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An important, widespread environmental problem in Canada and other parts of
the world is the general tendency of acid precipitation to cause an increase in
the mercury content of fish in poorly buffered lakes. The result has been that
fish in many remote lakes of the Canadian Shield have high mercury concentrations

"even though the lakes have not been affected by point-sources of mercury

pollution. This problen has attracted considerable worldwide attention in recent
years. Although hypotheses have been advanced to account for the problem, the
cause of the phenomenon is still unknown: A possible explanation is that
acidification somehow increases the rate at which micro-organisms in sediments
and water produce methyl mercury (a highly toxic compound that is preferentially
accumulated by fish tissues); but investigations of the pheénoménon have yielded
conflicting results, suggesting that the processes involved are complex and
involve interactions of pH with a number of other factors. )

This manuscript presents the results of a research project which may
contribute to our understanding of the problem. The study was part of a larger
Canada Water Act project undertaken by the author with the support of funds

granted under the terms of the Canada-Manitoba Agreement on the investigation of

mercury in recently formed hydroelectric reservoirs along the Churchill River
diversion roiute in northern Manitoba. In a series of laboratory experiments
employing the microfloras of lake sediments from northern Manitcoba, effects of
PH on the methylation and demethylation of mercury in the presence and absence
of dissolved oxygen were examined. The methylation and demethylation rates were

found to peak at pH values in the range ~6.0-7.5 (near neutrality) in both anoxic

and oxygenated environments. At pH ~7 methylating activity was more intense
under anoxic conditions than in the presence of oxygen, whereas demethylating
activity was more intense in the presence of oxygen; for both of these reasons,
the net rate of methyl mercury production at pH values near 7 was much greater
in anoxic than in well oxygenated environments. However, under relatively acidic
conditions (pH 4.5-6.0).the rates of both methylation and demethylation were the
same in oxygenated environments as in anoxic _environments. Thus, under
sufficiently acidic conditions the rate of methyl mercury production was not
affected by dissolved oxygen. These observations suggest that a combined effect
of pH and dissolved oxygen (rather than an effect of pH alone) on the balance
between the activitiés of methylating and demethylating micro-organisms may be
responsible for an increase in the annual net rates of methyl mercury in poorly
buffered lakes, resulting in the conimonly observed rise in the mercury levels in
fish following acidification. The results indicate avenues of future research
which may lead to a fuller understanding of the effects of pH and other factors
on methyl mercury production and may therefore provide a guide for management
decisions which could ameliorate the mercury problem arising from acidification
of lakes. B
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Experiments were done to determine the effects of pH on the methylation and
demethylatioﬁ of mercury (Hg) by microbes in unpolluted.Canadiah Shiéld lake
sedimefits in the presence and absence of Oz(unAer air and N,, respectively) over
a sediment pH range of ~4.5-8.6. Thg methylation and demethylation rates péaked
at pH values close to'7'(in the range ~6.0-7.5) under both air and N,, decreasing
prdgressivély as conditions ﬁecame increasingly acidic or alkaline. At pH ~7
methylating activity was more intense under N, than under air, but demethylating
activity was more intense under air; thus, meﬁhyl Hg production was maximised in
the absence of OT‘ At pH values of ~4.5-6, however, the rates of both
methylatién and demethylation were thé same under air as they were under N,.
These'resﬁlts suggest that the generally observed increase in the Hg content of
fish in poorly buffered lakes following acidification may be caused not by low
PH aloné but by a combined effect of pH and dissolved O, which alters the balance -
between the activities of methylating and demethylating microbes, giving rise to

an increase in the annual net rates of methyl Hg production in the lakes.



Introduction

iField studies involving many lakes in different‘geographical areas, together
with controlled éxperiments, have established the important empirical
_generaliSation that the mercury (Hg) content of fieh’in,freshwater lakes usually
increases as thé pH, alkalinity,‘hardness} coqductivity; and acid neutralising
Caéacity of the weter decrease (Jernelov, 1972; Jerneiﬁv etrai., 1975; Brouzes
et 'al., 1977; Scheider et al., 1979; Wren and MacCrimmon, 1983; Hdkanson et al.,
1988; Richman et al., 1988; Lathrop etval., 1989 and 1991; McMurty et al., 1989;
Cope et al., 19%0; Grieb et al., 1990; Wiener et al., 1990; Winfrey and Rudd,
1990; Ponce and Bloom, 1991; Wren et al.,v1991). Thus, acidification of poorly
buffered, soft-water lakes is apt to cause a SLgnificant rise in the Hg
concentrations of fish inhabiting these lakes, even if the lakes have no history
of Hg pollution from point sSources and therefore have only background traces of
Hg in their sediments and water. Lakes of this nature are typical of regions
throughout the world where the bedrock is composed,mostly,of silicate minerals,
and they abound in the Canadian Shield. Acidification of such lakee has been
occurring over wide areas because of acid ‘rain (Schindler,- 1988);. a more
localised process such as acid mine drainage could have a similar effect.

Although the inverse correlation between the pH of lake water and the Hg
content of the fish living in the water is firmly founded on a large body of
data, the tnderlying causes of this relationship are poorly understood. The
observed effect may well be the het result of the complex interplay of a number
of different physicOChemioal and biological phenomena (Wood, 1980; Richman et

al., 1988; Winfrey and Rﬁdd, 1990} Ponce and Bidom,'199l). A direct effect of

pH on the bio-accumulation of CHHg* has been regarded as a possibility, but it

has received Only_limited support'from the available‘evidehoe and would seem to
be, at most, a minor contributing factor (Bloom et al., 1991; Ponce and Bloom,
1991). Probably a more compelling explanation is that pH variations affect the
production of monomethyl mercury (CH;Hg') by heterotrophic microbes in the

surficial bottom sediments and water, but research in this area has yielded
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seemingly contradictory results. Some publicétions claim that acidification
increases the net rate of (ﬁgHg* production (Jernelév, 1972; Fagerstrdm and
Jerneldv, 1972; Beiﬂer and Jerneldv, 1979; Jackson and wachuk; 1980a, 1980b,
1981; Miskimmin et al., 1992; Wood, 1980; Xun et al., 1987; Winfrey and Rudd;
1990; Bloom et ai., 1991; Matilainen et al., 1951; also see Jackson et al.,
1980), whereas other papers réeport evidence that acidificationrtendg to inhibit
CH,Hg* production (Shin and Krenke;; 1976; Ramlal et al., 1985; Jackson, 1987;
Steffan et al., 1988). This paradox probably indicates that the role of pH is -’
complex and can bé understood only by examining the combined effects of PH ‘and
othei factofs._ Experimentai data presented by Jackson (1987) suggest that
investigation of the combined effects of pH and dissolved O, may help to éolvé
the riddle, and observations reported by Jackson ahd‘Woychuk (1980a, 1980b, 1981)
and by Matilainen et al. (1991), as well as literature surveyed by Wiﬁfrey and
Rudd (1990), are consistent with this pdssibility. Furthermore, a distinction
must be made between the rate of Hg methylation (a function of the activities of
methylating microbes) and the net rate of (ﬂgHg* production (the net result of
the activities of methylating microbes and associated'demethylating microbes).

The present paper reports the results of a series of experiments carried out
to determine the effects of pH variations on the methylation and demethylatibn
of Hg by micrébes in sediments from two Canadiaﬁ Shield lakes in the presence and
absence ¢f dissolved 0,. A brief account of this work was published elsewhere
(Jackson,’1987) as partiof a report on the biogeochemistry of mercury in r;éently
formed hydroelectric reservoirs (also see Jackson; 1988a, 1988b, 1989, 1991a).

Here the subject is discussed more fully.
Field Sites, Materials, and Methods
Description of the Field Area and Sampling Sites

The field area, whicH is situated in northern 'Manitoba,v Canadé, is

characterised by low reliéf, moist sub-Arctic continental climate, podzolic soil,



5

and Boreal fores£ dominated by black spruce (Picea mariana). The bedrock in this
region consists of Precambrian igneocus and metamorphic rocks largely overlain by
Bleistocene glacial depOsits containihg carbonaté minerals (calecite and
dolomite), which tend to keep the pH values of local surface waters close to
neutrality (Jackson, 1988b;'Jaékson and HeCk&, 1980). As the lakes are not acid-
stressed in spite of their geogﬁaphiéal location, their sediments provide
suitable baséliné énvironments for’ experlmental study of the responses of Hg-
ttansformlng micro-organisms to acxdiflcatlon. ’ . ‘ ~

Sedlment samples for analysxs and experimental use were taken from East

Mynarski Lake, a relatively productive pristine lake, and from a shallow bay

(informdlly called Methyl Bay owing to the occurrence of intense Hg methylating .

activity there) within the near-shore zone of recently flooded land in Southern
Indian Lake, a riverine 1lake whlch was art1f1c1ally expanded to form a
hydroelectric reservoir by lmpoundment and diversion of the Churchill River
during the period 1974-1976. For a map of the field area showing the location

of the sampling sites, see Figdre 1 of Jackson (1988b).
Field work and laboratory analyses

' Gﬁab saﬁples of fine-grained offsho:e bottom sediments (approximately the
top 10-15 cm), along‘witﬁ water samples and field data, wefe collected in August,
1983 and June, 1984. The East Mynarski Lake sediment consisted of grey mud with
A biaék mottling and had a faint sulfide odour; the sediment from Methyl Bay was
made up of éréy mud mixed with abundant plant detritus froém the submerged forest,
and it, too, had a slight sulfide odour. The samples were kept temporarily in
a cool, dark stoiage space at a fiold.camp and transferred a few days later to
the laboratory, where they were stored in a 4°C cold room or in a freezer until
required for analysis or- experxmentatlon. The sediments and water were analysed
in detail (Jackson, 1988b), and sediment samples were subjected to laboratory
EXPeriments involviné measurement of the produotion and decomposition of methyl

mercury (CH,Hg*) and other indices of microbial activity, such as CO, and CH,

_ . ._- - -t - - ' - _




v

f

6.
production, under different conditions (Jackson, 1987, 1988b, ' 1989, 1991a,
19§1b). The sediments reserved for experimental use were stored in the dark at
4°C in plastic bags from which air had been excluded. Compared with sediments
from other lakes in the vicinity and from other sami)ling sites within Southern
Indian Lavke, the sediments from East Mynarski Lake and Methyl Bay were rich in’
labile ' organic matter. Consequently, they Asupported relatively intense
heterotrophic microbial activity, .resulting in copioué préduction‘ of both CH;Hg‘
and CO, (and CH, inv the case of Methyl Bay sediment) during -‘incubation in the
presence of bio-available inorganic Hg(II) under an inert  atmosphere (N,)

(Jackson, 1987, 1988b).

Methylation and Demethylation Experiments
© | B

The methylation and demethylation experiments were performed in batches of
125 mL PYrex E,flenxgieyer flasks ,. each of which was fitted with a silvicone st'opp‘er
pierced by a'.t-u,be connected to a three-way stopcock fdr sampling headspace gas.
Repiicate 10 g'portions of homogenised sediment were weighed into the flasks, and
other ingredients, such as bufférs for maintaining desired pH values (see below),
were added as needed. In several experiments 0.1000 g of air-dried sphagnum ﬁogs
pulverised w.ith a Cyclone sample mill (UD Corp.) was added to éach flask to serve

as a nutrient substrate for the microbes (sphagnum being a widespread, abundant =

component of the terrestrial vegetation in northern Manitoba, and therefore an

~ important séurce'of nutrients for Hg-methylating bactéria and other heterotrophic

microbes in land areas submerged because of reservoir creation (Hecky et al.,
1987; Jackson, 1987, 1988b)). TIn methylation experiments the sediment in each
reaction ve_ése‘l was mixed with 20 mL of 10 uM HgCl, solution, but in
demethylation experiments 20 mL aliquots of iOO nM CHHg* acetate solution were
used instead. If anoxic conditions were required, the slurries were purged Qith
commercial grade (99.9% pufe) N,, and tﬂe headspace air in each flask was
replaced with N,; to create an oxygenated environment, ordinary air was used as

the headspace atmosphere. The flasks, stoppers, and all solid experimental
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materials ‘except the sediment, which served as the source of .live micro-
organisms, were autoclavéd beforehand, and all soliutions were sterilised by
f-ilt_rat:i.on through autoclaved 0.45 ym meémbrane fil_t—ers. "Experimental" slurries.
containing bufférs or 6ther tést substances affecting the pH were accompanied by
"control" s’l_urries lacking these additives but otherwigse identical " to the

experimiental systems. The experimental and control systems were incubated in the

dark at room temperature (25 + 1°C), with ocr.".asional swirling, either for 7 days.

or for varying lengths of time up to 14 days, after which the contents of the
flasks were analysed. Stafting conditions were ascert,éined by analysis éf
replicate experimental and control systems at the outset of the cycle of
. incubation.

For the invé_stigation of the effecté_ of ambient pH on the rates of microbial
methylation and demethylation of Hg in the presence and absence of O, solht-ions
of various buffers were used as the aqueous phases of the experimental slurries
to fix the pH of each slurry at a .'des‘ir.ed value and keep. it constant’ throughéut
incubation. The buffers employed were potassium hydrogen phthalate, potassium
dihydrogen phosphate  (KH,PO,) , tris(hydro:kymethyl)aminomethane, and borax
(NaZB;07'lOHzO). Stock solutions of these c;o,mpounds were prepared befor‘ehand and
’ ’ adjusted to pH valueés ranging from 4.00 to 10.00 by the addition of HCl or NaOH
solution. Separate replidate sets‘ of buffe'_red and unbuffered slurriés were
incubated under air and N, for 7 days. Other gg-periménts, in which the
incubation time -was \var\iable, tested the reaction of anaerobié methylating
microbes in sediments to the buffering action of reagent-grade €aCO; (1 g per
flask), which maintained slirry pH values close to 7. Another experiment was
performed to comparé the effects of CaCO, and solutions of KHPO, and
tris(hydroxymethyl)aminomethane 'adjus't_ed to pH 7 over 'an incubation period of 7
days. 1In a related group of eScperi'ment_s involving incubation for varying lengths
of time, slurries were mixed with calcareous silty ¢lay from a vé.rVed Pleistocene
glécial lake deposit on the shore of South Bay in Southern Indian Lake to

determine the effect of the 'clay'on methylating activity. Erosion of this

material into the waters of thé bay has had a significant impact on the local

\
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aguatic environment, and there are grounds for thinking that it tends to inhibit '

CH3H_g" production .and the bio-accumulation of Hg (Jackson, 1987,' 1988a, 1988b,

1991a). The mineral composition of the clay has been published elsewhere

(Jackson, 1988b), and a small selection of total element concentrations has been

reported as well (Hecky et al., 1987); grain-size analysis showed that the clay

is finer than 4 phi (in the silt-¢élay range) (Jackson, 1987'). Before being

employed in experiments, the clay was either passed through a 150 ym (100 mesh)
screen or d‘ispersed in deionised water, ult;rasonif'ied for 15 minutes, left
standing for 1 hour to allow the coarser particlés to settle out, and dialysed
against deionised water to rémové exchangeable salts and other ‘adsorbed
substances. One set of experiments involved clay whicﬁ had been pickled .i_n 1M
HCl (pH 1) for 16 hours and then dialysed, the pur-pose' o‘f the treatment being to
remove carbonates and adsorbed substances. In the experiments involving clay,
replicate slu;:ries were mixed with varying amounts of clay (0-5 g) and incubated
for 7 days or were _mixed‘ with a fixed quantity of clay (5 g per flask) and
incubatéd for different lengths of time. -The time-lapse experiment was repeated
usiixg gslurries amended with reagent-grade CaCO, so that eff’ecf:s‘ Ofi noncarbonate
componentsvof the élay could be differentiated from effects due to buffering by
the carbonate minerals in the ciay . A more detailed and comprehensive tieatme‘nt
of the effects of clay minerals and other natural colloids on zﬁethyiation and
demethylation has b_eén published elsewhere (Jacks,dn,' 1989).

Aftér incubation, samples of the headsp,aée gas were withdfawn with a syringe
and analysed for CO, and CH, by gas chroma_to§raphy (GC) ﬁsing a Basic model 8000
GC unit (CA Instruments). The pH and Eh values of the slur:;j.es were then
measured witﬁ a Corning Model 12 'pH meter, em‘ploying a calomel reference

electrode with Ag/AgCl and platinum electrodes for the pH and Eh readings,

_respeétively. Finally, the CH,Hg* content of each slurry was determined _by (1)

extraction of a weighed portion of h‘_omogenised‘ slurry with 'CuSO,, and NaBr/H,SO,
solutions and toluene, in which the CH,Hg* _d_issélved as CH;HgBr; (2) extraction

of the CH,Hg" into an aqueous, ethanolic Na,S,0, solution, in which it d_..i.ssolved‘

as a ‘hydrophilic thiosulfate complex; (3) purification of the solution by
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sﬁccessive rinsings-with benzene; (4) tréatmént of the pdfified solution with KI
and benzene ,. c':onverti-ng'the CH,Hg* to CH,HgI, which then di-séol;‘red in thé benzene;
and (5) analysis of the benzene solution with a Tracor Micro-Tek‘(MT) 220 GC unit
. employing é column of 10% Sp-1000 on 80/100 "Supelcopoft* (Supelco Co.) with
.ultra high-purity N, as the carrier gas, and a Varian electron capture detector
employing tritium (Uthe et al., 1972). .The validity of the CH,Hg* data was
cheékéd Sy a éonfirmatioﬁ teSﬁ in?oiving removal of all Cﬁgﬂé* froﬁ the benzene
solution by treatment with aqueous Ag,SO, to convert it to a water-soluble
Asulféte, which was extracted into the aqueous phase (Jensen, 1969), fOIIQWed.by
repetition of thé_qc analysis of the benzene solution. The detection limit for
CHHg* was 0.1-0.25 ng/g (wet weight), and the abundance 6f‘ CH;Hg" was expressed
as total nanograms per flagk, -

Finally, it should be noted that experiments compargng.sterilised and
unsterilised samples of East Mynargki Lake sediment have de@ohst;ated’that ali
of the methylation énd most of the deméthylatiop occurring in the sediment ére
attributable to the activities of micro—orgénisms (Jackson, 1987, 1988b, 1989).
In the presence of a viable sedimentary microflpra, abiotic fofmation and

decompésition of CHHg" can be regarded as nonexistent or negligible.
.Results and Discussion
Variation of anaerobic methylating activity with pH: preliminary experiments

Experiments employing various buffers

The fesults of an experiment to determine the effects of pH and various pH
buffers on Hg methylation in a series of duplicate nutrient-—enriched specimens
of East Mynarski Lake sediment ihcu‘batéd under N, for 7 days are displayed in
_Fj.,gqr__e._ 1. The. fi@ufe, a plot of the total quantity of CH,fig* ‘produced by day 7
against the pﬁ*of the slurronn day 7, shows that the CHHg" le;el increased
progressively _and rather steeply with increasing pH over the entire range of pH

valiues, which varied from 5.78 to 7.10; ,thus} the amount of CHJHg' generat'ed at
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PH 7.10 was 2.5 times the amount produced at pH $.78. Evidently a neutral or

weakly alkaline pH has a much more favourable effect than a mj.ldl_y’ acidic pH on

the production of CH,Hg* by anaerobic microbes in the bottom »sec_li;_r‘lept;s of the
lake. Regression analysis affirmed the eighifivcance of the correlation between’
CH;Hg* pro,ducti'on and pH (Fig.> 1); in addition, it revealed that the relationship |
is probably log;a»:;it'hmic, as regression of the logarithms of the CH,Hg" daté on

the pH values yielded the highest correlation coefficient (r-&alue).

- Accordingly, the logarithms of the CH;Hg* data were used to compute the

regréssion' line  (Fig. 1). The inference that a lbgarithxﬁic function most

precisely defines the relationship implies that even a small change in ambient

- pH may cause a pronounced change in the rate of CH,Hg* production; and it

sﬁg"gests a_di"rect effect of pH on tbe growth rates of methylating microbes. Also
noteworthy is the fact that there was remarkably little deviation of the points
in ’t;he gcatter diagra;n from the regression line (Fig. 1) "despite the marked
differences in the chemical composition of the slufries owing y.to the use of

different buffers. Regression analysis showed that ~97% of the variation in the

. quantity of CHHg' produced can be ex‘plained by variation in the ambient pH (r?
3 b . 1

= 0.966). Thus, CHHg" V'producti'on was virtually i.ndep_éndent of any biological
or 'physic‘ochemicél effects of the buffers other than the effects due to the
variation in ambien\: pH. Moreover, there wé_s excellent agreement bet‘;ween data
from duplicate slurries (Fig. 1).

However, tbe pPH values of slurries containing diff‘erent buffers differed
from one another more widely than expected, andvin unforeseen ways, although th_is
did not diminish the usefulness of the results. As the e#éerime,nt was designed
primarily to compare the effects of different buffers at the same pH (~7), the
buffers selected for testing were CaCo; powder and solutions of KH,PO; and
tris(hydroxymethyl)aminomethane which had been adjusted to pH 7 before being
mixed with sediment; but immediately after the two buffer éolutions came into
cqnta'ct with the sediment, the pH valies vof ﬁhe fésiilting slﬁrties were found to
lie in the range 6.05-6.81, whe’r‘eaé the s’lur‘_ries' containing CaCO, had an initial

pH of 7.16. During incubatiqn the pH values of the Cacoa-buffered 'and control
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slurries ;h0wed hardly any change (the pH of caCO,-buffered slurries dropping
from 7.16 to the range 7.08-7.10, énd the ﬁH of control éldxries risiné from 5.70
to 5.78); but»the pH of the tris(hydrdxymethyl)aminomethanebbuffered slﬁrry
decreased from 6.81 to thé range 6.09-6.16; whilst the pH of the phoéphateé
buffered slurry‘increased from 6.05 to the range 6.82-6.90. The relatively large
changes in the pH values of ﬁhe slur;ies containing buffer solutions presumably
resulted from interactions of the puffers with the sedimentg (for insténce,
adsorption by clay or utilisatioﬁ by.microbés). The CH;Hg' levels at day 7
correlated much more significantly with the final (day;7) PH than'with the
 initial pH, and so the final'pﬁlwas assumed to be a mofe meaningful parameter
than the initial pH for the purpose of determining effects of pH on CH;Hg*

production in this experiment.

Experiments employing calcium ¢drbonate or calcareous silty clay;, or both

.In a'sepa;ate set of experiments, raising the pH values of East Mynarski

Lake and Methyl Bay sediments from the range 5.81-6.75 to the range 6.87-7.23 by

adding CaCO, boosted the production of CHHg* in slurries from which O, had been

excludeéd by as  much as an brder‘of magnitude (Fig.‘z, A-C). The disparity
!

between the CHHg® yields in unbuffered and CaCO,=buffered specimens of East

Mynarski Lake sediment was wuch more extreme without the addition of an organic

nutrient supplement (pulverised moss) (Figi 2B) than with it (Fig. 23); even

though the difference betweéén the. pH values was no greater (and, in'fact, was
slightly less) without nutrient enrichment (Fig. Zkiﬁ); évidehtly nutrient

enrichment went far toward coripensating for the negative effect of the somewhat

acidic environment of the unbuffered sediment. In the absence of the nutrient.

substrate, the amount of CHHg* produced was slightly but consistently greater
in the unbuffered slurries for the first 3 days of incubation and then abrupfly

became more than tenfold higher inAﬁhe buffered slurries (Fig. 2B), suggesting
: that a species of methylating microbe which had béen quiescent or in the iag

phase of its grbwth suddenly became an active,\if not dominant, membef of the

microflera. A less‘dramatic example of the same phenomenon is discernible in the

...- - _ -.
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Methyl Bay data (Fig. 2C).

As with CaCO,, the addition of_small quantities of <150 um calcareous silty
¢lay (up to 0.1 g per flask) v'_stimula_ted CH,Hg* production by microbes in
nutrient-enriched East Mynarski Laké sediment incubated for 7 days in the absence
of 0,, apparently because the carbonate minerals in the clay ralsed the amblent
pH appreciably (from ~6 in the control slurry to slightly more than 7 in the
presence of 0.10 g of clay) (Fig. 3) (Jackson, 1987, 1989). (Both the initial
pH (Fig. 3) and the final pH (nét shown) showed Virtually the same relationship
with the amount of clay dadded:) With further increasés in the abundance of clay‘
up’td S g, resulting in é further steady rise in the pH, the accompanying
increasé in the CHHg' yield was sporédically interrupted by abrupt decreasés
suggesting upsurges in demethylating activity (Jackson, 1989); these anomﬁlies
can be attributed to changes in the species composition of the active microflora
(ecological succession) in re§p6n5e~ to the progressive alteration of the
physicochemical eﬁvi:onment (Jackson, 1989). Such unpredictable effects are noF ‘
surprising. The clay is highly hetérogeneous, being a combination of cafbonate
and silicate minerals and other constituents, and its colioidal components have
biologiéglly importaht surface features such as ion exchange sites and iron
oxyhydroxide (FeOOH) coatings on-clay crystals. Such materials must have diverse
and éomplex écological effects, éspecially when acting upon entire microbial
communities comprising many different species varying in their phyéicochemical

requirements and limits of tolerance and inteiacting with each other as well as

"with environmental factors in various direct and indirect ways (Jackson, 1989).

In a pair of field experiments performed in- limnocorrals installed in
Sbuthetn Indian Lake,iHecky et al. (1987) independently examined effects of a few
arbitrarily seleéted quantities of the same calcafeous silty clay on (Hgﬂg;
producti&n, which they measurednindirectly by introduqing:mHgC12inﬁo the water
and thenvmonitoring thevaccumulation of ™Hg by fish. Théir results are in
agreement with the observations reported here, as they démonstrate that the clay
tended to promote CHﬁgfféroduction,but was not consistent in its effects insofar

as the relationship between the CH;,Hg‘.P content of fish and the quantity of clay
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added was concerned. Surprisingly, howe&er, Hecky et al. (1987) made no aﬁtempt
to .interpret their results even théugh‘they had amassed enougﬁ information to
develop a working hypothesis. Evidently it did not occur to them that pH
. buffering by the carbonate minerals in the clay might account for the stimulatory
éffect of the clay on methylation; yet their own raw data show that the clay is
rich in carbonate and caused a rise in the pH and dissolved inorganic carbon
content of the water paralleling the rise in the ®Hg content of the fish
(although the pH diffe:entigl.due to addition of clay was, for some reason, much
' greater in one of thevexperiménts than in the other). Investiggéion of the
phenomena responsible for their observations seems to have been beyond the scope
.of their :egretﬁably superficial empirical study.

Figure 4A shows effects of dialysed clay and acid-txeated clay (5 g of each
per fidék) on the/préduétion and subsequent decomposition of CH,Hg* in nutrient-
entiched East Mynarski Lake sediment incubated uhder N, for different lengths of
time (also see Jackson, 1987). CH,Hg' levels in séts of replicate experimental
and control systems were blotted against'incubation £ime, which varied from O to
14 days. In.thié experiment all slurries are designated as "unbuffered" because
“they contained no added buffer other than the calcite and -dolomite naturally
present in the ciay (Jackson, 1988b). Another experiment of the same kind was
performed, but this time all slurries were amended with CaCo, to eliin'inate the
difference between ﬁhe pH values of the experimental and control systems so thét
effects of noncarbonate constituents of thé clay could be disti_,ngruis_hed from the
effectsidue to the buffergpg action of the carbonate minerala in the clay. The
results are displayed in Figurg 4B (also see Jackson, 1987). In both exﬁeriments
~ the CH':,Hg+ concentrations in the ‘ experimental and control systéms rose

progreésively until day 7, whereupcn methylation ceased and the CH,Hg® content

either decreased because of demethylation or levelled off because cessation of

CHHg* pfoduction was not followed by demethylation. 1In the unbuffered systems
(Fig. 4A) the addition of clay to the sediment increased the net rate of CH,Hg"
production considerably, because the carbonates in the clay increased the pH

values of the slurries from slightly acidic (5.81-6.16) to slightly alkaline
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v(7.15—7.43) (Fig. 4A). However, in the slurries amended with CacC0,, which made.

the pH values of the controls (6.99-7.19) nearly the same as those of the systems

containing added clay (7.10-7.35), the clay caused a small but consistent

‘decrease in the net rate of CH;Hg' production (Fig. 4B). Thus, the noncarbonate

constituents of the clay tended to inhibit CH,Hg* production slightly, -bﬁﬁ in the
absence of CaCO, supplements, the beneficial effect of pH buffering by the
carbonate minerals in the clay more than offset the negative effect of ﬁhe
noncarbonate minérals on the activities of methylating microbes. In both
experiments the clay strongly pr’omoteci decomposition of t,hle CHHg" after day 7,
whereas the acid-treated clay severely inhibited both methylation and subsequent
demethylation; as these phenomena occurred regardless of whether the pH values
of the slurries had been adjusted with a‘iz‘ppleme‘ntatiy CaCO;, they can be
attributed tol noncarbonate constituents of the clay (Jackson, 1989). As wit_h‘
‘CH,Hg"’, the CO, con;:entrat:ions in the experimental and control systems increased
with time for the first few days but declined steadily after day 7 in the
presence of the clay (Jackson, 1987, 1989). This pattern of variation
éonst;;itutes presumptive evidence for ecological succession in the miéroflo'z‘:a
(replacement of_th_e initially dominant Hg methylating, CO, pfbduc-ing m-icj‘:‘obes by
demethylating, €O, consuming populations). = Further experiments using
citréte/dithioni{:e';t_reated cléy confirmed that removal of FeOOH coatings from the
clay particles accounts for ‘the strongly inhibitory effect of acid-treated clay
(Jackson, 1989), although acidity may also have pléyéd a part in the unbuffered
systems. In genéral, FeOOH tends to promote Hg methylation, and FeOOH coa_tings’
on clay crystals tend to protect both methylating and demethylating microbes from
harmful effects of the clay, a;lt-hoqgh the ecological functions of FeOOH coatings
vary with .ot-her envixoninental facto;s such as nutrient levels (Jackson, 1989;
also see Matilainen et al., 1991). It should also be borne in ni-i,nd that in a
naturél body of water the introduction of sufficiently large amountsg of any kind
of mineral det;ritus would probably tend to suppress the activities of methyiat‘i.'ng
microbes by dilutin\g and rapidly burying organic nutrient substrates, by

interfering with exchanges of dissolved nutrients and metabolic waste products
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between the microbes and the water, by inhibiting primary production of organic

‘nutrient substrates, and'perhaps'by adsorbing dissolved nut;ients (Jackson,

.1993a).r In any case, it is clearwfrom the experimental results that the
calCareOus silty clay plays a complex role in the ecology of Hg methylating and
demethyiating micrObes=‘ It'simultaneously promotes and inhibits microbial
activities (selectiVely fostering céertain activities whilst ;ﬂterfering with
others), and its net effect'ié probably a fqgction not only of the nature of the
various constituents of the clay and their‘pgopo:tions in the clay but also the
abundance of the clay, .the particular combination 6f»other physieochemical
factors acting upon the microflora, and the characteristics.and interrelations
of the speciés'that make up the microflora. In nature the net effect of the clay
on the production and bio-accumulation of(:;-l,Hg+ is probably a composite of many
different effects, some negativé and others positive, and a change in
eﬁvironmental conditions could shift the balance one way or the other.
OBviously any attempt to extrapolate experimental observations, such as
those discussed abové, to pheﬁomena occurring in natural aquatic environments
regquires cautien and must, above all, be Baékéd By data from field studies. fo
determine the net effect of the cﬁlcateous silty clay Ln‘nature, a detailed
comparative study of field samples of sediments and organisms from lake and
reservoir environments of northern Manitoba was carried out (Jackson, 1987,
1988a, 1988b, 199la). The samples were taken from localities where the aquafic
enéironment has been affectéd to différent degreeé, or not at all, by clay eroded
into the water from shoreline deposits. The results revealed that in nature the
nét effect of the clay is to depress the production of CH;Hg* and the bio-
accumulation of Hg (Jackson; 1987,‘1988a,.1988b, 1991a).' This may result both
from inhibition of methylating activity and, perhaps especially, from strong
gtimilation of demethylating activity (Fig. 4B; Jackson, 19895. Investigation

of a chain of Hg-bolluted. riveriné lakes in Saskatchewan aléo‘ led to the

conclusion that clay and silt, which are transported into the lakes as fluvial

detritus, inhibit CH;Hg" production (Jackson, 1993); experiments performed on

samples of lake sediment confirmed this iﬁference (although ih this case clay
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inhibited methylation severely but did not foster subsequEnt'demethylation)
(Jackson, 1989). Similarly, field experiments §erf0fmed by thd_ahd'Tufner
(1983) in Clay Lake, Ontario showed that silt and clay tended to suppress the
accunulation of Hg by food chain organisms. 'Thus, there are grounds for
believing that silt and clay generally tend to suppress the methylation and bio-
accumulation of Hg. it is worth -emphasising that the experimental results
dgmonst:atiné positive effects of calcareous silty clay on CHHg"' productidn.
(Fig. 3, 4Aa) and bio;;ccumulatiqn (Hecky et al., 1987) have nothing to do with
gilt and clay as such-and have evefything to do with calcite and dolomite which'

happen to be presentlin this particular material. The apparent disagreement

between the results of the field study in northern Manitoba and results of

experiménts demonstrating a net 8timulatory effect due to the buffering actioﬁ
of the carbonaté mineralé could be explaihed by the fact that calcareous glaéial
deposits are so widespread in the fiéld area thaﬁ the waters of the region as a
whole are well buffered and therefore have pH values ranging from nearly neutral
to mildly alkaline regardless of whethe; major amounts of the clay are being
washed into them from local4shoreline deposits (Jackson, 1988b; Jackson and
Hecky, 1980). In other words, the experiment involving slurries buffered with
supplementary cécoz (Fig. 4B) may be more relevant to the situation that exists
in freshwater environments of northern Manifoba than the experiments perfgrmed
on "unbuffered" slurries (Figs. 3, 4A; Hecky et al., 1987). The quantity of clay
introduced in;o the water>at a particular site in a given period of time; the
rate at which éuspended clay settles out, and the effectiveness of fluvial
durrents in dispersing the clay may also be important factors. Be that as it
may, the experiments of Hecky et al. (1987) were useless from the standpoint of
elucidating the overall effect of eroded shéreline clay on CHJﬁf’production'and
bio=accumulation in the reservoirs of northern Manitoba; at the most, they
provided limited information about certain natural processes that may occur in
a particular set of circumstances such as the arbitrarily selected conditions of

the  limnocorral experiments. Aécordingly,'extrapolation_of their coﬁclusions

from the limnocorral environments to the aquatic ecosystems of northern Manitoba -
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. is unwarranted and could lead to eroneous conclusions. Unfortunately, Hecky et
al. (19%1) did; in fact, make this cardinal error, improperly using the results
. 0f their limnocorral experiments és a basis for speculation about the role of the
vélay under ngtqral,gonditidns. COnsequentiy, their inferencesrabout the effects

of the clay on the biogeochemical pathways of Hg in hydroelectric reservoirs of

northern Manitoba are unfounded. Hecky et al. (1991) compounded‘the error by

overlooking or ignoring Jackson's previously published evidence demonstrating
that eroded clay has a net inhibitory effect on Hg methylation and bio-
accumulation in these reservoirs (Jackson, 1987, 1988a, 1988b).  Clearly the

simplistic speculations of Hecky and his coworkers are incorrect.

Experiments on the effects of pH on methylation and demethylation in the presence

and absence of oxygen

The production and décomposition of CHHg* by microbes ih nutrient-enriched
East Mynarski Lake sediment iﬁcubated for 7 days under atmospheres of N, and air
varied ‘in a remarkably regular manner as functions of pH over a wide range of pH
- values (Figs. $ and 6). The paﬁterns of.vagiation were essentially the same
regardless of wheﬁher the CH,Hg* data were plo;ﬁed against the initial or fihnal
(day 7) pH values, but the final pH values Qefe judged to be more satisfactory
because they.yielded smppther curves and showed better agreement between the
CH;Hg* data for control‘slurries and experimental slurries of similar pH.- The
final pﬁ values of the slufries ranged fﬁom 4.53 to 8.60. vThe pH values of the
experimgntai (buffered) and control (unbdffered) slurries at the'beginning and
end»of’incubation, along with the pH values of the buffer solutions before coming
into contact with the sediment, are listed in Table 1.

Under both N, and air the intensity of methylating activity increased
steadily with rising_pH, peaked at an optimum pH close to 7'(alth0ugh the optimal
PH value is impossible to determine precisely with the available information),

and then declined steadily, forming simple bell-shaped curves (Fig. 5).

.Demethylating acti&ity varied in a similar manner with respect to pH, and the

- - ' _ '-‘ )
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optimal pH, again, was c;ése to 7 (Eig. 6). However, if we look beyond these
superficial resemblapces:in terms of the shapés of the curves and the'positionp
of the maxima, we are struck by the important fact that pﬁ played a decisive part
in determining what effect, if any, dissolved O, had on thevfox;ma'tiqn and
decqmpos‘ition of CH,Hg'. At pH values close to 7 (_in the range ~6-—8)v’methy‘1ating -
activity was much more intense in the absence than in the presence of 0, (Fig.
5). In contrast, demethylating acﬁiviﬁy was far more intense in the oxygenatéd
environment thah in the anoxic one (Fig. 6). For both of these reasons, the net
tateiof CH,Hg* produétion at pH values near 7 was much higher in the absence of
O; than in'the presence of an ample supply of O,. However, at pH <6 or 28

dissolved O, héd no effect on the production and decomposition of CHHg*. For

" instance, at pH 5.4. the rate of demethylation was the same in an anoxic

environment as in an O,-rich environment (Fig. 6).

The observed variations in' methylating and demethylatiﬁg activity as
functions of pH are generally consistent with the findings of several other
Matilainen et al., 1991). ‘Mo;eover,‘the effects of dissoived 0, (or the absence
of it) at pH ;7 are‘in agreement with the results of other studies involving
natural or experimental systems, in which the optimal conditions for CH;Hg*
production were shown to occur in anoxic environments or in. the O;-poor
traﬁgition zone betﬁeen anoxic and well oxygenated environments (Fagerstrdm and
Jerneldv, 1972; Jerneldv, 1972; Olson and Cooper, 1976; Compeau and Bartha, 1984;
Callisfer and Winfrey, 1986; Jackson, 1987, 1988b, 1993a, 1993b; Jackson and
Woychuk, 1980b; Matilainen et al., 1991; Regnell and Tunlid, 1991; Mason et al.,
1993; Regnell, 1994; Watras et al.,.1994). Interestingly, Compeau and Bartha
(1984) found that 0; fosters demethylation at pH 6.8 (i.e. close to neutrality),
whereas Matilainen et al. (1991) reported that O, appeared to have little effect
on demethylation in a group of five lakes, four of which had‘écidic.water (pH
4.7-6.4). These findings corroborate the experimental.tesults reported here
(Fig; 6); On the other hand, there is some.literature which is osfénsibly at

vériance with the experimental data. Thus, a number of workers have published .
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data _gu’ggest;ing that ac:idi?: conditions tend to promdte CH,Hg* pr‘oduc‘tio'n (Wood,
' 1980: Xun et al., 1987; Bloom et .al., 1991; Miskimmin et al., 1992), and steffan
et al. (1988) claimed that_ demethylating activity is independent of pH in the pH
range 4.4-8.0, althouéh it decreases 'shatpiy below ApH 4.4. These apparent
inconsistencies, however, do not necessarily cast doubt on t‘:'he‘validity of any
of the :es\ilts that have been reported. A plausible explanation is that they
reflect the complexity of the phehbmena in ‘question. Methylation and
demethylation are mediated by many different kinds of coexisting micro-organisms
and a}:e affected in various ways by a multitude of environmental .fact.ors acting
simultaneously; thereforeé, different sets of environmental conditions and
different assemblages of mie’ro_biél speéies could lead to altogether different
' co,nclusiohs_ .‘ » h

other kinds of microbial activity besides Hg methylgtion and demethylation,
specifically, CO, produétion' (a ¢rude measure of total heterotrophic activity)
andv CH, production (a function of the activity of methanogenic bacteria), gave
patterns of va:iaEion comparable to those obﬁained for the CHHg* data except
'th_at the optimal pH values Qere not necessarily the same. CO, production peaked
at mildly acidic pH valdes - close to pH 6 u_nde_zj anoxic c’onditions, buit at i»a

somewhat lower pH (~5.:6) in the presence of 0, (Fig. 7). Throughout the pH range

of the e‘xperimeht the CO, levels were consistently higher in the oxygenated’

systems than in anoxic ones of similar pH, but the disparity wés small at pH >6,
whereas it was very large at pH <6 (Fig. 7). As CH;HQ* production has shown a
strong positive correlation with CO, production in lakes and reservoirs of
northern Manitoba, including East Mynarski Lake, reflecting the fact that labile
organic matter stimulates the growth of heterotrophic methylating microbes
‘ (Jackson, 1987, 1988b), the displacement of the two maxima in Figure 7 may help
to explain why the rates of aerobic and‘ anaerobic CH;Hg* production were the same

at pH <6: Possibly the more intense heterotrophic microbial activ'i-t‘y in the

.oxygenated systéms raised the CH;Hg* production rates to the same levels as the

CH,g* production rates in the corresponding anoxic systems, offsetting, to that

degree, the unfavourable effect of the acidic conditions. However, this would
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not account for the fact that the rates of aerobic and anaerobic CHHg*

- production are virtually the same at pH >8 as well as pH <6.

CH, production, which, as might be expected, occurred only in the absence

of 0,, was limited to a :elatively'narrow PH range (>6.1, <8.6) and peaked at a

§lightly alkaline pH (~7.5, or ~7.0-7.5 if estimated by extrapolating the flanks
of ghé peak and assuming that the point where the two lines intersect marks the
maximum) (Fig. 8). What relevance, if any, this has to the net production of
CH,Hg* is uncertain, as CH, synthesis may coincide with poth methylating and
demethylating activity (Wood et al., 1968; Spanglef et al., 1973; Jackéon, 1987,
1988b, 1989, 1991a, 1991b; Oremland et al., 1991). Neverthéless,vit is unlikely
that methandgenic bacteria methylate Hg (McBride and Edwards, 1977; Compeau and
Bartha, 1985), whereas a number of»microbes are known to generate CH, as one of

the end products of demethylation (Spangler et al., 1973; Compeau and Bartha,

'1985; Oremland et al., 1991). Accordingly, CH, production in the anoxic slurries

was probably linked directly to anaercbic demethylation.
In marked contrast to the micfobial production of CH;Hg', CO,, and Cﬁ,, the

Eh of the slurry was inverselyrrelated to pH throughout the pH range of the
experiments, decreasing from +300 mV at PH 4.5 to less ﬁhan =200 mV at pH 8.1-8.6
(fig. 9). This relationship can be attributed to biochemical oxidation-reduction
reactionsﬁinVOlviﬁg H* ions; reactions of this kind predominate in biological
chemistry, and they léad to dependence of_Eh on pH (Fruton and Simmonds, 1958).
As would be expected, the Eh at a given pH was almost invariébly 1owér in the
anoxic slurry than in the oxygenated one (Fié. 9). The Eh data for these
experiments plainly have no bearing on the problem of interpreting the effects
of pH on the activities of mefhylating and -demethylating microbes in the presence’
and absenée of ;5.' In experiments such as these, Eh can be used to‘estimate-the
overall intensity of microbial activity only if all experimental and control
systems have the same pH.

| Befo:e‘going any further, let us digreés briefly to considef an important
question about the assumptions underlying the experiments represented by Figﬁres

§~9: Considering that several different buffers were used to adjust and maintain
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the various pH values of the slurries, can we be sure that ho artifacts arose
from biological or physicochemical effects of these substances other than the

effects due to the variations in ambient pH? The following facts support the

conclusion that the observed variations in the quantitiés of CH;Hg* forhed or

decomposgsed in the presence of the buffers were due mainly to the variations in

ambient pH and that any other effects of the buffers were of minor significance:

(1) The curves showing variétion of CHHg*, €O,, CH,, and Eh data with respect to
pH are smooﬁh and regular and show little scatter (Figs. 1, 5-9), whereas
significant effects of the buffers.other than their effects on the.pH values
would probably have resulted in considerable seemlngly random varlatlon, (2) as
discussed above, a prellmlnary experiment 1nvolv1ng slufries containing three
altogether different buffers, including two of ‘the four buffers used in the
experiments represented by Figures 5-9} along with a cqntrél’slu:ry, showed that
~97% of the variation in the CHHg' data could be attributed to PH (Fig. 1); (3)
the CHHg*, CO,, CH,, and Eh data for.control slurries d§ not differ greatly from
the corresponding data for buffered slurriés of similar pH (Figs. 1, 5-9); (4)
the bell-shaped curves representing variations in(ﬁgHg*, CO,, and CH4productioﬁ
and CHHg* decomposition as functions of pH (Figs. 5-8) are typical of curves
showing effects of pH on microbial growth (Berkeley and Campbeli, 1979) and
enzyme activity (Fruton and Simmonds, 1958); and (5) the experimentally estimated
_pH optima.(Figs. 5-8) fall in the ;ypical range of pH optima for microbial growth
(5-7;5)'(Be:keLeyfand Campbell, 1979).

More research is needed to determine the applicability of the relationships
obsérved in the experimental systems (Figs. 5 ahd_6) to the biogeochemical
cyecling of Hg in natural agquatic environmeﬁtSa Neverthéless, these preliminary
_experimenfal results are highly é&ggestive, and they indicate avenues of future
investigation which could lead td aﬁ'explanation, or partial.explanation, for the
increase in the Hg content of fish wiﬁh‘decreasing PH in poorly buffered lakes
ﬁndergoing acidification. At first sight,lthe fésults of thé experiments appear
to be irrelévant to the problem of Hg bio-accumulation in acidic lakes, as they
show that the optimal pH for Hg methylating activity is close to 7, declining

\

U



-‘ - - -: (
. . : i

-

22

steadily with decreasing pH, in both anoxic and O;-rich environments. However,

_if we consider the synergistic effects of pH and oxidation-reduction conditioné,

we come to the realisation that the results may,. in fact, be highly relevant, for

"they suggest that the key to understanding the part piaYed by pH in CH,Hg*

- production and bio-a‘cc’:umul'a_tion in Yaqua_.t-:ic ecosystems is the combined effect of

pH and dissolved O, (and other factors, perhaps) rather than pH alone. In the
experimental model systemsbezl tended to suppress CHHg* prbdﬂction at pH ~7 by
inhibiting methylation and enhancing demethylation, but at pH <6 CHHg"
production was not affected by 0, (Figs. 5 and.6). 1In an initially circumneutral
lake whosé bottom waters are well aerated for at least part of the year,
a,cid_ificgtion could, in theory, cause an increase in the net an’nual_ptodﬁétiénb
of CHHg' in the ;Lakg owing to a shift_ i_n_t-h_e éqﬁil'ibrium between methylation and
demethylation, resulting in higher overall rates of microbial CH;Hg* production
pei' year and -therefore higher Hg leveis in fish. For instance, exposure of the
sedi,meﬁt—wa_teg interface to abun‘da,ntudissolve'd 0; might terid to suppress CH;Hg"
production at the interface if the water has a pH of 7 but not if the pH is 5 or
6. 'Assuming, moreover, that méthanog”en-ic bacteria contribute significantly to
the demethy]_.ation of Hg i.h_ the absence ’of 0,, the str;a;;xg preference of these

bacteria for neutral to mildly alkaline pH values and the total éuppi:gési.on of

‘ rﬁet‘han‘ogeni,c activity at pH <6.1 (Fig. 8) could tend to i-ncz:ease the net

production. of CHHg' following acidification of an O,-poor, nutrient-rich
environment.

Investigation of the biogeochemistry of Hg in fhe'Wabigoon River system of
Noftheirn Ontario yielded results that are consistent with the exée‘rin’xeﬁtal
ob,servations and the aut‘hof»’s" interpretation of them (Jackson and Woychuk, 1980a,
1980b, 1981). .The river systém has been severely polluted with Hg and organic
wastes frbm a chlor-alkali plant aﬁd associated pulp-and-paper mill in the town
of Dryden. As expected_-, tl'_xe total concentrations of Hg and organic matter
(mainly decomposing wood chips) in surficial bottom sediménts were fbund to
decreasé progréssively with distance downstream from the soufce of pollution, but

the abundance of CHHg" varied independently of the “total 'Hg content because
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CHHig* production was controlled by environmental factors affecting microbial
activities and inorganic Hg availability, not by the total supply of inorganic
Hg. Analysis of cores and grab samples of surficial organic bottom sediments
{(wood chips and slime) near the sources of pollution revealed thé following
info'fmation about the factors determining the vertical and horizonatal
distribution of CH;Hg": 1) CH;Hg* concentrations tended to increase ‘with
decreasing pH wit-hi.\n the cbserved pH range of 4.40~-7.00 and also to increase with
the total nitrogen concéntrat:ibri and the ratio of methionine to certain other
"amino acids in the sediment; and (2) the CH;Hg' levels were generally highest,
and the pH values lowest, at or ‘near? the sediment-watér interface, whereas the
total Hg concentrations (mainly representing inorganic Hg) were higheét ~-10=-20
cm below the interface owing to burial of heavily Hg-c¢ontaminated sediment by
younger sediment o_fv lower Hg content (Jackson and Woychuk, 1980a, 1980b, 1981);
in the top few cm of the sediment (the top 5-11 cm according to analysis ofvc‘:o'te
"slices) the mean pH was 5.70 and the range 4.40-6.50 (T.A. Jackson, unpublished
data). The occurrence of maximum CHHg* concentrations at or néar thé sediment-
water interfacé can be explained by the existence there ;:af‘ optimal conditions for
microbial growth in general (Kuznetsov, 1970) and thé most favourable conditions
for t-_hé growth of methylating microbes in particular owing to contact between 0,-
tich river water and the. anoxic sediment (Fagerstrdm and Jernellv,. 1972; Mason
et al., 1993; Watras et al., 1994), although reducing conditions pr'evailed eveén
at or neé.r the surface of the sediment (the range of Eh valueées being —-340 to -70
mV (T.A. VJagkgon, ﬁppup]_.i_shéd data)). The pH minimum &t the sediment-water
interface may be asci;ibed to microbial dxj.dation of the wood fibres , résulting
in the synthesis of organic acids as by-jproducts. . whil‘e insufficient to
distinguish cause-and-effect relations from mere correlations, the data are
congisteént with tﬁe possibility_ that heterotrophic methylating microbes employing

the methionine biosynthetic .pa‘thway for synthesis of CH;Hg" ‘ (Landner, 1971), we;‘é

dominant members of the microflora and that a combination of low pH _a_nd_

availability of o, at the sediment-water interface maximised the net rate of

CHHg' production.  (Incidentally, it is also worth noting that the contrast
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between the vertical distributions of CHHg* and total Hg concegtrations in the
org‘anié sediments provide a vivid illustration of the fact’ that CH,HQ" production
is generally controlled by environmental factors rather Ithan total Hg abundance
within a wide range of total Hg levels.)

Other workers, too, have suggested that the combined eff'ect of pH and -

oxidation-reduction conditions may have important effects on rates of CH;Hg*

. production in' lakes. Thus, literature reviewed by Winfrey and Rudd (1990)

purports to demonstrate that a drop ln pH stimulates CH;Hg* prFoduction in well
a_,eréted e.r_lvi_ronments such as O,~rich water and sediment-water intérfaces exposed
to oxygenated water but inhibits CH;Hg® production in anhoxic envitronménts such
as subsurface bottom sediments. Matildinen et al. (1991) be,mphasised that the
combined effects of pH, oxid_ation-r‘educt-ion' conditions, and possibly other,
related, environmental variables determine the net rate of CH,Hg.+ production in
sediments by controlling the stéte of .balancé between methylating and
demethylating microbes.

In conclusion, the limited information available to date indicates that more
research is needed to determine the combined effects of ‘_pH, dissolved 0,, and
other factorsg on the methylating and d,em,ethylating ac'tivii:iealof microbes and the
net raté‘s of microbial CHHg* productlion and bio-accumulation in lakes. A
particularly useful apbrbach wouid be (1) a detailed, systematic comparison of
many lakes representing é wide spectrum of eneronment-a_;_l_Cha:acteristiés; {(2)
examination of temporal variations in the waters and sediments of individual

lakes; and (3) controlled experiments designed to complement the field studies.
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TABLE 1. The PH values of the buffer solutions and the buffefed and unbuffered
slurries used in experiments on the methylation and demethylation of Hg by micro-
organisms in Bast Mynarski Lake sediment under atmospheres of N, and air. The

"pH valueés of the slurries were measured at the beginning and end of the 7-day

incubation period.

i

Buffer PH of pH of slurry’
buffer . .

Under N, : Under air

Initial Final ' Initial Final

Potagsium

hydrogen

‘phthalate ,

+ HCl 4.00 4.42-4.65 - 4.53-4.60 4.45-4.53 4.55-4.60

Potassium

hydrogen

phthalate :

+ NaOH . 5.01 /5.06-5.20 ' 5.33-5.43 5.10-5.19 5.33-5.50 .

Potassium

dihydrogen

phosphate : :

+ NaOH 5.94 5.69-5.86  6.10-6.21 5.72-5.82 5.85-5,86

Tris

(hydroxy-

.methyl)

aminomethane .

+ HC1l 6.88 6.13-6.17 6.58-6.68 6.15-6.25 6.00
Tris

(hydroxy-

methyl)

aminomethane :

+HC1 ‘ 7.85 7.45-7.56 7.35-7.48 7.65=7.79 7.09-7.15%

Tris

(hydroxy-

methyl)

aminomethane ' :

+ HC1 8.93 8.23-8.25 8.11-8.14 8.98-8.99 7.93=7.97

Borax : ' o
+ NaOH 10.00 8.50-8.91 8.59-8.60 9.15-9.41 8.27-8.40

————— * e 5.65-5.70 .6.50-6.54 6.27-6.28 5.51-5.80

*Control slurry. No buffer added.



1

FIGURE CAPTIONS

Fig. 1. Relationship between the total net égantity of CHHg* produced and tﬁe
ambient pH ifA nutrient-enriched East Mynarski Lake sediment slurries after
incubation for 7 days under N, in the presence and absence of ;a-rious buffers.
'Symbo]._g identify bﬁffer' used or denote absénce of buffer: KHPO,," ¢ ;

CaCo,, @ ; tris(hyd_x:oxymethyl)aminomethané, ‘M8 ; unbuffered c¢ontrol, A .

Fig. 2. The qUant'_ities of CH;Hg" ,pro,du;:ed by three different sets of sediment
samples during incubation for c_liffereﬁf: l_engt.hs‘of time under N, in the presénce
and absence of CaCO, (in "buffered” and "unbuffered" élurtiési respectively),
with 'ambiénf. PH values n@ted in parentheses: A. East Mynarski Lake sediment
collected in 1983 (nutrient-enriched); B East Myna_rsk»ii Lake.sediment collected
in 1984 (not nutrient—,en,riched)} and C. Methyl Béy,se'diment collected from zéné

of flooded forest in 1984 (not nutrient-enriched).

Fig. 3. Effects of different quantities of calcareous silty clay on the ambient
pH and production of CHHg' in nutrient-enriched East Mynarski Lake sediment

slurries incubated for 7 days under N,.

Fig. 4. Effects of calcareous silty clay and acid-treated clay on CHHg*
production in (A) unbuffered and (B) . CaCcOo;-buffered nutrient—-enriched East
Mynarski Lake sediment slurries on incubation undez;\N2 ‘for va_i;ying lengths of

time, with ambient pH values noted in parentheses.

Fig. 5. Effects of pH on C’Hﬁig* production in nutrient-enriched East Mynarski
Lake sediment slurries incubated for 7 days under N, (black symbols, cortinucus
line) and air (white symbols, dashed line). Buffered slurries: @,0; unbuffered

control slurries: A , A.
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Fig. 6. Effects of pH on (ﬁH,Hg+ decomposition in nutrient-enriched East Mynarski

Lake sediment slurries incubated for 7 days under N, (black symbols, continuous

" line) and air (white symbols, dashed line). Buffered slurries: @ +O; unbuffered

control slﬁrries; A,A.

Fig. 7. Effects of pH on CO, production in nutrient-enriched East Mynarski Lake
sediment slurries i_.ncubatéd for 7 ddys under N, (black symbols, continuous line)

and air (white symbols, dashed line). Buffered slurries: @ ,"O; unbuffered

control slurries: A ,A.

Fig. 8. Effect of pH on CH, 'prdduction in nutrient-enriched East Mynarski Lake
r

sediment slurries incubated for 7 days under N,. Buffered slurries: @ ;

unbuffered control slurry: A .

‘F.ig’. 9. Variation of Eh with PH in nutrient;enribhed East Mynarski Lake sediment
slurries incubated for 7 days under N, (black symbols, continuous line) and air
(white symbols, dashed 1line). Buffered slurries: @® : O ; unbuffered control

Slurries: A ; A.
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