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ABSTRACT

The phenomenon of increasing the mercury body burdens of fish, on a

lake _ to lake basis with decreasing pHl is found' to .exfst. Altho.ugh the

interactions between fish, the l;cosystem, water chemistry and other variables

are extremely comple~ .a simple ~on~eptual solutio~ is established toexplairi',
Why mercury uptake by fish increases with decreasing pH.

..
A. •study on mercury in an acid lake watershed ecosystem (near

\

Espanola, Ontario) was done as a precursor exercise. Mercury concentrations of
. '"f"

various ecosystem compartments are within the ranges of values found by other

workers for other systems. All values found are considered background or below

background•.- Por this type. of lake-watershed system, the main mercury
I .
repository is the watershed soils and overburden materials. The main mercury _

fluxes are from the atmosphere to the soils and from the soils, via streams and

groundwater, to the lake. The net result is that the watershed is being depleted

in mercury at the rate of about 30 ~g m-2 yr-1 This mercury is apparently

ending up in the lake water, seston or sediments.
•

According to well established thermodynamic equilibria, pH, together

with pCI,. gov'ern the speciation of inorganic mercury in freshwater inolganic

. systems. Under certain specific conditions of pH and pCI, the non-toxic mercury

species Hg(OH)2° ,exists, while unBer' other co~di ons, most_notably depressed

pH, the biologically mobile and easily meth ted "HgCI2° exists. It is shown

iii
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here that lakes whose pH and pCl are such that the dominant mercury species
~

will" exist as HgCl2° contain fish with higher mercury concentrations than lak~s,
~ose dominant mercury species exists in the form' Hg(OH)2o. Thi~ suggests that

the more HgCI2° that is available, the more mercury will either be me.thylated

and taken up by fish, or taken up directly, and probably methylated'J!!. vivo•
. ~.

"

.";'

iv

"

•



)

•

,

J

"

,..

to JRK

'.

•
,t

•

. ':"

\-

\

J '

v

•



•

ACKNOWLEDGEMENT

••
"

/

-For his' help, patience and understanding during this, very long'

journey, the author extends his deepest thanks and appreciation to his"
I

supervisor, Dr. J. R. Kramer:

The author wishes ~o thank his committee, Dr. J. Crocket, Dr. D. M.
, ,

Shaw, and outside advisor Dr. W. Snodgrass. Questions raised by this committee

during the'Comprehensive Exam and along the way, have h,lped shape this

research.

~

Further thianks· is extended to the members of the various field

parties, includin&., Sid and AI Parker, Domenica Panko, Bill Booty and especially

Rick Playle, wh,?~e technical as~istance and c,~mpanionship were grealW

appreciated. Thank you to Jill Gleed, who performed or helped with most of the

laboratory work for this project. Much appreciated help alsg; came from l3erni~

~eary! N~lIes Conroy, Bill Keller and Mike Young•

•
Thanks to Suzanne Letourneau, who, drew the diagrams in their final

form, and Peter Bowen, who prepared thesis defence overheads as a, result of

\

I

monies allocated ,by Acres Con,sulting Services Limited.
....

also 'wish to thank the 'external examiners for the time they spent,
J

reviewing thiSwork.

\
~

vi
• ~.



,,'..
TABLE OF CONTENTS

\

I:

f

, .

i
ii
iii
v
vi
vii

, ix
ix

title ;
descripti~e note

-'abstract
dedica tion and summary comment

• acknowledgem'ents
,table of contents
Iist eof tables
list of figures "

.. •

~. . ~

CHAPTER 1 INTRODUCTION

1 1:1 BAC~GROUN~ •
2 1.:1 OBJECTIVES
3 1.3 PROBLEM DEFINITION
11 1.4 APPROACH

•

CHAPTER 2 CURRENT STATE OF KNOWLED~E OF' MERCURY FLOW
THROUGH. THE ECOSYSTEM •

,

13
13
15
15
19
23

23
29
30
32
39
41.

2.0 INTRODUCTION
2.1 SOURCES AND SINKS
2.2 MOBILIZATION, TRANSPORT ANQ UPTAKE BY FISH

2.2.1 Methylation - A Common Means of Mobilization
2.2.2' Other Means of Mobilization

• 2.2;3 Factors Other Than. pH, jAlka)inity or Hardne;;s
Which Control the Uptake of Mercury by Fish. .
2.2.3.1 Foodchain verses gill uptake'

\
2.2.3.2 Te,mperature
2.2.3.3 Age and growth
2.2.3.4 Lake water chemistry

'. 2.2.4 Acid Stressed Fish Populations
2.3 SUMMARY· ,

, .

•
CHAPTER 3 MERCURY IN AN ACID LAKE ECOSYSTEM - CONCENTRATION

r-- AND MASS BALANCE

..
,

44
44
44
45
53 .
56
57
58

.58
58

3.1 GENERAL STATEMENT
3.2 STUDY AREA

3.2.1 Site Selection
3.2.2 General Description
3.2.3 History

3.3 SAMPLING AND ANALYSIS
3.4 RESULTS
3.5 DISCUSSION

3.5.1 Mercury in Wright's Lake Ecosystem
3.5.1.1 Comparisons to other systems

vii



t
, .

!.

..
-•

,
,..,~

3.5.1.2 Wright's Lake ecosystem m~rcury con'l;entrations
3.5.1.,2.1 Bedrock
3.5.1.2:2 Snow
3.5.1.2.3 Meltwater
3.5.1.2.4 Rain
3.5.1.2.5 Water If
3.5.1.2.6 Sediments
3.5.1.:i!.7 Surface materials
'3.5.1.2.,8 Flora

. 3.5.1.2.9 Lake suspended load
3.5.1.2.10 Fauna .

3.5.J.3 Summary
j.5.2 Mercury Mass Balance

3.5.2.1 Watershed
3.5.2.2 Aquatic' syst'em
3.5.2.3 Summary of mass balance

3.6 SUMMARY ,

, ,

, 58
58
60
61
61
62
63
63·
66
67 ,
68
73
73
76
78
83
85

,

CHAPTER 4 CONTROLS ON THE UPTAKE OF MERCURY BY FISH IN
SELEQ;TED ONTARIO LAKES

, .

88
88
92

92
93
95
96
96
96
97
97

102
103
109
110
110
117·
122

4.1 GE!.NERAL STATEMENT
4.2 SELECTION OF STUDY LAKES
4.3 ONTARIO MINISTRY OF TfiE ENVIRONMENT FISH MERCURY

DATA
4.3.1' Description
4.3.2 Pitfalls and Problems

4.4 FIELD WORK AND LABORATOR Y METHODS
4.5 RESULTS AND DISCUSSION

4:511 Results
4.5.2 Data Reductidn
4.5.3 Discussion

4.5.3.1 Alkalinity and pH effects.on fish
mercury concentrations \

4.5.3.2 Mathematical relationships
4.5.3.3 Lake Memesaugam·esing. - an acid stress anomaly?

4.6 SUMMARY
4.7 FURTHER DISCUSSION ..

4.7.1 Lake Trophic State Considerations
4.7.2 Thermodynamic Speciation of Mercury

.4.8 SUMMARY

(-

CHAPTER 5 CONCLUSIONS

124 5.1 GENERAL SUMMARY

12t-- REFERENCES
149 APPENDICES

viii



f

1i9
52
51i

. 59

71
91
98
101
115

120

\

3.1.
3.2
3.3"
3.1i

3.5
1i.1
1i.2
1i.3
1i.1i

1i.5

LIST OF 'rABLES

Physical aspects of Wright's Lake and its watershed
Wright's Lake physical limnology
Comparison of Wright's Lake to other LaCloche Lakes
Comparison, of Wright's Lake ecosystem mercury concentrations
to literature values I

Wright's Lake Kd values for mercury "
Location and grouping ~f study lakes
Solutions to logarithmic equations
Mean.s and standard deviations of highly corrrating parameters
Relationship between lake trophic characte and fish mercury
concentrations . ".
Comparison of increasing fish mercury. contents to mercury
speciation r

LIST OF FIGURES' .J\.
I

l

•
Ii
Ii
Iii

1/
16
31i
1i6
1i7
72

86

89
99
9~'
101i
101i
106
106
108
108
119

121

1.1
1.2
2.1

2.2
2.3
2.11­
3.1
3.2
3.3

3.4

11.1
1i.2
1i.3
4.4.
1i.5
1i.6
4.7
1i:8
1i.9
1i.10

4.11

Effect of p"H on the uptake of mercury by fish
Effect of alkalinity on the uptake 6f mercury by fish
Factors affecting mercury distribution in. an acid lake type
ecosystem
The cycle of mercury in nature
Effect of pH on the formation of methyl mercury species
PredpR'liAance diagram fo'r inorganic mercury species
Loc<1tion of Wright's Lake
Wright's Lake watershed ..
Summary diagram of Wright's Lake ecosystem compartment
mercury concentrations
Summary diagr,!m of fluxes' and sinks of mercury in Wright's
Lake ,ecosystem
Location of study lakes .
Effect of decreasing alkalinity on walleye mercury contents
Effect of decreasing pH on walleye mercury contents
Waileye lengths and weights
Small mouth bass lengths and weights
Wa"rleye size distributions
Walleye weight distributions
Fish· population length distributions for Lake Memesaugamesing
Fish population weight distributions for Lake Memesaugamesing
Mercury species predominance diagram with lake group water
chemistries superimposed •
Mercury species predominance diagram with Central Ontario
Softwater lake 'chemistries superimposed

•
•

ix ,



, .

,

. L

• J

/. /.

MERCURY MASS'BALANCE AND UPTAKE BY FISH

, . IN ACID LAKE ECOSYSTEMS·

CHAPTER 1

INTRODUCTION •

1.1 BACKGROUND

•
·r

linking

Statistical correlations· have been made over .the. last several years
4 . .

elevated fish mercury concentration~ with acid lakes (Scheider et al

o

1978). Many· of these watersheds appear to have no' excess natural or, . "

" .,(nthropogenic m~cury assol!:iatedwith them (Armstrong and Hamilton 1973).
,

Various studies (Jern~lov et al 1975, Scheider et al (978, McFarlfne and

Franzin 1980)' suggest,t high fish mercuf'y lE;vels may result from low pH, low

calcium and low alkalimty lake waters. The non-calcareousjrrain where the

phenomenon has been observed lies in portions of the Canadian Shield, Grenville

Provrnce and Appalachian Mountains. These areas contain crystalline rocks"

whic~ are ~IOW or void of calcium c~rbonate, ~iv~ng rise to.. low alkalinity lake

wate"rs. These waters' have. little or no ability' to buffer inputs of acidic

precipitation, and hence. some of them have depr_sed pH's (i.e., as low as 4):

Not all low pH «6) ",quatic systems exhibit this phenomenon of,

increased mercury uptake by fish, and the phenomenon apparently does not exist. . .

in any h~rdwater lakes (i.e., calcium carbonate buffered, pH >7). The lakes ill,_. .

which the phenomenon occurs seem to all have simirar characteristics:
" .

1
• •
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2

- low pH ( <7 )

- low alkalinity «15 mgCaC0
3

L- I) ,

- very soft water (Jow, Ca, Mg i.e., <10 mgL-I)

-. background or ·below background mercury concentrations throughout

. the abiotic system «100 Ilgkg-I solids, <0.50 IlgL- I water)

- possibly acid stressed fish populations

No satisfactory deductive explanation or model for an upt~ke

mechanism of mercury into fish has yet been described for ·the conditions
.

encountered in these lakes relative to lakes of similar' chemistry but without

mercury enhancement in fish.

1.2 OBJECTIVES

The objectives of this study include:

~ summarizing 'rom the current literature the state-of-the-art

knowledge of mercury uptake by fish

- determining the concentration of mercury in various ecosystem

compartments ofa small, simplified acid lake watershed

- showing that the phenomenon of enhanced mercury uptake in fish in

relation to pH and alkalinity iictually exists (some recent studies appear to
# r .

dOub't. this relati~nship)

. - arriving at a simple conceptual relationship between mercury in fish

. and pH and alkalinity,

- 'deterrriining what other factors, besides pH iind alkalinity, affect

(
I

I
I
I

_.



3

mercury uptake by fish

- explaining how the uptake mechanism, as governed by these

controls, might operate

.."..

1.3 PROBLEM DEFINITION

Links between low pH and· mercury uptake in fish h'ave' been

described. There are, however, inconsistencies in the various studies.

Konrad (1971) compared the levels of total mercury in sediment

against those of fish. from the same area in various river systems; he concluded

that levels in fish were high whenever the pH 9f the sediment and water were

below' 7. Drummond et al (1974) in a. study on brook trout, showed that fish had

a greater cough frequency (a measure of the fish's response to stress induced by

methyl mercuric chloride and other toxic substances) a·t a pH of 6 compared to

a pH of 7.5. Cough response to mercuric chloride was not affected by lowered

pH. Fish exposed to methyl mercuric chloride at pH 6 contained more total

mercury in their gills and red blood cells than' fish tested at pH 9. Mercuric

chloride uptake did not significantly differ at pH 6 and 9.

A laboratory study by Tsai et al (1975) also showed a correlation
, . --

between mercury uptake by fish and ambient solution pH. The results of this
-

experiment are shown in Figure 1.1. Clearly, the uptake changes with pH;

uptake increases rapidly as pH is depressed below 6. The water mercury

concentrations used in this study were quite 'high, About 1 mgL-1 and do not



~

.'

Walleye'

4,0
~

:I!... 3.5...
~

• .c 3.0
",---2,5
0-c
• 2.0-c
0
u

1.5,.
~

"u
~ 1,0•::E

0.5

o\~Acetat~ buff.,

Emerald shine,

_ _ :
Falhoad mInnow

Pho, ph'. t.
bu flo r

2.0

1.8

1,6

1.4

0' 1.2
-""
0' 1.0
E

0,8
~ O.0'
I
~

0.4

02

0

t t f Ii

0-15 Ark,

I"".
.' ,

,( 4.0 5.0 6.0 7.0 8.0 9.0
pit

16 20 24 28 32 36 40 44 48 52 56 60

FISH LENGTH (em)

Figure 1.1 The effect of pH on the
uptake of mercury by fish, fro\TSai et al (1975),
For both fish species tested, ptakeofrnercury
increases with decreasing pH. uffers were used
to establish and ~tain constant pH in aquaria.
Fish were exposed to 1.5 ppm mercuric., chloride
for 15 minutes. I

')

Figure 1.2 The effect of alkalinity on
,fish mercury content, from Scheider et al (1978).

Walleye mercury concentrations weredetermined
for 10 soft water lakes and II hardwater lakes.
For any given fish length', mean fish mercury
contents are systematically higher for low
alkalinity lakes as compared to 'higher alkalinity
lakes. ""
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compare to natural concentrations of water mercury at, typica1Jy, less than 0.1

-Ing g .

Kleinert and Degurse (197 1) wer<~ among the first to infer that low

alkalinity favoured mercury accumulation by fish. Scheider et al (1978) showed

an inverse correlation between alkalinity and mercury content of fish in Ontario
I

lakes (Figure 1.2); they show that fish in low alkalinity lakes can genera1Jy be

. ~

expected to contain more mercury than fish in high alkalinity lakes. Almer et al

(1978) found a negative relationship between pH of lake water and mercury

levels in fish for lakes of no known point sources of mercury.

Mi1Jer and Akagi (1979) suggested that pH affects distribution of

methylmercury in the aquatic environment and not uptake.

A wide 'range of pHs (If - 9) and alkalinities (see Figure 1.2) were

used in both of the above studi~~ to obtain the correlations with mercury

uptake. Suns et al (1980) investigated uptake in a more narrow range of pHs and---.

alkalinities. Except for two hardwater lakes, softwater lakes with pHs between

5 -15.1 and 6.6 and alkalinities between 0.5. and 7. mg L CaC03 were chosen for

study. The lakes, within 20 km of each other in north-central Ontario, had wide
./

ranging fish mercury values. Fish studied were yearling perch. Suns found a
.

statistical correlation betweel'l mercury in fish and epilimnetic pH and aluminum.

Suns found no correlation betwe~ii mercury in fish and lake alkalinities, opposite

to the Scheider study. Suns also found no correlation between fish mercury and

the total organic carbon of the lake water, opposite to a previous study by

Cline and Upchurch (1973), and total phosphorus and manganese, as had been














































































































































































































































































































































