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FOREWORD 

Syncrude Canada Ltd. is producing synthetic crude 

oil from a surface mine on the eastern portion of Crown Lease 

17, Alberta. This study was commissioned to describe the 

dispersal of saline groundwater in the Beaver Creek Diversion 

System. 

Syncrude's Environmental Research Monographs are 

published verbatim from the final reports of professional 

environmental consultants. Only proprietary technical or 

budget-related information is withheld. Because we do not 

necessarily base our decisions on just one consultant's opinion, 

recommendations found in the text should not be construed as 

commitments to action by Syncrude. 

Syncrude Canada Ltd. welcomes public and scientific 

interest in its environmental activities. Please address any 

questions or comments to Syncrude Environmental Affairs, 

10030 - 107 Street, Edmonton, Alberta, T5J 3E5. 

This report may be cited as: 

Carmack, E.C., and P.D. Killworth. 1979. Observations on the 

dispersal of saline groundwater in the Beaver Creek 

diversion system, 1976-1978. Syncrude Environmental 

Research Monograph 1979-2. 83 pp. 



ACKNOWLEDGEMENTS 

Th is  s tudy was funded by Cont rac t  EA 98 5897 f rom Syncrude Canada Ltd.  A l l  
I 

f i e l d  work, sample c o l  l e c t i o n ,  and chemical a n a l y s i s  were c a r r i e d  o u t  by Syncrude 

m 
Canada L td .  personnel . The authors  a1 so w ish  t o  acknowledge t h e  he1 p f u l  a s s i  s- 

tance o f  Dr. Michael A leks iuk ,  Aquat ic  Environments, Syncrude Canada Ltd. ,  and - h i s  assoc ia tes.  F igures  were drawn by S. W .  Flynn.  



iii 

ABSTRACT 

The d i spe rsa l  o f  s a l i n e  groundwater i n  t h e  Beaver Creek D i v e r s i o n  Sys- 

tem i s  descr ibed us ing  da ta  f rom a  two-year phys i ca l  l imno logy  mon i t o r  o f  

t he  system. Emphasis i s  p laced  on processes i n f  1  uencing temporal and s p a t i a l  

p a t t e r n s  i n  c i r c u l a t i o n ,  s t r a t i f i c a t i o n  and s a l i n e  water  d i s t r i b u t i o n s .  

Owing t o  i t s  dens i t y ,  t he  h i g h  s a l i n i t y  e f f l u e n t  tends t o  s i n k  upon 

e n t e r i n g  t h e  r e s e r v o i r ,  thus s e t t i n g  up v e r t i c a l  s t r a t i f i c a t i o n .  Wind m ix i ng  

d u r i n g  t he  i c e - f r e e  season i s  e f f e c t i v e  o n l y  t o  depths o f  4-5 m so t h a t  i m -  

pondment occurs i n  t he  deepest p o r t i o n s  o f  t h e  system; however, convec t i ve  

processes i n  s p r i n g  and autumn e f f e c t i v e l y  mix  t he  e n t i r e  wate r  column. An- 

nual  v a r i a t i o n s  i n  s a l i n i t y  and c h l o r i n i t y  a r e  s t r o n g l y  coupled t o  pumping 

opera t ions  , which inc rease  concent ra t ions  , and n a t u r a l  s t r eamf l  ows which de- 

crease concent ra t ions .  Ove ra l l  s a l t  and c h l o r i d e  i o n  concen t ra t i ons  a re  

h i ghes t  i n  Beaver Creek Basin,  where e f f l u e n t  en te rs  t h e  system, and pro-  

g r e s s i v e l y  decrease toward S p i l l w a y  Basin where t h e  r e s e r v o i r ' s  o u t f l o w  en te rs  

Pop la r  Creek. 

The time-dependent behaviour  o f  t he  system i s  f u r t h e r  examined us ing  

bo th  a  mass budget approach and a  ' f i l l i n g - b o x '  numerical  model. Resu l ts  

from these c a l c u l a t i o n s ,  combined w i t h  t h e  f i e l d  observat ions,  show t h a t  

t he  ef fect iveness o f  t h e  r e s e r v o i r  as a  means o f  mine e f f l u e n t  d isposa l  i s  

s t r o n g l y  dependent upon t h e  seasona l i t y  o f  n a t u r a l  streamflows. Fur ther -  

more, i n t e r -annua l  v a r i a t i o n s  i n  f l o w  may be s u f f i c i e n t l y  l a r g e  t o  o f f s e t  

any l ong  term t rends .  Thus f a r ,  d isposa l  opera t ions  have n o t  s i g n i f i c a n t l y  

degraded t h e  q u a l i t y  o f  t h e  r e s e r v o i r  i n  terms o f  c h l o r i d e  concen t ra t i ons .  
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1. INTRODUCTION 

The Beaver Creek Reservo i r  near  M i l d r e d  Lake, A l b e r t a  ( F i g u r e  1 )  was 

b u i l t  i n  1975 by Syncrude Canada L td .  as a  means o f  d i v e r t i n g  t h e  n a t u r a l  

steamflow o f  Beaver Creek away f rom t h e  mine and p l a n t  areas. Th i s  was ac- 

complished by l a y i n g  a  3 km l ong  e a r t h f i l l  dam across Beaver Creek south o f  

t h e  mine s i t e  and re - channe l l i ng  t h e  f l o w  southward t o  t h e  Athabasca R i ve r  

v i a  Pop la r  Creek. La te r ,  when i t  became o p e r a t i o n a l l y  necessary t o  remove 

c h l o r i d e - r i c h  groundwater f rom t h e  mine, Syncrude was g ran ted  permiss ion t o  

d ischarge t h i s  e f f l u e n t  i n t o  t he  d i v e r s i o n  system, p r o v i d i n g  c h l o r i d e  l e v e l s  

i n  t h e  water e n t e r i n g  Pop la r  Creek d i d  n o t  exceed 400 ppm above ambient. 

Two environmental  concerns a r e  assoc ia ted  w i t h  t h i s  method o f  d isposa l .  

F i r s t ,  as s t a t e d  above, t h e  c h l o r i n i t y  o f  water  l e a v i n g  t h e  r e s e r v o i r  must 

remain below 400 ppm above ambient. Second, c h l o r i n i t y  l e v e l s  w i t h i n  t h e  

r e s e r v o i r  must remain below the  t o l e rance  l e v e l  o f  e s t a b l i s h e d  aqua t i c  l i f e .  

The l a t t e r  c i r t e r i o n  i s  impor tan t  i n  t h a t  t h e  d i v e r s i o n  system i s  a  h i g h l y  

p roduc t i ve  f reshwater  b i o l o g i c a l  community. 

P r i o r  t o  t h e  commencement o f  d isposa l  i n t o  Beaver Creek Reservo i r ,  t h e  

Environmental A f f a i r s  Department o f  Syncrude Canada L td .  commissioned an i n -  

dependent s tudy  (Carmack, 1976) t o  desc r i be  t h e  morphometric and hydraul  i c  

c h a r a c t e r i s t i c s  of t h e  r e s e r v o i r  and t o  p r o j e c t  c h l o r i d e  concent ra t ions  i n  

t h e  system. I n  t h a t  s tudy  i t  was concluded t h a t  c h l o r i n i t y  l e v e l s  w i t h i n  

t h e  system would l i k e l y  remain w e l l  below to l e rance  l e v e l s ;  however, owing 

t o  p o s s i b l e  l o c a l  b u i  ld-ups r e s u l t i n g  f rom s a l t  s t r a t i f i c a t i o n  and season- 

a l i t y  e f f e c t s  ( i . e .  v a r i a t i o n s  i n  streamflow, mine water  d ischarge,  i c e  f o r -  

mat ion, e t c .  ) ,  an on-going f i e l d  su rve i  1  lance  program was recommended. 

Mine e f f l u e n t  was f i r s t  pumped i n t o  Beaver Creek Reservo i r  l a t e  i n  1976 

and t h e  d isposa l  program became f u l l y  ope ra t i ona l  i n  sp r ing ,  1977. 



Concurrent ly ,  a  phys i ca l  l imno logy  program c o n s i s t i n g  o f  month ly  mon i to rs  

( c f .  Sec t ion  2) was i n i t i a t e d  by M. A leks iuk ,  Sec t i on  Head, Aquat i c  Env i ron-  

ments, and h i s  assoc ia tes.  

The p resen t  s tudy r e p o r t s  on t h e  f i n d i n g s  o f  da ta  ob ta ined  ove r  a  two- 

year  p e r i o d  o f  s a l i n e  groundwater d isposa l  and f i e l d  s u r v e i l l a n c e .  Our pres-  

e n t  o b j e c t i v e s  a re :  

1. Evaluate t h e  s u i t a b i l i t y  o f  t h e  o r i g i n a l  exper imenta l  des ign and 

the  apparent q u a l i t y  o f  t h e  f i e l d  da ta  (Sec t i on  2 ) .  

2. Summarize observa t ions  o f  f l o w  r a t e s  and c h a r a c t e r i s t i c s  o f  i n f l o w /  

o u t f l o w  waters d u r i n g  t h e  s tudy p e r i o d  (Sec t ion  3.1). 

3. Descr ibe seasonal t rends  i n  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  temperature,  

s a l i n i t y  and c h l o r i n i  ty  w i t h  p a r t i c u l a r  re fe rence  t o  s a l i n e  ground- 

water  d i s p e r s i o n  (Sec t ion  3.2).  

4. Examine t h e  genera l  f ea tu res  o f  s t r a t i f i c a t i o n  and c i r c u l a t i o n  i n  

t he  major  bas ins o f  t he  system w i t h  a  v iew toward v e r t i c a l  and 

l a t e r a l  he te rogene i t i es  (Sec t ion  3.3).  

5. Formulate and t e s t  t h e  f e a s i b i l i t y  o f  a  c h l o r i d e  mass balance f o r  

Beaver Creek Basin (Sec t i on  4 ) .  

6. Design and v e r i f y  a  p r e d i c t i v e  numer ica l  model o f  t h e  t ime-dependent 

d i s t r i b u t i o n s  of temperature,  s a l i n i t y  and c h l o r i n i  t y  f o r  t h e  major  

bas ins of t h e  Beaver Creek D i ve rs i on  (Sec t i on  5 ) .  



2. STUDY AREA AND METHODS 

2.1 Area D e s c r i p t i o n  

The bathymetry o f  t h e  Beaver Creek D i ve rs i on  System ( F i g u r e  1 )  was com- 

p i  l e d  f rom e x i s t i n g  topographic  maps o f  t h e  area p r i o r  t o  f l o o d i n g  (Carmack, 

1976). The system c o n s i s t s  of t h r e e  i n t e r a r a d i n g  bas ins  des ignated Beaver 

Creek Basin, Ruth Lake Basin,  and S p i l l w a y  Basin.  W i t h i n  Beaver Creek Basin 

t h e  l a k e  bottom i s  smooth and g e n t l y  s l o p i n g  except where c u t  by t h e  p re -  

impoundment Beaver Creek stream channel where depths reach approx imate ly  

12 m. Beaver Creek Basin connects t o  Ruth Lake Basin v i a  a  dredged channel 

15-30 m wide and 20-50 cm deep. The Ruth Lake Basin f l o o r  i s  u n i f o r m l y  

smooth and sha l low w i t h  a  maximum depth o f  about 3 m. Ruth Lake Basin i n -  

te rg rades  t o  S p i l l w a y  Basin through a  channel and then a  sha l low muskeg 

swamp. S p i l l w a y  Basin,  a t  t h e  extreme southeastern end o f  t h e  d i v e r s i o n  

system, e x h i b i t s  a  pronounced bottom s lope  and a  maximum depth o f  a lmost  20 m. 

Th is  bas in  i s  f u r t h e r  d i v i d e d  by a  road  causeway mid-way a long  i t s  l e n g t h  

I which ef fects  an apparent s i l l  depth ( c f .  Sec t ion  3.3) o f  approx imate ly  6  m. 

F i n a l l y ,  water  leaves t h e  system a t  S p i l l w a y  Dam by pass ing over  a  s t a t i o n -  

I a r y  w e i r  and a long a  200 m l ong  concre te  s p i l l w a y  ( v e r t i c a l  drop o f  60 m) 

where i t  subsequent ly e n t e r s  Poplar  Creek. 
m 

Mine e f f l u e n t  en te r s  t h e  system a t  t h e  n o r t h  end o f  Beaver Creek Basin.  

Here t h e  e f f l u e n t  i s  pumped over  t h e  dam f rom a  shal low h o l d i n g  pond i n t o  

t he  r e s e r v o i r .  Pumping i s  c a r r i e d  o u t  i n t e r m i t t e n t l y  throughout  t h e  i c e -  

f r e e  season. 



Figure  1. Bathymetry of Beaver Creek Reservo i r .  



The morphometr ic  p r o p e r t i e s  o f  Beaver Creek R e s e r v o i r  a r e  l i s t e d  i n  

T a b l e  1. From t h e  v i e w p o i n t  o f  s a l i n e  qroundwater  d i s p o s a l ,  t h e  most  impor -  

t a n t  c h a r a c t e r i s t i c s  h e r e  a r e  t h e  volumes of w a t e r  c o n t a i n e d  i n  each compo- 

n e n t  o f  t h e  d i v e r s i o n  system. The t o t a l  volume i s  a p p r o x i m a t e l y  11.6 x  10 
6 

m'; o f  t h i s  volume, Beaver Creek B a s i n  c o n t a i n s  42%, Ruth Lake B a s i n  con- 

t a i n s  16% and S p i l l w a y  B a s i n  h o l d s  42%. Fur thermore,  t h e  v e r y  s h a l l o w  mean 

dep th  o f  t h e  system ( 5  - 2 m) sugqests  t h a t  most  o f  t h i s  w a t e r  volume may 

be e a s i l y  and r a p i d l y  s t i r r e d  by  t h e  w ind.  However, hypsograph ic  cu rves  

f o r  t h e  system ( c f .  Carmack, 1976) a r e  c h a r a c t e r i z e d  by  a  sha rp  b reak  i n  

c u r v a t u r e  a t  3-5 m d e p t h  w i t h  a p p r o x i m a t e l y  10% o f  t h e  w a t e r  volume occu r -  

r i n g  below t h i s  d e p t h  w i t h i n  t h e  f l o o d  s t ream channe ls  o f  Beaver Creek and 

S p i l l w a y  Bas ins .  T h i s  l a t t e r  volume o f  w a t e r  would be expec ted  t o  be es-  

p e c i a l l y  s u s c e p t i b l e  t o  s a l t  s t r a t i f i c a t i o n  d u r i n g  d i s p o s a l  o p e r a t i o n s .  

2.2 Exper imen ta l  Des ign 

F o l l o w i n g  t h e  recommendations l a i d  o u t  i n  Carmack (1976) ,  a  s u r v e i l -  

l a n c e  network  o f  s i x  mas te r  and twen ty  s l a v e  sampl ing  s t a t i o n s  were es tab -  

1  i s h e d  on Beaver Creek R e s e r v o i r  ( F i g u r e  2 ) .  F i e l d  samp l ing  f o r  t h i s  s t u d y  

commenced on 13 December 1976 and c o n t i n u e d  u n t i l  18 October  1978 a t  approx-  

i m a t e l y  one-month i n t e r v a l s  between samp l ing  c r u i s e s  ( T a b l e  2 ) .  A t  each 

s t a t i o n ,  in s i t u  p r o f i l e s  o f  temperature ,  c o n d u c t i v i t y  ( s t a n d a r d i z e d  t o  

2 5 " C ,  o r  C2,-) and d i s s o l v e d  oxygen were o b t a i n e d  a t  one-metre dep th  i n t e r -  

v a l s .  I n  a d d i t i o n ,  w a t e r  samples were o b t a i n e d  a t  one-metre d e p t h  i n t e r -  

v a l s  a t  mas te r  s t a t i o n s ;  t h e s e  were subsequen t l y  ana lyzed  f o r  t h e  m a j o r  

2+ 2+ + 2  - i o n s :  Ca , Mg , Na , K', H c O ~ - ,  SO4 , and C l ' ,  by  Syncrude Opera t i ons  

L a b o r a t o r y .  The sum o f  t h e s e  i o n s  (11 i n  pprn) i s  t a k e n  as a  measure o f  

w a t e r  s a l i n i t y  ( c f .  Wetzel , 1975).  



Tab le  1 .  r lorphometry o f  t h e  Beaver Creek D i v e r s i o n .  
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Table 2. Sampling h i s t o r y  o f  s u r v e i l l a n c e  c r u i s e s  d u r i n g  t h e  s tudy p e r i o d .  Numbers i n t e r i o r  t o  t h e  t a b l e  

i n d i c a t e  maximum depth (m). The l e t t e r  F i n d i c a t e s  t h a t  t h e  water  column a t  t h i s  t i m e  was 

f rozen  t o  t h e  bottom. Blank spaces i n d i c a t e  no sample was taken.  



The r a t i o n a l e  behind t h e  above exper imenta l  des ign l i e s  i n  t h e  f a c t  

t h a t  conductivity/temperature/depth (CTD) p r o f i l e s  a r e  r e l a t i v e l y  qu ick  

and easy t o  ob ta i n ,  whereas water  sample measurements r e q u i r e  cons iderab le  

f i e l d  and l a b o r a t o r y  t ime. I n i t i a l l y  i t  was hoped t h a t  by e s t a b l i s h i n g  t h e  

r / T T  nrnnnrtinnalitv at a undLLnllmhPr of W s t a t i o n s .  t h i s  r e l a t i o n -  

ENVIRONMENTAL RESEARCH MONOGRAPH 1979-2 

A Public Service of 

Syncrude canad. ~ t d .  



2.3 Eva lua t ion  o f  S a l i n i t y  Data 

S a l i n i t y .  Wetzel (1975) notes t h a t  t h e  t o t a l  s a l i n i t y  o f  i n l a n d  waters 
2+ 2 + 

i s  u s u a l l y  dominated by f o u r  major  ca t i ons ,  ca lc ium (Ca ) ,  magnesium (Mg ) , 
+ 

sodium (Na ) and potassium (K') and by t h r e e  major  anions, b ica rbonate  

(HCO~')  , su lpha te  (so4'-), and c h l o r i d e  ( ~ 1 - ) .  I n  some systems o t h e r  i ons  

( i  .e. n i t r a t e ;  cf .  Hutchinson, 1957) may be impor tan t .  However, base1 i n e  

water  qua1 i t y  measurements by Syncrude Canada L t d .  suppor t  t h e  assumption 

t h a t  t he  sum o f  t h e  above seven i ons  (11)  i s  a  good measure o f  t o t a l  s a l  i n -  

i t y .  I n  most i n l a n d  waters,  t he  p r o p o r t i o n  o f  ma jo r  i ons  tends toward ca2+ > 

M~~~ > Nat > K , and HC03- > ~ 0 ~ ~ -  > ~ 1 - ;  i n  water  of mar ine o r i g i n  these 

r a t i o s  a r e  b iased toward h i ghe r  Nat and ~ 1 -  concen t ra t ions .  

A means o f  t e s t i n g  t h e  above assumption w h i l e  a t  t h e  same t i m e  check- 

i n g  t h e  q u a l i t y  o f  t h e  l a b o r a t o r y  a n a l y s i s  i s  by comparing t h e  p r o p o r t i o n s  

o f  ca t i ons  t o  anions expressed as equ i va len t s  pe r  l i t r e .  Assuming i o n i c  

e q u i l i b r i u m  i n  t h e  system, a  balance should r e s u l t .  I f  one charge t y p i -  

c a l l y  out-weighs t h e  o t h e r  ( i  .e. C ( + )  > C ( - ) ) ,  a  "miss ing"  c o n s t i t u e n t  i s  

suggested. I f  a  random discrepancy i s  apparent,  then t e c h n i c a l  e r r o r  i s  

suspected. 

The r e s u l t s  o f  t h i s  comparison f o r  bo th  Beaver Creek i n f l o w  water  (M3) 

and mine water  (MI) a re  shown on a  l o g - l o g  p l o t  i n  F igu re  3. (Note:  l og -  

l o g  p l o t s  a re  use fu l  i n  d i s p l a y i n g  data over  a  wide range i n  paramet r i c  

values; they  a re  a l s o  o f t e n  used t o  c o s m e t i c a l l y  r ep resen t  data t h a t  have 

much s c a t t e r . )  Even on a  l o g - l o g  p l o t ,  t h e  p resen t  data base shows a  d i s -  

appo in t i ng  degree of s c a t t e r .  Most o f t e n  (170%) , t h e  equ i va len t  p r o p o r t i  on 

of c a t i o n s  out-weighs t h a t  of t h e  anions. Al though t he  data i s  p robab ly  

s u f f i c i e n t  t o  i n d i c a t e  t rends ,  i t  w i l l  be d i f f i c u l t  t o  d e r i v e  f i r m  conc lu-  

s ions from i n d i v i d u a l  measurements. 



3: Correlation diagram showing the equivalent proportions of cat- 

.ions (c(+))  and anions ( c ( - ) )  in mine water (MI) and Beaver 

Creek (M3) water samples. 



Conduc t i v i t y -25  vs S a l i n i t y .  The r e s u l t s  o f  t h i s  comparison a r e  shown 

on t he  l o g - l o g  p l o t  i n  F i g u r e  4. Only t h e  1978 da ta  a r e  used i n  t h i s  com- 

par i son  f o r  reasons mentioned e a r l i e r .  Again, t h e  c o r r e l a t i o n  i s  s u f f i -  

c i e n t  t o  i n d i c a t e  t rends,  b u t  i s  l a c k i n g  i n  p r e c i s i o n .  A l i n e a r  l e a s t -  

squares f i t  t o  t h i s  data y i e l d e d  the  f o l l o w i n g  regress ion :  

HI (ppm) = 20 + 0.66[CZ5(~mho cm-'o)] .  

2  The r term f o r  t h i s  f i t  i s  r a t h e r  h igh ,  above 0.9; however, over  smal l  

i n t e r v a l s ,  one 's  conf idence i s  much reduced. For example, i n  F i g u r e  4 a  con- 

d u c t i v i  t y  read ing  o f  800 umho cm- ' may correspond t o  s a l i n i t y  va lues rang- 

i n g  f rom 360 t o  800 ppm. Th i s  va r i ance  may be due t o  ( a )  v a r i a t i o n s  i n  

the  i o n  composi t ion o f  i n d i v i d u a l  water  samples; ( b )  d i f f i c u l t i e s  i n  ob- 

t a i n i n g  water  samples a t  t h e  exac t  depth o f  t h e  corresponding c o n d u c t i v i t y  

reading; ( c )  probe response t ime  problems; o r  ( d )  improper i ns t rumen t  c a l -  

i b r a t i o n .  I t  was noted, however, t h a t  C Z 5 / Z I  c o r r e l a t i o n s  f rom i n d i v i d u a l  

moni tors  t y p i c a l l y  f a i r e d  b e t t e r .  Hence, c o n d u c t i v i t y  may be used as an 

i n d i c a t o r  o f  t o t a l  s a l i n i t y  on i n d i v i d u a l  mon i to rs  b u t  i s  l e s s  r e l i a b l e  f o r  

in te rseasona l  comparisons. Again, data ob ta ined  by t h e  Montedoro-Whitney 

machine must be viewed w i t h  cau t ion .  

I n  summary, a  h i gh  c o n d u c t i v i t y  read ing  i s  a  good i n d i c a t i o n  o f  h i g h  

s a l i n i t y  values; whether o r  n o t  a  p a r t i c u l a r  sample i s  r i c h  i n  c h l o r i d e ,  

however, must be v e r i f i e d  by sample c o l l e c t i o n  and l a b o r a t o r y  a n a l y s i s .  

2.4 Water Mass I d e n t i f i c a t i o n  

Despi te  t he  t e c h n i c a l  short-comings o u t l i n e d  i n  Sec t ion  2.3, t h e  i o n i c  

concen t ra t ion  measurements o f f e r  a  t o o l  f o r  e s t i m a t i n g  t he  percentage com- 

p o s i t i o n  of mine water  i n  any g i ven  water  sample by us ing  t he  t r i a n g l e  

diagram method ( c f .  Hutchinson, 1957). Assume t h a t  t he  two p r i n c i p a l  water  
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4: Correlation diagram o f  conductivity-25 versus total salinity 

at Station M2 in 1978. 



types e n t e r i n g  t h e  d i v e r s i o n  system a r e  Beaver Creek wate r  and mine s a l i n e  

groundwater. Our problem, then, i s  t o  d e r i v e  a  genera l  method o f  i d e n t i f y -  

i n g  t h e  pa ren t  water  t y p e  ( o r  m i x t u r e )  o f  any p i ven  wate r  sample ob ta i ned  

f rom t h e  r e s e r v o i r  ( c f .  Boy le  e t  a l ,  1974).  Th i s  i s  comp l i ca ted  by t h e  f a c t  

t h a t  t h e  i o n i c  concen t ra t i ons  o f  bo th  pa ren t  wa te r  types va ry  w i t h  t ime.  

However, when expressed i n  terms o f  e q u i v a l e n t s  pe r  l i t r e ,  s a l i n e  ground- 

water  has an (an ion )  p r o p o r t i o n a l  d i  s t r i  b u t i o n  t y p i c a l  o f  seawater ( i  .e. 

r i c h  i n  ~ 1 - ) ,  whereas Beaver Creek wate r  has p r o p o r t i o n s  t y p i c a l  o f  i n l a n d  

waters ( i . e .  r i c h  i n  H C O ~ - ) .  When p l o t t e d  on a  t r i a n g l e  diagram t h e  two 

water  types a r e  d i s t i n c t ,  r ega rd l ess  o f  t o t a l  s a l i n i t y .  On t h e  o t h e r  hand, 

t h i s  methodology cannot be used t o  d i s t i n g u i s h  between s a l i n e  groundwater 

pumped i n t o  t h e  system and t h a t  e n t e r i n g  v i a  seepage. 

Resul ts  o f  t h i s  comparison a r e  i l l u s t r a t e d  i n  F i gu res  5a,b f o r  1977 

and 1978, r e s p e c t i v e l y .  Beaver Creek wate r  ( S t a t i o n  V3) occupies t h e  l owe r  

r i gh t - hand  (HC03-) co rne r  o f  t h e  diagrams, whi 1  e  s a l  i n e  groundwater ( S t a t i o n  

MI)  tends toward t h e  lower  l e f t - h a n d  ( ~ 1 - )  co rner .  The mine e f f l u e n t  da ta  

p o i n t s  would p robab ly  f i t  even more t i g h t l y  i n t o  t h e  lower  r i g h t - h a n d  ( C l - )  

co rner  i f  t h i s  water were n o t  d i l u t e d  by su r f ace  r u n o f f  i n  t h e  h o l d i n g  pond. 

The impo r tan t  p o i n t  here i s  t h a t  t h i s  i d e n t i f i c a t i o n  method i s  l a r g e l y  

independent o f  yea r  and season. I t  f o l l o w s  t h a t  t h e  percentage compos i t i on  

o f  any water  sample w i t h i n  t h e  r e s e r v o i r  can be es t imated  f rom i t s  p o s i t i o n  

r e l a t i v e  t o  a  s t r a i g h t  l i n e  j o i n i n g  t h e  mean p o s i t i o n s  o f  t h e  two i n p u t  

water types.  L a t e r  i n  t h i s  r e p o r t ,  we w i l l  s i m p l i f y  t h i s  concept  and use 

t h e  r a t i o  C 1 - / ~ 1  as a  rough i n d i c a t o r  of t h e  r e l a t i v e  c o n c e n t r a t i o n  o f  mine 

e f f l u e n t  i n  a  g iven  wate r  sample. 

Be fo re  l e a v i n g  t h i s  t o p i c ,  i t  i s  i n s t r u c t i v e  t o  examine t h e  wate r  mass 

c h a r a c t e r i s t i c s  o f  wa te r  l e a v i n g  t h e  r e s e r v o i r .  F i gu re  6  shows a  t r i a n g l e  

diagram rep resen ta t i on  f o r  t h e  o u t f l o w  water  ( S t a t i o n  M6). A l l  1977 va lues 
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'10 BICARBONATE 

5: T r i a n g l e  diagrams f o r  t h e  e q u i v a l e n t  p ropor t i ons  o f  c h l o r i d e ,  

b i ca rbona te ,  and s u l p h a t e  i n  mine wa te r  (MI ) and Beaver Creek 

(M3) water  samples f o r  ( a )  1977 and ( b )  1978. 





'10 BICARBONATE 

6: Triangle diagram for the equivalent proportions of chloride, 

bicarbonate and sulphate .in outflow water (M6). 



are observed to cluster very tightly into the H c O ~ -  corner suggesting very 
I 

little saline groundwater in the outflow. In 1978, the outflow water showed 

a displacement toward higher chloride proportions, probably due to pumping 

operations and natural seepage into the system. Still, the percentage of 

saline groundwater in water leaving the system in 1978 is small, suggesting 

that the reservoir acts as a fairly effective mechanism for the dilution of 

saline groundwater. 
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3. OBSERVATIONS 

3.1 I n f l ow /Ou t f l ow  C h a r a c t e r i s t i c s  

Flow. The mean month ly  f l o w  r a t e s  o f  Beaver Creek i n f l o w ,  s a l i n e  

groundwater d ischarge,  and o u t f l o w  ( i  . e. Beaver Creek p l u s  mine water  d i s -  

charge) a re  l i s t e d  i n  Table 3. The l a t t e r  c a l c u l a t i o n  assumes no s i g n i f i -  

c a n t  t r i b u t a r y  streams e n t e r  t h e  system, groundwater seepage and s to rage  

a r e  n e g l i g i b l e ,  and r a i n f a l l  i s  l o c a l l y  balanced by evapora t ion :  a  more 

complete d i scuss ion  o f  r eg iona l  hydro logy i s  g iven  by Coward and Crawford 

(1977). I n  genera l ,  t he  n a t u r a l  f l ows  a re  h i g h  i n  summer and low i n  w i n t e r .  

I n te rannua l  v a r i a t i o n s  i n  streamflow, however, a r e  very  l a r g e  : n o t  o n l y  

a r e  t h e  hydrographs f o r  1977 and 1978 w i d e l y  d i ve rgen t  f rom each o the r ,  

they  a re  bo th  d i f f e r e n t  f rom t h e  mean hydrograph c a l c u l a t e d  f o r  t h e  p e r i o d  

1972-74 ( c f  Carmack, 1976). Flow-through i s  t h e  main mechanism o f  bas in  

f l u s h i n g ,  hence t h e  e f f e c t i v e n e s s  o f  t he  system as a  means o f  d i l u t i n g  e f -  

f l u e n t  on a  yea r - t o - yea r  bas is  i s  s t r o n g l y  dependent on r e g i o n a l  r a i n f a l l  

cond i t i ons .  The yea r  1978, f o r  example, was an abnormal ly wet yea r ,  and 

thus a  p a r t i c u l a r l y  good yea r  f o r  s a l i n e  groundwater d i sposa l .  

Table 3  a l s o  l i s t s  t h e  h y d r a u l i c  parameter, res idence t ime,  c a l c u l a t e d  

as t h e  t ime r e q u i r e d  t o  fill a  water  c a v i t y  f o r  a  g iven  i n f l o w  r a t e .  Dur- 

i n g  d isposa l  months ( A p r i  1-November) , t h i s  parameter ranged f rom -140-680 

days i n  1977 and 32-930 days i n  1978 ( t h e  32-day va lue  corresponds t o  t he  

reco rd - l eve l  runoff  i n  September, 1978). The annual ( i  .e. d isposa l  months) 

mean values a r e  304 and 270 days, r e s p e c t i v e l y .  

Table 4  summarizes t h e  phys i ca l  and chemical c h a r a c t e r i s t i c s  o f  t he  

i n f l o w  (Beaver Creek and mine e f f l u e n t )  and ou t f low ( t o  Pop la r  Creek) waters 

d u r i n g  t h e  s tudy years .  Some seasonal t rends  i n  s a l i n i t y  and c h l o r i n i t y  a re  



Table  3. Month ly  mean s t reamf low,  mine d i s c h a r g e  and b u l k  r e s i d e n c e  t ime .  

Beaver Creek s t reamf lows  a r e  based on gauge measurements a t  Water 

Survey o f  Canada S t a t i o n  No. 07 DA 018. 

1977 

3 -1 Flow (m sec ) I Residence Time (days )  

- 
JAN 

FEB 

MAR 

AP R 

MAY 

J UN 

J UL 

AUG 

Beaver Mine T o t a l  
Creek Water 

Beaver Ruth S p i l l w a y  T o t a l  
Creek Lake 

03 

= I 6  y r s  

5 9 

5 1 

5 7 

124 

139 

CO 

= I 0  y r s  

37 

32 

3 6 

7 8 

8 8 

CO 

-15 y r s  

58 

50 

5 6 

122 

138 

-41 y r s  

154 

0.04 133 209 553 

OCT 0.04 0.36 100 157 41 5 

NOV 1 0.19 0.03 0.22 1 258 163 257 679 

DEC 1 0.06 0.06 1 949 5 98 94 1 -.7 y r s  

JAN 

FEB 

MAR 

APR 

MAY 

J UN 

JUL 

AUG 

SEP 

OCT 

NOV 

-5 y r s  

e l 6  y r s  
m 

8 2 

43 

9 5 

356 

8 9 

-3 y r s  

-10 y r s  
CO 

5 2 

2 7 

60 

224 

5 6 

-5 y r s  

-15 y r s  
03 

82 

4 3 

9 4 

353 

8 8 

-14 y r s  

-41 y r s  
CO 

21 6 

114 

249 

933 

233 



Tab le  4. P h y s i c a l  and Chemical P r o p e r t i e s  o f  I n f l o w  and O u t f l o w  Water 

(Based on mon th ly  su rveys )  

a )  1977 

Temperature ("C) 

JAN 

FEB 

MAR 

APR 

MAY(2) 

JUN ( 2 )  

J UL 

AUG 

SEP 

OCT 

NOV 

DE C 

C o n d u c t i v i  t y - 2 5  

BC MW SW 

Sal  i n i  t y  ( ppm) 

BC MW SW 

JAN 

FEB 

MAR 

AP R 

MAY 

J UN 

J UL 

AUG 

SEP 

0 CT 

NOV 

DEC 

C o n d u c t i v i  t y - 2 5  i n  umho cm- ' Q = q u e s t i o n a b l e  d a t a  

BC = Beaver Creek I n f l o w  (M3) MW = mine w a t e r  h o l d i n g  p o o l  (MI ) * 
SW = S p i l l w a y  o u t f l o w  (M6) o r  M5 ( 1  m) when M6 n o t  sampled 



readily apparent: 

1 .  The s a l i n i t y  of Beaver Creek inflow (Sta t ion M3) undergoes large  

seasonal var ia t ions ,  from -180-1000 ppm in 1977 and from -140- 

830 ppm in 1978. Typically, s a l i n i t y  varies inversely with dis-  

charge; t ha t  i s ,  i t  i s  low in spring and summer and high in win- 

t e r .  Chloride l eve l s ,  however, a r e  usually on the order of 10 ppm 

and seldom r i s e  above 40 ppm. 

2. Mine water (Sta t ion M I )  s a l i n i t i e s  a r e  generally qu i te  high and 

exhibi t  large var ia t ions ,  from -400-8000 ppm, during the  study 

period. Similar ly ,  chloride l eve l s  a r e  high and var iable ,  from 

-100 t o  over 4000 ppm. These values, however, a r e  typ ica l ly  lower 

than those obtained from analysis  of d i r e c t  pumping samples. This 

i s  because water in the holding pond (Sta t ion MI)  i s  d i lu ted  by 

surface runoff; t h i s  a l so  presumably accounts f o r  the l a rge  an- 

nual va r i ab i l i t y .  

3. Outflow values of salinity and ch lor in i ty  a re  nearly always (October 

1978 excluded) higher than those of natural inflow waters. (This 

i s  due not only t o  pumping operations b u t  a l so  possibly t o  an un-  

known amount of groundwater seepage. ) In 1977, the outflow chlor- 

i n i t y  increased from 6-10 ppm in ear ly  summer t o  36 ppm a t  the 

time of autumn overturn. Similar levels  (44-48 ppm) continued in 

January-February, 1978. The highest value (186 ppm) was observed 

in March, 1978 and t h i s  i s  d i f f i c u l t  t o  explain. (Indeed, s a l -  

i n i t y  and ch lor in i ty  values from t h i s  pa r t i cu la r  monitor a r e  ano- 

malously high, perhaps suggesting technical e r ro r .  ) Chlorini t y  

levels  drop in May concurrent with the f reshe t  and then gradually 

increase t o  -50 ppm in l a t e  summer. The sudden drop in September- 

October i s  the r e s u l t  of heavy runoff. The important point  t o  note 



here i s  t h a t  a t  no t ime  du r i ng  t h i s  two yea r  s tudy have c r i t i c a l  

c h l o r i n i t y  values ( i . e .  400 ppm above ambient)  been observed. Dis-  

coun t ing  t h e  ques t ionab le  March 1978 value, o u t f l o w  l e v e l s  a re  typ -  

i c a l l y  50 ppm o r  l ess .  As a  no te  o f  cau t ion ,  however, one can o n l y  

specu la te  as t o  what c h l o r i n i t y  l e v e l s  would have been r e a l i z e d  

had t h e  reco rd - l eve l  r a i n f a l l  i n  autumn 1978 been rep laced  w i t h  a  

drought .  

F i n a l l y ,  we cons ider  t he  observed temperature t rends  o f  i n f l o w / o u t f l o w  

waters as these a r e  an impor tan t  c o n s i d e r a t i o n  o f  r e s e r v o i r  s t r a t i f i c a t i o n .  

Mine water,  due t o  i t s  i n i t i a l  impoundment i n  a  shal low h o l d i n g  pond, reaches 

h ighe r  temperatures i n  summer and coo l s  more r a p i d l y  i n  autumn than o t h e r  

waters of t h e  system. Th i s  i s  l a t e r  shown t o  have an impo r tan t  e f f e c t  on 

t h e  behaviour o f  t h e  e f f l u e n t  plume. Beaver Creek i n f l o w  t y p i c a l l y  remains 

c o l d e r  than t he  o u t f l o w  water ,  t h e  l a t t e r  be ing  approx imare ly  equal t o  r ese r -  

v o i r  su r face  water  temperatures. On t h e  bas i s  o f  temperature a lone  t h i s  

water  would be expected t o  s i n k  upon e n t e r i n g  t h e  system (Carmack e t  a1 , 

1979), however, t h e  much h ighe r  s a l i n i t i e s  of t h e  mine water  e f f l u e n t  l a r g e l y  

o f f s e t  t h i s  tendency. 

3.2 Seasonal Trends i n  Reservo i r  C h a r a c t e r i s t i c s  

We here desc r i be  t ime-depth diagrams f o r  temperature,  s a l i n i t y ,  c h l o r -  

i n i t y ,  c o n d u c t i v i  t y -25  and % c h l o r i n i t y l s a l i n i t y  f rom master s t a t i o n s  i n  

t he  two main bas ins  o f  t h e  system, Beaver Creek Basin (F igures  7-11) and 

S p i l l w a y  Basin (F igures  12-16). Owing t o  i t s  shal low depth and v e r t i c a l  

homogeneity , Ruth Lake i s  represented (F igu re  17) by measurements ob ta ined  

a t  a  depth of 1  metre. The r a t i o  % c h l o r i n i t y / s a l i n i t y ,  as mentioned ear-  

l i e r ,  can be taken as t h e  r e l a t i v e  r i chness  o f  mine water  - b u t  n o t  t he  

ac tua l  percen t  composi t ion.  



TEMPERATURE (OC) : M2 

DATE 

7: Time-depth diagrams o f  tempera tu re  i n  Beaver Creek Bas in  f o r  

1977 and 1978. V e r t i c a l  l i n e s  i n d i c a t e  sampl ing da tes .  



I 

I I IONS (salinity) : M2 

- 

DATE 

8: Time-depth diagrams of salinity in Beaver Creek Basin for 

1977 and 1978. Vertical lines indicate sampling dates. 



CHLORIDE (ppm) : M 2 

DATE 

9: Time-depth diagrams o f  c h l o r i n i t y  i n  Beaver Creek Basin f o r  

1977 and 1978. V e r t i c a l  l i n e s  i n d i c a t e  sampling dates. 



CONDUCTIVITY (C25)  : M 2 

1400 DATE 

1 OCT 
1 NOV DEC 

10: Time-depth diagrams of conductivity-25 in Beaver Creek Basin 

for 1977 and 1978. Vertical lines indicate sampling dates. 



DATE 

11: Time-depth diagrams of % chlorinitylsalinity in Beaver Creek 

Basin for'1977 and 1978. Vertical lines indicate sampling dates. 



I 
Temperature. The r e s e r v o i r  undergoes f u l l  convec t i ve  c i r c u l a t i o n  t w i c e  

y e a r l y ,  i n  s p r i n g  and i n  autumn. Sp r i ng  o v e r t u r n  takes p l ace  between mid- 

A p r i l  and l a t e  May as i n d i c a t e d  by t h e  v e r t i c a l  arrangement o f  isotherms 

near 4°C (Carmack, 1979). Autumn o v e r t u r n  begins i n  l a t e  August (T - 10- 

12°C) and con t inues  through October. I c e  f o rma t i on  i n  e a r l y  November r e -  

qu i r es  t h a t  t h e  e n t i r e  system coo l  t o  and below about 4°C. 

Dur ing t h e  pe r i ods  o f  summer s t r a t i f i c a t i o n  t he  upper 4-5 m o f  t he  

r e s e r v o i r  a r e  t y p i c a l l y  wel l -mixed as a  r e s u l t  o f  wind s t i r r i n g .  Bottom 

temperatures a r e  n o t  cons tan t  b u t  i n s t e a d  increase through summer and reach 

a  maximum i n  l a t e  J u l y .  Th i s  l a t t e r  t r e n d  i s  e s p e c i a l l y  e v i d e n t  i n  Beaver 

Creek Basin which, as a  r e s u l t ,  t y p i c a l l y  d i s p l a y s  weaker v e r t i c a l  tempera- 

t u r e  s t r a t i f i c a t i o n .  

Winter  s t r a t i f i c a t i o n  p e r s i s t s  th roughout  t h e  ice-covered p e r i o d  and 

i s  g e n e r a l l y  c h a r a c t e r i z e d  by reve rse  thermal s t r a t i f i c a t i o n  ( i  .e. tempera- 

t u r e  i nc reas ing  w i t h  dep th ) .  On occasion, however, mid-depth temperature 

i nve rs i ons  a r e  observed. The p robab le  o r i g i n  o f  these i n v e r s i o n  f e a t u r e s  

i s  discussed i n  Sec t ion  3.3. 

Sal i n i  t y .  Consider f i r s t  t h e  seasonal behaviour of Beaver Creek Basin 

(F igu re  8 ) .  Wi th  t h e  excep t ion  o f  t h e  autumn pe r i od ,  bo th  years  revea led  

s im i  1 a r  t rends.  

F i r s t  o f  a l l ,  t h e r e  i s  t y p i c a l l y  a  monotonic inc rease  i n  s a l t  con ten t  

w i t h  depth suggest ing t h a t  t h e  i n p u t s  o f  h i g h  s a l i n i t y  mine water  s i n k  r a p i d -  

l y  t o  depth be fo re  spreading l a t e r a l l y  i n  t h e  system. I n  bo th  years,  how- 

ever, t h e r e  was a  marked bu i l d -up  o f  s a l i n e  bottom water  toward t h e  end o f  

t he  w i n t e r  season. S ince no pumping takes p l ace  du r i ng  t h e  w i n t e r  months, 

t h i s  b u i l d - u p  p robab ly  represen ts  groundwater seepage. 

Fo l low ing  s p r i n g  o v e r t u r n  and concur ren t  w i t h  t h e  e a r l y  summer f r e s h e t ,  

t he  system i s  markedly d i l u t e d  by f reshwater  i n p u t s  ( c f .  Tables 3 , 4 ) .  Th i s  



TEMPERATURE (OC): M5 

DATE 

12: Time-depth diagrams o f  temperature in Spillway Basin for 1977 

and 1978. Vertical lines indicate sampling dates. 



I IONS (salinity): M5 

DATE 

13: Time-depth diagrams of salinity in Spillway Basin for 1977 and 

1978. Vertical lines indicate sampling dates. 
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CHLORIDE (ppm): M5 

DATE 

14: Time-depth diagrams o f  c h l o r i n i t y  i n  S p i l l w a y  Bas in  f o r  1977 

and 1978. V e r t i c a l  l i n e s  i n d i c a t e  sampl ing dates. 



CONDUCTIVITY (C25) : M 5 

DATE 

15: Time-depth diagrams of conductivity-25 in Spi l lway  Basin for 

1977 and 1978. Vertical lines indicate sampling dates. 



DATE 

16: Time-depth diagrams of % chlorinity/salinity in Spillway Basin 

for 1977 and 1978. Vertical lines indicate sampling dates. 



process was e s p e c i a l l y  pronounced i n  June, 1977 owing t o  t h e  h i ghe r  s p r i n g  

streamflows o f  t h a t  year .  

Between J u l y  and August t h e r e  i s  a  r e l a t i v e l y  r a p i d  i nc rease  i n  near- 

bottom s a l i n i t y  values as a  r e s u l t  o f  s a l i n e  groundwater pumping opera t ions .  

I n  1977 t h i s  t r e n d  con t inued  u n t i l  autumn over turn* .  Th i s  demonstrates t h e  

combined e f f e c t s  of con t inued  pumping and low sur face  r u n o f f .  Dur ing  t h e  

autumn o f  1978, on t h e  o t h e r  hand, t h e  r e g i o n  rece i ved  very  h i g h  r a i n f a l l  

and sur face  r u n o f f .  Th is ,  combined w i t h  v e r t i c a l  m i x i ng  d u r i n g  autumn over-  

t u rn ,  was ext remely  e f f e c t i v e  i n  f l u s h i n g  t h e  bas in  o f  s a l i n e  water .  Indeed, 

i t  proved so e f f e c t i v e  t h a t  s a l i n i t y  va lues a t  t he  end of September were 

a c t u a l l y  lower  than  those observed i n  t h e  p rev ious  w i n t e r .  

Turn ing b r i e f l y  t o  t h e  s a l i n i t y - h i s t o r y  diagram f o r  S p i l l w a y  Basin 

(F igu re  13),  we no te  a  seasonal t r e n d  s i m i l a r  t o  t h a t  observed i n  Beaver 

Creek Basin.  However, bo th  t he  abso lu te  values and t h e  magnitude o f  ve r -  

t i c a l  g rad ien t s  a r e  sma l l e r .  It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  d i l u t i n g  

i n f l u e n c e  o f  t he  September 1978 r u n o f f  appears t o  be de layed by about one 

month, which i s  approx imate ly  equal t o  t h e  b u l k  res idence t ime  o f  t h e  sys- 

tem d u r i n g  t h i s  p e r i o d  (Table 3 ) .  

I n  Ruth Lake ( F i g u r e  17) s a l i n i t y  va lues a r e  g e n e r a l l y  i n t e rmed ia te  

between those o f  Beaver Creek and S p i l l w a y  Basin su r f ace  waters .  Beginn ing 

w i t h  values near 300 ppm i n  1977 , theyremain  r e l a t i v e l y  cons tan t  u n t i l  J u l y -  

October a t  which t ime  an inc rease  t o  600-900 ppm i s  observed. These con- 

c e n t r a t i o n s  p e r s i s t  throughout  w i n t e r ,  then drop t o  300-400 ppm d u r i n g  sum- 

mer. Again, t h e  d i l u t i n g  e f f e c t s  o f  t h e  September 1978 r u n o f f  a r e  apparent.  

C h l o r i n i t y .  I n  bo th  Beaver Creek Basin (F igu re  9) and S p i l l w a y  Basin 

(F igu re  14) t he  w i n t e r  1977 c h l o r i n i t y  l e v e l s  a r e  low throughout  t h e  water  

* A t  t h i s  p o i n t ,  i t  i s  u s e f u l  t o  no te  an apparent decrease i n  s a l i n i t y  values 
o f  a lmost  50% between October 1977 and January 1978. A t  p resen t  we have no 
exp lana t i on  f o r  t h i s  o t h e r  than t o  suggest t echn i ca l  e r r o r  i n  t h e  October data.  



17: History of temperature, salinity, chlorinity, and % chlorinityl 

salinity in Ruth Lake Basin. Vertical lines indicate sampling 

dates. 



column. The va lues observed i n  S p i l l w a y  Basin a r e  h i ghe r  than those i n  Bea- 

v e r  Creek Basin,  p o s s i b l y  r e f l e c t i n g  groundwater seepage. These observa- 

t i o n s  suggest t h a t  ve ry  l i t t l e  s a l i n e  groundwater was i n i t i a l l y  p resen t  i n  

t h e  system. 

The 1977 w i n t e r  b u i l d - u p  i n  s a l i n i t y  seen i n  Beaver Creek Bas in  i s  n o t  

r e f l e c t e d  i n  t he  corresponding c h l o r i n i t y  h i s t o r y ,  whereas t h e  1978 w i n t e r  

b u i l d - u p  i s  matched by a  concur ren t  c h l o r i n i t y  increase.  The f i r s t  condi -  

t i e n  suggests t h a t  t h e  s a l i n i t y  inc rease  i s  due t o  a  low c h l o r i d e  gound- 

water  i n p u t ,  w h i l e  t h e  second circumstance suggests seepages o f  c h l o r i d e -  

r i c h  groundwater. 

Beaver Creek Basin c h l o r i n i t y  va lues beg in  t o  inc rease  i n  May, 1977, 

and show ( f o r  t h i s  one t ime o n l y )  weak reverse  s t r a t i f i c a t i o n  a t  t h e  end o f  

May. Values drop s l i g h t l y  i n  June due t o  r u n o f f ,  and then  inc rease  r a p i d l y  

through July-September. Toward t h e  end o f  summer, su r f ace  va lues approach 

80-90 ppm w h i l e  bot tom va lues inc rease  t o  -270 ppm. Fo l l ow ing  autumn over-  

t u rn ,  a near homogeneous water  column (-75 ppm) i s  observed. 

The yea r  1978 begins w i t h  c h l o r i n i t y  va lues o f  approx imate ly  75 ppm i n  

Beaver Creek Basin; a  marked inc rease  ( - 20 - f o l d )  over  va lues from the  pre-  

v ious  w i n t e r .  T h i s  r e l a t i v e l y  h i g h  c h l o r i n i t y  suggests t h a t  d u r i n g  1977 t h e  

system was n o t  f u l l y  f l u s h e d  o f  e f f l u e n t  i n p u t s .  There i s  some r a t i o n a l e  

behind t h i s  observa t ion ,  s i nce  s a l i n e  groundwater pumping was c a r r i e d  o u t  

i n  l a t e  summer and autumn, l ong  a f t e r  t h e  b u l k  o f  t h e  y e a r l y  r u n o f f  had 

passed through t he  system. From an ope ra t i ona l  p o i n t  o f  view, i t  would be 

b e t t e r  t o  begin pumping opera t ions  e a r l i e r  i n  t he  season commensurate w i t h  

t h e  n a t u r a l  hyd ro log i ca l  cyc le .  

E a r l y  summer i s  again cha rac te r i zed  by a  decrease i n  c h l o r i n i t y ,  es- 

p e c i a l l y  i n  t h e  upper 4-5 m of t h e  water  column. Near-bottom c h l o r i n i t y  

values then inc rease  throughout  m idd le  and l a t e  summer, reach ing  ~ 2 8 0  ppm 

p r i o r  t o  ove r tu rn .  



The f r eshen ing  e f f e c t s  o f  t h e  September s t reamf low a r e  d ramat i c ,  and m 

c h l o r i n i t y  l e v e l s  i n  Beaver Creek Bas in  a r e  a c t u a l l y  lower  a t  t h e  end o f  

1978 than a t  t h e  beginn ing.  Th i s  i s  a  marked c o n t r a s t  t o  1977. 

S p i l l w a y  Basin,  a t  t h e  end o f  t h e  d i v e r s i o n  system, t y p i c a l l y  shows 

bo th  lower  c h l o r i n i t y  l e v e l s  and a  more s l u g g i s h  seasonal p rogress .  Ch lo r -  

i d e  concen t ra t ions  i n  1977 inc rease  g r a d u a l l y  f rom -10-15 ppm i n  January t o  

~ 2 5 - 3 5  ppm i n  autumn. Throughout t h i s  yea r  t h e  system shows weak reve rse  

s t r a t i f i c a t i o n .  ( E v i d e n t l y  t h e  source water  f rom Beaver Creek and Ruth Lake 

Bas in  was warm and i n s u f f i c i e n t l y  s a l i n e  t o  s i n k . )  

The 1978 seasonal p a t t e r n  i n  S p i l l w a y  Bas in  i s  q u i t e  s i m i l a r  t o  t h a t  

i n  Beaver Creek Bas in  b u t  w i t h  much reduced concen t ra t i ons .  An e a r l y  sum- 

mer f reshen ing  i s  ev i den t ,  f o l l o w e d  by a  gradual  bu i l d -up .  The most d ramat i c  

e f f e c t s  o f  t h e  September f l o o d i n g  a r e  n o t  observed u n t i l  one month l a t e r .  

Other.  Time-depth diagrams f o r  C Z 5  (F i gu res  10 and 15) a r e  i n c l u d e d  

here ma in ly  f o r  completeness. A l though t h e  bas i c  seasonal t r ends  i n  C Z 5  

rough ly  p a r a l l e l  those f o r  s a l i n i t y ,  these diagrams should  be viewed w i t h  

cau t i on .  As noted e a r l i e r ,  C25 may be usefu l  f o r  comparisons w i t h i n  a  g iven  

mon i to r  b u t  l a c k  r e l i a b i l i t y  f o r  seasonal t r e n d  a n a l y s i s .  

The r a t i o ,  % c h l o r i n i t y / s a l i n i t y  (F igures  11 and 16) ,  i s  u s e f u l  f o r  

rough and ready checks on t h e  r e l a t i v e  r i chness  o f  mine water  i n  a  g i ven  

water  mass. Most o f  t h e  s a l i e n t  f e a t u r e s  i n  these p l o t s  a r e  covered i n  

t h e  above d i scuss ion .  I f  se r i ous  concern ove r  t h e  composi t ion o f  a  g i ven  

water mass should  a r i s e  i n  t h e  f u t u r e  ( i . e .  a ve r y  h i g h  XC1ICI r a t i o ) ,  then  

re ference should  be made t o  t h e  t r i a n g l e  diagram method ou t1  i n e d  i n  Sec t i on  

2 f o r  more p o s i t i v e  i d e n t i f i c a t i o n .  



3.3 Strat i f icat ion and Circulation 

During the course of th i s  study, over 500 individual profiles of tem- 

perature and conductivity-25 were obtained. We here present selected pro- 

f i l e s  and sections which appear to  typify the summer and winter patterns 

of s t ra t i f ica t ion  and circulation, and  comment briefly on the i r  sa l ien t  

features. 

Summer. Vertical profiles of temperature and conductivity-25 for  

Beaver Creek Basin and Spillway Basin are  shown in Figures 18a,b and 19a,b, 

respectively, for  1978. Both  basins reveal monotonic s t r a t i f i ca t ion  f ie lds  

with T decreasing with depth and C Z 5  increasing with depth. Beaver Creek 

exhibits f a r  stronger CZ5 gradients with depth and a more dramatic summer 

bui ld-up than does Spillway Basin. This i s  undoubtably due to  i t s  proxim- 

i t y  to  the pumping s i t e .  On the other hand, Beaver Creek Basin displays 

weaker vertical temperature gradients and a more rapid increase in bottom 

temperatures during summer. Since b o t h  basins possess roughly similar fetch 

and morphometric character is t ics ,  we interpret  th i s  difference as resulting 

from the input of relat ively warm mine water which, by vir tue of i t s  high 

sa l in i ty ,  sinks and carr ies  heat to depth (Koh and Brooks, 1975). Some sup- 

port for  this  reasoning comes from modelling resul ts  (Section 5 )  which, by 

including both temperature and sa l in i ty  in the equation of s t a t e ,  yield 

resul ts  similar to  those noted above. 

Lateral variations in s t ra t i f ica t ion  may be examined via longitudinal 

sections of temperature and sa l in i ty .  Examples typifying summer conditions 

are shown in Figures 20-23 and 24-25 for  Beaver Creek and Spillway Basins, 

respectively. (Note that  in these sections the bottom i s  shown equal to  

mean sampling depth for  each station and i s  depicted as smooth and gently 

sloping; in actual f ac t ,  the flooded stream channels are sinuous and 
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18: Vertical profiles of (a) temperature and ( b )  conductivi ty-25 

for Beaver Creek Basin, Summer 1978. 
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19: Vert ical  profi l e s  of ( a )  temperature and ( b )  conductivi ty-25 

f o r  Spillway Basin, Summer 1978. 



20: Longitudinal sections of (a) temperature and ( b )  conductivity- 

25 in Beaver Creek Basin, July 1977. 
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21 : Longi t u d i n a l  sec t ions  o f  (a )  temperature and ( b )  c o n d u c t i v i t y -  

25 i n  Beaver Creek Basin, August 1977. 
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b) CONDUCTIVITY,, 

18 JULY 1978 

22: Longitudinal sections o f  (a) temperature and ( b )  conductivity- 

25 in Beaver Creek Basin, July 1978. 



M2 STATION 
10 M3 

a) TEMPERATURE ('c) 
22 AUG 1978 

23: Long i tud ina l  sec t ions  o f  ( a )  temperature and (b) c o n d u c t i v i t y -  

25 i n  Beaver Creek Basin, August 1978. 



STATION 

24: Longitudinal sections o f  ( a )  temperature and (b) conductivity- 

25 in Spillway Basin, July 1977. 



STATION 

25: Longitudinal sections o f  (a) temperature and (b) conductivity- 

25 in Spillway Basin, July 1978. 



i r r e g u l a r .  ) O f  immediate i n t e r e s t  he re  i s  t h e  i s o p l e t h s  o f  C Z 5  i n  Beaver 

Creek Bas in  which a r e  n o t  h o r i z o n t a l  b u t  r a t h e r  embank a g a i n s t  t h e  dam 

s t r u c t u r e  near  t h e  source o f  mine water .  Some f r eshen ing  due t o  n a t u r a l  

i n f l o w s  i s  a l s o  ev i den t  i n  t h e  southern h a l f  o f  t h e  bas in .  A l though  we can- 

n o t  say f o r  c e r t a i n  ( c f .  Sec t ion  2 ) ,  s a l i n i t y  and c h l o r i n i t y  l i k e l y  show 

s i m i l a r  d i s t r i b u t i o n s .  Temperature, t oo ,  i s  t y p i c a l l y  non-un i form i n  t h e  

h o r i z o n t a l  suggest ing e i t h e r  i n t e r n a l  wave mot ions o r ,  more l i k e l y ,  l o c a l -  

i z e d  hea t ing /coo l  i n g  f r om  i n p u t  waters .  

Sec t ions  f o r  S p i l l w a y  Bas in  t y p i c a l l y  show much f l a t t e r  i s o p l e t h s ;  

however, t h e r e  i s  a  d i s t i n c t  change i n  s t r a t i f i c a t i o n  c h a r a c t e r i s t i c s  be- 
. . 

tween S t a t i o n s  S18 and S19, t h e  l o c a t i o n  o f  t h e  road causeway. Above -6 m 

depth t h e  i s o p l e t h s  o f  T  and C25 a r e  un i f o rm  and cont inuous;  below -6 m 

( t h e  apparent s i l l  depth)  they  a r e  no t ,  w i t h  t h e  n o r t h e r n  p a r t  o f  t h e  bas in  

e x h i b i t i n g  much h i ghe r  C25 va lues.  Now, s i n c e  t h e  bot tom waters  a t  S18 

t y p i c a l l y  show C25 h i ghe r  than t h a t  o f  water  e n t e r i n g  f rom Ruth Lake, we 

i n t e r p r e t  t h i s  t o  be evidence o f  l o c a l  groundwater seepage. 

A view o f  s p a t i a l  he te rogene i t y  may a l s o  be ob ta i ned  f rom h o r i z o n t a l  

p rope r t y  maps; shown here  a re  bot tom CZ5 maps f o r  J u l y ,  1977 ( F i g u r e  26) 

and Ju l y ,  1978 (F i gu re  27) .  These rep resen ta t i ons  c l e a r l y  show t h e  tendency 

o f  h i g h  c o n d u c t i v i t y  wa te r  t o  c o l l e c t  i n  t h e  deepest p o r t i o n s  o f  each ma jo r  

basin.  

Winter .  V e r t i c a l  p r o f i l e s  of T and C25 d u r i n g  w i n t e r ,  1978, a re  shown 

f o r  Beaver Creek Bas in  ( F i g u r e  28) and S p i l l w a y  Bas in  (F i gu re  29) .  Again, 

t h e  e f f e c t s  o f  s a l t  s t r a t i f i c a t i o n  a re  o f  i n t e r e s t .  I n  bo th  systems, t h e  

January p r o f i l e s  o f  temperature inc rease  r a p i d l y  f rom 0°C a t  t h e  i ce -wa te r  

i n t e r f a c e  t o  an in te rmed ia te -dep th  temperature maximum (Tmaz), decrease t o  

a  minimum (Tmin), and f i n a l l y  i nc rease  aga in  near  t h e  bottom. On t h e  bas i s  

o f  temperature cons ide ra t i ons  a lone  t h i s  s t r u c t u r e  appears uns tab le ;  however, 



CONDUCTIVITYa5 [bottom) 
JULY 1977 

26: Horizontal map of conductivity-25 (bottom) in Ju ly  1977. 



CONDUCTIVITY2, (bottom) 
JULY 1978 

27: Horizontal map of conductivity-25 (bottom) in July 1978. 
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7 8 :  Vcrtiral p , - o f i l e s  o f  (a) t w ? e r ? t u r e  a n d  ( b )  c o n d u c t i v i t y - 2 5  

i n  Beaver Creek Bas in ,  W in te r  1978. 
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29: Vert ical  prof i  l  e s  of ( a )  temperature and ( b )  conducti  v i  ty-25 

in Spillway Basin,  Winter 1978.  
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30:  Longitudinal sec t ions  of ( a )  temperature and ( b )  conduct iv i ty-  

25  in Beaver Creek Basin, January 1978. 
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31 : Longitudinal sections of ( a )  temperature and ( b )  conductivity- 

25 in Spillway Basin, January 1978. 



CONDUCTIVITY,, (bottom) 
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32: Horizontal map of bottom conductivity-25 measurements in January 

1978. 



a t  low temperatures, wa te r  d e n s i t y  i s  a  very  weak f u n c t i o n  o f  temperature 

(Hutchinson, 1957) and o n l y  a  smal l  s a l i n i t y  g r a d i e n t  i s  r e q u i r e d  t o  o f f s e t  

t h e  d e s t a b i l i z i n g  temperature d i s t r i b u t i o n .  Both bas ins show w i n t e r  ha lo -  

c l i n e s  separa t ing  t h e  in te rmed ia te -dep th  Tmax and Tmin l a y e r s .  

One exp lana t ion  f o r  t he  unusual temperature s t r u c t u r e  noted above i s  

t h a t  s o l a r  r a d i a t i o n  p e n e t r a t i n g  t h e  snow/ice a c t s  t o  warm t h e  u n d e r l y i n g  

water  toward t h e  temperature o f  maximum dens i t y ,  p a r t i c u l a r l y  a t  sha l low 

depths and near t he  l a k e  bottom (Hutchinson, 1957; Hoare, 1908). I n  t h e  

absence o f  s a l t  s t r a t i f i c a t i o n  t h i s  water  would then s ink ;  however, s a l t  

s t r a t i f i c a t i o n  i s  appa ren t l y  s u f f i c i e n t  t o  p reven t  s i nk i ng .  I f ,  on t h e  

o the r  hand, s o l a r  r a d i a t i o n  were t o  pene t ra te  below h a l o c l i n e  depth, then 

convec t i ve  f l o w  and warming o f  t h e  lower  water  column may r e s u l t  (Ragotzk ie  

and Likens, 1964). Some suppor t  f o r  t h e  n o t i o n  o f  r a d i a t i v e  warming 1  i e s  

i n  t he  f a c t  t h a t  deep temperatures a r e  sometimes observed t o  i nc rease  be- 

tween January and March. D iscoun t ing  any i n p u t  of warm s a l i n e  wate r  t h i s  

warming must be due t o  s o l a r  r a d i a t i o n  (c f .  Farmer, 1974 f o r  t h e o r e t i c a l  

t rea tment ) .  

For completeness we have i nc l uded  w i n t e r  sec t i ons  o f  T and Cz5 (F igures  

30-31) as w e l l  as a  bottom CZ5 map f o r  t he  system (F igu re  32 ) .  Again, t h e  

e f f e c t s  o f  s a l t  s t r a t i f i c a t i o n  and impoundment a r e  ev iden t .  S ince  most o f  

t h e  s a l i e n t  f ea tu res  have a l r eady  been noted, no f u r t h e r  d e s c r i p t i o n  i s  

presented. 
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4. MASS BUDGET CONSIDERATIONS 

I n  t h i s  s e c t i o n  an at tempt  i s  made t o  f o r m a l i z e  mass budget ca l cu la -  

t i o n s  f o r  Beaver Creek Basin.  The major  a im i s  t o  es t ima te  t h e  f l u x  o f  

c h l o r i d e  i n t o  and o u t  o f  t h e  system a t  any one t ime  (month) and on average 

(pumping season) i n  comparison t o  t h e  observed change i n  con ten t  ( c f .  Dyer, 

1973; Walin, 1977; Gardner and Ki tchens,  1974, f o r  d i scuss ions ) .  Th i s  c a l -  

c u l a t i o n  i s  u s e f u l  f o r  two reasons. F i r s t ,  i t  prov ides  a  t e s t  o f  expe r i -  

mental  des ign and/or da ta  q u a l i t y .  For example, t h e  exper imenta l  design 

p rov ides  no d i r e c t  measurements o f  groundwater seepage - i f  t h i s  i s  s i g n i -  

f i c a n t  i n  Beaver Creek Basin then any a t tempt  t o  d e r i v e  a  mass balance 

should f a i l .  The same i s  t r u e  i f  t h e  s u r v e i l l a n c e  c r u i s e s  a r e  t o o  w ide l y  

spaced i n  t ime  t o  desc r i be  temporal changes, o r  i f  t h e r e  i s  t e c h n i c a l  e r r o r  

i n  the  data.  Second, such c a l c u l a t i o n s  a r e  a  p r e r e q u i s i t e  f o r  p r e d i c t i v e  

numerical  models; t h a t  i s ,  if bas ic  budgets - which a r e  e s s e n t i a l l y  zero- 

dimensional  models - f a i l ,  then t h e r e  i s  l i t t l e  hope f o r  success fu l  numer- 

i c a l  mode l l i ng  o f  t h e  system. 

Before d e s c r i b i n g  t h e  f o rmu la t i on ,  a  bas i c  goal  should be se t .  Based 

on e x i s t i n g  methodologies,  mass balances f o r  any m a t e r i a l  substance a re  

d i f f i c u l t  t o  o b t a i n  due t o  t h e  d i f f i c u l t y  i n  c o l l e c t i n g  r e l i a b l e  f low and 

i o n i c  concen t ra t i on  measurements. Even when r e l a t i v e l y  un i f o rm  bodies o f  

wa te r  a r e  present ,  and a  h i g h  d e n s i t y  o f  f l o w  measurements a r e  made ( i . e .  

c u r r e n t  meters) ,  p r e c i s i o n  g rea te r  than ~ 2 0 %  can r a r e l y  be achieved (Im- 

berger  e t  a l ,  i n  p ress ) .  I n  the  p resen t  case ( i . e .  month ly  t ime  i n t e r v a l s ,  

weak s p a t i a l  coverage, i n d i r e c t  f l o w  measurements, and sometimes ques t ion-  

a b l e  da ta ) ,  some e r r o r  must be expected. 

Wi th  t h e  above l i m i t a t i o n s  i n  mind we w i l l  proceed w i t h  t h e  s imp les t  

p o s s i b l e  c h l o r i d e  balance c a l c u l a t i o n .  F i r s t ,  we cons ider  Beaver Creek 



Basin only. If  the budget f a i l s  here, i t  i s  unlikely tha t  i t  will hold for  - 
the whole system; besides, we have evidence that  groundwater seeps into 

Spillway Basin. Second, we consider only the 1978 data owing to i t s  over- .I 

a l l  higher quality. Third, we consider only the period subsequent to  freshet 
I 

(April-November). Finally, we assume the pumping rates reported by Syncrude 

represent the only inputs of chloride-rich water to  the system. 
II 

Consider the chloride contained in Beaver Creek Basin and i t s  concen- 

tration cC a t  some time, t .  The total  mass of chloride MC i s  then ~n 

M' = r r r y ( t ~ ~ c ( ~ , ~ , z , t )  
.I 

where x ,  y ,  z are  position co-ordinates. This mass may change with time due 

t o  inputs from Beaver Creek (FiC) ,  inputs from mine water ( F ; ~ ) ,  and outflow 
.L 

via R u t h  Lake Basin (F&) .  Hence, the mass balance can be written 

Each individual flux FC can be estimated as an integral value r) 

where Ui represents flow velocity and Ai the cross-sectional area of the II) 

inflow. In practice the integral of UidAi can be replaced by the flow ra te  

(volume per unit time). In the present application, bi-monthly values of - 
Beaver Creek streamflow and mine water discharge were used. In turn,  these 

.I 

values are mu1 tip1 i ed by the corresponding chlorini ty 1 eve1 s interpolated 

from the monthly observations to  yield the required flux estimate. .I) 

Independently, dMC/dt can be calculated internal to the system by volu- 

metrically integrating the monthly profiles and comparing one month to  the .I 

next. This i s  done by multiplying the chloride content a t  each one metre 
I 

interval by the volume of water contained in the corresponding interval ,  

and then summing the contents. This assumes, of course, tha t  chlorinity 
I 
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33: C h l o r i d e  budget c a l c u l a t i o n s  f o r  Beaver Creek Basin.  



Table 5. Chloride Budget Calculations - Summer 1378 

L 

Cruise 

Date 

17 APR 

24 MAY 

20 JUN 

18 JUL 

22 AUG 

18 SEP 

16 OCT 

MEAN 

M AM' 

(lo3 kg )  

32 5 
-138 

187 
6 3 

250 
88 

338 
134 

472 
- 344 

128 
- 5 

123 

260 - 34 

A t 

(days 

3 5 

26 

2 7 

33 

26 

28 

- 

A M ~ / A  t F ~ C  G w  F; CF' 

(lo3 kilogram p e r  day) 

-3.94 0.60 0.38 -4.82 -3.84 

2.42 0.33 2.36 -2.20 0.50 

3.26 0.30 2.06 -1.35 1.01 

4.06 0.18 7.39 -2.44 5.13 

-13.23 0.43 2.21* -10.12 -7.48 

-0.18 0.43 4.43 -5.71 -0.85 

-1.27 0.38 3.14 -4.44 -0.92 



i sop le ths  a re  h o r i z o n t a l  everywhere w i t h i n  t he  system and the re  i s  no v o l -  

ume change due t o  water l e v e l  f l u c t u a t i o n s .  The t e s t  f o r  t h e  present  f o r -  

mu la t ion  i s  t h a t  t h e  sum o f  t h e  f l u x e s  f o r  a  g iven t ime p e r i o d  (IF:) be 

equal t o  t h e  change i n  con ten t  f o r  t h a t  same pe r i od  (dblC/dt). 

The r e s u l t s  of t h i s  c a l c u l a t i o n  (F igu re  33, Table 5)  a re  r e l a t i v e l y  

good. Al though i n d i v i d u a l  values show some disagreement, t h e  general  t rends  

f o r  1978 are very  w e l l  depicted. For example, both curves model t he  sp r i ng  

d i l u t i o n  concurrent  w i t h . f r e s h e t ,  the  summer bu i ld -up  f o l l o w i n g  mine water 

discharge, and t h e  sudden freshening due t o  r u n o f f  i n  autumn. 

One may complain t h a t  t h e  absolute values f o r  i n d i v i d u a l  months are 

n o t  w e l l  represented. This  i s  l i k e l y  due n o t  o n l y  t o  u n c e r t a i n t i e s  i n  t he  

data base bu t  a l so  the  as.sumption t h a t  i s o p l e t h s  o f  c h l o r i d e  are  everywhere 

h o r i z o n t a l .  If c h l o r i d e  concentrat ions a t  a  g iven depth near S t a t i o n  M2 

were, i n  r e a l i t y ,  h i ghe r  than a t  corresponding depths f u r t h e r  south, then 

t h i s  would suggest t h a t  t h e  present  est imates of d ~ ' / d t  a re  t oo  h igh .  I n -  

deed, t h i s  seems t o  be t h e  case i n  F igu re  33. 

I n t e g r a t e d  over  t h e  e n t i r e  pumping season, t h e  above agree t o  w i t h i n  

35%. This agreement i s  encouraging and leads one t o  suspect t h a t  t he  mass 

balance approach may prove use fu l  i n  mon i to r i ng  the  r e s e r v o i r  system. 
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5. A FILLING-BOX MODEL OF C H L O R I D E  DISPERSION 

5.1 Rationale 

We now turn t o  the problem of modelling - for  predictive purposes- 

the dispersion of chloride-rich water within the diversion system. The 

previous report (Carmack, 1976) considered two extreme-case models of 

chloride dispersion: complete mixing and zero mixing. The t ruth must l i e  

somewhere between these extremes (Fischer, 1976; Rumer, 1977). I f  we are 

t o  predict chloride values with any degree of accuracy, account must be 

made of the way properties vary in each basin, especially in the vert ical .  

This will require the inclusion of some simplified dynamical considerations. 

A model well suited t o  the present purpose i s  the so-called " f i l l i ng -  

box" model (Manins, 1973; Killworth and Carmack, 1979). I t s  structure i s  

summarized in Figure 34. Each basin i s  considered as a container of f lu id  

fed by one or more sources. In Beaver Creek Reservoir, these sources take 

the form of the Beaver Creek diversion ( re la t ive ly  fresh water) and the in- 

p u t  of saline groundwater. I n  R u t h  Lake and Spillway Basins, the sources 

are the outflows from Beaver Creek Reservoir and R u t h  Lake, respectively. 

These sources enter as dense plumes or gravity currents, and are as- 

sumed to f a l l  ver t ical ly  a t  one end of the basin (both ends in the case of 

Beaver Creek Reservoir). They fa1 1 to  a depth determined by the dynamics 

and then spread out horizontally a t  that  depth (Hambl in and Carmack, 1978) 

forcing the lake water above them to upwell, and eventually t o  leave a t  the 

lake's outflow. 

To our knowledge, the present formulation i s  quite unique in reservoir 

dispersion applications. The model requires only f i e ld  measurements of in- 

p u t  characteristics (flow ra te ,  temperature, sal ini t y ,  and chlorini ty)  and 
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II SCHEMATIC: BEAVER CREEK RESERVOIR FILLING BOX MODEL 

RUTH LAKE 0 i? 8' SPILLWAY 
BAS1 N ,&c* BAS1 N 

/ -\ A 

NOTE: All flows are specified 
as functions of flow rate, 
temperature, salinity, and 
chlorinity . 

34: Schematic of the filling-box model. 



reservoir surface temperature. I t  requires no measurements internal to the 

system (other than for ver i f ica t ion) ,  no estimates of turbulent diffusion 

coefficients , and no meteor01 ogi cal (wind s t ress  of heat flux) measurements. 

All of the above are eliminated by the use of simple physical assumptions 

based on the observations described ea r l i e r  in th is  report. 

5.2 Model Assumptions 

Based on data described ea r l i e r ,  we make the following physical assump- 

tions: 

1 .  Within each basin, and within each plume, a l l  properties are con- 

sidered only as functions of the downward co-ordinate, z ,  and 

time, t. All horizontal variation i s  averaged out. This approxi- 

mation implies that  plumes spread out horizontally in a time short- 

e r  than the natural time scale of the lake. Estimates of spread- 

ing rates based on Froude number c r i t e r i a  ( c f .  Orbob, 1969) con- 

firm th i s  assumption. 

2 .  Each plume i s  in steady equilibrium with ambient basin water. This 

i s  jus t i f ied ,  as a plume f a l l s  ver t ical ly  in about one hour, com- 

pared with the longer time scales of the basins. 

3.  The plumes experience no turbulent entrainment or drag. Labora- 

tory simulations, large lakes, and oceanic observations a l l  con- 

firm that  low entrainment and f r ic t ion  coefficients are applicable 

t o  such plumes (Killworth, 1977). This, together with the small 

depths involved, confirms th i s  assumption. 

4. Mixing within each basin i s  due to  two independent sources: s t a t i c  

ins tab i l i ty  (when water of a greater density overlies water of a 

lesser)  and wind s t i r r ing  near the surface (cf .  Imberger e t  a1 , 

1978; for  discussion of mixing e f fec t s ) .  This greatly simplifies 



t he  problem, a t  t h e  c o s t  o f  produc ing somewhat more jagged p ro -  

f i l e s  than would be ob ta ined  us ing  (guessed) t u r b u l e n t  m i x i n g  

c o e f f i c i e n t s .  

5. The d e n s i t y  p o f  t h e  water  depends on s a l i n i t y  S and temperature 

T, and i s  g iven  by 

where 

8 = 7.5 X (ppm)-l ( 2 )  

a = 6.94 x ( o c ) - ~  ( 3 )  

and po i s  a re ference dens i t y ,  equal t o  1 g ~ m - ~ .  A l though 

c h l o r i d e  con ten t  C i s  needed f o r  p r e d i c t i v e  purposes, i t  i s  

t r e a t e d  i n  t h i s  model as a pass ive  contaminant ( b u t  because 

p depends on T and S, these t oo  must be p r e d i c t e d  by t h e  model) .  

6. I c e  e x i s t s  a t  t h e  sur face  when t h e  l a k e ' s  temperature drops below 

0°C a t  t h e  surface. 

7. Groundwater seepage e f f e c t s  a r e  neglected.  

5.3 Model Formu la t ion  

The Plumes. The equat ions d e s c r i b i n g  t h e  descent o f  each plume a re  

those o f  conse rva t i on  of mass, momentum, heat,  c h l o r i d e  and s a l i n i t y  ( ~ u r n e r ,  

1973) and may be w r i t t e n  under t h e  above assumptions as: 



where t h e  l o c a l  c ross -sec t i ona l  area o f  t h e  plume i s  a ( z , t ) ,  i t s  downward 

v e l o c i t y  w(z , t ) ,  g i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y ,  and pL(z , t )  t h e  l a k e  

d e n s i t y  a t  t h a t  depth. These equat ions may be i n t e g r a t e d  t o  y i e l d  

aw = F ( t )  ( 9 )  

C = C, (12)  

S = S, (13)  

where F ( t )  i s  t he  volume f l o w  r a t e  o f  t h e  plume, and Thy C,, S, a r e  t h e  

i n f l o w  va lues o f  T, C, S, r e s p e c t i v e l y .  I f  w  i s  s p e c i f i e d  a t  t h e  su r f ace  

(because a  i s  known), (10)  may be i n t e g r a t e d  downwards u n t i l  t h e  va lue  o f  

z  where w  vanishes i s  found. A t  t h i s  l e v e l ,  t h e  plume spreads o u t .  A1 t e r -  

n a t i v e l y ,  w  may s t i l l  be non-zero a t  t he  bottom ( i f  t h e  plume i s  denser than 

i t s  surroundings, o r  i f  i t  possessed enough momentum i n i t i a l l y ) .  I n  t h i s  

case, t he  plume spreads o u t  a t  t he  bottom. Below any plume, i t s  v e l o c i t y  

i s  de f i ned  t o  be zero. 

The Basins. The equat ions d e s c r i b i n g  l a k e  q u a n t i t i e s  a r e  now s t r a i g h t -  

forward. A t  a  depth z, t h e r e  can be no n e t  f l u x  o f  water  downwards, thus  

Caw + AW = 0  (14) 

where C denotes a  sum over  a l l  plumes i n  t h e  bas in  ( two f o r  Beaver Creek, 

o n l y  one elsewhere),  A (z )  i s  t h e  l a k e  area a t  t h a t  depth, and W(z,t) i s  t h e  

v e r t i c a l  v e l o c i t y  ( a c t u a l l y  upward) i n  t h e  bas in .  Below t h e  l owes t  plume, 

then, a1 1  w 's  a re  zero and hence W vanishes a l s o  ( t h e  water  i s  qu iescen t ) .  

Equat ion (14)  s t i l l  ho lds  a t  t h e  sur face :  A(O,t)W(O,t) represen ts  t h e  ou t -  

f l o w  t o  t h e  n e x t  bas in ,  t o  keep t h e  f i l l i n g - b o x  f rom o v e r f i l l i n g .  

Conservat ion o f  heat,  c h l o r i d e  and s a l i n i t y  w i t h i n  t h e  bas ins  then 

y i e l d s  (except  a t  plume ou t f l ows ,  f o r  which see below) 



where t he  terms i n  W represen t  upward advec t ion  by t h e  v e r t i c a l  v e l o c i t y  

and t h e  a terms represen t  v e r t i c a l  mix ing.  q i s  a su r f ace  hea t i ng  o r  

c o o l i n g  i n  t h e  t o p  metre by atmospheric processes, equal t o  Q ( t ) / l  m; 

Q ( t )  i s  a su r f ace  heat  f l u x  pe r  u n i t  area, d i v i d e d  by t h e  s p e c i f i c  hea t  

o f  water .  Below t h e  lowes t  plume, then, l a k e  v a r i a b l e s  o n l y  change due 

t o  m ix ing .  

M i x i ng  i n  t h e  v e r t i c a l  occurs when t h e  wind blows and s t i r s  t he  t o p  

f i v e  metres. I t  occurs year-round except  under i c e  cond i t i ons .  M i x i ng  

a l s o  occurs when t h e  v e r t i c a l  d e n s i t y  g r a d i e n t  pL becomes nega t i ve  ( r e -  

c a l l  z i s  downward). I n  bo th  cases, m i x i n g  i s  accomplished by r e p l a c i n g  

C and S, over  t h e  m ix i ng  reg ion  by t h e i r  area-weighted averages. TL, e 
Th is  i s  done a u t o m a t i c a l l y  f o r  wind-mixing, whereas t h e  areas o f  s t a t i c  

i n s t a b i l i t y  must be examined a t  every  t ime  s tep .  

A t  t h e  l e v e l  where a plume spreads ou t ,  (15) - (17)  must be modi f ied.  

The plume i s  assumed t o  spread o u t  u n i f o r m l y  i n  a l a y e r  o f  th ickness  Az 

equal t o  0.5 m. Conservat ion o f  heat  over  t h i s  l a y e r  then g i ves  

where W '  i s  t he  v e r t i c a l  v e l o c i t y  due t o  o t h e r  plumes i n  t h e  bas in ,  and 

F i s  t he  r e l e v e n t  plume f l u x .  S i m i l a r  expressions h o l d  f o r  CL and St. 



5.4 Running t h e  Model 
u 

The above equat ions may be i n t e g r a t e d  s t r a i g h t f o r w a r d l y  v i a  a  f i n i t e -  - 
d i f f e r e n c e  f o r m u l a t i o n  i n  z and t ( a  0.5 m v e r t i c a l  r e s o l u t i o n  and a  0.5 day 

t ime s tep  a re  adequate). A y e a r ' s  i n t e g r a t i o n  takes o n l y  10-15 seconds on - 
modern computors. 

'II 

I n i t i a l  cond i t i ons  must be supp l ied .  The i n i t i a l  c o n d i t i o n s  a r e  s t r a i g h t -  

S and Ce must be g i ven  as f u n c t i o n s  o f  depth f o r  each l a k e  a t  forward:  Te, I 

t ime zero ( u s u a l l y  s e t  t o  zero f o r  long  i n t e g r a t i o n s ) .  

Boundary cond i t i ons  must a l s o  be supp l ied .  Fo r  Ruth Lake and S p i l l -  w 

way Basin, t he  plume i n f l o w  q u a n t i t i e s  a r e  g i ven  by t h e  ( c a l c u l a t e d )  ou t -  
rl 

f l o w  from the  p rev ious  bas in .  For  Beaver Creek, t h e  i n f l o w  q u a n t i t i e s  

(mine o u t f l o w  and r i v e r )  must be g i ven  as f u n c t i o n s  o f  t ime.  A d d i t i o n a l l y ,  
I 

Q ( t )  must be s p e c i f i e d .  Lack ing any meteor01 og i  c a l  data rega rd ing  heat  

t r a n s f e r ,  Q ( t )  i s  taken f o r  each bas in  as I 

- 1 i n  (OC) cm sec . Te, t h e  e q u i l i b r i u m  temperature,  i s  assumed t o  be 

Te = [10-12cos(2n t /12) ]~C (20)  
w 

where t i s  measured i n  months f rom January 1. I f  Te i s  l e s s  than  O°C, 

n o t  o n l y  i s  t h e r e  no m ix i ng  (except  f o r  s t a t i c  i n s t a b i l i t y )  b u t  a l s o  t h e  w 

i c e  i s  assumed a  p e r f e c t  i n s u l a t o r  (so  Q ( t )  = 0 ) .  Th is  crude assumption 
r* 

i s  obv ious l y  poor f o r  l o n g  per iods  of t ime, b u t  we have no da ta  t o  improve i t .  

I 

5.5 Model Ca l cu la t i ons  

Two se ts  o f  c a l c u l a t i o n s  have been performed as a  t e s t  o f  t h e  model. 
Ilr 

The f i r s t  a t tempts a  s i m u l a t i o n  o f  1978 w h i l e  t h e  second i s  based on l onge r  

term values; o n l y  t h e  1978 i s  descr ibed  i n  t h i s  r e p o r t .  I n p u t  c o n d i t i o n s  
I) 



m were taken as 1978 values, e i t h e r  month ly  o r  semi-monthly, w i t h  mean values 

taken where t h e  1978 va lues were dubious o r  m iss ing .  I ns tead  o f  s t a r t i n g  

t he  c a l c u l a t i o n  w i t h  observed values (which r e q u i r e s  f i e l d  measurements), 

t h e  i n i t i a l  c o n d i t i o n s  were zero Ty C and S i n  a l l  bas ins;  t h e  model was 

then run  f o r  one year .  A t  t h i s  stage, a t  t h e  beg inn ing  o f  A p r i l ,  t h e  ou t -  

p u t  i s  then used t o  i n i t i a l i z e  t h e  model. Thus, t h e  s i m u l a t i o n  i s  t h a t  o f  

a c y c l i c  s i t u a t i o n  i n  which every yea r  i s  1978. 

The r e s u l t s  a r e  shown i n  F igures  35 t o  38. The " jagged" behaviour  

i s  due t o  t h e  l a c k  o f  t u r b u l e n t  d i f f u s i o n  and t h e  one-month means used 

i n  t h e  c a l c u l a t i o n .  

The su r f ace  temperatures o f  a l l  t h r e e  bas ins a r e  s i m i l a r  throughout  

t h e  year ,  reach ing  j u s t  s h o r t  of 22°C i n  J u l y .  Freez ing ( i c e )  occurs f rom 

December t o  A p r i  1. I n  A p r i  1  , t h e r e  i s  warm (6°C) water  a t  depth i n  Beaver 

Creek Basin ( u n l i k e  t h e  data,  which show c o l d e r  va lues - a f a u l t  aga in  o f  

t he  guessed va lues f o r  su r f ace  hea t i ng ) .  By May, however, t h e  b a s i n  heats 

up ( t o  11°C) l e a v i n g  co ld ,  dense water  a t  depth.  Throughout summer, t h e  

t r e n d  o f  weaktop-to-bottom temperature d i f f e r e n c e s  observed i n  Beaver Creek 

I Basin i s  w e l l  reproduced: on J u l y  1, f o r  example, t h e  su r f ace  and bottom 

temperatures a r e  21 and 13"C, r e s p e c t i v e l y ,  compared w i t h  21 and 5°C f o r  

.I S p i l l w a y  Basin.  Dur ing autumn, t h e r e  i s  r a p i d  coo l i ng :  by November 1, t h e  

temperature i s  n e a r l y  5°C a t  t he  sur face,  6-7°C a t  depth. The l a t t e r  water  
I 

remains through w i n t e r ,  w h i l e  t h e  su r f ace  f reezes.  

I O f  i n t e r e s t  i s  t h e  c h l o r i d e  d i s t r i b u t i o n .  Beaver Creek Basin begins 

w i t h  a  s t r ong  v e r t i c a l  g r a d i e n t  o f  c h l o r i d e ,  f rom 54 ppm a t  t h e  sur face  t o  

I 600 ppm a t  t h e  bottom. Th is  va lue  i s  h i ghe r  than t h a t  observed i n  A p r i l ,  

1978; i t  r e s u l t s  f rom t h e  (mean) November mine i n p u t  used t o  generate t h e  
.I 

c y c l i c  s o l u t i o n ,  and i s  a c t u a l l y  a  p r e d i c t i o n  o f  l a t e  w i n t e r ,  1979. The 

il comparison between model led and observed c h l o r i d e  values improves as t he  



TIME (month) 

35: Numerical s imu la t i ons  of  t h e  Beaver Creek D ive rs ion  System show- 

i n g  p r e d i c t e d  o u t f l o w  p r o p e r t i e s  f o r  Beaver Creek (B) , Ruth Lake 

(R) and S p i l l w a y  (S) Basins f o r  1978; (a )  temperature, ( b )  

c h l o r i n i t y  and ( c )  s a l i n i t y .  Time ( i n  months) i s  shown on t h e  

lower a x i s  beginning A p r i l  1. 
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much f r e s h e r  s p r i n g  i n p u t s  from t h e  r i v e r  reduce c h l o r i d e  l e v e l s  a t  t h e  

bottom t o  l e s s  than  100 ppm by May 1. 

The mine i n p u t  now r i s e s ,  t o  286 ppm, b u t  t h e  r a p i d  i nc rease  i n  l a k e  

temperature means t h a t  t h e  c o l d  r i v e r  water  s i nks  t o  t h e  bottom (because i t  

i s  denser than t h e  l a k e )  and f lushes t h e  mine e f f l u e n t  away. Comparison 

w i t h  data shows t h a t  t h i s  d i d  n o t  occur  i n  r e a l i t y .  Th i s  d iscrepancy r e -  

s u l t s  f rom t h e  n e c e s s i t y  o f  guessing t he  l a k e ' s  su r f ace  heat  i n p u t .  Were 

t h e  l ake  coo le r  (as was t h e  case i n  r e a l i t y ) ,  t h e  f l u s h i n g  a c t i o n  would n o t  

have occurred, because t h e  r i v e r  plume would tend  t o  remain nearer  t h e  sur-  

face, due t o  i t s  d e n s i t y  be ing  s i m i l a r  t o  t h a t  o f  t h e  lake .  I t  i s  thus  

e s s e n t i a l  t h a t  t h e  thermal s t r u c t u r e  be ob ta i ned  c o r r e c t l y ,  as i t  has i m -  

p o r t a n t  imp1 i c a t i o n s  on t h e  system's response. S t i l l ,  t h e  o v e r a l l  c h l o r i d e  

con ten t  i s  f a i r l y  we1 1  represented. 

The inc rease  i n  su r f ace  and bottom c h l o r i d e  values d u r i n g  summer i s  

we1 1  model l e d  (bot tom va lues o f  more than 250 ppm, sur face  va lues o f  100 

ppm) u n t i l  September 1. The decrease i n  near-bottom c h l o r i d e  l e v e l s  j u s t  

be fo re  September i s  due t o  f l u s h i n g  by t h e  c o l d  (11.5"C) r i v e r  i n f l o w .  The 

l a r g e  r a i n f a l l  i n  September now a c t s  t o  f l u s h  t h e  e n t i r e  bas in ,  a l though 

towards October (based on our  1  i m i  t e d  da ta  f o r  t h i s  p e r i o d ) ,  c h l o r i d e  be- 

g i n s  t o  b u i l d  up a t  depth.  Th is  increases t o  t h e  600ppm va lue  i n  November 

which remains throughout  t he  w in te r .  Sur face values remain below 100 ppm. 

I n  c o n t r a s t ,  t h e  v a r i a t i o n  w i t h i n  S p i l l w a y  Basin i s  much weaker. I n  

A p r i l ,  su r face  va lues a re  23 ppm, a t  depth 28 ppm. Bottom va lues inc rease  

t o  40 ppm, sur face  t o  35, then 38 pprn (a  1  i t t l e  l e s s  than observed) d u r i n g  

summer. Between September and October, t h e  r a i n f a l l  f l u s h i n g  reduces bo t -  

tom values t o  16 ppm, f o l l o w e d  by an inc rease  i n t o  w i n t e r ,  g i v i n g  sur face  

and bottom va lues o f  26 pprn and 28 ppm, r e s p e c t i v e l y .  
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36: Numerical time-depth diagram for temperature in (a) Beaver Creek 

Basin and (b) Spillway Basin. 
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37: Numerical  t ime-depth diagram f o r  c h l o r i n i t y  i n  ( a )  Beaver Creek 

Bas in  and ( b )  S p i l l w a y  Basin.  
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Basin and (b )  Spillway Basin. 
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38: Numerical time-depth diagram for salinity in (a) Beaver Creek 



The s a l i n i t y  p i c t u r e  i s  a l s o  q u i t e  reasonable.  I n  Beaver Creek Basin, 

bottom values beg in  h i gh  i n  A p r i l  ( a  l e f t - o v e r  from November) and then de- 

crease r a p i d l y  t o  600 pprn i n  May (sur face  l e v e l ,  400 pprn). Dur ing  summer, 

su r face  1 evel  s  i nc rease  and bottom 1 eve l  s  decrease ( t h i s  d iscrepancy occur- 

r i n g  u n i f o r m l y  i n  T, C and s ) .  A b u i l d - u p  t o  over  700 pprn ( c f .  1000 ppm ob- 

served) occurs i n  August w i t h  l a r g e  mine ou t f l ows .  Th i s  drops t o  250 ppm 

by September, a1 though t h e  f l u s h i n g  by r a i n f a l l  i s  then countered by 2000 

ppm mine o u t f l o w  i n  October, produc ing surface values of 400 pprn and bottom 

values o f  2000 ppm d u r i n g  w i n t e r .  

Again t h e  v a r i a t i o n  i s  l e s s  i n  S p i l l w a y  Basin. I n  A p r i l ,  va lues a r e  

220 ppm a t  t h e  sur face ,  280 pprn a t  depth. These inc rease  d u r i n g  summer t o  

350 ppm a t  t h e  su r f ace  and 370 pprn a t  depth, ve ry  much as observed. By 

October 1, t h e r e  i s  a  r e v e r s a l ;  260 pprn a t  sur face,  200 ppm a t  depth (due 

t o  o u t f l o w  f rom Ruth Lake reach ing  t h e  bot tom).  By w i n t e r ,  su r f ace  and 
1 

f l o o r  values a r e  240 pprn and 280 pprn as be fo re .  

I 
Thus - w i t h i n  t h e  l i m i t a t i o n s  imposed by our  l a c k  of knowledge o f  

meteoro log ica l  cond i tons  - t h e  f i t  t o  da ta  i s  q u i t e  reasonable and suppor ts  

*I the  hypothes is  t h a t  t h e  model can be used as a p r e d i c t i v e  t o o l .  
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6. SUMMARY AND CONCLUSIONS 

I n  t h i s  two-year s tudy o f  t h e  d i spe rsa l  o f  s a l i n e  groundwater i n  t h e  

Beaver Creek D i ve rs i on  System, we have at tempted t o :  a)  c r i t i c a l l y  eva lu-  

a t e  t h e  o v e r a l l  q u a l i t y  and usefu lness o f  t h e  phys i ca l  and chemical  data 

base; b )  descr ibe  t h e  s a l i e n t  t rends  i n  s t r a t i f i c a t i o n  and mix ing ;  and 

c )  model, v i a  mass budget and numerical  s imu la t i on ,  t h e  d i s p e r s i o n  o f  c h l o r -  

i d e - r i c h  mine water  w i t h i n  t h e  system. 

With regards t o  mix ing,  t h e  r e s e r v o i r  has behaved much as p r e d i c t e d  

by Carmack (1976, s e c t i o n  headed 'Hypo the t i ca l  m i x i ng  h i s t o r y ' ) .  That  i s ,  

m ix ing  appears t o  be dominated e i t h e r  by t h e  s t i r r i n g  a c t i o n  o f  t h e  wind 

(upper 4-5 m) o r  by convec t i ve  f low.  The dense, s a l i n e  mine wate r  e f f l u e n t  

g e n e r a l l y  s i nks  r a p i d l y  t o  depth and s e t t l e s  i n  depressions i n  t h e  pre- im- 

poundment stream channel. Owing t o  t he  depth and s h e l t e r e d  n a t u r e  o f  wa te r  

w i t h i n  these depressions, t he  e f f e c t s  of wind s t i r r i n g  a r e  s i g n i f i c a n t l y  

reduced a l l o w i n g  h a l o c l i n e  development. However, convec t i ve  f l o w s  d u r i n g  

per iods  o f  ove r tu rn  ( e s p e c i a l l y  i n  autumn) a r e  e f f e c t i v e  i n  reduc ing  ver -  

t i c a l  s t r a t i f i c a t i o n .  

Based on a v a i l a b l e  in fo rmat ion ,  we can fo rmu la te  a  reasonable p a t t e r n  

of e f f l u e n t  d i s p e r s i o n  du r i ng  a  so -ca l l ed  t y p i c a l  year .  Bear i n  mind, how- 

ever, t h a t  these views a r e  based on o n l y  two years  o f  observa t ions ,  and 

t h a t  one of these years  (1978) was h i g h l y  a t y p i c a l .  

La te  Winter .  P r i o r  t o  i c e  break-up and convec t i ve  ove r tu rn ,  t h e r e  i s  

a  bu i l d -up  of h i g h  s a l i n i t y  water,  p robab ly  due t o  groundwater seepage. 

Th is  water  may be e i t h e r  low ( i . e .  1976) o r  h i gh  ( i . e .  1978) i n  c h l o r i n i t y .  

The h igh  s a l i n i t y  water  imponds a t  depth i n  Beaver Creek Basin.  There i s  

ve ry  l i t t l e  v e r t i c a l  m i x i n g  o f  t h i s  water  i n t o  t h e  sur face  l a y e r  s.ince t h e  

i c e  cover prevents  wind mix ing .  Subsequently, t h i s  water  does n o t  appear 



t o  spread i n t o  Ruth Lake Basin and S p i l l w a y  Basin.  

Spr ing.  Three sequent ia l  processes a f f e c t  t he  d i spe rsa l  o f  s a l i n e  

groundwater i n  sp r i ng :  l o s s  o f  i c e  cover  exposes t he  su r f ace  l a y e r s  t o  

wind-mixing; convec t i ve  ove r tu rn  e f f e c t i v e l y  mixes t h e  e n t i  r e  wate r  column; 

and inc reased  s t reamf low serves t o  f l u s h  t h e  r e s e r v o i r  and lower  t h e  over-  

a l l  concen t ra t i on  of s a l t .  Th i s  t r e n d  i s  observed throughout  t h e  r e s e r v o i r ,  

b u t  i s  most dramat ic  i n  Beaver Creek Basin.  

Summer. The onset  o f  temperature s t r a t i f i c a t i o n  a c t s  t o  i n h i b i t  ve r -  

t i c a l  m ix ing .  The n a t u r a l  streamflows e n t e r  above t h e  pycnoc l i ne  l e a d i n g  

t o  increased f l u s h i n g  o f  t h e  sur face  l a y e r  ( i  .e. decreased res idence  t ime ) ,  

and v i c e  versa below t h e  pycnocl ine.  Owing t o  i t s  dens i t y ,  s a l i n e  ground- 

water  tends t o  impond i n  t h e  deepest p o r t i o n s  of t he  bas in  l e a d i n g  t o  b u i l d -  

ups a t  depth o f  c h l o r i n i t y  and s a l i n i t y .  The spread o f  mine e f f l u e n t  through 

t h e  system i s  g e n e r a l l y  slow, s i nce  i n t e r b a s i n  exchange takes p l ace  v i a  sur-  

face  f l ows  f rom one bas in  t o  another.  

Autumn. Hyd ro log i ca l  and l i m n o l o g i c a l  cond i t i ons  i n  autumn p l a y  an 

impor tan t  r o l e  i n  mine e f f l u e n t  d i s p e r s a l .  For  example, Carmack (1976) 

c a l l e d  a t t e n t i o n  t o  t h e  p o s s i b i l i t y  o f  a  gradual ,  saw-tooth bu i l d -up  of 

c h l o r i n i t y  f rom one yea r  t o  t he  next .  Th i s  p a t t e r n  appears t o  have been 

r e a l i z e d  up u n t i l  September, 1978, when t h e  system was e f f e c t i v e l y  f l ushed  

by h i g h  r u n o f f  combined w i t h  convec t i ve  over tu rn .  We must conclude f rom 

t h i s  exper ience t h a t  i n t e rannua l  v a r i a t i o n s  may comple te ly  overwhelm any 

es tab l i shed  l o n g  term t rends .  

To date,  t h e  d i v e r s i o n  system appears t o  have served as a  'm i x i ng  

machine' f o r  mine water  e f f l u e n t  w i t h o u t  se r i ous  t h r e a t  t o  t h e  aqua t i c  en- 

vironment, e i t h e r  i n  terms o f  o u t f l o w  c h l o r i n i t y  l e v e l s  o r  on t h e  bas is  o f  

temporal and s p a t i a l  d i s t r i b u t i o n s  w i t h i n  the  system. I n  terms o f  long-  

range cond i t i ons ,  however, we cannot say whether o r  n o t  a  gradual  "sawtooth '  



b u i  ld -up  wi 11 occur ( c f .  Carmack, 1976) s i nce  i n te rannua l  v a r i a t i o n s  i n  

s t reamf low a re  capable o f  d i s r u p t i n g  l ong  term t rends.  I t i s  obv ious t h a t  

t h e  r e s e r v o i r  i s  most e f f i c i e n t  as a  m ix i ng  machine d u r i n g  pe r i ods  o f  h i gh  

r u n o f f ,  e s p e c i a l l y  i f  such per iods  c o i n c i d e  w i t h  convec t i ve  ove r tu rn .  

Ce r ta i n  quest ions remain unanswered. How impor tan t  i s  groundwater 

seepage? There i s  evidence t o  suggest t h a t  seepage occurs b u t  we have no 

i n fo rma t i on  on t he  q u a n t i t y  o f  water  i nvo l ved .  What causes t h e  l a t e  w i n t e r  

s a l i n i t y  inc rease  i n  Beaver Creek Basin? Thus f a r  our  da ta  y i e l d s  c o n f l  i c -  

t i n g  reasons f o r  t h e  observed bu i ld -up .  What a re  t he  e f f e c t s  o f  i n t e r m i t -  

t e n t  pumping opera t ions  on c h l o r i d e  d i s t r i b u t i o n s ?  Here we l a c k  adequate 

temporal coverage t o  d iscuss t h i s  problem; however, s ince  no ' o v e r a l l  ' 

problems have been observed, we must assume i n t e r m i t t e n t  pumping i s  n o t  a  

ser ious  concern t o  water  q u a l i t y .  F i n a l l y ,  how impo r tan t  a r e  i n te rannua l  

f l u c t u a t i o n s  i n  surface r u n o f f  t o  sa fe  d isposa l  ope ra t i ons?  C e r t a i n l y  we 

have seen t h a t  1978 was a  "good" yea r  f o r  t h e  d isposa l  o f  mine wate r  - 

would e f f e c t s  be e q u a l l y  dramat ic  ( i n  a  nega t i ve  sense) d u r i n g  a  p a r t i c u -  

l a r l y  d r y  year?  Such ques t ions  as t h i s  cou ld  be probed w i t h  f u r t h e r  f i e l d  

and/or mode l l i ng  e f f o r t s ,  b u t  a r e  beyond t h e  scope o f  t h i s  r e p o r t .  
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