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The sediments of Moira Lake, Ontario, have accumulated large quantities of arsenic and toxic 
metals since the 1830's when mining began in its drainage basin. Despite the fact that the mine 
activities ceased in 1961, leachates from the abandoned mine wastes still deliver large quantities 
(about 3.5 Mg.y "t) of arsenic to the lake. The As concentrations at the top of the sediments average 
about 545 p.g.g-t with maximal concentrations of about 1000 Ixg.g -1 occurring at depths of 
23-27 era. Approximately 56% of the As in the sediments is bound to the iron and manganese 
oxides. Observed changes in the profiles of As bound to the different chemical fractions suggest 
that some of the oxide-bound As is being converted to the residual phases. In view of the dominant 
form of As in the sediments, changes in the Eh or pH may trigger the release of large quantities 
of As to the overlying water. 

INTRODUCTION 

Moira Lake has been c o n t a m i n a t e d  with 
arsenic (As) since the 1830's when mining and 
mineral processing began in its drainage basin. By 
1900, gold was mined, milled, and smelted at Deloro; 
and the As wastes in the ore found a market as pes- 
ticides. In 1914, the first cobalt produced commer- 
cially in the world was manufactured at Deloro, and 
As was an important byproduct (Bowles 1982). The 
plant at Deloro closed down in 1961, due to the 
slumping demand for cobalt and arsenic, but large 
amounts of refining slag, calcium arsenite, arsenic 
trioxide, ferric hydroxide tailings, and other miscel- 

laneous tailings and chemical wastes remained on the 
site. The effects on the surface waters remained so 
severe that in 1979 the Ontario Ministry of the En- 
vironment began treating the metal-rich leachate that 
was draining into the river from abandoned mine 
wastes. The treatment removes about 15 tons (Mg) of 
As per year (Azcue 1992). In spite of this remedial 
measure, approximately 3.5 Mg of As, most probably 
from the waste pits and mine tailings at Deloro, are 
still reaching Moira Lake each year (Azcue 1992). 

High concentrations of As in polluted sediments 
of lakes have also been reported in many places. The 
sediments of the Great Slave Lake in Canada, which 
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Fig. 1. Study area. 

Sediments represent a significant repository of 
As in Moira Lake, with concentrations in solid 
phase being about 104 times higher than in overlay- 
ing waters. High total As concentrations are found 
in the sediment cores which show an increase with 
depth and maximal values of about 1000 gg.g-1 at 
depths of 23 to 27 cm (Fig. 3). These values contrast 
with typical background levels of 1 to 5 p.g.g-I for 
unpolluted lakes (Allan and Ball 1990; Pershagem 
1983). The lower As concentrations in the upper 

sections of the sediments coincide with the decline 
of the mining activities and the final shut-down 
in 1961. However, the very high As concentrations 
found at the top of the sediments (450 ~g.g-I in WB 
and 640 ~tg.g "1 in EC) indicate continuing inputs of 
As pollution to the system, most probably from the 
abandoned mine tailings at Deloro. The average As 
concentration for station EC is 723 gg.g-1 and is 
slightly higher than 623 gg.g-1 found in station 
WB. Further transport and resuspension of the fine- 
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Fig. 2. Water and carbon content of the sedimentm from Moira Lake. 

grained size particles can explain the higher As con- 
centrations in sediments and suspended particles of 
the east basin. 

The profiles for total Fe and Mn in the sediment 
cores are shown in Fig. 3. The average total Fe 
concentrations are 45x103 gg.g'land 50.5x103 gg.g-I 

for stations WB and EC, respectively. The lack of any 
deep peak in the Fe concentration in the sediments, 
in contrast  to the maximum As concentrat ions 
observed at approximately 20-em depth, probably 
reflect the fact that mining wastes do not control the 
accumulation of Fe in the sediments. 
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Table 1. Physico-chemical characteristics of Moira Lake. 

Lake 

Average s.d. 

Surface area (ha) 830 

Water volume (xl04 m 3) 987 

Mean depth (m) 5 

Water residence time (years) 0.34 

pH 8 

Summer temperature (C) 25 

DOC (mg.~ t) 11.8 

Conductivity (~mho.cm "I) 286 

Total alkalinity (mg.U I) 133 

Total phosphorus (~g.~t) 37 

Nitrogen (kjedahl ~g.U I) 531 

TDS 167 

Chlorophyll a (~g.U I) 10.3 

Dissolved arsenic (~g.~l) 56 

Particulate arsenic (~g.~1) 864 

Bottom sediments (~g.~l) 673 
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Total Mn in sediments shows a very similar trend 
in both basins, with peaks at the sediment-water in- 
terface (Fig. 3). Manganese concentration in the t0~ p 
centimeters at station EC reaches 5 691 I.tg.g". 
The near-surface enrichments of the Mn indicate 
diagenetic precipitation at the oxic interface. The 
fact that the vertical movement of Mn in sedi- 
ments is more pronounced than that of Fe, reflects 
the higher sensitivity of Mn to changes in the redox 
conditions. The accumulation of Fe and Mn are less 
influenced by the mine wastes compared to As. Since 
the total As concentration is <3% of the (Fe+Mn) 
concentrations in these sediments (Fig. 3), a sig- 
nificant correlation should not be expected between 
the levels of As and (Fe+Mn). 

The five geochemical fractions used in this study 
have widely been adopted in the investigation of the 

accumulation and possible mobilization of trace me- 
tals in sediments (Moore et al. 1988; Nirel and Morel 
1990). The sequential extraction data for As in sedi- 
ments of Moira Lake, like the results of any other 
sequential extraction procedure, unavoidably suffer 
from a certain lack of selectivity (Tessier et al. 1979). 
Consequently, the observed distributions should be 
regarded as operationally defined by the methods of 
extraction. However, even after considering these 
limitations, when compared with information obtained 
by the analysis of total sediments, the advantage of 
sequential extraction is considerable. 

Variations of the concentrations of the different 
fractions of As with depth are shown in Figs. 4 and 5. 
The first extraction, the exchangeable fraction, should 
remove the weakly bound As by anion-desorption 
and dissolution of oxidic coatings. Despite the fact 
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Fig. 3. Profiles of total arsenic, iron, and manganese in Moira Lake sediments. 
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Fig. 4. Continued. 

that this fraction represents less than 4% of the total 
As in the sediments from both stations (Table 2), it can 
not be ignored because it still averages 5 I~g.g 1 in 
the top centimeters of the sediments and it is believed 
to be the most avai lable form biological ly.  The 
e s sen t i a l ly  anionic  chemis t ry  of  As, and the 
ca t ionic  specificity of the magnesium chloride ex- 
traction, support the low values obtained for this 
fraction (Fig. 4). 

The second extraction should remove As bound to 
carbonates (Fig. 4). This fraction comprises 5.8% of 
the total As in station WB and 2.4% in station EC, 
equivalent to weight concentrations of 34 ~tg.g 1 and 
16.5 ~tg.g -1 at station WB and EC, respectively. These 
results are in agreement with the suggestions of pre- 
vious studies that the carbonate in the sediment is 
relatively irrelevant in the chemistry of As (Kersten 

1988; Moore et al. 1988; Oscarson et al. 1981). How- 
ever, it should be noted that the carbonate fraction as 
defined by the extraction method used is very suscep- 
tible of phase changes and matrix effects (Nirel and 
Morel 1990). 

The amounts of As associated with the Fe and Mn 
oxide fraction at both stations are shown in Fig. 4 and 
represent  approximately  56% of the total As in 
both stations (Table 2). This fraction clearly is the 
dominant form of As in the sediments. In station EC, 
the amount of As extracted in this fraction changed 
very little from the water-sediment interface to the 
bottom of the core, with an average concentration of 
396 ~tg.g 1 .  At station WB, the As concentrat ion 
in the to~ 10 cm was 249 I~g.g -l, compared with 
424 lxg.g in the deeper sections of the core. The 
station WB, where the Moira River enters the lake, 
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Fig. 5. Profile of arsenic percentages in sediment fractions of Moira Lake. 

presumably reflects the As input source functions 
more closely than the station EC. In fact, the dif- 
ference in the profiles in the two basins suggest 
extensive mobility and redistribution of As in sedi- 
ments at station EC. 

The organic/sulfide fraction, shown in Fig. 4, con- 
stitutes about 3% of the total As in the sediments of 
both stations. In the top 3 cm, the As concentration 
is higher in the core from station WB (18.6 ~tg.g'l), 

decreases to an average of 10 I.tg.g "1 at a depth of 
10 cm, then increases significantly in deeper sections. 
The same trend of increasing As concentrations with 
depth can also be observed from the sediment cores 
of station EC. The observed profiles for this fraction 
can be explained in terms of high inputs of detrital 
sulfidic phases by the river (surface enrichment) and 
progressive diagenetic formation of arsenic sulfides 
in older sediments (Manning and Ash 1979). 

Table 2. Percentages of total arsenic in the different chemical fractions of the sediment cores at stations WB and EC. 

Station WB Station EC 

Fraction Avg. (Range) Avg. (Range) 

Exchangeable 3.4 (0.8-5.6) 0.9 (0.3-2.0) 

Carbonate 5.8 (4.1-9.3) 2.4 (1.6-4.8) 

Organic 3.3 (2.0-4.4) 3.0 (1.4-5.5) 

Oxide 56.7 (42.5-64.6) 57.1 (48.4-69.1) 

Residual 30.8 (21.8-41.2~ 36.6 (24.5-48.0) 
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No correlation can be observed between the or- 
ganically associated As fraction and the carbon con- 
tent of the sediments in Moira Lake (compare Figs. 
2 and 4). This is not surprising since As does not bind 
strongly to organic ligands in sediments and soils 
(Kersten 1988). The distribution of As, thus, differs 
from the partitioning of  other elements in sedi- 
ments with high organic carbon concentrations. 
For instance, Cornett et al. (1989) showed that the 
highest concentration of Ni in Moira Lake sediments 
was contained in the organic fraction. It should also 
be noted that the interpretation of the organic frac- 
tion in sequential chemical extraction experiments is 
very difficult because pyrite is not easily oxidizable, 
but rather extractable by strong acid digestion in 
the last residual step (Horowitz et al. 1990; Kersten 
1988). 

The As contained in the residual fraction of the 
sediments is shown in Fig. 4. The average As con- 
centration in this fraction at station EC is 248 gg.g-1, 
with little variation with depth. In the top 10 cm 
of  station WB, the average As concentration is 
145 I.tg.g "1, while the deepest fractions of the core 
average 230 Ixg.g I .  This fraction constitutes 31% 
(WB) and 37% (EC) of the total As on the average 
(Table 2). This fraction is generally believed to reflect 
the lithogenous As in sediments (Sager et al. 1990). 
If  so, the river must be loading large quanti t ies 
of arsenic-rich detrital material into the lake. The 
higher concentration of the residual fraction in the 
station EC also suggest that some of the pollutant As 
is being converted to the residual phases, for ex- 
ample, by the replacement of silica by As in the clay 
minerals. 

The data clearly suggest that the inputs from the 
mines have changed the forms of As in the sediments. 
In premining times, one would expect the As to occur 
primarily in the residual and sulfide fractions. The 
fractional distribution of As in such sediments would 
be in the order residual _> sulfide > oxide > exchan- 
geable > carbonate. With increased flux of dissolved 
As pollution into the lake, scavenging by seston 
becomes  a major route for the del ivery of As to 
the sediments. This is reflected in the observed pre- 
dominance of the oxide  f rac t ion  in the po l lu ted  
sed iments .  The fractional distribution sequence is 
then changed to oxide > residual > sulfide > exchan- 
geable > carbonate. The fact that this sequence is 
being maintained in Moira Lake sediments indicates 
that the abandoned mines still control the As cycle in 
the lake. The forms of As and their distribution se- 
quence in Moira Lake are generally consistent with 
observations in other polluted sediments. For ex- 

ample, Moore et al. (1988) found that As is largely 
present in the organic fraction in the deeper sedi- 
ments of  Clark River,  Western Montana,  but oc- 
curs mostly in the oxide phase in the overlying 
contaminated sediments. 

Figure 5 shows the historical changes in the com- 
bined (EC+WB) percentages of As bound to different 
chemical fractions in Moira Lake sediments. Two 
features are particularly noteworthy: a) the concentra- 
tion of residual As in the polluted sediments is high, 
and b) there are significant incursions of the oxide 
fraction into the field for residual fraction. The two 
features suggest that some of the oxide-bound As is 
being converted to the residual phases. The oxide and 
residual fractions make up over 90% of the As in the 
sediments and changes in the relative proportions of 
the exchangeable, carbonate, or organic fractions to 
the two dominant fractions have been small. 

Since the pollutant As is dominantly associated 
with the oxide fraction, changes in the Eh or pH of 
the sediments can trigger a regeneration of the As 
reservoir in the sediments. Elimination of As load- 
ings to the lake, thus, may not guarantee a drastic 
reduction in the As levels in the water column. It is, 
however, encouraging that lake processes do result 
in the conversion of the oxide-bound As to the less 
mobile residual forms. An understanding of the con- 
version processes should be useful in developing 
proper remediation measures for Moira Lake and 
other As-contaminated bodies of water. 
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