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MANAGEMENT PERSPECTIVE 

Disposal of acid drainage.generating mine tailings and waste rock has 

been intensively investigated in the past ten years. Recent research of 

economical and environmentally safe disposal of the tailings and waste rock 

indicated subaqueous disposal of these materials as a possible solution. 

However, the research also ‘identified negative effects of _the tailings 

disposed on the bottom of temperature—stratified lakes on biota and water 

quality. 
“

E 

One of the major tasks in the subaqueous disposal of acid generating 

tailings and waste rock is to prevent oxidation of sulfides in disposed 
' \ 

material with the subsequent migration of metals and trace elements into lake 

water. Consequently, subaqueous disposal of acid generating tailings and 

waste rock into chemically stratified lakes with an anoxic layer of bottom 

water appears to be a suitable technique. 

A study was initiated at the National Water Research Institute, to 

evaluate the economical and environmental feasibility of the disposal of acid 

generating mine tailings and waste rock into natural meromictic lakes and 

man—made reservoirs. The objectives of the study were i) to carry out a 

)comprehensive baseline study ' to investigate the physico-chemical 

characteristics of an abandoned mine pit and confirm its meromictic nature; 

and ii) to collect sufficient data for future development of a model for 
the 

estimation of the capacity of a well characterized meromictic water body 
to 

contain acid drainage generating mine tailings, and to predict the changes 

that would occur in water chemistry and the tailings after their disposal.
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At three ,sites in Crown Pillar pit at Ignace, Ontario, continuous 

surface—to-bottom depth profiles oi pH, specific conductivity, dissolved 

oxygen, and temperature were "recorded in the spring and fa].-I, from 1993 

through to 1995. The results of the study clearly indicated that the pit has 

the characteristics of a meromictic water body. Consequently, the pit would 

provide ideal conditions for the subaqueous disposal Aof acid drainage 

generating mine tailings and waste rock. Further, data collected during the 

study are sufficient for the modelling of changes of water quality in the pit 

and oxydation of the tailings after their disposal into the pit.
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minerals. Tailings and waste rock generated by mining and extraction of the | 

INTRODUCTION 

Many base and precious metal ores and surrounding rock contain sulfide 

metals from these ores contain different quantities of sulfides. During / 

‘exposure to air and water, the water insoluble sulfides in the tailings and 

waste rock become converted to water soluble sulfates.» These sulfates acidify 

surface and groundwater which subsequently become contaminated by different y 

metals and trace elements leached from the tailings and waste rock. lJ
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Uncollected and untreated acid drainage can further contaminate surface and‘ 
groundwater and negatively affect the receiving ecosystem at the mining area. 

For several past years, the Canadian mining industry, in cooperation 

with federal and provincial government agencies, has sponsored research of 
economical and environmentally safe disposal of acid generating mine tailings 
and waste rock. Results of the research indicate that the subaqueous disposal 

of acid generating mine tailings is a possible solution. However, some 

problems, such as the effects of tailings disposed on the bottom of the lake 

on benthic organisms and other biota and food chain in the lake, resuspension 

and transport of tailing particles, etc., remain to be solved before the 
/ J - 

technique for the subaqueous disposal of the tailings and waste rock into 

lakes and man—made reservoirs can be accepted as the final solution for the 
prevention of acid mine drainage. 

One of the major tasks in the subaqueous disposal of acid generating 

tailings and waste rock is to prevent oxidation of sulfides in disposed 

material with the subsequent migration of metals and trace elements into lake 

water. Consequently, suitable conditions for subaqueous disposal of tailings 

would be in a\lake (or a man-made reservoir) with a sufficiently deep layer 
of permanently anoxic bottom water (M$ROMIXIS) containing high concentrations 

of sulfides amd a sulfate—reducing microbial population to nmintain an 

equilibrium between the sulfides in disposed tailings on the lake bottom and 
those in the overlyingiwater. Such conditions exist in natural meromictic 
lakes. 
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Generally, meromictic lakes differ from others in a) being permanently 
stratified, and b) having a high concentration of dissolved salts. Three 

distinctive segments in a meromictic lake are (1) the surface water (also 

referred to as epilimnion), often resembling the water quality of‘a eutrophic 

lake; (2) the chemocline, a segment of water separating the epilimnion from 

the bottom water; and (3) the monimolimnion, a segment of anoxic water above 
the lake bottom containing relatively high concentrations of disolved salts. 
Although temperature changes and mixing of the epilimnion can occur, the 

monimolimnion is stabilized by its density derived from dissolved salts, and 
o 3 

full circulation happens rarely in a meromictic lake-
1
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Meromictic lakes can support dense populations of anaerobic, 

photosynthetic sulfur bacteria. Permanently stagnant bottom waters of the 

monimolimnion are often rich in nitrogen, phosphorus and sulfide-necessary 

for bacterial growth. The light requirement results in the positioning of the 

photosynthetic bacteria at the top of the monimolimnion (Fry, 1986).

\ 
Numerous lakes in Canada, particularly at high latitudes, are stratified 

with respect to temperature and salt content (Jeffries gt ,al., 1984). 

Radiocarbon dating of one of these lakes on Ellesmere Island in the Canadian 

Arctic determined the age of its deepest water to be over 4,000 years (Lyons 

and Mielke, 1973). The surface fresh water overlies the deeper, trapped 

seawater in the lake (Krouse, 1970). in further studies of the lake, H marked 

depletion of sulfates coupled with isotopic data on sulfur species indicated 

that anaerobic activity has been extensive during the lake's history.
v 
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Meromictic lakes exist in the,temperate zone of the North American 
continent. Studies of a meromictic lake near Syracuse, New York, revealed 

high concentrations of nitrogen, phosphorus, sulfate and sulfide in anoxic 
bottom waters (Deevey gt glt, 1963; Turano and Rand, 1967; Torgersen gt a1., 
1981).\In the 45—m deep lake, the monimolimnion extended from about 20 m 

water depth to the bottom. Below 17 m, oxygen was absent and sulfide present 

in the water. The studies indicated that a large standing stock of 

bacterioplankton and zooplankton at the top of the monimolimnion and base of 

the epilimnion existed as relatively isolated units in the lake food chain, 

and that the food webs in the epilimnion closely resembled those in 

nonemeromictic lakes (Fry, 1986). 

Results of the above studies indicate that meromictic lakes provide 

suitable conditions for~the'subaqueous disposal of acid generating mine 

tailings and waste rock. Surface waters unaffected by materials disposed on 

the bottom of an meromictic lake can be managed to continue to support 

plankton and fish population similar to a non-meromictic (monomictic and 

dimictic) lake. The knowledge of the biogeochemical processes in a natural 

meromictic lake before and after the disposal of mine tailings will allow the 

modelling and design of man—made reservoirs managed as meromictic lakes which 

can be used for the disposal of the mine tailings. 

Many pits have been generated by surface mining. For example, Lyons gt 

gl. (1994) anticipated between twenty and fourty completed open pit mines in 

Nevada within the next twenty years. After filling with water, these "pit 

lakes" will contain over one bi1lion1§ of water and their unusual shape will

4
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fiisposal of acid drainage generating mine tailings and waste rock. 

have a profound _effect on 'their physical limnology and hence their 
biogeochemical dynamics. Once filled with water, deep pits with relatively 
small surface area may become meromictic and therefore suitable for the 

Acid generation from tailings and waste rock disposed on land is mainly 
the result of the oxidation of sulphide minerals. The oxidation of pyrite 

(FeSQ or other sulphide minerals_ can be generalized by the following 

equation: ' 

(Fe,Pb)S2A + H20 + 3.5 02 -:-‘> (Fe,Pb)SO4 + H,2so4 

In order to minimize oxidation of sulphide minerals, underwater disposal of 
mining wastes has been considered an option for permanent storage of these 
wastes. Although some uncertainty still exists on whether reactivity of the 

sulphides in" the tailings and waste rock is completely inhibited by 
, _ underwater storage, such storage is the most preferred long—term disposal 

option. Complete inhibition can only be expected in underwater environments 

which are anoxic (i.e., Void of oxygen) throughout the year. 

A study was carried out to estimate the quantity of acid drainage 

generating mine tailings which can_be safely disposed on the bottom of a 

meromictic pit, and to assess the rate at which the tailings will become 

oXidized»after their disposal. The objectives of the study were: I) to carry 

out. a comprehensive baseline study to investigate the physico-chemical 

characteristics of an abandoned surface mine pit, filled with water and
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confirm its meromictic nature. Qne site was chosen for future tests for 

inhibition of chemical reactivity of submerged mine tailings in anoxic 

environments. The test will include the evaluation of the processes affecting 
the potential of long—term underwater disposal of the tailings. Total 

inhibition of chemical reactivity of the tailings is necessary to minimize 

oxydation processes, resulting in acid generation; and II) to collect data 
for the development of a model for the estimation of the capacity of a well 

characterized meromictic water body to contain acid drainage generating mine 
tailings, and to predict the changes that would occur in water chemistry and 

the tailings after their disposal. This report summarizes and interprets the 

data collected in the first part of the study of"a meromictic pit, and lake, 

and streams in a base metal mine site in northern Ontario during 1993, 1994 

and 1995.

\
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TABLE OF NOTATIONS 
B—l 
BR 
CHLA.C 
CHLA.U 
COND 
CPP 

DIC 
DO 
DOC 

ICP 
ISM 

LG 
LL 
LOI 

NI-14" 

osm 
PPB 
PPM 
PW 

Si - 

3102 
so‘ 
SOP 
SRP 

TDC 
Temp 
TFP 
TP' 
TPP 
TSM 
TW 
TWC 

1m above the bottom sediments 
Bell River 
chlorophyll (corrected) 
chlorophyll (uncorrected) 
specific conductance 
Crown Pillar pit 
dissolved inorganic carbon 
dissolved oxygen 
dissolved organic carbon 
inductive coupled plasma 
inorganic suspended matter 

LYon.Creek 
Lyon Lake 
loss on ignition 

ammonia 
organic suspended matter 

pg/L in dissolved phase and pg/kg in solid phase 
mg/L in dissolved phase and pg/g in solid phase 
pit water 
silicon 
silica 
sulphate

_ 

soluble organic phosphorous 
soluble reactive phosphorous 
total dissolved carbon 
temperature (°C) 
total filtered phosphorous 
total phosphorous 
total particulate phosphorous 
total suspended matter 
_trap water 
trap water concentrate
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PARAMETERS AND DETECTION LIMITS 

Parameter 
As 
Zn 
cu 
Ni 
Fe 
Cd 
CO 
Mn 
Pb 
Cr 
Al 
Ba 
Be 
Ca
K 
M9 
Na 
Si 
Sr
V 
TSM 
ISM 
OSM 
LOI 
CHLA 
CHLA.U 
CHLA.C 
POC 
PN 
TP 
TPP 
SRP 
SOP 
NH] 
N03 + N02 
01¢ 
DOC 
TDC 
TKN 
CL 
SIO2 
so‘ 

Detection limits in 
Water 
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Sediment and Tailinqg 
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MATERIALS AND METHODS 

‘Description and mining history at the Mattabi Mine site 

iPhysioqraphy, Geology and Hydrology - 

The Mattabi site straddles the boundary between the-District of Kenora 

and the District of Thunder Bay and is located at approximate 91° west 

longitude and 49.5° north latitude. The site is located in the Sturgeon Lake 

area, approximately 80 km northeast of Ignace, Ontario. 

Geologically, the mine sites are located within the Canadian Shield. 

Surficial geology is characterized by glacial sediments and occasional 

bedrock outcrops. Eskers and deposits of glacial till are also common 

features. Locally, the till deposits may be quite thick. Sources of till 

and granular materials have been identified in the vicinity of the site. 

The mean annual precipitation at the station closest to the Mattabi site 

(Sturgeon Lake) is about 750 mm, with approximately 64% as rainfall and 36% 

as snowfall.
' 

4/ 

Mine History 

The original discovery of the Mattabi Mine orebody was made in 1969 by 

Mattagami Lake Exploration Limited. Mattabi operations involved mining and 

milling zinc, copper, silver, and lead ore. Mining at Mattabi Mine was

9
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carried out-between 1972 and 1988. Until 1980, all ore was supplied from the 
Mattabi open pit. Mining of the underground orebody started in late 1980, 

with supplementary mining from the open pit. The Crown Pit opening was 

originally excavated in order to remove the crown pillar. Overburden at this 

site is approximately 25 m deep and was slurried into the nearby Sturgeon 

Lake Pit prior to removal of the crown pillar. Following the extraction of 

the ore, bulkheads were installed underground and the stope was allowed to 

fill with water. 4Some waste rock from the mine development was submerged in 

the pit. Based on recent soundings, the remaining underwater storage 

capacity in the pit is estimated at 460,000nP. In 1988, the mining operations 
at Mattabi Mine ceased and both the underground workings and the open pit 

were allowed to fill with water (MP, 1993). 

Description of the Crown Pillar Pit 

The Crown Pillar pit at the Mattabi Mine site, (Figure 1) is 

approximately 300 m long and 180 m wide, with a maximum depth of 25 m, and a 

surface area of 54,000 mz. The pit is surrounded by bentonite dykes which 

prevent infiltration of acidic drainage from tailings stored on adjacent 
- \ 

land. The sides of the pit have been lined with clean waste rock from within 
"the mine site. This clean waste rock also forms a 2 m high berm around the 
perimeter of the pit. The pit has been allowed to naturally fill with water, 
and appears to have developed meromictic conditions.



sampling and Analytical Methods 

Water 

In the Crown Pillar pit, water samples for the determination of 

nutrient, and trace and major element concentrations were collected 1 m below 

the surface and 1 m above the bottom sediments, at station #3 in the deepest 

part (i.e., centre) of the pit (Figure 1) using a van Dorn bottle (Rosa gt 

gl., 1991). Water samples from adjacent Lyon Creek and Bell River were 

collected by dipping and filling a one liter polyethelene bottle. 

Water samples from 1m below surface (epilimnion), and 1 m above the lake 

bottom (hypolimnion) in the pit were collected to quantify the particulate 

and soluble nutrient concentrations. To determine total suspended matter 

(TSM), collected water samples were filtered through precombusted (500°C) and 

pre—weighed Whatman GF/C glass fibre filters of approximate pore size 1 to -2 

pm). Total suspended matter was gravimetrically measured after the samples 

were dried at 100°C for 3 hrs. The inorganic suspended matter (ISM) was 

gravimetrically measured by combustion of the samples on the filters at 5009C 

for 2.5 hrs. The organic suspended matter (OSM), also called ‘loss on 

ignition‘ (LOI) was calculated as the difference between the TSM and ISM. The 

water samples collected for the determination of the ‘concentrations~ of 

nutrients and major and trace elements were divided into different subsamples 

which were stabilized with various-preservatives such as HNO3 (conc.) for 

subsamples for the determination of trace and major.elements; and.}§S04 for 

ll
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subsamples for the determination of chemical forms of phosphorus. Samples for 
the determination of particulate organic carbon (POC), particulate nitrogen 

(PN), chlorophyll a corrected and uncorrected for phaeophytin (CHLA—C, CHLA- 

U), were filtered through Whatman GF/C filters with pore size ranges of 1 to 

2 pm. Total filtered and unfiltered phosphorus (TFP and TP, respectively), 

and dissolved organic and inorganic carbon (DOC and DIC, respectively) were 

determined by the ‘methods described by Environment Canada (1995a). The 

concentration of total particulate phosphorus (TPP) was calculated as the 

difference between that of TP and TFP. The concentration of total dissolved 

carbon (TDC) was calculated by summing that of DOC and DIC. 

The concentrations of dissolved major and trace elements in the water 

samples (Al, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn,.Mo, Na, Ni, Pb, 

Sr, V, and Zn) were determined according to the methods described by 

Environment Canada (1995b). Prior to the determination of the elements, the 

water samples were filtered in the field within a few hours of collection 

using a Millipore glass filter apparatus with 0.45 pm cellulose acetate 

filters. Filtered samples were acidified with "Ultrex" grade.HNO3 (conc,) to 

and shipped to the laboratory as quickly as 

possible. The samples were stored at mt prior to analysis. In addition to
O vb o\° a final concentration of 

major and trace elements, the concentrations of sofy SiO2 and Clf were also 

determined in all collected-samples. 

At three sites in the pit, continuous surface-to-bottom depth profiles 

of pH, specific conductance (COND), dissolved oxygen concentration (DO), and 

temperature were recorded by a HYDROLAB Profiling System, Model DataSondeR3.

12



Also, at the deepest site in the pit, a sediment trap was deployed (Rosa g; 
g;.,‘l99l). The sediment trap collects particulate matter as it settles 

through the water column. Most of the particulate matter concentrates at the 

bottom of the trap. A portion of the settled particulate matter in the trap 

will undergo dissolution depending on the exposure time and its organic and 

inorganic matter composition. Water from the top of the trap (TW), and water 

from the bottom of the trap (TWC) were analysed for trace and major elements. 
, 1 _

\ 

Bottom Sediments and Tailinqsp 

Sediment samples were taken at station #3 (Figure 1) using a miniponar 

grab sampler. This sampler encompasses an area of 234 cmz and penetrates to 

an average depth of_5 cm. Retrieved sediment was placed in a glass tray, 

homogenized with a plastic spoon and subsampled into plastic vials. The 

samples in the plastic vials were stored at 4°C in the field and freeze-dried 

after transport to the laboratory. The concentrations of selected major and 

trace elements in the freeze—dried samples of whole bulk sediments were 

determined by ICP spectrometry according to the.methods described by Bondar— 

Clegg (1992).
'
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RESULTS and DISCUSSION 

Water chemistry 

Surface and Bottom Water : Nutrients 

In the Crown Pillar pit (CPP) water, the concentrations of all 

particulate nutrients were generally low relative to unimpacted northern 

Ontario lakes (Molot and Dillon, 1991), with the exception of organic carbon 

and phosphorus. The total suspended matter (TSM) concentrations were 1.6 and 

2.4 mg/1, at the surface and 1 m above the bottom, respectively; The TSM 

particles were mainly inorganic as indicated by the low percent loss on 

ignition in Table 1. The organic suspended matter (OSM) was 44 and 29% of the 

total suspended matter at the surface and bottom, respectively. The 

concentrations of soluble nutrients in the surface waters of the Crown Pillar 

pit were generally lower than those in the bottom waters. The concentrations 

of carbon and phosphorus in the pit water were not elevated relative to those 

in the water collected from the Bell River, which was used as a control 

(Table 1). The concentrations of all other dissolved nutrients were greater 
in the bottom waters than those at the surface; This was most likely due to 
the dissolution and mineralization of organic matter. Total and viable 

chlorophyll.as measured by CHLA.U and CHLA.C, respectively, were less than 
0.5 ug/l or below the detection limit (ND). This implies that primary 

production, at least during the sampling period, was extremely low,

14



TABLE 4 

Nutrient Concentrations in Bell River and in Crown Pillar Pi t Water

I 

Station (depth) 
1) Particulate (mg/1) 

TSM 
ISM 
OSM 
%LOI 
POC 
TPN 
TPP 

CHLA. U (ug/1) 
¢HLA- ¢ (Pq/1) 

BR1 

us 
NS 
NS 
NS 
us 
us 

0.0031 
NS 
NS 

#3 (lm) 

0.248 
0.0034 
0.0027 

1.6 
0.9 
0.7 
44 

0.2 
0.1 _MH1_W 

#3 (Belm) 

2.4
' 

1.7 
0.7 
29

V 

0.174 
0.024 
0.003 
0.1 
ND

' 

2) Dissolved (mg/1) 
Cl 
SIO2 
s04

V 

01c 
DOC 
DIC/DOC 
TDC 
TFP 
SRP . 

SOP \ 

NO3+NO2 
N53.“ "_ _ 

0.4a 
1.51 
3.5 

V 

2.48 
5.51 
0.632 
3.99 

0.0039 
0.002 
0.0019 
0.115 
0.022

/ 

0.0030 

0.0030 

8.59 
5,22 
216.6 
17.2 
5.56 
3.094 
22.76 

ND
I 

1.210 
0-ll? _ 

16.21 
7.92 
341.8 
35 

5.23 
6.692 
40.23 
0.0021 

ND 
0.0021 
1.340 
0.845 
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>TABLE 1 cont. 
i 

‘App 

Station (depth) BRl 
' 

#3 (1111) 
_ I 

#3 (B-11-m) 

3) Total (mg/1) 
TKN 0.255 0.381 ’ 1.25 
TP L_ 0.0070 0.0057 0.0051 

CPP - Crown Pillar Pit BR1 - Bell River Upstream - 

NS - No Sample ND 9 

— Below Detection ‘ 

’ Limit - 

B-1 m — 1 m above the bottom 

relative to nutrient—limited Northern Ontario lakes (Molot and Dillon 1991). 

The low primary.production could not be attributed to low concentrations of 

nutrients, with the possible exception of soluble reactive phosphorus (SRP) 

which was below the detection limit (ND, Table 1). The total phosphorus 
- . 

> 1 

concentration in the surface waters was 0.0057 mg/l, which is typical of 

concentrations found in nutrient limited central Ontario lakes. According to 

Molot and Dillon (1991), the chlorophyll/phosphorus relationship for 15 

nutrient-limited central Ontario lakes can be expressed as: 

Chlepi = 0.329'I'Pepi + 0.606 

Chlwi & TPqfi, are the epilimnetic concentrations of total chlorophyll and _ 

phosphorus, respectively; and 0.606, is the constant or the y—intercept.

16



The relationship was established by linear regression using data collected 

over a 12=year period. Based on this relationship, the total chlorophyll 

concentration in the water of CPP should be in the range of 2.0 to 3.0 pg/L. 

Based on lake classification models, and concentrations of carbon and 

phosphorus the chlorophyll concentrations of CPP (Table 1) are TEN TIMES 

lower than predicted by the chlorophyll-phosphorus relationship above. This 

reduced production is not unusual in lakes which have been affected by mining 

activities, and is usually attributed to toxic effects as a result of high 

concentrations of soluble trace elements (Mudroch et al-, 1994). 

Major and Trace Elements 

Lyon Creek and Bell River Water 

_ Figure 1 shows the location of only about one—third of Lyon Creek, 

mainly the section near CPP. The upstream section (not shown) receives its 

waters from_a small lake, and surface and ground water from both Falconbridge 

and Mattabi Mine sites. With the exception of copper and zinc, the greatest 

concentrations of trace elements and major ions in the water at the Mattabi 

Mine site were found in Lyon Creek, at station LC6-(Figure 2, top left), and 

appeared to originate upstream of CPP. The concentrations of most major and 

trace elements in the surface water of GPP were three times lower than those 

at station LC6. Thus it appears that Lyon Greek can be a future source of 

contamination of water in CPP through ground water flow. Further contaminated 
r.

- 

water from Lyon Creek could seriously impact the receiving waters of Lyon 

Lake downstream, through direct input. '

,
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Heavy iron oxide staining is visible all along Lyon Creek shoreline from 

upstream of LC6 to Lyon Lake. This indicates the dispersion of Fe and SO,from 
the beginning of Lyon Creek to Lyon Lake. ~ " 

l The difference in the concentrations of most major and trace elements 

between the upstream (station‘ BR1), and downstrean' (station BR2) are 

significant (Table 2). The differences were up to 10 times greater at the 

downstream site, than those in the upstream site, which was the "control" 

site (Table 3). These differences indicated the input of contaminants into 

Bell River from the mining activities at.the Mattabi Mine site. 

Crown Pillar Pit Water 

‘ ,1

V 

The results of the analysis of surface and bottom water samples for 

major and trace elements are shown in Table 2. The concentrations of trace 

elements in the pit were greater than those found at the control site (i.e., 

BR1, Table 2, Figure 2, top left) with the exception of copper and aluminum. 

S \ 
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The concentrations of major and trace elements in the pit water were ten 

to twenty "times greater than those at the control site. However, the 

concentrations of zinc were much greater, and exeeded the control by a factor 

of thirty to fifty (Table 3). 

The concentrations of major and trace elements in the bottom water were 

generally two times greater than those in the surface Waters. The 

concentration of barium in the bottom water was fifteen to seventeen times
\ 
\ . 

greater than that in the surface waters (Table 3). T 

Significantly greater concentrations of SO{2 in the bottom than the 

surface water most likely reflected the dissolution of particulate matter at 

the sediment/water interface. The concentrations of SO;2 in the surface and 

bottom water were sixty and one hundred times those at the control site, 

respectively. Also dissolution may occur in the water column if there is a 

sufficient accumulation (or retention) of particulate matter, as it occurs in 

sediment traps (Rosa, 1985). Such a release was clearly observed in the 

sediment trap deployed in the CPP (Figure 2, top right). Correlation analysis 
to establish relationships among the concentrations of all major and trace 

elements in collected water samples revealed a statistically significant 

relationship between only two parameters: silicon and zinc showed a good 

correlation (r=D.99, Figure 2, bottom left), most likely due to their 

geochemical association in the study area. _ 
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Bottom sediments and tailinqs 

‘ The average concentrations of selected trace elements in the lands 

disposed tailings near the pit, and in the bottom sediments of CPP, are 

presented in Table 4. Generally, the concentrations of arsenic, cadmium and 

cobalt in the tailings are cohsiderably' greater than those in the pit 

sediments. However, they are comparable with tailings at other mining areas 

(Azcue and Nriagu, 1993; Adriano, 1986). Other studies have attributed the 

higher arsenic, cadmium and cobalt concentration in the tailings to co- 

precipitation of these elements with ferric oxyhydroxides (Rescan, 1990). At 

Mattabi Mines the iron concentrations in the tailings are in the range of 23 

to 24% (Brassard and Mudroch, 1995). 

All other trace element concentrations -were much greater in the 

sediments than in the tailings, particularly for zinc and manganese. 

Zinc is the only trace element that showed elevated concentrations, in 

both the dissolved fraction (Table 2), and in the total fraction (Table 4), 

relative to the control site. The concentrations of zinc in CPP_sediments 

were significantly greater than those in the tailings. In the sediments, the 

concentration of zinc ranged between 157 and 223 pg/g. On the other hand, the 

concentrations\of zinc in the tailings ranged between 38 and 40 pg/g. The 

increase in the concentrations in the sediments was probably due to zinc held 

in the different labile phases in the sediments, in addition to Zinc in 
‘ >3 

sulphides and silicates in the tailings. This was confirmed by the high 

dissolved zinc concentrations in the CPP water. Furthermore, dissolved zinc 
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different water samples at the Mattabi Mi-ne site (Figure 2, bottom left) 

However, the interpretati_on_ of these data has to be regarded as tentative 

owing to the absence 
A 
of information on subjects such as sediment 

straatiqraphy, the hydrological history of CPP, and concentrations of trace 

and major elements in the sediment interstitial water. 

The Crown Pillar pit was thermally stratified during the summer months. 

and silicon concentrations showed a statistically significant correlation in 

Water Temperature : I 

The thermal layers were ‘typical of a well stratified northern lake, with I 
ep1l1_;mnion and thermocline thickness between 2 to 10 m, and 2 to 8 m, 

respectively, with the remainder of the water column conslisting of a cold - (4 

to 5°C) hypolimnion . 

The thermal structure varied considerably between the spring and fall, 

as shown in Figure 3, and may be considerably different from year to year 
(Figure 4). This variability is most likely due to different hydrodynamic" 

conditions induced by variable solar radiation and wind forcing at the water 

f 
25‘ 

surface . " '



Conductance, pH, and Dissolved Oxygen Concentrations 

~Conductance in the Crown Pillar pit water increased with the depth. The 

conductance followed the opposite pattern of dissolved oxygen concentration 

(Figure 3). In the Crown Pillar pit, minimum conductance was observed in the 

epilimnion. It increased in the thermocline, and was greatest in the 

hypolimnion (Figure 3). This increase is probably due to regeneration of 

major ions from the contaminated bottom sediments and dissolution of 

suspended matter. The greatest differences observed from the surface to the 

bottom of pit were in the order of 400 to 500 uS/cm, and usually_occured in 

the spring (Figure 3, top). The pH decreased from approximately 7.85 to 7.0 

from the surface to the bottom (Figure 3). The decrease of, pH in the 

hypolimnion coincided with an increase in the DIC concentrations (Table 1), 

which most likely resulted from the mineralization of organic matter within 

the pit. Conductance and pH in water at different sites at the Mattabi Mine 

showed opposite trends, i.e., increasing conductance with decreasing pH 

(Figures 5 and 6). The concentrations of dissolved oxygen in the epilimnion 

were all greater than 8.5 mg/l, with a consistant quasi-linear decrease 

through the thermocline reaching minimum concentrations (i.e., close to 0.0 

mg/l) in the hypolimnion. This minimum is typical in stratified meromictic 

systems (Fry, 1986), and is attributed mainly to the meromixis. However, a 
L, 

small portion of the oxygen depletion could be due to decaying organic 

matter, since the suspended particulates in the epilimnion contained 45% 

organic matter (Table 1). Chemical oxygen demand could also be occurring at 

the bottom sediments.in the pit. ’
'
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Time Se?i?5 Measurements §§iH9_ths,HYd¥Qlab<$Ystem- 

The Hydrolab Data Logger (HDL) performs on the same principle as the 

Hydrolab Profiling'System (HPS). The HDL was used to continuously measure, 
every hour, the concentration of the investigated parameters (Figure 6) at 11 

to 12 m from the water surface (Figure 7) over the entire year. This depth 

was chosen to monitor the fluctuations of the chemocline and to confirm the 
meromictic nature of the Crown Pillar pit. It.was found that the chemocline 

fluctuated upwards during the winter and downward in the summer. The hourly 

data, averaged over two—day periods, is shown in Figure 7. The depth of 

observation (11 to 12 m) was chosen to correspond with the middle, seasonal 

average depth of the chemocline. The results showed that the chemocline 

migrated upwards from the fall to the spring. This was due to the formation 

of ice—cover over the winter months, decreasing oxygen diffusion in the water 

column. The lower oxygen diffusion is due to a ireduction of turbulent 

diffusion, by a lower wind forcing at the water surface during the winter 

months. The diffusion. processes were explained by Brassard. and. Mudroch 

(1995). 

The results obtained in this study confirmed that the pit remains 

meromictic, i.e., chemically stratified, throughout the year, with the waters 

below the chemocline free of oxygen all year—round. The volume of water which 

remains anoxic.is greatest in the spring months. At this time, the chemocline 

can migrate upwards to a depth of 6 to 8 m, as shown by the profiles taken 

during the month of May (Figure 4). The smallest volume of anoxic water was

27



found to occur in the fall when the chemocline was at a depth of 13 to 14 m, 
as shown by the profiles taken during the months of October and November 

(Figure 4). This deep mixing is a result of wind—driven physical mixing 
\ . 

processes increasing diffusional fluxes through the chemocline. 

CONCLUSIONS 

— A study was carried out to obtain baseline data for the development of a 

model for the estimation of the capacity of a well characterized meromictic 

water body to contain acid drainage generating mine tailings. The model 

would also predict the changes that could occur in_water chemistry and the 

tailings after their disposal on the bottom of the water body. This report 

summarizes and interprets the data collected in the first part of the study 

of a meromictic pit, and lakes and streams at a base metal mine site in 

northern Ontario during 1993, 1994 and 1995. Following the survey of 

abandoned mining pits, the Crown Pillar pit at a base metal mining site 

near Ignace, Ontario, Canada, was chosen for the study. 

— Water samples from 1m below surface (epilimnion), and 1 m above the lake 
bottom (hypolimnion) were collected in the Crown Pillar pit to determine 
the concentration of particulate and soluble nutrient, and major and trace 
elements (Al, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, 

Pb, Sr, V, and Zn). Water samples were also collectected in lakes and 

streams at the mine site, and analysed for the above parameters. One of the 
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sampling sites in Bell River, upstream from the mine site (BR1), was used 

as a control. \

1 

At three sites in the Crown Pillar pit (CPP), continuous surface-tosbottom 

depth profiles of pH, specific conductance (COND), dissolved oxygen (DO), 

and temperature, were recorded in the spring and fall, from 1993 through
/ 

to 1995, The concentrations of selected trace elements were determined in 

the landsdisposed tailings near the pit, and in the bottom sediments of 

CPP .
' 

The results of the study showed that the concentrations of all particulate 

nutrients were generally low in the Crown Pillar pit water, with the 

exception of organic carbon and phosphorus. The concentrations of soluble 

nutrients in the surface waters of the Crown Pillar pit were generally 

lower than those in the botton\ waters. Dissolved- organic carbon and 

dissolved phosphorus concentrations in the pit were not elevated relative 

to the control station in Bell River. The concentrations of the rest of the 

determined dissolved nutrients were greater in the bottom than at the 

surface waters. This was attributed to dissolution and mineralization of 

particulate material at the bottom of the pit. \ 

Using lake classification models, and concentrations of carbon and 

phosphorus, it was found that the chlorophyll concentrations in the pit 

water were ten times lower than those predicted by previously established 

chlorophyll—phosphorus relationships. This hindicated reduced primary 
I /
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production, most likely due to toxic effectsdof elevated concentrations of 

soluble trace elements in the pit water.. 
'

1 

The greatest concentrations of trace elements in water at the Mattabi Mine 

site were found in Lyon Creek, at station LC6. The input of these trace 

elements appeared to occur upstream of the Crown Pillar pit. The 

concentrations of most trace elements were three times lower in the surface 

waters of the pit than those at station LC6. The results suggest that Lyon 

Creek can be a future source of contamination for the pit through ground 

water flow, and a present source of contamination to Lyon Lake through 

direct inflow of the creek water. 

The concentrations of dissolved sulfate in the surface and bottom waters 
‘

. 

in the pit were 60 and 100 times greater, respectively, than those at the 

control site. This was-attributed to the dissolution and mineralization of 

suspended matter in the pit. '

\ 

Correlation analysis among all major and trace elements, in collected water 

samples revealed a statistically significant relationship between only two 

parameters. The correlation coefficient between the concentrations~ of 

dissolved silicon and zinc showed a statistically significant relationship 
(r=o.99, n=7). This was attributed to the geochemical assosiation of the 
two elements in the soils and rocks at the study site. 

\ 
-

. 

From all dissolved trace elements determined in the water samples, zinc was 

the only element that showed elevated concentrations in the pit, relative

30



to the control site. Total concentrations of zinc in pit sediments were 

significantly greater than those in tailings disposed near the pit» The 

increased concentrations of zinc in the pit water were attributed to the 

dissolution and mineralization of zinc in the sediments. 

The water in the Crown Pillar pit was thermally stratified during the 

summer months, and chemically stratified throughout the year, from 1993 to 

November 1995. The conductance in the Crown Pillar pit water increased with 

increasing depth, and followed the opposite pattern to dissolved oxygen 

concentrations and pH; 

The Hydrolab Data Logger was used to continuously measure the concentration 

of conductivity, dissolved oxygen, and pH at one depth (i.e., 11 to 12 m 

from the water surface) over a period of one year from October 1993 to 

November 1994. The results showed that the chemocline migrated upwards from 

the fall to the spring, and the chemical gradients of conductivity, 

dissolved oxygen, and pH remained throughout the year. These results 

confirmed the meromictic nature of the Crown Pillar pit. 

The results obtained confirmed that the pit remains meromictic, i.e., 

chemically stratified throughout the year, with waters below the chemocline 

free of oxygen. The volume of water which remained anoxic was greatest in 

the spring months» At this time, the chemocline can migrate upwards to a 

depth of 6 to 8 m, as shown by the profiles taken during the m°nth Of MEY- 

The smallest volume of anoxic, water occurred in the fall when the
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chemocline was found at the depth of 13 to 14 m, as shown by the profiles 

taken during October and November. \ 

— The results of the study clearly indicated that the Crown Pillar pit has
1 

the characteristics of a meromictic water body. Therefore the pit would 

provide ideal conditions for the testing of the feasibility of subaqueous 

disposal of acid drainage generating.mine tailings and waste rock. It 

(appears that there will.be no adverse effect on the surface water quality 

by materials disposed on the bottom of the pit due to the permanent 

chemical gradients which isolate the epilimnion from the hypolimnion. 

' 2
\ 

' ACKNOWLEDGEMENTS 

The authors would like to thank Mike Mawhinney from the Technical 

Operations Section, National Water Research Institute, for field assistance 

and the staff of the National laboratory for Environmental Testing for 

laboratory support. We would like to thank J. Carson, Ministry of.Natural 

Resources Office in Ignace for his excellent cooperation, help and equipment 

loan. Also the help and advice of Dr. J. Azcue; NWRI, is gratefully 

acknowledged. Many thanks to Dr. P. Brassard, Department of Chemistry, 

McMaster University, Hamilton, for his involvement in field research and 

constructive comments on the report. And last, but not least, we thank J. 

Barr and J. Parks, Ontario Ministry of the Environment and Energy, Kenora and 

Thunderbay, Ontario, respectively, and Noranda_Minerals, for permission to 

carry out this study at the Mattabi Mine site. The Noranda Minerals staff at 

' 3 2



. 

- 
‘K 

the Mattabi Mine site is gratefully acknowledged for their welcome and 

cooperation throughout the duration of the study. Many thanks to Dianne 

Crabtree, NWR1, for proof—reading this report. 

REFERENCES‘ 

Adriano, D.G. 1986. Trace Elements in the Terrestrial Environment- Springer~ 
I 

A

. 

Verlag, Berlin. ,

' 

Azcue, J.M. and Nriagu, J,O. 1993. Arsenic forms in mine—polluted sediments 

of Moira Lake, Ontario. Environm. Intern. 19: 405-415. 

Bondar-Clegg. 1992. Bondar-Clegg & Company Ltd. 5420 Canotek Rd., Qttawa, ON 

KIJ 9G2-. ' 

Brassard, P. and Mudroch, A. 1995. Potential use of Crown Pillar pit in a 

demonstration project of the feasibility of subaqueous disposal of acid 

generating' metal mine tailings. National Water iReaserch Institute, 

Contribution No. 94+04 '
~ 

Deevey, E.S., Nakai, N. and Stuiver, M. 1963. Fractionation of Sulfur and 

carbon isotopes in a meromictic lake. Science 130:407-408. 
r, 

Environment Canada, 1995a. Manual of Analytical Methods, Vol 1- Major Ions 

and. Nutrientss. Ecosystem -Sciences & Evaluation Directorate, ,Eco-Health 

Branch, Ottawa, Ont. * 
'

'

33



Environment Canada, 1995b. Manual of .Ana1ytica1. Methods, Vol. 2. Trace 

Metals. Ecosystem Sciences -& Evaluation Directorate, Eco—Health Branch, 

Ottawa, Ont.
\ 

' 1 

Fry, B. 1986. Sources of carbon and sulfur nutrition for consumers in three 

meromictic lakes of New York State. Limnol. Oceanogr. 31(1): 79-88. 

Jeffries, M.0., Krouse, H.R., Shakur, M.A. and Harris, S.A. 1984. Isotope 

geochemistry of stratified Lake "A", Ellesmere Island, N.N.T., Canada. 

J. Earth Sci. 21: 1008-1017. 

Krouse, H.R. 1970. Application of isotope techniques to glacier studies. lg: 

Glaciers, the proceedings of workshop seminar. Canadian National Committee, 

the International Hydrological Decade: 49-59. 

Lyons, J.B. and Mielke, J.E.- 1973. Holocene history of a portion of 

northernmost Ellesmere Island. Arctic 26: 314-324. 

Lyons, W.B., Doyle, G.A., Petersen, R.C. and Swanson, E.E. 1994. The 

limnology of future pit lakes in Nevada: The importance of shape. Tailings 

and Mine Waste, 1994 Balkema, Rotterdam, ISBN 90 5410 3647. 

. I 

Molot, L.A. andi Dillon, P.J. 1991. Nitrogen/phosphorus ratios and the 

prediction of chlorophyll in phosphorus limited lakes in Central Ontario. 

Can. J. Fish. Aquat. Sci. 4a: 140-145. -

34



MRP, 1993. Mattabi Rehabilitation Project, Noranda Technology. Centre; 
Submitted to the Ontario Ministry of Northern Development and Mines. 

Mudroch, A., Rosa, F., Reynoldson, T., Hall, G., Kezhun, Z. and Coker, R. 

1994. Effects of subaqueous gold mine tailings on Larder Lake ecosystem, 

National Water Research Institute, Contribution No. 94-03, 

Rescan, 1990. Tailing site investigation and remediation planning at Wells, 
British Columbia. Rescan Environmental Services, Ltd., Vancouver, B.C. 

) 
‘ I Rosa, F. 1985. Sedimentation and sediment resuspension in Lake Ontario, 

J. Great Lakes Res. 11(1): 13-25. -

\ 

Rosa, F., Bloesch, J. and Rathke, D, E., 1991. Sampling the settling and 

suspended particulate matter (SPM), Lg: Handbook of techniques for aquatic 

sediment sampling, Chapter 5; A. Mudroch and S. MacKnight, (Eds.), CRC 

Incorporated, publishers.
w 

Torgersen, T., Hammond, D.E., Clarke, W.B. and Peng, T.H. 1981. Fayetteville 

Green Lake, New York: §b§He water mass ages and secondary chemical structure. 

Turano, V.S. and Rand, M.C. 1967. Some chemical observations on Fayetteville 

Green Lake, New York. Ln: Some Aspects of Meromixis, D.F. Jackson (Ed.), 

Dept. Civ. Eng., Syracuse Univ., N.Y.: 151-187. 

35 

Limnol. Oceanogr. 26: 110-122. I



Figure 
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Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Captions 
Mattabi Mines, Noranda Minerals Inc. , 

Dissolved trace elements in different water compartments at the 
Mattabi Mine site 
Surface to bottom concentration-depth profiles for Conductance, 
Temperature, pH and Dissolved Oxygen, for the spring and fall, in 
the Crown Pillar pit ’

' 

Concentration—depth profiles for Conductance, Temperature, pH and 
Dissolved Oxygen, for the spring and fall, in the Crown Pillar pit 
within the transition zone of the water column 
Concentration—depth profiles for Conductance and pH, in different 
areas, at the Mattabi Mine site 

F V

' 

Time—concentration plots of Conductance, Temperature, pH and 
Dissolved Oxygen, measured at a depth of 12 m in the Crown Pillar 
pit, from mid-October 1994 to mid-November 1995. (48 hr averages) 
Detailed concentration—depth profiles, from 10 to 14 m, for 
Conductance, Temperature, pH and Dissolved Oxygen, for the fall of 
1993, in the Crown Pillar pit '
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FIGURE 5. 
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FIGURE 6. 
DO (m g/I) Temp (deg .0) 
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