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ABSTRACT

The phenomenon of increasing the merc.:ury bady burdens of fish, on a
lake. to lake basis with decreasing pH; is found to exIst.  Although the
interactions between fjlsh, the gfosyst;m, water‘ chemistr} and other 'variables
are extremely comple® a simple éonéep’tual solutioﬁ is established to “explain’

&

why mercury uptake by fish increases with decreasing pH.
- i -
A 'stu\dy on mercury in an acid lake watershed ecosystem (near
Espanola, Ontario} was done as-a precursor exercise. Mercury concentrations of
various ecosystem compartments are :rithin the ranges of values found by other
workers for other systems. All values found are considered background or below
-
;background. ~ For this type.of lake-watershed system, the main mercury
repository is the watershed sc;ils 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 reéult is that the watershed is being depleted
2 .-l

in mercury at the rate of about 30 pg m “ yr™*. This mercury is apparently

ending up in the lake water, seston or sediments.

A;:cording to well established thermodynamic equilibria, pH, together
with pCl, . govern the Spediation of inorganic m;ercu'ry in fres'h_\.water inor%anic
. systems. Under certain specific conditions of p‘H and pCl, the non-toxic mercury
species Hg(OH)2° exists, while under other conditions, most_notably depressed

pH, the biologically mobile and easily methyldted 'HgC12° exists. It is shown

iii



here that lakes whose pH and pCl aré such that the dominant mercury species
/-i

will exist as HgCl2° contain fish with higher mercury concentrations than lakgf
\\w\hose dominant mercury species exists in the form.Hg(OH)2°. This suggests that

the more HgC12-° that is available, the more mercury will either be me_thyl_ated

and taken up by fish, or taken up directly, and prabably rﬁethylatedﬂ vivo.
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MERCURY MASS'BALANCE AND UPTAKE BY FISH
~+. IN ACID LAKE ECOSYSTEMS
I h ' '
CHAPTER 1}
INTRODUCTION
1.1 +  BACKGROUND

Statistical correlations-have been made over the last several years
‘ : ' : .
linking elevated fish mercury concentrations with acid lakes (Scheider et al

1978). Many- of these watersheds abbear_ to have no excess natural or

-énthropogenic m.eécury associated 'wijth them (Armstrong and Hamilton 1973).

-

Various studies (Jerneldv et al 1975, Scheider et al 1978, McFarlane and
Franzin 1980) suggest.that high fish mercury leVels may result from low pH, low
calcium and low alkalinity lake waters. The non-calcareous ferrain where the

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

Prov[nce and Appalachian Mountains., These areas contain crystalline rocks-
L4 . ’ ’ . .

which are low or void of calcium cdrbonate, ‘giv\lhg rise ta low alk"alinity lake
wate‘r‘s. These waters have little or no Iability” ‘;o buffer inputs of -racidic
preciﬁitati’bh, and hence some of .them h-ave ‘d.ebrmsed pH's (i.é., as low as l;).' :
Not all low pH (<6) laquétic systéms exh.ibit this phenomenon of:
ir.'ncreased !’I‘IEILCUI')’ 'uptake b.y fish, aﬁd the phenomenon apparéntly' does not exist
in any Hérdwater ‘_Lal_ces (i.e., calcium carbonate'Buffered, pH >7). The lakes in

which the phenomenon occurs seem to all have simifar characteristics:

«’



\ ‘ 2
- low pH ( <7)
- low alkalinity (<15 mgCaCO,L™)
- very soft water {low Ca, Mg i.e., <10 mgL'l)
- background or ‘below background mercury concentrations throughout

{

. the abiotic system (<100 ugkg'I solids, €0.50 pgl™" water)

- possibly acid stressed fish populations

No satisfactory deductive explanation or model for an uptake
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 obje.ctives of this study include:
?summarizing from the current literature the state-of-the-art
knowledge of mercury uptake by fish |
-‘ determining the concentration of mercury in various ecosystem
compartments of -a small, simplified acid lake watershed
- showing that the phenomenon of enhanced mercury uptake in fish in
rglation to pH and alkalinity actually exists (some recent studies appear to
doubt this rglatiénship)
- - arriving ét a simple conceptual relationship between mercury in fish
“and pH aﬁd alkalinity, ) -
- determining what other factors, besides pH and alkalinity, affect



mercury uptake by fish
- explaining how the uptake mechanism, as governed by these '

controls, might operate

L

1.3 PROBLEM DEFINITION
Links between low pH and mercury uptake in fish }{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 san-1e area in various river systems; he concluded
that levels in fish were high whenever the pH of t.he sediment and water were
below’ 7. Dr.umrnondre_t 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} at a pH of 6 compar‘ed to
a pH of 7.5. Coﬁgh response to mercu.ric chloride was not affected by lowered
pH. Fish exposed to methyl mercuric chioride at pH 6 c_ont‘a'ine'd more totél
mercury in t‘heir 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
expel_'iment are shown in Figure l.1. Clearly, the uptéke changes with pH;
uptake increases rapidly as pH is depressed below 6. The water mercury

concentrations used in this study were quite -high, dbout 1 mgL'l and do not
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Walleye mercury concentrations were determined
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contents are systematically higher for low
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compare to natural concentrations of water mercury at, typically, less than 0.l

-1
ngg -

Kleinert and Degurse (1971) were among the first to infer that low
alkalinity favoured mercury accumulation by {fish. Scheidér et al (1978) showed
an inverse correlation between alkalinity and mercury content of fish in Ontario

4
lakes (Figure 1.2); they show that fish in low alkalinity lakes can generally be

expected to contain more mercury than fish in high élkalinity lakes. Aimer g_‘ga_lq

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

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

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

methylmercury in the aquatic environment and not uptake.

A wide ‘range of pHs (4 - 9) and alkalinities (see Figure 1.2) wére
used in both of the above studies to obtain the correlations with mercury
uptake. Suns et al (1980) investigated uptake in a more narrow range of ;;Hs and
alkalinities. Except for two hardwater lakes, softwater lakes with i::Hs between
5.1 and 6.6 and alkalinities between 0.5 and 7.5 mg L1 (_‘-.aCO3 were chosen for
study. The lakes, withi'n/Z‘O km of each other in north-central Ontario, had wide
ranging fish mercury values. Fish studied were _yearling perch. Suns found a
statistical correlation betweem mercury in fish and epiiimnétic pH and aluminum.
Suns found no correlat_ion betweeh mercury in fish and lake alkalinities, opposite
t‘o.the Scheide;‘ 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

-



[N

shown by Drummond et al (i974). Further, he found no correlation between
mercury in fish and fish weights and sizes, opposite to a study by Scott (1974)
or fish lipid contents. The strongest correlations were found between mercury in
fish and the ratios derived from drainage area/lake volume suggesting that,
besides low epilimnetic pH, terrestrial discharges of mercury to the stud.}: lakes
have enhanced mercury uptake in the fish. Therefore, correlation of mercury
content of fish may reflect merely the importance of terrestrial factors or lake

loading.

Although notipg the existence of the incr;aased fish mercury versus
depressed pH phenomenon, the Suns study offered no reaso-ns to satisfactorily
explain the phenomenon. All the above papers were reviewed by Watson et al
(1980), who stated succinctly: . |

"The mechanism(s) by which pH affects mercury uptake

of fish..... is not clear."

p

The _Wafson et al (1980) study is the most comprehensiv%.::tboratory
study to date. Watson céncluded that there are other factors, be.;sides acidity,
that contribute to the accumulation of methyl mer;:ury in the walleye used in
their experimeqts. Théy suggest unspecified water quality parameters, unknown
"other factors and methylation rates may affect the accumulation of mercury in
fish. They did not investigate these aspects further. Their study was done in
- lake rcolumn simulators 'containing no sediment or suspended load, and hence
they coqld not evaluate the effect of these important ecosystem niches. They
state in their summary:

"Results of this study suggest that mercury uptake by



fish In acid-stressed waters may not be greater than for
- those in pH neutral areas as currently hypothesized. A
more efficient metabolism in fish and zooplankton at
" neutral pH may have contributed to the enhanced methyl

mercury uptake", i

On the other hand, Hika (1980) states:

"It is well established \that the mercury content in
fishiviieeeees enscan be qgdalitatively linked to the pH,
trophic level and mercury contamination of the water

system,"

Wren and MacCrimmon (1982), in a study on sunfish in Ontario Lakes,
also found a significant positive correlation between increasing fish mercury

levels and decreasing lake water pH.

Megraw and Mathews (1982) in studying lakes in Quebec, also found a
similar relationship between fish and pH, and found that lake water calcium

concentrations were negatively correlated with fish mercury.

The effect of dec;eased calcium on increasing fish mercury contents
was ‘studied in greater detail by Rodgers and Beamish (1982) who suggest:

"As the ‘principal ions responsible for water hardness,

ca®* and Mg2+, also markedly affect cellular

permeability, these changes in uptake.....(increased

uptake of mercury in soft water).....likely affect
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alterations at the cellular level. “The increased
efficiency of uptake of methyl mercury observed in soft
water suggests that the rep.orted increased methyl
mercury concentrations attained by fish in lakes of low
alkalinity and pH .may be due to the effects of hardness

rather than pH."

A further study (Rodgers and Beamish 19’83) found that the relative
efficiency of methylmercury uptake by rainbow trout in soft water was more
than double that measured in hard water. Also, Whe:ﬂg(:l:2 was added to the
system,-uptake of CH3HgCl was further enhanced (in fb-o-t'h hard and soft water),
They found that =zinc sulphate decreased ~the relative efficiency of
methylmercury uptake. Rodgers and Beamish state: -

"....calcium-dependent changes in gill perm'eability may -

explain elevated methylmercury residues observed in fish

from lakes of low alkalinity and pH."

Inxreview:

1} it has been shown th_at decreasing the pH of a water increases
the uptake of mercury by fish (Tsai et al (1975) in a seston-free
laboratory system

2) but it has also béen_ shown that decreasing the pH of water does
nc->t have any significant effect on uptake of mercury by fish
(Watson et al 1980) in a seston-free bench-scale system

3) Scheider et al (1978) in a field study have shown that decreasing

. the alkalinity of a'wa.t'ér increases the uptake of mercury by



fish. _

4) Rodgers and Beamish (1982) in a field sfudy, -have concluded that
decreasing the hardness of a water increases the uptake
of mercury by {fish

5 Rodgers and Beamish‘ (1983) in a lab study, have shown that
methylmercury uptake efficiency is dg'uble in soft waters as
compared to h.ard waters and that this is due to changes irt gill
permeability
McLean et al (1979) and Tomlir';son et al (1980) were summarized by

Stokes et al (1983) who state that increases in fish mercury with lower pH may

be the result of any or all of the factors listed below:

a) chemical _ : -

i. increased scavenging of methyl mercury and other ‘mercury
compounds from the atmosphere by low pH aerosols, clouds and rain

il. relatively higher production of the bioaccumulable monomethyl
mercury species at low pH compared with the more volatile dimethyl mercury

iit. increased desorption of mercury species from solids into water and
resulting increased bio-a;vailability ' ‘

| iv. greater absorption of mercury from the atmosphere by low pH

receiving water

v. decreased re-emission to the a‘gmosphere from low }\H water

b) biological
i. reproductive failure and decreased ‘food.supply forfish in acidified

water

ii. increase in the amount of water passing over the gills of foraging
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fish with decreased food -availability can result in greater methyl mercury
uptake per unit weight increase

iii, accelerated7"biomagnif1cation if piscovores are forced to feed on
larger fish which have higher mercury content than small younger fish

iv. decreased biomass of fish per unit volume of water produces

greater. mercury per unit weight of remaining biomass

There are other variableg and processes, besides simply pH, alkalinity

and hardness, which may play a role in mercury uptake and retention in fish.

These other variables include:

- temperature

- food chain effects .

- fish populations stressed by depressed pH lakewaters

- ambient faqueous geochemistry, including amount (concentration
and/or activity) énd speciation of mel;cury

- sestonic processes and concentrations, including particulatés as
substrates for methylation to occur (related to lake trophic state)

- bacterial types and amounts in sediments

- watershed characteristics

- effects of nutrienfs

This research considers plausible mechanisms connected with
depressed pH and the associated hardness and alkalinity which may affect an
ecosystem, so that mercury, flowing through the system, is concentrated in the
fish. The research is based on the observation that only certain low pH I.ak'es

exhibit anomalous mercury elevations in fish.
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1.4°  APPROACH
.

In order to arrive at the stated objectives of this study, the following
approacb was utilized. , L

A comprehensive literature search was undertaken to determine what
the current level of-understanding on this subject was. As the study progressed,
new research by others was being published, and this information was also
reviewed in order to maintain a state-ofsthe-art understanding of the topic.

-

A .field program was initiated to determine as comprehensively as
possible, within the constraints of time and economics, the levels of mercury in
Val'iOL:!S ecosystem compartments in an acid lake watershed. This was considered
fundamental in that no further discussion on mercury in acid lakes w‘ould be
valid without a sound unde.rstanding o-f. where, exacﬁy, mercury exists and in

what concentration

It was subsequently discovered that, after the initjal field survey to
determine ecosystem mercury concentrations, a rudimentary mass balance on

mercury in this watershed could be done.

The next task was to test whether the relationship between enhanced
mercury uptake in fish is related to lake water pH and alkalinity. This was
accomplished using Ontario Ministry of the Environment fish mercury data and
performing a, water chemistry field study on the lakes chosen. The lakes ;were

selected for study on the basis of geological setting and availability of fish?
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mercury data for the fish species walleye.

After showing that the phenomenadn clearly does exist, a more
detailed study was undertaken to determine the extent of influence of mercury
uptake by other factors; those which have traditionally been shown to affect

- uptake. In addition, further investigation was carried out to determine the

effects of lake trophic state and mercury speciation. - '

i

A plausible deductive explianation of the mechanism of uptake is then

developed from the study.



CHAPTER 2

-

" CURRENT STATE OF KNOWLEDGE OF MERCURY FLOW THROUGH
—_ THE ECOSYSTEM

2,0 INTRODUCTION

The following is a review of the literature pertinent to the present
study. As will become apparent, a large amount of work has been performed on
fhe environmental aspects of mercury, especially ir: fish uptake. In-one area of
research, food c:hain versus gill upt_ake, th‘ere appears to be an ongoing

controversy. There is disagreement by workers in other areas as well.

This survey briefly ldoks at cycling o_f mercury in nature, common
means of mobili:zing mercur;f, such as methylatior;, desofptiqn from sediments or.
particulates and com_plexation. Relative td fish uptake of mercury, areas
iscussed are food chain : versus gill uptake, “temperature, age and growth

-effecty, lake water chemistry and acid stress effects.

2.1 - SOURCES AND SINKS

.

A pathway approach is employed in this study. Each portion of the

pathway is governed by several factors. As depicted in Figure 2,1, litholegy is

13
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~ the primary stage in this simplified system and is a fundamental source of
mercury. Lithology indirectly controls water chemisty, through sqil and sediment

composition,

Figure 2.1 simplistically depicts the various niches present in an gcid '
lake type ecosystem. Each compartment is a source of mercur} for the next
more ecologically complex compartment and a sink of mércury for t.he adjacent
less ecologically com;;‘lex compartment. Mefcury is recyled to the sedirﬁents by
decomposed biota. This is an important feedback aspect of the ;ystem. Figure

2.2 depicts how complica'\t_ej compartment to compartment cycling may'be in

nature.

{
2.2 _ M_OBILI;ATION, TRKNSPORT'AND UPTAKE BY FISH
2.2.1 . Methylation - A Common Means of Mobilization

! | -
- Jensen and Jernelov (1969), Spangler et al (1973a,b) and Hamdy and -
Noyes (1975) ﬁa,v,e shown that sediment dwelling bacteria have the ability‘to
methylate mercury. Summers and Silver (1978) indicate that there is still ;qme'
uncertainty abéuth the actual reaction mechanism involve_:d and whether mono or
dimethyl mercurl‘y is the primary product.
‘Fagerstrom and Jerneldv (1971) found that under. aerobic condiﬁoﬁs, !

methyl mercury can be formed from pure mercuric sulphate. Studies stemming -

from this work (Fagerstrdm and Jernelov 1972) showed that the pH- of the

# S .



16

*sHd aay3iy

le s3jeuiwopard w0} JAYlaWIp DIXO}  SS53) ayl

aym g7¢ inoqe jo Hd e je paziwixew si saidads
(ZZ61 AQ[auIaL pue

[AYrawouow d1xo) asow Iy
wiguisiadey) ‘saidads Ainosaw jAyisw jo uol)BeW.Io]

3y uo pd jJo o3530 ayy £z 2an814

. Hd _
ol m 8 L 9 g

3 T T \h.\\l..u...— —1 0] M

o - 0

x \K 40 O

Py c

7 A

e - 0t <

7/ m

4 S

A . \\ x, - o+ m

~ s O.

o e D

TAHL3WIA o 109 &

0
TAHLIWNONOW
. Y 4
4
»
~

<.

\y.ﬂ:ﬁanscu Yoea MO[aq UMOYS SI ()} D1J3aw
up) 28euuoy pazijiqoww] “jusawiledwod yoes aA0qe
2ie (w) syiuow pue (L) s1eak ul s3] SOUIPISIY,
*ABp/Suo) aJe. SIINOJ By} UO SIAqWNN  *3INO0J
yoea JoJ uis a3yl ate sjujodmolle pue sadinos

juasaudas  sj10g  "(£261) Auyioy w0}~ ‘sinjeu
ur Aumduaw  Jo  I[IAD oyl Z'z a3y
-— .
Ol ~
FaHs %,
INLNOD e
s ad
Y
& R Ll
S a3 P HILYMHSINS 2
84 &% & fe o &
ige $dyg /0 F ol
...»..MM Y ) o
3 74 WSvo0 L
“o3 OO 1oz P
£ 2 WNIANTTV e 01 sussy
“ m ot
nlm. D
I g _ ]
—OQ q .ﬂd o
v3s 4330 v &3
Ry BN
i3 V81 SN
i3 ' * g hooo nﬁd// T,
a5 b mw . a3 53 E N
ve 2 J gx & 38 3¢
1 000l . 1002 3 P L .mu.
v1018 1 viola 3§, Ty &
HILvMLIVS % wanensdug umM vi0ig @.244 -
/Eﬂ M..c lO.F_O o w- ﬂ.."t [ m
o‘.rd Wuﬂ. 3 s
2 < o 1001
‘ -y & Nivy ¢ LSNO
N § >
1000’01 457 ]
IMIHISOR LY = oz

e

Sypuout Q. 00w ?



- 17

water controls the ratio of mono to dimethylmercury.” As shown in Figure 2.3,’
the more toxic monomethy! species is formed preferentially over the dimethy!
species under acidic pHs, with the maximum monomethyl form occurring at pH
5.8. Concerning fhe differences in toxicity between mono and dimethylmercury,
Fagerstrom and Jerneldv (1972} s;cate:

"If monomethylmercury is formed it wiII. be ceieased into

the water and accumulated into living organisms. If

dimefhylmercury is formed it might evaporate to the

atmosphere." |
Yet less than 1% of a;cmospheric mercury is in the dimethy! form (Summers and
Silver 1978). -

There have .been numerous studies on the rate of methylation,
Methylation rates have been shown tlo be increased by:

-increasi'n‘g microbiological activity (Jensen and Jernelsév 1969)

-increasing temperature (Jensen and Jerneldv 1969)

Other controls and their effects are:

-site of occurrence - methylation rate is higher in suspended
ma;terials and uppér layer of sediment than in deeper sediments (Jernelév 1970)

-decreasing -oxygen content of water (indirect control on microbial

activity)

Demethylation can also occur in water and sediments by: -
-photochemical decomposition (Baughman- et al 1973, Tnoko 1981)

-microbial means (S.pangler et al 1973a,b; Billen et al 1974; Batti et
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al 1975; Shariot et al 1979; Mason et al 1979)

Inoko sh__e\_ved that ultraviolet light .decomposed methylmercury (If)
chloride to mercury (1) chloride, metallic mercury, ethane and
monochloromethane, the initial first-order kinetic reaction being -

CH3HECl —--uv-—-> “CH, + "HgCI
It appears that UV cannot break the bond between Hg :;md Cl in the

methylmercury (II) chloride molecule.

Jerneldv  (1975)° summarized the kinetic studies of Bisogni and
Lawrence (1973):

a) monomethyl .mercur.y is the predominant form of methyl species
near neutral pH values

' b) the' rate of methylation is higher in aerobic 'syste.rns than in
anaerobic systems for a given inorganic mercury concentration and microbial
growth rate (this may be due to anaerobic conditions c‘c;nverting any sulphur
present to sulphide, forming HgS, which is extremely insoluble and relatively
. more resistant to methylation)

- ¢) higher microbial growth produces higher methylation rates under
aergbic as well és anaerobic conditions .

d) methylation rates could be harhpered by the addition of sulphide to
some anaerobic systems. Also, under aerobic conditions, HgS may be c;xidized to
the*sulphate, which may then be methylated

, .e). temperature .affe'cts methylation rates in accordanc;e with its

effects on the metabolic rate of the methylating organism

e
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Gillespie and Scott (1971) showed that mercuric sulphide in sediment .
was very slowly mobilized and picked up by fish under aerobi¢ conditions. No -
mechanism of uptake was described. Gillespie (1972) found ihatguﬁder aerobic
conditions fish accumulated Iigﬂe mercury from sediments to which mercury
chloride or su.lphide' had been added, but total mercury rose rapidly in fish
exposed to se_diments containing metallic mercury. In the presence of metallic
mercury, the methyl mercury present ‘in the fish was 30% of the total m'er(:u.ry,.
for mercuric chloride 40%, and sulphide 45%. In the presence of anaerobic
sediments, uptake of rﬁercury by fish was low and only mercuric chloride was
significantly methyldted, to the ex.tent of 40% of the total mercury in the jish.
Furutani and ﬁ_udd (1980) showed that there was active methylation in the
presence of HgS bound as a sulphide in sediments of mercury contaminated Clay

Lake (Ontario).

2.2.2  Other Means of Mobilization

Reimers et al (1974) suggest four aqueous transport mechanisms of
mercury in sediments:

1) natural sclubility of mercury .

2) complexation of mercury with chloride, sulphur, clays and organics,
and hence possible physical transport

3) changes in dissolved oxygen content causing minimal release of
mercury and increased solubility of elemental mercury

4} changes in pH causing the solubilization of ‘rhercury-humate

complexes
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An extensive study 0;1 the kinetics of mercury adsorption and
desorption in sediments has been carried out by Reimers and Krenkel (1974). In
reference to the work of Trost and Bisque (1970), and Andersson (1970), they
state that if mercury is in a nonpolar and nonionic form, organic humus in the
sediments tends to adsorb the m‘ercury. lonic mercury tends to be adsorbed by
clays. For studies on the effect of ofganics on sediments, the Reimers group
investigated carboxyl, ami‘ne and mercaptan groups. Each of the organic
chemicals were' long chain alkanes, which are insoluble in water, with a single
functic;nal group. The compounds | used were stearic acid (R-C=O_H),
octadecylamine (R-NHZ) and dodecanethiol (R-SH).

.. Reimers and Krenkel (1974) arrive at the following conclusions:

l. at a constant pH value, the adsorption of inorganic mercury is
definitely affected by the chioride concentration with a 20% to 100% joss in
sediment adsorption capacity, depending on the constituents of the sediments
(sands, clays or organics)

2; for the materials listed, the .uptake rate and capacity of inorganic
mercury is 'given in the following o:der:

] R-SH >> illite > montmorillonite > R-NH, > kaolinite >

R-c=C

_y > fine sand > medium sand > coarse sand

3. four materials found in natural sediments were observed to ab!;orb
methyl mercury, and they did so in the following order:

R-SH >> jllite > montmorillonite >> fine sand

4. amines and carboxyl functional groups on organics have a |ower

capacity for binding inorganic mercury .than do the natural clays, illite and

montmorillonite
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Hydrogen sulphide may be evolved in anoxic, sulphur-containing lake
sediments (Aston and Chester 1976). To this end, Craig and Bartlet)t (1978)
found that monomethyl mercury species in sediments may be mobilized into the
atmosphere as dimethy] mercury if H,S is generated in the sediments.

- Furutani and Rudd (’1980), in studying a mercury contaminated system
(Clay Lake, Ontario),'found that periods of methylation in the water column
coincided with surface sediment methylation and appeared to be related to
overall microbial activity. They found that, in at least one anoxic area of this
lake, mercury entering on particulates was probably methylated before it could
form mercuric sulphide.

v

Several studies have been performed on the relationship between
mercury and humic aci.d. Bongers and"Khattak {1972} have shown that anaerobic
sediments treated with lonic mercury release elemental mercury. ;:1-50, Strohe;!
and Huljev (1971) have shown that mercuric ions form a strong but reversible
complex with humic acid. Alberts et al (1974) combined the results of these two
stuciies, and with further experimentation, concluded that elemental mercury is
formed in aqueous solution by the chemical reduction of mercuric ion in the
presence of humic acid. This was corroborated in a later study by Miller et al

Y

(1975), who observed the mobilization of mercury from freshwater sediments.

Cline et al (1973) studied mercury mobilization as organic complexes.
The following conclusions were reached:
- low specific gravity organic flocs may be as important as soluble

organic metal complexes with respect to mobilization and transport of mercury
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in natural waters

= mercury concentration and organic carbon content of sediment pore
water were direc;l‘y correlated

In a siudy by Hahne and Kroontje (1973), it was shown that little or
no Hg(ll) is adsorbed by montmorillonite, illite or“l kaolinite from water
containing HgCl,°. .(predominantly) at [CI7] between 107%% ang 1073 M (l.4

to 14 mgL'l) and pHs between 3.7 and 4.9.

Inoue and Munemori (1979) showed that at [Cl7] less than 107 5
Hg(Ii) is likeiy coprecipitated with iron(IIl) hydrox;de. It appears that larger
amounts of chloride (>10™2 M) suppressed coprecipitation and favoured 'the

formation of I-igCi2 which remained in solution.

These same conclusions were also reached by Avotins et al (1975) who

used a simple ion exchange isotherm based on the process

+

2+ + 2+
H adsorbed * Hg aq = 2H aq * "8 adsorbed

to account for absorption density quantitatively onto hydrous ferric oxide for
equilibrium total dissolved mercury concentration from 10~ to 10'9 M (20
mgL to 200 ngL'l) [CI"] from 0 to 1.0 M and PH from 4 to 1! in an orgamc

free water solution.

Armstrong and Hamilton (1973) found in a study on the Wabigoon
River that up to 75% of the total mercury in the water was associated with the
particulate fraction and "the correlation of mercury and iron may result from a

coprecipitation phenomenon, or more likely from the fact that both metals are
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associated with organic matter”,

James and MacNaughton (1977) suggest that uptake of mercury onto
clays is strongly pH dependent and usually occurs over a narrow pH range. Tnoue
and Munemori (1979) found that as pH decreased in the range 10 to 4, the

-

percentage of particulate sorbed mercury dropped from about 90% to about 10%.

Ion exchange onto & substrate such as humic acid would occur with

the release of an H*-ion (Gjessing 1975), a typical reaction being:
(CO OH) (COO - Hg)

L3

+ Hg  -=-> ' + HY

(omR ©omR

humic acid humic-mercury complex

Kerndorff and Schnitzer (1980), in a more detailed sfudy on the
sorption of metals on humic acid found that at pHs of 2.4, 3.7, 4.7 and 5.8
mercury (and iron) were most readily sorbed by humic acid of 11 metals studied.
They found no correlation between metal sorption affinity to humic acid and

atomic weight, atomic number, valency or crystal and hydrated ionic radii.

2.2.3 Factors Other Than pH, Alkalinity or Hardness Which Control the
Uptake of Mercury by Fish

2.2.3.1 Foodchain versus gill uptake

Other aspects such as food chain versus gill uptake, temperature

effects, age and growth effects and water chemistry effects affect mercury
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uptake by fish, Huckabee_gl_a_l (1975) summed up the literature thusly:
"Where do fish get' their methyl mercury body burdens; '
from the water, from their food, from their own
bacterial flora independent of the sediment, or any

combination of these?",

Evidence for the magnification of mercury \concentrations through the
t_rophic levels has been reported by many investigators (Peakall and Lovett
1972, Klernmer and Luoma 1973, Cunningham and Tripp 1975a, Caracciolo et al
1975). Others, however, suggest that biomagnification of mercury through the
food chain does not occur to any significant extent (Jerneltv and Lann 1971,

Leatherland et al 1973, Williams and Weiss 1973 Westoo 1973),

Jernelév (1972) established that non-predator fish, such as the
whitefish, obtain about 10% of their mercury body burdens through food and
90% through their gills. In predator fish, such as pike, Jerneldv concluded that
about 50% is taken up by food, most of \;«'hich— is fish. Since 50% of the mercury
present in the ingested fish had been taken in through the gills, and at least
half of the mércury in the pre_datér fish, he concluded that the important

primary mechanism of intake is through the gills.

Studies at lower trophic levels, such as bacterial or protozoan
‘(Colwell et al 1975) suggest the food chain is the most important route at these
levels. Colwell's group showed that an Hg-labelled bacterim, Pseudomonas, can

be taken up by a bactiverous ciliate, Keronopsis pulchra, with a resultant

. ' I o
increase in mercury concentration in the ciliate. Huckabee et al (1975) also
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suggest that direct uptake is predominant at lower trophid levels (i.e.,
zooplankton) but food chain uptake is more significant at higher (fish) trophic

levels.

Olson et al (1973) showed that uptake of HgCI2 or CHBHgCJ by trout
can be largely through' the gills since uptake .was not affected by esophageal
':lfgation. They also sho;.ved that methyl mercury enters the fish at a faster rate
than the inorganic form and anomalous tissue distribution of these two forms
suggest that inorganic mercury does not require methylation prior to entry into
the fish. On the other hand; Lock (1975) has an opposite view. He states:

"Although aquafic organisms are capable of rapidly

removing methyl mercury from water, it is concluded

that organisms accumulate most of their methyl mercury

burdens from food since practically all methyl mercury

is complexed to organic matter. Dissolved methyl

mercury in water is only present in extremely low

concentrations (below 1 ng Hgl."l) and éannot account

for the metﬁyl mercury burden found in organisms of

higher trophic levels."

Lock suggests that the rate of direct uptake is faster than food chain
uptake, but food chain uptake accounts for 5 - 10 times the total amount of

_methyl mercury transferred, when compared to gill uptake.

- In vivo methylation was studied by Rudd et al (1980b). This group

studied pristine and mercury polluted lakes and found that intestinal contents of
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.

fish from these lakes were capable of converting-Hg2+ to methylmercury. It is
suggested that bacterial activity in the intestinal material is the likely cause of
this methylation. Thése findings were contrary to a previous study by

Pennacchioni et al (1976).

Olson et al (1975) studied uptake of methyl mercury by fathead
minnows and found that as the nominal concentration of mercury in the test
water increased, 'so did the mean mercury concentration of the fish, but
non-linearly. This is opposite to findings others discussed earlier. Olson's group
concluded that fhe uptake was via food since it was observed that the minnows
were eating periphyton growing'iﬁ the test chambers, and periphyton are known

to concentrate mercury (Johnels et al 1968). Huckabee et al (1975), in studying

-zooplankton, Daphnia pulex, found that uptake of methyl mercury increased

non-linearly with increased concentration of methyl mercury in water.

Kramer and Neédhart (1975) studied direct (non-food chain) uptake of
mercury b-y fish and found that methyl mercuric chloride was taken up & times
faster thén mercuric nitrate. Accumulation rates decreased in the presence of
EDTA, cysf_e'me and g'lu".cathione. Thesé.complexing groups may have a screening
.effect, so“that desorption at the surface of the cells is insignificant or does not
take place at all. Kramer and Neidhart suggest that only the mercury which is
not complexed is accumulated. This means that the accumulation rate should
depend very strongly on ih-e concentration of "free mercury” in the water, and
this was the effect that was found after further experimentation.

Release or depuration of inorganic mercury from fish into distilled

-



27

water wés also studied and it was found to be a two step process. The firs;,
rapid step has a half life of about & days and the second step about 68 days.
When methyl mercury was allowed to depurate from the fish so treated, a one
step reaction with a half life of &9 days occured. Huckabee et al (1975) found a
rapid loss at first, followed by a steady, slow, long term loss. The good
agreement between the two longer half lives led Kramer and Neidhart to
conclude  that the release of incorporated methyl mercuric chloride, and
accumulated inorganic mercury that is methylat;zd in the fish (as. previously
stated by Jensen and Jerneltv (19695 and Bertilison and Neujahr (1971)) follows
" that of methy! mércuric chloride. 'In an ’earlier field study on depuration,
Lockhart et al (1972) transferred mercury iaden piké from a contaminated lake
and discovered that after one year, only 30% of the total mercury had been

eliminated from the fish. The foregoing suggest that mercury is a persistant .

{\‘ - - a
chemical, especially once incorporated into a fish.

Hildebrande et al (1976) suggest that food chainl uptake is most
important in a study they performed in a contaminated system. In an are'a where
sediments contair]ed less than detectable amoﬁnts of methyl mercury;'about 30%
of the mércury in the fish was methyl, as was about 50% of the mercury in
benthic invertebrates. |

A study was undertaken on the behavior - of mercury in laboratory
biosystems. The various aspects of the study were: 1) uptake -and_concentration
in the food chain (Prabhu and Hamdy 1977), 2) depuraﬁon of radioQIabelled ng+
in various ‘trophic levels (Hamdy and Prabhu 1978), and 3) biotransference of

mercury through food. chains (Hamdy and Prabhu 1979). The study was conducted

g
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to follow the biotransference of radioactive mercury In a simple model food
chain which consisted of four trophic levels: from ﬁlercury resistant bacteria, top
mosquito larvae; then from larvae to guppies (i.e., small fish); and finally- from
guppies to Cichlids (i.e., large fish). Data on thé dynamics of mercury uptake,
depuration and biotransference revealed ‘that these various processes are
affected by many factors, particularly fhose altering‘ metabolic rates. In the "
system studied, mercury was concentrated by the lower argénisms - the bacteria
and t'he larvae. These were the only systems that exhibited magnification ;)f
mercury. This substantiates work done by Colwell and Nelson (1974). Evidence
against magnifitation of mercury was shown to occur in the higher food food

chain guppies feeding on larvae and then being eaten themselves by Cichlids. E

The pathwa;s for mercury uptake by fish from bed sediments was
studied by Kudo and Mortimer (1979). They wanted\\o determine whether the

pathway was

-

-

bed seditnent ————e— --> water --—> fish .

or

bed sediment > fish

The begl. sediments, amended with HgCl, were screened off -with
netting. In one system, the .fisﬁ and sediment were together in one tank, while
in the other system, the fish and water were in one tank connected by screened
" pipes to a tank with water and sediment, The water was circulated between the
two tanks in the second system. Mercury coﬁcentration in the sediment was
1.023 ugg'l, and the rﬁercury concentration of the water was 2 - 5 ugL'l.

Fish in both systems accumulated mercury continuously. Fish in association with

vy
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bed sediments reached equilibrium (about 0.2 ]Jgg-l) before fish not in contact
. with bed- >sediment (equiljbrium mercury concentration about 0.02 ugg'l). This
) gests that mercury accumulated by the route: sediment ----> fish, is about
0.18 ugg'l while mercury eiccurm,.ulated by the water route is about 0.02 pgg'l.
Thus the mercury accumulated by the fiSl"l from the bed sediments was nine

times greater thar that accumulated from water alone, and was accumulated at

a more rapid rate.

2.2.3.2 Temperature

Temperature affects the rate of uptake of methyl mercury into Tish.
MacLeod and Pessah (1973) studied accumulation of mercury m muscle of
rainbow trout and found that at 5, 10 and 20°C, and for 0.1 mng Hg
concentratiorr (as H_gClz),- biological magnification faqtops‘ (concentration in
fish/con'centration in water) were 4, 10 and 22 respgcthﬁély.

Burkett (1974) sui)jec:ted bluntnose minnows tolradio;labelled methyi
mercury at temperatures c;f 18, 21 énd 24°C. Burkett found increased uptake of
methyl meréury at 18 and 21° but not at 24°, One of three hypotheses may
serve to explain why the ‘increased uptake ( end did not continue beyond 21°C:
1) equilibrium may bé achieved between uptake and excretion of Hg at about
21°, 2) methyl_ mercury has a depressant..effect ‘on metabolic rate above 21°, or
3) routine a::tivi,ty, and therefore routine metabolic rate of the tesi.: fish peaked'

at 21° or slightly above.
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In a somewhat more quantitative study, Cember et a] (1978), as a
follow-up to an earlier experiment by Blaylock and Huckabee (1974), studied
methyl mercuric chlo.ride uptaﬁe in fish at water temperatures of 9, 2l and

33°C and mercury concentrations of 0.2, 0.5, 5 and 50 ugL'l. The

bioconcentration factor was found to increase exponentially with water

temperature at a rate of 050\66 per C° Mercury concentration in the water did

not influence the,biocontentration factor.

v
Rlbeyre et al (1980) studied the effect of temperature (10, 18 an\‘
26°C) on the uptake of methy mercury in a freshwa‘ter trophic chain. This food

chain consisted of Chlorella vulgaris, a producer, Daphnia magna, a primary

consumer, Gambusia affinis, a first rank carnivore, and Saimo gairdneri, a

second rank carnivore. At 18°C, the "global" rate of trophic transfer of

-

*  mercury between the water and the terminal consumer was about 15%. Terminal

consumer mercury levels showed a reduction in the transfer rate when the

water temperature was raised from 10° to 26°C.

2.2.3.3  Age and Growth  ?

~ . ? -

i

}\ge and growth effects on mercﬁry uptake have I;een studied. Johnels
and Westermark (1969) showed that mercury u;‘)take in~ fish increas;d linearly at
a given copncentration until death occurred. Bacht? et al (1971) carried

analysis 'of total mercury and methyl rhercury in lal-ié trout of precisely known
ages from | to 12 years. The){ found that the -concentrations of both total

mercury and methy! rﬁercqry increased with the age of the fish. Also, the -

e

&
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proportion of methy! mercury to total mercury increased with age: about 30 to

35% methyl for 1 year old fish, and 80 to 90% methyl for fish 7 to 12 years old.

" In a similar study, Kerfoot and White (1972) studied striped bass ranging up to

12 years of age -and found that the mercury content of the axial muscle

exhibited an annulal increase of&g9 pg Hg g'l of ‘wet weight tissue.

Blaylock and Huckabee (1974) found that fish from an uncontaminated
system had about 93% of their mercury in the methyl form, unlike benthic
invertebrates which contained around 76% of their mercury as methyl mercury

(Huckabee and Hildebrand 1974). Another portion of this study showed that, in a

lake ecosystem, seston was the major reservoir of methyl mercury.

P

Scott and Armstrong (1972) showed that a positive corr.elation exists
between mercury concentration and fish IEI:Igth. Scott (1974), in his study on
four s&acies of Ifi'sh in heayiiy mercury contaminated Clay Lake (Ontario) found
that older fish and 'fas'ter gréwing3fish contair;led generally more mercury. Also,
as previous findings have shown, the larger the fish, the greaterswas its white
muscle mércury conce"ntration, both within species and within populations. Scott
found a qc.ahtradlict‘ion to previous studies in that relatively heavier fish tended
to have lowér rilt;rcury éoncentrations. Scott states:

- '"m\e va_rious statistical relationships do not appear.to be
simple, first-order regressions; rather, there appear to
be significant interactions betweeh age and growth, and
age and condition (weight) which tend to change the

partial slopes with age."

o
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More recently, Phillips et al (1980), in studying vériou‘s“?@hic levels

of fish in Montana, also found that the mercury content of fish flesh increased
with size and age. Th‘ese workers found that: t_h'e rate of mercury accumulation

was faster in piscivorous species (northern pike, sangers, walleye) than in

planktivorous species (black crappies and white crappies).

MacCrimmon et al (1983) studied the growth of lake trout in
Precambrian Shield lLakes and fqund that fish mercury content was well
correlated (r2=0.92) with fish length. They al\so found substantial among-lake
differences in fish mercury contents occuring in fish of comparable ages.

.

A

2,2.3.4  Lake water chealistry

Drummond et al (1974) state that some merluric compounds, such as
. methylmercuric chloride and mercuric chloride, are rea_dily absorbed by the gills
of fish where they arr'.- transferred to the blood and subsequently distributed to
other body tissues. Fang (1974) and others have suggested that mercury enters
the fish during gill uptake because it is in a lipid soluble form. Fish gill
membraneﬁ is composed partially of lipid, or fat, which is non;polar in natt..lre.
Thus only non-polar solutes are,significantly soluble in the non-polar solvent,
which is the lipid. Assu::ning that toxic substances pass directly through the lipid
portion of the gill (some may pass through the water-filled ‘pores), the toxic
substance must be nén-polar. This leads to speculation on whether or not
v

mercury, inorganic or organic, exists in polar or non-polar species under the

chemical conditions existing in acid lake ecosystems.
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It has been shown (Reimers, Krenkel and Englaﬁde 1974) that

r

sulphate, nitrate, nitrite and other ligands do not form stahle mercury
complexes. Only under anaerobic conditions is mercury stable as elemental
mercury or as mercuric sulphide. Other ligands such as I', Br', CN, NHQ‘+ and
especially 52' form more stable complexes with both inorganic and organic
mercury than Cl°, and CN~ and 52_' form more stable mercury complexes than
OH™. The concentrations of these other ligands in natural (oxidizing) waters,
however, are considered totally negligible. Mercury complexes formed by these
species, therefore, are not important compared to complexes formed by chloride

and hydroxide. Thus the only two common ligands which form important mercury

"complexes are OH™ and C!™. This has been shown experimentally by Ciavatta and

Grimaldi (1968). The hydroxide-chloride equilibrium diagram for mercury is

shown in Figure 2.4.

As shown in Figure 2.4, the predominant inorganic mercury species at
the pHs and pCls found in many Precambrian Shield lakes are predicted to be
HgCl,°, HgOHC!® and Hg(OH),°, Calculations show that the predominent
organic mercury s:pecies is CHBHgCl“. In terms of inorganic mercury, the
species most. likely to occur in acid lakes is HgClz". It is of -special
consequence that this particular species be prevalent, since, although it is
linear, non-pol.ar (Pauling 1970) and electrically neutral (Ciavatta and Grimaldi
1968) like the other inorganic species, this species is only weakly bonded to
water. (CH,;),Hg® is also linear (Spice 1966). The other species are more heavily
hydrogen bonded and generally not mobile with respect to fish uptake.
Hydrolysis of 'HgC12° occurs to form HgOHCI®°. Cotton and Wilkinson (1972) .
suggest there is no proof of_ a true hydroxide, howevet-the weak base Hg(OH)z"
is commonly assumed to exist. This species may exist simply as a heavily
hydrolyzed form of HgO. Thus th‘e HgClz“ species may be more readily
assimilated by fish, where it may or may not get methylated on the gill surface

or in vivo, compared to other inorganic species.

Shield lakes where the phenomenon of increased mercury uptake by
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pH

HgClg2

pCl

Figure 2.4 Predominance diagram for inorganic mercury species

as a function of pH and pCl. Under high pHs and high pCls (i.¢., low chloride

. concentrations), the neutral hydroxide species Hg(OH)z“ predominates, while a®@>==
lower pHs and pCls, the.neutral and more'biologically “availabJé chloride species
HgC12° predominates. The neutral hydroxo chloride complex is depicted as a

- narrow strip between these two species, but the hydroxo chloro complex never
exists in concentrations greater than about 20 % of the oﬂ\z; two species, The
dashed lines, indicating 1 % concentration limits depict tie rapidity that the
non-predpminant species decreases in coricentration in the predominant species'’
field. -
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fish has been shown to occur, are typically low in ‘calcium. This is a common
occurence in lakes of low pH and alkalinity. These lakes have also been shown

to have elevated metal concentrations (National Research Council of Canada

1981},

Hunn and Allen (l97~#) showed that lipid solubility and degree of
ionization of, in their experiments, a drug, play a significant role in the
movement of compounds across the gills éf fishes. In general, any substance that
is distinctly charged, or otherwise fat-insoluble, and has a molecular weight in
'excess of 100 is almost certain to be virtually excluded _from‘ entering cells from
the outside unless the particular cell is equipped with a specific transport
system for that particular substance (Le Fevre 1972). Many substances appear -
to penetrate cells by diffusion at r;tes that could be correlated with their
solubilit)‘f in fat solvents. Hunn and Allen state that it is the un-ionized form of

most drugs which penetrate cell membranes most readily.

‘Calcium concentrations in natural waters (Ogawa 1974; Isala and.
Mansoni 1976; McWiliiams and Potts 1978) and waterborne zenobiotics {Jackson
and Fromm 1977) have been shown to affect gill permeability of freshwater.
teleosts to water and ions. Gill permeability 'varies in\)er.-sely with calcium
_concentration, e .
In their recent work, Rodgers and Beamish {1983) state:
"Changes in efficiency of methylmercury uptake in hard
and soft waters are consistent with the effects of

ambient calcium concentration on gill permeability and



electric po.téntial. ...... Although the mechanisms through
which calcium affects gill permiability are ﬁoorly‘
understood, calcium influences fluxes across the gills of
both polar and non-polar rnolecu‘les (tritiated water) and
ions (Na*, H" and CI), and changes in both active and
passive transport processes are implicated (Ogawa 1974;
Isaia and Mansoni 1976; McWilliams and Potts 1978). In
addition, the electrical charge of the gz:ll becomes more
positive at higher calcium concentrations (McWilliams
and Potts 1978), consequently, upfake of cations, such
as CH,Hg", should decrease in waters of elevated

1 4
calcium concentration. The observed changes in the

uptake of methylmercury with water hardness would thus .

seem to result from Ca2*-induced changes in gill
ﬁermeability and charge. Although changes in water
' har;[ness also invol've a slight decrease in pH, at pH
greater than 6.0, pH had little effect on gill

permeability and charge (McWilliams and Potts 1978).

"The inc-reased eAffic:iency of methylmercury hptake
relative to oxygen in soft water is consistent with and
may in part explain  the common observation of
degreased toxicity of metals in hard water ('Sprague
1970). Unfortunately, data on the effects of water
hardness on toxicity of waterborne methy]mercury are

L4

currently not available.

36
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"The increased efficiency of methylmercury uptake in
soft water is also consistent with the observation that
fish from lakes of low a.lkal'inity'and pH contain higher
concentrations of methylmercury than fiéh from adjacent
waters of higher alkalinity and pH (Jerneldv et al 1975;
Scheider et al 19?9). Our results would suggest that the
higher methylmercury residues in fish from softwater
lakes could result from fhe effects of ambient Ca2+ on
uptake .of waterborne methylmercury. The effects of pH
on methylmercury uptake by fish have yet to .'be

defined."

Various studies have attempted to describe changesl in mercury
toxicity due to §ynergistic and antagonistic effects of other materilals,
especially selenium (Parizek and Ostadalova 1967; Ganther et al 1972; Huckabee
l197#; Kim.g_t_la_l 1977), copper (Rouieé and Perimetter 197@) and zinc (Gale
1973). Rodgers and Beamish (1983) found that the addition of zinc sulphate
decreased the relative_eff'lciency of uptake of I;;ethylmercury by rainbow trout.

Rodgers and Beamish further state:

"Short;term exposure té Iconcentrations of mercuric

chloride as low as 12 ng'1 increased mucus production

of rainbow trout (Lock and van Overbeeke 1981).

Mgrcu}'ié chloride has also been reported to change the

;tructural properties and permeability of trout mucus

(Varanasi et al 1975), Changes in the rate of production
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and structural properties of the mucus covering the .giII'
epithelium may thus account for the increased efficiency
of methylmercury uptake with coincident exposure to
mercuric chloride. Sublethal concentratioms of zinc have
also been reported to increase mucus producfion in trout
(Sellers et al 1975), yet the addition of zinc with
labelled methylmercury décreased rather than increased
the effeciency of methylmercury uptake relative to
oxygen [in the Rodgers and Beamish studyl. The

mechanisms by which inorganic mercury and zinc afféctl B \
‘uptake of waterborne methy.'lmercury thus remain
undefined. The reduction in ‘the efficiency of
methylmercury uptake with the addition of inorganic
zinc may indicate a competition for sites of uptake on
the - gill.  This interpfetation' is consistent \'.vith‘
observations that another divalent metal, copper, ‘was

antagonistic to methylmercury in toxicity tests with the

blue gourami, Trichogaster trichopterus (Roales and

Perlmutter 1974)."

Varanasi et al (1575) found thént the introduction of selenium-to wate.r
caused an increased production of mucus by the fish. This mucus may feadily
aSsorb mercury from the water and render it immobile in this relatively
harmless locatxon. Rudd et al (1980a) four;d that selenium and mercury did not

move through the ecosystem either chemncally or bxologmally and that. 0.1

mgL Se stabilized the movement of mercury among the various water column' .
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compartments. Elevated selenium appeared to retard the rate of mercury
bioaccumulation by fish, crayfish and haptobenthos.

L5

2.2.4 Acid Stressed Fish Populations

« When dealing with acid stress, apparently two possible situations may

exist, independently or together. These situations are:

1} "apparent" increase in fie:.h population mercury content’ due to the
modification of the population itself because of bio-stress inducé;l by lake water
acidification ‘

- 2) actual or "real" increase in fish populétion mercury -content dL;e to
increased uptake of mercury by fish, which may be related to ;:Eanges in fish
physiology induced by lake water°ac:idification.
Appax;ent‘increases in fish mercury content for a pp_pulation rela.t'e\z'-%o
" a statistical phenomenon only. Laké water acidification may inhibit spawnihg at
cértajn lo;v pHé. It may also ilnc:rease recruitment failure and diminish or
eliminate young-of-the-year for a given yeal;. This form of.acid stress, if it
occurred several times 1n.succession, would cause a statistical change in the
fiéh population. That is, the sm'al'le.r‘ size classes wo;ﬂd be'missing,‘ with only'the
older -and Iarger. fish present. As previously stated, 6ldef and larger f{ish
generally contain more mercury (within lake, within species) than dlo 'younger,
smaller .fi.sh. lﬂérefore‘, even if the older,- I;rger fish contained "porfnal"

amounts of mercury, for their size class, when the mean is calculated for a
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population, it would appear that the mean mercury content for that species in
that lake was inordinately high. That is, the mean would not be weighted by the

__ - . : . L
missing smaller, low mercury content size classes of “fish. '

Physiological or "real" effects of acid stress may occur  con-
committantly. Inputs of slugs of acidic snowmelt into a lake in the spring, when
fish are most éusceptable to pH depression, may occur, and eliminate or reduce
the number of small fish for that year. A chainr of events can then occur, as
hypothesized here. With no young fish, comp;étition for food is decreased.
Larger fish can eat more. At the same time, predator fish, relying to some
" extent on "the young fish fon; food, must now either choose larger, fish to_.‘pre)‘r
on, or change their eating habits. The following possibilities may result:

1} thh less competition for food, large fish.may grow larger, and’ may
even grow d:sproportionately large or fat (hea\:/), larger fish, of course, ‘contain
proportionately more mercury as wel!

| 2) predato; fish, having to eat la.rger’ fish than'bcfore, are incréa'lsing
their food chain body burdens bf_merc.ury, because these larger prey contain
more mercury than the original and now* absent smaller prey

3) the predator fish may also change its eating habit to, say
zooplankton, from small fish; plankton may contain more mercury, for the same
we:ght, as smal! fish, and thus the predator body burden of mercury may

increase

Some substantiation of this hypothesis already exists in the literature
. (Jernelév and Lann 1971, Lockhart et al 1972, Fagerstrém and Asell 195, Cox

et al 1975, Jerneldv et al 1975, Ollson and Jensen 1975, Phillips et al 1980).

T
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2.3 | SUMMARY
¢

Mercury exists in all c?mpartments of the ecosystem. Cycling
between these niches,. or compartments, depends upon the nature of the
compartment, the type of pathway and the form in which mercury exists.
Mercury can be readi-ly mobilized from relatively secure compartments by the
process of metl;ylation. This process is controlied by various factors, most'
notably pH, microbial activity, temperature and site of otcurrence. Mercury can
also be mobilized by other means. Complexation appears to be the most
prevalent. Common cémplexers which have be;:n shown to mobilize inorganic
mercury include chloride, sulphur, clays and orgénics. Complexation reactions
are also lar;él)rf‘ i:_ontrolled by pH and Eh. lIron hydroxide- may also be an

important complexer or scavenger of mercury.

Once in a mobile form, it is nc;t JcIe-ar whether or not uptake of
.mercury.by fish occurs via the food chain or by gill uptake. Some studies have
shown very clearly that uptake occurs ;;rimari'ly through biomagnification, while *
-othérs studies show just as Eonvincingly that 100% of the uptake can occur —
through the gills. Other studies suggest that the likely route of uptake is some
combination of the two processes.

Various paranlietérs have been shown to afféct uptake of mercury by

fish, These include temperature, age and growth and take water chemistry.

As uptake of mercury progresses in a population of fish, the statistics

which govern fish numbers and sizes may be altered. Lake water acidification
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may alter the population to show an apparent ic;rease in fish mercury
concentration because the population contains only 'arger fish, which typically
contain greater mercury body burdens. On the otHer h‘and, real increases in fish
mercury may exist due to changes in fish feeding habits, etc. caused by lake

water acidification. -

There emerge from the literature two distinct areas of research need.
‘The first is the study of t.he initial mobilizz.ttion and transport.of the mercury to
a location and state available for fish uptake. The second is the determination
of the mechanism of uptake itself.

!

Certaintconcepts appear to be common to most studies found in the
literature. Mercury must first be complexed in order to be mobilized. Mercury ‘
does not persist¥#ong in the gqu'eous phase. Seorption of mercury o;ito a substraté
followed’ by physical partiéle movement appears to be the most efficient
“transport mecharism. This sorption reaction is strongly pH, and to some eitent
-pCl dependent. 'It aiso dependé on the amount of mercury available .and the
amount ofrsubstr‘ate available. Likely substrate candidates in natural systems
include Elays' and other fine inorganic paf‘ficulates, such as iron hydroxides.
Other potential substrates include organic materials such as large, high
molecular weight materiails and other organic matter including detritus and fish
mucus. Y |
The principal brocesses influencing the behavior of meréury include
methylation, demethylation, oxidation, reduction, sorption, sediment/water

exchange, volatilization and longitudinal transport (Lgssiter et al 1976). The
: =

1
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environmental factors of importance include pH, concentratiéon of suspended

particulates, depth of water and depth of sediment. The flow of mercury may be

.

controlled largely by the mercuric mercury form sorbed to the sediments as
opposed to elemental o;' methyl forms. This partitioning to the suspended
particulate and sediment phase is generally understood to occur soon after the
mercury is mobilized into an.aqueou's form. ;l'hus sorption is likely_ to be the

single most important control on mercury in an aquatic system. -

. Once situated in the particulate phase, a mechanism is required to
remobilize the mercury and move it into the fish:

.~the particulates could act as a substrate for methylating bacteria to
* , . ’ '

act upon the inorga‘nic mercury, producing for example methyl mercuric

‘chloride, "which is soluble ?md very mobile in the aqueous.phase; this reaction
also appears to be very pH and temperature dependent

-the particles could be taken up on the gill surfaces where the fish's

‘own bacterial flora could methylate it, or ingested where _in vivo methylation

. 4
could occu?‘ ‘ ‘

-thg particles could be consumed by lower trophic ‘level biota, and th;a

mercury then could be biomagnified up the food chain.

-the particulate mercury could be remob@'b‘y changes.in pH or

~

pCl -and taken up by the fish in the inorganic form,

¥

It is still not clear in the literature as to which of these processes,

écting singly or in combination, is the most likely to effect the -transport of

-

mercury from particufates into fish.
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CHAPTER 3 —~
" »
MERCURY IN AN ACID LAKE ECOSYSTEM - CONCENTRATION AND
- . MASS BALANCE

-\

3.1 GENERAL STATEMENT _ . /

A fundamental understanding of mercury concentration in an acid lake
“type ecosystem is a prerequisite before attempting any further” study on the
uptake of mercury By fish. In' this portion o the research, samplmg and analysxs
of mercury concentrations in various ecosystem compartments of such an-
uncontaminated system is undertaken, These concentrations are compared to

other systems in the literature.
L)

;‘ .
Enough data is generated here to allow for a very. rudlmentary mass

" ‘balance to be calculated for the small watershed chosen for study.

3.2 STUDY AREA
. 2
3.2.1 Site Selection - .

Certain cntérxa were used to find a suxtab!e site for this study A

suitable site would be:
. ¢
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- logistically s;na!l
- geologically and biologically simple
{-. geomorphologiclzally simple with respect to lake inlet and outlet

strea}ms'
T preferably co'r_ltain a headwater lake
- be remote from pdpulation yet reasonably accessible
- be in an area in which some background data already existed
- the lake itself would‘ have to be acidified or sudceptible to acid-

ification, by having a low or depleted alkahmty but would not be so acidified

that it would not contam fish

[y

Several possible lakes, mostly un-named, were investigated, all in the
LaCloche Modntains, south-west of Sudbury, Ontario. - One- of the larger of
these, anht's Lake, most clodely met the criteria listed. Unfortunately there
were no fish mercury concentration data available for this lake, because of xts '
remoteness and small size. The comphance to the other criteria outwe1ghed this

one negative aspect.

4

3.2.2 General Description

: -Figdre 3.1 shows the. location of Wright's Lake with respect to the

~ surrounding area. Figure 3.2 is a map of Wrigﬁt's Lake Watershed. The lake is

_locatdd as follows: . ~
~ latitude 46°6'30" N .

s ~ longitude glesun2gn wo .



a°
P 820
| N _f_ o' + SUDBURY

MSEY .
D

North < == VRIGHTS LAKE wyTeFISH FaLLS

Channe! q;_;}
2

LITTLE CURRENT .

-

Georgian Bay

Lake Huron -

Evangeline Loke
/o/

" Figure 3.1 Location of Wright's Lake.

~



T

47

D -

*paysiaiem o) v::ouhzm_ﬁzga USPINGI3A0
apuy Aisa yim mumvrh a1121Jenb sae saulp psyseq *sojdwes [joS JO SUOIIEDO|
sreuwxoudde 31didap pue| uc siaquny ‘suoljedo[ ajdwes juawipas a1ewrxoidde
1uasaidaa 8] Ul SI3qUNN  paysiarem e s 1ydram AL P.:m_..._

a

JINNVHO HLHON

b - . unj
HONX

‘3LIZLYVND =ED
- /\ >>o,_“_ Ni LS3IM
- { .\\l...\:.ui....,../
Loy 7D e > ,
T < MOT4NI n)wr -y
£ ASvEL =L/
/ oy IR
-4’ SR VIANS L G
. . TN MOTINI N
T \p.rl.,llll 1l..|/.// “
= lllﬂm.l.l TSN m " e
T | 3 3da E_quno.
N \ \.w B N
y Q3IHSHILWM 40 A |
LINIT 3LVWIXONddY- N
\ S -
-



h

“monomineralic rock is up to 99% SiO

48 -

" altitude 238 m A.S.L.

within the LaCloche Mountains

85 km SW of Sudbury, Ontario

1

- 14 km W of Whitefish Falls, Ontario

t

access is achieved by boat from Whitefish Falls and a.one mile'hike
along a trail west of Flat Point, on the Lake Huron shoreline

)

Table 3.1 depicts the physical aspects of Wright's Lake and its

watershed. \ﬂ

. N A Y
The lake sits entirely within the same rock formation, an

orthoquartzite and aluminous orthoquartzite unit of the Lorraine Formation. The

NP

oedrock geology is described in detail by Card (1978). This: essen?lally
2+ The lake s wate\rshed is almost
compietel_y enclosed by this same - rock - unit. A micaceous and hematitic
sandstone is found in the most southerly portion of the watershed. This simple
geology reduces the number of variables in the system since:

- basically there is only one rock formation to deal with, and it
conteins two very similar rock types - .

- the ? similar rook types are chemically very sitnple .

1

Overburden in the watershec@s thin, probably averagmg about 1 m in

flat areas to perhaps several metres in valleys. Rock outcrops are common, mga;f

topographic highs lack any_ overburden veneer. The overburden 1s composed
largely of glacial outwash silts and sands A soil is developed in the upper 25

cm of ' the overburden. - L {
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; ] -
Table 3.1 Physical aspects of Wright's Lake and its
watershed.
size of lake, NS and EW dimensions ‘ 500 x 750 m
approximate area of lake 26 ha (260,000 mz)
approximate volume of lake : 2.81 x 1069m3

' (2.81 x 107 L)
probable maximum depth ) ) 26 m

.area of lake which is <2 m deep 30 2

>2 but <10 m deep 30 2
210 but <23 m deep 40 2
223 m deep , 1 %
area of watershed drained by Wright's Creek 3.5 kn?
area of watershed which is lake surface 9
area of watershed draining into lake 3 kmz
outcrop area . : 60 7 (1.8 kn?)
gtream flows /f’r
main inflow May 1980 75 Lser:—l
August 1980 0
west inflow May 1980 - 7
. August 1980 0
out flow May 1980 900
early August 1980 ' 5
late August 1980 T 25
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As shown in Figure 3.2, the lake has only one majof and two minor
“inlet streams. All the streams are seasonally intermittent, The lake has one

outlet stream.

~ The main inlet stream is partially fed from two small ponds (surface
area 25 m? and 300 m2) situated on a quartzite ridge. The ponds are almost
completely enclosed by bedrock, with small outlets which, in part, run
underground along joints in the bedrock. The smaller of the ponds contains only
5 to 10 cm of sediment which lies dit:ectly on bedrock. No open water is found
in either of the ponds during the dr_if:st part of the summer. The west inflow is
.little more than a ditch draining aipine covered hillside. The east inflow was
never observed in any detail, but appears to have an insignificant flow.

On a gross scale, the vegetation in the w'aters'hed is almost as simple
as the geology. About two thirds of the trees in the flat areas and gentle slope$
are white birch, with some oak and maple. The rest of the trees in these al;eas;
and most of the trees on the stéepelf slopes and'topographic highs are pine.
trees.. In low lying areas of the valleys, particularly the swampy area near the

outlet stream, cedar is the predominant tree typéf;

The -small 5\|N'amp' at the southern end of the laL:e, just below the
outfall, is valuable in that besides provid.ing another niche in the ecosysfem, it
possesses the only area found so far in the watershed which is chemically
reducing. _The rest of the near surface envirqnment of the watershed, as well as

‘the lake water and surface sediments, is oxidizing. -
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The physical appearance, as well. as the composition of the
organic-rich lake sediments,,is similar.t'o other lakes situ;‘ited in the Lorraine
Formation. With respect to the composition of the surrounding soil, from which
they most likelsr are derived, the sediments appear somewﬁat depleted in SiO

2

and enriched in Fe O3 Nodules rich in Fe and Mn were present in the upper

sediments, typically in the top 5 cm. No attempt was made to quantify the
nodules, however, "several" per square metre of sediment were observed. The

‘ .
rough textured, porous, low density concretions were 0.5 to 2 cm in length, in

" the réugh shape of oblate spheroids and rust to-reqdish brown in colour.

Sulphur content is highest in the quartzite ridge pond sediments, This
suggests that either these topograpmcally high structures are more effecient 1n"\
trapping airborne 5042 or their sediments contam traces of FeS or other.

sulphur contammg minerals.

- The physical hmnology of the-lake is descnbed in Table 3 2. The. lake

. = is thermally stratzf:ed in the summer.

. Biolégical and-mic'roblological parameters are shown in Appendix A,
Water chemistry is described in detail in Appendix B.
'Assummg an acid lake' is one W}th a pH below about 6 and/or havmg

very low alkalinity, less then about 3 mgCaCOBL -1 for a non-calcareous regime

(Kramer 1977), and thus being susceptable to acidification, then. Wright's Lake

can be called an acid lake.



Table 3.2
Pafamete;
Secchi

depth m

temperature °C

specific

conductance pScm-l

particulates
mgL

Units

-1 .

Wright's Lake physical limnology.

Coumpartment
whole lake

epilimnion
hypolimnion
central surface

south shore
surface -
outflow

epilimnion

hypolimnion
central
surface
south shore
surface -
outflow
main inflow
west inflow

Time

August 1979

early Aug 1980 °

early Aug 1980

August 1979
May 1980

August 1979
May 1980
August 1979

Hay_1980

Lake Huron outlet
of Wright's Creek

swamp
large pond
small pond

epilimnion
hypolimnion -

early Aug 1980

Value

9.20
3.35

~21

4.3 (minimum)
21.8

8.8

8.8
8.8

29.4
25.9
3‘0-3 *

25.9

35.8
32.0
30.7
39.5

30.0
41.7
35.0
28.5

W
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Wright's Lake is compared in Table 3.3 to other nearby and somewhat
larger Lacloche Mountain lakes studied by Sprules (1975). This table suggests

that Wright's Lake is typical with respect to the parameters listed for the area

)

Analysis for snow and rain are shown in Appendix C along with

in which it resides,

winter conditions for nearby meltwater streams and lakes.
Anthropogenic influences on the lake are minimal as there are no
cottages in the watershed, and the lake is more than' 10 km away from any

permanent’and readily accessible habitation.

In 1972, the Ontario mestry of Natural Resources stocked \Vnghts

Lake w1th 2000 speckled trout, (Salvelinus fontinalis [Mitchill). A very high

winter fishery depleted this stock quickly. Further to this,' there are no suitable
places to spawn in the lake-stream system (N. Conroy, person;l communication)
thus it is unlikely that new fish were generated from this initial stocking. Scott
and Crossman (1973) suggest"that an average life span for speckled trout“ is 5

years, with none living more than 8 years. This indicates that the lake would

contain very few of the original speckled trout.

3.2,.3 ‘History
. ' * *

A north-south trendmg fault (Card 1978) extending about\a km from

- : T
the Bay of Islands appears to be respons1ble for causing the depression which

~ -
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Table 3.3 Comparison of Wright's lake to other Lacloche
Lakes in terms of surface area, maximum depth, total dissolved solids,
Secchi depth and pH. '

Surface Maximum TDS Secchi pH
Area Depth . Depth
ha m rngL_1 m
47 other ‘ . *
Lacloche _ _
Lakes © 3.4-1088.3 2.7-61.0 13-37 1.9-20.9 3.8-7.0
Wright's
Lake 26 26 (+7) =20 -9 5.4=6.2
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+
’

forms Wright's Lake basin. The Steep west shoreline and cliffs may be the fault.

~ surface.
- :
Four or more periods of Pleistocene glaciation scoured the basin.
Glacial outwash sands and other materials were deposited in post-glacial lakes
N
which covered the entire area following the most recent ice recession. This is
described in considerable defajl by Prest (1970).
The area was dewatered about 5800 years B.P. and Wright's Lake
‘proper was formed, probably with a surface elevation about 2 m below present.

Th;s would have been the elevanon “of the original outlet. The lake therefore

would have had a smaller surface area, about 400 x 500 m.

As beavers started to

dewatering, the lake basin :aéai began to change. A largé beaver dam was built

at the south end of the lake, at “the outlet. This raised tbz-. water level about
- 1.5 m. The renfhligs of this dam indicite that it was at least 1.5 m high, 2 m

wide an bqut 50 m long, and may bé&@ﬂcom Ination of many smaller dams. The

building of\ this dam causefl a swamp about 50 x 50 m in ea, to be formed

" immediately below Jhe dapf. A breaching of the dam occured, probably in the -

last decade and the water level receded to a terﬁporarily constant level about
.0'5 m below the top of T large beaver dam. This conditions remained unnl the
fall of 1979 or the very early spring of 1980 when another beaver dam was bujlt
' atop the old, established dam, and the water 'level was raised another 0.5 m.

\.‘
‘-_wT

-



56

-] P

3.3 SAMPLING & ANALYSIS

A total of 5 field surveys were conducted in Wright's Lake
Watershed. Appendix D lists these surveys and the principal work performed

. Y
each time. »

Standard sampling techniques were employed in ‘all phases of this

s

study.

Water samples at depth were retrieved with 1 L and 2L Van Dorn -

bo-ttles. Surface water samp!.es were taken directly into storage containers,
where the samples were required for ' laboratory aﬁalysis,‘ gr into a plastIC"
bu;ket, when " filtering or other..s_teps' weré to be performed immediately.
Sampling and preservation of the_water samples for the va}ious parameters was
performed according to established methods as outlined in Analytical Methods
Manual (Environment Canada 1979). The only deviation from these methodologies
was that linear polyethylene bpttfes were used in place of glass for the mercury

samples. This was necessitated by the remoteness of the site causing" problems

in safe sample transportation. K.,

-

+ ’ -

Sediments at depth were sampled with an Ekman dredge. + Shallow

sediments and soils were sampled with a small stainless stee] SCoop.

Fish~ were samp!e by gill and d1p nets, supplleg by the Ontario

mestry of the Environment at Sudbury A - -

ﬂ\/



57

All samples were kept on ice (approxirﬁately 0° C) until brought back
to the labof-atory. At this time, the waters were refrigerated and the soils,

sediments and biological materials were frozen at -20° C.

Standard analytical techniques  (Environment Canada -1979) were

\

—

employed in all phases of this study. See Appendix L. Plankton studies were

perform’e?\md:pendently, By R Playle and bacteriological work was perfdrmed

by the Ontarks Ministry of Health in Sudbury. .

Elemental characterization of soils and sedir;lents was performed using’

standard XR.F techniques. |
~ ' o

Standard quaiity assurancé/quality control .p_roce;:iuré.s. -were employed--
in all phases of analysis. Blanks, duphcates and replicates were analysed to
assure the quahty of analytical results. For all parameters error was esttmated
to be in the range depicted by the Analyncal Methods Manual (Environment
Canada 1979) Detection limits for all parameters were similar to values
described by _E.nvironment Canada \(1979) except for mercury, where the o

detection limit varied between 0.02 and 0.05 ng g % dependmg on the day,

operator and other unknown influences. See Appendix ‘L. :
-L"'J - ——

.4 RESULTS o .

Mercury concentration data for the vgrious compartments in Wright's

. ,
Lake .ecosystem are reborted in Appendix E. To simplify compartment to

+
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compartment comparisons, and comparisons to the literature, all results are

reported in ng Hg g'IL of material.

3.5, DISCUSSION. ,
. { \ _
3.5.1 Mercury in Wright's Lake E.c'osystem
3.5.1.1 Comparison to-other systems )
i -~ . . §. . ' P
\ - Table 3.4 summarizes the results of Appendix E and depicts how -
+ Mmercury concentrations in various ecosystem compartments&ln mghts Lake_—\
watershed compare to literature value ranges. erght's Lake values Hpa [ Sy
generally within the range ,of literature values for the various comp)artments. )
) ¢t The hterature values are based on a wide variety of ecosﬁ‘emk@s\and are
- . T
used here for broad reference only. h S S
+ . . . ’ .
. -

3.5.1.2 . Wright's Lake ecosystem mercury concentratmns

o 3.5.1.2.1 Bedrock : S e .
r ‘ ' A

R \ .. .
Bedrock mercury lavels are low compared to-litera,t‘.}e;values ‘for a -

4

» . sandstone, but completely in Iine-with‘ parent de igneous rocks -

quartz) at 10 ng g"l. Contrary to what mightebe wappears

to sligh!tly preferentially- remove SiO

N
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Table 3.4
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Comparison of Wright's Lake ecosystem

‘hercury concentrations to literature values.

compartment

T~

T
, . . -1
mercury concentration in ng g
Wright's Lake typical litera-

ture value for an
unpolluted system

0.025 - 0.05 03005 - 0.1

lake'water
lake. sediments 10 - 164 . ' 4= 9500
soils 11 - 244 o 55 - 815
| biologicals = .<5 ~ 246 ) 5 - 199
\[ .. | . ~ . | - -
ake particulates 261 -'339 ' 90 - 220
fish 160 . - g 100 - 1200
snow 0.042 - 0.084 | 0.1l
. rain 0.025 | ' 0.005 - 0.5
Lorraine Quartzite 10 - 10 - 100 average
e . . R N
' - D sandstone
~
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and K. Although the data are based on only 3 samples, it appears that mercury
Is also lower in concentration in the weathered surface of the rock. This

weathering .process, therefore, represents a primary natural source of mercury

which may enter the rest of the ecosystem.

3.5.1.2.2 Snow

Mercury contents of snow are similér to valu.es found by othér
'-workers. The lowest 15 cm of the snow profile, -resting on bedrock at the
particular location that it was sampled,.wa's already recr.ystallized and partially
melted at least once, and was likely about 3 months ~old. ThlS snow had a
mercury content of 0.08 ng g 1. This value likely does not represent the
mercury concentration of the snow during deposition, due_ to the metamorphlsm
that takes place durmg freeze-thaw, recrystalhzanon -and compaction.

)f‘
.\:l‘

-

-

The 15 cm of s;now on top of the .bottom 15 cm was also p;artially
'crys'\tallized, and at the time of sampling, starting to melt. This horizon -
contained about half of the mercury that t-he Iower horizon contained. This rﬁay
be due to the mercury being partitioned during melting and percolating down to
lower dept.h,s_ in the sno'w profile, where it may be fixed upon refreezing,

‘The surface 2 cm of snow, representing the previous days's snowfall,
and also in a sféte of melting when sampled, contained 0.05 ng g'l mercury,

just slightly higher than the old snow it was resting on.



3,5.1.2.3 Meltwater . b

Upon the thawmg of snow, meltwaters percolate through the snow
prof:le to the ground surface. Here, most of the wafer appears to percolate

-

through the matte of leaves and humus, 1nto the sandy soil, where it proceeds

downslope and exiE’s\ at stream banks. Some of the meltwater also enters the v
streams by overland flow and som_e_ofl it e?,‘ters directly. = .
. Sy , O ' 1
Althwmred} snow has in the order of 0.0% Q’ng g-l

mer ury fin it, the meltwater streams have <0‘)25 ng g mercury in thelrwater R

This - suggests that upon”coming in coﬁact with the ground surface, or very /
shortly thereafter, the meltwater gives up a portion of its mercury burden,

which is llkely temporarily retained by- orgamc matter and fine particulates in

the soil. This further suggests that the acidi¢ snowmelt, with a pH of . around

4.5, is not leaching mercury from the ground materials. This is su\bjtantlated by

T mercury\found in the snow, and the relatlve!y lower levels’ ’

4

the higher level

found in the . after the water has come in contact with the

soil,

3-5-1.2.# : Rain - -

';e-pt for hig# values of mercury found at the beginning of rain :

storms, rain is fairly dilute with respect to mercury,’ when compared to snow

~
whlch has already accumulated on the ground.

/‘
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A single rain sample used in this study was <0.025 ng g_1 mercury,
similar to the meltwater streams; however, the rain \gag also about 10 times
more acidic, with a pH of about 3. 75, Wygight's Lake water xtseIf has a merc:ury

concentration at or below 0.05 ng g 1. It has already been- sho_wn' that

meltwater is less than this value. oo

. . f - .
o o u/—/ e
There exists the-possxbﬂlty that ramwater, althatigh ' low .in mercury

with respect to snow and lake water, may increase lts mercury burden upon

becoMnoﬁ by leachmg mercury from the smI\(unhke snow which appears
£

to give up its mercury burden) The runoff may in facf leach a pornon of the

’mercury ongmally deposited by the snowmelt. This will not be further

gonmdered here

" 3.5.1.2.5 Water

For most of the samples taken in August of 1979 and May af 1980,
water mercury concentrations of inﬂows, outflow and lake water were below
e ’ 1 -
the detection limit of 0.05 ng g™°. An 1mprovement in the analytical techmque
to a rdetecnon limit, of about 0.02 ng g1 allowed better resolution for the
August 1980 sampling. Here ep1hmmon water was shown to be 0.05 and
i hypohmn&m water 0,025 ng [ -1 in mercur,y.

Pore waters were somewhat higher in mercury than the lake and

streams waters. Pore water in the swamp was 0.25 ng g'_l. Pore water in the

surface sediments was 0.60 ng g'l, some 24 times higher than the water of the

»

C
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adjacent hypohmmon Poke water mercury concentratlon approached that of the

take water with sedlment depth. =~ v

e, . + L4

-

3.5.1.26 Sediments . .

Sedlment sampling locations are shown in Flgure 3.2. Lake sediment
mercury concentration ranged frgm 10 to 164 ng g~ dependmg on locatlon and
depth. The ridge pond sed1ments were also in this range. The highest sedlmeg;t
mercury value was found in the swamp sediment, in a sample taken just below
the surface. This value was around 440 ng g 1, which was about 10 times higher

than overlying or underlying sediment.
3.5.1.2.7 Smrficial Materials

The bulk of M/rface mater:als in the watershed are unconsohdated

sands of glacio-fluvial ongm, and to a much lesser extent, sand and gravel\—
v

erosion Lroducts of in situ bedrock. These glacio-fluvial matenals are hky

derived from a fair distance .up-ice-direction from the present site of-

deposition. An unknown percentage of the glacio-fluvia] . debns represents |

Lorrame quart21te, but this percentage is not known. In any event; the

overburden, whose composition and mercury content are taken to be those of

the lowest parts of the soil profile (C hdrizon), is largely 5102 (80%), with
\

&1203 (10%) and Fe203 (3%), and mercury centents in the range of 30 to 90 ng

-1
g .
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The range of mercury 'levels in the overburden is 3 to 9 times higher

than the levels found in the bedrock.— This may be due to the scavenging effect
of organic matter, fine particulates or oxidized iron on mercury. These
) -

component_s'are not present in any significant amount in the bedrock, but

»

abound in the surficial materiﬂs.
' 3. (/ J
Mercury in the soil profile varies within, the range of other wor-kerg;

and is higher in the. soil profilemve\ to the uncohsolidate_d materials below

“the soil horizons. Except for soil location #1, shown in Figure 3.2',‘ mercury

appears to be concentrated in the uppermost 5 cm of the soil, and is in the -
range of. 95 to 250 ng g"l of dry soil. This is the part of the soil which contains
the most organic ma‘tfrtgr, and also’ the part, along with the humus matte, that

first comes into contact with meltwaters, as described previously.

+ Forest litter, or humus, lying on the soil ‘at location #2, had a
mercury content of 60 ng g"1 of dry litter. This material was lying on the ﬁbper

soil horizon which, at this location contained about half of this amount of

_ mercury., /

The mercury may enter the hu'ﬁj?ls and soil horizons by several

. . r
possible means or a combination of them:

~ @) the mercyry may be indigenous to the parent material
b) the mercury may be originally derived fron{_the plaﬁt materials,

which are now decaying; the mercury is now being sequestered by organics and

&7

‘fine particulates \/ ' ‘ °

c) 'the mercury was derived from rain, snow and dry deposition

(.

’ 1



the overburden to the soil

A

' ‘ 6

The bedrock, which is the original parent material may cowtribute up

1

to 10 ng g*° of mercury to the overburden. The overburden, or soil parent

L The surface soils, however, are all
s :
higher than this. It is possible that the mercury may be upwardly mobilized from

Biic, accumulating in the soil. More likely, the.
T et
BN conservative, and increasds iR the soil

material, may contribute up to 90 ng g

mercury in the bedrock and

are due to other inputs.
These other inputs. may include the decay of biological materials.

Trees growing in the area contaih 50 ng g'l' mercury (cedar, pine and birch

wood). The leaves and pine needles make the most important contribution to the

. forest litter. These components contain <5 ng g'1 mercury. Of course,

decomposition and rdmoval of volatiles may increase the ratio of mercury to
mass of ‘dead material. This is indicated by the mercury concentration of the

1

forest litter, which, at 60 ng g ; is 12 times more concentrated in mercury

than its .source materiéls, the leaves and pine needles. This suggests the validity
of possibility "b", li;ted above (:'nercury derived from plant materials). Thus the
plant materials may contribute a small but sig}lificant amount of mercury to the
soil. : '

Atmospheric input may. also be a plausible source., Note however that
acidic rain, in the pH range of 3.75 maf cause leaching Mstead of deposition of

mercury in the soil. The two processes may in fact occur concommittantly. This

will be discussed further in 3.5.2 Ma7§ Balance. /- S -
' - ‘
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3.5.1.2.8 Flora

The mosses appear to be the best terrestrial accumulators of mercury
b
o in the system, ranging in mercucy concentration from 100 to 250 ng g'l af dry

moss. Lichens and fungi were only slightly higher in mercury concentration than

-
* the major flora.

Macro flora- growing in water showed the greatest variation in
mercury content. Of the sparse assemblages of plants groWing in Wright's Lake,
lily pads had 4 ng Hg g'1 of dry materiai and bottom plants 24 ng Hg g'l of dry

material. In the small ponds the water plants were relatively low in mercury at

-

5 ng g'l.
o
_J' i
The highest mercury concentrations in the biological- system occur in
the seston of Wright's Lake. Two samples of material retained on a

" phytoplankton fiet, and taken to represent phytoplankton; contained 240 and 520

ng Hg g'l, the highest value found for plants in this watefshed. | " L

t
N,

Zooplankton, or material retained in a zoopl%l_cton net, céntained u'p
to 850 ng Hg g'1 of dry material. Although the number of samples taken limits
the interpretation, it appears that samples of both | phytoplankton an’d
.zooplankton taken. in May of the year contained less mercury than saniples

‘ taken in August of the year. | . | (__
£ ) - :
It has been shown (Stumm and Morgan 1970, p455) that algae are

negatively charged dowr to a pH of about 3. This sug'gesfs thaf there may be
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some attraction of any positively charged mercury species to the algae. pH and

chloride levels encountered in this lake would cause the mercury to exist
| | .

largely in the uncharged complexes HgC12° and HgOHC!®, The algae may also

' be taking up methyl mercury from the water. The water is at the optimum pH

for methylation to occur (Fagerstrdm and Jerneldv 1972). Herbivorous
zooplankton cénsume.phytoplankton. 'I'I'—]is may acco(for the higher levels of
mercury found in the zooplankton {food chain bo- nfﬁcat@on). Herbivorous
zooplankton grazing on phytoplankton throughout the sdmmer, and being grazed

up themselves by carnivorous zooplankton may account for the apparent net

increase in plankton mercury concentration over the summer period. W

3.5.1.2.9 Lake suspended load

Particulates retained on 0,45 pm "Millipore filters had mercury

concentrations around 300 ng Hg g'1 of dry particulate. “Phytoplankton and

-

zooplankton are also retained on the filters, therefore, tRe concentration of
ot :

.non-planktonic seston mercury is probably somewhat lower than reported. This

non-planktonic seston is likely composed largely of clay size inorganics, large

organic molecules and debris and large colloidal particles, such -as Fe(lll)

hydroxides.

Sorption of mercury complexes _oritq the particulates is suspected to

-
" N

‘be the reason for the relatively high concentration of mercury found in the

seston.
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3.5.1.2.10 Fauna

In the ecosystem studied here, -t.he final or receptor stage is the fish,
the last compartment of the food chain. The fish examined in this study did not
appear to have overly enhanced mercuty burdens, a{nd certainly_shov.;ed no
biomagnification of mercury up the food chain with respect to plankton or lower |
versus higher trophic level fish,

The minnows, at 160 ng g’-1 in mercury, were much higher than the
water they live in (0.05 ng g'l) and somewhat higher than the sediment (20 to
30 ng g'l), two " parts of the' ecosystem with which Fhey are intimately
associated.l These values represent concentration factors of 3200 (waterg and 2

to 8 (sediment).
_ )
ff : . .
In a study by Keast and Webb (1966) whose work was conducted in

Lake Opinicon (Ontario), it was found that bluntnose minnow stomach contents

.

consisted .almost entirely Bf:
organic detritus (b.ottom ooze) 20 - 50 % by wolume
chironomid larvae o 5-30%
cladocera | 10 - ‘75 %
Samples from Kear.ny Lake, ﬁ:lg‘onqui_n Pa;rk con.tain.ed ‘mostly

chironomid larvae and algae.

Scott and Crossman (1973 p.483) report that.fathead minnows eat’

organic detritus, bottom mud, aquatié insect larvae and zooplankton. With

respect to the minnows, on a dry weight basis, phytoplankton in Wright's Lake
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& / . v
| L

are 2 to 4 times more cbncentrated in mercury -and zooplankton are 4 to 6 times

69

more concentrated. This suggests either that the minnows do not consume mdch

¢ plankton,‘ or that food chain biomagnification does not occur be.tween these two
"trophic levels in this system, - /\
The single large predator fish caught, a speckied trout, had 180 ng Hg
g,'l of fish in the white muscle. This species of fish hascbeen shown to eat a
large variety of foods, including minnows. Other foods eaten by the speckled
trout are adult and immature insects, snalls, leaches, various fxshes such as the
sand lance, smelt, blackﬁsh, stickleback and a variety of invertebrates such as
" stoneflies, beetles, ampﬁ-ipods, ostracods, spiders, gastropods and earthworms, as

well as mice, moles, frogs and birds (Scott and Crossman 1973).

Of the poss1b1e food sources listed, minnows (160 ng g -1 ‘mercury),

i
gastropods (<5 ng g ) and water beetles K5 ng g ) were analysed in this
study. The gastropods and beetigs were captured at nearby LaCloche Lake, and

are expected to have mercury contents similar to those of Wright's Lake.

There is not enough data to show 'clearly the effect of food on thé
concentration of ﬁercury in a single fish, or the effect of gill uptake of
mercury dire’f)}from the water. However, this Iérge'(B.lz_ kg), old (*8 years)
fish has a wﬁite muscle mercury content similar to the sn'i;all 4 g), _young (<1

year) minnows, -

Compared to similar size fish from nearby lakes which are somewhat .

larger than Wright's Lake, the mercury concentration of the Wright's Lake trout



, -
. ag;pgafs to be low. Only data for walleye exist" for nearby lakes.," and
comparisons between species may not be valid, but in the same size range as

the trout from Wright's Lake, the walleye from nearby lakes are more than |

order of magnitude more concentrated in mercury.

DistQution coefficients (Kd) are listed in Table 7.5. The coefficients
for phytoplankton coincide well with the range of 4000 to 14500 found by

- Stokes et al (1983) as bioconcentration factors in waters of soft water lakes iR

Ontario. \ H

: 5 v
<he Kd values suggest 3 levels or plateaus of mercury anent;ﬂsj.nn)
) L]

in this particularwystem. Level | could be desg;ib—?d as the aqueous mercdry
system, with a concentration around 0.05 ng;'g'l. This level would include rain,

~ \ snow, meltwater, runoff, streams, lakewater and lake outflow. With a K . = 1,

d
there ‘appears to be little partitioning of mercury between theéwious

compartments. The “second level might be the terrestrial ‘fl.?ra, fish, soil,

.

overburden and sediments, wh1ch also have K g Vvalues arnong them of around 1.
The concentration of this level is around 100 ng Hg g of material. The

components of these first two levels appeaf;,;%thm a level to. be in some type

of equilibrium with each ::he]awd the levels appear to be in equ;hbr;um with

=

each other. The third el, with K, values 1n_,the hundreds and thousands,
appears to be out of equilibrium, This coul{{e termed an "accumulator” level
and consists of mercury sequestering components such & seston, phyto and

zooplankton. Mercury concentrations of these third level compartments . are

much more varied than the other two levelsyd régge, in this system from 250 )

-1 ,

3

to 850 ng g
- —

-

e

=

e

-l
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Table 3.5 Distribution coefficients (K,) for mercury
between various ecosystem cq?partments in Wright's Lake Watershed

S

' N

agqueous system

rain/snow:streams: lake:out flow 1
biota A .
fish:water . o 3400
zooplankton:water 17000
phytoplankton:water _ 5000-10000
flora:water - 300
- fish:sediment ‘ 1{"
flora:sediment _ S @
flora:soil . ) -
. — .
abiotic - o -~ .
" soil:sediment R | ‘
soil:rock : _ 10
: ‘ LA %
partigplates:water 8 6000
sediment:water ) N 3000
sediment pore water:water 12
-] - . )
~&
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3.5.1.3 Summary

-

For most of the ecosystem compartments -studied here, mercury-

concentrations are not out of line with studies of other systems. For the most
part, this suggests that this watershed is indeed }a typical watershed- and _.may
also suggest that acid lake type watersheds are not grossly different from
hardwater lake type watersheds in terms of their mercury contents.
Cpncentrétion factors between mercury in various com'partments and water and %

‘sediment are also within the range of factors found by other workers.

3
5 . Figure 3.3 depicts the concentrations of mercury in each of the /
. L x /
v ecosystem compartments studied.

3.5.2 Mercury Mass Balance ‘ ’ -

f

. The masses of mercwiy found in_each compartment of Writht's Lake

/ ~ ecosystem, as described in the previous section are determined and compared.

"

A2

A mass balance equation for mercury sources and sinks in the

Y
.

»
watershed can be written thus:

- Sources of A}_gc:ury

ST e o
\’S weathered from rock frx . -7
T ' 4 &
en

: - ..o-
‘,> ‘ weathered from overbur

o A
\\,_(‘T’s*‘/ ‘\"h. .
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{-s.‘.‘
weathered from soil : fs
‘rain ‘ fr
snow )\< fsn
dry"deposition - : N . fdd ‘
.Sinks of Mercury _ o F
. ‘v .
}a\ntributed to overburden - to J/
contributed to soil . ts '
contribute.d to lake (all compart- R
ments) tl
lost from th¢ system . Ist
£
then .
—
(Hege) + (Hego) + [Hgy ) + [Hgg D + Hgyo 1 + [Hgg ) |
r = [Hg, ] + [Hg, ] + [Hg, )] + [Hg, o]
With direct atmospheric contri a simple aquatic system mass
> .
balance equation can be depicted as followSm -
Sourc& of Mercury - *
‘ from watershed - . . fw o ?

directly from atmosphere - fa

T . - &
. - [

<



Sinks of Mercury

retained in aquatic system - as
lost from the system Ist bjr
then
&
entering lake remaining in lake * leaving lake

[Hgfw] + [Hgfa] = [Hgas] + mglst:I -

T
These units can be further broken down:

o

[Hgfw] [Hgaq + [ng] (from  streams, direct overlahd

flow. and groundwater)

ENG

Hesal = (Hgg ] + [Hgpo ] + [Hgpy ]

{Hgas] = [Hgaq:| + [ng] + [Hgsed:| * [Hgbio'ca:|

“

[Hglst] - [Hgao] N [ngo] * [Hgoul]
[

where S .

e - b
particulates . p
aqueous ) aq
sedimen;s sed
aqueous outfiow . - ao S
particulate outflow . ' po
other unaccountable losses d ony)
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3.5.2.1, Wat?bed . . \

Assuming that only the outcrpp portion of t‘he bedrock is weathered,
f .

and that this weatherjng is 2 mm deep, then the total rock weathered since

3

giaciation is -3600 m~. At a nominal density of 2.65 g cm'3, the weight of this

volume of rock is 9 54 x 10 g, and the 2 ng Hz g~ of rock lost represents 19 g

- of mercury contnbuted by the rock. Strict temporal confinements to this loss

are not possxble. However, glacial striations on the bedrock surface suggest that
all previously weathered surfaces were removed during the last glaciation. -

Therefore the 2 mm thick weathered zone occurred since the last glaciation.

. lhn of overburden over 30% of the watershed (0.90 km2) rebresents 9

X 105rn3 of material, and with a densify. of 3bout 2.65 g cm'3, the mass of

overburden is 2.38 x 1012 g- Ala nominal [Hgl of 55 ng g‘l, the overburden

1

contains 131,§ g of mercury.
ng g *. This

or soil, the mercuyoncentration-is about 100

umes that soil covers 30% of th watershed to a depth of 15

L)

~cm and therefore rep?esents 135,000 m> of material. At a density of 2, 65 g\

em 3, this yields 3.57 x ,10 g of 5011 and this represents 35,775 gﬁf mercury.
If > the ove,[burden and the soil contained the same amount ‘of mercury’as the
bedrock they’\were derived from (xe, 10 ng g ) then this combined phase
would contribute 27 732 g of mercury. Therefore there are 166 950 g in the
system now, less 27 732 g from rock weathering leaves 139,218 g coming from
somewhere else. That zs, 139,218 g of mercury has to enter the overburden from
outsi&e “the rock weathering reaction.

L3

Total precipitation for this area is 0.84 m yr™! (Brown et al 1968).

A



R i

77

This includes 2,04 m yr'_1 of snow. At a 10:1 ratio of snow to meltwater, the
snow représents about 0.2 m of precipitation, or about- 24% of the totl
precipitation, Discounting direct contribution to the lake itself, the volume of

rain commg in contact with the overburden and soil is 1.74 x 10% m> or 1.74 x

'101‘2 g of water. Assuming that the rain has a nominal mé‘r’cury composition of

-

0.025 ng g'l, this represents about 43, 68 g yr'l of mercury added to, or flowing
through the overburde)m which is contnbuted by rain. ThlS does not take into
account the mercury which may be leached from the soil and the overburden'by
the rain. . ‘ \i

Each spring, about 6.20 m of water in the form of snéw sits on t-o.p of
the watershed surface and melts. This represents a mass of 5.46 x 10“ g of
meltwater, Before melting, the snow has a nominal mercury concentration of
0.05 ng g -1 Therefore, the contnbmom the snow is about 27.3 E yr'l, and
as previously described, most of rhis i; probably immediately take:l :p by, or
flows through the soil upon meltrng. '

-

Now, to accourit for the 140,000 excess grams‘ of mercury in the

overburders and soil" and assuming that the 19 g of rock- denved mercury is

Aneghgrble, it would take 139,218 g / 70.98 g yr = 1961 yr to account for this

' burldup\by precrpitanon. Input to the overfurden was actuaﬂy occuririg fgr some

sy 4
5800 yeats since dewatermg, theﬁefore‘%ne can assume that pre-industrial inputs

£

may have been lower - The 70.98 g yr : over the 3 km .area of  watershed

dra1n1ng into Wright's Lake, represeyts a wet deposition 1nput of about 2400 ng .

m yr l. This compares favorably with the value of QHO?found -by Bloomfield et

al (1979\

watershed ,m the Adirondacks, and the range of 2000 to 3000



found for Ontario by Barton et al (1982).

3.5.2.2 Aquatic System

The lake represents about 9% of the watershed, with a surface area

of 0.26 krn2 (actually 260,000 m2 _or about 26 hectares) and an estimated volume

6 9.

of 2.8 x 10° m’. This is 2.8 x 10°"L or 2.8 x 10/2'g of water.

At a nominal mercury concentranon of 0.050 ng g -1 of water, the

aqueous mercury in the Iake is about 140 g. Ignoring for Jnow mercury in runoff,

LY

assume the precipitation falling into the lake is the major source of mercury

-,

into the lake. For a rain of 0. 025 ng Hg g%amwater, at 0.7 m yr-l over an

area of 26 hectares, the 1.66 x 10° m> of rain (which is about 1/20th the
. [ .

volume of ‘the lake) inputs about 4.16 g' of mercury per year directly to the

lake. Also, about 0.20 m yr'l of meltwater contributed by snow falling directly

on the lake is 5.2 x 10% m>, With a nominal snow concentration of 0.050 ng Hg‘ ‘

0

g'1 of meltwater, the snow conlnbutes about 2. 6 g of mercury per year to the

lake.

Thus each year precipitation contributes about '6.76_ g of _mercury

directly to the lake. Assurnmg no other inputs, no outflow and no other
interactions, it ‘would take about #1 years to fill "they lake with 1ts present

- . -

burden of aqueous mercury.

”

The & mg L”l concentration of particulates represenf a mass of 1.12
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X I()7 g At a nominal mercury concentration of 300 ng g -1 the particulates
represent about 3.36 g of mercury sequestered in the seston. The total mercury

in the lake water column, therefore, is 143 g.

This mercury enters the lake at a minimum of 6.76 g yr“l directly
-
from precipitation. An estimate can now be made of how much mercury enters

the lake by runoff. This calculation is based on many ‘assumptions and only a

.

ount of data.

About 0.84 m yr_1 total precipitation falls on the watershed which
has an area of about 3 km - Thus about 2. 18/x IOI‘1 g of water enters the
“gytem in 1 year. Evapotranspiration and other effects may account for some

36.36 % (Brown et al 1968; Phillips and McCullogh 1972) of 'the water lost from

. . Y
the system. Thus about 1.25 x 1011 g of water may actually reach the lake,

and, taking the watershed:lake areas into accdunt, 90% of this can be

consxdered runoff (mcludmg shallow groundwater ﬂow) the other 10% added‘w

_dlrectly to the lake, as dnscussed prewou‘ﬂy This calculatlon assumes no

-

difference in mercury concentratien bet\{een precrpn:atlon which drams directly

. overland and mto the lake and that which soaks into the ground and travels via

groundwater to the lake. )
, »
N . ' . *.I,' - . ‘ B
£ ' [y ¥

< In May 1980, during ‘the wettest season, mflow streams contnbuted

_water to the lake at about 82 L sec I. Since outﬂow at this time was ab‘out 900

L sec -1, more than SUU L sec -1 entered Wright's Lake by' overland flow and '

mterﬂow. Both inflow streams were dry in August but outflfow continued at .a

greaLtl)f/reduced rate, suggesting only groundwater 1nterﬂow as’ a water soz&e

K ]
-y
A

u\ [ g

]
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(the lake level remained constant). .

Assummg for the streams, 6 months of flow at a nommal flow rate of

11

& L sec 1, this is 1.24 x 10" g of water. At a mercury concentration of 0.050

ng g'1 of water, the amount_of mercufy entering the lake.via"the-streams would
be 6.22 g yr'l. Assuming the interfiow or groundwater input averages. 0.02 L.
sec"l(calcu{ated‘ from inflow and outflow data) and its mercury burden is similar
to that of the ‘strea.ms, the contribution from this source would be 0.033 g yr'l

of aqueous mercury. Assume groundwater inflow has negligible particulates.

[
-

If stream inflow water has a similar particulate load as the epilimnion -

of the lake, then 4,85 x 108

g of particulates enter the lake in a year. With a
mercury concentration of 290 ng g-1 (i.e., similar ‘to the epﬂimnion), the
particulates bring inébout 146 g of mercury per year. Therefore the amount of
mercury contributed to the watershed each year is 6.22 g of aqueous mercury
from streams, 0.033 g 'of aqueous mercu::y from groundwater and 143-g of

¢
mercury associated with stream particulates for a total of 152 g.

As shown in the preﬁious section, the watershed is gaining mercury at
the rate of about 71 g yr'l and losmg it to the lake at the rate of about 152 g‘., _
yr'i. This suggests that there 1s’a net foss of mercury from the watershed to
the lake of abon.m g yr . This may lmply that acxc.iiﬁetrecipitation may be

% DU . . L
leaching mercury from the watershed materials. At this raté of accumulation, it
. . . - -

would, take "1.5 years lo fill the lake to its present burden of mercury. 7
"‘ ’ . | * . ‘ . *
With the watershed contriButing“abou‘t 152 g of-mefcury pér year to
- .
om -
" .
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the lake and about 7 g is added directly .to the lake by precipitation, about‘ 159

g is the total year!y'input.‘
!

4

. A rough estimate of the ‘ou:tflow frp.rn the lake on yearly basis can be
méde. Taking evapotranSpirati.on and evaporation from the lake surface into
account, and 'assuyning that the rest of t;e water added to the watershed
reaches the lake (1.25'x 10}1 g yr'l) then about this same amount of water plus
the amount of precipitation which falls dirjrectly' on the lake surface itself, must
leave the lake each'yea'r via ‘;Vright's Creek. Assuming outflow from the lake
occurs only 300 days yr'l, then ‘the a-werage outflow is about & L'sec"l; This
seems to be a reasonable estimate c;f thg. averagé ou?ﬂow, since the measured
valué for May 1980 was 900 L sec™ and in August 198‘0 about 5 L sec™! and 25

L sec

K

measured on t“t<$‘d1£ferenkdays, three weeks apart.

-
-

The ~4 L sec:'l of water ’Aleaving the lake via Wright's Creek

represents a net outflow of about 5 g yr'l of aqueous mercury.
. ) \ ¢ % .
The outflow stream is tapping only the_epilimnion of the lake, which

has a particulate concentration of 3.9 mg LY. Thus the oltflow stream, which
can be ex_géct,ed to have :;\.° similar particuiatle concentration is ren}oving 3.836 xh
108 g of particulates _.per year and at a mercyry concentration' of 290 ng g'l
then about 116 g -yr'_1 of seston sequestered mercury leave the system via the

creek. This value is close *to the 146 g yr'1 of particulate bound mercury

entering the lake ®ach year. .-

I g

' : . \
Total.ygarly output of mercury from the lake is, therefore, 121 g.

* .
a -
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The total amount of mercury entering the lake and watershed system .

in one year is about 158 g and the amount leaving is 121 g resulting‘ in a net
increase to the system each year of 37 g- Further, the watershed is gaining
rnercury' at the rate of about 71 g/yr but losing it to the lake. at the rate of

152 g/yr meaning the watershed is becoming depleted in mercury at the rate of

31 g/yr presently. The overburden contains somewhat higher mercury .

concentrations than the bedrock from which it was derivad., This suggests that
. b

the opposite of the above phenomenon must have previously been ‘taking place,

that is, the overburden must at one time have been an accumulator of mercury.

A

At the present.rate of depletion, it would take about 860 years to completely

“void the overburden of* mercury.

152 g of m'ercury 'au:e added to fhe lake eech year, while about 121 g
are lost each year meaning that 38 g of mercury are retained each year by the
lake, Pred1ct10ns can be made on future concentranons and .masses of this
burden if the present trend contmues. Refer to Ap‘pendxx F. Aqueous and
particulate mercury.mass decreases. i._The.-c:oncentrr-lticar"n of total mercury cdn
also be expected to increas‘e,. .from the present 0.05 ng g'1 to almost O.’OSI in ten

years and almos{ 0.34 ppb after 100 years, ' '
3 . ‘
*

- . ]

Surface sediment is likely largely composed of, prevmusly suspended
¢

mater1a1 The lake particulates gain 30 grof mercury per year. ’[’ o force this

mercury into & sedlment to‘an average value of 134 ng g , it would require 3.3

3
X 108 g of sediment. In this lake this mass of sedimént is approximately equal to

; 1.3 mm yr'1 of sedimentation. At any given fime[mytﬂ@&msl.fz'x .IO7 g ‘

particulate mercury masses increase in the lake while the ratio of aqueous to
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of seston. This represents about 0.05 cycles per year. The upper 3 cm of

sediment represents a repository of mercury estimated to Re about 1600 g.

The watershed loss of 152 g yr"'1 to the lake fepresents a loss of 8.43
X 10'5 g of mercury lost per mz of watershed., For a nominal overburden depth
of 1 m, the loss in this mass is 0.03] ng g"l yr“l. One metre of watershed is‘
leached 'b'y 3‘.3 X 1'05 g of precipitation in one year. Therefore the mercury

concentration of the runoff would be 0.096 ng g'l._ This value is within the

. range measured experimentaliy in this study (<0.05 ng g-l). -

-

ﬁza Summary of mass balange ' ' S

} The major reposiferies of m'ercufy in Wright's Lake and its wa‘t‘ers'hed )

LT S

—  can mij be established: | L et
C < *
N (s _
- ' - compartment . " mass of mercur;y in grams
“ .
poil s 36000 rounded off

overburden 131000 /
aqueous,’in lake 140 | l , ‘-
partigylate, in lake 3.4 -

total, i.n lake

upper 3 cm of sediment

also

L3
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weathered out of bedrock 19
from outside this system 139000
x * L-'
and on a yearly basis (g yr'l)
. rain . : 44 to watershed »
snow ; 27 to watershed
total | 71 to watershed
rain - 4 to lake s
_ snow ; 3 to lake
2 . .
; total . 7 to lake
streams . 152 to lake
. -
© " groundwater negligible to lake
. total input " ., 159 to lake
‘ v
total to lake and watershed 230 )
" from lake 121
left in system , = 109
retained by lake - . 33
> lost by waters?ed, . 81
NN

o

The overburden and ﬁnl are by far the most mgmfxcant smks of
memcury in this_'system. For the lake 1tself the mass of aqueous mercury
outweighs the mess of particulate, mercury in this clear, oligotrophic lake by a

margin of about 43 to 1. - a _ .

4

A
The fuﬂddmental source of mercury in thls system, the bedrock; was .

- shown to have conv:uted only 19 g of mercury since glacxatxon. This lis 7200

N

o
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] - _ - . g5

> - times less mercury than that which was atmospherically derived (or at least,

. - . " -
entered the system from without). .

>

h -a ’ - - -

-

The mass balance is depicted schematically in Figure 3.4,

~ ' . ‘

As shown, the most important sinkQOr atmospheric mercury appears

to be the soil and overburden ve of the watershed. However, thxs veneer‘q
appears to decrease 1ts mercury burden as time goes on, at the rate of about 81

'g yr As prevtously mentroned this could fiot have always been the case. The

most kagmﬂcant fluxes of mertury through the system appear to be the mma! o

.prempltatrgn (source) input and then” ruhofi_(streamﬁow) ﬂuxesc* the lake. The

lake water columf is gaining mercury at the rate of about 383 gyr -1

' . \- 7. 4‘. . - e o
3.6 SUMMARY - o ! : - ‘ -
. L . : . ‘ . .
¥ . - ) \
A typical watershed in non-calcareous terrain was chosen for this

study. Mercury _analy_ses were performed on"variou_s ecosystem compartments in

the watershed, For each compartment, mercury concentra-tzons were’ \wthm the

- N

r-
'

ranges found by other wo kers in other systems.
’ '

¢ . -
A

»

A mass balance on mercury was performed Thxs calculatlon showed -
o _
.that most of the mercury 1n the wate;511ed is sequestered in the soil and

overburden materials. In the lake itself, aqueous mercury accounted for about

2.3% of the total found in the water.

. o . -
N C ~ . ) _" ]
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The main flux of mercury appears to be from precipitation to

overpurden, and via stream flow (and precipitation directly) to the lake.

Althoygh tha watershed is receiving an annual increment of mercury from

precipitation, the net mercury flux is out of the watershed, to.the lake, so that
the watershed is actually losing mercury and the iakbe is gaining mercury. The
mass balange depicted here shows that more mercury is leaving the watershed
materials and flowing Qia streams to the lake, than what is being added to the
watershed materials via atmospheric deposition.

Fd

watershed (all values in g of Hg/year)
rain + snow + watershed losses = streams .
44 + 27 + x = 152

= 81

X

where x is the yearly watershed loss to the lake

N

/

lake » .

rain {on wat.ershec'i) + snow {on watershed) + rain (on [ake) + snow {on lake) +

mobile watershed losses = retained in lake + lost from lake via stream
4 + 27 + 4 + 3 + 8l = 38 + 121
159 = 159

This mass balance is based on only one full year of data. Although
the geological materials and flora are not expected to change very much in
mercury concentration from year to year, stream flows, etc. with their mercury

' loadings can change drastically, even from one season to the next. More data is

required to better estimate mercury fluxes in the system studied here.
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CONTROLS ON THE UPTAKE OF MERCURY BY FISH . . @ﬁ Q‘
- J - .~v
IN
SELECTED ONTARIO LAKES '
\ ' : S~
4.1 GENERAL STATEMENT :

hapter 1, some studies have shown that fish mercury
b

levels increase with decy asing alkalinity (Scheider et al 1978), increase with

As déscribed in

decreasing pH (Tsai et al 1975), and increase with decreasing hardness (Rodgers
and Beamish 1982). Other studies (Miller and Akagt 1979; Watson et al 1980
Suns et al 1980) suggest that other factors may be more igaportant, and ascnbe
less s:gmﬁcance to the effects of pH and alkalinity, It is therefore necessary to
show that the phenomenon of increased fish mercury concentration with
decreasing pH and alkalinity does in fact occijr, and this must be proven before
any explanation on how _1Jt occu.rs can be put forward. Once this has .been shown,
a relatively simple explanation can be made as to why it occurs.

[3

v

4.2 SELECTION OF STUDY LAKES

Three areas in Ontario were chosen for study. Groups of lakes were

chosen in each area. Group 1, just west of Espanola, and Group 2, in Central

88
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Ontario south of Lake Nipissing, were choief to represent _Softwatel_' la'-lces;, as
would be expected in light of the geology in both areas. These lakes would also
be expected to have low alkalinities and possibly depressed pHs due to lake
water acidification. Group 3, also in Central Ontario, but south of Group 2
(except for Vermilien Lake, northwest of Sudbury) were chosen to represent
lakes of moderately hard to hard watt% This is expected due to the carbonate
terrain _in Wthh these lakes reside. These lakes would have somewhat higher
alkahmtxes and pHs than'the lakes in Groups 1 and 2, and serve as a contro] -
group. The 17 lakes are listed and located in Table 4.1. Also sh_own is the year
that the lake's fish were sampled by the-Ontario Ministry of Natural Resources.

Also refer to the map, Figure 4.1

After reviewing Ontario Ministry of ‘the Environment'(MOE)‘ fish
mercury data (Ontario Ministry of the Environment 1577) it was found that the
tish species walleye appeared to exist in the q‘most number of lakes, both hard
and soft, Therefore, a primary criterion for selecting a lake for study was that
it had fish mercury data for walleye. In this way all .17 lakes eventually chosen
could be compared by at least one species of fish. Several of the lakes chosen

also had fish mercury data for small mouth bass.

Another criterion for ::hoosing this particular set of lakes is that they
were expected to represent a wide range of water chemistries, and this in fact

was found to be true.



Table 4,1

Group

Lake }
,\

Location and Grouping of Stua} Lakes

County or District

Group 1 - Espanola Softwater

Agnew,
Evangeline
Gough .
Lacloche

Sudbury

Group 2 - Central Ontario Softwater

Ahmic
* Caribou
-Cecebe
Commanda

Memesaugamesing

Restoule
Skeleton

Parry Sound
Parry Sound
Parry Sound
Parry Sound
Parry Sound
Parry Sound

Muskoka

Group 3 - Central Ontario Hardwater

Balsam .Victoria
Dalyrmple Ontario
Huron (North Channel) Algoma
Scugog Victoria
Sparrow Muskoka
Vermilion Sudbury

Sudbur -
Sudbé AN

*  sudbuys

Lat/Long

4622/8145

4608/8152

461848158

4610/8204

4538/7945
4555/8005
4538/7933
4601/7943

4600/8000

4603/79%46
4515/7927

4435/7850
4438/7907
4612/8239
4410/7850
444777924
4630/8126

91

Year Sampled

1975
1976
1975
1975

- 1977

1876/1977
1971/1977

1977

1975
1976/1977
1971/1977

1977
1977
1976
1970/1977
1971/1977
1977
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4.3 ONTARIO MINISTRY OF THE ENVIRONMENT FISH MERCURY DATA

4.3.1 Description :
MOE Wercury concentration data {(Ontario Ministry. of the‘
Environment 1977 and Neary et al 1980) are used exciusweiy herein Since this

research’is based largely on the MOE data, a review of its structure is in order

For a given lake, mercury data is presented by species. The number

of specimens collected of each speCies is given, as well as the arithmetic mean
-

and ranges of the flSh mercury cencentration in ug g 1 Aiso given are the

means and ranges of the leng{h.(cm) and weight (g} for each fish species. For

samples with 5 or more specimens of the same species, regression analysis is

performed on mercury and length using natural logarithm transformations. -
e
The coefficients for the m%rcury versus length regressmn are given,
as well as the correiation coeff:cxent and the mercury concentration of a

$
“standard length" fish, The report (Ont. Min. of the Environment 1977) states:

4 - . \
"The standard length of 50 cm for a walleye was .
selected as being a common size Iencountered in most
collections. The mercury concentration at this length
has beér) used to compafe fish from year to year and
ar& to area, eliminating variability due to differences
in the average size of walleye makmg up the sample.

Waiieye coliections were not available for all lakes, but



‘it was found that.SO cm lake trou't and pike had levels -
similer to those of a 50 ¢m walleye. These "standard"
‘mercury concentrations permit comparison of mercury
levels between lakes, and offer ‘a very approximate
_indicdtion of relative mercury from one lake to another,
- oor cgne-year tc another.”
. - . ) -e
Mean fish mercury 'concentration within a lake, w1th1n specxes, is an-
average of all the mercury concentratlons of all of that species captured, When

FJ
the length and mercury concentration data of each fish captured is known, the

P

. amount of mercury in a standard length fish can be predicted. Both mean and

standard length mercury values are used in this study, Mean values can be used

~

to make ‘comparisons between lakes (within species) and between species. When
population differences (weight ‘and length) of a species are comparable between
Vlakes,, standard length rnercury concentrations can be used to c_ornpare lake to
._'lake ‘populations, even when a particular size class may be abeent. Thus both
sysferns give use_fe‘]information, depending on how they. are used.

- .

MOE fish mercury data for the 17 study lakes is shown-in Appendix

”

4.3.2 Pitfalls and Problems

LY

Some problems dre associated with using 'the MOE data in its present

form, but these are either far outwexghed by the usefuiness of the data base or

”~
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are shown to be inconsequential. One major drawback is that_the data,
presented as “standard length" fish mercury concentration does not adequately

- account for the differences in growth rate, from lake to lake, in that there, may
be differences in the time required for fish to. reach the standard length in

different lakes. This will be shown not tc be a probiem in the lakes chosen for

this study by analysis of Lake Mernesa-ugamesing data (see Section 4.5.3.3).

Another problem is that mercury enhanf:emedt due to acid stress on
the fish population (resulting in absent size classes, for instance) may not be
recognizeable in this type of data rleporting. As will be shown, one Tlake,
Memesaugamesing, was discovered to have a fish popuiation affected, possibly,
by écici stress, but the- population differences' between this lake andlthe other

"lakes showed up very clearly in a graph of fish léngth verses weight, for
walleye. ' ‘ _ “ g
.

Some _lake's‘were sampled by ,the Ontario Ministrye*o%. Natural’

Resources more than once. In these cases, MOE records give data for both
sampling periods. For the lakes in this study which were san_fpled more than

once, the data is compared in Appendix H. '
A}
- .
As shown, there is a slight “temporal increase in fish mercury in

~

several of the lakes, while others show a slight decrease. Differences in the
mean size of fish caught duringﬁ pa;rticular sampling event may account for
some of this difference. 'énly one particular year of data is used in this study.
Usual]y, the data set for the latest year‘is the data set chosen, however, if that
data set is small compared to the previous set, the larggr'data sst is chosen.

.

3



4k FIELD WORK AND LABORATORY METHODS

. : ¢ i '
« . - ‘ > )
L4

3
No :/ater chemistry data suitable for use in this study, previously

existed for these lakes. For this reasdn Ta general water chemistgy reconnaisance
yas undertaken. o )
S
All 17 water bod:es were sampled ‘during the early part of May, 1980
and the Central Ontarro softwater group were resampled in August of 1980 in

more detail. Littoral zone surface water,.near shore sediment and adjacent soil

samples were collected from each site.’ Water samples were collected from
s . ;

“docks and other nearshore structures, usually directly into sample containera’xor
with van Dorn bottles in the case of boat sampling., The August sampling was

done from a boat so that bottom waters and sediments in the central port:ons of
Ia

. the lakes could be collected. Sediment samples were taken wzth a stainjess. steel r

.

scoop, and in cases where this was not practlcal by an E.ckman Dredge. Soil

samples were taken with a smal!l stainléss steel scoop. All samples were kept
cool until shipment to the gaboratory, where they werg kept refrlgerated

Analys;.s commenced 1mmed1ately after the samples arrived at the laboratory. _

‘ L
' For the lake waters, pH, conductivity and tempera_tur'e‘ were measured
oy _site. ?H was measured again in the laboratory under constant ionic strength
conditions, The addition of a salt ro bring all the samples to a consrant ionic

strength enables lake to lake pH 'c‘bmparisons to be made more easily; field pHs

-

in very dilute softwater systems at riatural lonic strength are approximations at
' J

best. 'LaBoratory analysis were also performed for alkalinity, chloride, hardness

(magnesium and ca‘qum) sulphate, etc Sediments and soils- were analysed for
- .

-
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pH, m'ercuryznd other parameters. - .

-

~ . - -

_ . [
v Analytical methods followed those described in Analytical Methods
Manual (Environment Canada 1979). See Appendix L.

L)
, _ . ’ v
4.5 . RESULTS AND DISCUSSION

4517 Results
. o

Results of the field and laboratory investigation are 'sﬁowq in
,‘\ppenldix I for all 17-lakes in the preliminary sur\.rbey, and in Appendix J for/fhe
. second survey on .theICen‘tfal Ontario softwater group. The data for pH, speciﬁg
concllucta.nce, hardness, and aIkalinity indicate-a'wide variety of lake water
chemistries, from har'd water, carbonate buffered lakes such as Scugog and
Dalyrmple. to very dilute, soft water lakes such as Ahmxc and Skeleton, as

r
expected. ‘ <

”

4.5.2 Data Reductiqn

In order to better evaluate the field and laboratory data in light of
the MOE fish mercury daté, certain data reduction procedures’ have been;

employed. .

Appendix K depicts correlation coefficients “between fish mercury

-
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.concentration and water chemistry parameters. As shown, the various water

chemistry parameters having the greatest influence on mean and standard length
fish mercury concentrations have the highest coefficients. These include field
and laboratory pH, specific- conductance,  alkalinity and total hardness. The
other parametezs investigatedﬁdo not appear to have as great a correlation with'
the fish mercury concentrations arrd therefore will not be considered further '
An exception to this' 15 surface sedlment mercury concentration, » which
correlates hlghly with small mouth bass mean mercury.
Y

Table 4.2 de‘scrlbes: for the highly. correlating -parameters only; within

region means and standard deviations. pH and alkalinity are .plotte.d graphically

in ‘Figures 4.2 and 4.3. The best ﬁt curve through the dgta is calculated using

the information shown in Table 4. 2. The curves are generated using Qa./ajrom

- all 17 lakes, not the three lake groups.

4.5.3 Discussion

4.5.3.1 . Alkalinity and pH effects on fish mercury cencentrations v &

L)
] . —

a
’

Standard length fish mercury verses alkalinity is plotted in Figure 4,2
for the three groups l')f lakes. Clearly, the relatively high alkalinity ("50
mgCaCOBL 1) lakes have .fish with relatlvely low. mercury con.tents ("400 ng
g ), and relatlvely low alkahmty (-2 mgCaCO L™ ) lakes have flSh with
relatively high mercury contents (600 - 1800 ng g ). The low alkalinity

Central Ontario softwater lakes also show the greatest variation, | x S, where
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Table 4.2 - Solution to y = a + b(lnx) equations for graphs. <
¥y X% a b r2

. . , ‘ S
mdan Hg .lab pH - 8244 . -3892 .91
mean Hg © field pH 51327 - f-2371 .55 .
mean Hg alkalinity 413 -215 .84
mean Hg spec. cond., 2679 =456 .83 .
mean Hg tot. hardness 2079 =454 .70
std. length Hg  lab pH 9558 ¥ -4495 .99 ° ’
std. length Hg field pH 6486 -3021 .73
std. length Hg alkalinity 507 =253 © .95
std. length Hg spec. cond. 3182 =539 .95
std. length Hg tot. hardness 2529 =556 . . .85
‘lab pH alkalinity: ~-11.69 6.34 .90
lab pH spec. cond. -1184 660 -94
lab. pH ~ tot. hardmess -290 162 .90 ;
alkalinity tot. hardness 37.7 - 9.6 .95 * '
alkalinity _ spec. cond. 147 38.6 i(/ .98
2 ’ .
: : -

r? = coefficient of determination ! . -

Eicept for wean Hg and field pH'ﬁost ai;s' ¥y parameters had 2> O.Boip7,‘
Poorly correlating parameters were M1 below 0.50. A cutoff
value of 0.50 was chosen because r2 values froﬁ approximately 0.5
(actually 0.485) and above ane considered significant when applied to a
Student's t-distribution at the 5% level of significance. 4 Also, a

natural break, or “void, qccufzd in the r2 values- around 0.05.

-

7o "./

e



f
r
' \ 99
2000
. - MAY 1980 DR ?
. .
[ ]
z L )
: T
- -
= CENTRAL
% 1000 SCFT
.~
3 |
ESPANOLA :
g SOFT ’
. B [
. CENTRAL
HARD A ’
,.Af\ ANS? (zo T
0 r 1 = 1 -
o . A \ "i I 10
ALKALINITY méq/L .

Figl.lcl;e/héw . The effect of decreasing alkalinity on walleye
mer/ ry contents. For each lake group, the mean and one standard deviation is
tepresented. early, from lake group to lake group, as the mean alkalinity

decreases, the means of the standard length fish mercury contents increase.

2000
/ e CENTRAL SOFT .
S
= .
B
2 —
w
-4
g
"
* 1000 ESPANOLA SOFT
o
=
£ 1
o
(2]
E I
CENTRAL HYRD P\,\
_ MEANS: Iz cr
0 ' [ :
5 3 7 - 8
: . LAB pH
Figure 4,3 The effect of decreasing pH on walleye mercury

contents. For each lake group, the mean and one standard deviation is
represented. Clearly, from lake group to lake group, as the pH decreases, the
means of the standard length fish mercury contents increase,

/‘—\ -
~ |



100

S is sigma (standard deviation), of fish mercury concentration. As shown in
Table 4.3, the standard deviation for these softwater lakes is actually less than

*
that of the hardwater, but in terms of absolute range, softwater lakes have

»

more variability with respect to fish mercury concentration.
| (

The greatet: range in the alkalinity of the hardwatér lakes is likel;/ a
direct artifact of thc; iake population chosen.\ This further emphasizes the point
that fish-mercury contents for these lakes vary on!y.slightly with large changes
in the relativelyigh alkalinity range, while the softwater lakes exhibit large
scale chang’es in fish mercury concentration in - light of relatively small
variations in the lower alkalinity range, |

’ .
Figure 4.3 is similar to 4.2 but depicts lab pH rather than alkalinity.

As shown, groups of lakes with lower™pH exhibit higher fish mercury contents,

" as opposed to high pH lakes. This is shown more clearly with lab pH, taken at a
constant ionic strength, rather than field pH taken at natural (very low for
these lakes) ionic strength, which causes variability in pH readings when it is

very low.

These two graphs show very: clearly the relationship ' between
alkalinity and pH and fish mercury contents for these particular groupings of
lakes. Similar graphs can'be madé for specific conductance and hardness. These
four parameters are all related, in that they are all a measure, in some way, of
a watershed's ability to impart ionic strength\f.o' a lake water. A.s shown in

Table 4.2, these parameters all correlate above 0.90 with each other,

4
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Table 4,3 . Within region means and standard deviatiqns of
highly correlating parameters.

Hgmean Hgstln pH lab pH fld alk sp.cd.T—harS Hgsfsed

,Region
lake

Espanola Softwater

-Agnew '

Evangeline

Gough

Lacloche
Mean 710 960 6.68 5.77 107 49.8 12.0 45
Std. Dev. 159 116 .26 .09 .031 8.9 2.8 39
Z C.v, 22 12 4 2 - 29 18 23 87

Central Softwater

Ahmic

Caribou

Cecebe -

Commanda ‘ .

Memesaugamesing : ) t

Restoule

Skeleton . - ‘ .
Mean 1231 1396 6.20 5.84 .04} 032.3. 10.3 119. .
Std. Dev. 514 634 +41 .19 019 4.3 .7 248 .
X C.v. 42 45 7 3 46 13 7 208

Central Hardwater

Balsam

Dalyrmple )

North Channel of Lake Huron

Scugog

Sparrow

Vermilion IR

" Mean - 418 483 7.57 7.26 1.244 159.0 41.0 107

Std. Dev. 245 252 42 .58 1.133 94.7 15.1 66
ZC.v. 59 52 6 8 91 60 37 67
2 C.Vv. = Coefficient of Variation in %
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4.5.3.2 Mathematical Relationships

Figure 4.2 suggests that, as lake water alkalinity decreases, standard
length walleye mercury content increases, roughly accérding to the equation
xHg = 507 - 253inxALK -
- which is based on all 17 water bodies, where
XHg = mean of the standard length fish mercury
concentrations for a given group of lakes |

XALK = mean of the alkalinities for a given group of lakes

The equation governing the PH relationship is
xHg = 9558 + 4495InxL ABpH

where

XxLABpH = mean of the lab pHs for a given group of lakes

Consistent with the effects of alkalinity, low pH lakes, like low
alkahmty lakes show more variability in fish _mercury concentratlons than do the
higher pH (and alkalinity) lakes. As expected, and depxcted in Table 4.2
(coefficient of determination = 0.90) the low alkalinity lake groups are also the
low pH lakes. The statistical equati;ms governing this relationship are e

XALK = -11.69 + 6.34InxpH

' or
/' ‘ 4

xpH = expl(xALK + 11.69)/6.34]
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4.5.3.3  Lake Memesaugamesing - An Acid Stress Anomaly?

Since uptake of mercury appéars to be at least partially, controlied
by pH, and pH is the primary contro! on acid stress in fish,h this phenomenon may
accoﬁnt in part for the higher levels of mercury in fish residing in acid lakes.
Acid stress causes the fish population of a lake to generalty be de-pléted with
respect to young fish. Since older fish tend te have highei‘ concentrations of
mercury than younger fish, this would cause (statistically) the population to

show greater average mercury concentrations in a fish species for a given lake,

Basically, if a fish population is skewed towards larger and heavier
fish, with an absence of smaller fish, this may be an indication of acid stress in
the fish population. Rvecruitment failure due -to spawning and hatching problems‘
associated with depressed pH environments, would eliminate the small fish
subclasses. With less compeﬁtion for food, the larger established subclasses of

fish may have the tendency to grow larger and/or heavier.

Figure 4.4 depicts the 3 groups of lakes in relation to ;valleye weight
and length. This envelope type diagram is constructed from ‘data for each
individual fish captured (MOE, raw data). The fish population of ' Lake

Memsaugamesing, of the Central Ontario softwater group, is shown separately.

As shown, the walleye length-weight relationships in the population of
all three lake groups generally overlap. The Espanola softwater lakes contain
somewhat heavier but shorter fish in the heavier subclasses. This may be a

result of factors such as water temperature, which are unrelated to acid stress.
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Acid stress among this. lake group may also be ruled out by the fact that the
Espanola softwater lakes are well represented in the shorter and lighter size

ranges, even more so than the hardwater lakes,

A similar comparit—son is shown :m Figure 4.5 for small mouth bass.
Again the fish pépulations of both Central Onfario groups are similar with
respect to length and weight (no small mouth bass were captured by MI;JR in the
Espanola softwater lakes).

-

Frequency diagrams, Figure 4.6 and 4.7, o -it)her establish that acid
stress is not affect'iné the fish populations of these Ia.kes. Figure #.6, length
versus frequency of that leﬁgth occurring,‘shows that the Eépanola softwater
lakes and the hardwate‘r lakes have the same rr.zode. The Central Ontario
softwater lakes .peak one size class shorter. It appears that the opposite is
occurring from what would be expected with acid stress, particularly with
respect to the Espanola softwater Lakes, since the bulk of their population lies
to the short end of their mode, and. contains the smallést fish of all three
" groups. The Central Ontario softwater lakes show some skewness'to the longer
size end, but this is la}gely due to the effect of the Lake Memesaugamesing

' population,

When comparing weight versus frequency of that weight occurring,
the populations are all skewed to the heavy fish, but modes are all within the
first two (lightest) subclasses. Again, the Lake Memesaugamesing population

exerts influence on the skewness of the Central Ontario softwater lakes.

~
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[t appears from the diagrams that acid stress does not affect the fish

A
populations of these three groups of lakes, with the exception of Lake
Memesaugamesing. This lake, as shown in Figure 4.4, retains a population of

Eelatively large and fairly heavy walleye, as compared to the other lake

" Figure 4.8 shows this effect as a frequency diagram, for length

gl;OUPS.

'subclases for walleye and small mouth bass in Lake Memesaugamesing, The
populanon for walleye is skewed to larger fish, with the two smallest subclasses
void. The effec‘t is not,":iomclear with small mouth bass, but the smallest subclass

is still empty. Figure 4.9 depicts similar results for weight versus freduenty.

It can be concluded therefore that acid stress may be at ieast partly
» responsible f;:; Lake ‘Memesaugamesing fish containing statistically high mercury
contents, compared to har-dwa‘ter lakes. There appears to be sufficient e‘vidence
--to state that acid, stress does not affect fish populations of the other lakes in
this study. \
»

) The acid stress on the fish population of Lake Memesaugamesing is
Ehe_ I'ikely cause of "statistically high" mercury in the fish of this lake. This is
.only an artifact of the lake containing larger, heavier fish, which contain mofe
mercury, generally, than lighter fish. For a given fish length, however, mercury
Concentrations in the fish of Lake Memesaugamesing are not out of line with
other similar lakes which do not show acid stressed fish populations, as shown in

Appendix G. Standard length walleye (50 cm) for Lake Memesaugamesing contain

well within one standard deviation of the mean of mercury content for its group
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of lakes. The mean mercury value for this lake, as expééted, is at the high end
-,

for this group, being one standard deviation -above the mean, of the mean’

mercury values.

4.6 - Summary

- The preceeding has shown definitively that the phenomenon originally
described by Scheider et al (1978), whereby low alkalinit‘y lakes exhibit hfgh fish
mercury concentrations actually is true, at least in th'e lakes chosen for this
study. The. effect has also been shown here to occur for pH as well as hardness
and specific c‘onductance. This_con:lbined relationshi’p is not unexpected since

these four parameters are all related.
This preliminaryl field .study'raises several conclusions and questions.

Fish mercury concentration is definitely influenced in some manner by

PH and possibly by the other water quality parameters associated with iomic

strength.

-

Ny

Although the field sampling for sediment and soil mercury carried out
in this phase of the study was performed as a quick survey only, it appears that
absolute levels of mercury in the various sediments and soils have perhaps only

marginal influence on fish mercury concentrations.

The lakes chosen for study, except Lake Memesaugamesing, do not
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show signs of acid stressed fish ﬁopulations. Lake Memesaugamesing shouﬁ, signs
of "“apparent" acid stress induced enhanced fish mercury contents. Standard
length mercury content of walleye for this iake indicates that enhaincement-is
not “real", fhat is acid stress has caused the fish population to be. skewed to
heavier, larger fish (which contain more mercury), giving rise to the "apparent"
or "statistically high" populafic;n'mercury levels. However, add stress has not
caused ‘a.nly size classes of fish to uptake more than the‘amount of mercury they
would have if they had been in a similar water chemistry lake which did not

" have an acid stressed fish population.

4.7 'FURTHER DISCUSSION

! Now that the phenomenon of increased uptake of mercury by fish with
decreasing pH has been clearly established, the controls governing this uptake

can be studied.

Two main controls are considered here. These are lake trophic state

and the chemical speciation of mercury.

~

L} . / B
4.7.1 _Lake Trophic State Considerati.ons ’

The trophic state of a lake may influence the flow'l of mercury
. .

‘through the ecosystem.

.
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. Oligotrophic lakes are' ctear, as a result of low biomass, and r_lence
low total suspended load., Eutrophic lakes, being rich in nutrients, g-enerally
héve elevated biomass. Since lake eutrophication is a major source of édding
total particulates to a lai(e, there may-be some Telations:hipbbefween trophic
state, partiqulate mass and fish m_ercury‘cc;?uk. More eutrophic lakes would

\ . T . .
contain more seston and hence more. sites for both water column methylation of

mercury and inorganic speciation changes of mercury to occut,

A eutrophic lake expected tc contain greater masses of\phytoblankton

and zooplankton, which, as shown for Wright's Lake in Chapter 3, contain .

relatively high amounts of mercury.

Various studies (Armstrong and Hamilton (1973 and literature reviewed
in Chapter.3 of the present study) have sl’;own t_hat particulates account for a
" large percentage of water column mercury. This phenomenon may caﬁse the':.
' following .possible reaction t6 occulr. The pat_‘ticulates would- likely adsorb a
porfion of the available mercury. R‘ather than .im-mobilize the mercury, it would
be in more intimate contact with methylétiﬁg bacteria, which are also
associated with the seston, The particulates would act as sites for the
méthylation process .to occur,- and soluble methylmercury would be released to
the w‘a,ter. Other inorganic processes may also occur on the particulate sites, as

described in the next section. . _ :

1
-

The Cg:n;rai Ontario softwater lakes were studied with respect to
their particulat'e masses and mercury contents in refation to fish -mercury

concentration. On a lake to lake basis, the amount of surface water particulates

B

i
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does not appear ‘to affect mercury concentration in fish. However, on samples
taken | m from the bottom of each lake the amoint of particulates does appear
1 .

/
to be related to fish (rnercury content. As particulate mass increases, from lake

to late, fish mercury concentrations also' show an increase, according ,to the '

equatiens | B
= 0.05(P) + 0.66 20,62 3
and
Y = 0.05P) + 0.82 . r? = 0.41 . =,
where X = me \Queye mercury concentratlon inpg g -1
Y = standard length walleye mercury concentranon {'n-/ “
ggt »

e
"

concentratio;'n of particulates in mgL'1 I m fron‘i‘
laké bottom : | - o
. ¥ . ' ) v %

Is thxs phenomenon a cause of fxsh .mercury uptékp.ak& effect from
some other reaction- taking place at the same tlme" That' is, do mcreased
bottom, _water ' partxculates, because they inerea.se . the nurnber of pésSible
methylation sites, cause more mercury to accumulate in fish, or does the same

factor that causes bottom water parnculates to mcrease, also 1ncrease‘ fish

mercury contents?

It has_already been shown that depressmg the pH of a lake water has
an effect on the fish mercury content, directly or indirectly. Deductwely, one

of the above mentioned alternatives can be discarded.

~
Particulate mass is controlled by several factors:

v - i S
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-productivity influencing the biomass concentration of the seston
-input of organic or inorganic debris

-decomposition and resuspension of sediment and sestonic material

-in ‘situ colloid formation

. !

Will depressing the pH enha‘e any of the above?

-prodiictivity - no, acidification has been shown to cause a decrease
] o . ~
in biomass concentration in Ontario lakes ‘

-debris input - no, this is a physical process

-decomposition - no, depressed pH inhibits orglnic decomposition by

i
affecting anaerobic decay rates s

-colloid formation - no, solubility of i.e. iron hydroxides increase with

N decreasing pH 7
This suggests that no relationship should exists between pH and
particulates, but for this particular group of lakes it was found that the total
.particulates ac-tually/do increase slightly with decreasing pH.
L g
Ihe amount of mercury assqt_:iated with the seston may also be of

<
some consequence, In this set of lakes, however, there is almost no correlation

(r2 = 0,01) between fish mercury content and particulate mercury content,
Relationships can now be constructed (in context to this setting):
-as pH decreases, particulate mass increases (prqbably not related)
. ’
- -as$ particulate mass increas\es?ﬁsh mercury content increases

-as pH c_iecreases,/fish mercury content increases
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therefore
-fish mercury content increases as PH decreases and particulate mass

Increases

Concerning the first point above, the effects of bottom invertebrates
which might disturb and resuspend the sediments, ‘as well as the topography of

the area surrounding the lakes, which may allow wind to affect bottom mixing

and currents, is not considered here. '

Skeleton Lake, which has the hardest water and hlghest pH of the
Central Ontario lake group .chosen, conforms to this hypothesis in that it also is
the ‘most oligotrophic lake and contains fish with the lowest mercury contents.

At the same time, however, Skeleton Léke also contains parnculates with the
-

1

highest per unit mass of mercury and water with the highest concentration of
mercury. This suggests that u;ater mercury concentration.is not a sign'iﬁcant
factor in determining the amount of mercury taken up by fish living in the
water. Since there are fewer sites for mercury to bind to, because of the lower
particulate mass, each site will contain proportionately more mercury. Because
of the pH, the mercury .appears to be in a relatively immobile forrr;, as
suggested by the/low fish mercury contents in this lake.
a

\

b
e The total particulate maseyof a" lake is controlled to a certain extent

by the trophic state of the lake. The Central Ontario softwater lakes and their
tank in terms of trophlc state and mean and standard length fish mercury
contents are depicted in Table 4.4. As shown, the ’most eutrophic lakes are

associated with the highest fish mercury contents. Ranking of the bottom water
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partlculates and the bottom water pH are also closely related to each other and

the other parameters described.

This evidence tends to support the hypothesis that more particulates
are related to increased fish mercury contents. This may occur as a result of
the particulates sequestering incrganic aqueous mercury and making it available,
eithgr by methylation or speciation change, and re-emitting it in a more readily

taken up form.

As shown in Table 4.4, there is also some relationship between
trophic ranking and water pH. Cecebe Lake appears anomalous. It appéérs that,

for this set of lakes, lowar pHs are associated with more eutrophic conditions.

Nutrients control the trophic state in a lake. G.enerally, the higher
t;he available nutrients, thé higher the biomass in a ‘lake, and the higher the
trophic state. Lake acidification may afféct nut;'ients and trophic stéte by
decreasing the biomass faster than it can be regenerated. This phenomenon is
not apparent in this set of lakes, sﬁggesting pH and trophic state do not
together affect fish mercur.y'concent'rations, but rather trophic -state may affect
the amount of mercury which is available, while pH may control the rate of
production of available mercury, as well as speciat'ion, as described in the next

section.

Mercury contents of phytoplankton and zooplankton were determined
for each lake. Highest levels of phytoplankton mercury are associated with

Skeleton Lake, which has the lowest fish mercury. As fish mercury levels
¢
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increase,_ mercury in phytoplankt_pn generally decreases. Although not
~conclusive, this suggests that, as for particulates, the less sifes available for
mercury- 10 go into, the more will go onto the available sites. Even though
mercury is elevated in the phytoplankton, this is not reflected in the fish
mercury contents. There is no reiatior:ship with =zooplankton, either. This
suggests that there is np observable fo‘od chain link between phytoplankton and
fish for this set of lakes, for walleye. There does appear to be a food chain link
of mercury between phytoplankton and zooplankton. This is consistent with the

literature._

4.7.2 Thermodynamic Speciation of Mercury

As described in Chapter 2, certain spe.cies of mercury are more
mobile than others, and are more "readily able to transfer themselves from one
ecosystem compartment to another. 'Although many ligands can éssociate
themselves with mercury, it can be generally conclﬁdéd that the most important
ligands, in the natural s';ystem studied here, are chloride and hydfoxide.

‘\ .

Fish mercury contents have been shown to vary with pH. pH is also a
master variable in the speciation of mercury. It can be hypothesized therefore,
that'as. long as mercury is available in aqueous form in the water, pH and pCl
will control what form it is in, It is generally understood that the species of
mercurg; most readily absorbed By fish are non~-polar, non-ionic forms, not

'
heavily hydrogen bonded to water. HgC12° and to a lesser extent HgOHCI®

L]

’would be most mobile and thus biologically available, while Hg(OH)2°, althbugh'
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non-ionic, is heavily hydrogen bonded to water and thus less mobile.

It would be reasonable to assume, therefore that as the chemistry of
a lake water approaches conditions depicted for pH and pCl in the HgC12° field,
" the more Hg.Clz" will be available, compared to the other relatively less
available species, and the more potential mercury there would be to enter the

fish.

Figure 4.10 shows the three groups of lakes and how their surface
pHs and pCls coincide with the predominence fields of mercury, Clearly the
softwater groupé, \;Jhich also have the highest fish mercury values, tend to be
" closer to the HgClz;’ field while the hardwater lakes, which contain fish which
are lew in mercury content, coincide with the Hg(QH)z" field.

This same“test of a lake's closeness to'the HgC12° field with respect
to its mean and standard length fish mercury contents was also applied to the
individual i% the Central Ontario Softwater group. Referring to Figure 4.11, for
this group of lakes, two of them, Skeleton anfi Ahmic, \;vhich contain fish with
lowe.st amolmts of mercury, have pHs and pCls which ceiuse their inorganic
mercury to exist as the species Hg(OH)2°. The other lakes, with Higher fish
mercury contents, have more of their mercury as the complex 'HgClz“ or

HgCIOH®.

The ranking of fish mercury contents versus closeness to the HgC12°
field in Figure #.11 is shown in Table &.5. Except for lakes Caribou and-

Commanda being transposed, the closer a lake's mercury tends to be in the
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Figure 4.10
group water chemistries superimposad.

Mercury species predominance diagram with lake

The Central Ontario Hardwater Lakes

have pHs and pCls such that they lie well into the biologically non-mobile
Hg(OH).° field. These are the lakes with relatively low fish mercury contents.
<Both sGftwater lake groups, on the other hand, lie nearer the HgCl.,® fieid.
HgCl,® is considered biologically mobile and capable of entering a fish. The
lake ‘groups lying close to this field contain fish with relatively higher mercury

concentrations.
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Table 4.5 Comparison of incr.easing fish mercury ‘contents
to wmercury speciation,
Lake Standard length fish mercury Mercury species,
. content, ranked highest to lowest closeness to. N
HgC12° field
Restoule 1 1
Commanda 2 4
Cecebe 3 3]
Caribou ’ 4 2
Ahmic 5 5 .
Skeleton 6 6 =~
Lake Mean fish mercury contegg, Mercury Bspecies,
ranked highest to lowest HgC12° field
Commanda 1 4
Restoule 2 1
Caribou 3 2
Cecebe 4 3
" Ahmic 5 5
Skeleton 6 )
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complex HgCl,®, the greater is its standard length fish mercury burden. The
same appearé true‘ for mean fish mercury, again with Commanda Lake out of
order, Lake-Memesaugam.esing was left out of this ranking, as its fish mercury
burd;)\r;a'y have been at least ‘partially influenced by aci.d stress rather than

‘mercury speciation effects.

4.3 Summary )

In this chapter it has beer; shown that:

l. The lakes chosen for study do exhil;it the phenomenc;n whereby
decreasing the pH {and alkalinity and hardness) is associated with increase fish
mercury concentrations, on a lake to lake basis.

2: One of the lakes, Memesaugamesing, appears to contain fish
affected b); acid stress, which may be at least partially responsible for fish in
this lake having elevated fish mercury concentrations.

3. This acid stress effect does not appear to affect any of the other
lakes in this study. ‘ ~

4. The amount of bottom water particulates may affect fish mercury
concentrations in that, in the Central Ontar‘x‘o Softwater Lakes, as bottom water
particu[atgs increase, so did the ﬁsh mercury content, on a lake to l'ake basis,

3. Of the Central Ontano Softwater Lakes studied, the most
eutrophic~akes contained flSh with the highest fish mercury content, while the
most oligotropic lake had fxsh with the lowest mercury concentrations,

é. The pH and p@J of a lake govern the chemical species that mercury’

_ 4
will exist in. The hardwater lakes, whose mercury is predicted to be in the form
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Hg(OH)z", which is not considered \biologicaily available, contain fish with the

lowest fish mercury content. The Espanola and Central Ontario Softwater Lake

groups, whose mercury is predicted to be in the relatively easily uptaken form
HgC12°, contain higher fish mgrcury contents.

. 7. When observing’ individual lakes in one group, the Central Ontario

Softwater, except for one misﬁé lake, the more HgC12° bredicted for that lake,-

as opposed to ’Hg(OH)2°, the greater is the fish mercury content of that lake.

’



CHAPTER 5
N hd

CONCLUDING STATEMENTS

5.1 GENERAL SUMMARY : -

The state-of-the-art literature on environmental mercury has b:een'
summarized. There appears to be some controversy over several aspects of fish
uptake of mercury, including gill uptake versus foodchain biomagnification and
whether or not mercury uptake by fish, is affected by depressed pH. The most
'_ recent literature addresses the éffects of water hardness on gill permeability to
mercury. The control of fish uptake of mé:cury by chemical speciation, as
proposed by the present study, was not discussed in any of the literatur‘e found
to date. It is suggested therefore, that this thesis presents a unique approach to
the phenomenon of increasing fish uptake of mercury with decreasing pH (and

increasing HgC12°:Hg(OH)2°).

- [ . d
The mass and concentration of mercury in various ecosystem compart-

ments were determi;ed for Wright's Lake (On’tario) and its waté?shed. This
small, geologically simple, acidified watershed has most of its mercury mass
sequestered in its overburden, soil and,sediments. As shown in Figure 3.3, tlj;e
highest concentrations of mercury are found in the lake's particulates,
phytoplankton and zooplankton. The main source of mercury to the watershed

appears to be from atmospheric deposition. Flux calculations suggest that the

124
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watershed materjals are now losigg mercury to the lake and its seston and
sediments and that these three receptor compartments are increasing in mercury
concentration. Refer to Filgur_e 3.4, This was likely not always the case, as the
ov;rburden must ha\we at one time; been a net accumulator of mercury, since its
present mercury concentré‘tion is about 10 time; higher than its parent'?nate;ial.
It is not known whether the relatively recent phenomenon of acid precipitation -
Is causing the watershed materials to purge ther‘nselves of mercury.

~
,

The present study has clearly shown that there is a relationship
between enhanced mercury uptake in fish and decreasing lakewater pH and
alkalinity, on a lake to lake basis (Figures 4.2 & 4.3). Other rélationships were
also encountered On a lake to lake basis, fish mercury concentrations were
higher when the lake was more eutrophic and the bottom water particulate r;lass
was higher, as shown in Table 4.4. These two factors are probably related and
suggest perhaps that increasing the eutrophic Gharacter of a lake (and its
particulate mass burden) increases the sites for mercury methylation to occur
on.” Then, the methyl mercury may or may not be made available for uptake by

fish.

In the lakes chosen for study, once the phenomenon of increasing fish
mercury concentration with decreasing pH was clearly shown to exist, the
effect of thermodynamic spec1at1on of mercury on upfake could be estabhshed
pH -together with chloride concentratnon, governs what chemical species or
comple;c mercury will exist in. Previous workers have often suggested in the

literature that inorganic aqueous mercury exists as Hg2+ and that this is the °

inorganic form taken up by fish. The non-biological literature has clearAly -k

-
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established this not to be the case. Using. well documented equilibrium
constants, a pH/pCl mercury-speciei predominance diagram can be construét’ed
(Figure 2.4) to show that, under typical lake waterd*;ﬂtions of pH and 'pCl,"
inorganic mercury will exist as - either Hg(Ol'!)2° or i‘HgCIZ; with a possible
HgOH‘(ZI‘ subcomponant. The Hg(OH)2° i£ not considered toxic while the HgCl,*

is easily t|aken_ up by fish. Lakes whose pH and'pCl are such that their mercury
is in the Hg(OH)'2° form contain fish with relatively low fish mercury content.
Lakes with lower pHs, fhe acid lakes or ‘écid susceptable softwajer lakes, I'I1ave

+ their mercury in the HgClz° form. These lakes contain fish With relatively

higher fish mercury éonteg‘s. (See Figures 4.10 & 4.11.)

The concepts -developed- in the present Study depend upon thé
i'n._ter-relationship of the physical chemistry concept of thermodynamic chemical
speciation of mercury with the fisheries science concept of non-polar,
uncharged and biologically mebile chemical species, such as HgCi °, having a
greé,ter efficiency to be; absorbed by fish lipid, as oppoSéd to a biologically

non-mabile species like Hg(OH)2°.

.

This ‘ thesis  puts fgrth vthe aforementioned hypothesis of
the?rr?oﬁynamic speciation for further consideration. This does not suggest that
the process defined here-acts independently to produce thé effects ‘sho‘wn in
nature. It is most likely that this process acts together with other procesées
" described in the literature to increase mercury burdens; in fish with decreasing

pH, alkalinity and hat;dness.
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Appendix A Phytoplankton and zooplankton in Wright's Lake.

Organisms caugth in a phytoplankton net .towed along the surface of

mid-lake, August 1980
organism - T

Ankistrodesmus falcatus (var. aclcularls7)
Denobryon sp.
T. flocculosa
T. fenestrata
solitary flagellates
solitary non-flagellates
Merismopedia sp.
Chroococcus 3p.
‘ other
Cyclotella sp.
Navicula 8p.
Peridinium and/or Glenod1n1um SPPpP.
Frustulia sp.
Pinnularia sp.
Cosmarium sp.
miscellaneous diatoms
Eunotia sp.
Stauroneis
Tetraedron regulare (?)

8

Organisms caugﬁt in a zooplankton net at 10 m depth, August 1980

Organism

Cyclotella spp.

Bambusina sp.

Cosmarium

Miscellaneous diatoms

nigcellaneous phytoplankton (Chroococcus turgigus?)

counts/10mL

600 "§

6
present
present
8,500

17,560
2,800
31,400
5
present
6

1
present
present
3
present
present
present

counts/100 nmL

155
15
15
15
15

Organisms caught in a zooplanktbu net at 25 m depth, August 1980

Organism

T. flocculosa
Cyclotella spp.
“Dinobryon sp. »
T. fenestrata
Eunotia spp.
Gomphonema sp.
Gomphonema dcuminatum
miscellaneous diatoms
miscellaneous phytoplankton

i

.5

counts/100 mlL

300

320
17
17

17
17 -

32

17 .
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Appenix B Wright's Lake chemical limnology.
parameter units . cepilimnion  hypolimnion when sampled
temperature °c 21.8 August 1979
21.8 4.3 early August 1980
: 22.0 " . late August 1980
field pH PH 6.21 6.23 August 1979
‘ - ’ 5.57 May 1980 :
5.75 5.08 early August 1980
5.39 : " late August 1980
lab pH pH ©6.60 6.35 August 1979
’ 6.21 ‘ May 1980
= -1 6.27 6.11 early August 1980
conductivity puSem 29.4 30.3 -August 1979
1 25.9 . May 1980
alkalinity meqL”~ 0.028 0.028 August 1979
' 0.023 May 1980
calcium = mgL_1 1.95 . August 1979
2.15 May 1980
. -1 1.90 1.98 early August 1980
magnesium mgL 0.71 August 1979
0.71 May 1980
0.82 0.82 early August 1980
total hardness mgL:"/// 7.79 August 1979
8.29 : May 1980
-1 early August 1980
‘PO, (unfilt, )pgl 4.0 9.5 - éarly August 1980
PO, (£ilt.) -1 1.0 4.5 . early August 1980
NO_ + N03- _ng_l 27 .50 -, early August -1980
Sia mgL_1 2.7 early August 1980
chloride mgL_l' 1.13 1.15 early August 1980 |
sulphate . mgL 10.0 ‘ August 1979
9.5 ' May 1980 .
a4 -1 . B8.25 8.25 . early August, 1980
A13+(unfi1t;) pgl —, 17 . early August 1986
AlY (filc,) -3 11 - early August 1980
chlorophyll a mg n 2.65 . early August 1980
particulates mgL 3.9 4.8 . August 1979
bacteria .
fecal coliform counts/100mL 0 0 early August 1980
total coliform counts/100mL 0 0 early August 1980
" . _Secchi depth m : 9.20 . August 1979
: . 9.35" . early August 1980
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Appendix C Rain, snow aund meltwater analytical results.
. i
Location ., Sample _Field pH Lab pH Alkalipity (pethl)
- }
500 m north - snow .
of Wright's upper ‘2 cm  4.67 5.75 0.120 .
Watershed 2-17 cm 4,57 5.58 0.096 ,
17-32 cm 4.53 6.02 0.145 ‘
meltwéter .
stream 4.75 6.04 0.145
Evangeline
Lake - outflow 6.47 0.230
Restoule ‘
Lake ' rain 3.75
/




Appendix D - Field surveys of
~

-Survey - Period - _

1 .mid August 1979

2 early May 1980

3 early Augyst 1980

4 late August 1980

5 late February 1981
{
Y

Qe

<
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Wright's Lake Watershed. )

Principal Work Performed

preliminary reconnaissance of
water, sediment and soil

comprehensive sampling of
ecosystem

resampling some ecosystem
compartments, seston
investigation, gill netting

-gill netting

snow.and meltwater survey
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Appendix E \Errcury concentrations of various Wright's Lake

ecosystem compartments.

watershed soils

location #1 (near erght s Lake outlet)

0-8 cm
- 8-11

A1-15

15-46

110
49@Q
560
770

Ecosystem Compartment Tota}l[ﬂg] Month Sampled
ng g )
G.45 pm filtered lake water
epilimnion 0.05 May 1980
0.05 August 1980
hypolimnion 0.025 August 1980
lake sediment.
location #1 - 2.53 m depth . .
0-5 em . 20 August 1930
5-10 164
10-15 . 65
locatioa #2.- 23 m depth : (\y}
0-5 em - .- 82
5-10 77
10-15 25
location #3 - 10.7 m depth ",
. ' 0-5 cm 300 . ~
5-10 ) 390 -
10-15 - 220
15-20 J100 - .
sediment pore water (location #3), 0.45 pm filtered .
0-5 cm 0.60 % August 1979
5-10 ° 5.20 :
10-15 0.05
15-20 <0.05
“main inflow. stream surface sediment (sampled 10 m upstream from mouth)
i 37 May 1980
‘ \
swamp sediment
0-3 cm 39 "May- 1980
3-8 443
8~15 45
v 15-20 48 .
; =
quartzite ridge pond sediment ' S
small pond 0-5 cm 95 May 1980
large pond 0-4 1356

August 1979
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location #2 (10 m south of Wright's Lake south shore)
’ 0-2 cm 29 . May I980
2-5 : . 244
5-10 32 ™~
10-15 .90 :
location {3 (watershgd west flank) .
0-5 ) 199 August 1980
5-1¢ 115 .
10_15 28 0 ‘
location #4 (south of location #1) - .
: 0-2 cm - . 13500 . August 1980 {
2-4 ) ¢ 112 '
4-7 16
. .7-20 27 _ ,
location #5 (near large pond, quartzite ridge) .
0-3 cm , 128 May 1980
3-7 35
locatjon #6 (near small pond, quartaite ridge) * - “
: © 1-5 cm - 178 ' " May 1980

bedrock (Lorraine Formation) ,
orthoquartzite from quartzite ridge near ponds
10.9 . May 1980
micaceous ' and hematitic sandstones (quartzites) from south of
Wright's Lake Y

pink 10.2 August 1979
‘white 8.5 -

‘ weathered surface (2 mm) of white sample

' ' 7.9 ¢
feldspathic sandstone -

10.4 . ‘
diabase dyke sampled 12 km east of Wright's Lake, intruding
Lorraine ?3§rtzite " 5.5 August 1979 6/1

forest litter from soil location#2 60 : May 1980
,fofest moss .. 177 . T May 1980
water plants from small pond <5 May 1980
water plants from large pond 245 a . May 1980
ground moss from near near pond 7 <5 e May 1980 \
piné needles - <5 May 1980
cedar leaves T <5 May 1980
rock lichen from near large pond 64 ' .May 1980

swamp moss May 1980

o
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4

bireh wood o P e
10 year old tree . 43

sapl;!’aﬁm ‘ 41

cedar wood (growing i?éwamp) 45 L

-

tree fungus T . ﬁ 56

_near shofe-plant's
growi on bottom 6f lake 24

Lly pads . 4

Tby Lacloche Lake) <5 -

I3

tles . <5

speckled trout (0.6 m ‘length,@(.l?. kg weight)
" white muscle i

May 1980

May 1980

May 1980

o
-

August 1980

May 1980

N
“May 1980

) . \ anterior ~ 268 . August 1980
- ' : “» central - 165 & .

posterior 109

‘ ~ \ av_%rage - 181

minnows ‘e o/

3.6 cm 0.33 g . 135
4.6 0.72 : 166
( (ﬁ b 0.72 Y31
. 4.5 0.93 . . 143
?ﬁ TN 4.4 —0.75 165
. 4.8 1.14 ) 180
average - '
[ . 0.76 157
phytoplankton sample #1 ° C 240
S sample i 523
.\zoopla.nkton . sample #1 ‘-,530
) \k._——-\ sample #2 850
% . sample #3 . 842
) '_?_ sample #4 . 828
particulates epilimnion ®61
. hypolimnion 339
\/ﬂ/\ |
. r
,____’-a—r___ﬁ
- “~
N tad . . 3
. .

~

August 1980 .

L

DR

. May 1980
“August 1980

e

May 1980

August 1980

August 1980

156



Appendix F.

measured values

watershed area

lake watershed area

lake area

lake to lake watershed
depth of rock weathering
density of bedrock
precipitation

rainfall

snowfall

show as liquid

estimated values

lake volume
lake volume
weight of water
outcrop

outcrop area

overburden

overburden area

" average ovérburdén thickness
average soil thickness

snow:melted snow

land surface area in watershed
lake surface area in watershed
water lost from system by
evapotranspiration, ete, in 1 year
lake partlculates
epilimnion particulates
mercury contents (nominal)
bedrock . “
weathered surface of bedrock

loss in-surface
overburden

soil

rain

snow on ground

lake water

lake particulates
epilimnion particulates

.

{average)

157

Spreadsheet output for mercury mass balance.

3.5 8q. km
3 sq. km
.26 8q. km
10 .2
.002 ’ m
2.585 g/cc
.84 m/yr
.64
2.04 o/yr
.2 Cw/yr
2800000 cu. m,
2800000000 L
2.8E12 g
60 4
1.8 sq. km
30 %
.9 8q. km
1 : m
.15 m
10
’ 91 % .
g Z
60.6 z
& mg/L
3.9 ng/L
10 . ng/g
Al B
2
55
100
.025 N
.05 )
.05
300
4290

E
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assumed values

inflow streams floﬁj _ 180 d/yr
inflow rate . - 8- L/sec
outflow stream flow 3 300 d/yr
outflow rate (calculated) 3.818690467 L/sgc .

" ra
“ - T

calculations :
. . ) ™ ~

tot. rock weathered since glaciation 3600 cu. m
weight of rock weathered 9540000000 g

amount of mercury released 19.08 g

. \

4 ) i . o A .
volume of overburden 200000 *\\bq;;ﬁ’,—-‘
weight of ovgrburden - 2.385E12 g {
amount of mercury 131172\"J g

W 1ume of soil 135000 cu. m
weight of soil ) . . 3.5775E11 g
-amount of mercury ’ 35775 g
soil & Qverburden volume 1046500 cu. m
weight 2,773225E12 | . g
amount of mercury if all : .,
at bedrock concentration C- 27732.25 g
therefore .
amount of mercury in soil and

]

‘overburden less mercury derived 139217.75 2
_from rock weathering l.e. entered from-outtixjﬁi the ey%}:m-_
-‘entqring the system on a yearly basis (watershed) . <0 .

rainfall ) . .64 m/yr
.. : C, ~y
volume of rain in contact with

soil and overburden 1747200 . cu. m ., )//
weight of rain ' - 1.7472E12 g -

amount of mercury 43.68 . . E o

snowfall . -

volume of melted snow in codtact 546000 cu. m

with soil and overburden T i '

weight of melted snow . ‘ 5.46E1] - | / 3

amount of mercury ’ 27.3 g

rl -
mercury from rain and snow
in one year 70.98 g/yr

1961.365878 yr

years of precipitation to yiel
139217.75g of mercury
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entering the lake_direcﬁly//
volume of rain i‘ 166400 cu. m,
weight of rain ‘ : ‘ 1.664E11 g
amount of mercury ° . 4.16 g
volume of snow y 52000 cu, m
weight of snow 52000000000 -8
ameunt of mergury _ 2.6 g
direct confribution by precipitation 6.76 g/yr
mercury in lake (aqueoqs) g . 140 . g
particulate mercury . .
weight of particulates ' 11200000 ‘g
amount of mercury - - , -3.36 > g-
total mercury in lake ¢ N " 143,36 - .8 J
Rough estzmate ofrzgsﬁht of mercury enterlng lake from runoff and ground
weight of )ggoipltatxon s 2 1841':.“‘1 ' g
60.6% evapotrans onh oveZburden only (bedrock =40%)
60% overburden x 60.6 . 36.36 . % lost Y
less 36.36% evapotrans ' 1,389898Ell . o8 ~,
- 10:1 land to water ratjo-* . : ‘ -}l &

- tunoff and groundwater —-1.250908EL1 g/yr
streams . } ) 1.24416E11 - glyr
mercury added © 66,2208 . g/yr
groundwater 674784000 . Bfyr
mercury added .0337392 g/yr
total aqueous ' 6.2545392 g/yr
stream particulates : 485222400 . g/yr
mercury . o : ~ 145,56672 g/yr
total DA 151.8212592 » g/yr

. . -,
total input of mercyry to lake 158.5812592 ! g/yr-
(includes precipitition directly)
outflow inc 60.62 evapotrans 98980456896 -glyr -
mercury .  aqueous : 4.949022845. & g/yr
particulates ' , 386023781.9 ) g/yr

_mercury : " 115,8071346 - g/yr

- ‘total leaving 120.7561574 : g/yr
total mercury. eatering lake and ‘
lake watershed in 1 year . 158.5812592 . g/yr
leaving lake + - 120.7561574 g/yr

left in system - .37.8251018 g/yr
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spread over 26 hectares
12812680.30 cc/hectare
1281.268030 cc/square m
.1281268030 cc/square cm

-

L4 ot
. - ’ N
added to lake each year 158.5812592 g/yr
leaving 120.7561574 8 gy
retained -37.8251018 - glyr
. » .
added to lake.watershéd each yéar - 70.98 g/yr
less amt entering lake from T -
watershed 151.8212592 . g/yr
ost by wgﬁijshed -80.8412592 , g/yr
time required to fill lake AB 3.790075722 ¥ro o~
143.36g of mercury g
_ ~
further calculationa
v N
yearly net loss from watershed -80.8412592 g
\yearly net gain by lake “37.8251018 g
- for "lake
aqueous net gain B.065516355 g
particulate net gain ) 29.75958544 £
aqueous/particulate gain .2710224701 to one
at thi§4!ate of gain: ' mass ~ grams
aqueous particulate ’ total . .ratio
now & - 140 . 3.36 143.36 41.66666667
after 1 year ~ 14B.0655164 33,11958544 181.1851018 4.470633143
10 years ) . 220.6551636'300.9558544 521.6 10180 .7331811637
lggﬁzgars B . 946.5516355 2979,318544 3925.870180 .3177074292
1000 yeers .~ 8205.516355 29762.94544 37968.46180 .2756957093
inozease in concentration | o ‘%/r’f/
now . 05 - ng/g
after 1 year »0528805416 " ng/ " .
10 years ' .0788054156 nglg
100 years * 3380541555 ng/g -
1000 years ) 2.930541555 ng/g
mercury fluk to sediment
average surface sediment Hg comc 134 ng/g
force 29.75958544 g into sediment
to average value,: need 222086458.5 g of sed
i,e. this is amt of sed required if continuous sedimentation .
contains 134 ng of Hg/g of sediment
volume of ged
density ~1.5 g/cc
volunme 3331296 87.8

cc
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il.e. 1.281268030 mm/year of sedimentation

need 222086458.5. g of seston/year

at any given time lake contains 11200000
cycles per year S .0504308100,
finally

watershed loss

net to lake - ’ 151.8212592
area loss occurs in : 1.8
8.434514E-5 g of Hg lost per square metre

for nominal overburden depth of 1 m ]
8.434514E-5 g/cubic m = . 3.18284E-11
at 2.65 g/cc density

this is a loss of .0318283562
in 1 cubic metre _

-

3.182836E-5
31828.35623
330960

. loms per cubic metre
or ’
precipitation leaching 1 m

-concentration of Hg if . .
31828.35623/precipitation .0961697976
compare to runoff at C?Bg ng/g

o )

-

g of geston

g/yr
square km
g of Hg/g
ng/g/yr
g/yr
ng/yr
g/yr

ng/g
R

‘/‘\
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Appendix G.
study lakes.

Lake (Yr) N
species ng/g
Agnew (1975)

walleye 26 660

)31
20

walleye
s.m.bass

Balsam (1977Y
walleye 14 360
s.m,bass 20 270

Caribou (1976)

walleye 7 1190

*' s.m.bass 11 490

Cecebe (1977)
walleye 30 99¢C
s.m.bass 19 590

Commanda (1977)
walleye 6 1830-
s:m.bags 3 970 ,

Dalyrmple (1977)

walleye 30 590
s.m.bass 20 560
Evangeline (1976)
walleye 24 540

Gough (1975)
walleye 67 720

~ Lacloche (1975)

" walleye

32 920

Memesaugamesing (1975)

34 1750
19 760

walleye
s.m.bass

-~

-

ng/g cm

870

36.3

North Channel of Lake Huron (1976)

10 220

walleye

T He0 47.8
- 35.8
, \
1180 - 49.2
- i 4902
1260 38.9°
- . 31.1
s
2190 42.8
- 31.0
700 4.1
- 36.5
1130 32.7
910 A
930" 48.5
1420 53.1
390 39.4
-

g

Mean Hg Std.Ln.Hg Mean Len Mean Wt

B

702

717

450

870
785

403

836

© 1688

2164
558

731

- . 006060

—— .

A B

T.00964951.15211

.002520 1.55866

1.35184

.000036
.000205

2.35654
1.98121

.000000
.000207

4.12038
2.23159

1.30074
2.37515

007774
.000152

.019054

1.21332

Y
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* MOE data on walleye and small mouth bass for

.520

643

.884

.908

952 -
\

.900
.817

)
745
-909

.789

L4

2.43889
2.12103

-000050
.000241

.000666 1.90136
.004537

.003379 1.43546

-000224 2.23754
.P04405 2.82939

.000006 2.85232

1.35367 .

.826
<944

.873
832
.903

.932
.892

<945




Restoule (1976)
walleye 26 1550 2200

Scugog (1977)

~walleye 20" 100 - 100

Appendix G. (continued)

-

%eton (1977) W R
walleye. 28 400 400 -

Sparrow (1977)
walleye 15- 770 790
s.m.bass 15 590 -

Vermilion (1977)
walleye 30 470 560
s.m.bass 8 320 -

Hg{fish) = A 'x LB with R = cdr:s}ation coefficient

-

36.3

45.5

-

729

1140

1400

957
610

653
344

r ]

.025456 1.13938 .615

.002577 0.93922 .729

-000005 2.87788 .923

.000407 1.93693 .727

.002353 1.53605 .602

.003441 1.30090 .719

.004527 1.25643 .874
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Appendix R. Comparison {& fisn mercury data for lakes
sampled two different years. Mercury data is in ng/g. For walleye,
standard length mercury concentration is given first, followed by mea®®
mercury concentration. For other fish, mean mercury concentration only
is given. Mean length, in cm, of the sample caught in the stated year is
given in brackets. :

164

N

Lake : Walleye Small Mouth Bags Lake Trout
year ’ ‘
Caribou )
1976 490 (32) - 600 (49)
1977 470 {31) 480 (50)
Cecebe
1971 1150/930 (35) 370 (22)
1977 1260/990 (38) 590 (31)
Restoule
1976 2200/1550 (36)
1977 . ) /1300 (38)
Scugog
1970 ~ /80 (54) . ) . .
1977 160/100 (45) T . .
Skeleton ' 'y .
1971 : v . . 330 (51)
1477 . - ) 370 (48)
" Sparrpw o T g o
971 /380 (43)° 360'(3Q) “ T
197 790/770 (48) “~5907(35) »
v -
o S - .
L 4
N
— 3

.
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Appendix I. Analytical results of preliminary field survey.
Lake Field pH Lab pH Sp. Cound. Alk. Temp. cl
pmho-em  meq/L ¢ mg/L
Agnew 5.83 6.61 53 0.099 11.2 8.
.. Ahmic 5.82 6.24 31.5 0.033 10.0 8.5
- Balsam 7.69 1,77 150 - 0.786 15.3 12,
— Caribou .  5.98 L 6.71 40.7 0.069 11.2 6.
Cecebe 5.83 5.74 30.1 0.018 10.0 3.
. Commanda 5.87 5.60 30.5 0.023 11.0 3.
™~ Dalyrmple 7.75 7.99 217 2.347 14.5 14,
’5\< Evangeline 5.85 6.63 47 0.144 . 7.2 3.
Gough 5.70 6.42 39 0.069 15.9 <3.
" Lacloche 5.68 7.04 60 0.116 13.9 <3.
Memesaug., 5.45 6.16 28,2 0.052 6.7 <.
N. Chaanel 7.27 7.77 119.5 70,886 12,0 10.
Resteule 5.91 6.34 29.8 0.033 11.0 <3.
Scugog T.74 7.81 318 2.940 19.5 30.
Skeleton 6.05 6.51. 35 0.057 5.5 . <3.
Sparrow 6.43 7.00 60.7 0.154 14.0 7.
Vermilion 6.69 7.06 89 0.350 10,5 7. °
Lake Mg Ca | T. Hard =~ §0 Sf.Sed.Hg Lw.Sed.Hg
ng/L mg/L " mg/L mg/L ng/g ng/g
Agnew 1.01 2.63 10.72 7.3 30 85
N Ahmie 0.89 2.41 9.68 8.4 13 -
. Balsam 2.05 - 13.45 42,02 9.5 142 - " .
- Caribou 1.21 2.60 11.49 ‘10,0 35 -
“Cecebe . 0.88 2,22 9.47 7.9 <3 - .
Commanda 0.91 2,63 10.31 9.0 680 .89
Dalyrmple  3.30 21.60 67.52 © 8.4 44 197
Evangeline 1.43 3.21 ° 13.90 10.0 96 40
Gough 0.86 2.10 8.78 6.8 49 48
Lacloche 1.51 3.42 14.75 9.0 <5 . 124
Memesaug. 1.0l 2.60 10.65 9.5 - 30 -
N. Channel 4.41 11.40 46,62 13,9 - - -
Restoule 0.89 2.52 9.96 8.4 36 15
Scugog 6.54 2,53 - 32.87 10.6 61 -
Skeleton 0.81 . 2.81 10.35 8.4 31 - -.
- ' Sparrow 1.36 1.50 - 24.33 7.3 182 <5
Vermilion 2.35 9.30 32.89 - - -

Sf.Sed.lg = surface sedident Hg (0 - ~2 cm)
Lw.Sed.Hg = next lower sediment layer Hg (™2 - 5 cm)
<5 = less than the 5 ng/g detection limit

- = no sample available

. * kS



Lake

Agnew
Ahmic

- Balsam

Caribou
Cecebe
Commanda
Dalyrmple
Evangelene
Gough
Lacloche
Memesaug.
N. Channel
Restoule
Scugog
Skeleton
Sparrow
Vermilion

Sf.Soil.Hg
ng/g

12
76
12
<5
276
57
<5
<5
521
<5
57 -

281
205
56
103
133

Lw.Soil.Hg

ngle

85
126
85
<5
321
58
22
<5
168

<5

13

54
63
64

Sf.Soil Hg = Surface soil Hg (0 -3 cm)

Lw.Soil Hg = Next lower soil layer (3 - 8 cm)

<5 = I¥ss than the 5 ng/g detection limit

- = no sample available
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Appendix K. . Correlation coefficients between fish mercury
concentration and water chemistry parameters.

-

walleye small mouth bass
)

mean mercury standard length mean mercury

_ mercury
field pH X -.64 -.64 -.62
lab pH -.74 -.76 . e =70
specific conductance -.60 -.61 .49
- alkalinity -.57 -.53 =27 .
chloride ' -.56 . ~.58 -.58 -
magnesium -.60 -.60 -.52 )
calcium -.39 (. =12 -.46 .
hardness -.43 <C\ -.55 ' .47 -
sulphadte Co=l27 ~.27 - ~.11
surface sediment H§ - .40 .43 .61
lower sedimpnt Hg =16 -.3 -
urface sofl ‘Hg -1 .08 .01
i‘ipwer'so:}l Hg ' ° -.23 -.15 . =J16 . —_—
surface sediment Hg to surface soil Hg -.09 . ’ . .
~

-
i ]
N .
. \»
/ *
' +
«. %
N
- “» . -
| .
‘/ @ .
. ,/_ -
b . ™~
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Appendix L. ) Method of mercury analysis and quality control.

I

Method of Analysis . ‘ J

. o
The analytical proceﬁures for mercury follow those of Environment

Canada's Analytical' Methods Manual (En\%ir/onment Canada 1979). Inorganic

forms of mercury are extracted and organjc”forms are oxidized by strong acids

and oxidizers. After oxidati"on, Hg?+ is reduced to elemental mercury by.

stannous sulphate. The mercury is spargéd from thk_solution with a stream of

-,
air and passed through a cell in an atomic absorption spectrophotometer.
~
Quality~eqptrol N

;"'Detcction limits for mercury in waters and extracts varied over the
period of the analytical program. When the program commenced, the detection
limit was 0.05 pg/L. With refinements in the technique, this became -0.02
. ° .

ug/L. Precision at 0.05 pg/L was 0.01 ug/L.

Field and laboratory. blar';ks were tested throughout the study, This
included tests on bottle Blanks, water blanks apd écid,/dichromate preserdatives,
all of which were transportcd. on the field 'sdrve-y's.- Labora;ory blank's consisted
of distilled de-ionized water hlanks as well as. various chemical blanks which
wer -u'cd to zero the baseline of the auto-analyzer. - No contamingtion of any

‘blanks Rvas detected, as all blank analytical results were found X0 be .at or

-’
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below the detection limit in effect at the tifne'of the analysis.

-
v

£ . All samples were analysed in-dupli(':a\te, being' split at the laboratory,
and their results averaged, except for suspended sediment, ;;hytoplankton and

zﬁplankton, which were sampled in duplicate and reported as such. Results

were ar'bitrarily accepted as valid if laboratory .splits were within 15% of one

-

another.

An >aqueous sample was spiked with mercury on each: separate
analytical run. The results of the run, in terms of spike recOvery, were
consxdered valid if the recovery was between tlle) arbitrarily set limits of 90 "and

100%. y

»

Five water subsamples, split from a single sample, had a mean
mercury content of 0.078 pg/L and a standard deviatlon of 0.0084 or 10.7%.
Five §ediment samples, split from a single\sample, had a mean mercury content

of 112 pg/kg. The standard deviation was 8\ or 7.5%.

i






