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Mercury methylation was measured in surficial sediments taken from unacidified and experimentally
acidified Bakes in the Experimental Lakes Area, northwestern Ontario. A seduction i n the p H of sediments
lowered the rate sf '"Hg methylation. Methylation was undetectabk at pH c 5.0. This decrease in mercury
methylatian was probably related t o a shortage of available inorganic rnercupywhen the pH of the sediment
orewater was reduced. Below pH 6.0, inorganic mercury concentrations in porewater, measured with
'3H g, were reduced to less than 20% of that found at unaltered pH. A comparison of methylation and
dernethylation rates was made at various pH's. The rate of demethylation decreased to a lesser extent thaw
methylation as the pH was lowered. This research indicates that enhanced mercury methylation in the
sediment is n o t responsible for the observed increase in mercury Bevels i n fish from acidified lakes.
On a quantifie la methylation d u rnercure de sediments superficieis recueillis d a m Bes lacs non acidifit% et
exp6rirnenta9ement acidifit% dans la zone de lacs experirnentaux. Une baisse d u pH des s&iirnents a reduit
Be taux de m6thyIation d u 2 0 3 ~;gcelle-ci n'etait pas decelable a u n pH iwferieur 2 8,s.Cette diminution de
la methylation est probablernent liee 21 une pewurie de rnercure inorganique disponible qugnd le pH des
eaux interstitielles d u s6dirnent est rkduit. A un pH 6,0, les concentrations (mesurees au ' 0 3 ~ gde
) mercure
inorganique des eaux interstitielies sPC8event moins de 20 % de celles prksentes i u n pH non modifie. bes
taux de mbthylation et de dernethylation ont et6 csrnpas6s A divers pH : le dernier a rnoins diminue que le
premier quand le pH etait reduit. La presente recherche r6vGie cgu'une methylation accrue d u rnercuse d a m
le sediment n'est pas la cause de i'augrnentation obsewke des niveaux de rnercure chez les poissons
pelsplant des lacs acidifies.
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ne of the early consequences sf lake acidification
appears to be elevated concentration of mercury in
the muscle of fish (Tsai et aZ. 1975; Semelov et aH.
1976; Suns et aB. 1980; R. J. P. Brouzes, Domtar
Research Centre, Senneville, Que., p r s . comm.) . Mercuy in
fish muscle is mostly methyl mercury produced from inorganic
mercury by bacteria active in sedirnents, in the water column,
and in the intestines of fish (Jensen and Jemelov 1969; Fumtani
md Rudd H 980; Rudd et d. 1980). Chemical methylation of
mercury occurs via transalkylation by tin and lead alkyls (Beijer
and Jemelov 1979) and is probably not a major contributor to
net methyl mercury. After its production, methyl mercury is
bioaccumnlated by fish from the water and from their food.
There are several possible hypotheses to explain the appaent
increase in mercury concentration in fish during the early stages
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of acidification. For example, more mercuv may be entering
lakes with acidic deposition because of increased coal combustion (Joemnsuu 19'71; Jemelov and Wallin 1973; Jemelsv et d.
1975; NRC! 1981). This may elevate rates of mercury methylation which are positively related to inorganic mercury concentration (Rudd et af. 1983). Further, the elevated acidity of
atmospheric deposition could cause mobilization of mercury
naturally present in watersheds or result in the solubilization of
mercury in lake sedirnents (NRC 1981). Both of these mobilization processes would tend to increase the concentration of
soluble Qivalent mercury, the f o m methylated by bacteria
(DeSimone et al. 1973). In addition, increased Bake acidity may
cause physioIogical changes in fish, leading to either an increase
in the efficiency of methyl mercury bioaccumulatisn by fish or a
decrease in the rate of mercury depuration. Finally, increased
Bake acidity may affect the microsrganisms, causing them to
methylate mercury more rapidly or dearmethylate more slowly at
a reduced pH, even though the mercury concentration may not
be changed by acidification. We have tested some 0% these
68%

hypotheses by measuring rates of mercury methylation and
denamethylation in sediments at natural and at reduced pH. We
have also studied some of the factors controlling methylation
and how these could be affected by changes in pH.

Study Sites
This research was done at the Experimental Lakes Area
(ELA) northwestern Ontario, which lends itself to studies of
lake acidification because these lakes are located on granitic
rock basins of limited buffering capacity (Banskill and Schindler 1971). ELA is located in an area that is not significantly
impacted by acidic deposition (Schindler and Wuszczynski
1983) and is uncontaminated by mercury. Lake 223 (L223) has
been receiving experimental additions of sulphuric acid since
1976. The pH sf the surface water has decreased from 6.8 in
19'66to approximately 5.1 in 1982 (Schindler and Turner 1982;
Mills 1984). Lake 239 (L239), which has not been acidified,
was used as a control lake in this study. Its water chemistry and
primary production are sirni8x to that of L223 prior to
acidification (D. W. Schindler, Freshwater Institute, Winnipeg,
Man., pers. comm.). The porewater pH of epilimnetic sediment
is close to 6.2. The recent history of L239 is well documented
(Schindler et al. 1980b). Sediment was also collected from
LI14, L303, and L302N. Lake 114 has been acidified with
sulphuric acid since 1979; L382N has been acidified with nitric
acid since 1982, and L303 was fertilized with phosphoric acid
and sodium nitrate during 1975-76 (Cmikshmk 1984).
Sample Collection
Surficial epilimnetic sediments were chosen for this study
because they are the only sediments that are exposed to a
reduced pH (Kelly and Rudd 1984; Kelly et al. 1984). They
were retrieved from 4 rn depth in L239 and 6 m depth in L223
using a modified E h a n grab sampler (Burton and Rannagan
1973). Approximately the top 2 cm of this sediment was drawn
into a PVC bottle using a hand vacuum pump. One litre of
sediment was collected for each experiment. A themistor (Flett
Research Ltd.) was used to measure lake water temperature.

taken fmm each bottle sf pH-adjusted sediment using the
radioisotopic method of Fumtani and Rudd (1980). Because the
mercury concentration of the sediment was increased by the
addition of radiolabelled and carrier mercuric mercury, this
approach yielded a potential methylation rate rather than an
actual in situ rate- For this reason our experiments were
designed to compare relative methylation rates of manipulated
samples with control samples. The main advantage of this
approach over other methods for assaying mercury methylation
is its high sensitivity which enables methylation to be assayed
on fresh sediment samples after only a few hours of incubation.
This can be done without stimulationof microbial activity by the
addition of artificial substrates. Rates of mercury methylation
were linea throughout the incubation period, which indicates
that the natural microbial populations were being assayed.
After the sediment pH had been adjusted, duplicate 10-mL
samples were drawn into 50-rnL glass syringes (American
Hospital Supply) that had been flushed with nitrogen. A 5-mL
bubble of nitrogen was left in the syringe to facilitate mixing.
Two additional 16-Hn%c samples were treated with 1 rnL of 4
mol .L- HC1 to stop biological activity and to serve as blanks.
Each sample in a syringe received an addition of ' 0 3 ~ gas
mercuric chloride (New England Nuclear) to an approximate
dosage of 74 kBq.2 pg Hg-' * gdry sediment-'. The samples
were incubated for 12 or 48 h at in situ temperature (18-23°C).
Incubation was terminated by addition of 1 mL of 4 mol-E-"
HCl. The contents of each syringe was trmsferred to a 250-mL
glass reagent bottle. Alkylated 2 0 3 ~produced
g
during incubation was extracted and assayed as described in Fumtmi and
Rudd (B980), which does not distinguish between monomethyl
and dimethyl mercury. This method has a mean percent coefficient of variation of k 10.2% for 14 replicates.
Methylation rates (R) are expressed as nanograms of mercury
methylatd per gram of dry sediment per hour:

'

-

where s = sample activity (disintegrations per minute (dpm)),
%a -: activity of the killed blamk (dpm), d dilution factor from
the extraction procedure, a = dpm added per nanogram of
mercury, w = sample dry weight (grams), and t incubation
time (hours).

-

pH Adjustment

Porewater Experiments

In the laboratory, 100 mL of sediment was transferred, under
deoxygenated nitrogen (Hungate 1969), into five 125-mL glass
reagent bottles fitted with silicone stoppers. An l 8-gauge needle
attached to a thee-way valve (American Hospital Supply) and
syringe for addition of HCl and NaOH and a glass combination
pH electrode (Fisher Scientific) were inserted through the silicone stopper. The pH electrodes were connected via a sixchannel switchbox to a pH meter (Fisher model 638), which
enabled us to monitor simultaneously up to six sediment samples.
The pH meter was calibrated at pH 4 and 7. Four bottles of
sediment were adjusted to four pH values ranging from 4.5 to
7.5 by addition of HCl or NaOH. The pH was adjusted intermittently over approximately a 2-h period until it stabilized.
The sediment was stirred during pH adjustment. The pH of the
fifth bottle was not adjusted and remained at the natural pH of
approximately 6.2-6.5.

The effect of pH on 2 0 3 ~ and
g CPI~"~H
concentration
~
in
the sediment porewater was also determined. Sediment pH was
adjusted as previously described. Two samples were taken at
each pH and ' 0 3 ~ g ~ was
1 2 added to each of the subsamples in
the same concentrations as was used for the measurement of
the rate mercury rnethylation. Radiolabelled methyl mercury
( C H ~ ~ " ~(562.4
H ~ ) MBq * mmol- Amersham) was added to a
concentration of 1.76 x 104 dpm. mL- to different duplicate
sediment samples. All of the samples were shaken for 1 min and
then allowed to stand for 1 h. They were then centrifuged for
45 min at 1200 x g. A howw volume of supernatant was filtered
through a 0.45-prn filter (Millipore), and a 500-pE subsample
of the filtrate was counted in a liquid scintillation counter
( B e c h a n 7000). The mercury that passed though the filter was
defined as available porewater mercury (Benes and Havlik
1999). The percent of available 2 0 3 ~ing the sediment porewater
was calculated as follows:
IOOpo
Percent of 2 0 3 ~org CH3203Hgin porewater = --d

Sample Incubation sand Extraction
Mercury rnethylation rates were assayed in duplicate samples

';

'
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where p = porewater activity (dprn per millilitre), u = volume
of porewater (millilitres), and d = 'O'H~ or CH~""~ as dpm
added to each sample,

TABLE1. Concentrations of total mercury, total sulfur, and acidvolatile sulfide (AVS) removed from sediments taken from L239 (unacidified) and k223 (experimentally acidified).

Acid-Volatile Sulfide (AVS) Experiments
AVS is defined as sulfide-containing compounds, such as
some foms of metal-S (e.g. FeS), which are volatilized as H2S
under acidic conditions. If sulfide was released from previously
insoluble metal sulfides by acidification of lakes, the formation
sf insoluble NgS might explain the reduction in mercury
concentration and methylation rates that we observed at reduced
pH. This possibility was tested by removing the AVS from
sediments using a combination of methods developed by
Jorgenson (1978) and Howarth and Teal (1979). Sediment was
put into 60-mL reaction vessels and the pH was reduced to 2.0
with HCI. The AVS, as H2S, was removed by bubbling the
sediments with deoxygenated nitrogen and trapped in a solution
of alkaline zinc acetate as zinc sulfide (Howard and Teal 1979).
After the sediment had bubbled for 2 h, the trapped sulfide was
quantified by iodimetry (Skoog and West 1969). The amount of
AVS removed was calculated as follows:
where AVS = micromoles of acid-volatile sulfide, E -- rnillilitres of s203"required to neutralize a known amount of iodine
in a blank trap (no sulfide), A = millilitres of Sz032- required
to neutralize a known amount of iodine in a sample trap, and
C = microequivalents per litre of the s2Cla2-.
To determine what effect the acid treatment of AVS had on
porewater mercury concentration at natural and adjusted pH,
the acid-treated sediment was raised to its original lake pH
(approximately 6.3) by the addition of NaOH. Porewater
mercury concentrations at natural and altered pH in treated
sediments were then compared with porewater mercury concentrations in acid-treated sediments. In addition, FeS was added to
mother subsample of the acid-treated sediments at the original
AVS concentration (Table I) and the pH of this sediment was
g
also adjusted. Measurement of porewater * 0 3 ~concentration
in the three types of treatment of sediments was carried out as
previously described.
Demethylation

Lake

Total S
Treatment (mg g-')

Date
(1982)

<
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Total Hg

( ~ g - g P ' ) ( ~ .g-')
g

- - --

L239

Sept. 13

None
pH 2
pH4
PH 2
pH4
pH 2
None
PH2

Aug.17
L223

Aug.17
Sept. 28

ylation, rates are presented as percentages of the dernethylation
or methylation rates at natural pH.
Other Methods
Organic carbon and total nitrogen analyses were done using
methods developed by Stainton et al. (1977). Dry weight of the
sediment was determined by drying sediment to a constant
weight at BO°C. Total sulfur analyses were made using a Fisher
Total Sulfur Analyzer model 470. The total mercury concentration of the sediments was measured using atomic absorption
(Armstrong and Uthe 1971). Reagent grade FeS (Baker) was
examined by X-ray diffraction (Phillips) to ensure that it had not
been converted to pyrite during storage.

Results
SurffciaE sediments from L239 and L223 were similar with
respect to carbon, nitrogen, and mercury content. The average
values ( ~ S E Mof) organic carbon and total nitrogen on five
replicates from L239 were 42 + 4.3 mg c . g P ' and 3.5 +
0.3 mg N .g-' . The corresponding values of five replicates from
L223 were 56 -+ 1.2mg Cogs' and 5.9 2 0.3 mg Nag-'. The
average concentrations of total natural mercury in L239 and
L223 sediments were low (0.35 + 0.05 pg Hg g- (n = 4) and
0.33 2 8.04 pg Hg g- (n = 4) respectively). The sediments
differed by an order of magnitude in AVS content, although the
total sulfur content was similar (Table 1). The water content of
the sediment was 88% for L239 and 98% for L223.
Studies done in 1980 (Fig. 1, 2) using pH-adjusted sediment
from both lakes indicated that rates of biological methyl mercury
formation decreased with decreasing sediment porewater pH.
The response of mercury methylation to change in pH for L239
sediment, which had not been previously exposed to reduced
pH, was similar to that of L223. The rate of methylation at
unadjusted pH also varied considerably between sampling
dates. There was a seasonal trend, with the highest rates
occurring in June and July followed by lower methylation rates
during August of each ye=.
The concentration sf porewater C H ~ was
~ measured
~ ~ H a~
function of pH using L114 sediment. It was found that 1%s f the
added radiolabelled methyl mercury remained in the sediment
porewater at natural pH (6.1) and that the percentage of
dissolved methyl mercury did not vary within a pH range of
4.3-6.8.
On several occasions, the concentration of porewater inora

The rate of microbial breakdown of methyl mercury, or
demethylation, was determined by the method of P. S. Ramlal,
J. W. M. Rudd, and R. E. Hecky (in prep.). Briefly, '"-methylmercuric iodide was added to a set of sediment samples acidified
to different pH values. The isotope was added as CH3HgH at a
dose of 0.2 pg Hg *gdry sediment- The samples were shaken
for B min after isotope addition and incubated for 12h at in situ
temperatures. After incubation, the samples were acidified and
the gaseous endproducts of demethylation were stripped from
the samples by bubbling with oxygen (58 d a m i n s " through
Vycor tubes packed with copper oxide. The Vycor tubes were
heated in a tube furnace to 450°C. This ensured that I4CH4was
combusted to ' " ~ 0 ~ . The gases were collected in a carbon
dioxide trap consisting of 10 mL of BCS, 2 mL of methanol, and
2 mL of C02aakNBet (Amersham) in a liquid scintillation vial.
Samples were stripped for I h, an additional 5 mL of PCS was
added to the vial, and the samples were counted to 2% error in
a liquid scintillation counter. Both the trapping and stripping
efficiency of this method was found to be 100%. In some
instances, to facilitate comparison of methylation and demeth-
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FIG.2. Rates of ''"GH~H~ formation in L223 sediment under different pH conditions during 1980-82. Vertical lines give the range sf duplicate
samples when variation is greater than the dimensions of the symbol.
TABLE2. Fraction of total "'Elg in sediment porewater before and
after treatment of pH 2 to remove acid-volatile sulfide.
Lake

PH

No
treatment

TABLE3. Csmpaison of mercury methylation and demethylation in
sediments collected from several ELA lakes (as measured by 96 sf
untreated (u) sediments).

pH z9
pH 2,
no FeS FeS added back
Depth

mercury between sediment and water, leaving the methylation
process relatively unaffected. However, we observed that the
concentration of radiolabelled methyl mercury did not vary in
sediment porewater within a pH range of 4.3-6.8 and that
methylation rates were reduced at lower pH. Perhaps these
different observations can be explained by differences in the
characteristics of the sediments that determine the binding of
Can. 9. Fish. Aquat. Sci., Voi. 4 2 , 1985
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2
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Date
(1984)

pH

May 21
June13

5.9(u)
4.9
6.0

June 6

6.6

MethyIatisn
(76 of
untreated)

Demetkylatisn
(96 of
untreated)

6.2(u)
5.6
5.2
689

1

1

L 239
O AUGUST 4

X SEPTEMBER 13

FIG.3. Fraction of totaI 2 0 3 ~ in
g porewater of pH-adjusted sediment from E239 and E223. AIH samples
were done in duplicate.
inorganic and methyl mercury to particles, or by the trophic
state of the Bakes. The lakes used in our study were oligotrophic
and were not contaminated by mercury.
Our observation that mercury methylation in egilimnetic
sediments from unacidified E239 and acidified E223 responded
in a similar manner to imposed changes in pH is probably
explained by the fact that the pH of most of the sediment
porewater of L223 is unaffected by acidification of the lake
water (Table 2; Kelly et al. 1984;Kelly and Rudd 1984).The pH
of the porewater, which is 5,2 at l mm depth below the
sediment- water interface, is unchanged from preacidification
levels at a depth of E crn because of the consumption of H+ by
bacterial activity. At the sediment-water interface, where the
porewater pH is reduced, there is evidence that this pH
reduction did not decrease microbial activity and so this could
not be an explanation for the reduced methylating activity at low
pH. Fumtani et al. (1984) incubated EEA sediments in the
laboratory and found that the reduction in mercury methylation
occurred without reduction in microbial activity (COz + CH4
6%

production). Futhemore, Kelly et al. (1984) have shown that
the rate of microbial activity, as estimated by the rate of organic
carbon decomposition ( C 0 2 4- CH4 production), was unaltered
by acidification of L223 to pH 5 .O.
Another possible expllanation for the reduced methylation
rates is a decrease in the concentration of available inorganic
mercury in porewater at lower pH. The concentration of porewater mercury is a rate-determining factor because it is wecess a y for mercury to be in solution before it can be biologically
methylated (Besirnone et al. 2973). We found that as the pH of
the sediment was decreased, the concentration of gorewater, or
available, '03k=Igalso decreased. At natural pH the '03FIg in the
porewater was always less than 5% of that added. At lower pH
the proportion of added m%g was further reduced (Fig. 3;
Table 2). These data suggest that the observed drop in methylation at lower pH could be related to a decrease in the amount of
available inorganic mercury at low pH.
Bur observations are in agreement with Wakanson (1974)
who showed in laboratory studies that 47% of the mercury
Can. /. Fish. Aquat. Sci., Vol. 42, 1985

added was adsorbed and deposited with patisles at pH 5,
whereas only 32.3 % was deposited with particles at pH 9. From
this he concluded that there is an increased probability of
sedimentation of mercury in acid waters. Schindler et al.
(%980a),using large in situ enclosures sealed to the sediment of
L223, also found that the concentration of 2"%1~did not
increase in the water column as the pH was decreased.
In comparison with untreated sediments, acid treatment
decreased the porewater 2 " ~concentration at the higher pH
values (>6.3, Table 2). This may have been because the acid
treatment "cleaned" the sediment particles, making more sites
available for the binding of inorganic mercury. In addition, at
pH < 5.5, the acid treatment and removal of AVS reversed the
g
(Fig.
usual pH-related trend of porewater 2 0 3 ~concentration
3). Instead of a decrease in the porewater mercury concentration
at reduced pH, the ' 0 3 ~ gconcentration at reduced pH increased.
The usual trend was restored by adding FeS back to the acidtreated sediments (Table 2). This experiment suggested that
dissolution of metal sulfides in untreated sediments at reduced
pH may play a role in lowering prewater mercury concentration at reduced pH by precipitating the ~ g ' +as HgS .This would
decrease the methylation rate, since only dissolved inorganic
mercury is available for methylation. While this mechanism
seems possible in acidified lakes, since we saw the release of
AVS from sediments at pH 4 (Table I), the reduction in porewater mercury concentration at reduced pH could also be related
to changes in the surface binding properties of organic and
inorganic particles.
In addition to the effect of decreased porewater mercury
concentrations on methylation rates, an increase in the relative
rate of demethylation would Iead to an overall reduction in the
net methyl mercury produced. This was found to be the case
(Table 3). Although both methylation and demethylation were
inhibited at low pH, methylation was reduced to a greater
extent. It is possible that both circumstances, i.e. less porewater
mercury and a relative increase in demethylation, occur simulmeously contributing to low net methyl mercury production at
reduced pH.
Our data from several ELA lakes suggest that the observed
increases in mercury concentration in fish during the early
stages of lake acidification cannot be explained by enhanced
mercury methylation in the sediment. There are other possible
explanations for the observed elevated mercury levels in fish.
Two likely explanations are that the rate of net methylation may
be enhanced at other sites in the lakes such as the water column
(6,.Xun, unpub . data), or the mercury concentration in acidified
Bakes may be increased by higher rates of deposition of mercury
and greater loading from the soils.
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