an annual basis Loo"/" rnixing occurs between the
'r"l''i'ce¡ ice and in-outflow compartments prior to loss froru the outflovr,
j.-:'jê(l re-eval-uation. For alt lakes which have ice-cover f or part of
i)'':'ir annual cycre cornplete nixing of inflowing Þ¡ater probably does not
rl . !'.Uf .

There are at Least Èwo main consequences of the rayering of
mertwater (snow, ice and runoff) beneath the ice and its subsequent l-oss

to the outflow" Firsr, schindler er ar. (rg74) and i^ierch (pers. comm.)

have postulated that the cryoconcentration which occurs in arctic lakes
is in part due Ëo the freeze-out of solutes from the ice which reroain in
the subice and are only partLy 10st to the outfl0w. Second, snovi, which
often contains large amounËs of acids and heavy meEarsr mây accumulate
on lakes and drainage basins, to be released as rneltwater in the spring
(Elgmork et aL- L973, Iragen and Langeland Lg73, Johannessen and
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Henriksen 1978, !-ranzin and. l'lcFarlane 1981, za jac ancl Gro¿zinska 19g2).
During snowmelt, the meltwater wirich layers beneath the ice is not
diluted v¡ith the laker¿ater, often resulting in highly polruted waters in
the upper lake strata' which may have deleterious effects on the biota
(Grorerud 1972; Leivestad and t4uniz tg76). prenrki et al. (Igjg) found
that such surface layering of spring me1ti,¡ater prevented the weedbeds

found at a depth of 1-2m frorn intercepting the nutrient-rich inflowlng

'¡ater, therefore creating a nutrient-limited. envÍronment.

Conclusion.

This study has shown thaE in arctic lakes with thick ice cover (1.5 _

2'0 n annually), actuar lake turnover times may be significantly ronger
(perhaps 2 times) than Èhe tradit.ional theoretical- model-, which assumes

complete nixing of inflowing waÈer with the rake vo]ume. This lack of
complete mixing is due to spri-ng ice-cover r¿hich ruaintains Ëhe lake
stratification' The íroplications are: (r) Toxj-c contaminants coming in
with spring meltwater will be concentrated in a thin layer beneath the
nelting ice, and in the moaE extending around Ehe shore , (2) The roading
of phosphorus, niÈrogen and other elements to r_akes is actuarry ress
than would be predicted. using models deveroped for temperate 1akes,
particularly for those that are rerativery high in spring mertwater,
because inflowing rneltwater remains near Ëhe ice surface, mÍxes onry
slightly with deeper rakewater of higher density, and. may reave the lake
directly vi-a Èhe outfrow. Refinemen.s to lake l0ading models (eg.
vollenweider r969; Dirron rg75) r¿ilr have to Eake this effecE into
account when applying these models which require theoreËical lake
Èurnover tÍmes for subarcÈic and arcti.c lakes.
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