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THE EFFECTS OF ACID PRECIPITATION ON TWO
LAKES IN SOUTHWESTERN MICHIGAN

Fardin  Olyaee, Ph.D.

Western Michigan U n iv e r s i ty ,  1986

The purpose of t h i s  s tudy was to  I n v e s t i g a t e  the 

e x t e n t  to  which ac id  p r e c i p i t a t i o n  c o n t r i b u t e s  a c i d i t y  and 

heavy m eta ls  to  lake  envlroments.  Asylum and Bonnie 

Cas t le  Lakes, both lo c a te d  In  the western  p o r t io n  of 

Kalamazoo County, served as the s tudy s i t e s .  P r e c i p i t a 

t i o n  samples were a l s o  taken a t  a s i t e  c lo se  to  both 

la k e s .  Using the Hach Colorimeter ,  a p re l im in a ry  study 

was under taken to  determine co n c en t ra t io n s  of the major 

c a t io n s  (H^, NHy+, K"*" and Ca^*), and major anions 

(NOg", and P0^3").  The main s tudy d e a l t  with the

metal  c o n c e n t ra t io n s  (Mn, Fe, Cu, Zn, and Pb) In  

ra ln /snow w ater ,  l ak ew a te rs ,  sediment,  and a q u a t ic  veg e ta 

t i o n  of l a k e s .  The d a ta  f o r  the main s tudy  were provided 

by Atomic Absorption Spectrophotometry (AA), and P a r t i c l e  

Induced X-ray Emission (PIXE) methods. For the water qual

i t y  a n a ly s i s  by PIXE, the "vapor f i l t r a t i o n "  procedure was 

used to  prepare  the lakewater  and ra ln /snow  water samples. 

The sediments and macrophyte ( Chara) samples used In  the 

PIXE process  were d r ie d  In  order  to  make t a r g e t  p e l l e t s .  

The p e l l e t s  were then analyzed by PIXE.

As a r e s u l t  of the s tudy, the fo l lo w in g  conc lus ions
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emerged :

1. The pH va lues  f o r  p r e c i p i t a t i o n  ranged from 3*9- 

5 . 8 2 , with an event  average of pH 4.67«

2. Although both rece iv e  s im i l a r  amounts of ac id  

d ep o s i t io n .  Asylum Lake was a l k a l i n e ,  whereas, Bonnie 

Cast le  Lake remained n e u t r a l .

3 . The a c i d i t y  of p r e c i p i t a t i o n  was 800-1000 times 

g r e a t e r  than t h a t  of the water of Asylum, and 200-300 times

g r e a t e r  than  t h a t  of Bonnie Cast le  Lake.

4. Because of the groundwater flow c h a r a c t e r i s t i c s  

around Asylum Lake, t h i s  lake  d id  no t  r ece iv e  a su b s tan 

t i a l  p o r t io n  of I t s  t o t a l  Inpu t  as d i r e c t  p r e c i p i t a t i o n .  

However, the d i l u t i n g  e f f e c t s  of p r e c i p i t a t i o n  coupled 

with the absence of any c o n t r ib u t io n  from hardwater 

sources  such as groundwater,  may be Important  I n  the water

chemistry  of Bonnie C as t le  Lake.

5 . The a c id ic  p r e c i p i t a t i o n  was a s s o c ia t e d  with de

p o s i t i o n  of m eta ls  such as  Zn, Fe, Cu, and Pb, r e s u l t i n g  

In  e l e v a t io n  of t h e i r  co n c en t ra t io n s  In  the s tudy l a k e s .

Zn and Fe were the major elements p r e s e n t  In  p r e c i p i t a t i o n ,

6 . Except f o r  Cu, the c o n c e n t r a t io n s  of a l l  heavy 

m eta ls  were h ighe r  In  the s o l i d  phases,  sediment and/or  

v e g e t a t a t l o n ,  than  In  the lak ew a te rs .
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW

The term "ac id  p r e c i p i t a t i o n "  r e f e r s  to  the a c id ic  

r a i n  or snow t h a t  r e s u l t s  mainly from p o l l u t i n g  the atmos

phere with compounds of s u l f u r  and n i t r o g e n .  The a c i d i t y  

of r a i n ,  snow, and atmospheric p a r t i c u l a t e s  t h a t  f a l l  on 

much of the world appears  to  have in c re a se d  s i g n i f i c a n t l y  

w i th in  r e ce n t  times (Angyal, I 98O). The long term env i 

ronmental ,  s o c ia l  and economic problems a s s o c ia t e d  with 

ac id  p r e c i p i t a t i o n  and i t s  co n t ro l  are  p a r t i c u l a r l y  com

plex s ince  the fo rm ation  of such r a i n  and snow i s  not con

s t r a i n e d  by e x i s t i n g  p o l i t i c a l  boundar ies .

The consequences of ac id  p r e c i p i t a t i o n  have ye t  to  be 

eva lua ted  f u l l y  bu t ,  i t  seems to  have had a f a r  reaching  

environmental impact .  I t  has been l in k e d  to  sharp  de

c l i n e s  i n  many la k es  and s treams—i n  some cases  to  the 

p o in t  of t o t a l  e x t i n c t i o n —in  the  number of aqua t ic  

organisms. Evidence a l s o  suggests  t h a t  a c id  p r e c i p i t a 

t i o n  may be damaging t r e e s  and o th e r  p l a n t s .  In a d d i t io n ,  

the inc reased  a c i d i t y  a c c e l e r a t e s  the w eather ing  and co r 

ro s ion  of m a te r i a l s  and b u i ld in g s .  Some s c i e n t i s t s  a l so  

suggest  t h a t  ac id  ae ro s o ls  are a t h r e a t  to  human h e a l th  

(Angyal, 198O). N ev e r th e le s s ,  th e re  i s  s t i l l  co n s id e rab le  

d isagreement about the sources  f o r  the ac id -fo rm ing

1
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components and the s e v e r i t y  of the e f f e c t s .  The c l a s s i c  

view of a c i d i f i c a t i o n  and geochemical w eather ing  In  eco

systems focuses  on the ro le  of carbonic  ac id  In  r a in w a te r .  

Now, however, s t ro n g  ac id s  such as s u l f u r i c ,  n i t r i c ,  and 

hyd roch lo r ic  appear to  have lowered the  pH va lues  of r a i n  

and snow f a l l i n g  over much of n o r th e rn  Europe and the 

e a s t e r n  p o r t io n  of the  United S ta t e s  and Canada (Likens,  

1976 ) .  These s t ro n g  a c id s  a re  thought to  o r i g i n a t e  p r i 

m ar i ly  from gaseous man made p o l l u t a n t s  such as s u l f u r  

d ioxide and n i t r o g e n  oxides produced by the combustion of 

f o s s i l  f u e l s .

As the s tandard  of l i v i n g  has Improved In  I n d u s t r i 

a l ly -deve loped  s o c i e t i e s ,  an unwelcome s ide  e f f e c t  of the 

g r e a t e r  energy consumption has been ex h au s ts  from au to 

mobiles as well as v a r io u s  p o l l u t a n t s  from heavy manufac

t u r i n g ,  metal sm e l t ing ,  and the g e n e ra t io n  of e l e c t r i c i t y .  

With the w orld ’s o i l  and gas r e s e rv e s  being  dep le ted  

r a p id ly ,  and the development of a l t e r n a t e  energy sources 

s t i l l  In  the d i s t a n t  f u t u r e ,  the In c rea s ed  use of coal 

appears to  be I n e v i t a b l e .  Consequently I t  I s  e s t im a ted  

t h a t  s u l f u r  and n i t r o g e n  oxide em iss ions  w i l l  Inc rease  

f i v e f o l d  by the year 2000 (Angyal, 198O).

I t  I s  exceedingly  d i f f i c u l t  to  e s t im a te  what propor

t i o n  of atmospheric oxides I s  genera ted  by human a c t i v i t y ,  

f o r  p r e c i p i t a t i o n ,  w ithout  q u es t io n ,  c o n ta in s  d is so lv ed  

substances and p a r t i c u l a t e  m a t te r  from n a t u r a l  sources
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such as sea  spray ,  vo lc an ic  em iss io n s ,  and t e r r e s t r i a l  

dus t  (Likens, 1976). Thus, an Im portan t  q u es t io n  I s  what 

the pH of p r e c i p i t a t i o n  was before  human a c t i v i t i e s  began 

to  a l t e r  I t ,  p a r t l c u l a r y  before  the  I n d u s t r i a l  Revolu t ion .

I t  I s  the purpose of t h i s  s tudy to  I n v e s t i g a t e  c e r 

t a i n  r e l a t i o n s h i p s  between ac id  p r e c i p i t a t i o n  and s e le c t e d  

c h a r a c t e r i s t i c s  of lake  ecosystems. S p e c i f i c a l l y  the main 

ob je c t iv e  I s  to  I d e n t i f y  the e x t e n t  to  which ac id  p r e c ip 

i t a t i o n  c o n t r ib u t e s  a c i d i t y  and heavy m e ta ls  to  a lake  

environment and a l s o  to  determine any p o s s ib le  r e l a t i o n 

sh ips  between ra ln /snow water c o n t r ib u t e d  m eta ls  and metal 

co n c en t ra t io n s  In  the  lake  w ate r ,  sediment,  and v e g e ta t io n .

Ear ly  Awareness of Acid P r e c i p i t a t i o n

Many f e a t u r e s  of the ac id  r a i n  phenomenon were f i r s t  

observed by an English  chemist ,  Robert  Angus Smith, In  the 

middle of the 19th cen tu ry .  In  1852, Smith pub l ished  a 

d e t a i l e d  r e p o r t  on the chemistry  of the r a i n  In  and around 

the c i t y  of Manchester, England. In t h i s  account ,  he 

c a l l e d  a t t e n t i o n  to  the changes In  the chem istry  of p re 

c i p i t a t i o n  as one moved from the middle of the h ig h ly  po l

lu te d  c i t y  to  the surrounding c o u n t ry s id e :  "We may, t h e r e 

f o r e ,  f in d  th ree  k inds  of a i r — t h a t  with carbonate  of am

monia In  the f i e l d s  a t  a d i s t a n c e ;  t h a t  with s u l f a t e  of 

ammonia In  the  suburbs;  and t h a t  with s u l f u r i c  a c id  or 

ac id  s u l f a t e .  In  the town" (Smith, 1872).
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Twenty years  l a t e r .  I n  a book e n t i t l e d  Air and Rain, 

the  Beginnings of  Chemical Climatology, Smith (1872) f i r s t  

used the term "ac id  r a in "  and enunc ia ted  many of the p r in 

c i p a l  ideas  t h a t  a re  p a r t  of our p re se n t  unders tand ing  of 

the ac id  r a i n  phenomenon. On the b a s is  of d e t a i l e d  s tud 

i e s  he demonstrated t h a t  the chem ist ry  of p r e c i p i t a t i o n  i s  

in f lu en ced  by r e g io n a l  f a c t o r s  such as the combustion of 

co a l ,  decomposit ion of organic m a t t e r ,  wind t r a j e c t o r i e s ,  

proximity  to  the sea ,  and the amount and frequency of p re 

c i p i t a t i o n .  He a l s o  noted the damage a l l e g e d ly  caused by 

ac id  r a i n  to  p la n t s  and m a te r i a l s  i n  the  i n d u s t r i a l  r e 

g ions .

Although pH l e v e l s  were not  r e p o r t e d ,  d e t a i l e d  d a ta  

on the chemistry  of  p r e c i p i t a t i o n  are  a v a i l a b l e  f o r  the 

United S ta te s  dur ing  the  mid 1950' s  and can be used to  

c a l c u l a t e  the H"*" c o n c e n t r a t io n  (Junge, 1958). These a n a l 

yses i n d i c a t e  t h a t  p r e c i p i t a t i o n  i n  the e a s t e rn  United 

S ta te s  was a l read y  ac id .  Thus sometime between 1930 and 

1950 , the pH va lues  of r a i n  and snow appear to  have drop

ped s i g n i f i c a n t l y  i n  the  e a s t e r n  p o r t io n  of the United 

S ta te s  (Likens,  197 6 ) .

The f i r s t  d a ta  measuring the pH value of p r e c i p i t a 

t i o n  f o r  the e n t i r e  United S ta te s  were c o l l e c t e d  by the 

National Center f o r  Atmospheric Research between 1964-1966. 

These d a ta  show t h a t  pH va lues  v a r ie d  from l e s s  than 4 i n  

New England to  well  above 7 i n  many western  s t a t e s .
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C urren t ly  the pH of p r e c i p i t a t i o n  in  much of the n o r th 

e a s t e r n  p o r t io n  of the  United S ta te s  ranges annua l ly  be

tween 4.0 and 4 .2 .  Furthermore, lower pH va lues  of 2.0 

and 2.1 have been observed f o r  water from in d iv id u a l  

storms a t  s p e c i f i c  lo c a t i o n s  (Liken, Bormann, and Johnson, 

1972). This i s  10-10,000 times more a c id i c  than  occurs 

under n a tu r a l  c o n d i t io n s .  This a c i d i f i c a t i o n  i s  a phenom- 

menon of modern t im es ,  occurr ing  e s p e c i a l l y  i n  i n d u s t r i a l -  

l i z e d  lo c a t i o n s  of the n o r th e a s te rn  United S ta t e s  where 

the high degree of a c i d i f i c a t i o n  has been measured.

There i s  evidence f o r  the e x i s te n c e  of long term 

changes i n  the a c i d i t y  of p r e c i p i t a t i o n  i n  North America. 

These inc lude  changes i n  the a c i d i t y  of su r face  w ater ,  

changes i n  the amounts and p a t t e r n s  of f u e l  use i n  the 

United S ta te s  and Canada s ince the I n d u s t r i a l  Revolution  

began about 1850, and f i n a l l y  changes i n  the  median annual 

pH value of p r e c i p i t a t i o n  i n  the years  1955-1956 and 1970 

-1972 (Beamish and Harvey, 1972). At p r e s e n t ,  the re  i s  

ac id  p r e c i p i t a t i o n  over the e n t i r e  e a s t e r n  h a l f  of the 

United S t a t e s ,  the West Coast and Rocky Mountain s t a t e s .

I t  was not  u n t i l  the 1960's  and 1970 's  t h a t  enough 

evidence was accumulated to  suggest  a r e l a t i o n s h i p  between 

ac id  r a i n  and a c i d i f i c a t i o n  of su r face  w a te rs .  I t  was 

then suggested t h a t  the  a c i d i t y  of r a i n  co inc ided  with the 

enormous i n d u s t r i a l  expansions and almost e x p o n e n t ia l ly  

r i s i n g  consumption of energy a f t e r  World War I I  (Angyal,
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1980) .

During t h a t  p e r io d ,  concern In c reased  i n  t h a t  ac id  

p r e c i p i t a t i o n  was caus ing  damage to  the n a tu r a l  env i ron

ment throughout the  world, p a r t i c u l a r l y  i n  Japan,  Norway, 

Sweden, Canada, n o r th e rn  Europe, and the United S t a t e s ,

As the a c i d i t y  of p r e c i p i t a t i o n  i n  some reg ions  had i n 

c reased  200 f o ld  s ince  1956 , an e s t im a ted  10 ,000  l a k e s  in  

Scandinavia are now without  f i s h  and another  10,000 are  

th re a te n e d .  Moreover, according to  r e c e n t  p r o j e c t i o n s ,  by 

the year 2000 , an a d d i t i o n a l  20,000  l ak es  may be t h r e a t 

ened (Hansen, 1982).

Although the consequences of the d e p o s i t io n  of a c id ic  

r a i n  and o the r  a i r  p o l l u t a n t s  i n  the environment have not 

been f u l l y  ev a lu a te d ,  the impact i s  probably e x te n s iv e .  

L ikens ,  Wright,  Galloway, and B u t le r  (1979) r ep o r te d  t h a t  

anthropogenic em iss ions  of SO2 and NO2 a re  the major 

p re cu rso r s  of ac id - fo rm ing  anions i n  the  atmospheric p re 

c i p i t a t i o n .  Concentra t ion  of o the r  anthropogenic p o l l u t 

an t s  i n  p r e c i p i t a t i o n ,  in c lu d in g  heavy m eta ls  and p e s t i 

c id e s ,  are r e l a t e d  d i r e c t l y  to  the d i s t r i b u t i o n  of ac id  

p r e c i p i t a t i o n .  However, once the sources of the primary 

p o l lu t a n t  em iss ions  a re  known, the major components of the 

p r e c i p i t a t i o n  t h a t  are  der ived  from these  sources  should 

be e v a lu a te d .

A s e r i e s  of r e c e n t  reviews (Las t ,  L ikens ,  U l r i c h ,  and 

Walloe 198O; Overre in ,  Seip,  and Tollan  198O) has

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I n d ic a te d  t h a t ,  d e s p i t e  some ques t ions  concerning r a t e s  of 

r e a c t io n s  and of c o n t ro l  mechanisms, enough i s  a l read y  

known about the a c id ic  d e p o s i t io n  phenomenon to desc r ibe  

the genera l  t r a n s p o r t  and fo rm at ion  of ac id  r a i n ,  the 

a reas  of impact ,  and the mechanism of e f f e c t .  F igure  1 

(p. 8) shows the f low r e l a t i o n s h i p s  among the p r in c ip a l  

e c o lo g ic a l  consequences b e l iev ed  to  r e s u l t  from f o s s i l  

f u e l  em iss ions  and the  subsequent d e p o s i t io n  of in c re ased  

amounts of H' ,̂ s u l f a t e ,  and n i t r a t e  on the  landscape and 

t h e i r  f i n a l  e f f e c t s  (Loucks, Usher, Millwer,  Swanson, and 

Rapport 1982 ) .

Chemical Composition of Acid P r e c i p i t a t i o n

P r e c i p i t a t i o n  chem is t ry  i s  in f lu en c ed  by the p a t t e r n s  

of chemicals r e l e a s e d  to  the atmosphere. Many of these  

chemicals are  produced by n a t u r a l l y - o c c u r r in g  p ro cesses .  

Dust and d e b r i s  c a r r y in g  s o i l  p a r t i c l e s  are  swept from the 

ground i n t o  the a i r ,  g iv in g  p r e c i p i t a t i o n  a bas ic  pH. 

Volcanic e r u p t io n s  emit  s u l f u r  d ioxide and hydrogen s u l 

f i d e ,  both of which r e a c t  with compounds in  the a i r  to 

form s u l f u r i c  a c id .  L igh tn ing  produces NÔ  t h a t  i n  tu rn  

forms n i t r i c  a c id .  Decay of organic m a t t e r ,  sea  spray,  

and f i r e s  a l s o  add r a i n - a l t e r i n g  chemicals  (Cowling, 198O).

The d isch a rg in g  of man made wastes i n t o  the atmosphere 

in c re a se s  the c o n c e n t r a t io n  of compounds t h a t  c o n ta in  C,

N, and S, and adds to  the v a r i e t y  of compounds such as
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anthropogenic  o rg a n ic s ( e . g . ,  PCB'S) and heavy m e ta ls  t h a t  

are found i n  r a i n f a l l .

The gene ra l  phenomenon of atmospheric d e p o s i t io n  i n 

c ludes  th ree  major mechanisms by which substances  are 

t r a n s f e r r e d  from the  atmosphere i n t o  the  ecosystems:

1. ab s o rp t io n  and ad s o rp t io n  of gases  (dry 

d e p o s i t i o n ) .

2. im pact ion  and g r a v i t a t i o n a l  s e t t l i n g  of f i n e  

ae ro s o ls  (dry d e p o s i t i o n ) .

3 . P r e c i p i t a t i o n  t h a t  co n ta in s  both d is so lved  sub

s tances  and p a r t i c l e s  t h a t  are  removed from the atmos

phere i n  r a i n ,  snow, h a i l ,  dew, fog ,  and f r o s t  (wet depos

t io n )  (Junge, 195 8 ) .

The r e l a t i v e  importance of wet ve rse s  dry d ep o s i t io n  

depends on the d i s t r i b u t i o n  of the element or compound 

among the gas and p a r t i c l e  phases ,  p a r t i c l e  s iz e  d i s t r i b u 

t i o n ,  i n t e n s i t y  and d u ra t io n  of r a i n  or snow fa l l ,  l a k e 

water chem is t ry ,  and f i n a l l y  p o l l u t a n t  r e a c t i v i t y  

(E i s e n re ic h ,  Thornton, Hunger, Gorham I 98I ) .

All the  major anions and c a t io n s  t r a n s f e r r e d  i n t o  

ecosystems when i t  i s  r a in in g  or snowing (wet d ep o s i t io n )  

are a l s o  con ta ined  i n  the  gases and p a r t i c u l a t e  m a t te r  

t h a t  a re  t r a n s f e r r e d  to  the atmosphere i n t o  the ecosystem 

when i t  i s  no t  r a i n i n g  or snowing (dry d e p o s i t io n ) .  Thus, 

i n  a chemical mass balance sense ,  i t  i s  im possib le  to  d i s 

t in g u i s h  the  b io l o g i c a l  e f f e c t s  of "ac id  r a in "
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(wet d ep o s i t io n )  from the b io lo g i c a l  e f f e c t s  of dry 

d ep o s i t io n  (Tamm, 1958; Oden 1976).

To unders tand  the  a c i d i t y  of p r e c i p i t a t i o n ,  i t  i s  

e s s e n t i a l  to  measure a l l  the major anions and c a t io n s  i n  

p r e c i p i t a t i o n .  Changes i n  the a c i d i t y  of p r e c i p i t a t i o n  

r e f l e c t  changes i n  th e  balance among the  major c a t io n s  

(H+, NH%+, K+, Ca2+, Mg^+, Na+) and anions (Cl",  NG^",

80^2- ,  P0||3-) In  p r e c i p i t a t i o n .

Among a l l  the p ro ton  (H+) sources t h a t  might c o n t r i 

bute to  the a c i d i t y  of p r e c i p i t a t i o n ,  s u l f u r i c ,  n i t r i c ,  and 

hyd roch lo r ic  a c id s  a re  the s t r o n g e s t  donors in  r a i n  and 

snow (Likens e t  a l . ,  1979). The r a t i o  of s u l f a t e  to  n i t r a t e  

ions  i n  p r e c i p i t a t i o n  v a r i e s  with time and l o c a t i o n .  In 

much of e a s t e rn  North America the  average e q u iv a le n t  r a t i o  

of s u l f a t e  to  n i t r a t e  v a r i e s  from about 3 .3 :1  in  summer to  

about 0 .7 :1  In  w in te r .  The average annual r a t i o  of s u l 

f u r i c  ac id  to  n i t r i c  a c id  i s  c u r r e n t l y  about 2:1; but 

n i t r i c  ac id  i s  becoming p ro g re s s iv e ly  more im portan t  as 

compared with s u l f u r i c  a c id  (Likens,  1976; Likens e t  a l . ,  

1979). Peterson  (1983) r ep o r te d  t h a t  f a l l i n g  snow u s u a l ly  

had a much h ig h e r  n i t r a t e  than  s u l f a t e  l e v e l  even when 

compared with a w in te r  r a i n .  Snow appears to  be an e f f i 

c i e n t  scavenger of NOg" and o th e r  components from the a t 

mosphere. However, s ince  NOg” and 80^2" t r a c k  to g e th e r  

so c lo s e ly ,  i t  i s  r e l a t i v e l y  im possib le  to determine the 

s p e c i f i c  anion t h a t  o r i g i n a l l y  caused the a c i d i t y .
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E lse n re ich  e t  a l . ,  ( I 98I )  r e p o r te d  t h a t  the long win

t e r  season i n  some reg io n s  produces a deep snow cover t h a t  

p e r s i s t s  f o r  s e v e ra l  months,  thus  i n h i b i t i n g  the i n s e r t i o n  

of s o i l  p a r t i c l e s  i n t o  the atmosphere dur ing  the w in ter  

months. With the H'*' ions  dep o s i ted  on snow, a c i d i t y  i n 

c reased .  On the o th e r  hand, the very dry and dusty  f a l l  

months r e s u l t  i n  a decrease  i n  the  a c i d i t y  of p r e c i p i t a 

t i o n .  Therefore ,  the  seasona l  q u a n t i ty  and q u a l i t y  of 

p r e c i p i t a t i o n  are  im por tan t  f o r  de te rm in ing  the p o t e n t i a l  

f o r  a c id ic  impact on the  environment.  Acid p o l l u t a n t s  

accumulating i n  the  snow pack have a h ig h e r  p o t e n t i a l  fo r  

causing  d e l e t e r i o u s  e f f e c t s  on organisms and h a b i t a t s .

These e f f e c t s  a re  due to  the r a p id  f l u s h in g  of accumulated 

ac id  dur ing  snow m e l t .  Thus, the d i s t r i b u t i o n  of p r e c i p i 

t a t i o n  dur ing  the y e a r ,  the temporal behavior  of r a i n f a l l  

and the l o c a t i o n  of p o l l u t i o n  sources  w i th in  r a i n f a l l  pa th

ways are l in k e d  to  the  p o t e n t i a l  f o r  damage to  the eco

system.

The p o t e n t i a l l y  i n j u r i o u s  subs tances  i n  dry and wet 

d e p o s i t io n  inc lude  no t  only a c id ic  subs tances  but a l so  

c e r t a i n  to x ic  g a se s ,  o rganic  su b s tan ce s ,  ino rgan ic  mate

r i a l s ,  and heavy m e ta l s .  This l a t t e r  ca tego ry  in c lu d es  Zn, 

Cu, Pe, Al, Pb, Ni,  Cd, Va, and Hg. Whereas elements 

l i s t e d  above are  needed by l i v i n g  organisms i n  small 

amounts, h ig h e r  c o n c e n t r a t io n s  of them can be tox ic  to  

p la n t s  and animals (E i s e n re ic h ,  Hollod, and Langevien 1978 ).
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Heavy m eta ls  a re  def ined  as  those having a s p e c i f i c  

g r a v i ty  g r e a t e r  than  f i v e  (Giddings,  1973). These m eta ls  

o r i g i n a t e ,  a t  l e a s t  p a r t l y ,  from n a t u r a l  background 

sources .  But, most of them t h a t  are  depos i ted  from the 

atmosphere over wide a reas  of the globe are  a d i r e c t  

r e s u l t  of human a c t i v i t i e s .

Although l e s s  a t t e n t i o n  has  been focussed  on the 

t r a c e  m e ta ls  i n  r a i n  and snow, the p o t e n t i a l l y  d e l e t e r io u s  

impact of t r a c e  metal  d e p o s i t io n  by p r e c i p i t a t i o n  i s  im

p o r t a n t .  High tem perature  i n d u s t r i a l  p rocesses  r e l e a s e  

many of these  t r a c e  m eta ls  t h a t ,  l i k e  a c id ,  e v e n tu a l ly  

appear i n  the r a i n  and snow and subsequent ly  i n  streams 

and l a k e s .

E ise n re ich  e t  a l . ,  ( 198I )  r ep o r ted  t h a t  an a n a ly s i s  

of the p r e c i p i t a t i o n  c o l l e c t e d  dur ing  a y e a r ' s  study i n d i 

ca ted  a wide range of metal  c o n c e n t r a t io n s  with Al, Ca,

Mg, and Pe ions  va ry ing  most g r e a t l y .  These elements are 

u s u a l ly  a s s o c ia te d  with l a r g e r  p a r t i c l e s  i n  the atmos

phere .  Thus t h e i r  c o n c e n t r a t io n s  would be most a f f e c t e d  by 

the volume and i n t e n s i t y  of r a i n f a l l  than  would the o the r  

m e ta l s .  E ise n re ich  e t  a l . ,  ( I 978 ) found t h a t  Al, Ca, Pe, 

and Mn were a s s o c ia t e d  with l a r g e r  atmospheric p a r t i c l e s  

(> 4 .5  mu). These p a r t i c l e s  have high d ep o s i t io n  v e l o c i t 

i e s  and consequent ly  a  low res idence  time i n  the atmos

phere .  The m e ta l s ,  Al,  Ca, Pe, Mn, and Mg are major e l e 

ments i n  the  e a r t h ' s  c r u s t  and were found to  have h ig h e r
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co n c en t ra t io n s  i n  r a in w a te r  than  were o th e r  m e ta l s .

Trace m eta ls  a re  def ined  as those no t  i n  abundance in  

the e a r t h ’s c r u s t ,  namely Cr, Ni, Cu, Zn, Cd, and Pb. 

According to  E ise n re ich  e t  a l . ,  ( 198I ) ,  The above m eta ls  

vary l e s s  i n  c o n c e n t r a t io n  and are  t h e r e fo r e  much l e s s  

abundant i n  the p r e c i p i t a t i o n .  These m e ta ls  a re  u s u a l ly  

a s s o c ia te d  with a e r o s o l - s i z e d  p a r t i c l e s  i n  the atmosphere 

(< 1.0 mu), have lower d e p o s i t io n  v e l o c i t i e s  and have 

longer  atmospheric re s id en ce  t im es .  Puthermore, the ac id 

i t y  of p r e c i p i t a t i o n  may a f f e c t  the  s o l u b i l i t y ,  m o b i l i ty ,  

and t o x i c i t y  of c e r t a i n  c a t io n s  i n  s o i l .  This a l s o  i n 

c rea ses  the le a ch in g  of n u t r i e n t  c a t i o n s ,  i n c lu d in g  those 

of K, Ca, and Mg. These n u t r i e n t  ions  a re  t r a n s f e r r e d  

from s o i l s  i n t o  su r facew ate r  and groundwater (Oden, 1976 ) .

The E f f e c t  of Acid Rain on the Leaching of 
Elements Prom Sediment In to  Water

There i s  i n c r e a s in g  concern about the  e f f e c t  of ac id  

r a in  on the r e l e a s e  of elements i n t o  w ate r .  The e f f e c t  of 

ac id  p r e c i p i t a t i o n  on the k i n e t i c s  of r e l e a s e  of anions 

and c a t io n s  from sediments was i n v e s t i g a t e d  by Sparks and 

C u r t i s  ( 1983 ) '  The k i n e t i c s  of e lem en ta l  r e l e a s e  were 

eva lua ted  by le ach in g  the sediments with s im ula ted  ac id  

r a i n  a t  pH l e v e l s  of 2 .5 ,  3*4, 4 .3 ,  and 5*6. Leachates 

were c o l l e c t e d  u n t i l  an apparen t  e q u i l ib r iu m  was reached.  

At a l l  pH l e v e l s ,  q u a n t i t i e s  of bas ic  e lements  were
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re le a s e d  In  the fo l lo w in g  o rd e r :  Ca > K > Mg > Na. As 

a c i d i t y  of r a i n  In c re a s e d ,  the t o t a l  q u a n t i ty  of each r e 

le a se d  element In c re a s e d .  In a l l  c a s e s ,  a r a p id  I n i t i a l  

r e l e a s e  of each element was fo l lowed by slower r e l e a s e  

r a t e s .  Anionic r e l e a s e .  In c lu d in g  C l" ,  80^2-, NO^" was 

a l s o  eva lva ted  and found to  be n e g l i g i b l e .

Wlklander (1973) rep o r ted  t h a t  a c id  r a i n  enhances the 

r a t e  of le ach in g  of NO^", 30^2" ,  and heavy m eta ls  I n to  the 

groundwater. According to  Wlklander,  a c i d i t y  of m inera ls  

In  s o i l s  t h a t  could r e l e a s e  l a rg e  q u a n l t l e s  of Al3+, Pe3+, 

and 81^+ In to  the groundwater,  would make such water u n f i t  

f o r  human consumption.

H a l l ,  L ikens,  F iance ,  and Hendrey ( 198O) r ep o r ted  t h a t  

the experimenta l  a d d i t i o n  of s u l f u r i c  a c id  caused Al, Ca, 

Mg, and K Ions to  be r e le a s e d  I n t o  the w ate r .  The In c rease  

In  the c a t io n s  may have been the r e s u l t  of t h e i r  r e p la c e 

ment by H"*" presumably v ia  c a t i o n  exchange with the s e d i 

ment. This c a t io n  exchange ex e m p l i f ie s  the t y p i c a l  chemi

ca l  weathering r e a c t io n s  In  mountain w atersheds .  This 

phenomenon has been observed In  a number of Scandinavian 

and North American watersheds t h a t  r e ce iv e  s u b s t a n t i a l  

amounts of ac id  p r e c i p i t a t i o n  (Likens e t  a l . ,  1979).

Cronan and 8 cho f le ld  (1979) I n d ic a te d  t h a t  In c reased  Al In  

s o lu t io n  may be due to  s o l u b i l i t y  changes and no t  to  c a t io n  

exchange. 8uch In c re a s e s  In  c a t i o n  c o n c e n t r a t io n  may be of 

s ig n i f i c a n c e  to aqu a t ic  communities s ince  these  n u t r i e n t s
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could be Important  to  a t ta c h e d  p la n t s  and would. In  tu rn ,  

a f f e c t  the organisms feed in g  on those p l a n t s .

In  an a t tem pt  to  determine what happens In  a c i d i f i e d  

lak es  when pH I n c r e a s e s ,  D i l lo n ,  Yan, Schelder ,  and Conroy

(1979) have experimented with the a d d i t io n  of n e u t r a l i z i n g  

m a te r i a l s  to  s e v e ra l  a c id ic  l a k e s .  The n e u t r a l i z i n g  agents  

chosen were CafOHÏg and CaCOg because they can e f f e c t  an 

In c rease  In  b a s i c i t y  with a minimum of o th e r  changes In  

lakewater  chem is try  (Grahn, H ultberg ,  and Landner 1974).

The a d d i t io n  of bases reduced Cu, Nl,  Zn, Mn, Pe, and Al 

l e v e l s  s u b s t a n t i a l  l y ,  probably by a p r e c i p i t a t i o n  mechan

ism. Cu was reduced from 500 to  100 mg/1, Nl from 1400 to  

400 mg/1.

Several s tu d i e s  have shown t h a t  the n u t r i e n t  l e v e l s ,  

p a r t i c u l a r l y  t h a t  of potassium. Inc reased  a f t e r  the add

i t i o n  of bases .  A ddit ion  of P, however, caused subs tan 

t i a l  r ed u c t io n  In  t o t a l  N co n ten t  of the w ater ,  e i t h e r  

because of In c reased  uptake by phytoplankton or Inc reased  

r a t e  of d é n i t r i f i c a t i o n  (D i l lon  e t  a l . ,  1979).

The p roper ty  of a metal  and I t s  behavior  depend on 

many environmental f a c t o r s  such as ambient pH and the 

na tu re  of the b ind ing  agents  such as organic  substances  

(Jackson, Kpphut, H e ss le ln ,  and Sch ind le r  I 98O). Most 

meta ls  are  s t r o n g ly  complexed by mud and sediments and only 

some can be r e d l s s o lv e d  by c a t io n  exchange. A c id i f i c a t i o n  

of a l a k e ,  however. I n t e r f e r e s  with the accumulation of
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m eta ls  by sedimentary b inding agents  (S c h in d le r ,  H e ss le in ,  

Wagemann, and Broecker 198O).

In an aqua t ic  environment the s t a b i l i t y  of a complex 

in c r e a s e s  with the degree of i t s  cova len t  c h a r a c te r  and i s  

t h e re fo r e  a f u n c t io n  of the e l e c t r o n e g a t i v i t y  of the  metal  

(Douglas and McDaniel, 1965 ) .  This may account f o r  the 

r e l a t i o n s h i p  between e l e c t r o n e g a t i v i t y  of a metal  and the 

percen tage  of a metal  e x t r a c te d  from the sediment and a l s o  

f o r  the  p re fe rence  of m eta ls  f o r  e x t r a c t i o n  from the 

sediment.  In g e n e ra l ,  metal behavior  invo lves  the p a r t i 

t io n in g  of m eta ls  between water and sediment.  The l a r g e r  

c a t io n s  showed a g r e a t e r  a f f i n i t y  f o r  the aqueous phase 

than  d id  the small  c a t io n s  (Jackson e t  a l . ,  198O). This 

r a i s e s  the p o s s i b i l i t y  t h a t  metal ions  of a l a rg e  io n ic  

r a d iu s  may be p r e f e r e n t i a l l y  r e le a se d  from lak e  sediment 

to  the ove r ly ing  water column.

The most im por tan t  m e ta l -b ind ing  agents  i n  water and 

sediments are  the p lank ton  and o ther  organisms, humic 

m a t t e r ,  and o th e r  forms of n o n - l iv in g  organic  m a t t e r .  In 

n a tu re ,  a l l  the above are scavengers of t r a c e  m e ta l s .  

A c id i f i c a t i o n  appears  to  i n t e r f e r e  with the uptake of most 

m eta ls  by suspended p a r t i c l e s  (Sch ind le r  e t  a l . ,  198O) and 

could r e f l e c t  com peti t ion  between the ion  and the  metal  

c a t io n s  f o r  b inding  s i t e s .

Many s tu d i e s  in c lu d in g  Hall  e t  a l  ( 198O), Overre in  e t  

a l .  ( 1981 ) ,  and Jackson e t  a l .  ( 198O) have shown t h a t  ac id
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r a i n  i s  r e sp o n s ib le  f o r  an in c re a s e  i n  d is so lved  m e ta l s .  

Zinc c o n c e n t r a t io n s  were p o s i t i v e l y  r e l a t e d  to  the pH 

v a lu e s ,  being r e le a s e d  more s t ro n g ly  i n  a c i d i f i e d  water 

due to  the f a c t  t h a t  z inc  d i s s o lv e s  more r e a d i ly  i n  such 

waters  (S c h in d le r ,  198O). In  n o n a c id i f i e d  la k e s  of pH 

va lu es  g r e a t e r  th a n  6 .0 ,  the  zinc c o n c e n t r a t io n  remains 

under 10 mg/1 (Beamish, 1976) and v a r i e s  between 15 -  80 

mg/1 i n  lak es  with pH values l e s s  than 5 .3  (Henriksen and 

Wright,  1977 ) and p r e s e n t  a mean value of 15 mg/1 in  lak es  

of pH 5*6 -  6 .0  (D i l lo n  e t  a l . ,  1979; Yan, and Stokes 1978). 

These va lu es  show t h a t  h ighe r  z inc  co n c e n t r a t io n s  are 

expected i n  a c i d i f i e d  w aters .

Magnesium co n c e n t r a t io n s  have a l s o  been found to  be 

g r e a t l y  in c reased  i n  c o n c e n t r a t io n  i n  a c i d i f i e d  la k es  

(Dickson, 1975; Beamish, Lockhart ,  VanLoon and Harvey 

197 5 ) .  This i s  a t t r i b u t e d  aga in  to  the le ach in g  of s o i l  by 

ac id  r a i n .  In a d d i t i o n ,  Sch ind le r  e t  a l .  (198O) demon

s t r a t e d  the r e c ru i tm e n t  of magnesium from lake  sediment 

dur ing  the experim enta l  a c i d i f i c a t i o n  of a l a k e .  The con

c e n t r a t i o n  of magnesium in  the water ranges from an average 

value of 3 mg/1 i n  la k e s  with a pH g r e a t e r  than  6.0 

(Beamish, 1976) to  between 50 -  400 mg/1 in  la k e s  with a pH 

of l e s s  than  5 .3  (Beamish, 1976; Dickson, 198O). In  con

t r a s t  to  z in c ,  d i s s o lv ed  magnesium co n c e n t ra t io n s  depend on 

the  redox c o n d i t io n  i n  water and thus vary  with depth and 

the  per iod  of the y ea r .
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The s tron t ium  c o n c e n t r a t io n  a l s o  fo l low s  the  same 

trend  as z in c .  T here fo re ,  Sr d i s s o lv e s  more r e a d i l y  in  

a c i d i f i e d  waters  and i s  r e le a se d  more s t ro n g ly  i n  such 

w ate rs .  Hall  e t  a l .  ( 198O) rep o r ted  t h a t  the concen tra 

t i o n  of Zn, Sr,  and Mg appear to  be u s e fu l  i n d i c a t o r s  of 

in c reased  a c i d i f i c a t i o n  of a l a k e .

In summary, an a c id ic  lake  can be c h a ra c te r i z e d  by 

i t s  low pH v a lu e ,  e l e v a te d  80^-2^ Ca, Mg, Na, and K l e v e l s  

and lake  water c o n c e n t r a t io n s  of Cu, Ni,  Zn, Mn, Pe, and Al,

E f f e c t s  of Acid P r e c i p i t a t i o n  on Aquatic Ecosystems

I t  i s  well  known t h a t  the atmosphere i s  the major i n 

put pathway f o r  the  i n t r o d u c t i o n  of n u t r i e n t s  (P, N, C, 8 ) ,  

a c i d i t y  (H+), t r a c e  m eta ls  ( e . g . ,  Cu, Cd, Pb, and Hg) and 

anthropogenic o rgan ics  (PCB'8) i n t o  n a t u r a l  w a te rs .  The 

chemical composit ion of lak es  and streams i s  determined i n  

p a r t  by the chemical composit ion of wet and dry d ep o s i t io n .  

The chemical composit ion of p r e c i p i t a t i o n  i s  modified by 

chemical and b i o lo g i c a l  weathering and exchange p rocesses  

as p r e c i p i t a t i o n  washes over v e g e t a t i o n ,  p e rc o la te s  

through the s o i l ,  i n t e r a c t s  with the u nder ly ing  bedrock of 

the drainage b a s in ,  and adds to  the ru n o ff  over the  s o i l  

su r face  (Oden, 1976).

The a d d i t io n  of a c id ic  p o l l u t a n t s  to  a lake  ecosystem 

i s  a complex and uneven p ro cess .  Las t  e t  a l .  ( 198O) d i s 

cussed the v a r i a b l e s  involved  and noted t h a t  the H"*" ion
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depos i ted  with p r e c i p i t a t i o n ,  and o r ig in a t e d  by o th e r  com

ponents of p r e c i p i t a t i o n ,  may have fo u r  f a t e s  i n  the lake 

system.

1. Where ca rb o n a tes  a re  p r e s e n t ,  the H"*" w i l l  be con

sumed, with the r e l e a s e  of b ica rbona te  and Ca or Hg;

2. H’*' may be exchanged f o r  v a r io u s  m e ta l l i c  c a t io n s  

i n  s o i l s  with ap p re c ia b le  c a t i o n  exchange ca p ac i ty ;

3. may r e a c t  with m in e ra l s ,  r e l e a s i n g  m e ta l l i c  

c a t io n s ;  and

4. A H"*" ion  n o t  n e u t r a l i z e d  by the above processes  

w i l l  e n te r  aq u a t ic  ecosystems i n  a s s o c i a t i o n  with a mobile 

anion,  u s u a l ly  s u l f a t e .

The f i r s t  th ree  p rocesses  alone account f o r  the  ob

se rv a t io n  t h a t  su r fa c e  waters  are  l e s s  a c id ic  than the 

p r e c i p i t a t i o n  they  r e c e iv e .  However, o th e r  c o n s id e ra t io n s  

inc lude  the m o b i l i ty  of anions such as s u l f a t e  and the 

breakdown of ammonium ions  y i e ld in g  a c i d i t y .  A l t e r a t i o n  

of waters  appears to  r e p r e s e n t  a combination of the above 

f a c t o r s .

Surface water s e n s i t i v i t i e s  to  a c i d i f i c a t i o n  vary  

among watersheds.  The s e n s i t i v i t y  of aq u a t ic  systems 

depends on b u f f e r in g  f a c t o r s  i n t e r n a l  to  both watersheds 

and surface  w a te rs .  Im portant  watershed f a c t o r s  inc lude  

s o i l  p a r t i c l e  s i z e ,  t e x t u r e ,  io n ic  a b s o rp t iv e  c a p a c i ty ,  

chem ist ry ,  depth ,  bedrock geology, s o i l  d ra inage ,  land  

form r e l i e f ,  and v e g e t a t i o n .  Surface water f a c t o r s  inc lude

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

a l k a l i n i t y  l e v e l s ,  sediment b ic a rb o n a te s ,  weak organic 

a c id s ,  s u l f a t e  r e d u c t io n ,  su r face  a r e a ,  water volume 

f lu s h in g  r a t e s ,  r e s p i r a t i o n  l e v e l s ,  and n u t r i e n t  l e v e l s .

The r e l a t i v e  Importance of th e se  f a c t o r s  can d i f f e r  among 

watersheds and among su r face  w a te rs .

The reg ion  of g r e a t e s t  s u s c e p t i b i l i t y  to  the e f f e c t s  

of ac id  p r e c i p i t a t i o n  are u s u a l ly  r e c e n t l y  g la c i a t e d  

a r e a s .  The la rg e  a r e a s  of exposed g r a n i t i c  and o the r  

noncalcareous bedrock and t h i n  s o i l s  t h a t  are  low In  

b u f fe r in g  and c a t io n  exchange c a p a c i ty  a re  s e n s i t i v e  to 

ac id  p r e c i p i t a t i o n  (Cowling, 198O). These s o i l s  and 

f re sh w a te rs  are  low In  a l k a l l n t y  and ca lcium; consequent

l y ,  they are poorly  b u f fe red  and are  v u ln e ra b le  to  Inpu t  

of a c id ic  p o l l u t a n t s .  Thus t h i s  a i rb o rn e  ac id  p a r t i c u l a r 

ly  a f f e c t s  the c h a r a c t e r i s t i c  chem ist ry  of poorly  bu ffe red  

s o i l s ,  l a k e s ,  and s treams In  Scandinavia ,  n o r th e a s te rn  

United S t a t e s ,  and e a s t e r n  Canada.

Because I t  I s  g e n e ra l ly  assumed t h a t  ac id  p r e c i p i t a 

t i o n  f a l l i n g  on n o n s e n s l t lv e  reg ions  I s  qu ick ly  n e u t r a l i z e d ,  

the e f f e c t s  of t h i s  p rocess  have no t  been s tu d ied  and thus 

remain unknown. The f i r s t  and unique re p o r te d  case of 

" lake  a l k a l l n l z a t l o n "  o cc u rr in g  as a consequence of ac id  

p r e c i p i t a t i o n  was p re sen ted  by Kllham In  1982. Kllham r e 

por ted  t h a t  ac id  p r e c i p i t a t i o n  appeared to  have a marked 

e f f e c t  on aqua t ic  ecosystems In  n o n - s e n s l t lv e  a r e a s .  In 

these  reg ions  a cco rd in g ly  ac id  p r e c i p i t a t i o n  I s  making
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lak es  more a l k a l i n e  r a th e r  than more a c i d i c .  I n c re a s in g  

a l k a l i n i t y ,  l i k e  i n c r e a s in g  a c i d i t y ,  r e p r e s e n t  a d r a s t i c  

environmental change. Weber lake  near Hardwood i n  

Dickinson County i n  upper Michigan has exper ienced  a 

n ea r ly  20-fo ld  in c re a s e  in  pro ton lo a d in g  from ac id  p re 

c i p i t a t i o n  in  the p a s t  25 y ea rs .  According to  Kilham 

( 1982 ) ,  ac id  p r e c i p i t a t i o n  appears to  p lay  a major r o l e  in  

de term in ing  the p re s e n t  summertime a l k a l i n i t y  l e v e l  of the 

l a k e .  Owing to  a l k a l i n i t y  product ion  by e c o lo g ic a l l y  

mediated processes  ( n i t r a t e  uptake by p l a n t s  and s u l f a t e  

r ed u c t io n  by b a c t e r i a )  and in c rease d  carbona te  w ea ther ing ,  

ac id  p r e c i p i t a t i o n  has  doubled the a l k a l i n i t y ,  r a i s e d  the 

eq u i l ib r iu m  pH, and made t h i s  so f tw a te r  seepage lake  more 

e u t r o p h i c . This means i t  has gone from o l ig o t ro p h ic  to  

m esotrophic .  A lk a l i n i t y  p roduc t ion ,  r e s u l t i n g  from n i t r a t e  

uptake and s u l f a t e  r e d u c t io n ,  i s  s u f f i c i e n t  to  n e u t r a l i z e  

completely the hydrogen ions  e n t e r in g  the system from ac id  

p r e c i p i t a t i o n .  This a l s o  in c lu d es  b i o l o g i c a l l y  mediated 

hydrogen ion  p roduc t ion .  The c h e l a t i o n  of s t ro n g ly  r e 

ducing c o n d i t io n s  w i th in  a lake  i n c r e a s e s  the a v a i l a b i l i t y  

of phosphorous and the lake would probably become more 

eu t ro p h ic  than  i t  was o r i g i n a l l y .

Kilham (1982) f u r t h e r  r ep o r ted  t h a t  the a l k a l i n i t y  of 

Weber Lake has doubled p r im a r i ly  as a r e s u l t  of in c re a se d  

r a t e s  of weather ing  i n  the watershed.  Weathering r a t e s  

have in c re a se d  as an i n d i r e c t  r e s u l t  of ac id  p r e c i p i t a t i o n
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The work of Pe te rson  (1983) may a l s o  provide s im i la r  

in fo rm at ion  of lake  a l k a l i n i z a t i o n  due to  a c id  r a i n .  He 

rep o r ted  t h a t  the m in e ra ls  p re se n t  in  the s o i l  r e a c t  with 

the incoming a c id ic  substances  c a r r i e d  by the  w ate r ,  thus 

n e u t r a l i z i n g  the a c id s .  The m ine ra ls  themselves are 

"w eathered" . He b e l iev e d  t h a t  the p re se n t  r a t e  of weath

e r in g  may have in c re a se d  somewhat due to  ac id  p r e c i p i t a 

t i o n .

However, the e f f e c t  of ac id  p r e c i p i t a t i o n  on la k e s  i s  

more widespread and complicated than p re v io u s ly  assumed. 

Softwater  la k es  seem to  be p a r t i c u l a r l y  s u s c e p t ib le  to  

the e f f e c t s  of anthropogenic minera l  a c id s .  In  s e n s i t i v e  

reg ions  so f tw a te r  la k e s  are  s u b je c t  to  a c i d i f i c a t i o n  and 

i n  n o n se n s i t iv e  r e g io n s ,  a l k a l i z a t i o n .  Both p rocesses  

change the sp ec ie s  composit ion,  but a c i d i f i c a t i o n  k i l l s  

f i s h  whereas a l k a l i z a t i o n  makes lakes  more e u t ro p h ic  which 

a l so  reduces the f i s h  popu la t ion  because of reduced oxygen. 

N ei ther  i s  a d e s i r a b l e  e f f e c t .

E f f e c t  of Acid P r e c i p i t a t i o n  on Organisms

Increased  su r fa ce  water a c i d i t y  a f f e c t s  l a k e s  i n  many, 

f a r - r e a c h in g  ways, changing them p h y s ic a l l y ,  chem ica l ly ,  

and b i o l o g i c a l l y .  Therefore ,  one expec ts  a d i r e c t  e f f e c t  

on aq u a t ic  organisms from changes i n  the p h y s ica l  or chem

i c a l  environment or i n d i r e c t l y  from changes i n  food supply ,  

com pet i t ion ,  or p re d a t io n .
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A c id i f i c a t i o n  r e s u l t s  In  the m o d i f i c a t io n  of communi

t i e s  of aqu a t ic  f l o r a  and fauna a t  a l l  l e v e l s  of the 

ecosystem. The number of spec ie s  I s  reduced, and a s h i f t  

from many spec ies  to  a few dominant ones a t  a low pH value 

has been rep o r ted  f o r  f re sh w a te r  animals and p la n t s  (Aimer, 

Dickson, Ekstrom, and Hornstone 1978; Beamish, 1976; 

Hendrey and Wright,  1975; Hendrey, Baals rud ,  Toraaen,

Laake, and Ruddum 1976). Decomposition of l e a f  l i t t e r  and 

o th e r  organic subs tances  I s  a l s o  hampered, n u t r i e n t  r e 

cy c l in g  I s  r e t a r d e d ,  and n i t r i f i c a t i o n  I s  I n h ib i t e d  a t  pH 

l e v e l s  f r e q u e n t ly  observed In  ac id  s t r e s s e d  w ate rs .  Thus 

a c i d i f i c a t i o n  dec reases  sp ec ie s  d i v e r s i t y .  In c rea s e s  rep 

r e s e n t a t i o n  of community dominants, and dec reases  the com

p l e x i t y  of the food web (Hall  e t  a l . ,  I 98O).

Healthy lake  water may have a pH value  as h igh as 8 

because of the presence of calcium b ic a rb o n a te .  A c i d i f i 

c a t i o n  removes the calcium and a t  pH 7» the d e c l in in g  

carbonate  l e v e l s  may a f f e c t  the h a tch in g  of the  f i s h  eggs 

In  the water .  As the pH value lowers toward 6, s n a i l  and 

small c ru s tace an s  begin  to  d i sa p p ea r .  The number and 

k inds  of spec ie s  t h a t  form the l a k e ' s  complex food web de

c l i n e  r a p id ly  and the  phytoplankton a t  I t s  base begin  to  

d i e .  B a c te r i a  Im portan t  In  the decomposit ion process  a l so  

are  k i l l e d  and o rganic  m a te r i a l s  tend to  accumulate a t  the 

bottom.

Changes In  the  calcium carbonate  balance a l so
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d i s r u p t  io n  exchange ac ross  the g i l l s  of f i s h  and p revent  

f i s h  eggs p ro d u c t io n .  Toxic m eta ls  t h a t  are  r e le a s e d  by 

the In c r e a s in g  a c i d i t y  pose an a d d i t i o n a l  t h r e a t  to  the 

fauna and f l o r a .  As the pH value approaches 5 , a c ld - lo v ln g  

mosses, f u n g i ,  and a lgae  choke out the l a k e ’s o the r  p la n t s  

and as a r e s u l t  more f i s h  sp ec ie s  d ie .  At pH 4.5  a l l  the 

f i s h  and most of the  o the r  aqua t ic  organisms and I n s e c t s  

a re  dead. The lake  I s  c l e a r  and blue and n ea r ly  l i f e l e s s  

(Angyal, 198O).

E f f e c t  on Primary Production

A c id i f i c a t i o n  b r in g s  about a s i m p l i f i c a t i o n  and r e 

duc t ion  of the primary product ion  and biomass of pe lag ic  

and ben th lc  a lg a e .  The b i o t a  of an a c id ic  lake  are  quan

t i t a t i v e l y  and q u a l i t a t i v e l y  d i f f e r e n t  from those In  non- 

a c ld lc  l a k e s .  The numbers of aerobic  h e t e ro t ro p h lc  bac

t e r i a  are  low whereas numbers of a c ld u r lc  b a c t e r i a  are  

h ig h .  The spec ie s  composit ion of phytoplankton had been 

d r a s t i c a l l y  a l t e r e d  by a c i d i f i c a t i o n  with Dlnophyceae 

( d l n o f l a g e l l a t e s )  and Chrysophyceae dominating (Aimer e t  

a l . ,  1 978 ; Hendrey e t  a l . ,  1976). This s h i f t  In  commun

i t y  s t r u c t u r e  I s  a l s o  supported by the r e s u l t s  of o ther  

r e se a rc h  (Dickson, 1975; Yan and Stokes,  1978; and D il lon  

e t  a l . ,  197 9 ) .

Acid p r e c i p i t a t i o n  may In f luence  primary p roduct ion  

by reducing  the l i m i t i n g  n u t r i e n t  f o r  growth and
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rep ro d u c t io n .  Two p o t e n t i a l  growth l i m i t i n g  compounds In  

s o f tw a te r  l a k e s  a re  d i s s o lv ed  carbon (DIG) and d is so lv ed  

Inorgan ic  phophorous (Conway and Hendrey, 1982). Algae r e 

q u ire  an abundant source of DIG to  grow and reproduce In 

aq u a t ic  systems. However, the s o l u b i l i t y  of GO2 decreases  

d r a m a t ic a l ly  as  H'*' c o n c e n t r a t io n  In c re a s e s  ( e .g .  a t  pH < 5 

the  s o l u b i l i t y  of COg I s  0.24 mg G / I  bu t  a t  pH 9 t h i s  

value I n c r e a s e s  to  60 mg G/1) (Galloway, Likens, and 

Edgerton 1976 ) .

Phosphorous by v i r t u e  of I t s  growth l i m i t i n g  s t a t u s  

may a l s o  c o n t ro l  biomass In many a c id ic  l a k e s .  I t  may In 

d i r e c t l y  c o n t ro l  biomass In  many blogeochemlcal p rocesses  

a s s o c ia t e d  with a c i d i f i c a t i o n .  In c lu d in g  decomposit ion of 

organic  m a t t e r ,  n u t r i e n t  c y c l in g ,  and aluminum r e le a s e  

from s o i l s  (Yan and S tokes ,  1979; D i l lon  e t  a l . ,  1979).

In  the  l a t t e r  case aluminum t h a t  I s  found a t  e le v a te d  

l e v e l s  In  a c id  la k e s  removes d is so lv ed  phosphorous from 

the water column by p r e c i p i t a t i o n  (Aimer e t  a l . ,  1978). 

Since watershed a c i d i f i c a t i o n  g r e a t l y  In c re a s e s  the amount 

of aluminum In  w ate r ,  aluminum complexlng of phosphorous 

may a c t u a l l y  In c rease  (Dickson, 198O).

In water  Impacted by ac id  p r e c i p i t a t i o n ,  major 

changes a l s o  occur w i th in  macrophyte communities.  In  ac id  

l a k e s ,  e s s e n t i a l l y  a l l  a v a i l a b le  Ino rgan ic  carbon I s  In  

the form of GOg or ca rbon ic  a c id .  Gondltlons are  more 

f a v o rab le  f o r  sphagnum, an ac ld o p h l le  t h a t  simply outgrows
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the f low er ing  p l a n t s  under a c id ic  c o n d i t io n s  (Grahn, 1977). 

Sphagnum has a ion  exchange c a p a c i ty  t h a t  r e s u l t s  i n  the 

withdrawal of e s s e n t i a l  ions  from s o l u t i o n  thus reducing  

t h e i r  a v a i l a b i l i t y  to  o th e r  organisms. Sphagnum a c t i v e l y  

t r a n s p o r t s  Ca2+ from the water by exchanging two H"*" f o r  

each Ca2+, th e r e f o r e  adding to  the a c i d i t y  and f u r t h e r  r e 

ducing the b u f fe r in g  c a p a c i ty .

The chemical f a c t o r s  r e q u i r e d  f o r  growth of ben th ic  

a lgae  are c o n t r o l l e d  by the i n t e r s t i t i a l  water of the sed

iment.  This g ives  b en th ic  a lgae  a com pet i t ive  advantage 

over p lank ton ic  forms s ince  t h e i r  su p p l ie s  of growth l i m i t 

ing  elements (P, N, S i ,  N) are no t  s t r o n g ly  in f lu e n c ed  by 

water column s t r a t i f i c a t i o n .  Thus these  e s s e n t i a l  e l e 

ments are  found i n  the  sediments a t  c o n c e n t r a t io n s  much 

h ig h e r  than those i n  the  o ve r ly ing  waters  (Carignan and 

K a l f f ,  1980).

E f f e c t s  of a c id  p r e c i p i t a t i o n  on zooplanktonic  popu

l a t i o n s  have been desc r ibed  a number of t imes during  the 

l a s t  decade (Aimer e t  a l . ,  1978; Wright, Dale, G iess ing ,  

Hendrey, Henriksen, Joannessen ,  Muniz 1976; Kwiatkowski and 

Roff ,  1976 ) .  The community s t r u c t u r e  of zooplankton,  how

ev e r ,  i s  s u b s t a n t i a l l y  d i f f e r e n t  from t h a t  of l e s s  a c id ic  

l a k e s .  A c o n s i s t e n t  conc lus ion  i s  t h a t  p ro g re ss iv e  a c i d i 

f i c a t i o n  reduces the number of spec ie s  compris ing the zoo

p lankton  community. Species begin  to  d isappea r  as the pH 

v a lu es  f a l l s  below 6 .0 ,  but by pH 5 .5  to  5.0 and below, the
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r a t e  of l o s s  i s  much more r a p id .

Of the b i o t i c  changes a s s o c ia t e d  with a c i d i f i c a t i o n ,  

the dec l in e  and d isappearance  of f i s h  popu la t ions  have r e 

ceived the most a t t e n t i o n .  P ish  a re  e s p e c i a l l y  vu lne rab le  

to  changes i n  a c i d i t y  because they have se v e ra l  c r i t i c a l l y  

s e n s i t i v e  l i f e  s ta g e s  such as  spawning, egg development, 

f r y  h a tch ,  and e a r l y  development.

In  the a c i d i f i e d  l a k e s  and s t ream s,  p a r t i a l  or com

p le te  l o s s  of f i s h  p o p u la t io n s  i s  well  documented (Beamish 

and Harvey, 1972; Aimer, Dickson, Ekstrom, Hornstone, and 

M il le r  1974; S c h o f ie ld ,  1976). Despite such l a rg e  sca le  

l o s s  the mechanisms t h a t  caused these  r e d u c t io n s  a re  only 

p a r t i a l l y  unders tood .  The most common causes of e x t i n c t i o n  

appear to  be the f a i l e d  r e c ru i tm e n t  of new age c l a s s e s  

(Ryan and Harvey, 198O; Rosseland,  Sevaldrud,  Sva las tog ,  

and Muniz 198O) brought about by reduced egg and l a r v a l  

su rv iv a l  (S c h o f ie ld ,  I 9 76 ) ,  f a i l e d  m a tu ra t io n  (Mount, 1973) 

or reduced spawning success  (Beamish e t  a l . ,  1975). Older 

f i s h e s  are a l s o  l o s t  from the f i s h  popu la t ions  (Harvey,

1980 ; Rosseland e t  a l . ,  198O). Tlie g r e a t e s t  damage appears 

to  occur i n  the sp r in g  dur ing  times of spawning or 

ha tch in g .  This pe r iod  o f t e n  co in c id e s  with snowmelt t h a t  

r a p id ly  f lu s h e s  H"*" from the snow pack, ions  accumulated 

from both atmospheric d e p o s i t io n  and s o i l  de-  composit ion. 

The r e s u l t  i s  a r a p id  pu lse  of in c re a se d  a c i d i t y  i n  waters  

t h a t  can cause acu te  s t r e s s  t h a t  a t  t imes becomes in te n se
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enough to  k i l l  a d u l t  f i s h ,  ap p a re n t ly  by u p s e t t i n g  the s a l t  

balance in  t h e i r  bodies  (Oden, 1976). Schof ie ld  ( I 976) 

a l s o  in d ic a te d  t h a t  the ep i so d ic  in p u t  of ions  dur ing  

sp r ing  snowmelt caused the pH value to  drop r a p id ly  and 

l a s t  f o r  only a s h o r t  t im e.  M o r ta l i ty  and e x t i n c t i o n  of 

f i s h  and o the r  a q u a t ic  po p u la t io n  were observed i n  reg ions  

with sh o r t  terra a c i d i f i c a t i o n  ep isodes  (Hultberg ,  1976 ; 

S cho f ie ld ,  1976).

Beamish (1976) a l s o  re p o r te d  the seasonal  f l u c t u a t i o n  

of the pH value i n  the  a q u a t ic  ecosystem. In an a c i d i f i e d  

l a k e ,  he observed t h a t  the pH value dropped i n  the e a r l y  

sp r in g ,  fo llowed by a b r i e f  w in te r  r i s e ,  and a drop again  

in  the summer. T here fo re ,  the ep iso d ic  in p u t  of H"*' ions  

during the i n i t i a l  p a r t  of the snowmelt per iod  may be ade

quate to a l t e r  community s t r u c t u r e  and fu n c t io n  of poorly  

buffe red  aqua t ic  ecosystems.

According to  H al l  e t  a l .  ( I 98O), in c reased  H"*" concen

t r a t i o n  may a c t  :

1. D i r e c t ly  by a f f e c t i n g  the physiology of organisms.

2. I n d i r e c t l y  by i n c r e a s in g  heavy metal  concen tra 

t io n s  t h a t  prove to x ic  to  i n d i v i d u a l s .

3 . I n d i r e c t l y  by reducing  primary p roduc t ion  and/or  

b a c t e r i a l  decomposit ion.

S u t c l i f f e  and Garrick  (1973) support  the t h i r d  

hypo thes is  l i s t e d  above ( i . e .  t h a t  a decrease  in  pH value 

i n d i r e c t l y  diminished the food supp ly ) .  Hall  e t  a l .
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(1980) found, however, t h a t  an immediate r e d u c t io n  of 

i n v e r t e b r a t e s  took p lace  before  any d im inution  of the food 

supply .  In  some sp ec ie s  growth was reduced d e s p i t e  an 

adequate supply of p r e f e r r e d  food i tem s (Beamish, 1976 ) .

A p h y s io lo g ica l  response to  in c re a se d  a c i d i t y ,  e i t h e r  

d i r e c t l y  through io n  exchange mechanisms or i n d i r e c t l y  

a more p la u s ib le  ex p la n a t io n  f o r  observed changes than 

diminished food supply (Moreau, Barbeau, P r e n e t t e ,  S a in t -  

Onge, and Simoneau 198 3 ).

I t  i s  im por tan t  however, to  co n s id e r  t h a t  the e l e v a t 

ed c o n c e n t r a t io n  of heavy m eta ls  occurs because of i n 

c reased  weathering and s o l u b i l i t y  due to  a c i d i f i c a t i o n  of 

s o i l s  and l a k e s .  I f  t h i s  i s  t r u e ,  i t  i s  p r a c t i c a l  to  th ink  

of aqua t ic  pop u la t io n s  as being s t r e s s e d  by an a s s o c i a t i o n  

of f a c t o r s  of which ac id  i s  the p r i n c i p a l  s t r e s s i n g  agent 

as well  as c o n t r o l l i n g  the c o n c e n t r a t io n s  of the  o th e r  

f a c t o r s  such as heavy m eta ls  and food s u p p l i e s .

In  summary, t h i s  chap te r  d e a l t  with a q u a l i t a t i v e  and 

q u a n t i t a t i v e  assessment of the magnitude and importance of 

atmospheric in p u t  of p o l l u t a n t s  to  the n a t u r a l  waters  and 

i t s  impact on lakew ate r  q u a l i t y  and a l s o  on aq u a t ic  organ

isms. C h a ra c te r i z a t io n  of long-term  e f f e c t s  of a c id  p re 

c i p i t a t i o n  on the la k e  a c i d i f i c a t i o n  and s o u r c e - e f f e c t  

r e l a t i o n s h i p s  r e q u i r e  in c re a se d  a t t e n t i o n  to  q u a n t i fy  and 

d e t a i l  the sequence and mechanisms invo lved .

In an e f f o r t  to  seek more d a ta ,  t h i s  s tudy was
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undertaken to  i n v e s t i g a t e  c e r t a i n  r e l a t i o n s h i p s  between 

ac id  p r e c i p i t a t i o n  and s e l e c t e d  c h a r a c t e r i s t i c s  of lake  

ecosystems. The s tandard  techn iques  f o r  such i n v e s t i g a 

t io n s  w i l l  be d esc r ib ed  i n  the  next  c h a p te r .
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CHAPTER I I  

STUDY SITE, DESIGN, METHODOLOGY 

The Study S i te

Kalamazoo County, approximately  l4 8 l  square k i l o 

m eters  i n  a r e a ,  i s  i n  sou thwestern  Michigan. The County 

i s  on 1-94, the main motor t r a n s p o r t a t i o n  rou te  between 

Chicago and D e t r o i t ,  approximately  midway between these  

two midwestern m e t ro p o l i s e s .  Since being  s e t t l e d  almost 

150 years  ago, the r eg io n  has  undergone the commonplace 

t r a n s i t i o n  from a f a rm -o r ie n te d  community to  an urban ized  

and i n d u s t r i a l i z e d  county of over 200,000 people (H e l le r ,  

197 8 ) .  The s u r f i c i a l  e a r t h  m a t e r i a l s  and landscape of 

Kalamazoo County are  the  p roducts  of r e c e n t  g l a c i a t i o n .

There are  approximate ly  356 ponds and la k e s  in  Kala

mazoo County. They range i n  s i z e  .04 h e c t a r e s  f o r  sever 

a l  unnamed ponds to  those  of 800 h e c ta r e s  (Harr ison ,  

1978).

The c l im a te  of the  county i s  desc r ibed  as p r im a r i ly  

c o n t i n e n t a l ,  a l though  i t  i s  modif ied  by the presence of 

Lake Michigan to  the west .  Mean monthly temperatures  

range from -3 degrees  C e ls iu s  i n  February to  23 degrees 

Ce ls ius  i n  Ju ly .  The average annual temperature  i s  about 

10 degrees C e ls iu s .  The mean annual p r e c i p i t a t i o n  i s  

about 87 c en t im e te rs  (E ichenlaub,  1978). Due to  the
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presence of Lake Michigan, p r e c i p i t a t i o n  i s  g e n e ra l ly  

g r e a t e r  i n  the western  upland p o r t io n  of the  county than 

elsewhere (Allen ,  M i l le r ,  and Wood 1973). P r e c i p i t a t i o n  

i n  Kalamazoo i s  u s u a l ly  gen t le  and thus  has a d i l u t i n g  

e f f e c t  on su r face  w aters  (Fenner, 198I ) .  Wind v e l o c i t y ,  

humidity ,  and tem pera tu re ,  however, are  im por tan t  c l im a t ic  

v a r i a b l e s  t h a t  vary  from lake  to  lake  as  well  as seaso n a l 

l y  a t  any one given lake  (Wetzel,  1975).

The two la k e s  chosen f o r  t h i s  s tudy are lo c a te d  in  

the western p o r t io n  of Kalamazoo County, s i t u a t e d  w i th in  

the Kalamazoo River Basin (P ig .  2, p. 33) .  The l a k e s  were 

chosen on the  b a s i s  of lake  morphometry and a l s o ,  on the 

a v a i l a b i l i t y  of p rev ious  d a ta  concerning  the water chem

i s t r y  of the  lak es  (Fenner, I 98I ) .  One of these  la k e s  

(Asylum) i s  a very hardwater  lake  with a bas ic  pH; whereas 

the o th e r  lake  (Bonnie C as t le )  has so f tw a te r  with a 

n e u t r a l  to  s l i g h t l y  a c id ic  pH.

Both la k e s  have s im i l a r  wetland v e g e t a t i o n  around 

t h e i r  b o rd e rs ,  with c h a r a c t e r i s t i c  p l a n t s  being wild che r 

ry ,  e ld e r b e r ry ,  mulberry ,  aspen, g rapev ine ,  maple, and 

b i r c h .  Aquatic v e g e ta t io n  a l s o  c o n s i s t s  of a r a t h e r  t y p i 

ca l  assemblage f o r  the  la k e s  of t h i s  r e g io n .  Chara as a 

submerged a lga  (Chlorophyta:  Characeae) dominates the l i t 

t o r a l  zone i n  most a r e a s ,  o f ten  being  p r e s e n t  i n  pure 

s ta n d s .  In many r e g io n s ,  Chara forms a mat n e a r ly  h a l f  a 

meter  th i c k ,  Macrophytes o ther  than  Chara were
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Potamogeton, A nachar ls , and Certa tophyl lum . U t r l c u l a r l a  

was a l s o  widely d i s t r i b u t e d .  F lo a t in g  leaved  macrophytes 

such as  Nuphar and Nymphaea were s c a t t e r e d  i n  the shallow 

a reas  of both l a k e s .  The duckweeds. Lemma and Wolffia 

were abundant in  the Asylum lake  and are  u s e fu l  index 

organisms of hardwater  h a b i t a t s .  S c i r p u s , as an emergent 

macrophyte, was common p r im a r i l y  i n  Asylum Lake from the 

middle of the  l i t t o r a l  s h e l f  to  the shore where i t  was 

rep laced  by Typha as the most common emergent p l a n t .

Other emergents inc luded  Cephalanthus t h a t  occur m arg ina l

l y  with Decodon and S a g i t a r r i a , E l e o c h a r i s , and 

N as tu r t ium .

Benthic i n v e r t e b r a t e s  such as the f i n g e r n a i l  clams, 

did occur i n  the sediments .  Physa, Helisoma, and a few 

sm alle r  s n a i l s  were found a s s o c ia t e d  with some v e g e ta t io n  

or as empty s h e l l s  near  the s h o r e l i n e .  A r e l a t i v e l y  small 

number of leeches  and a moderate number of aqua t ic  i n s e c t s  

were observed.  Amphipods, midges, c a d d i s f l i e s ,  and a 

v a r i e t y  of hem ipterans a l s o  were observed dur ing  the study 

pe r io d .

A ty p ic a l  v a r i e t y  of warm water f i s h  has been 

rep o r ted  in  the l a k e s  by lo c a l  f isherm an .  P ish ing  has 

y ie lded  b l u e g i l l s ,  s u n f i s h ,  largemouth b ass ,  and perch .

Design

Maps of the  l a k e s  were ob ta ined  and the su r face  a reas
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were d iv ided  i n to  sm al le r  a rea s  near  and away from the 

shore .  Although th e re  were d i f f e r e n c e s  i n  dep th ,  the 

primary b a s i s  f o r  s e l e c t i o n  was t h e i r  d i s t a n c e s  from the 

shore .  A p re l im in ary  study was done to  ev a lu a te  s e l e c t 

ed p h y s ic a l ,  chemical ,  and b io lo g i c a l  pa ram ete rs ,  

in c lu d in g  tem pera tu re ,  pH, carbon d io x id e ,  d is so lv ed  oxy

gen, s u l f a t e ,  s u l f i t e ,  n i t r a t e ,  n i t r i t e ,  phosphate ,  and 

ammonia n i t r o g e n .  One shallow and one deep water sampling 

s t a t i o n  were e s t a b l i s h e d  f o r  each l a k e .  Based on the 

r e s u l t s  of p rev ious  s tu d i e s  i t  were well  known t h a t  heavy 

m e ta l s ,  l i k e  a c id s ,  f i n d  t h e i r  way i n t o  r a i n  and snow and 

subsequently  i n t o  la k e w a te rs .  T here fo re ,  a c id ic  p r e c i p i 

t a t i o n  and heavy metal  d e p o s i t io n  have se v e re ly  a f f e c t e d  

the aqua t ic  ecosystems. However, the main s tudy was de

signed f o r  e v a lu a t in g  heavy metal  c o n c e n t r a t io n s  i n  w ate r ,  

sediment,  and aq u a t ic  v e g e ta t io n .  Sampling and ana lyses  

were under taken to determine the fo l lo w in g :

1. The e x te n t  to  which the atmospheric d e p o s i t io n  

c o n t r ib u t e s  heavy m e ta l s ,  namely, Pb, Cu, Ni, Cr, Cd, Pe, 

Mn, and o the r  i d e n t i f i e d  m eta ls  to  the la k e  environment.

2. The c o n c e n t r a t io n  of heavy m e ta l s  i n  wet depos i

t i o n  ( r a in  or snow), lakew ate r ,  sediment,  and aq u a t ic  veg

e t a t i o n .

3. Poss ib le  r e l a t i o n s h i p s  between r a i n w a t e r - c o n t r i b 

u ted  m e ta ls  and metal  co n c e n t ra t io n s  i n  the lakew ate r  sed

iment and aqua t ic  v e g e ta t io n .
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Methodology

A p re l im in ary  study was under taken  f o r  the  e v a lu a t io n  

of s e l e c te d  p h y s ic a l ,  chemical,  and b i o l o g i c a l  pa ram ete rs .  

Analyses f o r  the d e te rm in a t io n  of chemical components were 

under taken  us ing  the Hach Colorimeter  Method Manual 

(1977) '  In  a d d i t io n  to  determ in ing  the pH v a lu e s ,  these  

ana lyses  involved q u a n t i t a t i v e  d e te rm in a t io n s  f o r  d i s s o l 

ved oxygen, carbon d io x id e ,  phosphate ,  s u l f a t e ,  s u l f i t e ,  

n i t ro g e n  n i t r a t e ,  n i t r o g e n  n i t r i t e ,  n i t r o g e n  ammonia, man

ganese,  and i r o n .  Observations such as water and a i r  

temperature  were a l s o  recorded a t  the s tudy  a r e a s .  As i n 

d ic a te d  e a r l i e r ,  the main s tudy,  as proposed was designed 

f o r  e v a lu a t in g  the heavy metal c o n c e n t r a t io n s  i n  the wet 

d ep o s i t io n  samples, lakewater  samples, lake  s u b s t r a t e s ,  

and the submerged macrophyte Ohara.

A Beckman Model DB, Prism Atomic Absorption Spectro

photometer (AA) was used to  make the metal  d e te rm in a t io n s  

i n  the water samples. Stock s o lu t io n s  were prepared  ac

cord ing  to  methods descr ibed  i n  the U.S. EPA Methods f o r  

Chemical Analysis  of Water and Wastes (1979)* Prom these  

s tock  s o lu t i o n s ,  s tandards  were prepared  on the day of 

a n a ly s i s  a t  v a r io u s  c o n c e n t r a t io n  ranges  f o r  use i n  AA 

de te rm ina t ions  of samples. Standards f o r  Pb, Zn, Cr, Cd,

Ni,  Cu, and Pe were prepared ,  ranging from 1 ppm to  10 ppm 

in  order  to  produce a working comparative curve i n  the
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c o n c e n t r a t io n  range of the samples to  be analyzed.

The bas ic  p r i n c i p l e  of atomic ab s o rp t io n  invo lves  

a s p i r a t i n g  the  sample d i r e c t l y  i n t o  the  ab so rp t io n  c e l l -  

i n  t h i s  case by means of a Beckman b u rner .  The metal  

atoms are reduced to  t h e i r  e lem enta l  s t a t e  i n  the flame 

and are  then  passed through a path  of l i g h t  t h a t  i s  

em it ted  from a lamp with a cathode of a s p e c i f i c  m e ta l .

The atoms of metal  con ta ined  i n  the sample w i l l  absorb a 

q u a n t i ty  of the l i g h t  and the absorbance can be read on a 

m eter .

The a n a ly s i s  of the  r eagen t  blank gave an in d i c a t i o n  

of the amounts of heavy m e ta ls  i n  the ac id  reagen ts  and the 

e f f e c t s  of the  a c id s  on atomic ab s o rp t io n .  The reag en t  

blank read ing  of absorbance was su b t r a c te d  from the sample 

read in g s .  The heavy metal  co n ten t  of each sample was 

ob ta ined  from the s tandard  curve .  Tota l  metal  co n ten t  in  

ppm was c a l c u l a t e d  f o r  each sample.

F u r the r  in fo rm at io n  on the e lements t a rg e te d  f o r  

s tudy was provided by P a r t i c l e  Induced X-ray Emission 

(PIXE). PIXE i s  a p rocess  of m u l t ie lem e n ta l  a n a ly s i s  of 

samples u s ing  the Tandem Van de Graff a c c e l e r a t o r  i n  the 

Department of Physics a t  Western Michigan U n iv e r s i ty .  Tlie 

process  has  the advantage of ana lyz ing  f o r  as many as 13 

elements s im ultaneous ly .

The process  i t s e l f ,  involved a p roduct ion  of a high 

energy proton beam with the Van de Graff a c c e l e r a t o r .  A
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PIXE spectrum I s  then  produced by the p ro tons  s t r i k i n g  a 

sample t a r g e t .  When h i t t i n g  the t a r g e t ,  the p ro tons  i n  

the beam i n t e r a c t  with the e l e c t r o n s  in  the t a r g e t  atoms 

producing v acanc ies  i n  the in n e r  atomic s h e l l s .  In  the 

d e e x c i t a t i o n  p rocess  t h a t  fo l lo w s .  X-rays are e m i t te d .  

These a re  d e te c te d  by a l i t h i u m - d r i f t e d  s i l i c o n  ( S i ( L i ) )  

d e t e c t o r  t h a t  produces v o l ta g e  pu lse s  p ro p o r t io n a l  to  the 

energy of the  i n c i d e n t  X-rays.  Since atoms of d i f f e r e n t  

elements  have d i f f e r e n t  e l e c t r o n  c o n f ig u ra t io n s  and b ind 

ing  e n e rg i e s ,  " c h a r a c t e r i s t i c "  X-rays a re  produced f o r  a l l  

d e t e c t a b le  e lem ents .  In  s h o r t ,  the en e rg ie s  of the X-rays 

are  matched with those  from the elements from which they  

were em i t te d .  The X-rays em it ted  are thus an i n d i c a t i o n  

of the  e lem enta l  makeup of the t a r g e t .  The v o l ta g e  pu lse s  

from the d e t e c to r  are  processed e l e c t r o n i c a l l y  to  produce 

a v i s u a l  pulse  amplitude (energy) spectrum (P ig .  3, p . 39).  

Since the d e t e c to r  p lus  impulse counter  a c t s  as an energy 

ana lyze r  and in fo rm a t io n  accumulator,  the  a n a ly s i s  i s  

m u l t ie lem en ta l  i n  n a tu re .  In terms of the p r e s e n t  s tudy ,  

the PIXE process  found and measured as many as 13 elements 

i n  most of the samples.

For background in fo rm a t io n ,  the spectrum produced i n  

the PIXE process  i s  then  compared with a spectrum produced 

by a sample of pure s i l i c o n  dioxide ( fo r  s o l i d  samples) or 

a spectrum t h a t  has  been obta ined from a piece  of c e l l o 

phane t h a t  has no contaminants ( fo r  water samples) .  A
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Figure  3. Typical PIXE Spectrum f o r  Dried Sample P e l l e t
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computer program has been prepared  to  s u b t r a c t  background 

va lues  and c a l c u l a t e  p ro p o r t io n a te  s p e c t r a l  a rea s  f o r  

numerous e lem ents .  Since an a rea  under the curve can be 

c a l c u l a t e d  and i s  p ro p o r t io n a l  to  the amount of the e l e 

ment p re se n t  i n  the sample, the computer program p r i n t s  out 

a q u a n t i t a t i v e  value f o r  each element whose s p e c i f i c  

X-rays are  d e tec ted  ( fo r  more d e t a i l  see Simms and Rickey, 

1978).

Sample P re p a ra t io n  f o r  the Waters

Sample p r e p a r a t io n  played a p a r t i c u l a r l y  im portant  

ro le  i n  t h i s  study s ince  u s ing  PIXE f o r  water q u a l i t y  

a n a ly s i s  i s  a new p ro ces s .  The h e a r t  of the p re p a ra t io n  

procedure i s  a p rocess  termed "vapor f i l t r a t i o n " .  When 

water samples are  ana lyzed ,  i t  i s  u s u a l ly  the t r a c e  con

taminants  t h a t  are be ing  measured, r a t h e r  than  the  water.  

Vapor f i l t r a t i o n  removes the water from the sample and 

d e p o s i t s  the d i s s o lv ed  and suspended contaminants  on a 

p iece  of ce l lophane  t h a t  then  can be used as a t a r g e t .

Vapor f i l t r a t i o n  i s  done by pumping the water through 

a d isk  of ce l lophane t h a t  i s  permeable to  water vapor but  

not to  l i q u i d  w ater .  Thus water evapora tes  only a t  the 

ce l lophane so t h a t  every n o n - v o la t i l e  contaminant i n  the 

water i s  depos i ted  on the ce l lophane .  The f i l t r a t i o n  

appara tus  c o n s i s t s  of two p a r t s ,  a tube f o r  ho ld ing  the 

sample and a t a r g e t  suppor t .  This appa ra tu s  i s  r e s i s t a n t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

to HNOg which i s  n ec essa ry  as a l l  c le an in g  I s  done In  an 

ac id  b a th .  A t h r e e - q u a r t e r  Inch c i r c u l a r  d isk  of c e l l o 

phane I s  p laced on the  t a r g e t  h o ld e r .  This  d isk  becomes 

the t a r g e t  f o r  the a c c e l e r a t o r  p ro tons  once the contamin

an ts  are  depos i ted  on I t .  The tube I s  then  placed on top 

of the t a r g e t  suppor t  and h e ld  In  place  by th ree  sp r ing  

clamps. A c a r e f u l l y  measured amount of the sample (5 ml) 

I s  slowly poured I n to  the tube In  such a way t h a t  a i r  bub

b le s  do not  develop.  A p iece of aluminum f o i l  I s  placed 

over the top of the suppor t  to  e l im in a te  dus t  p a r t i c l e s  

and the appara tus  I s  opened to  a vacuum.

Since the ce l lophane  I s  permeable only to  water 

vapor,  any contaminants  a re  depos i ted  on the top  of the 

ce l lophane .  A f te r  approximately  48 hou rs ,  the water has 

been completely pumped out  of the  sample. The ce l lophane 

with the depos i ted  contaminants  I s  l i f t e d  out by a t t a c h in g  

I t  to  a support  r i n g  with vacuum grease  placed In  a spe

c i a l l y  made t a r g e t  h o ld e r  t h a t  ho lds  s ix  t a r g e t s  a t  one 

time. The t a r g e t  I s  then  ready f o r  a n a ly s i s .

The t a r g e t  h o ld e r  I s  I n s e r t e d  manually I n to  the cham

ber and the samples a re  bombarded one a t  a t ime. The de

t e c t o r  then co n v e r t s  the  energy of the X-rays In to  v o l t 

age pu lses  t h a t  a re  p rocessed  e l e c t r o n i c a l l y  I n to  an 

energy spectrum of the sample. The I n i t i a l  a n a ly s i s  I s  

done by a PDP-15 computer lo c a te d  In  the  a c c e l e r a to r  

f a c i l i t y .  For more d e t a i l e d  a n a ly s i s ,  the s p e c t r a  were
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s to red  on tapes  h o ld ing  20 s p e c t r a  each and p rocessed  by 

the U n i v e r s i t y ' s  PDP-10 computer.

P re p a ra t io n  of Dried Sample P e l l e t

The sediment and macrophyte (Chara) samples used in  

t h i s  process  must be homogeneous and dry i n  order  to  make 

a t a r g e t  p e l l e t .  The beam h i t s  a t h r e e - e ig h th  inch  sec 

t i o n  on the p e l l e t .  The a rea  on the p e l l e t  then g ives  o ff  

the X-rays and produces the X-ray spectrum. I f  the  mate

r i a l  i s  p roper ly  p repa red ,  an average composit ion can be 

e s t im a ted  by the p ro ce s s .  For t h i s  reason ,  a l l  samples 

were thoroughly ground with an acid-washed m ortar  and pes

t l e  before the p e l l e t i z i n g  p rocedure .  The pe l le t -m ak ing  

process  used a h y d ra u l ic  p re s s  to  produce compacted p e l 

l e t s  of approximately  on e -h a l f  inch  i n  d iam ete r .  These 

p e l l e t s  were then mounted in  the t a r g e t  beam p a th .  The 

mounting device i s  c o n s t ru c te d  i n  such a way t h a t  s ix  p e l 

l e t s  can be h e ld  a t  one t ime. A PIXE spectrum i s  obta ined  

f o r  each t a r g e t  p e l l e t  and the r e s u l t  c a l c u l a t e d  in  p a r t s  

per b i l l i o n  us ing  the WMU PDP-10 computer system. An 

i n i t i a l  PIXE run was performed u s in g  N ationa l  Bureau of 

Standards orchard l e a v e s  f o r  comparis ion (Table 1, p . 43)

Wet P r e c i p i t a t i o n  Sampling

Wet d e p o s i t io n  ( r a i n  and snow) was c o l l e c t e d  on an 

event b a s i s  from September 1983 through Ju ly  1984. The
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A Comparison of

Table 1 

FIXE and NBS Orchard Leaf Values

PIXE NBS

K 16235 .5 14700

Ca 24133 20900

Mn 84.5 91

Pe 469 .5 300

Cu 1 1 .5 11

Zn 3 2 .5 25

Pb 48 45

As 9 10

Rb 14.5 12

Sr 41 37

event  p r e c i p i t a t i o n  sampler was lo c a te d  on p r iv a t e  land  

approximately  f i v e  k i lo m e te rs  from each s tudy a re a .

Care was taken to  ensure  t h a t  the s e l e c t e d  s i t e  was 

r e l a t i v e l y  c lo se  to  the  study a rea  and would r e p r e s e n t  a 

background d a ta  base f o r  the r eg io n .  Rain and snow were 

c o l l e c t e d  i n  an uncapped, acid-washed p l a s t i c  bucket t h a t  

had been r in s e d  with de ion ized  w ater .  The c o l l e c t o r  was 

s e t  up immediately a t  the beginning of each p r e c i p i t a t i o n  

ev e n t .  Care was talcen to  exclude any d i r t  or d e b r i s  from 

the study s i t e .  The snow samples were melted  and t r e a t e d  

i n  the same manner as were the r a i n  samples. The samples
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c o l l e c t e d  were drawn through a 45 u f i l t e r  and s to r e d  in  

acid-washed 125 ml po lye thy lene  b o t t l e s  a t  4° C e ls iu s .

The pH and the chemical components, namely n i t r a t e ,  

n i t r i t e ,  s u l f a t e ,  s u l f i t e ,  phosphate ,  ammonia n i t r o g e n ,  

i r o n ,  and manganese were measured immediately a f t e r  each 

p r e c i p i t a t i o n  event  according to  the procedures  desc r ib ed  

i n  the Hach Colorimeter  Methods Manual (1977)» Samples 

were then p rese rved  i n  a f r e e z e r  to  await  f u r t h e r  ana lyses  

f o r  metal  io n  c o n c e n t r a t io n s .  Analyses f o r  Pe, Cr, Cd,

Mn, Cu, PB, and Ni were made by u s ing  d i r e c t  a s p i r a t i o n .  

All a n a l y t i c a l  methods used are  desc r ibed  in  the EPA 

(1979) manual.  All  samples were then su b je c te d  to  PIXE 

a n a ly s i s  t h a t  showed the v a r io u s  c o n c e n t r a t io n s  of t h i r 

teen  e lem ents .

Lake Water Samples

Lake water sampling a rea  inc luded  ( I )  an a re a  near  

shore ,  under which the water was approximately  .25 m deep; 

and ( I I )  an a rea  away from shore ,  in  the  middle of the 

l a k e ,  under which the water was approximately  1 m deep.

The samples were c o l l e c t e d  from September 1983 u n t i l  

J u ly  1984 whenever a p r e c i p i t a t i o n  even t  occurred .  The 

c o l l e c t i o n  of lakew ate r  samples before  heavy snow and ic e  

covered the lalces and a l so  a f t e r  the snow melted  was on a 

weekly b a s i s .  During the w in ter  per iod  of ic e  cove r ,  the 

lakew ate r  was c o l l e c t e d  on a biweekly b a s i s  by b reak ing
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the i c e .

Water tem pera tu re ,  a i r  tem pera tu re ,  carbon d io x id e ,  

and d is so lv ed  oxygen were determined i n  the f i e l d .  For 

f u r t h e r  a n a ly se s ,  the lake  water samples were t r e a t e d  i n  

the same manner as  the p r e c i p i t a t i o n  samples.

Aquatic V egeta t ion  and Sediment Sampling

P lan t  sampling involved the ben th ic  a lg a  Chara 

(Chlorophyta:  Characeae) ,  a submergent a q u a t ic  p la n t  found 

i n  dense growth c l u s t e r s  beneath the su r fa ce  of the  water .  

The common name "stoneworth" was suggested  by the f a c t  

t h a t  many spec ie s  of t h i s  genus become en c ru s ted  with 

calcium ca rbona te .  I t  i s  one of the few genera of p la n t s  

t h a t  i s  w ithout  r o o t s .  Chara dominated the l i t t o r a l  zone 

in  most re g io n s ,  o f t e n  occu rr ing  i n  pure s tands .

An aqua t ic  n e t  was used fo r  c o l l e c t i n g  the p la n t  

samples. S u r f i c i a l  sediments (0-5 cm.) were c o l l e c t e d  

with the same n e t  and from the s t a t i o n s  corresponding  with 

reg ions  of p la n t  c o l l e c t i o n .  Samples of the p l a n t s  and 

sediment were c o l l e c t e d  during the e n t i r e  per iod  of the 

study (October 1983-July  1984), except  dur ing  those w in te r  

months when the l a k e s  were covered with heavy ic e  and 

snow.

Samples were then  placed i n  s e a la b le  po lye thy lene  

bags.  A f ter  dry ing  them f o r  48 hours a t  100 degrees 

C e ls iu s ,  approximately  10 grams of each sample were

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

homogenized, u s ing  an acid-washed m u l l i t e  m ortar  and pes

t l e .  The r e s u l t i n g  powders were s to red  i n  10 gram g la s s  

sample b o t t l e s .  Two grams of the homogenized sample pow

der were su b jec te d  to  5000 PSI i n  the p a l l e t i z i n g  hydrau

l i c  p r e s s .  The p e l l e t s  were then analyzed by the FIXE 

p ro c e s s .

In summary, two la k e s  lo c a te d  i n  Kalamazoo County 

were chosen f o r  t h i s  s tudy.  A p r e c i p i t a t i o n  sample was 

a l so  taken a t  a s i t e  c lo se  to  both l a k e s .  Using a Hach 

Colorim eter ,  a p re l im in a ry  study was under taken i n  order  

to  ev a lu a te  of the  chemical composition of lakewater  and 

ra in w a te r  samples. The main study however, d e a l t  with the 

metal  c o n c e n t r a t io n  i n  the r a in w a te r ,  lak ew a te rs ,  and 

aqua t ic  v e g e t a t i o n .  The d a ta  f o r  the main study were 

provided by AA and PIXE procedures .

For the water q u a l i t y  a n a ly s i s  by PIXE, the "vapor 

f i l t r a t i o n "  procedure was used to  prepare  the lakewater  

and ra in w a te r  samples.  The sediment and macrophyte 

(Chara) samples used i n  the PIXE process were d r ie d  i n  

order  to  make a t a r g e t  p e l l e t .  All  samples were then 

analyzed by the PIXE process .
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CHAPTER I I I  

RESULTS AND DISCUSSION

The r e s u l t s  p re se n ted  here  are based on the pre l im 

in a ry  study t h a t  extended from October 1983 through July  

1984. This s tudy d e a l t  mainly with  the chemical composi

t io n s  of la k ew a te rs  and r a in w a te r  samples. However, the 

emphasis of the main study t h a t  was under taken  dur ing  the 

same p e r io d ,  d e a l t  with the metal  c o n c e n t r a t io n s  of the 

samples.

The monthly mean co n c e n t r a t io n s  of the major chemical 

spec ie s  are l i s t e d  i n  Table 2 (p. 48) (see  Appendices A,

B, and C fo r  the  weekly va lues  of chemical parameters  i n  

p r e c i p i t a t i o n ,  Bonnie C as t le  Lake, and Asylum Lake, r e 

s p e c t i v e l y ) .  An examination  of the  raw d a ta  in d ic a t e d  

t h a t  th e re  was a wide range of co n c e n t r a t io n s  f o r  the pa

ram eters  measured. M eteor log ica l  d a ta  such as wind d i r e c 

t i o n ,  type of e v e n t ,  d u ra t io n  of ev en t ,  and the i n t e n s i t y  

of the  p r e c i p i t a t i o n  a re  some of the f a c t o r s  t h a t  a f f e c t  

the c o n c e n t r a t io n  of subs tances  i n  p r e c i p i t a t i o n  and sub

sequen t ly  the chem is t ry  of lakew ate rs  (E isen re ich  e t  a l . ,  

1981).

P r e c i p i t a t i o n  Chemistry

All the io n s  t h a t  might c o n t r ib u t e  to  the a c i d i t y  of

47
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Table 2

Chemical Parameters Measured i n  P re l im ina ry  Study 
of P r e c i p i t a t i o n ,  Bonnie C a s t l e ,  and Asylum Lakes 

From October 1983 Through J u ly  1984

48

Parameter
(ppm)

Sample® Oct.
83

Dec.
83

Jan.
84

Feb.
84

Mar.
84

May June July  
84 84 84

N itra te
I .69 .49

1.49
.55
.65

2.60
.65

1.45

1.75
1 .0

.55

1.56

: t l

1 .52
.55
.40

1.18
.53
.50

1.05
.51
.52

1.20
.80
.60

N i t r i t e
I

.012

.010

.009

.011

.009

.012

.019

.015

.018

.015

.009

.021

.018

.007

.005

.010

.004

.011

.015

.003

.009

.009
.004
.007

.008

.003

.005

.008
.008
.002

Ortho-
Phosphate

i:

.188

.093

.076

.244

.105

.075

.153

.040

.210

.085

.090

.195

.163

.040

.095

.185

.070

.125

.269

.053

.030

.240

.085

.120

.225

.053

.130

.190

.020

.060

Sulf ate
I

5.10
3 .83
15.5

2.08
2.45
14.1

3 .7 5
3 .50
17.5

3 .50
2.00
18.5

4 .75
2.50
11.0

4.50
4 .75
12.0

3 .2 4
.75

13.0

3 .40
1.00
11.5

2.25
0 .0
12.5

2.00
.20

12.0

S u lf id e
I

.011

.005

.008

.010

.002

.003

.001

.005

.001

.010

.006

.007

.014

.010

.020

.012

.015

.013

.010

.008

.010

.015

.002

.013
.001
.008
.015

.005

.020

.010

Ammonia
Nitrogen

I

1 .12
.220
.243

.84

.18

.32

.73

.19

.70

1.95
.20
.35

1 .29
.32
.62

.84

.17

.23

1.16
.24
.17

.93

.14

.16

1 .12
.26
.12

1.50
.25
.19

Iron
I

.076

.043

.040

.041

.037

.033

.068

.100

.010

.083

.050

.011

.210

.065

.040

.085

.290

.140

.073

.093

.100

.044

.090

.108

.060

.068

.048

.080

.050

.015

Manganese
I

.03

.08

.15

.032

.120

.170

.04

.10

.16

.11
.132
.200

.10

.09

.08

.07
.003
.020

.05
.010
.075

.067

.030

.100
.050
.100
.058

.06

.08

.10

Carbon
Dioxide

i:
1 ÏT9

24.3
1 Ï I 3

23.5
9 T0

21.0
loTo
23.5

7 T2 5

20.0
6 .2 5
14.0

7 TÔ0

14.0
oTio
15.0

10.9
16.3

I 2 T5

17.0

D isso lved
Oxygen

I
9 T9 4

11.4
13.1
1 1 .4

15.0
13.3

13.4
11.5

11.6
12.3

14.1
15.0

13.0
14.3

9 .ÔO
13.8

9.06
10.9

7 .75
11.0

I Precip i  
I I  Bonnie 

I I I  Asylum

a tio n
!a s t le  Lake 
ake
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the p r e c i p i t a t i o n  sample must be i d e n t i f i e d  i n  order  to  

eva lua te  f u l l y  the chemistry  of the  sample. Thus to  un

de rs tand  any changes i n  the a c i d i t y  of p r e c i p i t a t i o n  caused 

by changes i n  the c o n c e n t r a t io n  among ions  i n  the  p r e c i p i 

t a t i o n ,  the seven io n s  of most importance (hydrogen, ammo

nium, n i t r a t e ,  s u l f a t e ,  calcium, and phosphate)  were mea

sured .  The chemical composit ion of p r e c i p i t a t i o n  was 

s tud ied  a t  a s i t e  c lo se  to  both l a k e s .  The pH and r e l a 

t i v e  hydrogen io n  c o n c e n t r a t io n  of p r e c i p i t a t i o n ,  c o l l e c t 

ed dur ing  the sampling per iod  (October 1983 through Ju ly  

1984), are r ep o r ted  i n  Table 3 (p. 50).  P r e c i p i t a t i o n  

samples from f o r t y  r a i n  and snow i n c i d e n t s  were c o l l e c t e d .  

Highly a c id ic  even ts  (pH < 4 .5) occurred  sev e ra l  times 

during  the study p e r io d .  The most a c id i c  of  these  (pH =

3 . 9 ) occurred on a stormy day i n  May. The major v a r i a t i o n  

in  pH values  of p r e c i p i t a t i o n  ranged from 3-90 to  5 .82,  with 

an event  average of pH 4.67» The average pH r e f e r s  to  the 

average hydrogen ion  c o n c e n t r a t io n  conver ted  to  pH. In 

most of the p r e c i p i t a t i o n  e v e n ts ,  ep isodes  of a c id  r a i n  a t  

pH 5*6 or l e s s  were observed.  As shown i n  Figure 4 (p.

5 1 ) ,  29 of a t o t a l  of 40 p r e c i p i t a t i o n  ev en ts  had a pH 

value below 5 . 5 . The remainder of the  ev e n ts  were only 

small amounts of r a i n  or snow. Tlie washout of a l k a l i n e  

s o i l  dus t  appears to  be r e l a t e d  only minimally  to  the pH of 

the l i g h t  p r e c i p i t a t i o n s  (Dash, Cadle, and Wolff 1984). 

Likens and B u t le r  ( 198I)  have a l s o  r e p o r te d  t h a t  the
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Table 3

pH and i t s  Re la ted  Hydrogen Ion Concen tra t ion  in
P r e c i p i t a t i o n

Date pH [H+] X 10-7

October 8 5 .72 1.91
12 5 .65 2.24
13 5.71 1 .95
22 4.35 4 .47
23 5.6 2 .5

November 2 4 .8 50.1
11 4 .4 39 .8
15 4 .5 31 .6
19 5.8 1.59
27 5.81 1.55
28 5 .82 1.51

December 2 5 .72 1.91
6 5.45 3 .55
8 5 .4 3 .98

30 5.8 1 .59
January 18 5 .2 6 .31

19 4 .4 39 .8
Febuary 7 4 .4 39 .8

9 5.1 7 .94
18 4 .3 50.1
27 5.6 2 .5

March 6 5 .3 5 .01
12 5 .82 1.51
16 4 .52 30 .2
21 4 .2 63.1

A p r il  3 4.1 79 .4
4 5 .3 5.01

12 5.3 5.01
14 4.6 25.1
17 4.25 26.2
19 4 .0 100.0
22 4.45 3 5 .5

May 18 5 .0 10.0
19 5 .4 3 .98
22 4.8 15.8
25 4.0 100.0
28 3 .9 26.0

June 5 4 .9 12.6
23 5.1 7 .94

Ju ly  9 5 .2 6.31
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ra in w a te r  pH value i n  Michigan i s  much h ighe r  than the 

l e v e l s  i n  n o r th e a s t e r n  s t a t e s  such as New York. According 

to  the  i n v e s t i g a t o r s ,  any e f f e c t  from ac id  d ep o s i t io n  in  

Michigan are  somewhat am elio ra ted  by the l im estone-based  

s o i l  t h a t  covers most of the s t a t e .  The lower a c i d i t y  

e x i s t s ,  mainly because of n e u t r a l i z a t i o n  with Ca2+ t h a t  i s  

fo u r  t imes g r e a t e r  i n  M ichigan 's  r a i n s  than  i n  o ther  s t a t e s .  

As expected  f o r  s o i l - r e l a t e d  sp e c ie s ,  Ca2+ i s  found mainly 

i n  l a r g e  p a r t i c l e s .  In c o n t r a s t  sp e c ie s  t h a t  o r i g i n a l l y  

caused the a c i d i t y  ( s u l f a t e  and n i t r a t e  ion)  are  i n  small 

p a r t i c l e s .  Also, as  expec ted ,  the d ep o s i t io n  v e l o c i t i e s  

decreased  with d ec reas in g  p a r t i c l e  s i z e .  Therefore i n  r a in s  

of low i n t e n s i t y  Ga^^ e x h ib i t e d  a h ig h e r  d e p o s i t io n  r a t e .

A comparison of the parameter of Ca^* c o n c en t r a t io n  

with pH v a lu es  f o r  p r e c i p i t a t i o n  during the study p e r io d ,  

i n d i c a t e d  a s im i l a r  phenomenon fo r  these  param eters .  Thus 

i t  appears  t h a t  the  r e s u l t s  of t h i s  study are c o n s i s t e n t  

with those from the a n a ly s i s  of Likens and B u t le r  ( I 98I ) .

P r e c i p i t a t i o n  chem ist ry  i s  a l s o  in f lu en ced  by the 

p a t t e r n s  of chemicals  (S and N sp ec ie s )  r e le a s e d  to  the 

atmosphere, the ro le  of n i t r o g e n  p o l l u t a n t s  appears par

t i c u l a r l y  s i g n i f i c a n t .  Although s u l f u r i c  ac id  has been by 

f a r  the dominant ac id  i n  r a i n f a l l  i n  Michigan, (Dash ejb 

a l . ,  1984) the in c re a s e d  d e p o s i t io n  of hydrogen ion  has 

been caused p r im a r i ly  by in c reased  amounts of n i t r i c  ac id  

i n  p r e c i p i t a t i o n .
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F igu res  5, 6, and 7 (pp. 54-56) shows the concen tra 

t i o n s  of hydrogen, s u l f a t e ,  n i t r a t e ,  and ammonium ions  i n  

the p r e c i p i t a t i o n .  The ac id-form ing  anions here  are  s u l 

f a t e  and n i t r a t e .  According to  F igure  6 (p. 55) , the 

va lues  f o r  s u l f a t e  and n i t r a t e  io n  are c l o s e ly  r e l a t e d  as 

evidenced by a c o r r e l a t i o n  c o e f f i c i e n t  of .81 between the 

two. This could i n d i c a t e  t h a t  they  came from the same r e 

g iona l  sources  or t h a t  m e teo ro log ica l  c o n d i t io n s  caused 

them to  r i s e  and f a l l  t o g e th e r .  Tlie c o n c e n t r a t io n  of hy

drogen ions  was a l s o  c lo s e ly  r e l a t e d  to  s u l f a t e  and n i t r a t e  

c o n c e n t r a t io n s .

Based on the d a t a  i n  Figure 6 (p. 55),  i t  was 

e s t im a ted  t h a t  s u l f u r i c  ac id  c o n t r ib u t e d  more to  the t o t a l  

d e p o s i t io n  of a c i d i t y  dur ing  t h i s  s tudy per iod  than  did  

n i t r i c  a c id .  As shown i n  F ig su re s  5 and 6 (pp. 54-55), 

the peak a c i d i t y  occurred  p r im a r i ly  dur ing  pe r iods  of 

h ighe r  s u l f a t e  c o n c e n t r a t io n s .  However, s ince  the con

c e n t r a t i o n  of n i t r a t e  and s u l f a t e  a re  c l o s e ly  r e l a t e d ,  i t  

i s  d i f f i c u l t  to  determine the spec ie s  t h a t  o r i g i n a l l y  

caused the  a c i d i t y .

The pH g ra d ie n t  cannot be exp la ined  only by the s u l 

f a t e  and n i t r a t e  c o n c e n t r a t io n s .  Other c o n t r ib u to ry  f a c 

t o r s  must a l s o  be co n s id e red .  According to  E isen re ich  £ t  

a l . ,  ( 198 1 ) the pH d i f f e r e n c e s  t h a t  p a r a l l e l  the p a t t e r n s  

observed f o r  those elements are b e l iev e d  to  be caused by 

the suspension  of c r u s t a l  m a t e r i a l ,  s p e c i f i c a l l y  Mn, and
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to some e x t e n t  n i t r a t e  and ammonium io n .

The c o n c e n t r a t io n  of im por tan t  n u t r i e n t s ,  e s p e c i a l l y  

ammonia and n i t r a t e s  in  p r e c i p i t a t i o n ,  have rece ived  much 

a t t e n t i o n  from s c i e n t i s t s .  Ammonia i s  cons idered  to  be 

der ived  mainly from b io lo g i c a l  a c t i v i t y  i n  s o i l  and water;  

whereas n i t r a t e  (and s u l f a t e )  are  regarded as caused by 

both n a tu r a l  and human a c t i v i t i e s .

The manner i n  which the forms of n i t r o g e n  are  d i s 

t r i b u t e d  between wet and dry p r e c i p i t a t i o n  i s  an im portan t  

c o n s id e r a t i o n .  Deposi t ion  of n i t r a t e  and ammonium ion  by 

wet only in p u t  averaged 68  ̂ and 81  ̂ r e s p e c t iv e ly  of the 

t o t a l  d e p o s i t io n  (Junge, 1958). Thus f o r  these  two sub

s ta n c e s ,  wet p r e c i p i t a t i o n  was the main d e p o s i t io n  mech

anism. Atmospheric p r e c u r s e r s  of ammonium and n i t r a t e  in  

r a in w a te r  are gases  (ammonia and n i t ro g e n  oxides)  and 

secondary a e ro so l  p a r t i c u l a t e s  formed by gaseous r e a c t io n s  

such as ammonium n i t r a t e ,  and ammonium hydrogen s u l f a t e .  

These a e ro s o l s  a re  small  (> 1 mu) and thus do not s e t t l e  

from the atmosphere as dry p r e c i p i t a t i o n .  They are hygro

scopic and consequen t ly  serve as  condensat ion  n u c le i  f o r  

r a in d ro p  fo rm at ion  (Junge, 1958). F igure  7, p. 56 , shows 

t h a t  n i t r a t e  and ammonium ions  e x h ib i te d  seasonal  p a t t e r n s  

f o r  p r e c i p i t a t i o n  s im i l a r  to  one ano ther .  As shown i n  

Figure 7 , c o n c e n t r a t io n s  of both n i t r a t e  and ammonium ion  

are g r e a t e r  i n  w in te r  and lower i n  sp r ing  than i n  o the r  

seasons .  H ighest  c o n c e n t r a t io n s  of both n i trogen*
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compounds i n  w in te r  a re  a s s o c ia t e d  with heavy r a i n  and 

snow and a l s o  with a more e f f i c i e n t  washout of substances  

(Hendry and Brezonik,  1980). These may a l s o  be r e l a t e d  to 

the p h y s ic a l  d i f f e r e n c e s  between r a i n  and snow and t h e i r  

r e l a t i v e  a b i l i t i e s  to  scavenge components from the atmos

phere (P e te rso n ,  1983). An in c re a s e  i n  c o n c e n t r a t io n s  of 

n i t r a t e  and ammonium ions  observed i n  summer may r e f l e c t  

in c re a se d  b iogenic  em iss ion  of gaseous n i t r o g e n  compounds 

caused by h ig h e r  summer s o i l  tem pera tures  and a l s o  by 

m ilder  r a i n  even ts  than  dur ing  o th e r  seasons (Hendry and 

Brezonik, 198O). The h ighe r  va lues  l i k e l y  r e f l e c t  atmos

pher ic  bu i ldup  of contaminants  dur ing  these  dry p e r io d s .  

Since ammonia i s  the primary a l k a l i n e  gas i n  the atmos

phere ,  i t  i s  cons idered  to  be a source of n e u t r a l i z a t i o n  

f o r  hydrogen io n s  i n  p r e c i p i t a t i o n  (Dash e t  a l . ,  1984).

As shown i n  P ig s .  5 (p. 54) and 7 (p .  56) ,  the seasonal 

t r en d  i n  pH of p r e c i p i t a t i o n  i s  s im i la r  to  t h a t  of ammon

ium io n  c o n c e n t r a t io n .  The peak of a c i d i t y  in  p r e c i p i t a 

t i o n  occurred  most o f t e n  dur ing  the per iod  of low ammonium 

ion  c o n c e n t r a t io n .  There fo re ,  ammonia could be a t  l e a s t  

p a r t l y  r e sp o n s ib le  f o r  the r ed u c t io n  i n  p r e c i p i t a t i o n  

a c i d i t y  dur ing  October, November, December, June, and 

Ju ly .

In so f a r  as n u t r i e n t s  occur i n  r a i n f a l l ,  i t  i s  well 

known t h a t  p r e c i p i t a t i o n  i s  a l s o  an im portan t  source of 

phosphorus (D i l lon  e t  a l . ,  198O). However, dry f a l l  in p u t
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of phosphorus,  t h a t  accounts  f o r  80/5 of t o t a l  d e p o s i t io n ,  

i s  more im portan t  than  wet p r e c i p i t a t i o n .  Only 1555 of o r 

ganic phosphorus i s  d epos i ted  v i a  r a i n f a l l .  Since com

pounds of phosphorus a re  u s u a l ly  n o n v o la t i l e ,  the cycle  

of phosphorus g e n e ra l ly  i s  l im i t e d  to  ro c k - s o i l - w a te r  

phases.  Atmospheric d e p o s i t io n  of phosphorus t h e re fo re  

occurs p r im a r i ly  by g r a v i t a t i o n a l  s e t t l i n g  of p a r t i c l e s  

t h a t  e n t e r  the  atmosphere as a r e s u l t  of v a r io u s  phenomena 

a s s o c ia t e d  with a g r i c u l t u r e ,  mining, and f i r e s  (D i l lo n  e t  

a l . ,  1980).

P o t e n t i a l  A l t e r a t i o n  of Lake Waters

In a d d i t i o n  to  the parameters  a l re a d y  mentioned as 

being d e a l t  with i n  the  p re l im in a ry  survey, the survey 

a l s o  provided an i n i t i a l  unders tand ing  of the r e l a t i o n s h i p  

between ac id  p r e c i p i t a t i o n  and lakew ate r  composit ion as a 

f u n c t io n  of e x i s t i n g  ions  and n u t r i e n t  d e p o s i t io n .  Mea

surements concern ing  these  c o n d i t io n s  were made a t  both 

l a k e s  during the e n t i r e  pe r iod  of the study beginning 

October 1983 and ex tend ing  through J u ly  1984. The d a ta  

suggested t h a t  i f  the  r a t e  of ac id  p r e c i p i t a t i o n  changes,  

a v a r i e t y  of c o n s t i t u e n t s  i n  both la k e s  w i l l  respond ( e . g . ,  

base c a t i o n  [BCs], and a l k a l i n i t y ) .  However, by 

comparing the chem is t ry  of Bonnie C as t le  Lalce with i t s  low 

a l k a l i n i t y  with the  chem ist ry  of Asylum Lake with i t s  h igh 

a l k a l i n i t y  from a s im i l a r  geo lo g ica l  a r e a ,  i t  may be
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p o s lb le  to  gain  some i n s i g h t  i n t o  the changes t h a t  have 

occurred .

Geological  In f lu e n c e s

The a b i l i t y  of lakew ate r  to  r e s i s t  a r ed u c t io n  i n  pH 

when ac id  i s  added, depends on i t s  a l k a l i n i t y  or b u f fe r in g  

c a p a c i ty .  Although the r a i n f a l l  i n  Michigan i s  n e a r ly  as 

ac id  as r a i n f a l l  on the  r e s t  of e a s t e r n  North America, the 

l a k e s  here  are  no t  so ac id  as might be expec ted .  The d i f 

f e ren ce  i s  the v a s t  b u f f e r in g  system (Leupold, 1985). As 

mentioned p rev io u s ly ,  most of the s t a t e  of Michigan i s  

covered with l im es tone-based  s o i l  c o n ta in in g  m in e ra ls  t h a t  

a re  e a s i l y  d is so lved  and e n t e r  the a q u a t ic  system as buf

f e r s  (Liken and B u t le r ,  198I ) .  B uffe rs  i n  these  la k e s  can 

n e u t r a l i z e  ac id s  t h a t  e n t e r  them so t h a t  the pH shows l i t 

t l e  or no change. O liver  and Kelso (1983) r e p o r te d  t h a t  

the a c id - n e u t r a l i z i n g  or b u f fe r in g  c a p a c i t i e s  of n a tu ra l  

waters  a re  cons idered  to  depend on the  ca rb o n a te -b ic a rb o n 

a te  b u f fe r  system. Henriksen (1982) a l s o  suggested th a t  

s ince  the a l k a l i n i t y  of water i s  de r ived  e s s e n t i a l l y  from 

the weathering of carbonate  m a t e r i a l s ,  the calcium and 

magnesium con ten t  should balance the b ica rb o n a te  component 

in  systems u n a f fec ted  by ac id  p r e c i p i t a t i o n .  In g en e ra l ,  

the c l a s s i c  view of a c i d i f i c a t i o n  and geochemical weather

ing  of the ecosystem focuses  on the r o l e  of carbonic  ac id  

(HgCOg) in  r a i n  and groundwater. Carbon d iox ide  d i s s o lv e s
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i n  water to  produce a s l i g h t l y  a c id ic  s o l u t i o n ,  t h a t  i n  

tu rn ,  d i s s o lv e s  the  m in e ra ls  of the  e a r t h ’s c r u s t ,  

in c lu d in g  Ca, Mg, Mn ( l i k e n s ,  1976).

Galloway, Norton, and Church (1983) i n d i c a t e d  t h a t  the 

the a c i d i f i c a t i o n  of f r e sh w a te r s  i s  the r e s u l t  of a s e r i e s  

of complex, i n t e r r e l a t e d  p ro ces se s .  The s e r i e s  begins  with 

the in c reased  em iss ions  of s u l f u r  to  the  atmosphere. This 

i s  fo llowed by " i n s t a n t l y ” in c reased  d e p o s i t io n  i n  the t e r 

r e s t r i a l  ecosystem and in c reased  c o n c e n t r a t io n  of s u l f a t e  

i n  the  a q u a t ic  system t h a t  a l so  must r e s u l t  i n  decreased  

a l k a l i n i t y  and in c re a se d  base c a t io n  [BCs] (Ga^"^, K"̂ , Mg+, 

Na+) co n c e n t r a t io n s  or a combination of bo th .  An i n i t i a l  

in c re a s e  i n  s u l f a t e  c o n c en t r a t io n  may r e s u l t  i n  p ro p o r t io n 

a l l y  la rg e  i n c r e a s e s  i n  [BCs] c o n c e n t r a t io n s .  This c o n t in 

ues  f o r  some time u n t i l  the e a s i l y  weathered or exchange

able  r e s e r v o i r s  of [BCs] i n  the s o i l s  a s s o c i a t e d  with the 

hydro log ie  pathways through the t e r r e s t r i a l  system are  

d ep le ted  with the base s a t u r a t i o n  approching ze ro .  Then, 

the c o n c e n t r a t io n  of hydrogen ions  i n c r e a s e s  more r a p id ly  

with a concurren t  decrease  in  the a l k a l i n i t y .

Although some r e p o r t s  assume t h a t  [BCs] do not change 

in  su r face  waters  dur ing  a c i d i f i c a t i o n  (Aimer e t  a l . ,

1974), o th e rs  assume t h a t  they do (Henriksen,  1982; D i l lon  

e t  a l . ,  1980). The magnitude of the  changes i n  [BCs], 

however, depends on the c h a r a c t e r i s t i c s  of the a q u a t ic  

system and on the  re s id en ce  time of the  s u l f a t e  i n  the
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system. Therefore, before further d iscu ss io n . I t  I s  ap

propriate to describe the general c h a r a c te r is t ic s  of each 

lak e .

General Lalce C haracter istics

Info rm at ion  on the r e l a t i o n s h i p  of the hydro log ie  

s e t t i n g s  of la k e s  and water chem is t ry  I s  Im portan t .  In a 

study by Fenner (1981),  the I n t e r r e l a t i o n s h i p  of atmo

s p h e r ic ,  su r fa c e ,  and groundwater with c e r t a i n  a s p ec t s  of 

lakew ate r  q u a l i t y  In  Kalamazoo County were analyzed.  Ac

cord ing  to  Fenner, the  Important  hydro log ie  parameters  

t h a t  c o n t ro l  lakew ate r  chem ist ry  are  (a) lake  s i z e ;  (b) 

presence or absence of streamflow or o u t l e t s ;  (c) e l e v a 

t i o n  of the lalce with r e s p e c t  to  the groundwater e l e v a 

t i o n ;  (d) groundwater q u a l i t y ;  and f i n a l l y ;  (e) p o s i t i o n  

of the lalce In  the r e g io n a l  groundwater flow system.

Other f a c t o r s  t h a t  may a f f e c t  the chem ist ry  of lakew ater  

are  Ion exchange with bottom sediments,  e f f e c t  of veg e ta 

t i o n  due to  the a e r e a l  cap tu re  of s a l t s ,  and the decompo

s i t i o n  of v e g e ta t io n  (Gorham, 196I ) .

The hydro log ie  c o n d i t io n s  a t  each lalce were I d e n t i f i e d  

with  the use of e x i s t i n g  In form at ion  (Fenner, I 98I ) ,  In  

order  to  determine the  e x t e n t  of the r e l a t i o n s h i p  between 

the hydro log ie  v a r i a b l e s  and the a l k a l i n i t y  and hardness  

of the  la k e s  (Table 4, p. 6 3 ) .

Carbonate hardness I s  the concentration of calcium
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and magnesium ions  d is s o lv ed  in  water (mg/1 of CaCO^). I t  

was thought  t h a t  the hardness  might i n d i c a t e  the primary

Table 4

Hydrologigal Data f o r  Asylum and Bonnie C as t le  Lakes!

Asylum Bonnie Cast le

Size (h e c ta re s ) 13 .3 1 7 .8

Hardness (mg/1) 224.0 56.0

In terchange
i n l e t no no
o u t l e t yes no

E lev a t io n  of lake 263 m 278 m

Groundwater e l e v a t i o n 263.6  m 274.3  m

Diffe rence  between lake 
and groundwater l e v e l s ^ —. 6 m +3 .7  m

G lac ia l  Landform Alluvium Moraine

1. Data from Fenner ,  I 98I
2. (+) above, ( - )  below

source of the lakew ate r  because of the r e l a t i v e l y  l a r g e  

d i f f e r e n c e  i n  the  c o n c e n t r a t io n  of t h i s  parameter i n  the 

ra inw a te r  (6 .4  mg/1) and groundwater ( I 6O-56O mg/1) (Allen 

e t  a l . ,  1 97 2 ) .  However, the primary f a c t o r s  b e l iev ed  to  

c o n t ro l  lakew ate r  hardness  are desc r ibed  as fo l low s :

1. Atmospheric—Two important var iab les  re la ted  to  

the atmospheric interchange with a lalce are p r e c ip ita t io n  

and évapotranspiration . The s iz e  and shape of the lake  

basin  are a lso  s ig n if ic a n t  variab les  (Gorham, 196I ) .

Lakes with r e la t iv e ly  large surface-to-volum e r a t io s
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g e n e ra l ly  have l a r g e  evapo ra t ive  l o s s e s .  Therefo re ,  the 

depth and su r face  a r e a  of a lake  r e p re s e n t  p r e c i p i t a t i o n /  

é v a p o t r a n s p i r a t io n  balance and are  r e l a t e d  to  the atmos

p h e r ic  in te rc h an g e  with the l a k e .  According to  Fenner 

( 1 9 8 1 ) p r e c i p i t a t i o n  i n  Kalamazoo County i s  very  s o f t  

(hardness  = 6 . 4  mg/1) and thus p r e c i p i t a t i o n  has a 

d i l u t i n g  e f f e c t  on su r fa ce  water .  This f a c t o r  can be 

re sp o n s ib le  f o r  lower co n c e n t r a t io n s  of calcium in  both 

l a k e w a te r s .  Vftien the amounts of p r e c i p i t a t i o n  were h ighe r  

dur ing  March -  June 1984 (P ig .  8, p. 65) ,  the mean concen

t r a t i o n  of calcium during  the per iod  of study was lower 

f o r  Bonnie Cast le  Lake (118.6 mg/1) than  f o r  Asylum Lake 

( 458.1  mg/1). Since Bonnie C as t le  Lake has a l a r g e r  a rea  

i t  w i l l  rece iv e  more ra in w a te r  and i s  probably more 

a f f e c t e d  by p r e c i p i t a t i o n  than i s  Asylum Lake.

Numerous f a c t o r s ,  c o n t ro l  the p r e c i p i t a t i o n / e v a p o -  

t r a n s p i r a t i o n  balance of an in d iv id u a l  lake  and the 

e f f e c t s  on i t s  water chem is t ry .  Climatic  v a r i a b l e s  are  

one of the examples of such f a c t o r s  t h a t  vary from lak e  to  

lak e  as  well  as s e a so n a l ly  a t  a given lake  (Wetzel, 1975).

2. Surface w ate r—whether water f lows as s u p e r f i c i a l  

ru n o f f  or as groundwater may e x e r t  a profound e f f e c t  on 

lakew ate r  chem is t ry .  In g e n e ra l ,  l a k e s  are c l a s s i f i e d  as 

open or c losed  systems. Drainage l a k e s ,  such as those 

t h a t  are  dominated by su r face  water in p u t ,  have been 

de f ined  as la k e s  with a t  l e a s t  one i n l e t .  Seepage la k e s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



■o
o
Q .c
g
Q .

■o
CD

(/)(/)

8■D
3 .

C Û

3.
3"
CD

CDTD
O
Q .
C

aO3
"O
o

CD
Û .

"O
CD

C/)
C/)

Co
PPm

2 *

P n c lp ita tlo n  

Bonnia C astl*  Lake 

Asylum  Laka
800.

600.

400
f \

200 .

•  a  a  a

OCT FEBNOV DEC JAN lULAPBMAR MAY JUN

Figure 8. Calcium Concentrations in  P re c ip ita t io n  and the Study Lakes Prom 
October 1983 Through July 1984. ONVJl



66

are  those with e i t h e r  an i n l e t  or o u t l e t ,  or n e i th e r  (Born

and Stephenson 1979). According to  Table 4 (p. 63),  both

Bonnie Fenner ( I 98I )  r ep o r te d  t h a t  seepage l a k e s  range from 

very  s o f t  (hardness  < 60 mg/1) to  very  hard  (hardness > I 80 

mg/1). Most seepage la k e  are presumably dominated by 

groundwater in p u t  (Born e t  a l . ,  1979). The r e l a t i v e l y  

h igh  hardness  c o n c e n t r a t io n  i n  Asylum Lake (224 mg/1) may 

be caused by the  h a rdness  c o n c e n t r a t io n  from the ground

water as well as  the  dominance of é v a p o t r a n s p i r a t io n  or the 

lack  of f l u s h i n g  of la k ew a te r .  R e su l t s  of r e se a rch  in  

Asylum Lake were r e l a t e d  to  the recharge  l o c a t i o n  of the 

groundwater in f lo w ,  suppor t  such a co n c lu s io n .

In a s o f t  water  seepage lake  such as  Bonnie Cas t le

(hardness  = 56 mg/1) ,  t h a t  i s  no t  dominated by ground

water ,  p r e c i p i t a t i o n  and non-channel ized  runoff  may be 

re sp o n s ib le  f o r  n e a r l y  a l l  the water in p u t  (Fenner, 198I ) .  

Therefore ,  the d i l u t i n g  e f f e c t  of p r e c i p i t a t i o n  coupled 

with the absence of any c o n t r ib u t io n  from hardwater  

sources such as groundwater ,  may be im por tan t  i n  the water 

chemistry  of Bonnie Cas t le  Lake.

On the c o n t r a r y .  Asylum Lake does no t  rece iv e  a sub

s t a n t i a l  p o r t io n  of i t s  t o t a l  in p u t  as d i r e c t  p r e c i p i t a 

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

of the  water budget of Asylum Lake.

3 . Groundwater— one of the f a c t o r s  t h a t  c o n t r o l s  the 

na tu re  and degree of  communication between a lake  and the
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groundwater* I s  the p o s i t i o n  of the lake  i n  the groundwater 

f low system (Born e t  a l . ,  1979)» I t  was no t  f e a s i b l e ,  in  

the p re se n t  s tudy ,  to  analyze a l l  the f a c t o r s  be l ieved  to  

co n t ro l  every  a s p e c t  of groundwater in te rchange  with a 

l a k e .  So the f a c t o r s  cons idered  inc lude  the groundwater 

e l e v a t io n  r e l a t i v e  to  the lake  e l e v a t i o n  and the p o s i t i o n  

of the lake  i n  the r e g io n a l  groundwater flow system. The 

d i f f e r e n c e  between la k e s  and groundwater (Table 4, p. 63).  

Fenner (1981) r e p o r te d  t h a t  l a k e s  i n  which the su r face  i s  

a t  l e a s t  two m ete rs  above the e s t im a ted  groundwater e l e v a 

t i o n ,  are  s o f t  to  m odera te ly  s o f t  (hardness  < 120 mg/1). 

These la k e s  are  presumably recharged la k e s  t h a t  c o n t r ib u t e  

to  the groundwater system through the e n t i r e  lake  bottom. 

In  c o n t r a s t ,  la k es  i n  which the  e l e v a t io n  i s  a t  l e a s t  .5 

m eters  beneath the approximate groundwater ta b le  are  a l l  

hard  (hardness > 180 mg/1) .  Fenner i n d ic a t e d  t h a t  these  

hardwater la k e s  can be d ischarge  l a k e s  by rece iv in g  

groundwater through the  e n t i r e  lake  bottom and t h e i r  h igh  

hardness  c o n c e n t r a t io n a re  caused by groundwater in p u t .

I t  appears from the  r e s u l t s  of the  F en n e r 's  s tudy ,  

and the d a ta  p re sen ted  i n  Table 4 (p. 63) t h a t  Bonnie 

Cast le  Lake f a l l s  i n t o  the former ca teg o ry ,  s ince  the d i f 

fe rence  between lak e  and ground water e l e v a t i o n  equa ls  

+3 . 7 » and hardness  eq u a ls  56 mg/1. Therefore  i t  could be 

a recharge l a k e .  However, Asylum Lake f i t s  i n  the l a t t e r
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ca tegory  s ince  the d i f f e r e n c e  between e l e v a t i o n  of the 

lake  and groundwater was - .6 0  m and the hardness  was 224 

mg/1. Therefore i t  appears  to  be a d ischa rge  l a k e .

According to  Born e t  a l .  (1979)> sp r in g  runo ff  can 

r a i s e  lake  l e v e l s  before  th e re  i s  an a p p rec iab le  r i s e  i n  

the water ta b le  l e v e l  and can r e s u l t  i n  a groundwater r e 

charge .  This causes a r ed u c t io n  i n  hardness  and conse

quen t ly  the c o n c e n t r a t io n s  of calcium and potassium de

c re a se .  This p r i n c i p l e  may be r e l a t e d  to  the sharp de

c rease  i n  c a t io n  c o n c e n t r a t io n s  of both calcium and p o ta s 

sium, s p e c i f i c a l l y  i n  Asylum Lake. That lake  has been 

a f f e c t e d  mainly by groundwater q u a l i t y  (P ig s .  8 and 9, pp. 

6 5 , 6 9 ) .  During summer and f a l l ,  é v a p o t r a n s p i r a t i o n  can 

lower lake  l e v e l s  r e l a t i v e  to  the  water t a b le  and r e s u l t  

i n  a t r a n s i t i o n  to  a d ischarge  c o n d i t io n  (Born e t  a l . ,  

1979 ) .  This can c o n t r ib u t e  to  the hardness  of water and 

consequent ly  h ig h e r  c o n c e n t r a t io n s  of calcium and p o ta s 

sium in  the lakew ate r  dur ing  the months of J u ly ,  October, 

and November (P igs .  8 and 9, PP.6 5 , 6 9 ).

Lake Chemistry

The preceding d isc u s s io n  involved the f a c t o r s  of 

groundwater in p u t  and q u a l i t y  t h a t  are  b e l iev e d  to  co n t ro l  

lakew ate r  q u a l i t i e s .  In  o rd e r ,  to  examine the r e l a t i o n 

sh ip  between lake  pH and atmospheric lo a d in g  of a c id ic  

p o l l u t a n t s ,  the c o n c e n t r a t io n s  of major io n  components of
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each lake  were a l s o  determined and the r e s u l t s  are p re 

sented  i n  Table 5 (p« 71)» F igure  10 (p. 72) compares 

monthly v a r i a t i o n s  i n  p r e c i p i t a t i o n  pH and lakew ate r  pH. 

The r e s u l t s  i n d ic a t e d  t h a t  the pH of Asylum Lake ranged 

from 7.0 to 9 .05 ,  w ith  the average pH (average hydrogen 

ion  c o n c en t r a t io n  converted  to  pH) of 7 .67 ,  whereas the pH 

of Bonnie C as t le  Lake v a r ie d  from 5«9 to  7*9 and an ave

rage pH (average hydrogen io n  c o n c e n t r a t io n  converted  to  

pH) of 6 .9 '  This i n d i c a t e s  t h a t  the a c i d i t y  of p r e c i p i t a 

t i o n  (average pH = 4.67) i s  800-1000 time g r e a t e r  than  the 

water of Asylum Lake and 200-300 times more a c id ic  than 

t h a t  of Bonnie Cast le  Lake.

According to  L as t  e t  a l .  (1980),  i n  the lake  water

shed system i n  which ca rbona tes  are p r e s e n t ,  the hydrogen 

ion  genera ted  by p r e c i p i t a t i o n  w i l l  be consumed with the 

r e l e a s e  of b ica rbona te  and calcium. Or, hydrogen ions  may 

be exchanged fo r  v a r io u s  metal  c a t io n s  i n  s o i l s .  F in a l l y  

they may r e a c t  with m in e ra l s ,  r e l e a s i n g  metal  c a t i o n s .  

Therefo re ,  the above p rocess  may account f o r  the obse r 

v a t io n  t h a t  lakew ate rs  were l e s s  a c id ic  than  the p r e c i p i 

t a t i o n  t h a t  they re c e iv e d .

The d i s t i n g u i s h i n g  f e a t u r e  of r a i n f a l l  i n  the  la k e s  

being s tu d ied  i s  t h e i r  p o ssess ion  of e l e v a te d  calcium con

c e n t r a t i o n s ,  such c o n c e n t r a t io n s  presumably being respon

s ib l e  f o r  the high a c i d i t y .  As shown i n  F igure  8 (p. 65) ,  

calcium i s  p re sen t  i n  s i g n i f i c a n t l y  h ighe r  co n c e n t r a t io n s
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Table 5

Major Ion Components of P r e c i p i t a t i o n ,  Asylum, and Bonnie 
C as t le  Lakes Prom October 1983 Through J u ly  1984

Ions ga Oct.
83

Nov.
83

Dec.
83

Jan.
84

Feb.
84

Mar.
84 Y 4 -

June
84

1 106.0 210.0 27.6 231.0 251.0 249.0 395.0 512.0 103.0 6.31

11 3 .10 3 .19 1.59 1.24 4.94 2.62 1.82 0 .7 5 0 .2 2 0 .40

111 0 .59 0 .74 0 .50 0 .66 0 .60 0.50 0 .40 0 .38 0 .0 5 0.01

1 1.44 1.24 1.49 2.60 1.75 1.56 1.52 1.18 1.05 1.20

NO,-' 11 0.93 0 .68 0 .5 5 0 .6 5 1.00 0 .43 0 .5 5 0 .5 3 0.51 0 .80

111 0.69 0 .49 0 .65 1.45 0 .55 0 .49 0 .40 0 .50 0 .5 2 0.60

1 5.10 2.08 3 .75 3.50 4.75 4.50 3 .29 3 .10 2.25 2.00

SO4 - 2 ■ 11 3 .83 2.95 3.50 2.00 2.50 4.75 0 .7 5 1.00 0 .0 2.00

111 15.50 14.10 17.50 18.50 11.00 12.00 13.00 11.50 12.50 12.00

1 1.12 0 .8 4 0 .73 1.95 1.29 0 .8 4 1.16 0 .93 1.12 1.50

NH4+ 11 0 .22 0 .18 0 .1 9 0 .20 0 .3 2 0 .17 0 .2 4 0 .1 4 0 .26 0 .2 5

111 0 .24 0 .3 2 0.70 0 .35 0.63 0.23 0 .1 8 0 .16 0 .1 2 0 .19

1 5.25 8 .20 5.96 4.70 8 .27 7.80 5.21 4 .74 4.90 5.10

K+ 11 7.81 15.02 17.27 14.75 15.81 14.85 15.74 9.12 5.93 4.43

111 39.61 38.85 52.79 48.11 50.53 30.83 31.30 20.78 22.19 24.99

1 7.36 8 .29 8 .3 4 16.26 29.45 33.67 18.13 14.47 12.15 10.54
Ca+2 11 118.3 175.5 186.4 135.9 130.9 99.89 131.6 60.63 89.55 57 .44

111 538.7 665.1 768.2 577.4 642.8 246.9 309.7 303.0 234.0 300.0

I: P r e c ip i ta t io n  
11: Bonnie C astle  

111: Asylum

^Concentrations expressed  as 1 x 10“  ̂ M.

^Following con cen tra tion s  are expressed as parts  per m i l l i o n  
u n le s s  otherw ise s ta te d .
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in  Asylum Lake than  In  Bonnie C as tle  Lake. The h igher  

c o n c e n tra t io n  may be an in d ic a t io n  of th e  groundwater flow 

c h a r a c t e r i s t i c s  around Asylum Lake. Although in  both 

l a k e s ,  t e r r e s t r i a l  p rocesses  m ediate the  lakew ate r  a c id i 

f i c a t i o n  p ro cess ,  ca rbona te  i s  the a s s o c ia te d  f a c t o r  in  

Asylum Lake and i s  d ep o s ited  i n  s u f f i c i e n t  q u a n t i t i e s  to  

account f o r  the  pH d if fe re n c e  between the la k e s .  In con

t r a s t  to  Asylum Lake, Bonnie C a s t le ,  with l e s s  b a s i c i t y  

throughout the y e a r ,  (pH v a lu es  are  0 .4  to  2.2 u n i t s  lower 

than  those of Asylum Lake sam ples), had c o n c e n tra t io n s  of 

calcium r e l a t i v e l y  s im i la r  to  those in  p r e c i p i t a t i o n .  

S im ila r  r e s u l t s  were noted by Beamish (1976) who found 

th a t  a l e s s  a c id ic  lak e  had a base c a t io n  c o n c e n tra t io n  

(Ca^+, K'*’, Mg2+, and Na+), with calcium c o n c en tra t io n s  

double the v a lu es  of the n e a r ly  a c id ic  l a k e s .  Both sea

sonal q u a n t i ty  and q u a l i ty  of p r e c i p i t a t i o n  a re  a ls o  impor

t a n t  with r e s p e c t  to  lakew ate r  pH. With hydrogen io n  de

p o s i te d  on snow, the a c i d i t y  of the  p r e c i p i t a t i o n  in c r e a s 

ed . Due to  ra p id  f lu s h in g  of accumulated ac id  during  snow 

m e lt ,  the a c i d i t y  of lak ew ate rs  w i l l  in c re a se  (Beamish, 

197 6 ) .  A s im ila r  t re n d  was found f o r  the study la k e s .  As 

shown in  F igure 10 (p . 72), the pH f lu c tu a t io n  fo r  the 

f i r s t  th re e  months of study (October-December) ranged from

7 .0 5  -  7*35 fo r  Asylum Lake and between 7.2 and 6.8 fo r  

Bonnie C as tle  Lake. A w in te r  r i s e  to  7 .5  f o r  Asylum and

7 .0 5  fo r  Bonnie C astle  Lake was fo llow ed with a drop in
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the e a r ly  s p r in g ,  a lthough  g r e a te r  f o r  Bonnie C as tle  Lake 

th a t  i s  more a f f e c t e d  by p r e c i p i t a t i o n .  F in a l ly  th e re  i s  

a sharp  in c re a s e  i n  a l k a l i n i t y  du ring  the  dry period  (May- 

Ju ly )  to  9*05 fo r  Asylum Lake and 7»9 fo r  Bonnie C astle  

Lake.

I t  i s  im p o rtan t to  co n s id e r  the d e p o s i t io n s  of chem

i c a l  sp e c ie s  t h a t  o r i g i n a l l y  caused the a c id i t y  ( s u l f a t e  

and n i t r a t e )  and t h e i r  p o ss ib le  r e l a t io n s h i p s  to  the a c id -  

i d i t y  of the s tudy la k e s .

F igure  11 ( p . 75) shows the  monthly tre n d s  f o r  s u l f a t e  

and n i t r a t e  c o n c e n tra t io n s  f o r  both la k e s  during  the p e r

iod  of t h i s  s tu d y . S u lfa te  i s  p re se n t  i n  s i g n i f i c a n t ly  

h ig h e r  c o n c e n tra t io n s  in  Asylum Lake (10-21 mg/1) than  in  

Bonnie C astle  Lake (0-7*5 m g/1). This can be an in d ic a 

t io n  of groundwater flow  with i t s  h igh c o n c e n tra t io n  of 

s u l f a t e  around Asylum Lake. A com parision of s u l f a t e  con

c e n t r a t io n s  in  Bonnie C as tle  Lake w ith those of p r e c i p i t a 

t i o n  shows a s im i la r  monthly t re n d  w ith a c o r r e la t io n  co

e f f i c i e n t  of 0 . 7 2 . This may in d ic a te  th a t  p r e c i p i t a t i o n  

has a f f e c te d  the  a c i d i t y  of t h i s  lake  and th a t  p a r t  of the 

s u l f a t e  t h a t  e n te re d  the  lalce was caused by p r e c i p i t a t i o n .  

Since Asylum Lake does not re c e iv e  a s u b s t a n t i a l  p o r t io n  

of the t o t a l  w ater in p u t  as d i r e c t  p r e c i p i t a t i o n ,  s u l f a t e  

c o n c e n tra t io n s  i n  the  la k e  were no t r e l a t e d  to  t h a t  of the 

r a in .

A com parision  of pH va lues  (Figure 10, p. 72) of the
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la k e s  with t h e i r  s u l f a t e  c o n c e n tra t io n s  (P ig . 11, p. 75) 

shows th a t  the h ig h e r  s u l f a t e  c o n c e n tra t io n s  were r e l a t e d  

to  h igh  a c i d i t y .  The h ig h e s t  v a lu es  of s u l f a t e  were found 

during  the  w in te r  p e r io d  fo r  both la k e s  with a sharp drop 

in  e a r ly  sp r in g .  The c o n c e n tra t io n s  remained lower f o r  

the remainder of the  s tudy p e r io d ,  t h a t  encompassed dry 

p e r io d s .  The low es t a c id i t y  v a lu e s ,  however, were assoc

i a t e d  with lower s u l f a t e  du ring  the dry p e r io d s .

As shown in  P ig s .  10 ( p . 71) and 11 ( p . 75), 

c o n c e n tra t io n s  of n i t r a t e  a re  no t a f f e c te d  by the  pH 

f lu c tu a t io n s  in  the lak ew ate rs  as much as are  those  of 

s u l f a t e .  Galloway e t  a l .  (1983) a ls o  re p o r te d  th a t  s u l 

f a t e  i s  more im p o rtan t than  n i t r a t e  in  prompting long term 

a c i d i f i c a t i o n  of a q u a t ic  system s.

R e su lts  of o th e r  re se a rch  s tu d ie s  a l s o  show th a t  s u l 

f a t e  c o n c e n tra t io n s  a re  h igh  i n  many a c id i f i e d  la k e s  

(Gorham and Gordon, I960; Beamish and Van Loon, 1977). 

According to  Galloway e t  a l .  (1983), an i n i t i a l  in c re a se  

in  s u l f a t e  (or hydrogen ion )  c o n c e n tra t io n s  may r e s u l t  i n  

p ro p o r t io n a l ly  la rg e  in c re a s e s  in  base c a t io n  co n cen tra 

t io n s  (CaCOg + H+ = Ca2+ + HCO^” ) as compared with decreases  

in  a l k a l i n i t y  in  the  a q u a tic  system. This con tinues  u n t i l  

the r e s e rv o i r s  of base c a t io n s  a re  d e p le te d .  Then, the 

c o n c e n tra t io n  of s u l f a t e  (or hydrogen io n )  in c re a s e s  more 

r a p id ly  with a co n cu rren t decrease  in  a l k a l i n i t y .

P igures  8 and 9 (pp. 65» 69) show th a t  the
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c o n c e n tra tp a t lo n s  of both of th ese  c a t io n s  (K+ and Ca2+) 

are much h ig h e r  i n  Asylum Lake where the s u l f a t e  concen

t r a t i o n  i s  a l s o  h ig h e r  than  in  Bonnie C astle  Lake. The 

monthly f l u c t u a t i o n  of both c a t io n s  are  s im ila r  to  those 

of the  s u l f a t e  c o n c e n tr a t io n s  i n  Asylum Lake. The gradual 

in c re a se  from f a l l  through w in te r  i n  c o n c e n tra t io n s  of 

calcium , po tassium , and s u l f a t e  was fo llow ed by a sharp 

decrease  in  the m iddle of March, and the c o n c e n tra t io n s  

remained lower f o r  the  r e s t  of the  s tudy  p e r io d .  The 

c o r r e l a t io n  c o e f f i c i e n t s  between the s u l f a t e  co n cen tra 

t io n s  and calcium  and potassium  were found to  be .75  and 

.70  r e s p e c t iv e ly .  T h ere fo re , i t  may be assumed th a t  

in c re ase d  s u l f a t e  or hydrogen io n  c o n c e n tra t io n  i s  r e la te d  

to  an in c re a se  in  base c a t io n  c o n c e n tra t io n  in  Asylum Lake 

w ithout d ec re as in g  the  l a k e 's  a l k a l i n i t y .

The s i m i l a r i t y  between base c a t io n s  (Ca2+, K+) and 

s u l f a t e  c o n c e n tra t io n s  was l e s s  ap p a ren t i n  Bonnie C astle  

Lalce. The f ig u r e s  in d ic a t e  t h a t  the above c o n c e n tra t io n s  

of io n s  in  Bonnie C a s tle  Lake and t h e i r  c o n c e n tra t io n s  in  

p r e c i p i t a t i o n  were r e l a t e d .  This may in d ic a te  th a t  the 

h ig h e r  c o n c e n tra t io n s  of 80^2-^ Ca2+, and K'*’ in  Bonnie 

C as tle  Lake a re  r e l a t e d  to  those  of the p r e c i p i t a t i o n .

The magnitude of the  changes in  base c a t io n s ,  how

e v e r ,  depends on the  c h a r a c t e r i s t i c s  of the aq u a tic  system. 

The v a r i e ty  of p o t e n t i a l  sources  of b u f fe r in g ,  water flow 

p a t t e r n s ,  r a t e  of a c id  d e p o s i t io n  and, f i n a l l y  f lu s h in g .
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a l l  tend to  make each lak e  system un ique . P r e c ip i t a t i o n ,  

however, d e l iv e r s  from l% -35%  of each l a k e ’s annual n i t r o 

gen in p u t .  Lakes w ith  g r e a te r  su rface  a re a ,  not n ecessa 

r i l y  deeper, re c e iv e  a g r e a te r  percen tage  of t h e i r  io n s  

through r a i n f a l l  owing to  t h e i r  l a r g e r  su rface  a reas  

(Messer, 1978 ) .

P igu res  11 (p . 7 5 ) and 12 (p . 79) show the seasona l 

p a t te rn s  of n i t r a t e  and ammonium io n  f o r  each la k e .  These 

param eters  e x h ib i te d  s im ila r  t r e n d s ,  each having h ig h e r  

c o n c e n tra t io n s  in  w in te r  and a t  the beginning of sp r in g ,  

and lower c o n c e n tra t io n s  du ring  dry p e r io d s .

Ammonia i s  d e r iv e d  m ainly from b io lo g ic a l  a c t i v i t y  in  

s o i l  and w ate r . The io n iz a t io n  e q u i l ib r iu m  f o r  NHg -> 

a t  the la k e s  depends on the pH and i s  imcomplete a t  s l i g h t 

ly  a lk a l in e  pH’ s .  Lakes t h a t  are  b u ffe re d  (pH = 8) have 

NH%+ c o n c e n tra t io n  ranges of .10 -  .40 mg/1 (Messer,

197 8 ) .  Lakes w ith  the lower a l k a l i n i t y  e x h ib i t  lower NH%+ 

( . 0 7  mg/1) c o n c e n t r a t io n .  The c o n c e n tra t io n s  of ammonium 

io n s  fo r  Asylum Lake as  b u f fe re d ,  ranged between .10 and .9  

mg/1 whereas Bonnie C a s t le ,  with i t s  lower b u f fe r in g  cap

a c i ty ,  e x h ib i te d  low er c o n c e n tra t io n s  of NH^+.

The r e s u l t s  of t h i s  s tudy , th e re fo r e  are  in  genera l 

agreement with the  d a ta  p re v io u s ly  re p o r te d  by Messer ( 1978 ) .

The p reced ing  d is c u s s io n s  of p r e c i p i t a t i o n  chem istry  

involve the r e l a t i v e  im portance of p r e c i p i t a t i o n  as a 

source of a v a i la b le  phosphorus to  the l a k e s .  According to
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D illo n  e t  a l .  (1979) the phosphorus su p p lied  by p r e c ip i 

t a t i o n  to  many o l ig o t ro p h ia  la k e s  i s  a v i t a l  f a c to r  in  

determ in ing  t h e i r  t ro p h ic  s t a t u s .  A s ig n i f i c a n t  p o r t io n  

of the  t o t a l  phosphorus in  p r e c i p i t a t i o n  samples was 

a v a i la b le  im m ediately  f o r  uptake by the phytoplankton and 

b a c t e r i a l  p o p u la t io n  of the  la k e s .  F igure  13 (p. 81) shows 

t h a t  the h ig h e s t  d e p o s i t io n  occurs d u ring  sp r in g  and sum

mer fo r  p r e c i p i t a t i o n ,  whereas the l e a s t  d e p o s i t io n  ocur-  

red in  the w in te r  months. Even though both la k e s  show 

seasonal v a r i a t i o n s  f o r  the phosphate c o n c e n tra t io n ,  they 

had high c o n c e n tra t io n s  during  w in te r  ( .20  mg/1 f o r  Asylum 

Lalce, .09 mg/1 fo r  Bonnie C astle  Lake). A sharp  decrease 

occurred  du ring  summer ( .06  mg/1 f o r  Asylum Lake, .02 mg/1 

f o r  Bonnie C astle  Lake). The lower v a lu es  of phosphate 

during  the summer p e r io d s  r e f l e c t  the l a r g e r  and more a c t 

ive  phytop lank ton  biomass in  both l a k e s .  Reduction in  the 

phytoplankton and b a c t e r i a l  p o p u la tio n s  of the la k e s  dur

in g  w in ter should be re sp o n s ib le  f o r  the  h ig h e r  v a lu es  fo r  

phosphate in  la k e s .

The mean c o n c e n tra t io n s  of phosphate , however, fo r  

Asylum Lake were h ig h e r  than f o r  Bonnie C a s t le .  The run

o ff  du ring  w in te r  may produce h ig h e r  c o n c e n tra t io n s  of 

phosphate i n  Asylum Lake. According to  H ildb rand t and 

Wood ( 1982) ,  the  sou rces  of water fo r  Asylum Lalce th a t  

were examined would seem to  be capable of causing  a h ig h ly  

eu tro p h ic  c o n d i t io n .  Thus, the  sources of p o l lu t io n  are
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Im portan t f a c t o r s  f o r  the f u tu r e  of Asylum Lake. In c re a s 

ed c u l tu r a l  e u t ro p h ic a t io n  seems to  be the  major problem 

and i t  could g r e a t ly  reduce the q u a l i ty  of t h i s  la k e .

D issolved M etals in  Water

Many s tu d ie s  have shown th a t  m etal c o n c e n tra t io n s  in  a 

lake  w il l  be a l t e r e d  g r e a t ly  du ring  the a c i d i f i c a t i o n  pro

cess  (Beamish, 1976; O verre in  e t  a l . ,  I 98O; Jackson e t  

a l . ,  1980 ) .  C oncen tra tions  of m eta ls  in  f re sh w a te r  may be 

in c re a se d  d i r e c t l y  through d e p o s i t io n  (Beamish and Van 

Loon, 1977 ) or i n d i r e c t l y  through m o b i l iz a t io n  of m etals  

from the sediments as a r e s u l t  of a c i d i f i c a t i o n  (Wright and 

G lie s s in g ,  1976).

In  o rder to  i d e n t i f y  the  major e f f e c t s  of a c i d i f i c a 

t io n  on the study la k e s ,  m etal c o n c e n tra t io n s  in  the p re 

c i p i t a t i o n  and lak ew ate r  sed im ents , and the v e g e ta t io n  in  

the  la k e s ,  were i n v e s t ig a te d .

A com bination of a n a ly se s ,  (AA and PIXE procedures) 

were used on s e le c te d  elem ents of the sam ples. D e ta i ls  of 

these  methods were re p o r te d  i n  a p rev ious  c h a p te r .  FIXE 

va lu es  f o r  m etal c o n c e n tra t io n s  were g e n e ra l ly  h ig h er  than 

those ob ta ined  by the  AA method. This would be expected 

s ince  the PIXE p rocess  i s  s e n s i t iv e  to  a l l  forms of the 

s p e c i f ic  atoms whereas the AA method i s  n o t .  The m ajor

i t y  of the  samples, however, d id  n o t show a d e te c ta b le  

le v e l  of m etal c o n c e n tra t io n s  when u s in g  the l e s s  s e n s i t iv e
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t r a d i t i o n a l  AA p ro ced u re . Thus, the d a ta  f o r  the m eta ls

under c o n s id e ra t io n  w i l l  be those  ob ta ined  u s in g  PIXE.

The sample showed t h i r t e e n  elem ents when using  t h i s  

method.

The c o n c e n tra t io n s  of th e se  chem icals a re  p resen ted  

In  Tables 6-8 (pp. 8 4 -8 6 ).  Appendices D, E, and P give 

the weekly c o n c e n tr a t io n  of m e ta ls  d e te c te d  by FIXE In  

p r e c i p i t a t i o n ,  Bonnie C a s t le ,  and Asylum la k e w a te rs ,  r e 

s p e c t iv e ly .  The d a ta  In d ic a te d  t h a t  a c id ic  p r e c i p i t a t i o n  

In  the study a re a  I s  a s s o c ia te d  w ith  the  d e p o s i t io n  of 

heavy m e ta ls ,  r e s u l t i n g  In  the  e l e v a t io n  of t h e i r  concen

t r a t i o n  In  both la lces . Since many of the heavy m eta ls  are  

components of f o s s i l  f u e l s  and m etal o re s ,  t h e i r  occur

rences In  the s tudy a re a  may be l in k e d  d e fe n s lb ly  with 

human a c t i v i t i e s  and f o s s i l  f u e l  combustion.

The e f f e c t  of p r e c i p i t a t i o n  a c id i t y  on the m etal con

c e n t r a t io n  In  the  la k e s  can be f u r th e r  addressed  by com

paring  the monthly v a r i a t i o n s  of pH w ith  t h e i r  r e la te d  

m etal c o n c e n t r a t io n s .  As expec ted , the decrease  In  m etal 

c o n c e n tra t io n s  f o r  most m e ta ls  was r e l a t e d  to  an In c re a s 

ing  pH.

Heavy M etals (Zn, Fe, Cu, Pb)

As mentioned p re v io u s ly ,  excep t f o r  I ro n ,  p r e c i p i t a 

t io n  showed the h ig h e s t  l e v e l  of c o n c e n tra t io n s  f o r  heavy 

m e ta ls ,  and the s tudy  la k e s  had comparable amounts of each
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Table 6

Monthly Mean C oncen tra tions  of M etals D etected by
PIXE in  P r e c ip i t a t i o n

Metal
(rag/L)

Oct.
83

Nov.
83

Dec.
83

Jan.
84

Feb.
84

Mar.
84 T « -

May
84

June
84

Ju ly
84

K 5.25 8 .20 5.96 4.70 8 .27 7.80 5.21 4 .74 4.90 5.10

Ca 7.36 8 .2 9 8 .3 4 16.26 29.45 33.67 18.13 14.47 12.15 10.54

Mn .009 .007 .011 .028 .034 .024 .013 .026 .019 .012

Fe .067 .047 .062 .098 .129 .043 .040 .031 .036 .038

Cu .010 .006 .009 .025 .035 .032 .016 .013 .012 .010

Zn .025 .018 .031 .077 .100 .077 .060 .032 .029 .026

Pb .010 .012 .014 .017 .019 .007 .012 .008 .007 .006

Br .006 .005 .007 .012 .014 .009 .008 .007 .008 .007

Sr .005 .007 .007 .006 .008 .007 .007 .005 .006 .005
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Table 7

Monthly Mean C o n cen tra tio n s  of M etals D etected by
PIXE in  Bonnie C as tle  Lakewater, Sediment, and

V ege ta tion

Metal S* 
(mg/L)

Oct.
83

Nov.
83

Dec.
83

Jan.
84

Feb.
84

Mar.
84

May
84

June
84

I
K II  

I I I

7.81  
1.64
6.82

15.02
1.83

11.63

17.27
1.88

10.29

14.75
1.58
9 .85

15.81
1.66
9.41

14.85
1 .52
8 .20

15.74
2.70

12.01

9 .12
3 .7 5

19.08

5.93
3 .52

19.40

4.43
3.91

12.00

I
Ca I I  

I I I

118.3
13.16
15.42

175.5
16.22
21.03

186.4
17.61
14.23

135.9
14.26
12.52

130.9  
10 91 
10.10

99.89
1.74
9 .37

131.6
5 .96
9 .80

60.63
3 .85
7 .74

89.55
4 .84
8.31

57.44
7 .62
9.30

I
Mn II  

I I I

.026

.329

.922

.038

.389

.994

.029

.295

.610

.040

.260

.750

.031

.225

.690

.009

.036

.600

.011
.110
.580

.014

.130
1.23

.025

.109
1.44

.022

.040
1.12

I
Fe I I  

I I I

.080
5.41
3.03

.076
6 .1 5
2.15

.120
4 .85
2.44

.176
4 .38
2.98

.188
4 .10
3 .30

.215
3.40
2.95

.192
4.90
1 .44

.171
5.76
3 .18

.120
6 .1 4
2.02

.099
7 .04
1.90

I
Cu I I  

I I I

.007

.007

.007

.003

.009

.005

.005

.010

.006

.014

.009

.009

.009

.012

.007

.010

.008

.008

.007

.009

.004

.006

.007

.005

.005

.009

.007

.006

.011

.008

I
Zn II  

I I I

.014

.070

.057

.012

.086

.064

.015

.087

.076

.041

.065

.098
.030
.085
.082

.020

.076

.100

.026

.071

.087

.023

.058

.053

.022

.086

.088

.017

.120

.100

I
Pb II  

I I I

.003

.039

.006

.004

.069

.014

.003

.085

.023

.005

.069

.025

.007

.052

.026

.006

.042

.028

.016

.041

.044

.018

.034

.076

.013

.058

.042

.010

.082

.026

I
Br I I  

I I I

.009

.047

.016

.010

.041

.017

.011

.025

.025

.008

.035

.023

.009

.038

.024

.010

.012

.025

.011

.030

.017

.010

.026

.019

.015

.020

.016

.016

.026

.019

I
Sr I I  

I I I

.017

.028

.045

.029

.038

.031

.031

.034

.029

.020

.048

.035

.013

.052

.036

.010

.073

.038

.011

.084

.022

.008

.098

.019

.012

.087

.029

.013

.083

.033

Water 
I I ;  Sediment 

I I I :  V egetation
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Table 8 '

Monthly Mean C o n cen tra tio n s  of M etals D etected by
PIXE in  Asylum Lakewater, Sediment, and

V ege ta tion

Metal S* 
(mg/L)

Oct.
83

Nov.
83

Dec.
83

Jan.
84

Feb.
84

Mar.
84

May
84

June
84

K
I

I I
I I I

39.61
4.01
9.11

38.85
4.39

12.64

52.79
6.20

14.07

48.11
2.20
9 .30

50.53
2.30
9 .89

30.83
1.00
7 .12

31.30
2.84
9 .26

20.78
3 .23
9.38

22.19
2.28

11.30

24.94
2.23

12.60

Ca
I

I I
I I I

538.7
115.2
101.6

665.1
73.86
49.59

768 ,2
40.90
21.10

577.9
45.35
22.28

642.8
49.80
31.81

246.9
15.20
24.04 34 .09

303.0
24.42
46.64

47^15
32.22

300.0
54.48
29.36

Mn
I

II
I I I

.043

.263
1.98

.071

.202
3 .04

.061

.095
2 .42

.067

.087
2.85

.029

.069
2.17

.023

.025
1.04

.026
.145
1.73

.024

.167
1.88

.022

.195
1.52

.031

.210
1.20

Fe
I

II
I I I

.059
6.55
.980

.035
11.01

2.46

.045
9 .70
2.36

.082
8 .55
3 .28

.100
6 .55
3 .82

.155
3 .20
5 .34

.127
8 .2 4
2 .52

.079
13.48

2.56

.053
9 .59
1.13

.044
7.96
.560

Cu
I

II
I I I

.001

.008

.008

.001

.013

.003

.001

.012

.007

.015

.010

.010
.014
.011
.009

.012

.005

.008

.007

.007
.007

.006

.014

.006

.008

.011

.006

.009

.009

.008

Zn
I

II
I I I

.009

.075

.048
.009
.170
.066

.012

.100

.081
.028.120
.092

.032

.250

.102
.023
.060
.183

.025

.140

.085

.015

.280

.068

.018

.150

.039
.015
.140
.035

Pb
I

II
I I I

.001

.140

.059

.002

.530

.076

.004

.267

.119

.006

.560

.152

.012

.860

.218

.008

.590

.252

.013

.770

.036

.011

.760

.035

.010

.105

.025

.009

.120

.030

Br
I

II
I I I

.062

.049

.033

.055

.045

.036

.065

.022

.028

.050

.030

.024

.060

.042

.030

.068

.021

.042

.077

.032

.028

.070

.040

.022
.075
.045
.030

.081

.061

.024

Sr
I

II
I I I

.144

.182

.073

.153

.124

.065

.169

.140

.050

.121

.110

.045

.073

.090

.035

.082

.075

.040

.108

.109

.060

.113

.128

.073

.075

.109

.075

.076

.104

.080

®I: Water 
I I  ; Sediment 

I I I ;  V egetation
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element (Pig 14 ,15 ,16 ,17  PP» 88-91)• According to  f ig u r e s  

11 and 12, zinc and i r o n ,  with the h ig h e s t  c o n c e n tra t io n s  

(Zn = 0.135 ppm; Pe = 0.140 ppm), were cons idered  to  be the 

major e lem ents p re se n t  i n  the m etal f a l l o u t .  Zinc concen

t r a t i o n s  f o r  both la k e s  were about average (0 .005-0 .05  ppm) 

when compared with an average c o n c e n tra t io n  of 0 .049 th a t  

was ob ta ined  by Beamish (1976) f o r  over 1500 samples from 

w aters  w ith in  the U nited  S ta t e s .  There a r e ,  however, 

s tro n g  p o s i t iv e  c o r r e l a t io n s  between z inc  c o n c e n tra t io n s  

in  p r e c i p i t a t i o n  and those  in  the  la k e s  (^.Asylum “ «70, 

ZBonnie C astle  “ *79)* Although the  c o n c e n tra t io n s  of 

i r o n  in  p r e c i p i t a t i o n  were s im ila r  to  those  of z in c ,  the 

maximal v a lu es  f o r  t h i s  metal were found in  Bonnie C astle  

Lake (0.40 ppm). A high  p o s i t iv e  c o r r e l a t i o n  e x is te d  

between z inc  and i r o n  in  p r e c i p i t a t i o n  (£ = 0 .7 2 ) .

In g e n e ra l ,  the monthly v a lu es  of heavy m e ta ls  ex

h ib i t e d  the  h ig h e s t  c o n c e n tra t io n s  f o r  a l l  samples during  

w in te r  and a f t e r  snowmelt. I t  i s  im p o rtan t to  co n s id e r  

t h a t  the e le v a te d  c o n c e n tra t io n s  of heavy m eta ls  and p e r 

haps o th e r  substances may occur because of in c re ase d  

w eathering  and s o lu b i l t y  due to  a c i d i f i c a t i o n  of s o i l s  and 

la k e s  (Hall e t  a l . ,  I 98O). T herefo re , h ig h e r  v a lu es  of 

m e ta ls  when the  pH i s  low er, may be r e l a t e d  to  the  above 

phenomenon. The average c o n c e n tra t io n s  of le a d  in  p r e c i 

p i t a t i o n ,  however, were lower than  those  of i r o n  and zinc 

(P ig . 16 , p. 90 ) .  According to  Galloway e t  a l . ,  1983, the
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c o n c e n tra t io n  of le a d  in  p r e c i p i t a t i o n  i s  g e n e ra l ly  l e s s  

than  those  of z inc  and i r o n .  There a r e ,  however, s im ila r  

monthly t r e n d s ,  w ith l e s s  v a r i a b i l i t y  than  those of o ther  

m e ta ls ,  fo r  i r o n  and le a d  i n  p r e c i p i t a t i o n .  A high 

p o s i t iv e  c o r r e l a t i o n  a l s o  e x i s te d  between le ad  and i r o n  

(£  = . 9 0 ) i n  p r e c i p i t a t i o n .

The d i s t r i b u t i o n  of copper in  lak ew ate rs  showed 

e le v a te d  l e v e l s  th a t  corresponded w ith the copper concen

t r a t i o n s  in  p r e c i p i t a t i o n .  The c o n c e n tra t io n s  of t h i s  

m etal in  both la k e s  showed s im ila r  t re n d s  th a t  are  a lso  

c o n s i s te n t  with the  p a t t e r n  of i t s  d e p o s i t io n  by p r e c i p i t a 

t io n  (P ig . 17> p. 9 1 ) '  A high  p o s i t iv e  c o r r e l a t io n  fo r  

copper e x i s te d  between p r e c i p i t a t i o n  and lak ew ate rs

(^Asylum = -86, rgonnie c a s t l e  = '7 8 ) .  There were a ls o  

h igh  c o r r e l a t io n s  between copper and z inc in  p r e c i p i t a t i o n

(r  = .9 5 ) .

I t  has been suggested  th a t  calcium c o n c e n tra t io n  in  

water may a f f e c t  the uptake of some m e ta ls  such as Zn, Sr, 

Mn, and Pe (Moreau e t  a l . ,  1983). But the  d a ta  in  t h i s  

s tudy showed th a t  only the  Mn c o n c e n tra t io n  was h ig h ly  

c o r r e la te d  w ith  t h a t  of Ca, s p e c i f i c a l l y  in  Asylum Lake 

(ir = .8 2 ) .  As shown in  P ig . 18, p. 93, Mn c o n c e n tra t io n s  

appeared to  be s l i g h t l y  h ig h e r  in  la k e s  than in  p r e c i p i 

t a t i o n  samples. This may be expected  s ince  Mn i s  u s u a l ly  

a s s o c ia te d  with la rg e  p a r t i c l e s  t h a t  have a h igh  deposi

t io n  v e lo c i ty  and consequen tly  a low re s id en ce  time in  the
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atmosphere (E lse n re ic h  e t  a l . ,  I 98I ) .  Mn showed h igher  

c o n c e n tra t io n s  d u ring  dry p e r io d s  and a decrease in  

w in te r .  This could  be expected  s in ce  the re su sp en s io n  of 

s o i l  and d u s t  p a r t i c l e s  i n  the  a i r  c o n t r ib u te d  s i g n i f i 

c a n t ly  to  the c o n c e n tr a t io n  of t h i s  m etal (Moreau e t  a l . ,  

1983 ) .  D issolved Mn c o n c e n tr a t io n s ,  however, depend on 

the redox c o n d i t io n  (o x id a t io n - r e d u c t io n  c o n d it io n )  in  the 

water and thus vary  with depth and p er io d  of the  year 

(Dickson, 1980 ).

M etals i n  Sediments and V egeta tion

The scavenging of m e ta ls  by suspended p a r t i c l e s  and 

bottom sediment i s  n o t unexpected . According to  Jackson 

e t  a l .  ( 1980 ) ,  low ering  the  ambient pH enhanced the accum

u la t io n  of heavy m e ta ls  by suspended p a r t i c l e s .  This 

v a r i a t io n  in  heavy m eta l c o n te n t  of the sediment and 

v e g e ta t io n  i s  caused by in c re a se d  atm ospheric lo a d in g  or 

le a c h in g  of m e ta ls  from s o i l  and sediment by a c id ic  p r e c i 

p i t a t i o n  (Davis, 1979) ' F ig u re s  19-28 (pp. 95-104) showed 

the monthly v a r i a t i o n  of m e ta ls  in  the w ate r, sediment, 

and the v e g e ta t io n  of the  l a k e s .  According to  these  

f ig u r e s ,  the c o n c e n tra t io n s  of a l l  m e ta ls ,  excep t copper 

were h ig h er  in  the sedim ent and /or v e g e ta t io n  than  in  the 

lak ew ate r .  Com petition f o r  copper among aqueous, s o l i d ,  

and organic ( b io lo g ic a l )  phases i s  p a r t i c u l a r l y  s t ro n g ,  

r e f l e c t i n g  the chem ical n a tu re  of copper. Copper has a
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g r e a t e r  a f f i n i t y  f o r  organisms than most heavy m eta ls  

(Bryan, 1971) and o rgan ic  m a t te r  (Rosen and Williams, 

1978) .  Thus, the end r e s u l t  of the process  of 

a d so rp t io n ,  com plexation ,  and b i o lo g i c a l  accumulation 

appear to  be c o n t r o l l e d  by the chem is t ry  of copper.

F igures  21, 22 (pp. 97-98) i l l u s t r a t e  comparable 

co n c en t ra t io n s  of t h i s  m eta l  i n  v e g e t a t i o n ,  sediment, and 

water f o r  both l a k e s .  According to  Bryan (1971),  the 

r e l a t i v e l y  low io n ic  p o t e n t i a l  of copper makes i t  more 

s u sc e p t ib le  to  ion-exchange r e a c t i o n s ,  p a r t i c u l a r l y  with 

c lay  m a te r ia l  t h a t  causes  copper to s e t t l e  a t  a slower 

r a t e .

Chemical s t u d i e s  of sediments r ev ea led  t h a t  a common 

phenomenon was the i n c r e a s e  i n  zinc and le a d  i n  sediment 

as f a r  back as 1850 A.D. The co inc idence  of z inc  and lead  

in c re a s e s  from reg ion  to  reg ion  (and a t  co n s id e rab le  depth 

in  sediments)  and i n  widely  d i f f e r i n g  lake  types (eu troph-  

i c  to  o l i g o t r o p h i c ) su g g es ts  t h a t  z inc and le ad  and o ther  

heavy m eta ls  were be ing  dep o s i ted  by the  atmosphere from 

the p o l lu te d  a i r  masses (Davis ,  197 9 ) .  Thus, d ep o s i t io n  

of heavy m e ta l s ,  s p e c i f i c a l l y  z inc  and l e a d ,  i s  l a r g e l y  

resp o n s ib le  f o r  in c re a s e d  l e v e l s  of these  e lements .

F igures  23,24 (pp. 99-100) showed more monthly 

f l u c t u a t i o n s  f o r  z inc  and le ad  co n ten t  i n  sediments than 

in  v e g e ta t io n  i n  the  Bonnie Cast le  Lalce. There i s ,  how

e v e r ,  a high p o s i t i v e  c o r r e l a t i o n  between zinc and le ad  in
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sediment (£ = .87) and h ig h e r  c o r r e l a t i o n s  between copper 

and zinc (£ = *92 ) ,  and copper and le a d  (r  = .91) f o r  the 

Bonnie Cas t le  sediments .  The c o n c e n t r a t io n s  of z inc and 

lead  fo r  the  s o l i d  phases i n  Asylum Lake (P igs .  25,26, pp. 

101-102) were much h ig h e r  than  those  f o r  Bonnie C a s t le .

The d i f f e r e n c e  was more pronounced f o r  the  le ad  co n ten t  of 

sediment (A s y = .0 4 - . l . 25 ppm and BC = .005-*09 ppm). Tlie 

d a ta  are  to  some e x t e n t  c o n s i s t e n t  with those of H ildebrandt  

and Wood, who s tu d ied  the nonpoint source p o l l u t i o n  a f 

f e c t i n g  Asylum Lake. They suggested t h a t  the storm sewer 

water i n  Asylum Lake had le ad  co n c e n t r a t io n s  rang ing  from 

1 .3 -3 .3  ppm. These l e v e l s  could be a t h r e a t  to  the eco

system s ince le ad  moves through the system in  p a r t i c u l a t e  

form and accumulates i n  the o rganic  p a r t s  of sediment.

Lead could e n t e r  the food cha in  of the lake  through 

organisms t h a t  feed  i n  the sediments and are  r e s i s t a n t  to  

l e a d ' s  t o x i c i t y .

According to  Rosen and Williams (1978) lead  and zinc 

c o n c e n t r a t io n s  i n  the  l a k e s  in c re a se  m onotonica l ly  to  the 

sediment-water  i n t e r f a c e .  This can be i n t e r p r e t e d  to  be a 

r e s u l t  of r e l a t i v e  s o l u b i l i t y  of PbS and ZnS (sediment 

form) under e q u iv a le n t  co n d i t io n .

For la k e s  with  a pH > 5*5» the sediments scavenge 

d is so lv ed  zinc and l e a d .  Sedimentation r a t e s  f o r  l e a d  are  

l e s s  than f o r  z in c ,  but in c re a se  to  l e v e l s  near those  f o r  

z in c .  This can be seen fo r  Bonnie Cast le  Lalce s ince  i t s
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lead  c o n c en t r a t io n  i s  no t  a f f e c t e d  by sewer p o l l u t i o n  as 

i s  Asylum Lake.

The co n c e n t r a t io n s  of i r o n  i n  s o l i d  phases (sediments 

and v e g e ta t io n )  a re  h ig h e r  than  f o r  o th e r  m e ta l s  in  the 

l a k e s  (P igs .  27,28,  pp. 103-104).

I ron  and manganese c o n c e n t r a t io n s  i n  v e g e ta t io n  and 

sediment are  h ig h e r  than  i n  the  aqueous phase,  whereas the 

i r o n  con ten t  of sediment i s  h ig h e r  i n  both l a k e s  (Asylum 

10-18 ppm, Bonnie Cas t le  2 .5 -8 .0  ppm), with the Mn i l l u s 

t r a t i n g  maximum c o n c e n t r a t io n  i n  v e g e ta t io n  ( Asylum = 

.7 -40 .0  ppm, Bonnie Cas t le  = .5 -1 .7  ppm).

The b io lo g i c a l  e f f e c t s  of a l l  e lements  i n  the aq u a t ic  

environment a l so  depend on t h e i r  forms and c o n c e n t r a t io n s .  

The b inding of heavy metal  io n s  by o rg a n ic / in o rg a n ic  com- 

p lex ing  agen ts  may (1) decrease  heavy metal  t o x i c i t y  by 

seq u es te r in g  the m e ta l s  i n  s o lu t i o n ,  (2) in c re a s e  heavy 

metal t o x i c i t y  by c r e a t i n g  dangerous,  b io a v a i l a b le  spec ie s  

and, (3) enchance the  a v a i l a b i l i t y  of m ic ro n u t r i e n t s  by 

s t a b i l i z i n g  them i n  s o l u t i o n  (Jackson e t  a l ,  198O).

The absence of the expected  d i s t r i b u t i o n  p a t t e r n s  

based on a simple a tmospheric  f a l l o u t  model, however, sug

g e s t s  t h a t  o the r  f a c t o r s ,  s p e c i f i c a l l y  i n  Asylum Lake, 

might a l so  play  an im por tan t  r o l e  i n  c o n t r o l l i n g  the en

richment of c e r t a i n  e lem ents  i n  the study l a k e s .

The d a ta  i n  t h i s  ch a p te r  provided an i n i t i a l  under

s tand ing  of the r e l a t i o n s h i p s  between ac id  p r e c i p i t a t i o n
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and lakew ate r  com posi t ion .  I f  the r a t e  of ac id  p r e c i p i t a 

t i o n  changes,  a v a r i e t y  of c o n s t i t u e n t s  i n  both la k e s  w i l l  

respond. In  order  to  determine metal  co n c e n t r a t io n s  i n  

the p r e c i p i t a t i o n  and lakew ate r  samples,  a combination of 

ana lyses  AA and PIXE were used.

Acid p r e c i p i t a t i o n  i n  the s tudy  a r e a ,  however, was 

a s s o c ia te d  with the d e p o s i t io n  of heavy m eta ls  r e s u l t i n g  

in  the e l e v a t io n  of t h e i r  c o n c e n t r a t io n s  i n  lakew ate r ,  

sediment, and v e g e t a t i o n .
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CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS

The purpose of t h i s  study was to  v e r i f y  the e x t e n t  to  

which ac id  p r e c i p i t a t i o n  c o n t r ib u t e s  a c i d i t y  and heavy 

m eta ls  to  a lake  environment.  Asylum and Bonnie Castle  

Lakes, both of which are  lo c a te d  i n  the western p o r t io n  of 

Kalamazoo County, served as the s tudy s i t e s .  The chem istry  

of wet p r e c i p i t a t i o n  ( r a i n  and snow) was a l s o  s tu d ied  a t  a 

s i t e  c lo se  to  both l a k e s .

All  samples were prepared  and analyzed by u s in g  Hach, 

AA, and PIXE methods. Metal c o n c e n t r a t io n s  were 

determined f o r  ra in /snow  w ate r ,  l a k e w a te rs ,  sediment,  and 

v e g e ta t io n  of the l a k e s .  Prom the d a ta  t h a t  were 

c o l l e c t e d ,  the fo l lo w in g  conc lus ions  and recommendations 

were developed:

Conclusions

1. In most of the p r e c i p i t a t i o n  e v e n t s ,  ep isodes  of 

ac id  r a i n  (pH < 5.6) were observed.  The most a c id ic  of 

these  (pH = 3*9) occurred  on a stormy day i n  May 1984.

2. The ac id - fo rm ing  anions i n  p r e c i p i t a t i o n  were 

s u l f a t e  and n i t r a t e .  S u l fu r ic  a c id ,  however, c o n t r ib u te d  

more to  the  t o t a l  d e p o s i t io n  than  d id  n i t r i c  a c id .

3. The peak of a c i d i t y  i n  p r e c i p i t a t i o n  a l s o  occurred

109
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most f r e q u e n t ly  dur ing  the low ammonium io n  co n c e n t r a t io n .  

Therefo re ,  the ammonium io n  could  be a t  l e a s t  p a r t l y  

re sp o n s ib le  f o r  the r e d u c t io n  i n  p r e c i p i t a t i o n  a c i d i t y .

4. The lower a c i d i t y  of the  lakew ate r  may a l so  e x i s t  

because of n e u t r a l i z a t i o n  with  Ga,2+ t h a t  i s  fou r  times 

g r e a t e r  i n  M ichigan 's  r a i n s  than  i n  t h a t  of many o the r  

s t a t e s .

In s tudying  the  a l t e r a t i o n  of lak ew ate rs  because of 

a c id  p r e c i p i t a t i o n ,  the fo l lo w in g  conc lus ions  emerged:

1. Asylum and Bonnie C as t le  Lakes i l l u s t r a t e d  the 

complexity of a c i d - r a i n  e f f e c t s .  The waters  of Bonnie 

Cas t le  remained n e u t r a l  whereas those  of  Asylum were 

a l k a l i n e .

2. The pH le v e l  of Asylum Lake ranged from 7 .0 -9 .0 5 ,  

and the pH le v e l  of Bonnie C a s t le  Lake v a r i e d  from 5.9-7»9* 

This in d ic a te d  t h a t  the  a c i d i t y  of p r e c i p i t a t i o n  was 800- 

1000 times g r e a t e r  than  the  water  of Asylum Lake and 

200-300 times g r e a t e r  than  t h a t  of Bonnie Cast le  Lake.

3. Ca2+ was p re s e n t  i n  s i g n i f i c a n t l y  h ig h e r  concen

t r a t i o n s  i n  Asylum Lake than i n  Bonnie C as t le  Lake. The 

h ighe r  c o n c e n t r a t io n s  of Ca^+ may be an i n d i c a t i o n  of

the groundwater f low c h a r a c t e r i s t i c s  t h a t  surround Asylum 

Lake.

In c o n t r a s t  to  Asylum Lake, Bonnie Cast le  Lake with 

l e s s  b a s i c i t y ,  had c o n c e n t r a t io n s  of Ca^* t h a t  were 

r e l a t i v e l y  s im i la r  to  those i n  the p r e c i p i t a t i o n .
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Therefore ,  the d i l u t i n g  e f f e c t s  of p r e c i p i t a t i o n ,  coupled 

with the absence of  any c o n t r ib u t io n  from hardwater 

sources  such as groundwater,  may be im por tan t  i n  the water 

chemistry  of Bonnie C as t le  Lake. Asylum Lake, i n  c o n t r a s t  

to  Bonnie C as t le  Lake, d id  no t  r e c e iv e  a s u b s t a n t i a l  

p o r t io n  of i t s  t o t a l  in p u t  as d i r e c t  p r e c i p i t a t i o n .

4. The s i g n i f i c a n t l y  h ig h e r  c o n c e n t r a t io n s  of s u l f a t e  

in  Asylum Lalce than  i n  Bonnie C as t le  Lake could be again  

another  i n d i c a t i o n  of groundwater flow with  i t s  h igh  s u l 

f a t e  c o n c en t r a t io n s  around Asylum Lake. S u l fa te  i s ,  how

eve r ,  more im por tan t  than n i t r a t e  in  promoting a c i d i f i c a 

t i o n  of both l a k e s .

5 . Values f o r  metal  c o n c e n t r a t io n s  obta ined  u s ing  the 

PIXE process  were h ig h e r  than  those ob ta ined  by the  AA 

method. This might be expected  s ince  the  FIXE process  i s  

more s e n s i t i v e  to  a l l  forms of the elements under i n v e s t 

i g a t i o n  than  the AA method. Thus the d a ta  used fo r  the 

metal  under c o n s id e r a t i o n  were those ob ta ined  u s ing  PIXE.

6 . Acidic p r e c i p i t a t i o n  was a s s o c ia t e d  with the de

p o s i t io n  of heavy m e ta l s ,  r e s u l t i n g  i n  the e l e v a t i o n  of 

t h e i r  c o n c e n t r a t io n s  i n  both l a k e s .  Among these  heavy 

m eta ls  were Zn, Cu, Pe,  and Pb.

7 . Zn and Pe, with the h ig h e s t  c o n c e n t r a t io n s  of 

heavy m e ta l s ,  were cons idered  to  be major elements p re se n t  

i n  p r e c i p i t a t i o n .

8 . The e l e v a te d  c o n c e n t r a t io n s  of heavy m eta ls  and
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o th e r  subs tances  f o r  a l l  samples In  p r e c i p i t a t i o n  and 

lakew ate rs  dur ing  w in te r  and a f t e r  snowmelt may occur 

because of in c re a se d  weathering of the s o i l .  Thus s o lu 

b i l i t y  due to  a c i d i f i c a t i o n  of s o i l s  and la k e s  may be a 

f a c t o r .

9 . The c o n c e n t r a t io n s  of a l l  m e ta ls  excep t  Cu were 

h ig h e r  i n  the s o l i d  phases ,  sediment and /o r  v e g e t a t i o n ,  

than  i n  the  lak ew ate r .

Recommendations

1. I t  i s  p o s s ib le  t h a t  th e re  are  f a c t o r s  o the r  then 

those i n v e s t ig a t e d  i n  t h i s  s tudy t h a t  might p lay  im por tan t  

r o l e s  in  c o n t r o l l i n g  the enrichment of c e r t a i n  elements in  

the study l a k e s .  T here fo re ,  a d d i t i o n a l  r e se a rch  i s  

d e s i r a b l e  to  t r y  to  r e so lv e  the u n c e r t a i n t i e s  about the 

n a tu r e ,  causes ,  e x t e n t ,  and e f f e c t s  of a c id  r a i n  in  the 

study a rea .

2. I f  the  combustion of f o s s i l  f u e l s  i s  assumed to  be 

the primary cause of ac id  p r e c i p i t a t i o n ,  em iss ions  of 

s u l f u r  and n i t r o g e n  oxides can be reduced i n  v a r io u s  ways. 

Some methods of reducing  the l e v e l  of these  em iss ions  

inc lude  energy c o n se rv a t io n  which could r e s u l t  i n  reduced 

f u e l  consumption, changing combustion p rocesses  to  reduce 

em iss ions ,  and s u b s t i t u t i n g  a l t e r n a t i v e s  f o r  the produc

t i o n  of energy. These l a t t e r  s u b s t i t u t i o n s  could inc lude  

the c o n s t ru c t io n  of nuc lea r  r e a c t o r s  and s i t e  development
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of renewable energy sources  t h a t  do no t  involve  combustion 

as s u b s t i t u t e s  f o r  our p re se n t  use of f o s s i l  f u e l s .

3 . The most im por tan t  a s p e c t  of the ac id  p r e c i p i t a 

t i o n  problem i s  a c l e a r  dem ons tra t ion  of the  i n t e r c o n 

n ec t io n  among a i r ,  l a n d ,  and w a te r .  F u r th e r  study of 

these  v i t a l  l in k a g e s  i s  needed f o r  the  management of 

environmental problems.
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APPENDIX A

Chemical Param eters Measured in  the  P re lim inary
Study of P r e c ip i t a t i o n

\ppm
DateV N i t r a t e N i t r i t e

Ortho
phosphate S u l fa te S u lf id e

Oc t . 8 1 . 7 0 . 0 1 2 . 1 8 4 . 0 . 0 0 1
12 1 . 7 0 . 0 0 8 . 2 2 3 . 0 . 0  2013 . 7 2 . 0 1 2 . 1 1 4 . 0 . 0 3 0
22 1 . 0 0 . 0 0 5 . 2 2 7 . 0 . 0 0 2
23 2 . 1 0 . 0 2 2 . 2 1 7 . 5 0 . 0

N o v . 2 1 . 1 6 . 0 1 5 . 2 5 . 5 . 0 2 5
11 1 . 3 5 . 0 0 2 . 1 0 2 . 0 . 0 2 5
15 1 . 9 0 . 0 1 7 . 1 2 4 . 0 . 0 1 0
19 1 . 1 0 . 0 0 7 . 2 6 2 . 0 0 . 0
27 1 . 0 0 . 0 1 2 . 4 9 3 . 0 0 . 0
28 . 9 0 . 0 1 2 . 26 3 . 0 . 0 0 5

D e c . 2 1 . 8 0 . 0 1 2 . 2 0 . 5 . 0 1 06 1 . 0 0 . 0 3 3 . 2 5 2 . 5 . 0 1 8
8 1 . 6 5 . 0 1 2 . 0 7 6 . 0 0 . 0

30 1 . 5 0 . 0 1 9 . 0 9 6 . 0 . 0 0 9
J a n . 18 2 . 8 0 . 0 1 0 . 0 7 3 . 0 . 0 1 0

19 2 . 4 0 . 0  20 . 10 4 . 0 . 0 1 0
Feb. 7 2 . 2 0 . 0 1 0 . 1 7 2 . 0 . 0 2 0

9 1 . 8 0 . 0 2 9 . 1 4 3 . 0 . 0 1 0
18 1 . 9 0 . 0 1 8 . 1 2 3 . 0 . 0 1 5
27 1 . 1 0 . 0 1 6 . 2 2 1 1 . 0 . 0 1 0

Mar . 6 2 . 8 0 . 0 1 2 . 3 2 1 1 . 0 . 0 0 6
12 1 . 2 0 . 0 1 5 . 21 5 . 0 0 . 0
16 1 . 0 0 . 0 0 5 . 1 1 2 . 0 0 . 0
21 1 . 2 5 . 0 0 6 . 1 0 . 7 5 . 0 4 0

Apr. 3 2 . 0 0 . 0 1 5 . 4 5 4 . 0 0 . 0
4 . 9 0 . 0 4 5 . 2 9 5 . 0 . 0 1 8

12 1 . 4 0 . 0 1 9 . 1 9 0 . 0 . 0 1 0
14 1 . 4 5 . 0 0 5 . 4 6 0 . 0 . 0 0 5
17 1 . 2 0 . 0 1 0 . 1 0 6 . 0 0 . 0
19 2 . 7 0 . 0 0 6 . 2 7 2 . 0 . 0 2 0
22 1 . 0 0 . 0 0 5 . 1 2 6 . 0 . 0 2 0

May 18 1 . 4 5 . 0 0 7 . 4 3 2 . 0 . 0 2 0
19 1 . 5 0 . 0 0 8 . 1 9 2 . 0 . 0 1 0
22 . 7 5 . 0 0 8 . 10 1 . 5 0 . 0
25 1 . 4 0 . 0 1 2 . 3 6 4 . 0 . 0  20
28 . 8 0 . 0 0 8 . 1 2 6 . 0 . 0 2 5

J une 5 1 . 2 0 . 0 1 2 . 2 5 2 . 0 . 0 1 0
23 . 9 0 . 0 0 8 . 22 2 . 5 . 0 0 8

J u l y 9 1 . 2 0 . 0 0 8 . 1 9 2 . 0 . 0 0 5
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Chemical Param eters Measured in  the  P re lim in ary
Study of P r e c ip i t a t i o n

Ammonia
Nitrogen Iron Manganese

O c t .  8 1 . 8 0 . 0 7 . 0 1 5
12 1 . 1 8 . 1 1 . 6 0 013 . 1 2 . 0 5 . 7 0 0
22 . 4 8 . 0 4 . 0 0 5
23 1 . 9 9 . 1 1 . 3 0 0

N o v . 2 1 . 9 0 . 0 4 . 1 5 0
11 . 8 4 . 0 3 . 6 0 0
15 . 1 0 . 0 8 1 . 0 0 0
19 1 . 1 0 . 0 4 . 0 9 027 . 46 . 0 4 . 250
28 . 6 4 . 0 2 0 . 0

D e c . 2 1 . 0 0 . 0 5 . 5 0 06 . 7 9 . 0 5 . 0 5 0
8 . 5 8 . 0 1 . 2 0 0

30 . 5 5 . 16 . 5 0 0
J a n .  18 1 . 9 5 . 0 6 . 200

19 1 . 6 5 . 1 0 . 2 0 0
F e b .  7 . 8 5 . 0 9 . 250

9 2 . 0 0 . 1 0 . 1 5 0
18 1 . 1 0 . 10 . 4 0 0
27 1 . 2 1 . 5 5 . 8 0 0

Ma r . 6 1 . 7 5 . 1 8 . 7 0 0
12 . 5 0 . 1 2 . 100
16 . 3 1 . 0 3 0 . 0
21 . 8 0 . 0 1 . 1 5 0

A p r . 3 1 . 5 5 . 0 2 . 0 8 04 . 8 5 . 0 4 . 1 3 0
12 1 . 2 0 . 10 0 . 014 1 . 9 5 . 10 . 210
17 . 5 0 . 0 6 . 0 5 0
19 1 . 3 0 . 10 . 0 1 0
22 . 7 0 9 . 1 0 . 2 5 0

May 18 1 . 5 0 . 0 4 . 1 5 0
19 . 5 0 . 0 4 . 10022 . 4 0 . 0 5 . 100
25 1 . 4 0 . 0 2 . 3 0 0
28 . 8 5 . 0 7 . 0 5 0

J un e  5 1 . 4 0 . 0 5 . 0 5 0
23 1 . 1 2 . 0 7 . 0 5 0

J u l y  9 2 . 0 0 . 0 8 . 0 6 0
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APPENDIX B

Chemical Param eters Measured i n  the  P re lim in ary
Study of Bonnie C as tle  Lake.

\ n p m  
Date N. N i t r a t e N i t r i t e

Ortho
phosphate S u l fa te Su lf ide

Oct. 6 1.10 .017 .100 2.5 .015
10 .93 .009 .110 5.5 .001
16 .88 .002 .060 5.8 0.0
23 .82 .010 .100 1.5 .003

Nov. 1 .63 .007 .100 3.0 0.0
6 .60 .010 .100 4.5 .002

13 .75 .006 .100 2.5 .003
20 .75 .011 .120 1.8 .003

Dec. 4 .60 .014 .040 3.0 .004
19 .50 .016 .040 4.0 . 006

Jan. 7 2.35 .010 .130 2.0 .006
20 .95 .007 .050 2.0 .006

Feb. 5 1.40 .006 .070 2.0 .020
19 .60 .008 .010 3.0 0.0

Mar. 19 .40 .006 .020 7.5 0.0
24 .45 .002 .120 2.0 .030

Apr. 8 .60 .004 .010 0.0 .010
22 .50 .002 .095 1.5 .005

May 20 .40 .004 .100 0.0 .002
28 .65 .003 .070 0.0 .002

June 5 .50 .002 .030 0.0 .005
13 .50 .003 .060 0.0 .008
20 .45 .003 .035 0.0 0.0
28 . 60 .002 .085 0.0 .020

Ju ly 9 .75 .007 .030 2.0 .020
20 .85 .008 .010 2.0 .020

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chemical Param eters Measured in  the P re lim inary
Study of Bonnie C astle  Lake

117

\ppm  Ammonia Carbon Dissolved
D a te \ N itrogen Iron Mangane se Dioxide Oxygen

Oct. 6 .20 .060 0.0 10.0 10.50
10 .17 .065 .018 10.5 12.75
16 .37 .030 .430 15.0 8.00
23 .12 .018 .210 12.0 8.50

Nov. 1 .11 .048 .330 12.0 13.25
6 .24 .050 .014 13.0 12.75

13 .11 .015 .260 10.5 13.25
20 .24 .035 .320 9.5 13.50

Dec. 4 .20 .090 .150 8.0 14.00
19 .19 .110 .150 10.0 16.00

Jan . 7 .18 .050 .500 9.0 13.50
20 .22 .050 .150 11.0 13.25

Feb. 5 .40 .020 .350 7.0 11.25
19 .25 .110 .025 7.5 12.00

Mar. 19 .18 .390 0.0 6.5 14.00
24 .15 .190 .005 6.0 14.25

Apr. 8 .18 .095 0.0 6.0 12.25
22 .29 .090 0.0 8.0 13.75

May 20 .05 .100 .060 9.0 7.25
28 .22 .080 0.0 8.0 10.75

June 5 .22 .090 .050 11.0 9.00
13 .20 .070 .060 10.0 8.75
20 .40 .060 .450 11.5 8.75
28 .20 .050 0.0 11.0 9.75

Ju ly 9 .24 .050 0.0 12.0 8.00
20 .26 .050 .160 12.5 7.50
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APPENDIX G

Chemical Param eters Measured i n  the  P re lim in a ry
Study of Asylum Lake

\ p p m
DateN. N i t r a t e N i t r i t e

Ortho
phosphate S u l fa te S u lf ide

Oct. 6 .85 .007 .016 15.50 .026
10 .80 .005 .009 17.50 .002
16 .73 .010 .063 15.25 0.0
23 .38 .012 .073 13.75 .003

Nov. 1 .58 .014 .083 12.25 0.0
6 .58 .006 .070 12.75 .002

13 .33 .015 .065 15.50 .008
20 .45 .015 .080 15.75 .002

Dec. 4 .55 .016 .190 17.50 .001
19 .65 .019 .210 18.00 .001

Jan. 7 2.25 .021 .310 21.00 .006
20 .65 .021 .080 16.00 .008

Feb. 5 .60 .004 .120 15.00 .020
19 .50 .005 .070 8.00 .020

Mar. 19 .48 .011 .080 12.00 .010
24 .50 .010 .170 12.00 .016

Apr. 8 .40 .010 .010 12.00 .009
22 .40 .007 .050 14.00 .010

May 20 .40 .007 .220 12.00 .005
28 .60 .006 .010 11.00 .020

June 5 .50 .010 .050 12.00 .015
13 .50 .006 .120 12.00 .017
20 .50 .001 .200 14.00 .013
28 .55 .004 .120 12.00 .015

Ju ly 9 .65 .002 .055 12.00 .010
20 .55 .002 .065 12.00 .010
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Chemical Param eters Measured in  the  P re lim in ary
Study of Asylum Lake

119

\ppm  Ammonia Carbon Dissolved
D ate \ Nitrogen Iron Manganese Dioxide Oxygen

Oct. 6 .195 .050 .150 26 12.25
10 .200 .050 .023 24 14.00
16 .350 .006 .280 24 10.75
23 .225 .075 .150 23 8.50

Nov. 1 .185 .085 .450 23 11.00
6 .275 .008 .045 25 14.75

13 .270 0.0 .128 24 10.25
20 .550 .040 .075 22 9.75

Dec. 4 .750 .009 .150 21 13.25
19 .650 .011 .170 20 12.50

Jan . 7 .300 .012 .250 24 11.75
20 .400 .010 .150 23 11.25

Peb. 5 .900 0.0 .150 21 13.75
19 .350 .080 .010 19 10.75

Mar. 19 .280 .080 .010 14 15.00
24 .180 .200 .030 14 15.00

Apr. 8 .200 .080 0.0 14 14.75
22 .150 .120 .150 15 13.75

May 20 .220 .150 .180 16 13.50
28 .100 .065 .180 14 14.00

June 5 .150 .090 .030 18 11.00
13 .100 .040 .050 14 11.25
20 .120 .020 .150 18 9.00
28 .110 .040 0.0 15 12.25

Ju ly 9 .200 .016 .100 17 11.00
20 .180 .014 .100 18 12.00
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APPENDIX D

Weekly Concentrations of Metals by PIXE In 
Prec ip i ta t ion

Date K
Metal

Ca
(mg/L)

Mn Pe Cu

O c t . 8 17.45 8.66 .012 .108 .00912 2.71 10.79 .018 .048 .02613 .83 4.82 .005 .056 .00122 0.0 5.17 .001 .065 .01023 .06 7.30 .001 .060 .020
Nov. 2 7.64 17.59 .011 .050 .01711 18.21 3.76 .004 .014 .00515 1.85 8.93 .002 .058 .00419 .11 2.90 .002 .014 .00327 6.85 7.60 .007 .055 .00428 6.80 8.20 .013 .050 .00 5
D e c . 2 3.63 11.10 .018 .062 .0066 2.52 10.05 .002 .099 .0148 11.73 10.00 .021 .026 .00230 5.96 3.87 .00 2 .056 .004
J a n . 18 3.83 5.83 .004 .041 .01219 5.56 26.68 .092 .112 .014
F e b . 7 8.94 16.25 .009 .129 .0359 10.00 37.65 .035 .071 .01818 5.88 34.45 .016 .136 .01827 8.27 29.45 .030 .106 .049
Mar . 6 7.80 33.67 .024 .043 .03212 13.40 58.33 .052 .028 .02616 5.48 30.14 .007 . 100 .04521 4.86 12.54 .014 .018 .015
A p r . 3 7.47 11.32 .005 .031 .0564 5.89 26.38 .011 .008 .00812 7.10 24.37 .018 .038 .03614 1.95 13.31 .011 .032 .00517 1.04 3.30 .002 .065 .01219 7.83 30.11 .031 .060 .01622 7.00 17.90 .011
May 18 6.55 33.27 .037 .059 .01119 1.35 3.51 .004 .030 .01022 4.10 8.93 .016 .014 .01525 6.97 12.15 .037 .036 .01228 4.12 14.12 .016 .030 .010
J une 5 4.10 8.93 .016 .014 .01523 4.90 12.15 .019 .036 .012
J u l y 9 5.10 10.54 .012 .038 .010
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Weekly C oncen tra tions  of M etals by PIXE in
P r e c ip i t a t i o n

121

Date
Metal (mg/L) 

Zn Pb Br Sr

O c t . 8 . 0 1 6 .002 . 0 0  4 ,00  212 . 0 6 7 .001 . 0 0 5 . 0 0 3
13 . 0 1 4 .011 . 0 0  4 .00122 . 0 2 3 .010 .010 . 0 0 8
23 . 0 1 5 . 0 0 8 . 0 0 5 . 0 0 5

N o v . 2 . 0 3 2 .021 . 0 0 8 . 0 0 411 .010 .011 . 0 0 7 . 0 0 8
15 . 0 1 8 .012 .002 .001
19 . 0 0 8 .001 . 0 0 3 .002
27 . 0 1 9 .012 . 0 0 4 . 0 1 4
28 .010 .011 . 0 0 3 .010

D e c . 2 . 0 3 1 . 0 1 8 . 0 0 5 . 0 0 66 . 0 1 3 . 0 0 4 . 0 0 9 . 0 0 48 .022 . 0 2 4 . 0 0 7 . 0 1 9
30 . 0 1 8 .011 . 0 0 4 . 0 0 3

J a n . 18 . 0 3 7 . 0 1 4 . 0 0 6 .001
19 . 0 7 5 . 0 0 9 . 0 0 8 . 0 0 6

F e b . 7 . 100 . 0 1 9 . 0 1 4 . 0 0 4
9 . 0 3 6 . 0 1 9 . 0 1 5 . 0 0 4

18 .110 . 0 2 5 . 0 1 3 . 0 0 7
27 . 1 3 5 . 0 1 8 .012 .010

Mar. 6 . 0 7 7 . 0 0 7 .010 . 0 0 512 .100 . 0 0 5 . 0 1 9 . 0 1 4
16 . 107 . 0 0 4 .012 .00221 . 0 4 1 . 0 0 8 . 0 0 5 . 0 0 3

A p r . 3 . 0 3 0 .002 . 0 0 7 .010
4 . 0 1 3 . 0 0  7 .010 .01212 . 135 .002 . 0 0 8 . 0 0 6

14 .020 . 0 0 7 . 0 0 4 .001
17 . 0 9 2 . 0 1 5 . 0 0 7 .002
19
22

. 0 5 2 .022 .010 .010

May 18 . 0 4 7 . 0 0 7 .010 . 0 0  4
19 . 0 3 3 . 0 0 6 . 0 0 3 . 0 0 622 . 0 4 5 . 0 0 3 . 0 0 7 . 0 0 5
25 . 0 2 3 .010 . 0 0 6 . 0 0 5
28 . 0 3 0 . 0 0 6 . 0 0  5 . 0 0  4

J une 5 . 0 4 5 . 0 0 3 . 0 0 8 . 0 0 8
23 . 0 2 9 . 0 0  7 . 0 0 8 . 0 0 6

J u l y 9 . 0 2 6 . 0 0 6 . 0 0 6 . 0 0 5
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APPENDIX E

Weekly C oncen tra tion  of M etals by PIXE in
Bonnie C as tle  Lakewater.

Date K
Metal

Ca
(mg/L)

Mn Pe Cu

Oct. 6 3.70 85 .96 .003 .065 .005
10 2.48 80.00 .006 .067 .003
16 11.10 131.18 .004 .094 .003
23 7.75 50 .12 .030 .140 .004

Nov. 1 15 .76 187.15 .007 .104 .006
6 11.27 161 .50 .009 .042 .003

13 14 .93 166.80 .035 .081 .002
20 12.68 179.78 .060 .071 .004

Dec. 4 16.20 178.40 .007 .100 .003
19 18.27 196 .50 .009 .100 .001

Jan. 7 16.21 144.84 .015 .056 .004
20 13 .29 126 .95 .033 .182 .023

Peb. 5 19.66 192.28 .037 .430 .004
19 11.96 69 .55 .025 .194 .003

Mar. 19 1 6 .66 142.91 .006 .120 .009
24 13.04 56.86 .006 .127 .018

Apr. 8 17.54 159 .69 .005 .108 .008
22 13.94 103 .55 .024 .284 .008

May 20 8.14 38.57 .008 . 075 .003
28 10.10 82.69 .014 .184 .006

June 5 8 . 0 7 40.11 .014 .156 .002
13 10.10 38.14 .015 .144 .003
20 4.15 84.85 . 019 .068 .007
28 4.41 79.36 .022 .064 .006

July 9 4.43 54.44 .010 .091 .004
20 4.40 59.20 .007 .072 .006
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Weekly C oncen tra tion  of M etals by PIXE in
Bonnie C astle  Lake.

123

Date Zn
Metal (mg/L) 

Pb Br Sr

Oct. 6 .005 .001 .002 .016
10 .007 .001 .002 .008
16 .010 .003 .006 .015
23 .014 .003 .004 .005

Nov. 1 .021 .008 .010 .025
6 .007 .002 .010 .022

13 .007 .004 .008 .027
20 .010 .006 .007 .021

Dec. 4 .006 .001 .010 .022
19 .006 .001 .011 .027

Jan .  7 .029 .003 .009 .020
20 .063 .007 .010 .023

Peb. 5 .020 .005 .011 .028
19 .018 .006 .006 .010

Mar. 19 .011 .002 .011 .014
24 .028 .012 .011 .007

Apr. 8 .010 .004 .011 .010
22 .009 .003 .010 .011

May 20 .051 .020 .005 .005
28 .014 .023 .004

004
.005

June 5 .047 .030 .003 .006
13 .010 .029 .004 .004
20 .038 .020 .002 .005
28 .012 .019 .008 .004

J u ly  9 .009 .006 .002 .004
20 .011 .003 .003 .004
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APPENDIX F

Weekly C oncen tra tion  of M etals by PIXE in
Asylum Lakewater.

Date K
Metal

Ca
(mg/L)

Mn Pe Cu

Oct. 6 36.91 565.47 .033 .058 .001
10 43.73 504.45 .035 .046 .001
16 42.78 485.15 .051 .045 .001
23 43.38 569.97 .053 .063 0.0

Nov. 1 20.73 556.91 .043 .030 .001
6 46.15 654.73 .065 .041 .001

13 49.13 63 1 .54 .081 .040 0 .0
20 ' 32.53 667 .95 .085 .055 0.0

Dec. 4 51.18 712.60 .059 .041 .001
19 53.24 752.20 .062 .033 .001

Jan . 7 37.90 793.40 .134 .114 0.0
20 56.92 692 .17 .025 .083 .035

Peb. 5 70.40 854 .95 .075 .021 . 009
19 28.69 253.37 .005 .026 .010

Mar. 19 33.95 224.87 .018 .065 .006
24 20.07 236 .19 .028 .193 .014

Apr. 8 26.77 239.78 .013 .125 .021
22 30.83 203.12 .028 .224 .004

May 20 20.78 392.31 .028 .088 .008
28 18.94 201.79 .040 .038 .004

June 5 40.12 422.64 .059 .038 .004
13 40.24 202 .15 .060 .032 , .004
20 20.96 195 .43 .019 .071 .006
28 23.90 201.23 .021 .074 .007

Ju ly 9 22.50 341.52 . 032 .061 .010
20 23.52 345 .15 .036 .066 .009
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Weekly C o n cen tra tio n  of M etals by PIXE in
Asylum Lakewater.

125

Date Zn
Metal (mg/L) 

Pb Br Sr

Oct. 6 .010 .003 .001 .187
10 .009 0.0 .085 .167
16 .006 0.0 .110 .106
23 .007 .002 .176 .145

Nov. 1 .008 0 .0 .035 .146
6 .007 0.0 .087 .212

13 .004 .004 .045 .169
20 .010 0.0 .064 .143

Dec. 4 .009 0 .0 .060 .180
19 .007 .002 .073 .190

Jan .  7 .011 .004 .008 .123
20 .044 .004 .086 .172

Peb. 5 .048 .010 .099 .202
19 .033 .011 .005 .005

Mar. 19 .019 .005 .101 .084
24 .035 .005 .048 .051

Apr. 8 .027 .020 .071 .097
22 .013 .013 .097 .070

May 20 .015 .013 .010 .130
28 .016 .011 .010 .120

June 5 .021 .010 .009 .070
13 .019 .011 .010 .091
20 .018 .010 .010 .120
28 .018 .009 .008 .110

Ju ly  9 .021 .009 .008 .100
20 .019 .007 .010 .090
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