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Abstract 

T h e  winter cover of Plastic Lake was found to b e  a 

porous t w o - w a y  barrier to both lake and atmospheric derived 

water. The most sevese pH depressions recorded i n  Plastic 

Lake appeared to be a result of snow and sain water 

enter ing the lake directly through macro openings i n  the 

i c e  cover. Slush lenses within the ice cover contained 

a disproportionate amount of the total winter cover i o n i c  

load, being qui te concentrated (conductance up ta 246.4 

uS/cm) and strongly acidic (pH d o m  ta 3.55). The winter 

cover was a s igni f  icant  source of hydrologic and chexnical 

inputs (particularly nitrogen compounds) to Plastic Lake 

during the ice covered period (Jan-May) , 

At least two pH depressions i n  the littoral zones 

occurred in Plastic Lake during the study season. The pH 

depressions eventually influenced the e n t i r e  surface of the 

lake to a depth of at least 2 .  Sm. Near shore chemistry was 

found to Vary dramatically i n  response t o  various rain-on- 

snow events. Dye tracings of Stream water and direct 

runoff indicate that  inflow area geometry and thermal density 

d i f  f erences s trongly influenced meltwater mixing in Plastic 

and other study lakes. Dye-tagged meltwater was generally 

conf ined to the upper 1.2m of Plas t i c  Lake. 
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Sec t ion  1 In t roduc t ion  and  1 ~ t e c a t u r e  review 

T h i s  research deals w i t h  acldic  p r e c i p i t a t i o n  and i t s  

i n f l u e n c e  on  water q u a l i t y  d u r i n g  snowmeit. The research 

was carrled out on small Precambrian Shield l a k e s ,  

especially P l a s t i c  Lake, i n  the Muskoka- Hal ibu r ton  area of 

sou th -cen t r a l  Ontar io ,  Canada ( F i g .  1). It  invo lved  t h e  

s tudy  of lake ice format ion,  e v o l u t i o n ,  and decay,  and  the 

d i s t r i b u t i o n  and en t r a inmen t  of a c i d i c  snowmelt water wi th rn  

ice-covered lakes.  The r e s e a r c h  o b j e c t i v e s  c o n s i s t e d  of 

dccumenting t h e  spatial and tempora l  e x t e n t  of s p r i n g  lake 

a c i d i f i c a t i o n  wi th in  t h e  study lakes, and d e f i n i n g  t h e  

phys i ca l  and chernical t o l e s  of t h e  w i n t e r  lake c o v e r  i n  the 

s p r i n g  lake a c i d i f i c a t i o n  p rocess .  The s e c t i o n  b e g i n s  w i t h  

a review of p e r t i n e n t  literature d e a l i n g  w i t h  snow chemistry 

and lake a c i d i f i c a t i o n  d u r i n g  snowmelt. Thrs is fo l lowed by 

a d e s c r i p t i o n  of t h e  development and decay of a l a k e ' s  

w in te r  cover  and i ts  effect on  t h e  limnology o f  t h e  lake. 

F i n a l l y ,  a d i c u s s i o n  of some o f  t h e  basic equations and 

approachs used t o  p r e d i c t  lake i n f l o w  dynamics is presen ted .  

T h e  r e s e a r c h  c o n s i s t e d  of g a t h e r i n g  f ie ld  observa t ions  and 

app ly ing  e x i s t i n g  in f low mixing theory t o  explain t h o s e  

obse rva t ions .  The work was c a r t i e d  out to  determine  what 

p o r t i o n  of t h e  lacustrine environment  i s  i n f l u e n c e d  by 

a c i d i c  snowmelt water withrn ice-covered l a k e s ,  and t o  

i d e n t i f y  lakes o r  in - l ake  a r e a s  that might be v u l n e r a b l e  t0 

s p r l n g  a c i d  shocks. It 1s hoped t h a t  a better unders tanding  





of the effect of l a k e  m f l o w  dynamrcs on s p r i n g  l a k e  water 

quality w ~ l l  ernerge. 

Spr inq  lake a c i d i f i c a t i o n  

Snow and o t h e r  ice p l a y  dominant r o l e s  i n  t h e  annual 

hydrogeochemical c y c l e  of lakes and t h e i r  c a t chmen t s  i n  

coo l - t empera te  regions world-wide. Their r e l a t i v e  impor tance  

g e n e r a l l y  i n c r e a s e s  w i t h  l a t i t u d e  and a l t i t u d e .  I n c r e a s i n g  

c o n c e n t r a t i o n s  o f  acid precursors (SOx and NO,), a n d  other 

a i r b o r n e  p o l l u t a n t s  have  been found i n  a l1  types of 

p r e c i p i t a t i o n  from around t h e  g lobe  ( reviewed i n  Ha ines  

1981). Wet deposition during r a i n ,  s n o w f a l l ,  and fog, dew 

o r  rime events, a l o n g  w i t h  d r y  d e p o s i t i o n ,  al1 c o n t r i b u t e  t o  

the a tmospher ic  l o a d i n g  of a snowpack, Snow which 

accumulates  on a l a k e ' s  ice surface and in its terrestrial 

drainage b a s i n  and which may be i n c o r p o r a t e d  i n t o  the lake's 

ice cove r  during s l u s h i n g  e v e n t s  (Shaw 1965) often c o n t a i n s  

significant amounts of n u t r i e n t s ,  acids and t r a c e  metals 

which are released t o  r e c e i v i n g  water bodies d u r i n g  snowmelt 

(Groterud 1972a,  Elgmork et a l .  1973 ,  Hagen and Langeland 

1973, Johannessen  et a l .  1977,  Adams et al. 1979, B a r i c a  and 

Armstrong 1979,  F r a n z i n  and McFarlane 1981,  S k a r t v e i t  1 9 8 1 ,  

Zajac and Grodzinska  1982,  Murphy and Shinsky 1983,  

Shewchuck 1985)  . 
Snowpack chemis t ry  h a s  been found t o  Vary b o t h  

vertically (Elgmork e t  a l .  1973)  , and h o r i z o n t a l  l y  (Sche ider  

e t  a l .  1 9 8 4 )  . Sche ide r  et a l .  (1984) found s i g n i f i c a n t  



spatial v a r i a b i l i t y  i n  snowpack chemistry on the mesosca le 

of  hundreds of metres. It is b e l i e v e d  that spatial v a r i a t i o n  

i n  snowpack chernlstry is t h e  r e s u l t  of f o r e s t  canopy 

a l t e r a t i o n s  of i n c i d e n t  p r e c i p i t a t i o n ,  r a t h e r  t h a n  spatial 

differences i n  i n c i d e n t  p r e c i p i t a t i o n  (summarised  by 

Marmorek et a l .  1 9 8 4 ) .  Elgmork g w .  (1973) found d r s t i n c t  

h o r i z o n t a l  bands w i t h i n  a snowpack which d i s p l a y e d  w i d e l y  

contraçting pH,  S O ~ - ~ ,  and c o n d u c t i v i t y  values. These bands  

appeared to be p r e s e r v e d  w i t h i n  the  snowpack so l o n g  as 

ambient  temperatures remained  be low f r e e z i n g .  

Changes i n  the mass of v a r i o u s  ions  w i t h r n  a snowpack 

have been  o b s e r v e d  i n  a number of  s t u d i e s ,  even d u r i n g  

periods without a p p a r e n t  melt (eg. J e f f r i e s  a n d  Snyder 

1 9 8 1 ) .  Jones and Sochanska  (1985) found s i g n i f i c a n t  c h a n g e s  

i n  snowpack che rn i s t ry  (especial ly ~ l + ~ ,  PO4 -3 , ~ n + *  and K+) , 

during melt-free p e r i o d s ,  when free water existed i n  t h e  

snowpack. Within-snowpack t r a n s f o r m a t i o n s  are b e l i e v e d  

a s s o c i a t e d  with microbial d e c o m p o s i t i o n  of f o r e s t - d e r i v e d  

organic matter i n  the snowpack. T h e  relative i m p o r t a n c e  of 

these wi th in -pack  t r a n s f o r m a t i o n s  is often d i f f i c u l t  t o  

assess q u a n t i t a t i v e l y  b e c a u s e  of t h e  great s p a t i a l  

v a r i a b i l i t y  o f  snowpack c h e m i s t r y  (Marmorek et a l  . 1 9 8 4 )  . 
S e v e r a l  s t u d i e s  have  shown that p o l l u t a n t s  t e n d  to be 

p r e f e r e n t i a l l y  removed from t h e  snowpack d u r i n g  e a r l y  melt 

events ( J o h a n n e s s e n  and H e n r i k s e n  1978,  Jeffries and Semkin 

1 9 8 3 ,  S c h e i d e r  e t  a l .  1984 and Jones et al. 1 9 8 4 )  . 
Johannessen  and  Henr i cksen  (1978)  found 70080% of t h e  total 



S O ~ - ~ ,  NO3 and H+ i n  t h e  snowpack w a s  l o s t  i n  the i n i t i a l  

30% of t h e  m e l t w a t e r  dur ing  field and labora tory  lys imeter  

s tudies.  Brimblecombe et  aï. (1985) and Tsiouris e t  al. 

(1985) r e p o r t  that there appears to  be a preferential ion 

e l u t i o n  sequence i n  t h i s  e a r l y  rneltwater, with  S O ~ - ~ >   NO^-> 
+ 

NR4 >K+> ~a~~ >M~+', H + > N ~ c ~ .  This also increaçeç  the  

a c i d i t y  of t h e  initial m e l t w a t e r  and leaves t h e  remaining 

snowpack solute-depleted and r e l a t i v e l y  r i c h  i n  N a C l .  T h e  

low s o l u b i l i t y  of inorgan ic  compounds within the ice crystal 

during snow formation l eads  t o  t h i s  m e l t w a t e r  concen t ra t ion  

effect, It is bel ieved that most impur i t i e s  are excluded t o  

the surface of individual snow c r y s t a l s  during snow c r y s t a l  

formation. The r ipen ing  of  the snowpack creates a  series of 

ve in s  through which r a i n  and m e l t w a t e r  can pass  and qu ick ly  

d i s s o l v e  impurities from the ice c r y s t a l  surface (Seip 

1980)- Simulat ions and models of  the chemical d e p l e t i o n  of 

a snowpack are repor ted  by Colbeck (1984) and Hibberd 

(1984). 

A s  s p r i n g  r a d i a t i o n  inputs increase, " d e s t r u c t i v e "  

metamorphlsm of the indiv idua  1 snow c r y s t a  1s proceeds and 

the snowpack ripens (Sornmerf e l d  and LaChapel le 1 9  70 ,  Co lbeck 

1982). The migra t ion  of water through t h e  snowpack is  

dominated by v e r t i c a l  unsa tu ra ted  flow unless  impeded by ice 

layers or the ground surface, which may d i v e r t  water 

l a t e r a l l y  a s  s a t u r a t e d  flow. Colbeck (1972 and 1978) 

forrnulated a kinematic wave-mode1 t o  predict meltwater 

movement through snowpacks, and several f i e l d  s t u d i e s  



s tud ies  (reviewed by Wankiewcz 1978) have demonstrated its 

merit. T h e  p r e sence  of t h e  snowpack has been found t o  d e l a y  

t h e  a r r i v a 1  o f  t h e  rneltwater wave a t  t h e  ground s u r f a c e  by 

up t o  twe lve  hours or  more, depending upon snow d e p t h ,  

t empera tu re ,  g r a i n  s i z e  and m e l t i n g  r a t e .  When t h e  wave 

r eaches  t h e  base of the snowpack there 1s an a b r u p t  e f f h x  

of water from t h a t  snowpack. I n  shallow snowpacks, t h e  peak 

of t h e  e f f l u x  is equal t o  t h e  peak rate of me l t i ng ,  but  may 

be s l i g h t l y  dampened if the snowpack is s e v e r a l  metres deep 

(Dunne 1983)  . 
The movement o f  water from the snowpack th rough  t h e  

terrestrial sys tem has r e c e i v e d  much a t t e n t i o n  i n  the 

l i t e r a t u r e  i n  r e c e n t  y e a r s  ( rev iewed  i n  Dunne 1983) . It has 

become w i d e l y  accep t ed  t h a t  v a r i a b l e  s o u r c e  area, r a t h e r  

t han  widespread  Hor ton ian  o v e r l a n d  f l ow ,  provides  most o f  

the  r u n o f f  from s m a l l  ca tchments  i n  humid a r e a s  (Dunne & 

a l .  1975, Dunne 1 9 7 8 ) .  Snowmelt rates are g e n e r a l l y  lower - 
t han  most f lood-producing r a i n f a l l  i n t e n s i t i e s .  T h e r e f o r e ,  

Hor tonian ove r l and  f l o w  d u r i n g  snowmelt is unlikely, unless 

t h e  i n f i l t r a t i o n  c a p a c i t y  of the  soil is reduced by s o i 1  

frost. T h e  type  of s o i l  frost is a l s o  impor t an t ,  as  

" c o n c r e t e  frost" renders soils r e l a t i v e l y  impermeable w h i l e  

"porous  f r o s t "  has l i t t l e  effect o n  t h e  infiltration 

capacity ( P o s t  and D r e i b e l b i s  1942,  Trimble e t  a l .  1958). 

T h e  o c c u r r e n c e  and c h a r a c t e r i s t i c s  o f  s o i l  frost a r e  known 

t o  be  i n f l u e n c e d  by weather ,  v e g e t a t i o n ,  snowpack d e p t h  and 



s o r l  characterlstics, however a q u a n t i t a t i v e  model for 

prediction and extent of s o l 1  frost 1s Lacklng (Dunne 1983) . 
Saturation overland f low and subsurface f low r e p r e s e n t  

two ends of t h e  spectrum of v a r i a b l e  source area processes. 

T h e  relative importance of each transport process w i l l  

depend on topography, s o i l  properties and r a i n f a l l  

c h a r a c t e r i s t i c s  and, indirectly, o n  c l i m a t e ,  v e g e t a t i o n  and 

land use ( F r e e z e  1974 ,  Dunne 1978). The pathways o f  

snowmelt runoff are the same a s  those used t o  describe 

r a i n f a l l  r u n o f f .  However, t h e  presence of  the snowpack, and 

s e v e r a l  different i n t e r a c t i o n s  between t h e  snowpack and the 

s o i l  ma t r ix  i n f l u e n c e  t h e  t iming  and t h e  r e l a t i v e  importance 

of each hydro log ic  pathway ( F i g .  2) . 
When t h e  e f f l u x  of meltwater from t h e  snowpack exceeds 

the infiltration c a p a c i t y  of  the soil, water accumulates  as 

a t h i n  saturated layer a t  t h e  base of the snowpack and 

migra t e s  downslope, often a long  the  b a s e  of the snowpack. 

Where t h e  i n f i l t r a t i o n  capacity of t h e  s o i l  is  r e l a t i v e l y  

l a r g e ,  a l  1 meltwater can enter the s o i l  and generate 

subsurface f l o w .  I n  p o r t i o n s  of a catchment,  t h e  i n f l u x  of 

meltwater may r a i s e  the  water table ta t h e  soi1 surface 

creating saturated c o n d i t i o n s  and return f low through t h e  

base  of t h e  snowpack. P e r c o l a t i o n  o r  r a i n f a l l  o n t 0  t h e  

s a t u r a t e d  areas can  produce s a t u r a t i o n  ove r l and  f low which 

rnay augument any return f low (Dunne 1983). 

The t y p e  of hydro log ic  pathway is impor tan t ,  a s  s p a t i a l  

and temporal  variations i n  stream chemistry have been 





attributed t o  d i f f e r e n c e s  i n  so iL  contact t i m e  (reviewed i n  

Marmorek e t  a l .  1984). Soi1 p h y s i c a l  ( i n f i l t r a t i o n  

c a p a c i t y ,  depth etc,), and chemical (cation exchange 

capacity, organic c o n t e n t ,  etc.  ) characteristics interact to 
- 

i n f l u e n c e  t h e  biotic (eg. NOj r e d u c t i o n )  and a b i o t i c  (eg.  

~ 0 ~ - ~  adsorp t ion)  processes which chemica l  l y  modify çnowmel t 

runof f  before it enters a Stream channe l  o r  lake. 

Z t  is w e l l  documented that p H  dep res s ions  often occur 

i n  t h e  poorly b u f f e r e d  surface waters of  N o r t h  American and 

European lakes d u r i n g  spring r u n o f f  [reviewed i n  Jeffries 

e t  a l .  1979  and Memorandum of I n t e n t  1 9 8 3 )  and t h a t  these 

depressions pose a p o t e n t i a l  threat t o  a q u a t i c  biota (Harvey 

e t  a l ,  1 9 8 1 ,  Canadian Govt. 1985) -  The  a c i d i f i c a t i o n  of 

w a t e r  during snowmelt can  be q u a n t i f i e d  as t h e  w a t e r ' s  l o s s  

of a l k a l i n i t y  ( D i l l o n  and Laze r t e  1 9 8 6 )  . The three methods 

w h e r e b y  this can happen are: d i l u t i o n  by low a l k a l i n i t y  

snowmelt water, change i n  t h e  o r g a n i c  acid con ten t ,  and 

a d d i t i o n  of strong minera1 a c i d s .  The r e l a t i v e  importance 

of strong mineral acids ( n i t r i c  and s u l p h u r i c )  varies from 

system t o  system ( D i l l o n  and Lazerte 1986) . With the  

exception of s t u d i e s  such as Charette et a l .  (1984)  and Gunn 

and Keller (1985) , l i t t l e  has been r e p o r t e d  as to t h e  

spatial ( v e r t i c a l  and horizontal dimensions) , and tempora 1 

( i n i t i a t i o n  and d u r a t i o n )  e x t e n t  o f  t h e s e  episodic e v e n t s  

w i t h i n  lakes. In a d d r e s s i n g  t h e  p o t e n t i a l  impact o f  s p r i n g  

runof f  o n  aquatic biota, it 1s impor t an t  t o  d e l i m i t  t h a t  

p o r t i o n  of t h e  aquatic environment w h i c h  i s  likely t o  be 



exposed t o  a c l d ~ c  meltwaters, and t o  determine the p o t e n t i a l  

chernical c o n c e n t r a t i o n s  t o  which biota w i t h i n  these zones 

could be exposed. 

P o t e n t l a l l y  in poorly  b u f f e r e d  areas that are 

influenced by acidic d e p o s i t i o n ,  an e n t i r e  stream system can 

be  inf luenced by a c i d i c  snowmelt as a r e s u l t  of turbulent 

mixing (Leivestad and Muniz 1 9 7 5 ,  Jeffries et a l .  1979,  H a l l  

and Likens 1980 ,  Bjarnborg 1983,  Keller 1983,  Johnson 1985). 

Fisst o r d e r  s t r e a m s  are g e n e r a l l y  i n f l u e n c e d  more than 

higher  o r d e r  streams (Lam and Bobba 1984  and Schnoor e t  al- 

1 9 8 4 ) .  D i l u t i o n ,  sediment b u f f e r i n g  and alkalinity (if 

p r e s e n t ) ,  s e r v e  to reduce t h e  s e v e r i t y  of t h e  impact of the 

s p r i n g  acid p u l s e  i n  t h e  l acus  t r i n e  environment. However , 

por t ions  of  a l a k e  may be i n f l u e n c e d  by a c i d i c  meltwater 

alrnost t o  t h e  same degree  as i t s  inflows. The meltwater 

impact zones withln a lake  are likely t o  be i n l e t s  and areas 

adjacent t o  these i n l e t s ,  w i t h  the  exact dimensions o f  t h e  

a f f e c t e d  area being de te rmined  by the volume, f low ve loc i ty ,  

depth of entry and density o f  t h e  i n f l o w i n g  water mass, as 

w e l l .  as t h e  geometry of  the inflow site ( F i g .  3). Headwater 

lakes  a r e  likely to be more s e v e r e l y  impacted by 

a c i d i f i c a t i o n  than  higher order lakes (Schnoor et a l .  1983). 

T h e  fo l lowing  s e c t i o n  discusses t h e  winter lake cover, 

i t s  forms, and i n f l u e n c e s  on a l a k e  during i t s  growth and 

decay , 





Lake ice i n i t i a t i o n ,  e v o l u t i o n  and decay 

Climato log ica  1 f ac to r s  such as  tempera ture ,  r a d i a t i o n ,  

p r e c r p i t a t i o n ,  windspeed, etc. ,  determrne the s p a t i a l  and 

temporal p a t t e r n s  of bo th  d r y  and w e t  d e p o s i t i o n  and 

i n f l u e n c e  b o t h  t h e  accumulat ion and a b l a t i o n  of t e r r e s t r i a l  

and f l o a t i n g  snowpacks. These same c l i m a t i c  f a c t o r s  wil 1 

a l s o  de te rmine  t h e  format ion sequence,  d u r a t i o n ,  and t y p e  of 

ice cover that forrns on a Lake each y e a r ,  a s  w e l l  as t h e  

release of meltwater from i t  and a s s o c i a t e d  p o l l u t a n t s *  

A l a k e ' s  win te r  cover  e x e r t s  a physical c o n t r o l  over 

t h e  energy rnpu t s  i n t o  t he  water body and a l s o  a c t s  

a l t e r n a t e l y  as a sink, and a sou rce ,  of water and s o l u t e s  t o  

t h e  lake .  Any d i s c u s s i o n  of s p r i n g  m e l t w a t e r  dynamics would 

no t  be complete  w i t h o u t  some r e f e r e n c e  t o  the soles of the 

l ake  ' s w i n t e r  cover.  

I n  autumn, l akes  undergo a n e t  d e f i c i t  of energy, as 

l o s s e s  through r a d i a t i o n ,  convec t ion  and condensa t ion /  

evapora t ion  exchange exceed gains. A s  the lake's summer 

thermal s t r a t i f i c a t i o n  b reaks  down and a t u r n o v e r  t a k e s  

p l ace ,  cold, dense water descends and is r e p l a c e d  by warmer, 

lighter wate r  from below (Hutchinson 1 9 7 5 ) .  Under high wind 

o r  o t h e r  tu rbu lence ,  t h i s  f a 1 1  tu rnove r  can c o n t i n u e  u n t i i  

t h e  e n t u e  water column rs c i r c u l a t i n g  at a temperature well 

below  OC, t h e  temperature  o f  maximum d e n s i t y  (Schind le r  et 

a l .  - 1 9 7 4 ) .  Eventua l ly  a s i t u a t i o n  a r i s e s  where less dense, 

cool wate r  overlays warrner, denses water  during a calm 

per iod  and the lakes  s u r f a c e  freezes over .  



T h e  i n i t i a l  o r r e n t a t i o n  of t h e  t iny  p l a t e l e t s  and o t h e r  

crystals of ice which form o n  t h e  surface of t h e  freezing 

water rs, t o  some degree, random, but as t h e  s h e e t  t h x k e n s ,  

some c r y s t a l s  grow downwards much more q u i c k l y  than others ,  

pinch ing  o u t  t h o s e  c r y s t a l s  w h x h  have d i f f e r e n t  

o r i e n t a t i o n s  and producing a fairly orderly body o f  c r y s t a l s  

(Gow 1986 ) .  Onlike sea-ice where t h e  h o r i z o n t a l  o r i e n t a t i o n  

of t h e  Long o r  c-axis is f avou red ,  lake ice can  be composed 

of vertically o r  h o r i z o n t a l l y  orientated crystals, o r  even  a 

combinat ion o f  t h e  two (Knight 1962, Pounder 1965) The end 

r e s u l t  is a sheet composed of columnar c r y s t a l s  o r  

"candles"  , e longa t ed  i n  the v e r t i c a l  p l ane ,  p a r a l l e 1  t o  the 

d i r e c t i o n  o f  the heat f l u x  between t h e  lake and a tmosphere .  

~ h + s  pure ,  t r a n s l u c e n t  ice iç known as "black* ice. 

After the ice sheet is established, the l a k e  continues 

t o  l o s e  h e a t  a t  i ts upper  surface, th rough  t he  ice sheet, t o  

the  cold o v e r l y m g  atmosphere. A s  more water molecu les  are 

added t o  a growing ice c r y s t a l ,  i ts  structure becomes more 

r e g u l a r  and symmetrical. Because this  h i g h l y  o rgan i zed  

s t r u c t u r e  c a n n o t  accommodate o t h e r  molecules without a 

severe local strain, s a l t s ,  air and other s o l u t e s  are 

rejected by the advancing surface of t h e  growing ice c r y s t a l  

i n  thls case, i n t o  t h e  u n d e r l y i n g  lake water. Bath a i r  and 

dissolved s o l u t e s  accumulate just ahead of the advancing 

c r y s t a l  s u r f a c e .  A s  a i r  c o n c e n t r a t i o n s  increase, bubbles 

begin t o  n u c l e a t e  and grow as more a i r  d i f f u s e s  i n t o  them. 

F a s t  f r e e z m g  w i l l  lead t o  a large number of m a l 1  bubbles 



in the ice matrix, as there is i n s u f  ficient t l m e  for the a l r  

to diffuse and produce larger bubbles. Slow freezing 

produces ice that is largely bubble-free, as rejected air 

has time to diffuse away from the freezing interface before 

bubble nucleation occurs (Chalmers 1959, Pounder 1965). 

A variant of this initial freezing scenario occurs when 

freeze-up takes place during a substantial snowfall or a t  a 

time when the lake surface is agitated, In this case the 

initial ice sheet is compoçed of "white" o r  "snow" ice. 

This ice type contains a considerable c o n c e n t r a t i o n  of alr 

bubbles and the freezing takes place around the individual 

snow nuclei. As a result this lce is granular and is opaque 

to  natural light. Falling snow strongly influences the 

developing ice s h e e t ,  The relatively low thermal 

conductivity of the snow, as compared t o  the ice, reduces 

heat loss t o  the atmosphere, slowing the growth of the black 

ice. As surface snow is metamorphosed, redistributed and 

deflated, the rate of black ice growth will Vary, both 

temporal ly and spatially (Adams and Prowse 1980) . 
If  s u f f i c i e n t  snow is present, the ice surface will be 

depressed below the hydrostatic water level. Should thermal 

cracking occur, as a result of rapid and large temperature 

changes (Gold 1966, 1967, Weeks 1967, Wilson e t  al. 19541, 

or the ice sheet become i so thermal  (ca. -lOc) , (Brownman 

1974) while the ice sheet is d e p r e s s e d ,  its surface and the 

overlylng snowcover will be flooded with lake water ( F i g  4 ) .  

The depth of flooding will be higher than the depth of ice 





depression because of capi  1 lary rise m t o  the overlying 

snowpack. The initial result 1s a layer of slush (saturated 

w e t  snow, Colbeck 1982), largely composed of lake w a t e r ,  

u n d e r l y m g  a nov thinner snowpack. Below-freezing 

temperatures will cause the slush to start freezing from its 

surface downwards toward the ice sheet. Additional 

snowcover  may serve to insulate the slush lens, aliowing it 

to persist for long periods of tirne. While a slush lens is 

present, black ice ceases to grow, as the thermal grad ien t  

between lake and atmosphere is interrupted, and black ice 

thickness may actually decrease as the ice sheet is 

depressed into varmer water (Adams 1 9 8 1 ) .  Since slushing 

can occur several times per winter, multiple s l u s h  lenses 

may be present in an ice s h e e t  at any one time. 

White ice can also form without  the involvement of lake 

w a t e r .  Terrestrial runoff or rainwater may saturate a 

p o r t i o n  of a floating snowpack and may later freeze, 

resulting in a new white ice layer superimposed on the 

p r e v i o u s  winter  cover (Kingsbury 1 9 8 3 ) .  White ice d e n s i t i e s  

range from 0 . 7 8 - 0 . 9 1  c~/crn~, while btack i c e  densities range 

from 0 .90 -0 .917  g/cm3 (Adams 1976). 

The establishment of a winter cover  dramatically alters 

t h e  energy flow through a lake and therefore influences the 

winter-spring physical, chernical and biological cycling that 

occurs wzthin it. Mass and energy exchanges from 

evaporation/condensation cease, the net radiative flux is 

altered and sensible exchanges become negligible. Because 



3 of the high l a t e n t  h e a t  of melting of ice (333.46 J/cm ) ,  

the melting of the ice c o v e r  (depending on climatological 

regime and t h r c k n e s s ) ,  c a n  b e  t h e  dominant term i n  the 

annual heat budget of  a l a k e  (Brewer 1958, S c h i n d l e r  et a l .  

1974,  Adams and Lasenby 1978) . Some l a k e s  su£ fer oxygen 

deficiencies d u r i n g  w i n t e r  for  the l a k e  is sealed £rom i t s  

atmospheric oxygen source w h i l e  in-lake oxygen demand 

continues (Mathias and Barica 1 9 8 0 ,  Babba and Prepas 1985 ,  

Welch and Bergmann 1985, etc, )  . T h e  loss of oxygen is 

somewhat balanced by f r e e z e o u t  of  oxygen from t h e  îce cover 

into a decreasing water volume, but any s l u s h i n g  event and 

subsequent white ice development represents a n  oxygen l o s s  

from t h e  under ly ing  water. S a l t s  and o t h e r  s o l u t e s  a r e  also 

excluded from a  growing black ice cover ,  i n c r e a s i n g  their 

concen t r a t ions  i n  a decreasing water volume. The s lush ing  

of t h e  lake again represents a l o s s  of  solutes t o  t h e  lake 

(Adams and Lasenby 1 9 8 5 ) ;  however a t  s p r i n g  breakup or 

earlier, t h e s e  lake-derived i o n s ,  as w e l l  t h o s e  ions 

deposited from w i n t e r  p r e c i p i t a t i o n ,  enter t h e  unfrozen 

lake. 

A t  the beginning of the s p r i n g  break-up period, 

snowmelt runof f  from the sur rounding  d r a i n a g e  b a s i n  may 

f lood ont0 the ice surface, producing dark s l u s h  ice. A t  

the same time snow cover on t h e  ice s u r f a c e  begins to 

d e n s l f y  and melt. T h e  ice around t h e  near s h o r e  areas 

generally b e g l n s  t o  m e l t  first because of i t s  darkened 

surface and consequent  lower a lbedo ,  t h e  r e l a t i v e l y  small  



volume o f  water i n  this area, whlch warms r a p i d l y ,  and aLso 

because the ice is t h i n n e r  at the  lake margins where the 

lake is sha l low.  Snow drif ts  which accumulate in some 

downwind nearshore areas may however r e t a r d  ice-melt at 

t h e s e  l o c a t i o n s ,  Eventual ly the ice cover  melts completely 

around the lake edge, leaving a free floating ice pan. ~ e l t  

occurring at the ice surface produces meltwater which flows 

over the ice and drains either i n t o  the lake a t  the ice 

margins or through holes that develop along o l d  thermal 

cracks, ice f i s h i n g  h o l e s ,  etc.. Water drain ing  through 

these  holes often enters the lake in a turbulent vertical 

vortex (Allan 1986). These v o r t i c e s  are driven by a 

combination of the i n i t i a l  head difference between lake and 

meltwater and the pressure imbalance created by this 

additional water (Fig. 4) , (Woodcock 1974 ,  Allan 1986a) . 
The magnitude of these pressure differences is dependent on 

both the hydraul ic  head of the surface water and the 

thickness of the ice çheet. 

I t  is  interesting t o  note that  i f  an ice sheet is 

depressed by a snowcover, lake water will move upwards 

through any opening i n  the ice cover, I f  the same ice sheet 

is depressed by an equiva lent  amount of r a i n  or tunoff 

water, thls water will drain down into the lake ( F i g .  4 )  . 
The dlfferent responses are a result of pressure d i f f e r e n c e s  

at the bottom of the h o l e  i n  the ice sheet. When an ice 

sheet is loaded w i t h  snow, the pressure at the base of t h e  

ice cover is equal to t h e  sum of t h e  weight of the  snow and 



ice cover (29.2g/crn2 ln Pig.4). The pressure at t h e  base  of 

the hole 1s equal only to the weight of the water height in 

the hole (2sg/cm2 in F i g .  4 ) .  T h ~ s  repreçentç  a low 

pressure area through which lake water will f low upwards, 

slushing the over ly ing  snowpack. When an ice s h e e t  is 

loaded by l iquid  water ,  t h e  pressure a t  t h e  base of the hole 

is equal to the we ight  of t h e  column of water in the ho le  

plus t h e  weight of the water on the ice surface  (31,4g/cm 2 

in F i g .  4 ) .  T h i s  r epresent s  a high pressure area where 

surface water will d r a i n  downwards i n t o  t h e  lake. I f  the  

ice sheet is quite th ick ,  as i t  i s  in a r c t i c  lakes ,  the 

pressure at the bottom of the hole can be  high and can 

transport surface  water t o  subs tant ia l  depth i n  the lake 

(Fig. 4, Allan l986a). 

Once surface meltwater drains away, a porous, whlte, 

crumbly l a t t i c e  is  left.  Large amounts of s o l a r  energy are 

ref lected by this surface because of its high albedo.  Any 

s o l a r  energy t h a t  does  penetrate  t h e  ice sheet w i l l  cause 

internal melting, As this internal  melt proceeds, water 

accumulates beneath the ice surface ,  caus ing  the ice s h e e t  

to take on a black appearance. This decrease  i n  albedo 

increases absorption,  and melt by solar rad ia t ion ,  and 

eventually wind and water currents rapidly break up the  

deteriorating ice cover.  Circulation 1s induced, bringing 

warmer water to t h e  surface ,  rapidly  mel t ing  any r e s i d u a l  

ice (Williams 1 9 6 7 ,  Heron 1985). 



Lake in£ low dvnamics 

L a k e  water q u a l i t y  is  g r e a t l y  influenced by the degree 

of inflow entrainment - .  . (mixing), that occurs within a lake. 

It follows that the water quality downstream of a lake 

system w i l l  a l s o  be influenced by the  amount of mixing that 

occurs w l t h l n  each lake. The ability to predict the degree 

of entrainment of inflows, inc lud ing  the products of the 

winter  cover, has trernendous impl i ca t ions  for water q u a l i t y  

management. For example, it may be  possible  to identrfy 

lakes which are vulnerable to spring acid p u l s e s  from 

various morphometric and hydrologie indices. 

A major effect of a lake's ice cover on lake 

circulation is to seal t h e  unfrozen water body from mOSt 

atrnospheric turbulence. This al lows a weak "inverse" 

thermal s t r a t i f i c a t i o n  to develop, with colder, less dense 

water over l y ing  denser , warrner water (Hutchinson 19 75 1 . 
This inverse thermal s t r a t i f i c a t i o n  acts to con£ ine snowmelt 

inf lows to the  upper surface waters (Schindler et aI. 1 9 7 4 ,  

Prentki  e t  a l .  1979 ,  Hendry e t  a l .  1 9 8 0 ,  Bergrnann and Welch 

1985, Al lan  1986, Linsey 1 9 8 3 ,  personal communication). 

Several documented cases of pH depressions under ice cover 

w i t h  inverse stratification are found in the literature 

(Groterud 1972, Hultberg 1977, Henriksen and Wright 1977, 

Jeffries et al. 1979, Lazerte 1984,Baird e t  - al. 1985 and 

Gunn and Kel l er  1985) . The presence of the  ice cover 

increases the probability of occurrence, and the potentiai 

s e v e r i t y ,  of an  ac ld  pulse by confining the pollutant t o  a 



srnall ,  s h a l l o w  area where r e l a t i v e l y  l i t t l e  d i l u t ~ o n  c a n  

occur. T h e  s h a l l o w  L i t t o r a l  zones of Lakes are the most 

p r o d u c t i v e  areas of  most lakes and act both as spawning 

grounds and n u r s e r y  a r e a s  f o r  s e v e r a l  impor t an t  and 

desireable f i s h  s p e c i e s  ( J e f f r i e s  pt aL 1979, Gunn and 

Keller 1985). 

T h e  i n p u t  o f  water i n t o  a l a k e  c a n  cause c o n s i d e r a b l e  

a l t e r a t l o n  t o  water q u a l i t y  c h a r a c t e r i s t i c s  such as 

t empe ra tu r e ,  d i s s o l v e d  g a s e s  and s o l u t e s  wlthin t h e  

receiving body ( S t a u f f e r  and Armstrong 1985,  Elser and 

K i m m e l  1985). Paramete rs  such as in f low -volume, d e n s i t y  and 

depth,  l a k e  b a s i n  shape, etc . r  w i l l  c o n t r a 1  t h e  d i s t r i b u t i o n  

and r e s i d e n c e  time of in f lows  w i t h i n  a l a k e  (Kaajosari 1966, 

Wunderlich 1971, Kvarnas and L i n d e l l  1973r  Carmack et a l .  

1 9 7 9 ,  1986)- In f low  mixing w i t h i n  l a k e s  has been descrîbed 

by mathemat ica i  models which s o l v e  a series of e q u a t i o n s  f o r  

turbulent motion and mean motion (Svensson 1978), However, 

these  models a r e  exceed ing ly  cornplex and r e q u i r e  l a r g e  

amounts of computec t i m e  (Hansen 1978), A s i m p l i f i e d  

approach, i n t e g r a t i n g  the e q u a t i o n s  o f  motion o v e r  the depth 

of a l a y e r ,  w i t h  e i t h e r  e m p i r i c a l  o r  t h e o r e t i c a l  e x p r e s s i o n s  

for t h e  exchange of matter between l a y e r s ,  has been used  

with success and a p p e a r s  more p r a c t i c a l .  Examples o f  this 

approach,  deve loped  t o  describe i n f l o w  and o u t f l o w  dynamics 

ln open and ice covered  l a k e s ,  i n c l u d e  Schab and Katz 1 9 7 4 ,  

Hansen 1978 ,  S t i g e b r a n d t  1978 ,  K i l l w o r t h  and Carmack 1979 ,  



Svensson and Larsson 1980, Stewart and Martin 1982, 

Bengtsson 1986 ,  

The movement of water into a lake from its surrounding 

t e r r e s t r i a l  catchment v i a  channelised and unchannelised f low 

can be described as a two-phase process (Fischer et  a l .  

1 9 7 9 ) .  During the f i r s t  phase, incoming water pushes and 

displaces r e l a t i v e l y  stagnant lake water out into the lake 

until buoyancy forces becorne s u f f i c i e n t  to arrest the 

forward momentum of the inf lowlng water mass. Once the 

initial forward momentum of an i n f l o w  is reduced, the  

incoming water mass will rnove t o  a lake layer of sirnilar 

density and proceed through t h e  Lake either as interflow, 

underflow or throughflow (Fig 5 ) .  T h e  initial flux of 

k i n e t i c  energy (KI) to the lake from an inflow i s  g iven  by 

t h e  integral defined i n  equat ion 1. 

3 -1 where u= ve loc i ty  rn s 

A= cross s e c t i o n a l  a r e a  rn 2 

Pi= density of inflowing water kg/m 3 

(F i scher  et a l .  1979)  

The buoyancy forces which counteract  t h i s  i n f l o w  energy  

develop from v a r i a t i o n s  i n  f l u i d  density (thermal o r  

c o n c e n t r a t i o n a l ) ,  and are expressed by Archimedes' P r i n c i p l e  

whereby a body that  is îrnmersed i n  a fluid is buoyed by a 

f o r c e  equal to the weight of the fluid displaced by the  body 



TYPES LAKE INFLOW 



( i n  t h i s  case t he  incomlng water mass), (Vennard 1955, 

Turner 1979). 

The v e r t i c a l  mixmg i n  an ice covered lake is g e n e r a l l y  

restrrcted to inlet r eg ions ,  whi le  the main p a r t  of t h e  

lake, o u t s i d e  of the o u t l e t  a r e a ,  can be looked upon as a 

s t o r a g e  and t r a n s p o r t  region, (Fig 6 )  , [ S t i g e b r a n d t  1 9 7 8 )  . 
T h e  way an  i n f l o w  enters a l a k e  depends on t h e  geometry of 

the inf low,  the volume o f  f l u x  (Qi, defined below) i n  the 

in f low and the density difference ( O P ) ,  between in f low and 

lake water. If t he  transition between i n f l o w  and l a k e  is 

abrupt l i k e  a channe l  e n t r a n c e  sitting on a v e r t i c a l  w a l l ,  

t w o  s c e n a r i o s  are p o s s i b l e .  Depending on t h e  magnitude of 

the dens ime t r i c  Froude number ( t h e  ratio of gravitational t o  

i n e r t i a l  f o r c e s  a c t i n g  on a f l u i d )  as defined in equation 2 .  

where H= depth of inflow 

B= r e c t a n g u l a r  cross s e c t i o n a l  w îd th  

g= acceleration due to gravity 

Ui  is defined by Qi= uixBxH 

Po= l ake  water d e n s i t y  

OP= Pi -Po 
(Stigebrandt 1978) 

If Fd<l ,  t h e n  l ake  water n i 1 1  p e n e t r a t e  up i n t o  the 

i n f low i n  t h e  same rnanner as a s a l t  wedge i n  an e s t u a r y  ( F i g  

7 ) .  I f  F d X ,  then l ake  wate r  cannot  p e n e t r a t e  i n t o  an  

in f low and t h e  i n f low w i l l  d i s c h a r g e  into t h e  l ake  l i k e  a 



ICE-COVERED LAKE DYNAMlC REGIMES 
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j e t  ( F i g  7 ) .  T h e  mixing 1s known t o  be srnall in t h e  

temperature wedge case (subcriticai f low) , I n  the jet case 

[ s u p e r c r i t i c a l  f l o w )  t he  mixing c a n  be q u i t e  large dependmg 

on t h e  magnitude of t h e  Froude number and the geometrical 

conditions i n  t h e  l ake .  If t h e  t r a n s i t i o n  from river t o  lake 

is geo rne t r i c a l l y  smooth, t h e  r i v e r  water can possibly fol low 

the diverging boundar ies  of lake  surface and bottom ( F i g  7 ) .  

This is known as an external t empe ra tu r e  wedge and it i s  

believed that f i o w  under t h i s  scenario will be s u b c r i t i c a l  

and the mixing weak ( S t i g e b r a n d t  1978)  . 
The mixing and en t r a inmen t  of water masses in a lake 

depend on the boundary c o n d i t i o n s  between the i n f l o w i n g  

f l u i d  and t h e  r e s i d e n t  f l u i d .  A certain amount of mixing 

always accompanies water e n t e r i n g  a lake because o f  t h e  

l a t e r a l  a n d  vertical boundary t r a n s f  ers between moving and 

quiescent water. Boundary layers are formed whenever a 

f l u i d  moves o v e r  a surface. I n  the l a k e  inflow case, t h e  

surface would c o n s i s t  of the r e l a t i v e l y  s t a t i o n a r y  resident 

lake water. T h e  type of fluid f l o w  t u r b u l e n t ,  or l a m i n a r ,  

is of considerable impor tance  to lake mixing.  I n  laminas 

f low, the p r o p e r t i e s  o f  the  t w o  f l u i d s  c a n  on ly  be 

t r a n s f e r r e d  by randorn the rmal  movement of solecules 

(molecular  d i f f u s i o n ) ,  This means that t he  rate of 

transport of heat, and d i s s o l v e d  gases and s o l u t e s ,  wili be 

relatively slow, Under turbulent f l o w  conditions, discrete 

p a r c e l s  or  eddies of f l u i d  move randomly from one Stream t o  

a n o t h e t .  T h i s  provldes a very e f f i c i e n t  transport mechanism 



known as eddy diffusion or turbulent  transport. A mode1 for 

mixing between lake and l n f  low water should give the net 

amount of volume fluxes through the border between mixing 

zone and lake  proper. T o  calculate  t h i s ,  one rnust know the 

vertical d i s t r i b u t i o n  of the mean horizontal current 

velocity normal t o  t h e  border, uin (2, t) . However there is 

no way to calculate uin for either the  temperature wedge 

case or the  jet case with in  a lake (Stigebrandt 1 9 7 8 ) .  

The energy avai lable  for mixing may b e  estimated by 

calculating the decrease i n  mean potential energy as the 

i n f l o w  water enters the lake. The initial potential  energy 

of a lake inflow system (PI) is given i n  equation 3 .  

where Vo and Vi are the lake and inflow volumes 

respectively. 

I 

Zo  and Zi are the height of centres of mass of the 

lake  and inflow volumes. 

(Fischer et a1.1979) 

The potential energy available for mixing after t h e  inflow 

has entered the  lake becomes equation 4 .  

- 
~ h e r e j  = t h e  height  of the mass of t h e  inf low water within 

the Lake. 

(F i scher  et al. 1979) 



T h e  geometry of t h e  r e c e i v i n g  water body can strongly 

in f luence  t h e  mixing of an inflow. Shallow water i n  the 

i n l e t  region can r e s u l t  i n  weak mixing, In this case the 

i n f  low can be i n  c o n t a c t  w i t h  the Lake bottom, and v e r t i c a l  

entra inment  of l a k e  water into the i n f lowing  water mass w i i l  

b e  hampered, In some c a s e s  the entire lake i n l e t  region 

w i l l  be  t o t a l l y  rnixed however; a narrow or shallow sound 

downstream w i l l  lirnit any further mixing d e s p i t e  a n  increase 

of mixing energy. The i n l e t  r e g i o n  is t h e n  s a i d  t o  b e  

overmixed , 

Once the i n f  low has moved i n t o  t h e  lake with the 

accornpanying mixing, its momentum s lows ,  and the second 

phase of lake inflow dynamics occurs; t h e  inf low seeks i t s  

own d e n s i t y  w i t h i n  the  lake's d e n s i t y  g r a d i e n t .  The 

c r i t i c a l  s e c t i o n  where this o c c u r s  is characterized by the 

densirnetric  Froude number (Fo)  , d e f i n e d  below. 

where Q= inf low rate. 

A,= cross s e c t i o n a l  a r e a  a t  the critical reservoir 

section. 

do= t h e  depth  of t h e  cr i t ical  reservoir s e c t i o n .  

A s  mentioned earlier, an ice cover seals a water body 

from most atmosphere-generated turbulence (Bengtsson 19861. 

Because of t h i s  l a c k  of a tmospher ic  mixing, differences i n  



water d e n s i t y  can play  a large r o l e  i n  d e t e r m i n i n g  t h e  

distribution a n d  residence time withln  a Lake, for any 

inflows t h a t  occur d u r i n g  the ice cove red  period. For small 

ice-covered lakes, inflows can have a short residence t i m e  

either because of a lack o f  mixing o r  because of a short 

in-lake travel time when a n  inflow i s  i n  close prox imi ty  t o  

the  o u t l e t  r e g i o n .  This o f t e n  "short c i r c u i t s "  t h e  lake, 

and results i n  l i t t le  a l t e r a t i o n  of t h e  in f low q u a l i t y  

c h a r a c t e r i s t i c s  as r e f l e c t e d  i n  the l a k e  outflow. Lake 

outflows " s e l e c t i v e l y "  withdraw water £rom s p e c i f i c  layers 

within a lake. O f t e n  on ly  t h e  surface layer of ice covered 

n a t u r a l  lakes c a n  leave a l a k e  because o f  bedrock or o t h e r  

c o n t r o l s  o n  o u t l e t  shape ( S t i g e b r a n d t  1 9 7 8 ) .  T h e  thickness 

of t h i s  wi thdrawal  l a y e r  (dl) can be e s t i m a t e d  by equation 

6. 

Modified from (Wunderlich 1 9 7 1 )  

Direct p r e c i p ~ t a t i o n  on t h e  l a k e  s u r f a c e  ( e i t h e r  as 

snow o r  rain) , is impeded f rom r e a c h i n g  the lake by the ice 

cover. T h e  w a t e r  and the chernical i n p u t s  from t h r s  s o u r c e  

will r each  t h e  l ake  e v e n t u a l l y ,  but u s u a l l y  a t  a date îater 

than t h e  actual p r e c i p i t a t i o n  event. An ice-covered lake i s  

n o t  totally sealed from these i n p u t s ,  as p r e c i p i t a t i o n  can  



enter the underlying water by three d i f f e r e n t  routes: by 

percolation through micropores whrch develop at the ice 

crystal boundaries when the ice sheet  becomes isothermal a t  

cd. -lOc (Brownman 1974)  ; through thermal or other cracks 

whlch occur during the white ice building process (Shaw 

1965)  and at other times; or through natural  (Katsaros 1 9 8 1 ,  

Woodcock 1984)  or man-made holes as turbulent v e r t i c a l  

vortices when the ice s u r f a c e  is f looded (Al lan 19866 - 
P r e c i p i t a t i o n  inputs i n  the f irst  t w o  c a s e s  are likely 

confined to the surface layers of a lake, j u s t  under the ice 

where the i r  f i n a l  d is tr ibut ion will be determined by 

convective thermal circulation processes ( F i g .  3 1 , (Mortimer 

and Mackereth 1958 ,  Likens and Ragotzkie 1961 ,  P a l m e r  and 

I z a t t  1 9 7 2 ,  Bengtsson 1980 ,  1 9 8 1 ,  Rahmm 1985 ,  Welch and 

Bergmann 1 9 8 5 ) .  Precipitat ion and  snowmelt that enter the 

water body by the third r o u t e  act much more l i k e  a Stream 

input and can influence the receiving water body to a depth 

of 5 . S m  or more (Allan l 9 8 6 a )  . 

S e c t i o n  2 O b j e c t i v e s  

The major objective of this research was to undertake a 

d e t a i l e d  field study of a small Precambrian S h i e l d  l a k e  

during the s p r i n g  snowmelt to document spat ia l  and t empora l  

variations in w i n t e r  cover and nearshore water quallty. I t  

sought t o  determine the severity and spat ia l  extent  of the 

impact of acidic  runoff on the l i t t o r a l  zone of such a l a k e .  

It w a s  hypothesued that t h e r m a l ,  and possibly 



concent ra t ional ,  d e n s i t y  d i f f e r e n c e s ,  would m h i b i t  mixing 

between incoming and resident l a k e  water. A possible 

consequence of thrs l a c k  of mixing would lead  t o  a shorter 

residence time for snowmelt runoff w i t h i n  a lake, and 

increased concentrations of  acidic meltwater within the 

lake's littoral zones, It fol lows t h a t  there should be 

d i f fe rences  i n  water quality between s h a r e l i n e  sites, w i t h  

each site being influenced to different degrees by d i f f e r e n t  

me1 twater pa thways (channel ized f low, non-channe l i z e d  

su r face  flow, groundwater i npu t s  and lake cover r u n o f f ) ,  and 

a l s o  between the  nearshore zones and the l a k e ' s  "deep hole" ,  

which is t h e  regalar sampling site of l imnologis t s .  Also,  

i f  there is a lack of mixing within a lake and overflow is 

occurr ing,  the l a k e ' s  outf low should respond r e l a t i v e l y  

quickly t o  inflow changes and reflect the changes i n  water 

q u a l i t y  of these in f lows ,  It was proposed to use natural 

and artificial fluorescent t r a c e r s  t o  track snowmelt inputs 

under the  ice cover and t o  identify s p e c i f i c  a r e a s  of t he  

lake inf luenced-by each p a r t i c u l a r  inflow. Under-ice inf low 

behavior w a s  t o  b e  explained i n  terms of some simple inflow 

and physical  l imnologic dynamics described i n  the  

l i t e r a t u r e .  

A second major o b j e c t i v e  was t o  t r y  t o  p r e d i c t  the 

mixing dep th  of a lake's inflows from watershed morphometric 

and topographie data, It was proposed t o  accomplish this by 

determining the mixing depths  of s e v e r a l  lakes i n  the study 

area dur ing  the snowmelt and deveioping a n  empi r i ca l  



r e l a t i o n s h i p  between t h e  mucinq depth and  t h e  topographlc 

information usiag multivariate s t a t i ç t i c a l  t e chn iques .  T h e  

underlying a s s w p t i o n  h e r e  is t h a t  a lake's mixing depth is 

related to t he  p ropo r t i on  of i n p u t s  coming from d e f i n e d  

Stream channek as opposed t o  non-channelized s u r f a c e  runoff 

and groundwater . 
A t h i r d  major objective was to document t h e  spatial and  

temporal changes i n  the physical and chemica l  pa r ame te r s  of 

t h e  s t u d y  l a k e ' s  winter c o v e r .  I t  was believed t h a t  by 

moni to r ing  a l a k e ' s  winter cover in this rnanner, it would be 

poss ib l e  to determine if the winter cover could account for 

any of the obsenred  changes  i n  nearshore water q u a l i t y .  ft 

was a l s o  an o b j e c t i v e  t o  determine the  p o t e n t i a l  s o l u t e  

l oad ing  from the winter cover. The i n p u t s  from a headwater 

l a k e ' s  winter cover are important because t h e y  represent a n  

appreciable pe rcen t age  of t h e  a n n u a l  l o a d i n g s  t o  t h e  lake. 

Such inputs are not  appreciably altered by the terrestrial 

b a s i n  and t h e y  rnay a p p r e c i a b l y  modify terrestrial runoff 

w i t h i n  a lake. 

S e c t i o n  3 Study area 

The study area for this research was the lakes and 

watersheds of t h e  Muskoka-Haliburton r e g i o n  O n t a r i o ,  Canada 

(NTS 1960  a , b , c , d ) ,  (Fig. 1). T h i s  area has been 

i n v e s t i g a t e d  by t h e  O n t a r i o  Ministry of the  Environment 

(OME) since 1975 as part of the Lakeshore Capacity Study  

and/or  t h e  Acid Prec ip i t a t i on  i n  Ontario Study. 



Thls sectlon 1 s  divided i n t o  t w o  parts. The first 1s a 

regional overview of the climatet geologic history and 

bedrock and surf1claL geology of the area. The second 

comprises a description of Plastic Lake and its watershed 

fo l lowed  by a b r i e f  d e s c r i p t i o n  o f  other lake catchments 

inves t i g a t e d  . 
C 1 imate 

The mean annual temperature £rom the Dorset weather 

station is 4.4'~ (Table 1) wi th  f o u r  months below OOC, 

January being the coldest month (-11. O O C )  , and July the  

warmest (17.7O~), (AES 1 9 8 2 ) .  The lakes in the area  are 

generally i c e - c o v e r e d  from December 1-15 until Apri l  15-May 

1, four to f ive  months of the year (Scheider et al. 1983)  . 
Mean peak l a k e  ice t h i c k n e s s  recorded i n  the area is  58.0 

cm. (Allen 1977). The mean annual r a i n f a l l  recorded a t  

Dorset is 8 0 4 . 3  mm [Table 3), with a further 271.6 mm 

(water) of p r e c i p i t a t i o n  falling as snow (Table 4). Mean 

total precipitation for t h e  ice-on period is 444.4 mm, o f  

which 47.0% falls as r a i n  (Table 2), (AES 1 9 8 2 ) .  Generally, 

each month during the ice-on p e r i o d  receives some 

precipitation in the form of rainfall. On average t h e  

highest p r e c i p i t a t i o n  month is November ( 1 1 6 . 6  mm t o t a l )  and 

the lowest is March (63.0 mm total) (Table 2). 

B. - Regional bedrock and surficial geology 

The f o l l o w i n g  i s  largely taken £rom Jeffries and Snyder 

(1983). The study area is located near the southern f r i n g e  





of t h e  Canadian S h i e l d ,  a large r e g i o n  o f  Precambrian 

bedrock which covers n e a r l y  h a l f  of Canada. The geo logy  of 

t h e  area is a resul t of rock f o r m a t i o n  and orogenic 

a l t e r a t i o n  during Precambrian t i m e s  fo l lowed  by Long-term 

erosion (ca. 9 5 4 - 9  rny), and e v e n t u a l l y  Pleistocene 

g l a c i a t i o n  (ca 0.1 rnybp) T h e  major effects and c u r r e n t l y  

observed features ln the  study area can be a t t r i b u t e d  to the 

Wisconsin g l a c i a t i o n  (Ontario F i l e  Repor t  1 9 7 7 )  , which 

l a s t e d  approx imate  f y f rom 80 t o  1 2  thousand y e a r s  BP . 
Glacial e r o s i o n  rounded and polished t h e  r o c k  knobs and 

r i d g e s ,  s cou red  many b a s i n s  now occupied  by l a k e s  and 

r e -depos i t ed  numerous types of glacial  debris. 

Presently one t h i r d  o f  the area is exposed bedrock  o r  

covered by ex t r eme ly  t h i n  d r i f t  (a few t e n s  o f  c e n t i m e t r e s )  

T h e  remain ing  two t h i r d s  is p r i m a r i l y  covered  by t h i c k e r  

t i l l  d e p o s i t s  with s i g n i f i c a n t  o c c u r r e n c e s  o f  clay a n d  sand 

p l a i n s  interspersed with hills or ridges of sand and  g r a v e l -  

Typica l  l andscape  includes rocky knobs and r i d g e s  s e p a r a t e d  

by l a k e s  a n d / o r  swampy Lowlands w i t h  d i s j o i n t e d  drainage 

p a t t e r n s  a t t r i b u t a b l e  t o  s t r u c t u r a l  c o n t r o l s  . 
T h e  s t u d y  a r e a  is l o c a t e d  w i t h i n  the G r e n v i l l e  P rov ince  

and is d i s t i n g u i s h e d  by certain metasedimentary  and 

metavolcan ic  r o c k s -  T h e  largest p r o p o r t i o n  of these  r o c k s  

are of  g r a n i t i c  composi t ion,  u s u a l l y  granite g n e i s s e s  and 

migmat i t es ,  while marbles, q u a r t z r t e s ,  a m p h i b o l i t e s  and 

v a r i o u s  i gneous  i n t r u s i v e s  (pegmatites, d i o n t e s ,  

ultrabasics, etc.) a r e  of lesser importance .  T h e  



predorninatmg bedrock minerals are quartz, f e l d s p a r s ,  

biotite and horneblende (Hewltt 1967). All these minerals 

are s r h c a t e s  and extremely resistant to weathering and 

rncapable of prov ld ing  much buffering capacity to s u r f a c e  

wa ter sys  t e m s  . 
The surficial deposlts whlch occur in the study area 

are generally composed of unconsolidated material  l a i d  down 

durrng Quaternary glaciations, pLus more recent  stream and 

beach deposits. al1 the above have been a l t e r e d  somewhat by 

weathering in the intervening tme period [Chapman 1975). 

Plastic lake drainage bas in  

The f O 1 lowing is large ly taken f rom Girard et a 1. 

( 1 9 8 5 ) .  P l a s t i c  Lake (45O~,78*~, elev. 376.4m a s l )  is a 

3 2 . 1 4  ha Precambrian Shield headwater lake ( F i g .  8) . It has 

a mean depth (Z) of 8 m and a maximum depth ( Z m )  of 1 6  m. 

Plastic lake morphometric i n d i c e s  are presented i n  Table 5. 

The 9 5 . 5  ha  watershed conta ins  one srnail open water 

pond in subwatershed number five. Plastic Lake is fed by 

one perennial stream (Plastic 1) and four dominant epherneral 

stseams (Plastic 2,3,5 and 6 )  , (Fig. 9 ) .  I t s  basin appears 

to have being formed by glacial scouring on structurally 

oweakened bedrock at the intersection of several bedrock 

faults. 

Approximately 52% of the catchment 1 s  d r a i n e d  by 

channelized flow, The Plastic Lake shoreline consists 

largely of shallow ((30 cm) organic or grave1 material 
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Table  5 Plas trc  Lake morphometry summary 

Lake area (ha) 32.14 

Dfamage b a s r n  total  Less lake area (ha) 95 - 5 0  

Gauged tercestrlal drarnage (ha )  

5 Lake volume V (m' x 10 1 

Mean Cepth 5 [ml 

Maximum depth Zm (m) 

Shoreline l ength  L (km) 

Shore l i n e  deve iopmen t D, 
- - - 

Vo l u ~ e ~ ~ e v e l o p m ë n t  D, - - - - - - - 
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~nterspersed wlth boulders  (6S%), or base rock ( 2 4 % ) .  

Smal ler  s e c t i o n s  c o n s i s t  o f  moderately thln (>30 cm), 

organic or grave 1 m a t e r i a l  ( 9 % )  , and boulders w i t h  no fines 

((2%) , (see methods s e c t i o n )  . Direct runof f t h a t  does no t  

e n t e r  the lake  v ia  channellzed flow îs g e n e r a l l y  confined to 

the upper few c e n t i m e t r e s  of the l a k e  upon entry by exposed 

o r  n e a r - s u r f  ace bedrock. 

T h e  P L a s t i c  Lake watershed bedrock c o n s i s t s  of hard, 

eros lon -re sr s tan t  gneiss with  a s u b s t a n t i a l  igneous  

component , Ortho-gneiss f orms the  high po lished ridge t o p s ,  

whi le  f a u l t  zones and beds w r t h  s t ronger  metasedimentary 

characteristics tend to dominate the v a l l e y s ,  A s m a l l  

meta-gabbro plug i s  present on the e a s t  s h o r e l i n e  of the  

lake.  

T h e  s u r f i c l a l  deposits i n  the  P l a s t i c  Lake watershed 

are g e n e r a l l y  q u i t e  t h i n  ( (2  m ) ,  and dominated by a  sha l l ow ,  

d i s cont inuous ,  sandy basal t i l l .  T h e  thin s o i 1  and 

surf i c i a l  deposits s a t u r a t e  q u i t e  quickly during snowmel t. 

Depressions i n  the bedrock a l l o w  the accumulation of organic  

matter and are water-saturated much of the year. Soils in 

t h e  watershed are  quite t h i n  and range between 

weakly-developed p o d z o l s  and p o o r l y  developed b r u n i s o l s .  A 

pit-mound t e r r a i n  has developed as  mature trees t o p p l e  a s  a 

re su l t  of the t h i n ,  sandy surfrclal  cover, 

The forest i s  domlnated by c o n i f e r s ,  with Tsuga 

canadiensrs IL,) C a m .  and pinus s t r o b u s  L, b e i n g  cornmon. 

Picea marrana ( ~ 1 1 1 . )  f 3 , S . P .  dominates t h e  water saturated 



sphagnum bog areas, while hardwoods such as Acer SP- and 

B e t u l a  sp. are common in areas with slightly t h ~ c k e r  till - 
d e p o s ~ t s .  

Mean chemistry concentrations for Plastic Lake during 

1984 are given in Table 6, 

The locations of the other lakes investigated in the 

çtudy are given in F i g .  1. It should be noted that  Red 

Chalk Lake is a double basrn lake and Glen Lake's watershed 

is underlaln by deep surficial deposits of carbonate-rich 

till (Schelder et al, 1983). 



Table 6. Mean* P l a s t l c  Lake chemlcal concentratloris 1984 
(P. Dillon unpublished s t u d ~ e ç ) .  

Total ~nflectlon point alkalin~ty (TIPAlk) (mg l l  as CaC03) 0.52 

Cond (US @2s0c) 24.7 

cat2 (mg/l) 2.0 

Hq +2 (mg/ 1) 0.46 

Na+ (mg/ll 0.47 

K + ( m g /  1 )  0. 23 

c1- mg/ l O. 35 

So4 
- 2  

(mg/l) 6.7 
- 

N03 h g /  1) 
21 

Total Kjeldahl  nitrogen (TKN) (ug/l) 215 

Total unf ~l tered phosphorus (PPUT) (ugf  1) 6.3 

Total aluminum (TAI) (ug/l) 34 

Disolved organic carbon (DOC) (mg/ 1) 2.35 

+Vo lume-we~ghted, whole-lake year 1 y means. 



Sec t ion  4 ,  Methods 

A. Hydrometeorologrc - 
A u  temperature and precipltation data were obtained 

from the Environment Canada rneteorological s t a t i o n  a t  

Dorset, Ont. ca, 10 km from Plastic Lake, (1. Smith 

unpublished data) , Meteoroiogical methods are summarized ln 

Locke and deGrosbois (1986) and Locke and Scott 1986, 

Hydrologic data for  the period January 3, 1985 to May 1 3 ,  

1 9 8 5  were provided by P m  Dillon and L, Scott ( O . M . E . ,  Dorset 

research centre (D .R,C, ) ) . A1 1 hydrologic methods are 

described in detall in Scheider et, al. (1983). 

The Plastic Lake water budget was calculated as 

outlined in equation 7. 

Input= Output 2 Storage ( 7  

Where Input= P r  + PP1 + Qrest 

Pr= precrpitation falling on the lake surface 

Qpl= Plastic 1 flow 

QreSt= Plastic 1 flow * 3.09~ 
a3.09 1s equal to  the ra t io  of the area of ungauged Plastic 

Lake cathment: Plastic 1 area, 

QpOF= P l a s t i c  Lake Outflow flow 



Evaporatmn was assumed to be zero d u r ~ n g  the p e r u d  of lce 

cover (Sch~ndler e t  a l ,  1976) , Change in storage w a s  solved 

as the  residual i n  the water budge t  equation. 

6. P r e c i p i t a t i o n  chemis t ry  - 
P r e c i p i t a t i o n  chemistry was obtained from P. Dillon of 

t h e  OME Dorset research c e n t r e .  B u l k  deposition was 

col lected from the Plastlc Lake OME precipitation collection 

site. Precipitation chemistry c o l l e c t i o n  procedures are 

outfined i n  Locke and S c o t t  (1986) .  C o l l e c t i o n  periods 

ranged f rom four to sixteen days during the study period.  

Calculations of the input of material  to the l a k e  from 

preclpitation were carried out as outlined in equation 8. 

Prz= P r e c i p i t a t ~ o n  depth 

Ag= Lake area 

[cl = Parameter c o n c e n t r a t i o n  

Prin= direct precipitation inputs 

Missing values on January 10 for major cations, TKN and DOC 

were estimated as a proportion of the recorded S 0 4  -* value 

for that sample. Quality c o n t r o l  for samples was carried 

out  by the MOE as outlined in Locke (1985) . Charge balances 

f o r  chemis t ry  samples were c a l c u l a t e d  as outlined i n  

equat ion  9. 



Ca t. = cat ions  

An. = a n i o n s  

C I  1, = charge imba lance 

Cations  incLuded in the precipitation charge balance were 

+ d2, M ~ + ~ ,  ~ a + ,  K+, H+ and NHq . Anions included were 

-2 S04 , ~ 0 ~ -  and CI-. 

C, Snow samplinq - 
A three p o i n t  t e r r e s t r i a l  snow c o u r s e  w a s  maintained 

near the Plastic Lake landing (Fig 10) . The purpose of the 

terrestrial snow c o u r s e  was to g a i n  some idea of the timing, 

and magnitude of chernical flux from the t e r r e s t r i a l  basin, 

to the streams and study lake, Biweekly measurements of 

snowpack depth, water equivalence and density were conducted 

w i t h  a standard snow tube (Goodison et a l ,  1981) . The same 
measurements were made on the lake surface snowcover until 

the presence of s lush  made t h e  determination of water 

equivalence and dençity by t h i s  method inaccurate. 

Thereafter o n l y  snow depth was recorded. The floating 

snowpack was sampled to assess the timing and magnitude of 

the chernical and water flux from it to b o t h  the lake and the 

lake ice cover. In addition to the standard volume 

measurements, snowpack stratigraphy was measured throughout 

the winter on both the terrestrial and lake snowpacks by the 

methods outlined by Adams and Prowse 1978. 





D. Snow chemistry 

Snow samples were c o l l e c t e d  at sites a d j a c e n t  to  t h e  

snow measurement sites. I n i t i a l  samples were c o l l e c t e d  with 

a c l e a n  p l a s t i c  scoop, u n t i l  in-pack ice lenses rendered  

t h i s  method imprac t ica l .  A f t e r  March 1, a p l e x i g l a s s  tube  

(1.5 m i n  length ,  1 0  cm I.D.) was used t o  sample the 

snowpack. The c o r e r  w a s  i n s e r t e d  v e r t i c a l l y  t o  the base of 

t h e  snowpack and any l i t te r  m a t e r i a l  at t h e  base  o f  the  core 

was removed, The snow core was extruded into clean plastic 

bags and brought  to the DRC where t h e  samples w e r e  al lowed 

t o  melt a t  room temperature (12-24 hours). Samples 

c o l l e c t e d  after March 6 were filtered through a 7 6  u n i t e x  

mesh before a n a l y s i s .  Snow samples c o l l e c t e d  before t h i s  

time were not f i l t e r e d ,  t h e r e f o r e  p a r t i c u l a t e  matter may 

have influenced the total u n f i l t e r e d  phosphorus, (PPUT) and 

t h e  t o t a l  k j e l d a h l  nitrogen (TKN) va lues  reported for these 

samples. There is some con t rove r sy  over  e x a c t l y  how t o  d e a l  

w i th  litter wi th in  the snowpack. T h e  nitex f i l t e r i n g  

removed large organic  m a t e r i a l  such as p i n e  n e e d l e s  w h x h  

would cause  s e r i o u s  o v e r e s t i m a t i o n  of the PPUT and TKN whrch 

was a v a i l a b l e  t o  runoff.  B y  leaving this material i n  t he  

sample bag any mobile s o l u t e s  on the  litter surface should 

be accounted f o r ,  while m a t e r i a l  w i th in  t h e  a c t u a l  structure 

of the l i t ter is no t  inc luded .  

Remaining samples wete poured i n t o  600 m l  polystyrene 

sample jars and submitted to the OME l a b o r a t o r y  i n  Rexdale 

f o r  chemzcal ana lys i s .  Analytical rnethodology for t o t a l  



k jeldahl nitrogen (TKN) , t o t a l  u n f i l  tered phosphorus (PPUT) , 

t o t a l  ahm~num (TAL) , i n f  l e c t ~ o n  p o i n t  alkalinity I T I P  Alk) , 

major c a t i o n s  and Anions are  out l ined i n  OME (1981) . Two 

subsampies of the  o r i g i n a l  sample were poured off. One 

subsarnple was submit ted t o  the Dorse t  chemis t ry  lab for 

t o t a l  aluminum (TAI,) a n a l y s i s  (Lazerte 1984) . A second 

subsample was analyzed f o r  pH and s p e c i f i c  conductance by 

t h e  a u t h o r .  S p e c i f i c  conductance was measured with a 

Barnstead Hind Conduct iv i ty  Bridge s t a n d a r d i z e d  to K C l  

s tandards  (American Public Bealth association (APHA) 1969 1 , 

and t h e  r ead ings  c o r r e c t e d  t o  2 5 O ~  (Edwards et a l .  1975) . 
I n i t i a l l y  p H  was determined nith a Sargent-Welch pH meter 

mode1 PBL. After April 9 ,  a Fischer Acumet p H  meter was 

u t i l i z e d .  Both p~ meters were s t a n d a r d i z e d  t o  buffers of pH 

4 and 7 and were checked every £ive t o  ten samples for drift 

and re -s tandard ized  when necessary.  Five replicate snow 

samples were c o l l e c t e d  a t  random throughout  t h e  sarnpling 

season and analyzed for pH and specific conductance t o  

assess variability a s s o c i a t e d  w i t h  the sampling and 

a n a l y t i c a l  t echnique .  Charge ba lances  were c a l c u l a t e d  as 

o u t l i n e d  rn equa t ion  9. Parameters incluàed i n  the charge 

balance were t h e  same as those i n  the p r e c i p i t a t i o n  

+ chemistry, w i t h  t h e  except ion  of NHq , w h i c h  was n o t  

analyzed. 

E. L a k e  ice cover - 
P l a s t i c  Lake was sectioned on a l O O m  g r i d .  Coord ina t e s  

w i t h i n  each grid s e c t i o n  were randomly chosen t o  develop a 



35  point stratified random sampling matrix (Fig.  10)- The 

initial thickness of the white ice layer was determined by 

drilling to the black ice interface and measuring its 

thlckness. Afterwards, a Im Long wooden stake was frozen 

i n  place and the height from the ice surface t o  the top of 

the  stake was recorded (Fig,  11). Any subsequent white ice 

growth or ablation was determined from t h i s  initial reading. 

The measurements were discontinued when surface ice melt 

became apparent and the stakes loosened (Roulet 1981). 

Five additional sites on the grid were chosen at random 

and a black ice measuring device was installed at each site 

(Fig. 111, (Adams 1 9 8 4 ) .  Initial black ice thickness was 

determined by drilling through the ice cover and measuring 

the total ice thickness, minus the white ice thickness. The 

use of these devices was not entirely successful as 

continued slushing and snowfall prevented several of the 

devices from freezing in place. When this occurred, black 

ice thickness was periodically checked by drilling. 

F. Lake ice chemistry - 
The P l a s t i c  Lake ice cover was sampled three times 

d u r i n g  the study period. Ice chemistry was sampled a t  sites 

3 and 19 ( F i g .  10). Site 3 represents an open lake site 

while slte 19 represents an ice "edge" s i tuat ion.  The 

initial samples were c o l l e c t e d  from ice c h i p s  from an ice 

auger (Groterud 1972a) . Subsequent samples were col lected 

by removing ice blocks with an ice saw. Samples w e r e  baqged 

and brought to the DRC where they were melted at room 





temperature (12-36 hours) . Ice samples were not fil tered 

but otherwise were treated in the same manner as snow 

samples. Charge balances for the ice samples were 

calculated as described i n  the snow chemistry section. 

G. Slush chemistry - 
I n i t i a l  slush samples were collected with a plastic 

scoop, bagged and brought to the Dorset centre where they 

were poured off into 600 ml sample jars and submitted to the 

Rexdale and Dorset laboratories for analysis- Subsequent 

slush samples were collected by drilling through the 

overlying ice cover and withdrawing the sample with a 

peristaltic pump into the same type of sampling jar (Fig. 

I l ) ,  (Gunn and Keller 1985)- Sample variance and sample 

charge balances were calculated i n  the same manner as 

outlined in the snow chemistry section. The physical and 

chernical parameters of the different components of the 

winter cover of Plastic Lake (snow, slush, white ice, and 

black ice) , were measured to assess the magnitude and the 

possible influence these components might have on the spring 

hydrochernical regime of the lake. 

H- Lake sampling - 
Plastic Lake was sampled five times during the study 

period by the OME. The south basin deep hole ( F i g .  IO), was 

sampled as described by Scheider et al. (1983) and quality 

control of samples was carried o u t  by t h e  MUE as outlined in 



Locke (1985). OME lake chernistry data were s u p p l i e d  by P. 

D i l l on ,  DRC. 

To deternune t h e  s p a t i a l  and temporal t r e n d s  i n  Lake 

chemistry, a whoLe-lake sampl ing  scheme was i n i t i a t e d .  A t  

each of t h e  t h u t y - f i v e  white ice sites and the f i v e  b l a c k  

ice sites, a h o l e  was drilled t h r o u g h  the ice cove r  and a 

plastic collar (50 c m  long,  1 0  c m  1.D- w h i t e  plastic PVC 

p i p e )  was f rozen i n  p l a c e  ( F i q ,  II) . The purpose of  the 

c o l l a r  was t o  p r e v e n t  surface r a i n  and m e l t w a t e r  d r a i n i n g  

into t h e  u n d e r l y i n g  water column which would skew the sample 

results (Wolfe 1979)- Because the l a k e  ice s u r f a c e  was 

depressed and  had a p o s i t i v e  hydrostatic water l e v e l ,  t h e  

network was n o t  p u t  i n t o  place u n t i l  March 1 0 .  A l 1  l a k e  

sampling undertaken p r i o r  t o  t h i s  date was carried out 

through n a t u r a l  holes i n  the  ice c o v e r ,  o r  through holes 

t h a t  had been dr i l l ed  for the black ice d e v i c e s ,  T h e  

p l a s t i c  coilar once f rozen  in place, appeared t o  keep out 

most of t h e  surface d r a i n a g e  s u c c e s s f o l l y ~  

Each of t h e  Éorty sarnple points was sampled ca- 

f o r t n l g h t l y  before April and weekly afterwards. A 1.5 

integrated tube sample was collected from each site. 

Specific conduc t ance ,  pH and natural f l u o r e s c e n c e  were 

analyzed immediately upon c o l l e c t i o n  a t  t h e  field s t a t i o n  on 

Plastic Lake, S p e c i f i c  conduc tance  and pH were de te rmined  a s  

o u t l l n e d  i n  the snow chemistry section. Background o r  

na tu ra l  f l u o r e s c e n c e  was de t e rmined  w i t h  a generator-powered 

Turner Mk I I I  Automatic Fluororneter, utilizing a Kodak 47b 



and a 2A primary i i l t e r  combina t ion  (maximum excitation 490 

nm), and a 2A-12 secondary  filter (maximum emlssion 520  nm), 

(Smart and Laidlaw 1 9 7 7 ,  Allan 1986b) .  The determination of 

sample variance was c a r r i e d  out a s  o u t l i n e d  in t h e  snow 

chemistry  s e c t i o n ,  I n  a d d i t i o n  ta the above parameters, 

£ ive  sites ( B I 1 ,  1, 9 ,  19 and 31,  F i g  1 0 )  were sampled i n  
- 

the  same manner for: d2, M $ ~ ,  ~ a + ,  K+, S O ~ ' ~ ,  CL', NO3 , 

d i s s o l v e d  o r g a n i c  ca rbon  (DOC), TAL, PPUT, TKN and 

i n f l e c t i o n  p o i n t  a l k a l i n i t y  ( T I P  A l k . ) .  These sites were 

sampled t o  assess t h e  v a r i a b i l i t y  of nea r sho re  c h e m i s t r y  

and represented d i f f e r e n t  s h o r e l i n e  t ypes .  Sites B I 1  and 1 9  

are  a d j a c e n t  t o  stream e n t r a n c e s ,  w h i l e  Site 1 was located 

i n  the l a k e  o u t l e t  region. Sites 1 9  and 31 w e r e  l o c a t e d  

a d j a c e n t  t o  areas of direct runoff.  Site 1 9  w a s  l o c a t e d  

a d j a c e n t  t o  a low marshy s h o r e l i n e ,  and  site 3 1  adjacent t o  

a rocky s h o r e l i n e .  I n  a d d i t i o n  t o  t h e  r e g u l a r  i n t e g r a t e d  

t ube  sampl ing,  the f ive  s h o r e l i n e  sites were profiled fo r  

pH, s p e c i f i c  conductance ,  t e m p e r a t u r e  and n a t u r a l  

fiuorescence to a s s e s s  vertical changes oves t i m e ,  Natural 

f l u o r e s c e n c e  and p H  sarnples were withdrawn w i t h  a 

p e r i s t a l t i c  pump and  ana lyzed  as o u t  l i n e d  above. 

Temperature and s p e c i f i c  conduc tance  were measured s i t u  

w i th  a  Yellow Springs I n s t rumen t s  combina t ion  t e m p e r a t u r e /  

c o n d u c t i v i t y  meter. 

Charge balances f o r  l a k e  water w e r e  c a l c u l a t e d  as 

o u t l i n e d  i n  t h e  snow chernlstry s e c t i o n ,  with  t h e  following 

changes:  H* waç added t o  t h e  sum of t h e  c a t ~ o n s  o n l y  i f  t h e  



sample pH was below S. 2 ,  and organic ac id i ty  (A') , was added 

t o  the anion sum. Organic acidity was calculated from DOC 

and p H  measurements by the O l i v e r  method (Oliver  et al .  

1983) , as outlined in LaZerte and D i l l o n  ( 1 9 8 4 ) .  

Bicarbonate was c a l c u l a t e d  as outlined i n  Rustad et al. 

(19861, but was n o t  incliided i n  t h e  charge balance because 

of i t ' s low concent ra t ions .  

In  a d d i t i o n  t o  t h e  Plast ic  Lake sampling, a survey of 

several  l a k e s  i n  the Dorset a r e a  (see F i g .  1) , was c a r r i e d  

o u t  j u s t  p r i o r  t o  ice-out (April 16-20) t o  put t h e  P l a s t i c  

Lake results i n  a regional  pe r spec t ive .  T h e  lake area 

adjacent t o  the major stream input of each lake was profiled 

and sampled fo r  temperature,  conductance,  pH and natural 

fluorescence. Samples were c o l l e c t e d  and analyzed in the  

same manner as samples from P l a s t i c  Lake. 

1. Shore l ine  mapping - 
T h e  Plastic Lake s h o r e l i n e  area was i n v e s t i g a t e d  t o  

determine t h e  approximate depth  of e n t r y  of unchannelized 

flow into the lake.  The s h o r e l i n e  was divided i n t o  four 

classes; 1.) shallow ((30 cm) grave1  o r  organic  m a t e r i a l  

ln t e r spe r sed  with bou l d e r s  , 2. ) b a r e  rock, 3. ) moderate ly 

thin 030cm) organic  o r  gravel material and 4. ) boulders  

with no fines. The  entire l ake  s h o r e l i n e  was traversed and 

t h e  bare rock ,  moderately thin organic or  gravel, and 

boulder s e c t i o n s  were measured by chaining.  The remaining 

group, thin organic  o r  g rave l  d e p o s i t s  in t e r spe r sed  with 

boulders was solved for as the difference of the  sum of t h e  



length of the f u s t  three groups minus the total shoreline 

length. 

Je Stream chemistry - 
Plastic 1 i n f l o w  and Plastic Lake outflow streams were 

sampled throughout the study period by OME, Samples were 

collected and analyzed as described by Scheider et al. 

(1983) and quality control assessment maintained by the MOE 

as outlined by Locke (1985). Stream chemistry data were 

supplied by P, Dillon of t h e  OME Dorset Research Centre, 

Charge balances were calculated i n  t h e  mannes out l ined i n  

the  Lake sampling s e c t i o n .  P l a s t i c  Lake stream inputs and 

outputs were calculated as described i n  equations 10 and 11. 

Sin= Inflow inputs (10) 

POf rn3 * Pof (cl rng/rn3 = Saut mg 

Saut= Outflow outputs 

Mean daily parameter concentrations were determined by 

l inear  interpolation between samples.  

K. Dye tracinq - 
Several small ( 2 5 - 2 5 0  gm) , additions of a f luoreçcing 

dye tracer were made t o  the various i n f l o w s  e n t e r i n g  Plastic 

Lake while ~t was i ce -covered .  The purpose of the dye 

additions w a s  t o  determine the depth and a r e a l  extent t o  

which each inflow influenced the lake, and to determine the 



r e s i d e n c e  t i m e  of t h e s e  i n f  lows . A f l u o r e s c i n g  dye t r a c e r ,  

sodium fluorescein, was added t o  Plastic 1 i n f l ow  three 

times during the  1985 s t u d y  period. A measured amount of 

dye w a s  added 10 m above the lake e n t r a n c e  t o  e n s u r e  t o t a l  

mixing, and movements o f  t h e  dye plume under t h e  lake's ice 

cover w e r e  traced a long  a grid laid out over the ice s u r f a c e  

(Bergmann and Welch 1985). Samples were withdrawn with a 

p e r i s t a l t i c  pump and t h e  p r e s e n c e  of the dye was de te rmined  

with the f l u o r o m e t e r / f i l t e r  combina t i on  outlined i n  the  l a k e  

sampling s e c t i o n .  Dye presence w a s  de te rmined  by a 

fluororneter r e a d i n g  two s t a n d a r d  dev ia t ions  (t f o u r  

f l u o r e s c e n t  u n i t s )  over t h e  measured stream o r  l a k e  

background f l u o r e s c e n c e .  During the April 24-27 period 

1 9 8 6 ,  dye a d d i t i o n s  to  the Plastic 6 In f low  and a direct 

surface d r a i n a g e - a r e a  near S i t e  3 1  were made t o  trace inputs 

from these two s o u r c e s .  A sampl ing  t r a n s e c t ,  r u n n i n g  

outwards from each dye input site, was sampled f o r  

c o i n c i d e n t  measures of t e m p e r a t u r e ,  p H ,  specific conduc tance  

and n a t u r a l  f l u o r e s c e n c e  (Allan i986b). 

N a t u r a l  f l u o r e s c e n c e  was found  t o  be a u s e f u l  natural 

tracer for streamwater i n p u t s  within P l a s t i c  Lake. T h e  

d e t e r m i n a t i o n  of background o r  n a t u r a l  f l u o r e s c e n c e  was made 

us ing  the same f i l t e r / f l u o r o r n e t e r  combina t ion  as i n  t h e  dye  

t r a c e  s t u d i e s .  

The major  source of n a t u r a l  fluorescence i n  freshwater 

is b e l i e v e d  t o  be a ye l l ow  o r g a n i c  s u b s t a n c e ,  L ike ly  a 

carboxylic a c i d  (Shap i ro  1957) . Christian and Glassemi 
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(1966) believed the substance to be ç m i l a r  in nature to a 

fufvic ac ld -  The high background fluorescence found ln the 

Stream water in the study area is likely a result of 

meltwater contact and export of fulvic acid from organic 

soi 1s The relationships between natural fluorescence, DOC, 

water colour (in Hazen units), and light absorbance at 5lOnm 

and 450nm are shown in Figs. 12a, b, c and d.  Al1 

relationsh~ps were highly significant (p>=0,99 or h~gher). 

This would be expected, particularly if the natural 

fluorescence is produced by yellow-green compounds as 

indicated in the literature, Christman and Ghassemi (1966) 

mentioned the possibility of using background fluorescence 

as an alternative measurement of water colour- Natural 

fluorescence has been previously u t i l i z e d  i n  some 

limnological s tud ie s  as a means of identifying diiferent 

water masses within a lake (Spain & 1969 and Spain and 

Andrews 1970). Background fluorescence was not useful in 

distinguishing between Plastic Lake water and lake surface 

ice and snow meltwater and terrestrial runoff contributed to 

the lake through minera1 soils. Naturai f luorescence was 

quite low (4-8 fluorescent units) i n  water from these 

sources, and they were indistinguishable from each other 

(Allan L986b) . 

Section 5 Resul ts 

A- Meteorologic - 
Daily summaries of temperature and precipitation data 

from the study period are included in Tables Al, A 2 ,  A 3  and 



A4 in Appendix 1. T h e  1985 mean monthly temperature  was 

lower for January and April, and  higher f o r  February and 

March than t h e  mean monthly values reported by t h e  

Atrnospheric Environment S e r v i c e  (1982a) f o r  t h e  Dorset  

c l r m a t o l o g i c a l  s t a t i o n ,  February, March and Apr i l  r ece ived  

much more wet p r e c i p i t a t i o n  and Janua ry  r ece ived  less w e t  

p r e c i p i t a t i o n  than t h e  mean monthly values reported by t h e  

(AES 1982b) , for  t h e  Dorse t  c l i m a t o l o g i c a l  s t a t i o n .  

S i g n i f i c a n t  rain-on- snow e v e n t s  occurred 21-24 February 

(40 .2  mm, event 1) 11-12 March (17.2 mm, event  2 1 ,  27-31 

March (27.2 mm, event 3 ) ,  4-5 Apri l  (33.6 mm, e v e n t  4 )  and 

14-19 A p r i l  (23.5 mm, e v e n t  5 1 .  Above average  snowfa l l  was 

recorded a t  the Dorset c ~ i m a t o l o g i c a l  s t a t i o n  for Hasch and 

A p r i l ,  1985 (Atmospheric Environment S e r v i c e  1982b). T h e  

largest s i n g l e  snowfal l  e v e n t  recorded  d u r i n g  the s tudy  

period occur red  on March 4 ,  ( 3 5  mm, w - e . ) .  

B. P r e c i p i t a t i o n  chemis t ry  - 
A summary of p r e c i p i t a t î o n  chemis t ry  c o l l e c t e d  a t  the 

OME Plastic P r e c i p i t a t i o n  S i t e  #2 is presented i n  Table A5 

in Appendix 1. Charge balance was g e n e r a l l y  q u i t e  good #= 

6.928,  sd 7.2%. P r e c i p i t a t i o n ,  either t a i n  o r  snow, was 

always a c i d i c  (E= 4.27 s .d .  20 u e q / l )  . sogo2, c ~ + * , M ~ + ~  and 

+ 
NH4 a l 1  tended t o  i n c r e a s e  from mid-March t o  the 

conclusion of t h e  s t u d y  period. H+ was the dominant cation 

+ ( 2 8 0 8 5 % )  followed by NH4 ( - 3 - 4 3 % ) ,  and c d 2  ( 0 . 6 - 2 5 8 )  . 
+ 

NO3 was equal t o  o r  greater than  S04 -2 u n t i l  e a r l y  March, 

thereaf  ter SO 
4 
-2 was t h e  dominant an ion .  A sumrnary of t h e  



mass of p r e c l p i t a t i o n  i n p u t s  t o  t h e  P l a s t i c  Lake Ice surface 

i s  presen ted  i n  Table Il. 

C. Terrestrial snow c o u r s e  - 
Physical and chemical  d a t a  from the terrestrial snow 

course ( T l ,  T2  and T3)  are presented i n  Table B1 i n  Appendix 

2. Temporal t r e n d s  i n  snowpack s t r a t i g r a p h y  are p re sen ted  

i n  F i g s  Bla and B l b  i n  Appendix 2. Phys i ca l  and chemical 

temporal t r e n d s  are p r e s e n t e d  i n  F igs .  B 2 a  t o  B2p in 

Appendix 2. F ive  r e p l i c a t e  samples were t aken  a t  one s i t e  

and pH and conductance v a l u e s  were determined for each 

replicate. Hydrogen i o n  had a 24% v a r i a t i o n  abou t  the mean 

while conductance had a 9.7% variation about  t he  mean. T h i s  

v a r i a t i o n  is  a n  estimate of both sampling t echn ique  and 

analytical error. Charge balance ranged from -48.0% t o  

+52,0% for terrestrial snow samples. T h e  poor ionic balance 

can possibly be attributed t o  the a n a l y t i c a l  d e t e c t i o n  limit 

values used f o r  some c h a r g e  balances .  T h e  g e n e r a l l y  l o w  

c o n c e n t r a t i o n s  o f  most i o n i c  parameters  within t he  snowpack 

are close t o  the d e t e c t i o n  l i m i t  of most analyses and are 

n o t  as a c c u r a t e  as the values reported a t  h i g h e r  

concen t r a t i ons .  Another p o s s i b i l i t y  may be  t h e  e x c l u s i o n  o f  
+ 

NHq from t h e  charge b a l a n c e  as it was n o t  ana lysed  i n  

terrestrial snow samples. The ionic load per squa re  metre 

over time of the terrestrial snowpack is  given in Table 7. 



Table 7 
Water ,  l on ic  and nutrient load of the Plastic L a k e  terrestrlal snowpack over 
t m e  

Date 11 H+ cdt2 ~g +2 ~ a +  K+ CI- 5 6 2  DOC T A L ~  PPUT THN NO- 
cm Wha( mg/mL l w m  I , m 9 h  

Peb 11 8 . 7  2 8 4 1 . 2  
Feb 19 9 . 0  
Feb 2 2  1 0 . 5  4 3 6 4 . 7  
Har 01 1 0 . 8  2 9 2 7 . 4  
Mar 05 1 2 . 8  2 4 3 2 . 6  
Mar 1 3  1 1 . 2  
Mar 17 8 . 9  2 6 1 3 . 3  
Mar 2 7  2 3 . 5  3 4 2 9 . 0  
Mar 30 1 2 . 4  
Apr 02 1 7 . 3  
Apr 11 18 .0  3275 .9  
Apr 19 16.4  
Apr 2 2  2.0  
Apr 2 3  3 . 0  8 9 . 1  



D. PIastlc Lake snowcover - 
Snow d e p t i  and chemistry results from the f ~ v e  s a r n p l ~ n q  

po ln ts  ( 3 ,  4, 6, 18 and 3 4 ) ,  on Plastic L a k e  1s presented in 

Table 0 2  in Appendrx 2- Teniporal t r e n d s  Ln lake snow d e p t h  

and chemlstry ire presented in F ~ g s .  B2a to B2p ln Appendlx 

2. Tempora 1 trends in snowpack s tra tigraphy are presen ted  

in Frg. 8 3  in Appendix 2 .  Spatial trends  in snow depth over 

time are lllustrated i n  Flgs. 04a to  B4 1. Charge balances 

from lake snow samples were invariably negative (-1.0 to 

-61.561. T h ~ s  negative balance likely results from t h e  

causes dlscussed in- t h e  terrestrial snow section, 

+ partlcularly the absence of NH4 from the  charge balance 

equation. Five replicate results from one sampling point 

were col lected during t h e  study period and analysed f o r  pH 

and conductance to assess sampling and analytical 

variabil~ty. Hydrogen i o n  had a 14% variat ion about the 

mean while conductance had a 5% variation about the mean f o r  

the f ive replicates. The iunic load over time for the  

f loating snowpack i s  g iven i n  Table 8.  

E. P l a s t i c  Lake icecover - 
Ice t h i c k n e s s  and chemistry from the t w o  sampling sites 

on P l a s t i c  Lake (3 and 191, are presented in Table 8 3  in 

Appendix 2. Ice growth over time p l o t t e d  against freeting 

degrer days is presented  in Fig. B5 i n  Appendix 2. The 

proportions of each vinter cover component (b lack  lce, w h ~ t e  

rce, slush and snow), at these two sites is p r e s e n t e d  in 

Flg. B 6  l n  Appendix 2. Spatial trends i n  ice t h i c k n e s s  over 





Urne are presented in F i g s .  B7a to B7g. Ice chemistry 

charge balances w e r e  general Ly poor (+149 to - 7 5 % )  owrng to  

t h e  d e t e c t l o n  Llmit values used In most charge balances and 

t h e  d r l u t e  nature of t h e  ice cover. 

F -  Plastic Lake s l u s h  chemistry - 
Slush  chemistry from the two sampling sites ( 3  and 191 , 

is presented in Table B4 in Appendix 2. Temporal trends in 

s l u s h  t h x k n e s s  a t  sites 3 and 19 are presented in Fig. 8 8  

i n  Appendix 2 .  The slush thickness w a s  measured lakewide on 

Febtuary 10 and April 1 and accounted f o r  21.0% and 7 . 3 %  

r e s p e c t i v e l y  of the total ice volume but could occupy from 

0% to 4 4 . 8 %  of the total lake ice cover at any one point. 

Temporal trends in slush chemistry at the two sites are 

presented in P i g s .  B9a to B9n.  Five replicate sarnpies were 

collected at each site and analysed for pH and specific 

conductance. V a r i a t i o n  about the mean ranged from 4 . 4 %  to 

13.2% for pH and 0 .8  to 2.34% for specific conductance. 

Charge balance was general qui t e  good early in the study 

period because of the high i o n i c  s trength .  The i o n i c  load 

of the ice cover, including t h e  slush cornponent, for sites 3 

and 19 is g i v e n  i n  Tab le  9 .  

G e  Plastic Lake hydrology - 
Mean daily f l o w s  for the  Plastic 1 i n f l o w  and Plastic 

lake outflow are presented in Tables Cl and C3 in Appendix 

3 .  Hydrographs for P l a s t i c  Jnflow 1 and the Plastic Lake 

outflow are presented in F r g s .  Cl and C3. The water budge t  
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Table 10 
1985 Plsstic Lake  ciater budget (n i3 )  

P e r  r od 
S t rcam 

Jan 07-Jan 13 5009.41 

Jan lu-Jan 20 2240.27 

Jan 31-Jan 27 1682.76 

Jan 28-Fcb 03 1956.40 

reb Ob-Feb 10 660.73 

reb 11-Feb 17 500.94 

Feh 10-Feb 24 6268.66 

reb 25-Mar 03 24523.72 

War O441ar 10 4220.00 

:4ar Il-Mar 17 21140.70 

?lar 18-Mar 24 7 3 9 2 . 2 0  

Inputs 
Preclpitation 

Outputs 
Plastic Outflow Storage 

16450.56 -54967.6 

17159.04 -8614 .2  

11914,56 -3085.7 

9771.84 -3396.6 

8907.64 - 5 9 5 5  1 

7464.96 -6482.9 

7862.40 3856.1 

9979.20 16506.2 

19422.72 9247.2 

19543 .30  -1889.2 

21435.80 7514.9 

14368.20 -6943.9 

mm of lake I e w l  

-17.1  

- 2 6 . 8  

-9 .6  

-10.6 

-18*5 

-20.2 

12.0 

51.4 

28.8 

-5 9 

2 3 . 4  

-21.6  

2 5 - b ~  31 29883.20 13563.10 43446.30 23552.60 19893.7 61.9 

A P ~  Ol-Apr 07 32718.50 16359.20 49007.70 45022.90 -4054.0 - 1 2 , 6  

Apr 08-Apr 24 20373.50 8902.80 29276.30 29203.30 73.0 0.2 

Apr 15-Apr 21 78375.80 6685.10 85060.90 72083.60 12977.3 40,4 

Apr 22-Apr 28102910.14 610.66 103520.00 I15100.40 -11677.6 -36.3 

A P ~  29-HaY 07 15491 . 34  7842.16 23333.50 14748.50 0505 .  O 26.7 

May O6-May 12 23060.36 4692.44 27752.80 19932.40 7820.2 24.3 

Jd5408.37 135598.48 521006.85  4 8 n 0 9  .6b ~ 1 4 ~  1 . 2  YU.U 



for t h e  1985 January-May period for Plastic Lake rs 

presented l n  Table 10. The w a t e r  budget is drvided r n t o  19 

weekly rntervals startmg on Dec,  31, 1984 and endrng May 

12, 1985. The budget w a s  carried out to May 12, which 

corresponded to the f irçt  stage reading after ice-out by the  

Ministry of t h e  Environment. A s  lake storage was the 

residual term in the water budget, the stage reading acted 

as a check on the accuracy of the water budget. The 

predicted storage change, when compared to the observed 

storage change, overestimated the i n p u t s  t o  Plast ic  Lake by 

8.17%. This is likely an overestimate of the actual error 

as evaporation was n o t  considered i n  the three weeks of open 

water at the end of the budget period which would have 

reduced t h i s  discrepancy slightly. The use of a Stream 

(Plastic 1), to p r e d i c t  the ungauged proportion of the b a s i n  

could possibly account  f o r  the input overestimate (Winter 

1981) . 

H. Inflow-outflow chemistry - 
Chernistry £rom Plastic 1 inf low during the  study 

period 1s presented in Table C2 and P l a s t i c  Lake outflow 

chemistry is presented i n  Table C 4  i n  Appendix 3 .  Charge 

balance was generally q u i t e  good for both streams. The mean 

charge balance was +7.1% for Plastic 1 and +7.4% for the 

outflow. Concentrational trends for Plastic Inflow 1 and 

Plas t rc  Lake outflow are presented rn F i g s .  C2a to C2p and 

C4a to C 4 0  respectively. The chernical budget for Plastic 

Lake during the study perlod 1s presented in Table I L  



Table 31 
1985 Chenlical Budget Plastic Lake Jan-May 

Parameter Runof f Precipi  t a  tion Total Output Storaqe 



1. Piastlc Lake  chem~stry - 
The MOE, P last lc Lake integrated "deep ho le" chemlstry 

collected by the Mlnistry of the Envrronment is presented rn 

Table Dl rn Appendix 4 .  Charge balance w a s  general ly q u l t e  

good (:=12.9%1. The integrated 1.511 shoreilne chem~stry 1s 

presented in Table D2 i n  Appendix 4 ,  Here again,  charge 

balances  were generally q u i t e  good (jT=11.3% f o r  al1 five 

sites) . Five replicate samples were collected at one site 

and analysed for  spec i f i c  conductance and pH. The var iat ion 

about t h e  mean was 13.2% for pH and 2.3% for conductance. 

Chernical trends oves time, plotted against the results of 

the regular MOE sarnpling, are presented i n  F i g s .  Dla to Dlo. 

Profiles over t i m e  at each shoreline site are presented f o r  

temperature ( F i g s .  D2a-DZe), H* (Figs D3a to D3e), 

conductance [ F i g s .  D4a to D4e)  and natural fluorescence 

(Figs .  D5a to D5e). Spatial trends in Plas t i c  Lake are 

presented for surface H+ (Pigs. D6a to D 6 i ) ,  conductance 

(Figs D7a to D7h) and natural fluorescence (Figs D8a to 

D8g) - 
To put the P l a s t i c  Lake observations i n t o  a regional 

c o n t e x t ,  chernical prof i le  data were sampled from five other 

Dorset area l akes .  Hydrogen ion, specific conductance, 

temperature and natural fluorescence profiles were collected 

from the path of the largest lake inflow during the s p r i n g  

runof f  at Blue Chalk, East Red Chalk and Main Red Chalk, 

Little Clear and G l e n  L a k e  are presented in F l g s .  D9a to D 9 f  

ln Appendix 4 .  



J. - Dye t r a c i n ~  

Five d y e  addit ions  were made over the course of t h e  

s t u d y  period.  Three add i t ions  were made t o  Plas t i c  1, one 

a d d i t i o n  to P l a s t i c  6 and one addi t ion  t o  sorne direct 

drainage near site 31 ( F i g .  10). One d y e  a d d i t i o n  to 

Plast~c 1 couM not be sampled because of equiprnent 

problems. The resul ts of the various dye traces are 

presented in F i q s .  ~ 1 - ~ 4  in Appendix S. The corresponding 

H', conductance, &tural fluorescence and temperature 

profiles alonq the Plastic 6 samplîng transect ( F i g .  E4) are 

presented in Pis, ES in Appendix 5. 



S e c t i o n  5. Discussion 

A. - Terrestrial snowpack 

Results from the terrestrial snow course must be viewed 

with c a u t i o n  as they r e p r e s e n t  o n l y  a three point sample, 

This must be kep t  i n  mind, particularly in v i e w  of the 

n a t u r a l  spatial variability found w i t h i n  a forest snowpack 

(Brimblecombe et a l .  1985. Jones 1985). A cornparison w i t h  

the more extens ive  snowcourse carried o u t  by R o  S h i b a t a n i  i n  

t h e  PLas t i c  1 watershed i n d i c a t e s  t h a t  the three p o i n t  

snowcourse underes t imated t h e  l a r g e  snowcourse water 

e q u i v a l e n t  and snow d e p t h  by ca, 31%. The c o e f f i c i e n t  o f  

v a r i a t i o n  f o r  most chemica l  species ( ~ a + ,  K' and cl- i n  

p a r t i c u l a r )  , is o f t e n  greater than 50% (Figs. B2g, i and p)  . 
It is believed t h a t  a large amount of t h i s  v a r i a t i o n  can be 

attributed to forest canopy p r o c e s s e s  and the hete rogeneous  

d i s t r i b u t i o n  of  organic litter w i t h i n  t h e  snowpack. T h e  

r e s u l t s  from t h i s  snowcourse do  however, g i v e  an i n d i c a t i o n  

of phys i ca l  and chemical t r e n d s  w i t h i n  the forest snowpack 

d u r i n g  t h e  study p e r i o d ,  p a r t i c u l a r l y  those t r e n d s  which are 

consistent over time. 

The terrestrial snowpack structural s t r a t i g r a p h y  

changed markedly i n  r e s p o n s e  t o  the various rain-on-snow 

events of t h e  study p e r i o d .  Durmg t h e  1985 season ,  t h e r e  

was almost always a basal or near-basal  ice lens except for 

t h e  f i n a l  sampling on A p r i l  11. when the base of the 

snowpack was flooded (Fig Bla and Blb). The terrestrial 

snowpack structure was m i t i a l l y  multilayered and complex 



(Fig Bla) , u n t ~ l  the f irst  rain-on-snow event in Late 

February (event  1) , (Table A 2 ,  F i g  Cl) . The s trat igraphy  on 

March l, after this r a i n f a l l  and thaw, exhibited t h e  results 

of unsaturated wet metamorphism, a homogeneous structure 

composed of 1 - 2 m  rounded, p a r t i a l l y  melted, c r y s t a l s ,  

overlying a basal ice l ens .  Snowpack water equivalent 

remained relatively constant af ter event 1 although pack 

depth decreased by approximately 30% and density almost 

doubled (Fig.B2a) . Because there was no increase i n  water 

equlvalence, desp i te  the addition of some 41.2mm of water, a 

large portion of the February rain must have flushed 

directly through the snowpack (Fig. B l a ) .  A s  ambient 

temperatures decreased, the remaining snowpack froze  and 

hardneçs increased from O to 10 g/crn2 to 75 to 250 g/crn2. 

Thereafter any further snowfall accumulated on t h e  surface 

of this "hard residual" snow. 

Rain-on-snow events on March 11-12 (event 21, March 

27-31 (event  3 )  and April  4-5 ( event  4 )  do not appear to 

have altered the basic c r y s t a l  s trat igraphy of the snowpack 

except to incorporate any newly depos i ted  snow into the same 

type o f  crystal structure as the underlying snowpack through 

unsaturated wet metamorphism ( F i g s .  Bla and b) . The 
stratigraphy slte was flooded on April 21 s o  that no snow 

remained on it. Peak water equivalence for the terrestrial 

snowpack w a s  recorded on March 25 ( F i g .  B2a).  It appears 

that a large portion of the event 2 r a i n f a l l  (Table A 3 ,  F i g  

Cl), froze, and was stored within the snowpack. 



T h e  chemlcal loading o f  t h e  terrestrial snowpack 

displays t w o  peaks, on February 2 2  and March 27 (Table 7 )  . 
The ea r ly  snowpack e x h i b i t e d  the highest c o n d u c t i v i t y  and H+ 

and ~0~~~ load, d e s p i t e  having a water equiva lence  of only 

10.5 cm as compared t o  23.5 c m  on the second sampling d a t e  

(Table B1) . Conductance, H', S O ~ - ~ ,  PPUT and TKN al1 

exhibited a decrease in c o n c e n t r a t i o n  w i t h i n  t h e  snowpack, 

after the February r a i n f a l l  e v e n t ,  u n t i l  t h e  f i n a l  snowrnelt 

(Figs. BZd, e r  f, h, j, k and m) . This  1s likely a resul t 

of the f r a c t i o n a t i o n  e f f e c t  described by Johannessen and 

Henricksen (19 77) . The above-mentioned chemica 1 s p e c i e s  

were l i k e l y  removed q u i t e  q u i c k l y  from t h e  snow c r y s t a l  

s u r f a c e s ,  as rain f i l t e r e d  through the snowpack, l e a v i n g  t h e  

remaining snowpack q u i t e  d i l u t e .  S u l p h a t e  d i s p l a y s  a 

p a r t i c u l a r l y  large decrease of  Ca. -60% wh i l e  H* (-33%) , 
Z 

NO3 ( - 2 7 % ) ,  PPUT ( -40%) and TKN (-30%) al1 show s m a l l e r  

d e c l i n e s  (Table 7 )  . B a s e  c a t i o n s  (d2, M ~ ' ~ ,  ~ a +  and K+) 

d i sp l ayed  Little o r  no change i n  c o n c e n t r a t i o n  as a result 

of t h e s e  i o n s  being p r e s e n t  on ly  at d e t e c t i o n  l i m i t  l e v e l s  

i n  t h e  snowpack before t he  f i r s t  rainfall (Table  BI). 

Plast ic  Inflow 1 discharge i n c r e a s e d  some 5 5 X  during 

event 1 (Table  Cl and F i g .  Cl), and t h e  h i g h e s t  H+, K+, cl-, 
-2 - 

SOq , NO3 , TKN, PPUT-and conductance v a l u e s  of t h e  s t u d y  

per iod were r eco rded  i n  t h e  stream water a t  t h a t  t i m e  (Tab le  

C2, F i g s  C2a, f ,  g ,  h ,  i, j, k  a n d  O ) .  

L i t h o l o g i c a l  ly-der ived rnaterials, such as d2, ~g+' 

K +  and TAL, show general increases i n  c o n c e n t r a t i o n  w i t h r n  



the snowpack with t i m e  (Figs. BSc, r, n and O). There are 

three possible sources for this material to the snowpack, 

the l each ing  of organrc matter £rom the forest or forest 

litter and/or the entrainment of runoff water that had been 

in contact with soi1 within the snowpack. The increased K+ 

concentrat ions  are likely a result of the former 

(particularly Tsuga canadiensis (L. ) Car. litter w i t h i n  the - - 
snowpack), and the d2, M ~ + ~  and TAL increases as a result 

of the Latter. The highest concentrations of PPUT, DOC and 

TKN were recorded on the final sample date, April 21 (Table 

7, Figs. B2k, 1 and rn) whlle the concentration of al1 other  

ions were at their lowest within the snowpack (conductance  

ca. 8.5 & / c m ) .  The snowpack at this time waç saturated 

with runoff water and appeared to contain a great deal of 

suspended organic matter. Neither ~ a +  or cl- displayed 

discernible concentrational trends over time within the 

terrestrial snowpack (Figs. B2g and p) . 
In summary, rain-on-snow events (particularly the 

first], appeared to dramatically alter both the chernical and 

physical characteristics of the terrestrial snowpack, The 

snowpack became more homogeneous and dilute in several i o n s  

a s  a result of these rain events, Snow chemistry was quite 

variable spatially, likely as'a result of canopy proces se s  

and t h e  presence of organic litter within the snowpack. 

B. Plastic Lake winter cover - 
The 1985 winter cover of Plastic L a k e ,  at various times 

during the winter, consisted of d i f f e r e n t  permutations of 



black x e ,  w h l t e  ice, slush, s t a n d i n g  water and snow. The 

sources of water f o r  t h e s e  l a k e  c o v e r  components  were t h e  

lake i tself ,  precipitation and ,  i n  some marginal zones ,  

terrestrial r u n o f f .  

P l a s t i c  Lake froze over on January 4 .  The black ice 

component of  t h e  ice c o v e r  grew quite r a p i d l y  u n t i l  J a n u a r y  

1 0  when it comprised some 61% of the ice cover (13cm black 

ice, 18cm t o t a l  ice) , ( F i g s .  B5 and B 6 )  . This r a p i d  

increase in ice cover c o r r e s p o n d s  q u i t e  c l o s e l y  t o  t h e  

f r e e z i n g  degree day c u v e  (Fig. BS). Black ice c o n s t i t u t e d  

o n l y  ca. 21% of the t o t a l  ice volume at peak ice t h i c k n e s s ,  

r e c o r d e d  o n  March 13  (Fig B5) . Black ice growth was 

i n t e r r u p t e d  by a major s l u s h i n g  e v e n t  that began o n  January 

10, Growth ceased once t h e  thermal g r a d i e n t  between the 

l a k e  and a tmosphere  was d i s r u p t e d  by t h e  p r e s e n c e  of t h i s  

l i q u i d  layer on t h e  Lce s u r f a c e .  T h e r e  is some i n d i c a t i o n  

that t o t a l  b l a c k  ice t h i c k n e s s  may have  actually d e c r e a s e d  

s l i g h t l y  after t h i s  first s l u s h i n g  e v e n t  ( F i g .  B5). 

There appeared t o  be two major  periods of white ice 

growth as a r e s u l t  of lake water s l u s h i n g ,  o n e  p e r i o d  after 

freeze-up and  o n e  s m a l l e r  event l a t e r  i n  t h e  s e a s o n  (F ig .  

BS), The first s l u s h i n g  event began soon  af ter  t h e  

c o m p l e t i o n  of f reeze-up and c o n t i n u e d  u n t i l  e a r l y  February  

producing some 32cm of slush and w h i t e  ice (Pigs. BS and 

B6). A second  s l u s h i n g  e v e n t  began c l o s e  t o  February  2 3 ,  

c o i n c i d e n t  with the February  thaw (Table A 2 ) ,  and continued 

u n t i l  t h e  10th of March, p r o d u c i n g  a n  a d d i t i o n a l  13cm of  



slush and whlte ice ( F i g  BS). The second period of white 

lce growth was initiated by a combination of the February 

rainfall saturating the lake snowpack and freezing in place 

and s lushmg £rom lake water when the ice cover became 

depressed by the 3 S c m  snowfall on March 4 (Tables A 2  and 

A 3 ) .  A small superimposed slushing event began on April 4 

when rainfall saturated the lake's snowcover and froze in 

place, producing some five centimetres of additional white 

ice (Table A4,  Fig. BS). The ice cover began ablating soon 

after April 10, and had melted completely by April 28 ( F i g .  

B5 and B6). 

Several large holes in the ice cover (locally known as 

"blow holes"), persisted from freezeup until late February. 

These holes were likely formed when the thin developing ice 

cover was depressed by snowfall înto the underlying warmer 

lake which caused t h e  thin ice t o  melt (Woodcock 1974, 

Kastaros 1981). Additional snowfall insulated these holes 

from freezing. 

Observations of the progression of the slushing of the 

lake surface (Figs. 8 4  a, b and c) indicated that the holes, 

rather than thermal cracks, were the initial source of the 

lake water which flooded the lake surface as the ice was 

depressed by snow loading. The low snow depth areas in P i g .  

B4a ( w i t h i n  the 25cm isoline), were locations of slushed 

snow. The slushlng of the lake proceeded from t h e s e  areas 

( F i g .  B4b). During the February rainfall, these same holes 

afforded an opportunity for rain and slush to enter the lake 



rn v e r t i c a l  t u r b u l e n t  streamç as t h e  ice cover a t t e m p t e d  t o  

attain a p r e s s u r e  e q u i l i b r i u m  (Fig,  4 ) .  D r a i n a g e  through 

each h o l e  appeared q u i t e  s u b s t a n t i a l ,  e r o d i n g  5-10cm d e e p  

channels i n  the ice cove r  and enlarging the holes to some 

50cm i n  diameter, However, a rough estimate of t h e  water  

that dra ined  i n t o  t h e  lake, taking into account  t h e  change 

i n  snowcover ,  t h e  growth i n  ice cove r  and t h e  p r e c i p i t a t i o n  

inputs £rom February 23  t o  March 2,  indicates that on ly  ca. 

4.6mm of  water  ove r  t h e  lakeR s s u r f a c e  o r  ca. 1, 486m3, cou ld  

have e n t e r e d  the lake i n  t h i s  way. 

T h e  f r e q u e n t  snowfalls, r a i n s ,  thaws and f r eezeups  

dur ing t h e  s tudy  p e r i o d  c o n t r i b u t e d  t o  t h e  development of a 

complex winter cove r  (F ig .  B6). The ice b locks  taken £rom 

Plastic L a k e  on t h e  1 5 t h  and 18th of  March i l l u s t r a t e  this 

point with  t h r e e  separate Layers of  s l u s h  ( s a t u r a t e d  wet 

snow), being sandwiched between f o u r  s e p a r a t e  sheets  of Ice 

( F i g .  86). T h e  initial sluçhing and white ice growth  period 

produced the two lower l a y e r s  of slush within the ice blocks  

i n  Fig. 8 6 ,  The lower of these two lenses persisted at 23 

o f  the 40 sampling sites as l a t e  as A p r i l  1. The upper 

s lu sh  Lens developed d u r i n g  t h e  second w h i t e  ice growth 

period and only persisted a t  5 of t h e  40  sampling points on 

April 1. On no o c c a s i o n  was t h e  ice c o v e r  complete ly  f rozen  

a t  e v e r y  sample site. Slush  lenses p e r s i s t e d  a t  some p o i n t s  

u n t i l  breakup. Some l e n s e s  a c t u a l l y  appeared t o  freeze and  

later thaw as  the ice cover warmed and c o o l e d  i n  response t o  

t h e  a m b l e n t  air t empe ra tu r e ,  p a r t i c u l a r l y  i n  A p r l l .  There  



was a p o s i t i v e  c o r r e l a t i o n  (P>F=.OOl, r2= 0.45) on Feb. 10 

between s l u s h  t h i c k n e s s  and t o t a l  ice thickness b u t  t h e r e  

waç no c o r r e l a t i o n ,  (P>F=.3089, r2=.0272) on Apri l  1. N o  

c o r r e l a t i o n  existed between slush depth and snow thickness 

on t h e  two sampling dates. However, the p r e s e n c e  of these 

slush l enses  must have been somehow r e l a t e d  t o  t h e  s l u s h i n g  

and snowcover history a t  each sampling site- 

Peak i c e  thrckness was recorded on March 13  at 54.2crn 

(Fig. B5 and B7c)- This  corresponds to 6% of the total 

3 Plas t i c  Lake volume o r  L43,OOOrn of water when corrected for 

the d e n s i t y  of the ice cover ( 0 . 8 6 ~ / c r n ~ ,  Adams 1 9 7 6 )  . 
Approxirnately 49% of t h e  volume of water c o n t a i n e d  i n  the 

i c e  cover  can be accounted f o r  by the p r e c i p i t a t i o n  that 

feLl on the lake surface from freezeup t o  March 13 ,  the rest 

of the ice volume consists of lake water. T h i s  is likely a n  

overestimate of t h e  p ropor t ion  o f  p r e c i p i t a t i o n  w i t h i n  the 

ice cover  as some p r e c i p i t a t i o n  d r a i n e d  into t h e  lake 

through the  ice d u r i n g  c a i n f a l l  e v e n t s  a n d  snow lost from 

t h e  ice s u r f a c e  by sub l ima t ion  and deflation is n o t  

accounted for. T h e  percentage  of p r e c i p i t a t i o n  i n  t h e  ice 

cover is higher than one would expect when slushing is 

e n t i r e l y  caused by lake water b u t  may be r e a s o n a b l e ,  given 

t h e  w h l t e  ice development a t t r i b u t a b l e  to rain-on-snow 

events. The peak ice volume (143t000m3) repreçents a va lue  

of 38.9% of the total terrestrial and 26.2 8 of the t o t a l  

hydrologie inputs t o  Plastic L a k e  from freezup u n t i l  t h e  end 

of Apr i l  (Table 10). 



T o t a l  ice  thickness was remarkably homogeneous over the 

lake s u r f a c e  u n t i l  the final sampling date on A p r i l  21 

(Frgs, B 7 a  t o  B 7 g ) -  The c o e f f i c i e n t  of  variation i n  rce 

thickness averaged 6.3% u n t i l  April 2 1  whereupon it 

increased t o  20% as ice began t o  ablate. General ly  the  lake  

marglns had a s l i g h t l y  thicker ice cover (as a result of 

white ice growth) ,  than the rernainder of t h e  lake  throughout 

the study period ( F i g  B 7 a  t o  B 7 g ) .  T h e  western shore line 

exh ib i t ed  a  c o n s i s t e n t l y  th icker  ice cover  throughout t h e  

study period,  and was t h e  l a s t  portion of t h e  lake t o  

undergo breakup (R. Shiba tani ,  p e r s o n a 1  communication]. T h e  

thickened ice i n  t h i s  zone rnay be a r e s u l t  o f  t e r r e s t r i a l  

runoff saturating the snowpack and f r e e z i n g  i n  place,  o r  a 

r e s u l t  of the human act ivi ty .  T h e  ice appeared dark brown 

i n  t h i s  zone  which leads one t o  b e l i e v e  t h a t  terrestrial 

r u n o f f  may have flowed on t o  t h e  ice s u r f a c e  a t  v a r i o u s  

times and  frozen i n  place (cf. Kingsbury, 1 9 8 3 ) .  This area 

a l so  receives t h e  most snowmobile traff ic  during winter  

which would serve to compact t he  snow cover  allowing ice 

growth t o  proceed more rapid ly .  The a b l a t i n g  ice cover on 

A p r i l  2 1  ( F i g .  B 7 g ) ,  d i sp lays  a n  i n t e r e s t i n g  p a t t e r n  with 

t h e  area around P l a s t i c  1 i n f l o w  and t h e  nor thern  shoreline, 

which r ece ives  t h e  peak af ternoon sunlight, a b l a t i n g  e a r l i e r  

than t h e  southern s h o r e l i n e  which 1s shaded. 

C. Plastic Lake snowcover - 
The 1985  Plastic Lake snowcover displayed t h r e e  p e a k s  

i n  snow depth ,  early January, mid-February and midoMarch, 



otherwlse the snow depth on Plastic L a k e  w a s  less than 15cm 

(Fig B2b). The floatlng snowpack was quickly compacted as a 

result of slushïng front t h e  lake as t h e  ice surface was 

depressed ,  and by the frequent rainfall events during the 

study period,  During late March, the ice surface was 

total ly devoid of snow f o r  approximately two w e e k s .  

An i l l u s t r a t i o n  of t he  influence of slush~ng events on 

t h e  structure and t h i c k n e s s  of a f l o a t i n g  snowpack is 

provided in F i g .  B3m On January  25,  the snowpack a t  

sampling site 3 was 36cm (6,9cm w.e.), t h i c k  and d i s p l a y e d  a 

complex, multilayered s t r a t i g r a p h y .  Lake water  had bequn t o  

s lush t h i s  site and t h e  bottom 5cm of the snowpack was 

s a t u r a t e d .  On January 3 0  the snowpack was o v e r l a i n  by some 

7cm of new snow whi le  t he  underlying c r y s t a l  s t r u c t u r e  w a s  

undergoing saturated and unsa tu ra t ed  wet metamorphism i n  t h e  

slushed portion of the profile (Colbeck 1 9 8 2 )  . As s l u s h m g  

progressed, the  snowpack depth decreased  by 8cm while water 

equivalence increased t o  ca. 18.82cm through the a d d i t i o n  of 

lake w a t e r .  Sixty-eight per c e n t  (19cm), of the remaining 

snowpack was saturated or wet on January 3 0 .  This i n d i c a t e s  

that a large percentage of t h e  original water i n c o r p o r a t e d  

i n t o  white ice is l a k e  d e r i v e d  when the snowpack is slushed 

by lake water. A s  arnbient temperatures dropped, t h i s  

slushed por t ion  of t h e  snowpack was inco rpora t ed  into t he  

underlying ice cover  leav ing  a reduced snowpack. 

The  in f luence  o f  s l u s h i n g  on t h e  spatial distribution 

of snowcover is  i l l u s t r a t e d  i n  t h e  sequence of Figs. B4a to 



B4c. Snow depth was r e l a t i v e l y  uniform on January 21-25, 

with slushing beginning i n  the areas e n c i r c l e d  by t h e  25cm 

i s o l i n e .  On January 30, on ly  the centre of  the lake and a 

smal l  area i n  t h e  east basin had not yet been s lushed .  Snow 

depth had decreased by 50% and t h e  c o e f f i c i e n t  o f  variation 

had increased from 1 7 %  to 50%.  On February 1 0 ,  the snowpack 

had dec reased  by a f u r t h e r  8% but t h e  c o e f f i c i e n t  of 

variation had decreased t o  21% as the  e n t i r e  l a k e  had been 

s lushed.  T h e  same sequence is repeated i n  F i g .  B4d through 

B4f and B4g through B 4 j .  A f t e r  e ach  major snowfa l l ,  snow 

depth decreased  q u i t e  r a p i d l y  as the snowpack was 

i nco rpora t ed  i n t o  the ice cover  by s l u s h i n g  and t h e  f r e q u e n t  

thaws and rain-on-snow e v e n t s  (Fig.  B2b). 

S e v e r a l  distinct p h y s i c a l  and chemical  d i f f e r e n c e s  

existed between t h e  terrestrial snowcover and the Plastic 

Lake snowcover, The snowcover on P.lastic Lake never  

attained t h e  depth or t h e  water equ iva lence  o f  the 

surrounding terrestrial snowcover a f t e r  mid-February, as a 

r e s u l t  of t h e  frequent s l u s h i n g  e v e n t s  and disappeared 

e n t i r e l y  for per iods  of time (Figs. B2a and b) . Because of 

t h e  l a r g e  macro openings i n  the ice, s l u s h i n g  occur red  

r a p i d l y  whenever t h e  ice cove r  was depressed.  The  f l o a t i n g  

snowpack began accumulating 1 9  days earlier than t he  

terrestrial snowpack (1. Smith unpublished d a t a )  , as a 

result of the late  f reeze-up of  P l a s t i c  Lake and a b l a t e d  

some t h r e e  weeks earlier (R.  Shibatani  persona1  



communication), both as a result of its not being shaded by 

the surrounding forest and its shallower depth. 

The Plastic Lake snowcover did not show the same 

chemical trends as the terrestrial snowpack, again as a 

result of the frequent slushing events and the flooding of 

the snowpack by lake water. Ionic concentrations in the 

floating snowpack fluctuated wildly in response to 

precipitation and slushing events ( F i g s .  B2c to p ) .  These 

fluctuations were amplifieci by the magnitude of the volume 

of the new lake water or precipitation event water in 

relation to the small volume of older snow present in the 

lake snowpack. This differs from the terrestrial snowpack 

where a large volume of old, dilute, snow muted the 

influence of any new precipitation event (Fig. B2c to p ) .  

The peaks in Ca", Mg'=, Na', Cl', and S0,-2 and the minimum of 

H+ recorded in the Plastic Lake snowcover on February 23 are 

a result of sites 34 and 18 being influenced by lake water 

(Figs. 82c, f, g, h, O and p,  Table 8 ) .  Peak loads of these 

ions and DOC (excluding H'), w e r e  recorded on this sampling 

date. Peak H' loads were recorded on January 30 ,  February 

Il and March 5, after relatively fresh snowfalls (Fig B2f 

and Table 8) , 

The influence of the forest canopy on a snowpackfs 

chemistry is displayed in  F i g s .  B2i, k and 1 where mean DOC, 

PPUT and K+ concentrations were significantly (p>Z=O,O 

Wilcoxon 2 sample test), higher in the terrestrial snowpack 

than the adjacent floating snowpack. Presumably these 



dif ferences  are a r e s u l t  of the l e ach ing  o f  organic matter 

t h a t  was present i n  t h e  terrestrlal snowpack (Jones 1 9 8 5 ,  

Jones and Sochanska 1985) . 
D. Slush and ice chemistry - 

A s  the Plastic Lake snowpack slushed and began t o  

freeze, e x s o l u t i o n  of i o n s  and gases into a decreasing 

volume of highly  c o n c e n t r a t e d  s l u s h  o c c u r r e d .  This process  

was r e f l e c t e d  by the hiqh c o n c e n t r a t i o n s  of i o n s  found 

within these  slush l e n s e s  (Table B4) .  T h e  l enses  were very 

a c i d i c ,  with pHus as  low as 3.55 being recorded (#=4.07 for 

site 3 and 4 - 4 2  f o r  site 1 9 ) ,  wi th  conductivities as  high as 

246 uS/crn (#=62.7  f o r  sîte 3 and 4=34 .3  f o r  site 19) on May 

7 (Table 8 4 ) .  The peak c o n c e n t r a t i o n s  r eco rded  on March 7 

a t  s i te  3 are in teres t ing  in that  they occurred a f t e r  a co ld  

s p e l l  o f  four days (Table A 3 ) ,  and one would expect t h a t  

these lenses would f reeze, concentrating ions into ever 

thinner layers, However, the s i n g l e  l a r g e s t  snow event  o f  

the study period occurred on March 4 (35crn, Table A3), and 

probably insulated the underlying s Lush l e n s e s .  Also, no 

rapid thinning of t h e  s l u s h  was measured ( F i g  Be). The high 

c o n c e n t r a t i o n s  p r e s e n t  a t  site 3 were reconfirmed the same 

day by resampling,  

All chemical parameters measured i n  the s l u s h  lenses a t  

t h e  two sites fol lowed the  same general c o n c e n t r a t i o n a l  * 

t r e n d s  except for TAL and PPUT, Site 19 d i d  not  display the 

same increase i n  c o n c e n t r a t i o n  as Site 3 on March 7 b u t  

showed a later, s m a l l e r ,  increase as slush thickness 



decreased in mid March ( F i g s ,  Ba-n ) ,  Concen t r a t i ons  o f  

most p a r a m e t e r s  are very s i m i l a l  between t h e  two sites 

except for the March 7 values. Both sites g e n e r a l l y  

exhibited stable o r  slowly declining c o n c e n t r a t i o n s  w i t h  

time except  for t h e  the two c o n c e n t r a t i o n a l  peaks mentioned 

above, To ta l  aluminum and PPUT differ from other chemical  

parameters i n  their c o n c e n t r a t i o n a l  t r ends .  Site 1 9 ,  

located near t h e  lake margin ( F i g  1 0 )  , e x h i b i t e d  TAL v a l u e s  

some 3x h ighe r  t h a n  t h e  rnid lake site ( F i g  B91) , A s  

rnentioned ear l ie r  i n  t h i s  section, the Site 19 ice cover 

appeared t o  be in f luenced  by some terrestrial r u n o f f ,  The 

high TAI; may be  a t t r i b u t e d  t o  this l i t h o l o g i c  sou rce .  SLush 

PPUT va lues  a r e  p e r p l e x i n g  ( F i g .  Bgm), Site 1 9  f o l l o w s  t h e  

s a m e  gene ra l  t r e n d  as t h e  o t h e r  parameters u n t i l  mid-March 

when it began to i n c r e a s e .  T h e  i n c r e a s e  i n  PPUT 

concen t r a t i on  a t  t h i s  site may p o s s i b l y  be a t t r i b u t e d  t o  

nearshore runof f  b u t  this iç n o t  r e f l e c t e d  i n  t h e  o t h e r  

chemical parameters ,  The trends i n  PPUT c o n c e n t r a t i o n  a t  

site 3 are more difficult t o  e x p l a i n ,  T h e  peak PPUT 

concen t r a t i on  h e r e  appeared  offset by two weeks from al1 t h e  

other parameters.  A p o s s i b l e  exp lana t ion  f o r  t h i s  l a t e r  

peak may be the  r e l a t i v e l y  poor  freeze-out e f f i c i e n c y  

exh ib i t ed  by phosphorus d u r i n g  ice growth (Welch and Legaul t  

1986), The  phosphorus w i t h i n  the s l u s h  lens may n o t  become 

concent ra ted  u n t i l  t h e  f i n a l  f r e e z i n g  of t he  lens r e s u l t i n g  

in t h e  later peak c o n c e n t r a t i o n s .  



The chemistry of the ice component of the winter cover 

was generally q u i t e  dilute (conductance 1 5 . 8 8  - 1.94 riS/cm, 

Table 8 3 ) .  The relatively pure state of the ice cover  is a 

resuît of the e f f i c i e n t  exclusion of most ions in to  s l u s h  

ienses and the rmderlying Lake during ice growth. T h e  ice 

samples from the uppermost layers, collected on March 1 5  and 

1 8  and April 22,  were generally more acidic and concentrated 

than the deeper ice layers (Table B3, F i g .  B6) . T h e  surface 

ice layers of ten contained p a r t i a l l y  metamorphosed snow 

which rnay account for t h e i r  higher  acidity and ionic 

strength, 

E. Chemical Loading by the Plastic Lake winter cover - 
The t o t a l  ionic load of the winter cover  w a s  only  

calculated for two sample sites (site 3 and 19). A tota l  

winter cover chernical budget for the entire lake, given the 

spatial and temporal variability found in the volume and 

chernistry of  a l 1  three of the l a k e  cover components (Table 

91 ,  was logistically imposs ib le .  The peak ionic load for 

t h e  two sites was recorded from the  March 1 5  and March 18 

samples. Spatially, the peak ionic load was recorded at the 

nearshore site 19 for a l 1  parameters except TKN, ~ 0 ~ -  and 

H+. The increased loading a t  the shoreline site can mostly 

be attributed to the greater volume of ice there. Another 

source of ions for this site rnay be the terrestriai runoff  

which appeared to influence this portion of the lake. 

The slush component of the winter cover generally 

carrled a greater percentage of the ionic load than its 



volume would indicate (Table 9) , This concentrational 

effect 1s caused by exolution of ions and gases from the 

advancinq rce front into the narrowing slush Lens. Two 

parameters which did not exhibit t h i s  exsolution effect were 

PPUT and TKN whose concentrations were g e n e r a l l y  

proportional t o  the volume of each cover component (Table 

9 ) .  Welch and Legault (1986), and Groterud (1972a) both 

report  poor freezeout e f f i c i e n c i e s  for phosphorus and 

ni trogen from black ice which means that more of these  

nutr ients  may be incorporated into the ice s tructure  in 

cornparison to other ions, 

As the season progressed. an i n c r e a s i n g  proport ion of 

the total ionic load contained i n  the winter cover c o u l d  be 

accounted for by p r e c i p i t a t i o n  i n p u t s  to  i t ç  surface. 

Throughout the  study period. p r e c i p i t a t i o n  could account for 
+ most of t he  -H+ and  NO^ found i n  the lake cover at both 

sites. This not surprising given t h e  high concentrations of  

t h e s e  two ions recorded i n  the  p r e c i p i t a t i o n  in t h i s  region 

( T a b l e  A51 . There appeared to be a decrease i n  the t o t a l  

i o n i c  load of c d 2 ,  M ~ + ~ ,  ~ a + ,  K+,  S04  and DOC frorn Feb. 

10 t o  March 15  a t  site 3 .  despite a 33% increase in ice 

volume. This may be an ind ica t ion  of a leaching of the ice 

cover by r a i n f  a 1 l . Rainf a 11 appeared to percolate q u i t e  

quickly through the ice cover, probably through 

micro-channel s l i k e  those described by Brownman (1974) . 
This d e f i n a t e l y  occurred during the f irs t  rain-on-snow event 

as the surface water of Plastic Lake experienced subs tant ia l  



offshore pH depress ions  (Fig. D6c) The surface waters at 

t h i s  tlme aLso had extremely extremely l o w  natusal  

f l u o r e s c e n c e  valaeç ( F i g ,  D8d) , indicating an 

non-terrestrial source for this water. Ions from the zce 

cover may be added directly to the lake  by t h i s  rainwater i n  

much the same namer as they are remaved from a snowpack by 

a rain-on-snow @vent. The influence of the terrestrial 

runoff  on the w i u t e r  cover at site 19 i s  reflected i n  the 

l o w  ratios of p r e c i p i t a t i o n  inputs to cover load for most 

parameters when compared to the open lake site 3 .  

The lake cover on  Apri l  22 d i sp layed  a decreased i o n  

load a s  a result of a b l a t i o n  of the ice cover, Site 19 less 

so than S i t e  3 (Table 9 )  . Some i o n s ,  such as  c d 2 ,  did  n o t  

appear to be lost i n  proport ion to the decl ine  i n  ice 

volume. This appeared t o  be a r e s u l t  o f  the sa tura t ion  o f  

the decay ing  ice rnatrix by lake water. 

The importance of the 1985 winter cover within the 

s p r i n g  water and chernical budget framework for Plastic Lake 

is summarized ln Tables 11 and 1 2 .  It should be borne i n  

mind that Plastic Lake occupies 2 5 . 2 %  of i t s  total catchment 

area. P r e c i p i t a t i o n  on the l ake  surface  during the  study 

period contributed Ca. 26% of the total water to  P l a s t i c  

Lake d u r i n g  t h i s  time. Hydrogen i o n ,  cl' and PPUT appeared 

to be c o n t r i b u t e d  t o  t h e  l a k e  i n  proport ion  t o  the vo3ume of 

preclpitation for this p e r l o d .  Precipitation o n  the lake's 

surface appeared to  c o n t r i b u t e  a substantlal p o r t i o n  of the  
- 

total NOj and TKN i n p u t s  to  t h e  l a k e  ( 8 8 %  and 41% 



Table 12 
C o n t f  t b u t r o n  tu Plast lc  Lake f rom direct preclpl t a t l o n  and 
slushed lake water expressed as a percentage of the to ta l  
e x t e r n a l  i n p u t s  to Plastic Lake for t h e  1985 study per~od. 

External precipi  tation Interna1 lake 
load load 

TKN 41.6 

PPUT 2 7 . 9  3.1 

TAL 1.7 1.5 

DOC 3.4 3 . 8  

+ 17.2 kg as CaCq added to t h e  lake through interna1 
loading. 



respectively)  , ref lecting t h e  e f f i c i e n t  retention of 

nitrogen by the terrestrial catchment. The terrestrial 

runoff contr ibuted a far  greater percentage of t h e  ~ a * ~ ,  

~g'~, ~ a + ,  K+, S O ~ - ~ ,  TAL and DOC inputs to the lake vhen 

compared to p r e c i p i t a t i o n  inputs. 

A n  estirnate of the  internal loading to Plastic Lake 

from l a k e  water that had s lushed  the over ly ing  snowcover 

over the  course o f  the winter  is also presented in Table 12. 

The lake water was assumed to have concentrat ions  equal to 

those reported by MOE on January 28 (Table Dl in Appendix 

4 ) .  The volume of th i s  water was assumed t o  equal 51% o f  

the total ice cover minus the volume of t h e  black ice 

component. The water input  from this source is est imated as  

some 8.2% of the total e x t e r n a l  inputs  from p r e c i p i t a t i o n .  

This internal Loading contr ibutes  most of the parameters i n  
- 

proportion to the  volume of i n p u t  except f o r  H+, NOj , PPUT, 

TAL and DOC which are contributed r e l a t i v e l y  less. The 

internal loading t o  the lake appears to be a more important 

source of major cations and alkalinity than the  

prec ip i ta t ion  component of the lake winter cover .  

The physical s t r u c t u r e  and chemical nature of Plastic 

Lake's wlnter cover was cornplex and dynamic. Both changed 

dramatically i n  response to t h e  frequent rain-on-snow 

events, snow loading and final thaw. The floating snow 

cover appeared to be chemically and physically d i s t i n c t  from 

the terrestrial snowpack throughout most of t h e  study 

per iod .  Chernical and physical differences between adjacent 



snowpacks could  be attributed t o  s l u s h i n g  and subsequent 

w h l t e  ice growth on the lake surface, and forest canopy 

processes  w i t h i n  t h e  terrestrial catchment. The winter 

cover and t h e  p r e c i p i t a t i o n  component conta ined  within it, 

appeared to c o n t r i b u t e  s~gnificant por t ions  of the water and 

chemical ( p a r t i c u l a r l y  n i t r o g e n ) ,  i n p u t s  t o  Plastic Lake 

du r ing  the 1985 spring runoff per iod .  T h e  d i f f e r e n t  w i n t e r  

cover components ( s l u s h ,  snow and ice), differed greatly i n  

their i o n i c  concen t r a t ions .  The va r ious  slush l e n s e s  

appeared q u i t e  concent ra ted  and ac id ic ,  as a r e s u l t  of 

f r e e z o u t ,  and c a r r i e d  a far g r e a t e r  percentage of t h e  t o t a l  

w i n t e r  cove r  i o n i c  load than  their volume would i n d i c a t e .  

T h e  w i n t e r  cover  appeared t o  be q u i t e  porous d u r i n g  t h e  

study per iod .  There appeared t o  be both macro and micro 

openings which allowed p r e c i p i t a t i o n  i n p u t s  into t h e  l a k e  

and lake water o u t  on t o  the ice s u r f a c e  th roughout  t h e  

s t u d y  pe r iod .  T h e  presence of the s l u s h  lenses w i t h i n  t h e  

ice cover meant that  the t empera tu re  of t h e  ice cover was 

Ca. OOC whi le  they were p r e s e n t .  This allowed microchannels  

a t  t h e  i n d i v i d u a l  ice g r a i n  boundaries t o  remain open. 

These  channels allowed any rain water on t h e  lake surface t o  

p e r c o l a t e  th rough t h e  i c e  c o v e r  leaching  it of v a r i o u s  ions. 

T h e  p re sence  of t h e  macro openings  allowed a c i d i c  water t o  

enter the Zake, unbuffered, i n  substantial s h o r t - l i v e d  

v e r t i c a l  s t r eams  during r a i n f a l l  events ( P i g .  D6c). These 

same openings  a l lowed lake water t o  s l u s h  t h e  lake snowcover 

whenever the ice cover was depressed. This influenced both 



the spat ia l  ice growth and the f i n a l  chernical d i s t r l b u t l o n s  

w i t h i n  the wintec cover over the e n t i r e  Lake surface. 

F. Plastic inflou chemistry and hydrology - 
The P l a s t i c  Inf low 1 hydrograph displayed five separate 

discharge peaks during the study period ( F i g .  C l ) .  T h e  

f irst  four peaks are attributable to sain-on-snow events 

( F i g .  C l ,  T a b l e s A 2 ,  A3 a n d A 4 ) .  The  f i n a l ,  a n d b y  far  the 

largest, discharge peak was the result of a combination of a 

rain-on-snow event and the  final large radiative snowmelt 

(Tables A 4  and C l ,  P i g .  C l ) .  Event 5 and the f i n a l  snowmelt 

quickly ab la ted  the terrestrial snowpack ( F i g .  B2a), and the 

P l a s t i c  Lake ice cover (Fig. B5). The f i n a l  rain and 

snowmelt d i scharge  peak (April 1 5 - 2 8 ) ,  contr ibuted  Ca. 40% 

of t h e  total t e r r e s t r i a l  runoff inputs  to Plastic Lake f o r  

the period of Jan 03 to April 30, 1985 (Table 10). 

The trends i n  streamwater chemistry i n  Plastic Inflow 

were dominated by the meteorologic and hydrologie sequence 

for  t h e  study period. AS the Plastic 1 i n f l o w  d i scharge  

decreased t o  baseflow i n  Januaty and most of February ( F i g .  

Cl and Table Cl) , concentrat ions  of H+, S O ~ - ~ ,  TAL and 

conductance d e c l i n e d  (Figs C2a, h,  1 and O ,  Table C 2 ) .  

- Alka lrn i ty ,  NO3 , p p ~ ~ ,  WC, A- and colour i n c r e a s e d  ( F i g s .  

CZb, i ,  k ,  rn, n ,  and p ,  Table C21, w h l l e  d2, Naf,  

K', CÏ and TKN (Figs. C 2 c ,  d ,  e, f ,  g ,  and j, Table C Z ) ,  

remained relatively constant .  

The decrease i n  streamwater concentra t ions ,  as  

discharge d e c l i n e d ,  i s  poçs ib ly  a result o f  a decrease i n  



the  contributions of areas w i t h i n  t h e  catchment t h a t  

c o n t r i b u t e  r e l a t i v e l y  higher H+ and S04 -2 concentra t i o n ç  

than o t h e r  p o r t i o n s  of t h e  ca tchment .  Total aluminum and 

conductance  are in f luenced  by t h e  H+ c o n c e n t r a t i o n  i n  t h e  

waters of the çtudy area. As pH d e c l i n e s ,  TAL is mobil ized 

( reviewed by Campbell and Stokes 1985), while hydrogen ion 

i n f l u e n c e s  conductance  t o  a large degree in t h e  d i l u t e  

S h l e l d  waters of the s t u d y  area (APHA 1 9 6 5 ) .  T h e r e f o r e  the  

d e c l i n e s  i n  conductance and TAL, as w e l l  as t h e  i n c r e a s e  i n  

a l k a l i n i t y ,  are l i k e l y  l i n k e d  to t h e  decrease i n  H+ 

c o n c e n t r a t i o n  within the stream water. T h e  increase i n  

c o n c e n t r a t i o n  of PPUT and NOj- is l i k e l y  a r e s u l t  of a 

dec rea sed  demand p laced  on these n u t r i e n t s  by the 

terrestrial system because  o f  the dormancy of p l a n t  and 

rn ic rob ia l  metabolism d u r i n g  the  w i n t e r  pe r iod .  Disso lved  

o r g a n i c  ca rbon ,  A-, and c o l o u r  c o n c e n t r a t i o n s  are linked, 

and t h e i r  srna11 i n c r e a s e  i n  concentration may be a t t r i b u t e d  

t o  a decrease i n  d i l u t i o n  by t h e  reduced f l o w s  o f  t h i s  

per iod .  

Dissolved o r g a n i c  ca rbon ,  A', colour and ~ a +  a l1  

d i s p l a y e d  decreases i n  c o n c e n t r a t i o n  during event 1 as a 

r e s u l t  of d i l u t i o n  ( C 2 e ,  m, n  and p 0  Tab le  C 2 ) .  A l k a l i n i t y  

dec rea sed  i n  c o n c e n t r a t i o n  (ca. -30 u e q / l ) ,  l a x g e l y  as 

r e s u l t  of an increase i n  s t r o n g  acid (HN03 c a .  +15 u e q / l  and 

HZs04 Ca. +34ueq/ 1) , s t r eam water  c o n c e n t r a t i o n s  (Tab le  C21 . 
A l l  o t h e r  pa ramete rs  d i s p l a y e d  an  i n c r e a s e  i n  c o n c e n t r a t i o n  

a s  a result of event 1. The s o u r c e  of  t h e s e  ions t o  t h e  



stream is a combination of w a t e r  s t o r e d  w i t h m  the  SOLI 

matrix,  which becornes displaced i n t o  the stream by snowmelt 

( p i s t o n  f l o w ) ,  and direct inputs o f  ions from snow and  

rainwater to t h e  stream. channel. 

The hydrologie y i e l d  from Event I almost equal led the  

p r e c i p i t a t i o n  inputs for  that period. Hydrogen i o n  and 

~ 0 ~ ' ~  were exported from t h e  terrestrial b a s i n  i n  proportion 

t o  the d e c r e a s e  i n  snowpack load (Table 7 ) .  T h e  observed  

decreases  i n  t h e  terrestrial snowpack load  of PPUT ( 1 3 . 4 ~ 1 ,  

TKN ( 3 . 4 ~ )  and NOj- (17.2~) were g r e a t e r  than t h e  c a l c u l a t e d  

stream export for  e v e n t  1, i n d i c a t i n g  t h a t  these  n u t r i e n t s  

were e i t h e r  being r e t a i n e d  by the terrestrial system, o r  

that t h i s  water was not reaching t h e  stream channel  but 

rather d i s p l a c i n g  p re -ex i s t ing  s o i 1  water. Calcium, M $ ~ ,  

~ a + ,  cl*, TKN, PPUT, T U ,  DOC, A- and colour a l1  d i s p l a y e d  

d e c l i n i n g  t r e n d s  i n  s t ream w a t e r  chemistry as snow meltwater 

and r a i n w a t e r  contr ibuteci  a larger p o r t i o n  of the streamflow 

as the season progressed after event 1 (Table C 2 ,  ligs. C 2 c ,  

d,  e, g, j r  k, 1, m, n and p ) .  Sulphate d i sp layed  a 

r e l a t i v e l y  stable concentration after event 1 u n t i l  i ts  

c o n c e n t r a t i o n  d e c l i n e d  because of d i l u t i o n  during the f i n a l  

large snowmelt-event  i n  late April ( F i g .  C2h, Table  C 2 ) .  

A f t e r  event I r  NO3' c o n c e n t r a t i o n s  g e n e r a l l y  remained near - 

trace v a l u e s  a s  t h e  terrestrial basin r e t a i n e d  this ion 

q u i t e  efficiently ( F i g .  C2i, Table C 2 ) .  Small, s h o r t - l i v e d ,  
- 

N O j  concentration peaks were associated with  events 2, 3 

and 5. The source of these small peaks was likely the 



f l u s h m g  of new snow in t h e  near Stream snowpack. SmaLL 

p e a k s  i n  streamvrter concentration were displayed by H', 

-2 ~ a + ~ ,  ~ g + ~ ,  CI-, SOq ,  NO^-? PPUT, TAL, DOC, A-, 

conductance and colour during events 2 an 3 ( F i g s  C S c ,  d ,  

9-if k-p, Table a). Al1 chernical parameters except PPUT 

displayed a decrcase i n  streamwater concentrat ion because of 

dilution during the peak snowmelt and discharge period in 

late A p r i l  ( P i g s ,  C 2  a-p, Table C 2 )  . Phosphorus values  may 

have been influenced by the increased suspended load of 

organic matter that appeared to  accompany peak discharge. 

Alkalinity, TKN, CL', A-, DOC, co lour  and PPUT al1 exhibited 

increases in streamwater concentration once snowmelt was 

completed i n  early May (Figs. C2b, g r  k, m. n, and p l .  



G. The hydroloqic and chemical influence of snow and ice 
melt on P l a s t i c  b k e ,  1985. 

The sampling program i n i t i a t e d  on Plastic Lake was 

designed to investigate the influence of meltwater runoff 

within the l a k e  spatially, in the horizontal and vertical 

planes ,  as well as temporally.  The purpose of this sampling 

program was to determine the spatial extent to which Plastic 

Lake w a s  influenceci by spr ing  runoff and t o  determine the  

spatial and temporal ex ten t  of any pH depressions associated 

with  this rneltwater. ~t was unfortunate that the l a r g e  

e a r l y  slushing event prevented the e s t a b l i s h m e n t  of the 

whole lake sampling gr id  u n t i l  early March, after event 1, 

which w e  have seen had a profound effect on Stream 

chemistry. Sampling during and before the i n i t i a l  rainfali 

m e n t  was conducted through natural holes i n  the ice surface 

d o n g  the western shoreline and only  suface water pH, 

conductance and natural fluorescence data were obtained at 

12 of the 40 regular sampling sites. 

It is useful to begin to examine the influence of 

snowmelt on Plastic Lake during the study period, by f irs t  

examining the MOE deep hole integrated chemistry results 

(Table Dl) . Most chemical parameters during the study 
period displayed a slight decrease in concentration 5%-10% 

which is well w i t h i n  the variation that can be attributed to 

sampling and a n a l y t i c a l  v a r i a n c e  (cd. IO%, P .  D i l lon ,  

personal c o r n u n i c a t i o n ) .  Aluminum d i s p l a y e d  a srnail increase 

which is also withln the sampling and a n a l y t i c a l  variance. 



Hydrogen ion ( + 3 5 % ) ,  Alk (-60%). ~ 0 ~ -  ( +75%)  and cl- ( + 2 4 % )  

displayed more mbstant ia l  changes. The observed CI- change 

may b e  suspect because of an initial low value which is in 

error. The CL- increase is not a general trend over the 

study period for that  ion which is further evidence of an 

poss ible  initial underestirnate (Table Dl) . Approximately 
- 

1/3 of the NOj increase may be attributed to inputs through 

p r e c i p i t a t i o n  on to the lake surface (Table Il). The rest 

of n i t r a t e  increase w i t h i n  Plastic Lake must be generated 

through interna1 processes, principally the decomposition of 

organic  matter within the lake, Although the  actual 

increases in A+ and decrease in alkalinity are slight, both 

trends are c o n s i s t e n t  through the study period (Table Dl). 

The increase in II+ can be roughly balanced, on an 
- 

equivalence basis ,  by the increase in NOj c o n c e n t r a t i o n  

w i t h m  the lake, 

T h e  chemical budget for Plastic Lake duting the study  

period (Table 11) , ref lects the t r e n d s  i n  deep hole 

integrated results for most chemical parameters. Chloride,  

TKN, PPUT, TAL and DOC display the opposite trend in 

concentration to that predicted by the chernical budget. 

Chloride changes may possibly be attributed to error 

[previously discussed), while Plastic Inflow 1 (upon which 

the terrestrial input portion of the budget is based) , may 

n o t  be a good predictor f o r  t h e  ungauged p o r t i o n  of the 

basin for DOC and TAL inputs (P. Dillon personal 

communication). Aluminum and DOC rnay ais0 p r e c i p i t a t e  o u t  



from l o w  pH stream water as it mixes w i t h  s l i g h t l y  higher pH 

Plastic Lake water, Interna1 processes such as organic 

decomposition are llkely quite important in regulating the 

concentrations of TKN and PPUT w i t h m  Plastic Lake. 

The chemistry budget ind ica tes  that Plastic Lake 

retained H*, N$, TKN, PPUT, TAL and DOC during the study 

perlod while a n e t  export of c à 2 ,  M~~~~ ~ a * ,  K+, cl- and 

s04 -* seems to have occurred (Table 11). The input:output 

ratio f o r  S04 -2 is q u i t e  c l o s e  to  one,  c e r t a i n l y  within the  

error of the budget method, indicating that  S 0 4  outputs 

are roughly balanced by inputs .  Generally Plastic Lake 

appeared to have become s l i g h t l y  more dilute i n  base 

cations? a l k a l i n i t y  decreased and t h e  observed increase  in 

H+ was roughly balanced by an increase  of ~ 0 ~ -  within the 

lake, 

Hm Nearshore and surface water chemistry - 
The integrated surface (1.Sm) water chemistry displayed 

much more dramatic responses  to çnow and ice melt inputs 

than t h e  integrated deep hole r e s u l t s  during the  study 

period (Table D2, Figs. Dla-O). These results were not 

unexpected given that  the measurements were taken close to 

the input  source ( s h o r e l i n e s  and strearn entrantes), before 

much dilution within t h e  lake could take  place, The results 

are important however, a s  they offer a closer approximation 

of the water quality to which brota are exposed ln the 

littoral zones during the spring runoff ,  than the deep hole 

integrated values ,  



Four of the five sites ( S i t e  1 near the lake outflow 

berng the exception) displayed, higher H' concentrat ions 

throughout the study period than the deep hole results ( F i g .  

D l a ) .  The mean H+ for these four sites was significantly 

different than the i n t e g r a t e d  chemistry results (Wilcoxon 

two sample rank test (p> F= 0.0026). 

Site 1 generally displayed a delayed response t o  al1 

concentrational changes w i t h i n  the lake as  a result of its 

isolated position with regards to the main lake body ( F i g .  

10) . The outlet area of P l a s t i c  Lake has a relatively small 

area of the terrestrial b a s i n  draining directly into it, 

which would also contribute to the observed delayed response 

of site 1. 

Hydrogen ion data from February, during event  1, 

ind ica ted  that  Site 31 (adjacent to  a rocky shore l ine )  

appeared to  e x p e r i e n c e  a substantial pH depression (Fig . 
Dla). A pH depression also occurred at al1 sites e x c e p t  

site 1 during e v e n t  2 in mid March. This pH depression is 

also reflected by the s h o r e l i n e  profile data Fig. D3a-e and 

the whole-lake surface pH distributions Fig. D6a-i. S i t e  

BI1 (adjacent to the Plastic 1 inflow), displayed the 

highest H* i n c r e a s e  (up to 5 0  &eq/l). Hydrogen ion 

concentrat ions declined within two weeks in three of the 

four sites (Site 9 adjacent to Plastic Inflow 5 (Fig. 101, 

being the exception). A smaller H+ increase was exhibited 

a t  sites 1, 3 1  and B I 1  during event 4 in late March. A 

f i n a l  peak i n  H+ concentration occurred on Aprlï  10 just 



before e v e n t  5 ( P i g .  D l a ) .  Hydrogen ion c o n c e n t r a t i o n s  

decreased d u r i n g  the final runoff event likely as a r e s u l t  

of d i l u t i o n  £rom the ice c o v e r  and snowmelt r u n o f f .  

Negat ive  a lka l in i t i e s  were recorded a t  f o u r  o f  the five 

sites throughout the e n t i r e  study period IFig D l b ) .  

A l k a l r n i t y  also became n e g a t i v e  a t  site 1 during event 3 and 

remained so u n t i l  the f i n a l  sampling date on April 21. 

A l k a l i n i t y  t r e n d s  at the remaining four sites generally 

f o l l o w e d  one another with site B I 1  (adjacent to P i a s t i c  

Inflow 1) d i s p l a y i n g  the largest a l k a l i n i t y  depression (as  

low as -1 .6  m g / l  as CaC03). The l a r g e s t  a l k a l i n i t y  decline 

occurred during event 2 in mid-March. 

Conductance values recorded i n  the surface water of the 

shoreline sites fo l lowed  almost the exact same trends as 

recorded for H* ( B i g .  Dl=) . This i n d i c a t e s  that conductance 

i n  these dilute waters is largely a function of H+ 

c o n c e n t r a t i o n  rather than total i o n i c  s t rength  o f  the  

water.  Site 1,  i n  the o u t f l o w  area, a g a i n  displayed a 

delayed response to snowrnelt inputs with conductance o n l y  

i n c r e a s i n g  i n  late March. 

Shoreline s u r f a c e  water M ~ + ~ ,  ~ a + ,  K', cl-, 

soqo2, PPUT, TAL, and TKN a l 1  d i s p l a y e d  similar 

c o n c e n t r a t i o n a l  p a t t e r n s  over time ( P i g s  Dld, f, g, h, i, k, 

1 and rn) . Concentra t ion  of these parameters appeared t o  

d e c r e a s e  i n  response to event 2 and w i t h i n  two weeks had 

increased to pre-event c o n c e n t r a t i o n s  o r  higher. Little or 

no dilution is ev ident  i n  response to e v e n t  3 .  



Concentrations of the above parameters peaked on the April  

10 sampling, and thereafter rapidly decreased in response to 

ice and snowmelt runoff by Aprii 21. S i t e  1 again, tended 

to lag behind the other sites, exhibiting a slow increase i n  

these  parameters u n t i l  Apri l  10 before becoming more dilute. 

Conductance , H+, ~ a + ,  so4-*, PPUT, TAL, W C ,  TKN and 

natural  fluorescence a l 1  appeared to  be more concentrated OS 

higher in t h i s  surface, nearshore, water than in the lake as 

awhole ( F i g s .  Dla, c, f, i, 1 ,  rn, n a n d o ) .  

Total aluminum and DOC disp layed  substantial 

differences between shore l ine  sites. TRI, concentrations 

reached much higher concentrat ions  a t  sites 19, 3 1  and BI1 

than recorded at sites 1 or 9 or the in tegra ted  deep hole 

resu l t s  ( F i g  D l m ) .  S i t e  9 displayed the same pattern but 

did not reach t h e  same TAL concentrations as t h e  other three 

sites. Dissolved organic carbon values  a t  sites 1 and and 

31 were always lower than those recorded for the other three 

shoreline s i t e s  ( F i g .  Dln). Sites 1 and 31 displayed no DOC 

response during t h e  study period while the other three sites 

responded in the same general rnanner as  t h e  other parameters 

Lsted above. Differences in DOC and natural fluorescence 

values obtained from the f i ve  sites may be a t t r i b u t e d  to the 

presence of organic soils with in  the  terrestrial b a s i n  

adjacent to sites 9, 19 and BI1. 

Nitrate displayed an increase at sites 9, 19, 31 and 

B I 1  in response to event 2 in mîd March w h ~ h  was opposite 

to the trend displayed by the parameters mentioned above 



- 
( F i g .  Dl j)  . Concentrations of NOj declined to pre-event 2 

- 
levels by early April. A very slight zncrease in NO3 

- 
concentrations vas recorded during late April. S i t e  I NOj 

c o n c e n t r a t i o n s  exhibited a gradual build-up during t h e  study 

period, peaking in early April and declining thereafter. 

Natural fluorescence displayed a similar pattern to 00C 

with sites 1 and 31 having lower values than the other three 

sites ( F i g  Dlo) . site 19 displayed a fluorescence peak 

during the February rainfall event while little or no 

response was exhibited at sites 1 and B I 1 .  S i t e  1 and 31 

displayed gradual increases of fluorescence throughout the 

study period. Site 31 declined q u i t e  rapidly on April 22, in 

response to dilution by ice and snow meltwater. Site BI1 

displayed the largest decrease in fluorescence in response  

to t h e  f i n a l  snowmelt  uno off. The natural fluorescence 

recorded in mid-lake was 4 un i t s .  

1. Q u a n t i f i c a t i o n  of shoreline acidification - 
As mentioned i n  the introduction, the acidification 

process i s  the reduction i n  alkalinity. The reduction in 

alkalinity can be caused by dilution, an increase in organic 

acidity and an increase i n  strong mineral acids (HN03 and 

H2SOq) , (Dillon and Lazerte 1986) . Table 13 presents a 

quantitative breakdown of the causes of the reduction of 

alkalinity at each of the f i v e  shoreline sites. There are 

f o u r  samples w i t h  f u l l  chemistry that exhibited increases i n  

acidity during the study (March 14, 18 and Aprll 11 and 20) 

for sites 9 ,  1 9 ,  3 1  and BI1. The i n i t i a l  MOE integrated 



S,te 9 
S r r O I  22-13 
arrO7 8.7 
n r r l 4  25.1 
h r l 9  27.2 
.*rrZa JL.6 
! % r i 8  29.3 
AprOl 1 4 . 3  
AprOf 17.7 
AprO9 1 7 - 7  
A p r l l  29.1 
Apr20 11.2 
Apr21 9.2 

S i t e  19 
Fca lZ  3-0 
Feb23 6.6 
WarO2 13.6 
Mm07 10-3 
n r r l r  18.4 
Nrli L7.2 
n r r 2 6  7 - 0  
nar28 13.6 
AprOL 10.6 
AprO3 9.7 
AprO9 22.8 
A p r l l  31.2 
Apr2O 11-8 
àprZ1 15.5 

S i t e  J I  

Nat02 37.5 
Mar07 2.3 
n r r L 4  37-5 
N r r l l  13-2 
M t 2 6  16.0 
n r r 2 I  20.6 
AprOl 8.7 
A p r 0 3  9.5 
AprO9 15.1 
A p r l l  17.5 
Apt20 11-2 
A p r 2 l  LJ.2 

S ~ t t  l t l  
F t b l Z  9.2 
Fe021 9.7 
Hm02 13.9 
Mar07 45-6 
Mar14 37-5 
Wrrll 7.9 
Mar26 16-8 
urrza 20.1 
AprOL 22-8 
AprOl  Z9.3 
AprO9 10.1 
A p r l l  15.1 
AprLb a - r ~  
Apr 21 



l a k e  sample value was used as a baseline against which 

ac~dification change was assessed. Pre-runoff sarnples from 

each site would have been preferred for use as a baselme, 

but were unava~lable because of t h e  early sampling problems. 

Site 1 displayed an ac id i ty  i n c r e a s e  only on April 11 and 

21. D i l u t i o n  appeared to p lay  a p a r t  i n  the pH depressions 

recorded on March 14 and April 21. A major d i l u t i o n  of 

c a t i o n s ,  and to a lesser extent anions ,  is  indicated by the 

April 21 results. The hydrogen ion increase  during peak 

snowmelt was only  8.2 to 15.5 ueq/l higher than the baseline 

values. Sulphate c o n c e n t r a t i o n s  appeared to decrease during 
- 

the peak snowmelt event w h i l e  NOj remained r e l a t i v e l y  

stable. The d i l u t i o n  of SOq ' 2  ,as on ly  6 6  to  43% of the 

dilution observed in base c a t i o n s  during the peak snowmelt. 

This indicateç that  runoff was ~ 0 ~ ' ~  enriched with respect 

to  base cations during the peak snowmelt. The relatively 
- 

stable NOj- concentrat ions  a r e  p o s s i b l y  a result of NO3 

being r e l e a s e d  by t h e  ice cover and organic decomposit ion.  

Organic a c i d i t y  is of consequence o n l y  a t  sites 9 ,  19  and 

B I 1  . 
Organic a c i d i t y  (an empirical estimate o f  the abundance 

of dissociated and complexed caboxyl groups i n  s o l u t i o n ,  A-, 

(Oliver e t  a l .  1983)), plays a role i n  the ac id i ty  increase 

recorded on March 26 and April 11 a t  sites 1 9  and B I 1 ,  with 

A- contributing more of the observed anion increase than 
- 

NO3 on those occasions. Organic acidity only approaches 



the  rmportance of soqo2, rn c o n t r l b u t i n g  to the reduct ion  ln 

alkalinity, at site BI1 adajacent t o  P l a s t i c  1. 

a 

The March 14, NO3 Lncrease accounts for the f irst  

recorded acldifrcation pulse. with S04 -2 concentrations 

actually showing a slight dilution at most sites. Sulphate 

generally appeared to be the dominant acidifying agent 

during the March 26 and April 11 samples. The reduction of 

a l k a l i n i t y  in the littoral, surface, waters of Plastic Lake 

during the study period appeared to be caused by the 
- 

a d d i t i o n  of strong acid anions S04 and NOj . Organic 

a c i d i t y  was only important at sites near strearns that 

contained organic çoils with in  their catchments. Dilution 

of alkalinity occurred during the peak snowmelt . Sulphate 

concentrations decreased during peak snowmelt because of 

d i l u t i o n  but not to the same degree as base cations.  

J. Shoreline profile data - 
Conductance, temperature, pH and fluorescence p r o f i l e s  

were also collected at each of the five shoreline sites to 

a s s e s s  the vertical influence of spring runaff on Plast ic  

Lake, 

The P l a s t i c  Lake shoreline sites exhib i ted  a typical 

winter s t r a t i f i c a t i o n  under the  ice surface (Hutchinson 

1 9 7 5 ,  F i g s .  D2a-e). These s h o r e l i n e  sites were generally 

quite  co ld  throughout the study period (max. observed 

temperature 4.0°c, in l a t e  April), w i t h  temperatures 0 n l y  

beglnning t o  rise on Masch 15 at four of t h e  sites and A p r i l  

10 a t  site B I 1 .  A breakdown of t h e  temperature 



stratification appeared to have occurred i n  midoMarch at 

four of the sites (site 9 being the exception), possrbly 

rndicat ing a mlxing of the water column. This breakdown rn 

thermal s t r a t i f i c a t i o n  appeared correlated w i t h  low pH and 

hlgh conductance water ( F i g s .  D3a-e and D4a-e) . 
The profile r e s u l t s  indicate that two separate pH 

depressions occurred during the study period (and possibly a 

thrrd in late February that was not sampled) ( F i g .  D3a-el. 

The first pH depression appears to be in response t o  event 2 

i n  mideMarch and lasted for ca. two weeks. The second pH 

depression began i n  response to events 3 and 4 ,  and 

persisted to the end of the study period (Apri l  22)  . Both 

events increased  H+ to approximately the same levels (50-60 

ueq/ 1) , but t h e  peak H+ concentrations of the second pH 

depression appeared to occur slightly deeper than the first 

at some sites. This may be a result of dilute ice melt 

water overlying the t e rre s t r ia l  runoff water on t h e  second 

sampling d a t e .  This three layer scenario is indicative of 

an interflow type of s i t u a t i o n ,  ( F i g ,  5 ) .  Site 1, near the 

lake outflow, experienced only one pH depress ion ,  in 

mid-April, which was not as  severe as those experienced in 

the other sampling sites ( F i g .  D3b). The maximum depth 

recorded for a pH depression below pH 5 was Ca. 2.5 metreS, 

at sites 19, BI1 and 9, This indicates that a s u b s t a n t i a l  

portion of Plastic Lake's littoral zone may be exposed to 

these low pH levels, 



Conductivity profiles followed the same general t r e n d s  

as H+ (Figs. D4a-el . Peak conductance values were recorded 

a t  the same depths  and times as t h e  high H+ c o n c e n t r a t i o n s .  . 
The conductivity profiles were generaîly more cornplex than 

those of H+ as a r e s u l t  o f  a sediment maximum also being 

displayed. Low conductivity w a t e r  was found a d j a c e n t  to the 

underside of the ice cover on the f i n a l  sampling date. This 

is attributed to ice a b l a t i o n .  

Natural  f l u o r e s c e n c e  values d i d  no t  cor respond  with 

peaks i n  H+ or conductance ( F i g s .  D5a-e) , during the first 

pH depress ion  at t h e  shoreline sites. Peak fluorescence 

values were recorded at al1 sites after t h e  cessation of t h e  

first  pH depression and only during the second pH depress ion  

w a s  there any agreement  between t h e  two p a t t e r n s .  The high 

f luorescence  va lues  a t  depth i n d i c a t e  t h a t  t e r r e s t r i a l  

meltwater had mixed t o  a depth of at least 3m at s i te  BI1 

ad jacen t  t o  Plastic 1 inf low ( F i g .  D5a-el.  There is 

evidence of  a n  in te r f low pattern of meltwater during t he  

f i n a l  p r o f i l e ,  with l ake  ice meltwater o v e r l y i n g  t e r r e s t r i a i  

runoff water  which i n  t u r n  is overlying t h e  r e s i d e n t  lake  

water . 
K .  Whole-lake s u r f a c e  water response to a c i d i f i c a t i o n  
C 

Ta determine the whole lake s p a t i a l  response  of P l a s t i c  

Lake surface waters t o  snowmelt, a n  i n t e g r a t e d  1.5m tube 

sarnple w a s  a l s o  c o l l e c t e d  from each of t h e  4 0  sample sites 

on a ca. f o r t n l g h t l y  basis. The sarnples were c o l l e c t e d  to 

assess t h e  hor i zon ta l  d i s t r z b u t i o n  of meltwater i n p u t s  and 



the whole lake change i n  surface water quality that occurred 

durmg the study period, Specific conductance, pH and 

natural fluorescence were measured for each sample. 

F i g s .  D6a-i d i s p l a y  the lakewide surface water 

concentrations of H*. Only a partial sample was obtained 

during the first rainfall event (areas within the dashed 

line, 12 sites, Figs. D6a and b). The area sampled during 

the  i n i t i a l  min-on-snow event, February 2 3 ,  i n d i c a t e d  a 3 3 %  

increase i n  H+ concentrat ion i n  the surface waters adjacent 

to P l a s t i c  1 with small areas developing pH's below 5 (Fig. 

D6a and b). Surface H+ concentrations appear to have 

increased dramatically on March 2 after the c e s s a t i o n  of the 

first rain-on-snow event (Fig. D 6 c ) .  Local pH depressions 

are indicated well away from the lake margins. These 

mid-lake pH depressions appeared associated with areas where 

lake surface snow and rain water £rom event 1 had drained 

through large holes i n t o  the lake, The area adjacent t o  

P l a s t i c  Inflow 1 ,  the W e s t  central basin and the southern 

shoreline appeared t o  be areas of the lake that were 

influenced t o  a greater degree by melt and rainwater. The 

lake centre and outflow region did not appear to be 

influenced by the first tain-on-snow event. Peak lake-wide 

H' concentrations (33.73 ueq/ 1) were recorded on the March 

1 3  sampling date (Fig. D6d), after event 2. Hydrogen ion 

concentrations increased near Plastic fnflow 1 and the 

entire lake surface, except for a small region near the lake 

out£ low, experienced pH values below 5. Lake-wide H+ 



concentrations declined to Ca. 14.02 ~ e q / l  on Mar 18 and 

were relatively constant through event 3 i n  early April, 

Surface water H+ concentra t ions  agaln increased on 

April 9 /10  to 22.63 neq/ 1 a f t e r  event 4. Large areas of the 

eastern bas in  and the lake centre appeared to be influenced 

during this pH depression. Lake-wide H' concentration 

declined on t h e  final sampling date  (Apri l  21)  , l i k e l y  as a 

response to d i l u t i o n  from the a b l a t i o n  of  the lake's ice 

cover , 

The distributions of H+ i n d i c a t e  that pH depressions i n  

Plastic Lake were Lake-wide and ep i sod ic  i n  nature during 

the study period. Acid p u l s e s  were largely i n  response to 

rain-on-snow events, The highest hydrogen i o n  

concentrations were recorded near sites adjacent to natural 

holes in the ice cover which allowed snow and rainwater on 

the lake ice surface to enter the lake  directly on March 2 .  

Standard errors were large (Si= 4 9 . 2 % ) ,  both as a r e s u l t  of 

the s p a t i a l  heterogeneity of H+ across the lake  and the 

variation attributable to sampling and analytical error. 

A c i d i t y  i n  the area adjacent to Plastic Inflow 1 was 

general ly  greater than the rest of the lake. The lake 

outflow area (site l), and the east shoreline generally 

experienced reduced H+ concentrations when compared to the 

rest of the lake, posçibly becuse of a delayed snowmelt in 

these areas. 

Conductance general ly f o l  lowed the trends of H+ 

concentrations (D7a-h) . Peak conductance va lues were a imost 



aiways assocrated w ~ t h  areas with high H' concentrations. 

T h e  lake-wide conductance peak was recorded on ~ p r i l  9/11 

iX= 3 9 . 4 8 ) .  High conductance values were reflected by the 

high Fi+ values recorded in the W e s t  b a s i n  on this sampling 

date. Lake-wide conductivities declined quite dramaticaly 

( - 3 3 % ) ,  on April 21 in response to a b l a t i o n  of the ice cover 

and accompanying dilution of the surface water . 
Lake-wide natural fluorescence increased throughout the  

study period, with the highest values always associated w i t h  

the Plastic I inf low area and the area adjacent  to Plastlc 

Infïows 5 and 6 (Fig. D8a-g) .  These a r e a s  of the Plastic 

Lake drainage basin con ta in  organic soils which c o n t r i b u t e  

the organic acid compounds whrch c a u s e  t h i s  natural 

fluorescence. The lake centre exhibited low fluorescence 

throughout the s tudy  period and it was o n l y  on April 8 ,  when 

streamwater was distributed throughout t h e  e n t i r e  lake, that  

fhorescence values  in t h i s  a r e a  i n c r e a s e d  above four 

fluorescent units (Plast ic  Lake background values). Low 

fhorescence values were recorded on March 2 and March 13 

( F i g .  D8c and d ) ,  i n d i c a t i n g  that  the  water r e s p o n s i b l e  for 

the observed low pH values was contributed by r a i n  and snow 

from the ice surface rather than terrestrial runoff .  

L, P l a s t i c  Lake outflow hydrology and chernistry - 
Plastic Lake outflow's hydrologie response to the 

various rain-on-snow events during t h e  study period is 

dampened somewhat i n  cornparison to the terrestrial stream 

response ( F i g s .  Cl and C3), because of the storage capaci ty  



of the lake systern. However the timing of the peak 

discharge from the lake occu r red  o n l y  one day l a t e r  than t h e  

peak terrestrial discharge ,  r n d i c a t l n g  a fast response to 

major runoff even t s .  There was a small hydrologie response 

t o  t h e  March 4 snowfal l  event whlch loaded the lake ice 

cover w i t h  35cm of  snow ( F i g .  C3). 

There w e r e  s e v e r a l  subt le  ( i n  cornparison t o  inflow 

c h e m i s t r y ) ,  c o n c e n t r a t i o n a l  t r e n d s  e v i d e n t  i n  outf low 

chemist ry  i n  the February-March period (Figs. C4a-O) . The 

chernical r e sponse  t o  the  f irst  rain-on-snow event ,  i n  

February, was n o t  as dramat ic  as t h e  Plastic 1 i n f l o w  

response,  however a s l i g h t  r e d u c t i o n  i n  a l k a l i n i t y  is 

e v i d e n t  (Big. C4h) along w i t h  small, sharp, i n c r e a s e s  i n  H+, 
- 

S O ~ ' ~ ,  NOj , TAL, DOC, conductance and  c o l o u r  (Figs C4a,  h ,  

1, 1, m and O ) .  T h i s  i n d i c a t e s  that a t  Least part o f  t h e  

lake i s  r e spond ing  q u i t e  q u i c k l y  to these i n p u t s  and is 

expor t ing  t h i s  water much quicker t h a n  the t h e o r e t i c a l  

flushing time, (TFT, equa t ion  12), would seem t o  p r e d i c t  i f  

t h e  e n t i r e  l a k e  was mixing a t  this t i m e .  

TFT (yrs) = Lake vo l  (m3) /Year ly  Outf low Volume (m3) 12 

Hutchinson 1975 

- 
Hydrogen ion, S O ~ - ~ ,  NO3 and conductance d i sp l ayed  

i n c r e a s i n g  ou t f low c o n c e n t r a t i o n s  u n t i l  t h e  beginning of 

April when they increased d r a m a t i c a l l y ,  i n  response to 

events 4 and 5. Sodium, K+, PAL, DOC and colour a l 1  

displayed peaks just prior to peak discharge, before their 



concentrations decreased a s  a result of dilution- 

Phosphorus was the only element which appeared to increase 

throughout the peak snowmelt drscharge- 

M. Response of Little Clear, Glen, Harp, E. Red Chalk, Red 
e, 

Chalk and Blue Chalk Lakes to spring meltwater inputs 

Temperature, pH, conductance and natural fluorescence 

profiles were collected a t  the above lakes ,  a t  sites 

adjacent to the largest single input source for each lake 

tFigs.DSa-f) . A l 1  of t h e  study Lakes exhibited a slight 

d e c l i n e  i n  conductance beneath the ice cover ( p o s s i b l y  up to 

2m i n  Harp Lake).  Hydrogen i o n  increases were generally 

confined to the water directly beneath the ice cover of 

these lakes (Harp (50cm) , Blue Chalk (50crn) , Little Clear 

(50cm) and Red Chalk Lakes (2m) ) . The tiny pH depression in 

Glen Lake, which is w e l l  buffered, can probably be 

attributed to dilution by ice ablation. The E. Red Chalk 

Lake sampling site is influenced both by the Blue Chalk 

outflow and Red Chalk 1 inflow stream and any pH depression 

in this lake may be masked by the influence of the Blue 

Chalk outflow. Little Clear, Harp, Blue Chalk, Red Chalk 

and Glen Lake a l 1  displayed an interflow p a t t e r n  of 

f luorescence ,  These iakes exhibited l o w  fluorescencing water 

for the f i r s t  SOcm below the ice cover (surface ice m e k )  , 
followed by a peak in fluotescence, indicating terrestrial 

runoff water, ( t o  Ca. 2 1/2m in Red Chalk Lake). Lower 

f l u o r e s c e n t  l ake  water was found below these t w o  l ayers  . 



One of the r n i t i a l  study objectives was t o  try to 

determine lf there was a relation between mlxing depth and 

i n f l o w  drainage area, It was postulated that  tne volume of 

inflow would be determined by the drainage area and 

therefore the energy available for mixing and mixing depth 

would be some function of that drainage area, However as w e  

have seen in P l a s t i c  Lake, meltwater pulses are episodic 

events  that Vary s p a t i a l l y  and temporally. There is no 

guarantee that w e  sampled the maximum mixing depth achieved 

by these inflows. Despite the differences in drainage areas 

between these basins, the m a x i m u m  mixing depth, indicated by 

these profiles (2-3m), f a l l s  within the maximum m i x i n g  depth 

indicated by the Plastic Lake temporal p r o f i l e s  (Figs. 

D2a-D5e) . It seems l i k e l y  therefore, that the m a x i m u m  

mixing depth achieved by these small inf lows is not simply 

dependent on volume of flow, but  a l s o  on thermal density 

di f f erences  between water masses and inflow geometry, 

N. Dye tracing and inf low dynamics - 
The results of the fluorescein dye traces conducted 

within Plastic Lake are summarised i n  Figs. El to ES, The 

first dye addition to Plas t i c  1 was made on March 8 ,  1985 

( F i g .  E l ) .  Plastic 1 discharge was q u i t e  low ( 2 . 2 1  l/sec) 

and o n l y  a ca. log. addition of fluorescein was made. The 

dye was traced 30m offshore over 4 hours before darkness 

made sampling impractical. During this time period, the  dye 

reached a depth  of Ca. lm and travelled at a mean v e l o c i t y  

of Ca. 0.125 m/min. Dye concentrations were highes t  in the 



r n i t i a l  SOcm of the water column below the ice cover. Dye 

measurements were continued on March 9 ,  2 8 . 5  hours &ter the 

original dye addition had been made. The dye plume had 0nly 

travelled an additional 1 5 m  out into the  lake but  appeared 

t o  have dispersed outwardç i n  a lateral d i r e c t i o n  several 

tens of  metres. lo dye could be detected below 50cm on day 

t w o  and t h e  highat  dye concentrations were recorded i n  the 

initiaL 25cm of the water column below the ice c o v e r .  

A second, larger (25g) , dye addition was made to Plas t i c  1 

on March 2 9 ,  1985 at a substantially higher flow (21.5 

l/sec, F i g .  E2). The dye waç traced ca. l O O m  out into the 

Lake over 7.5  hours. The dye reached a depth of Ca. 1.2m 

and travelled a t a  mean velocity of ca. 0.214m/min. Dye 

concentra t ions  were highest  in the i n i t i a l  60cm below the  

ice  cover. Dye sampling w a s  continued on March 30, 24.5 

hours a f t e r  addition. The dye was present i n  much 10wer 

concentra t ions  and could o n l y  be detected a further 20m 

offshore. Unlike the f irst  dye addition, the dye plume waS 

relatively compact Ica. 30m in width) . Both dye traces 

i n d i c a t e  that Plastic 1 water was confined to the  upper 

metre of t h e  water column, under the ice cover ,  although it 

did c o n t a c t  the sediments close t o  shore. These tracer 

p a t t e r n s  a r e  indicative of  overflow s i t u a t i o n s .  T h e  f i r s t  

dye a d d i t i o n  appeared to remain within t h e  imrnediate i n f l o w  

area and diffused slowly outwards once its initial momentum 

was l o s t .  The second dye addi t ion  moved q u i t e  rapidly Out 

m t o  the l a k e  and was probably t s a n s p o r t e d  o u t  of t h e  



inmediate inflow area by the  second sampling. The dye that 

was detected on day t w o  was quite dilute and may have been a 

residue of dye ttroduced slowly to the lake from the inflow 

area, w e l l  after the dye a d d i t i o n .  Both dye additions 

ï n d i c a t e  t h a t  streamflow from plastic 1 can be mixed to a t  

least 1. Zn, in depth, w h ~ c h  would explain the H+, conductance 

and f luorescence  profile data in Pigs. D3 to 0 5 .  It is 

interesting to note that even though the stream discharge 

had increased 9 X  from addi t ion  1 to addition 2, the mixing 

depth did not appear to have increased. This indicates that 

mixing energy from p l a s t i c  1 may be dissipated in the inflow 

area as a result of confining inflow geometry. 

Fluorescein dye addi t ions  were made to two different  

P l a s t i c  Lake inflows i n  1986. A small (59) dye addition was 

made to a seepage input ( P l a s t i c  seep 3 )  near shoreline site 

31, on March 31, (Figs. 10 and E3) . Powdered dye was added 

to the rocks above the lake and runoff water draining over 

the rocks was aLIowed to carry the dye i n t o  the lake. A Ca- 

lm area of open water existed adjacent to  the shoreline and 

the dye appeared to mix completely to the lake bottom in 

t h i s  zone. A slight breeze transported the dye plume 3m 

l a t e r a l l y  downwind before the dye went under t h e  ice. 

Unlike the stream additions, the dye appeared t o  travel  

slowly a long  the  lake bottom beneath a thin (5-20cm) layer 

of surface icemelt. ~t Ca. 4 m  and l m  below the ice cover, 

t h e  d y e  appeared to be displaced upwards by lake water and 

was confined to a ca. 50cm layer  between t h e  surface lce 



melt and the resident lake water (15-75cm below the ice 

cover) . It is possible  that  the dye in the nearshore area 

mixed completely within  the f i r s t  4m as the result of the 

establishment of a small thermal bar in this area. Water in 

the open area m a y  have been warmed and circulated down under 

the ice within a small thermal ce11 which would explain the 

observed dye pattern. Dye moved quite  slowly k a .  

0.025rn/min), i n  relation to the dye velocities observed for 

s t r e a m  i n p u t s .  The dye peak adjacent to the ice cover was a 

sesult of a small dye addi t ion  to the ice surface which 

ind ica tes  surface ice melt was percolating down through the 

ice cover. This porosity i n  an ablating ice cover was ~ S O  

observed by Bergmann and Welch (1985) at Saqvaqjuac, where 

rhodarnine dye was observed to percolate through a 1.2m 

t h i c k ,  decaying, ice cover. T h e  dye probably moved through 

the ice cover and entered the lake through the type of 

microfissures described by Brownman (1974) . 
A dye addition was also made t o  Plastic 6 i n f l o w .  

Discharge was Ca. 18 l/sec a t  the t i m e  of dye addi t ion  ( F i g .  

E41. Dye-labelled water appeared to displace lake water for 

a short horizontal distance  (191111, near the stream entrante. 

Afterwards it was confined to the upper 2Scm of the  water 

column, under the ice cover. Once the labelled streamwater 

reached Ca. Zorn offshore, no dye was detected below 25cm 

beneath the icecover and the inflowing streamwater was 

segregated from the lake bottorn in an overflow s i t u a t i o n  

( F i g .  5 ) .  Mean dye velocity over 40rn was Ca. O.ZZm/min and 



a slower (0 .08  m i n . )  l a t e r a l  dispersion w a s  a l s o  recorded. 

The stream water from Plas t i c  6 appeared to be q u i t e  

confined i n  the i n i t i a l  infLow area which must reduce the 

amount of rnixing t h a t  occurs £rom t h i s  i n p u t .  The geometry 

of the i n £  low a r a  serves t o  confine t h i s  i n f  low to t h e  

upper 25cm of the water column. Coincident measures of 

natura 1 fluorescence, conductance and H+ a 11 displayed peaks 

within the P l a s t i c  6 dye  path ( F i g .  ES) . 
These results agree q u i t e  w e l l  w i t h  the  rhodamine dye 

t r a c e  results pubfished by Bergmann and Welch (1985) from 

Saqvaqjuac, N.W.T. and results obtained from a combined 

tr i t ium/  rhodamine dye addition to Lake 240 a t  the 

Experimental Lakes Area (E .L.A)  , (G.  Linsey personal  

communication). Bergmann and Welch ( 1 9 8 5 )  found that dye- 

tagged water f l o a t e d  i n  a thin layer, 0-100cm below the ice, 

and extended over the entire ice-subsurface. Dye-tagged 

inputs  reached lake  outf lows a s  soon as three days after 

addition. Flow rates extracted from the  Saqvaqjuac study 

ranged £rom 0.02m/min to O.OBm/min. The dye velocities 

recorded from Plastic Lake appear higher than the ~aqvaqjuac 

a d d i t i o n s  because they were only recorded over srnail 

d i s t a n c e s  near the inf low source. The dye tracings from 

a l 1  t h r e e  studies i n d i c a t e  t h a t  the r e s i d e n c e  time for 

snowmelt inputs  is l i k e l y  overestimated, i f  they are assumed 

to mix with the  e n t i r e  sub-ice water compartment. The 

Plastic Lake dye tracings generally support  t h e  contention 

that the most d e l e t e r i o u s  i n f l u e n c e s  of snowmelt runof f  



occur i n  the upper lm of the water column i n  Precambrian 

ShleLd lakes with small inf lows and shallow ground water 

inputs. 

From the dye tracing and chemistry profile resuits it 

appears that meltwater movement and its influences within 

the study lakes uere generally conf ined to the upper 3m of 

t h e  water column, part i cu lar ly  i n  the l i ttoral  zones. In 

the pe lagic  zones of the lake, the inf luences were qeneraï ly 

confined to  the upper metre of the water column. In t h e  

Dorset area lakes, the most severe acid pulse and chernical 

changes were largely confined to the upper metre of the 

water column and often the top  50cm. It is clear t h a t  

inflowing meltwater must be less dense than the  res ident  

lake water. 

Temperature measurernents from both streamwater and 

lakewater profi les  within the P l a s t i c  Lake system, ind ica te  

t h a t  the incoming meltwater is  s l i g h t l y  Ica. 0 . 0 0 0 1  g/cm3), 

less thermally dense than the resident lake water. 

Calculation of dissolved s o l i d s  between t h e  two water masses 

indicates that t h e  inf lowing stream water is s l i g h t l y  

(0 .000002  g/cm3), more dense then the  resident lake water. 

Therefore the density differences which separate  the two 

water masses appear to be thermal i n  nature.  

To help expla in  the water qual i ty  patterns observed 

during snowmelt, some aspects of the  physical dynamics of 

the P l a s t i c  Lake system were calculated.  T h e  peak kinetic 

energy, developed by P l a s t i c  Inflow 1 at 96 l/sec, is 



ca l cu la ted  a s  39-33 J (Equation 1). The stabrlity I S )  , or 

wotk needed to nix a srnall area near the entrance of P l a s t i c  

Inflow 1, represented by site BI1 (36rn2 area, Zrn deep with a 

volume p r o f i l e  obtained from direct measurements), was 

calculated as outl ined i n  equation 12, utilizing the 

temperature measarements f rom the study period for site BI1 

( F i g .  D2d).  

(12 1 

Hutchinson 1975 

Stability was fonnd to Vary £rom 0.45 to 1.45 J. over the 

study period.  Kinetic energy supplied by each of the rain- 

on-snow e v e n t s  ranged from 0 . 7  to 5.3 J. It is evident that  

Plastic Inflow 1 can mix this small nearshore lake volume 

qui te  e a s i l y  at Peak flow and often at much iower flows, 

which would explain the presence of high f l u o t e s c i n g  and low 

pH water a t  site BI1 at depths of 2-3m ( F i g s  D3b and D5b). 

However the temperature s t r a t i f i c a t i o n  and chemical 

s t r a t i f i c a t i o n  t h a t  was evident during  the study period at 

site B I 1  indicates t h a t  this mixing was in t ermi t t en t  at 

best. It is l i k e l y  the main vector of force f o r  Plastic 1 

is such that it is d i r e c t e d  out over t h e  surface of the lake  

rather than towards t h e  lake c e n t r e .  This  was indicated i n  

the dye t r a c i n q s .  ~t i s  a h o  e v i d e n t  t h a t  Plastic 1 in f low  

does not supply nearly  enough energy to mix large areas of 

Plastic Lake even when it is s t r a t i f i e d  quite weakly as it 

is under t h e  ice cover, 



By evaluating equations three and four for Plastic 1 

and Plastic Lake we f ind that the actual energy available 

for mixing appears to be a negative value because the 

inflowing water i a s s  is less dense than the lake. It 

appears that Plastic Lake actually becomes more stable a s  a 

result of the addition of this lighter water to the lake 

s u r f a c e .  The actual k i n e t i c  energy supplied to the inf low 

area by Plastic 1 is obviously not negative, and there does 

appear to  be enough energy available to mix the shallow 

littoral zones near the Stream entrance, at least during 

some f low periods, but clearly there is not enough energy to 

mix the entire lake. An evaluation of Equation 2 indicates 

that Plastic Inflow 1 develops an Fd number of ca. 18 at 

peak flow. The positive Pd number indicates that Plastic 

in£ low 1 wil 1 project i n t c  the lake. However , the 
relatively small magnitude of this number indicates that the 

infïow will behave as indicated by the external temperature 

wedge scenario outlined in the Introduction and F i g .  7 .  

Mixing is expected to be w e a k  under this scenario and 

eventua 1 ly  buoyancy forces w i l  l cause th i s  m e  1 twater to  

travel through Plastic Lake as an overflow Fig. 4 ,  

(Stigebrandt 1978). 

Thls  overflow i s  evident in the outflow chemical 

response. If the inflowing snowmelt water remains largely 

segregated £rom t h e  resident lake water inflow, 

concentrational changes should be reflected quite rap id ly  in 

the ice-covered lake's out f low,  A crude at tempt  t o  rnodel 



this overflow flow-through effect was a p p l i e d  t o  Plastic 

Lake t o  p r e d i c t  observed o u t f l o w  c h e m i s t r y .  Two 

s i m u l a t i o n s ,  which mixed di f ferent  volumes of the  lake with 

a p r o r a t e d  chemical  input (based on P l a s t i c  In f low l ) ,  w e r e  

employed t o  predict the  observed trends i n  o u t f l o w  

chemistry. A surface exchange s i m u l a t i o n ,  which exchanged 

o n l y  t h e  upper SOcm of the water colurnn b e n e a t h  t h e  ice 

cover ,  and  o n e  t h a t  mixed t h e  e n t i r e  lake, were r u n  f o r  t h e  

v a r i o u s  chemical p a r a m e t e r s .  The output budgets f o r  t h i s  

model are d i s p l a y e d  i n  Table 14 and the  a c t u a l  and p r e d i c t e d  

t r e n d s  f o r  ~ a + ~  a r e  presented i n  F i g .  13. I t  appears that a 

s u r f a c e  exchange mode1 e x p l a i n s  the o b ç e r v e d  t r e n d s  in 

c h e m i s t r y  better than t h e  f u l l y  mixed model which e x h i b i t e d  

a l m o s t  no t empora l  r e s p o n s e .  

I t  is r e c o g n i z e d  that t h i s  approach has serious 

l i m i t a t i o n s .  The s i m u l a t i o n s  d o  n o t  take i n t o  a c c o u n t  

i n p u t s  from the  ice cover which o b v i o u s l y  play a par t  i n  t h e  

final observed o u t f l o w  d i l u t i o n s .  However, t h e  surface 

exchange s i m u l a t i o n  a n d  the observed a c t u a l  ~ a + *  d i l u t i o n  

both begin Ca. 1 week before t he  ice cover began a b l a t i n g ,  

i n d i c a t i n g  t h a t  some terrestrial r u n o f f  i s  l e a v i n g  t h e  lake 

d i r e c t l y .  Also, i f  the ice cover i n p u t s  are l e a v i n g  t h e  

o u t f l o w  a t  t h i s  t ime, it means that this i n f l o w  component 

h a s  a shor ter  residence t i m e  t h a n  one would p r e d i c t .  This  

p r e f e r e n t i a l  loss o f  ice m e l t  water h a s  been reported from 

the  Saqvaqjuac s t u d i e s  by Bergmann a n d  Welch (1985) . The 

s i m u l a t i o n s  also do not t a k e  i n t o  a c c o u n t  any i n t e r n a 1  



Table 1 4  
Compariçon of surface and whole lake mixing simuïations with 
actua 1 Plast ic  h k e  outf low budget - 

Fully Mixed Surface Exchange Actual 

H+ ( keq 1 1.2 13.2 4.4  

(kg) 993.9 923 .5  957 .1  

nb2 (kg) 230.6 212.2 223.9 

IV$ (kg) 223.4 2 2 8 . 9  222.2 

K+ (kg1 99.8 81 .9  103.6 

SO-~  (kg) 3 1 4 9 . 2  3410.4 3257.0 
4 
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changes that may have occurred within the l ake  with regards 

to  non-conservatrve chernical parameters. The simulations 

also rely e x c l u s i v e l y  on the use of P l a s t i c  1 to  predict  the 

entire terrestrial inputs to  the lake ,  which may not be 

approprlate for some parameters. The simulation a h 0  

u t l l i s e d  the i n i t i a l  MoE integrated sample as a baseline 

reservoir concentrat ion .  An error i n  t h i s  i n i t i a l  

concentration could gross ly affect the ptedicted output f rom 

each simulation. 

The surface exchange. and the f u l l y  mixed simulations, 

predicted the calculated exports of c d 2 ,  ~ g * ~  8 ~ a * ,  S 0 4  -2 

and PPUT within 10% of the actual export  from Plastic Lake. 

The fully mixed simulation also perforrned well i n  predic t ing  

K+ and DOC exports. ~ o w e v e r  t h e  f u l l y  mixed simulations did  

n o t  i n  any case match the observed temporal trends in 

outflow chemistry. The fully mixed s i m u l a t i o n ' s  success can 

mostly be a t t r i b u t e d  to the s imi lar  inflow and lake  

concentrations of t h e  Plastic Lake system. A n  attempt was 

made to correct for alkalinity reduction within each 

reservoir  as there were g r e a t  differences i n  alkalinity 

concentrat ion between the Plastic Lake inflows and outflow. 

The surface exchange simulation perforrned s u b s t a n t i a l l y  

better than t h e  f u l l y  mixed s imulat ion but still 

underestimated a l k a l i n i t y  export by some 46%. The results 

£rom the simulations are mixed. The surface exchange mode1 

appeared to pred ic t  most actual chemlcal trends q u i t e  w e l l  

b u t  d i d  n o t  perform as w e l l  i n  pred ic t ing  the actual export  



budgets. It is possrble that, perhaps by increasing the 

reservorr of the surface exchange simulation to ca. lm below 

the ice coves, m s t  budget results could be irnproved 

substantially. leither simulation predicted TKN or H+ 

adequa te ly . 

Section 6 Conclusions 

Plastic Lake exhibited whole-lake episodic temporal pH 

depressions in response to the several rain-on-snow events 

that occurred during the study period. It must be 

recognised that  the r e s u l t s  are decidedly year and somewhat 

site specific. t h e  study period vas influenced both by a 

la te  forming ice cover and by several large rain-on-snow 

events, both of which are not uncornmon to this area- The 

episodic nature of the recorded pH depressions, have also 

been observed in lakes near Sudbury, Ont. by Gunn and Keller 

1985. The severity of the whole-lake surface water pH 

depressions (ca. 1-17 p~ u n i t s ) ,  recorded i n  Plastic Lake is 

equivelent to the epilimnetic p H  depressions reported in the 

literature (summarised in Jeffries et al. 1979) . The 

Plastic Lake surface water pH's recorded (down to pH 3-92), 

combined with relatively high aluminum values (up to 204 

ug/l as TAL), are within the range of water quality which is 

hkely toxic or stressfull to aquatic biota (Dillon et al. 

1984, Gunn and Keller 1984, L e i v e s t a d  and Muniz 1 9 7 6 ,  e t c - )  . 
The loss of alkalinity w i t h i n  P l a s t i c  Lake c o u l d  rnainly be  

attributed t o  the addition of both HZsoq and HNO~. D i l u t i o n  

of alkalinity occurred during the peak snowmelt and organic 



a c l d i t y  was a rnlnor component of alkalinity loss at most 

sampling sites. T h i s  quantification of a l k a l i n i t y  loss is 

s i m i l a r  to the results reported by Lazerte and Dillon (1984) 

f o r  Plastic Inflow 1 in previous years, Littoral areas  

d i f f e r e d  spatially and tempora l ly  i n  their chemical r e s p o n s e  

t o  s p r i n g  runo f f  b u t  were i n f l u e n c e d  t o  a greater degree 

than the lake centre. 

The chemical  i n f l u e n c e s  of snow and ice melt varied 

s p a t i a l l y  over the l a k e  s u r f a c e  and with depth. E v e n t u a l l y  

t h e  entire l a k e  was i n f l u e n c e d  by meltwater t o  a d e p t h  of  2 

t o  3m, w l t h  the greatest chemical responses occurring i n  the 

upper l m  of the water column. The Plastic Lake outflow 

r eg ion  and t h e  e a s t e r n  s h o r e l i n e  were influenced t o  a lesser 

degree than the  rest of the lake, possibly because  o f  t h e  

delayed snowmelt and small terrestrial c o n t r i b u t i n g  a r e a s  of 

t h e s e  sites, Meltwater from stream inputs appeared to 

travel q u i t e  rapidly under  the ice cover w h i l e  direct 

drainage i n p u t s  t r a v e l l e d  q u i t e  slowly and were r e l a t i v e l y  

d i £ f u s e .  Peak c o n c e n t r a t i o n s  of  terrestrial runoff water 

were found directly under the ice c o v e r  and were o f t e n  

a s s o c i a t e d  with low pH,  hlgh c o n d u c t i v i t y  and h igh  natural 

f l u o r e s c e n c e  v a l u e s ,  

Thermal density d i f f e r e n c e s  and low stream energies 

appear to be the  major cause of meltwater stratification 

w i t h l n  t h e  s t u d y  l a k e s .  A l 1  of the Dorset area lakes 

sampled e x h i b l t e d  similar rnlxing depths and meltwater 

responses .  Mixing depth appears to be related both to 



Stream energy and inflow geometry. It must be borne in mind 

that the lakes sampled generally have shallow t i l l  deposits 

in their terrestrial drainage basins. Any S h i e l d  lakes with 

deeper till deposits could experience substantial 

groundwater inputs during spring runoff, which would 

profoundly influence both the concentration and distribution 

of meltwater within the lake (Charette et a l .  1 9 8 4 ) .  T h e  

i n f  lows to most of the study lakes were generally quite 

small. Large inflowing rivers could quite conceivably turn 

over an ice-covered lake or a t  least profoundly influence 

the d i s t r i b u t i o n  of meltwater within it (Carmack et al. 

1979). 

The winter cover of Plastic Lake changed physically as 

well as chemically as the study season progressed. The ice 

component was largely white ice or snow ice. The formation 

of this ice appeared to be caused by the flooding of the ice 

surface by both lake and rain water. The source of the lake 

water appeared to be several  large natusal hales rather than 

t h e  classic thermal cracking scenario observed in c o l d e r  

areas (Shaw 1965). The winter cover of Plastic Lake acted 

as a porous, two-way, barries to both lake water and 

p r e c i p i t a t i o n  during the study year. The ionic load of the 

lake winter c o v e r  appeared t o  be leached by rainfall and 

poss ib ly  lake water i n  much the same way as the terrestrial 

snow pack. Slush lenses contained a di spropor t iona te  share 

of t h e  i o n i c  Load of t h e  winter cover as a r e s u ï t  of 

freezeout. Although the winter c o v e r  is not a s  important a 



source o f  hydrologie and chemical  inputs as 1t is in arctic 

lakes (Welch and Legaul t  1986), it does contribute 

s l g n i f i c a n t l y  to t h e  w in t e r - sp r ing  water and chemical 

budgets. The winter cover  appeared ta be a s i g n i f i c a n t  

source of n i t r o g e n  compounds t o  t h e  l ake  during t h e  s tudy  

period. T h e  snow component of the  lake w i n t e r  cover 

dif fered dramat ica  l ly (bo th  physical ly and chemical  ly) , when 

compared to the adjacent terrestrial snowpack. 

The  results of t h i s  study i n d i c a t e  t h a t  t he  most 

d e l e t e r i o u s  e f f e c t s  of s p r i n g  snowmelt a c i d i f i c a t i o n  of 

Precambrian S h i e l d  lakes o c c u r s  i n  t h e  shal low,  l i t t o r a l ,  

areas a l though  t h e  e n t i r e  l a k e  s u r f a c e  can  be a f f e c t e d .  The 

most severe acid pulses can occur long b e f o r e  the f i n a l  

terrestrial snowmelt i n  r e sponse  to rain-on-snow events, and 

t h e s e  events are episodic i n  n a t u r e .  A c i d i f i c a t i o n  can a l s o  

be caused by r a i n  and snow e n t e r i n g  t h e  lake i n  d i r e c t  

v e r t i c a l  streams which can c a u s e  s u b s t a n t i a l  l o c a l  

r e d u c t i o n s  i n  a l k a i i n i t y .  

I n  lake b a s i n s  with s h a l l o w  t i l l  hor izons  and low 

energy Stream i n p u t s ,  runoff w a t e r  i s  generally conf ined  t o  

the upper p o r t i o n  of t h e  water column by thermal  density 

differences although it can  be mixed deeper by i n c r e a s e d  

Stream inputs. The s e g r e g a t i o n  o f  this mekwater short 

c i r c u i t s  the lake and d e c r e a s e s  the r e s i d e n c e  time of these 

rnputs. A s  i n d i c a t e d  by Bergmann and Welch (1985)  , t h e  

a c t u a l  res idence  time of these runoff inputs i n  any g iven  



year will be determined by the  proportion of the total  

runoff that occurs while the lake is ice covered. 
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Appendix 1 MeteoroIogic data and precipitation chemistry 



T & l e  "1 
ianuary Frec i pr t a t  ion and temperature sumrnary D o r s e t  
ri i ina~o luq ica  1 s t ~ t  ion. (1. Smith unpublished data) 

O 
Temperature ( C l  precipi tot ion  (mm, vater i  

M tn Ram Snow Max 

- 9 - c  
-8.0 
-4.5 
-3.0 
- 8 . 4  
-11.0 
-12.5 
-16.5 
-13.5 
-14, O 

-8.5 
-5 ,O 
-2 . 5 
-2.0 

-19.0 
-9 .5  
-7 .5  
- 5 . 5  
-9 .0  

-19.5 
-11.0 
-5.0 
- 3 . 0  
-2.5 
-5.0 

-10.0 
-7.0 
-5.0 
-7.0 
-5 .0  
-7.0 

-8.2 



Table AZ 
February p r e c s p ~  t a t   on and temperature surnrnary Dorset  
C L  tmato l og in [  s t d t r a n ,  (1. Smrth unpubLished data) 

Temperature ("CI Prectprtatton (mm, w d t c r )  
Octy Hax xrn i~ 1 n Snow 

Mean -3.7 -12.0 Total 4 2 . 0  61.9 

T= Trace ( 0.2m). 



Table ~3 
Yarch ?recrpLtation and temperature summary Dorset 
~ l ~ m a t o ~ o c ~ ~ c a ~  s t a t i o n .  (1- Smith unpubLished data) 

Temperature (OC Preciprtatron (mm, water) 
Day Max 

Mean 2 . 6  

T= Trace ( 0.2mm). 

Rain Snow 

Total 4 4 . 6  72.8  



Table ;14 
Aprll pcec lp l ta tmn and temperature surnmary Dorset 
cl lmatolog~cal s t a t r o n .  (1. smith unpublished data) 

Temperature ( O C )  

Max 

1.5 
-1.0 
1-0 
7.0 
6 - 5  
3 .O 
4 . 0  
0.0 

-3 .O 
0.5 
2.0 
8.0 
7.0 
15-0 
10 . 5 
1 0 s  

4.5 
10 . 5 
10.5 
14 .5  
25.0 
27 .0  
28.0 
22.5 
1 5 - 5  
15 .0  
13.0 
1 1 - 5  
18.0 
20.5 

1 0 - 3  -2 .6  Total 60.9 

Snow 

3.6 
3.0 
3.0 
4.0 
T 

3 - 7  

19.0 

4.0 

T 

T= Trace ( 0 .  hm). 



Table A 5 
Plastic 1 Precipitatlon chemistry, (P. Dillon unpubIlshed studles) 

Jan 03 4 . 5 0  - 1 . 6 1  .O7 
Jan 1 0  4 . 2 2  - 3 . 0 6  
Jan 2 2  4 . 2 9  - 2 . 7 1  . O 3  
Jan 30 4 . 2 2  - 3 . 4 4  .O6 
Feb 13 4 . 3 9  - 2 . 2 0  .O7 
Feb 2 1  4 - 1 0  - 3 . 3 0  -10 
Feb 2 5  4 . 1 8  - 3 . 4 0  . O 1  
Mar 07 4 . 4 7  - 1 . 5 9  .18 
Mar 1 3  4 .08  - 4 . 2 0  . 5 1  
Mar 29 4 . 3 0  - 2 . 5 0  . 3 1  
Apr 04 4 .30 - 2 . 9 4  .O5 
Apr 0 9  4 . 3 3  - 2 . 4 8  . 1 8  
A p r  17 4.00 - 5 . 8 0  . 3 8  
Apr 23  4 . 6 8  - 1 . 3 1  - 3 1  
May 07 4 . 3 5  - 2 . 3 5  .20 



Appendix 2 Terrestrial and floating snow, ice and s lush  physical and chernical 
data 



TERRESTRlAL SNOWPACK STRATtGRAPHY 

M A R  7 

F K W D  





Table UL 

19a5 Plsutrc L a k ~ b  Tvr rtb:itrral Snow Srtml~lcs 

S i t e  Tl 
Date Oeptti Wc uulbsi t y  Cond pH ca" M9 "N&' H *  C l  s0o20OC Al.UTi TAI.  Pi0uT TUN ~4 Cat bons hnionr Imualanc. 

cm cm q/cm uS.cm I m9/ 1 I w I I - m w l  1 UL.(//) b 
Feb 1 1  25.1 5.08 
Feb 19 3 9 . 9  5.84 
Yrb 2 3  20.4  6 . 3 5  
Peb 2 7  27.9 6 . 3 5  
k a r  01 
Mar 01 
Hor 06 27.9  7 .37  
Hàr 13 19.0 5 . 3 3  
Har 17 21.6 7 . 4 0  
Mar 25 32.5 15.00 
Mar 27 
Mor 30 2 7 . 9  10.70 
Apr 02 30.1 15,70 
Apr 11 44.4 17.30 
Apr 19 33.0 16.00 
hpr 2 2  7.0 2 . 3 0  
Apr 23 

T2 
Feb 11 46.5 10.4 0.224 17-46 4 .43  .lO .O5 .26 - 1 0  .1S 0.97 1.5 -1.90 ,157 1,26 0.455 60.12 56.90 5.50 
Feb 19 71.1 10.2 0 . 1 4 5  
Feb 2 2  51.6 11.2 0.197 22.21 4 .34  .10 .OS .O6 -02 .1S 2 , 0 0  0 , 8  -2 .70  . O 2 0  0 , 4 4  0 . 5 6 5  57.93 87.63 -40.80 

Mar 13 57.2 11.9 0.209 
Mar 17  38.1 9,s 0.307 19.05 4,54 .10 -05 -06  - 4 6  - 2 0  0.90 1.1 -1.50 U . O 3 2  0 . 3 9  0 ,550 52 .32  6 3 6 4  -19.52 
Mar 25 4 2 . 2  26.2 0 .323  
Mar 27 13.97 4.00 .30  . O 6  . I O  . O 0  .17 0.66 1.0 -0.99 4 ,017 0 . 3 4  0.290 42.15 39 .24  7 . 1 6  
Mar 30 38 .1  13.7 O.36U 
Apr 02 50.8 18.0 0.355 12.77 
Apr 11 64.8 18.3 0.202 8.64 4.09 -20 -07 -10  .O5 - 0 5  0.59 0.5 -0.76 9 .O24 0 .42  0.235 34.25 7 11.69 
Apr 19 3 6 . 3  17.0 0.462 



T a b l e  81 cont'd 

1985 Piastic Lako Terrestrial Snow Samples 

D a t e  Oepth WC Density tond pH cd" ~ ~ ' ' ) 3 r '  W + c i  SC!;' D W  ALKTI TM. PPUT TKH NO; Cat bons Anlona linbalince 
cm cm c m  uS.cn I mg/ I- I U W J - 9 )  I ueql l  1 r 

f'ob 11 40.6 10.7 
Feb 19 61.5 11.1 
Feb 22 55.4 1 4 , O  
Feb 2 7  4 5 . 5  1 3 . 7  
Mar O1 
Har OS 6 2 . 2  15 .2  
Mdr 13 49.5 16,3 
M U  1 7  5 3 , )  9 .9  
Mor 25 4 9 . 0  2 9 . 2  
Mar 2 7  
Mar 30 39.9 1 2 . 7  
Apr 02 53.3  18 .3  
Apr 11 61 .0  10 .3  
Ayr 19 41.9 16,: 
Apr 2 2  14.0 3.,6 
Apr 2 3  
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Fig. BZa 

OATE 

O I T  E 
' Error bars q u a 1  one standard deviation. 
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Appendix 3 P l a s t i c  Inflow 1 and P l a s t i c  L a k e  outflow discharge and chemistry  



Table Cl 
*O 

1985 Mean daily flow Plastic Inflow 1 (l/sec) 

Jan f eb M a r  APr 

Mean 1-67 2-93 6 06 2 2 - 7 1  
Max 5-86 17-60 21-50 72-90 
Min ,617 0.0 ,741 5-07 

*P. Dillon and LI Scott unpublished data 
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Table C3 

Jar Feb Ma r APr 

*P. Dillon and Le Scott unpublished data. 
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Fig. C4c 
198 S Pimatk Lmko Outflow Chemlatry Jan-May 

2 
O 
B 
€ 
C 

Fig. C4d 
iietR 1 

1 
I 
1 
I 
t 

0.a t 
034  + 
0.U t 
0.52 t 



o.: - 

Fig. C4f  

RtLI 

0.3 i 
1 
t 
I 
1 

O.? 1 
I 
I 
1 
I 

0.1 * 
1 
I 
I 







flg. C4k 
1015 PIaatIc Cakr Outflaw Chmmlstry Jan-May 
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Appendix 4 Plas t ic  Lake chemistry and temperature data 



Table Dl 
1985 Plastic Lake lntegrated "deep hole" chemlstry ( P .  DJ 1 Ion uripubl J s h e d  studies) 

Date pH ALKTI* D I C  !!CO; caf2 M ~ * ~ N ~  K+ clœ S O ~ ~ N H ~  N ~ ~ T K N  PPUT ThI. DOC Cond C Anions Cat iot is  Imbalsnca 





























fi Inregrared lake center TAL values uere 32-37 u g / l  
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a85 f lu t lc  Lake S w k a  Acldlty (ueqll) 

rm u 
Pz 

P6 

i so  
POF 

l i n e  i n t e r v a l  10 ueq/l 



1985 Ptutlc Lake Sdr ice  Acldlty (ueqfl) 

Fig. M d  MAR IS 



I 
POF 



Fig. D6g 

J 
POF 





Fig. D7a 

i so l ine  interval 5 uS/cm 







C - : rg.  



POF 





POF 
8 











Appendix 5 Plastic Lake dye trace results 



Flg. €1 Plastic 1 dye trace. March 8.  1985 

;O 2 0 3 0  ;O 58 
Dliianca lrom Pl i r t lc  lnflow 1 In matrer 

Plartle 1 dtathargr 2.21 l'me 



FIg. €2 Plastic 1 dye trace, March 29. 1905 












