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Abstract

One of the approaches used for environmental management of mine tailings is the implementation of shallow water
covers, typically up to 2 m. As oxygen is one of the key factors in the oxidation of reactive iron-bearing sulfide
minerals present in the tailings, water covers provide an effective control measure, owing to the low diffusivity and
solubility of oxygen in water. However, wind-induced waves can resuspend flooded tailings, thus increasing the
possibility of oxidation and acid generation. Summer field measurements of wind velocity and wave heights at two
mine tailings sites in New Brunswick and Ontario are presented and discussed. Frequency diagrams of winds show
that in summer wind speeds as high as 15 mys are anticipated at these sites. Bottom shear stresses are calculated
using measured wave heights and compared to critical shear stress of the tailings. Calculated bottom shear stresses
exceeded the critical shear stress of the tailings at wind speeds higher than 9 mys. Based on sediment trap data at
the two sites, it is shown that resuspension is not a function of depth and wind-generated stresses alone, but also
depends on other factors, such as cohesion and self-consolidation of tailings and site topography. Areas of erosion
and accumulation were delineated at the two sites using particle size distribution, metal concentrations and an
erosion–transportation–accumulation(ETA) diagram. The findings confirm resuspension work carried out by previous
researchers at these two sites.
� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mining and milling of metal and uranium ores pro-
duce large amounts of reactive sulfidic mine tailings.
One of the approaches used for environmental manage-
ment of the tailings is the use of shallow water covers,
typically up to 2 m. As oxygen is one of the key factors
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in the oxidation of reactive sulfide minerals present in
the tailings, water covers would provide an important
control measure. Due to the low diffusivity and solubil-
ity of oxygen in water(2=10 m ys and 8.6 gym aty9 2 3

25 8C, respectively) compared to the correspondingly
higher values in air(1.78=10 m ys and 285 gym ),y5 2 3

oxygen transport by molecular diffusion is too slow to
be of any significance in the oxidation of sulfide mine
waste (Simms et al., in press). Water covers can,
therefore, be effective in reducing tailings oxidation.
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For water covers to be effective, there should be no
stirring or resuspension of the bed tailings. However,
this seldom happens, as there are many variables in the
field that contribute to the resuspension of tailings.
These variables include water level fluctuations and
water circulation, pond bottom roughness, frequency,
duration and velocity of winds, wave characteristics,
sediment compaction and cohesion, and topography of
the area. According to Jin and Wang(1998), bottom
stresses generated by wind-generated waves were the
main cause of sediment resuspension in Lake Okeecho-
bee. Adu Wusu et al.(2001) found that the bottom
shear stresses due to wind-generated waves were a
major factor in the resuspension of flooded uranium
mine tailings at shallow depths. Lick(1982) found that
large variations in turbidity in the western basin of Lake
Erie were directly related to high bottom shear stresses
caused by wave action. According to Li et al.(1997),
turbulent diffusion due to wind-induced waves could
enhance dissolved oxygen supply to submerged tailings
at saturation levels, which would in turn result in
increased oxidation. Wind waves could also stir and
resuspend submerged tailings and expose them to greater
contact with oxygen. Thus, resuspension could increase
turbidity of the water cover and oxidation of the tailings.
Yanful and Verma(1999) reported resuspension-induced
oxidation of pyrrhotite-rich mine tailings under labora-
tory conditions. Generally, when oxidation starts and
the buffering capacity of the tailings is low, the resulting
effluent would be acidic.
Mine tailings ponds are normally designed to mini-

mize wind-induced bottom erosion and sediment resus-
pension. The ponds are constructed with a minimum
depth of water cover, as deep-water covers are not
desirable because of the economic and geotechnical
stability issues associated with high dams. Some of the
factors that should normally be taken into consideration
in the design of water covers are topography, wind
forces, wind force duration, wave fetch(distance needed
for a wave to develop) and density of the bottom
sediments.
As the main cause of turbulence in shallow ponds is

wind, some emphasis should be placed on the measure-
ment of wind velocity and wind-induced waves. Most
authors use the Sverdrup Munk Bretschnider(SMB)
equations to calculate wave heights, and hence the
bottom shear stresses(Johnson, 1980; Carper and Bach-
mann, 1984; Adu Wusu et al., 2001; Yanful and Catalan,
submitted). Only a few studies have been conducted in
shallow lakes to measure and compare the actual wave
heights with those predicted from existing equations
(Berbner and Sangal, 1964; Sheng and Lick, 1979). In
addition, most of these studies have been conducted in
lakes, which are much deeper than mine tailings ponds.
In the present study, a sequence of wind and surface

wave field measurements were performed at two mine

tailings sites in Northern Ontario and New Brunswick,
Canada. Recorded wave elevations were used to deter-
mine the time variation of significant wave heights
occurring in the tailings ponds. In addition, bottom
shear stresses were calculated at one of the sites and
compared to the critical shear stress required for erosion
of the tailings. The second purpose of the present work
was to analyze measured wind and wave characteristics
and suspended tailings concentrations and determine if
there is any correlation between wave data and the
amount of suspended tailings. Knowledge of wave
heights and bottom shear stresses at different locations
in tailings ponds can assist in tailings management by
moving tailings from shallow water-cover areas to deep-
er water-cover areas during final closure. Bottom
dynamics of the two tailings ponds is also discussed in
light of the existing literature and an attempt is made
to identify potential areas of erosion–transportation and
accumulation. The key question then is whether or not
the existing equations are applicable to tailings ponds,
and if they are reliable for estimating the minimum
water depth necessary to prevent resuspension. An
attempt has been made to answer this question in the
paper.

2. Study sites

The Heath Steele Mine Upper Cell tailings area used
for this study was located 50 km northeast of Miramichi,
north-central New Brunswick, Canada. The depth of the
water cover in the cell was variable and ranged from
0.3 to 2 m. The main tailings basin had a total area of
215 ha and was divided into the north, upper and lower
cells. The Upper Cell was confined to the north by the
north dam and to the south by the internal dam. There
were approximately 21 million t of tailings generated
by processing a complex zincyleadycopper sulfide ore.
The tailings particles were predominantly silty and
contained approximately 10% clay size(-2 mm) mate-
rial, with approximately 95% finer than 75mm. The
mineralogical composition of the tailings consisted of
pyrite (50–65% by weight), quartz, smectite, calcite,
mica and small amounts of other sulfide minerals, such
as pyrrhotite, sphalerite and galena(Yanful and Catalan,
submitted). The Heath Steele Mine ceased operation in
1998. As part of the final closure, tailings were dredged
from areas where water cover depth was less than 1 m
and relocated to areas with deeper water cover(Catalan
and Yanful, submitted). The measurement of wave
characteristics was undertaken before the dredging oper-
ation. A map of the Upper Cell showing the wave
measurement stations is shown in Fig. 1.
Quirke Cell 14 is located 16 km north of the city of

Elliot Lake. The cell was part of the Quirke Waste
Management Area(QWMA) and is located 1200 m
west of the Quirke I mill complex and mine. There
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Fig. 1. Site map of Heath Steele Upper Cell tailings site(New Brunswick) showing the location of wave measurement stations.

were five terraced cells with an average drop of 4 m in
elevation between them(Golder Associates, 1995). This
terracing was carried out to minimize tailings relocation
during final flooding.
The QWMA covers approximately 192 ha with an

estimated 46 million t of tailings and waste rock, with
each cell holding an average tailings depth of 16.7 m.
The tailings were sandy, from medium to fine sand with
10–45% silt sizes, and silt tailings with up to 15% sand-
sized particles. The chemical composition of the tailings
indicated that it was mostly made up of quartz(82%).
Quirke Cell 14 was flooded in 1992 and has been

continuously monitored since then(SENES Consultants
Ltd, 1994). Tailings were graded flat prior to flooding
to remove high spots and to allow for a minimum water
cover depth of 0.6 m, although it was found in this
study that the water cover was 0.38 m in some areas.
The average depth of water cover in the pond was
approximately 0.8 m. The length of the pond was 1.5
km east–west and 0.7 km north–south. A map of Quirke
Cell 14 is shown in Fig. 2.

3. Materials and methods

A series of wind and wave measurements were
conducted at the Heath Steele Mine site in July 1999
(Julian days 210 and 211) and then in August 1999

(Julian days 237, 238 and 239). Measurements were
also taken at Quirke Cell 14 site, Elliot Lake in October
2000(Julian days 298–300).

3.1. Location of stations and installation of wave probe

In order to select the stations for wave measurements,
a bathymetric survey was conducted at both sites using
a survey rod. From visual observation and consideration
of the dominant wind direction at both sites, stations
were selected such that winds would have a maximum
fetch to blow. Depth of water cover at the selected wave
measuring stations at the Quirke Cell 14 site ranged
from 0.38 to 1.5 m, while that at Heath Steele varied
from 0.9 to 1.2 m. The detailed location of each station
is shown in Figs. 1 and 2. A motorized boat was used
to access each station, in which a probe-carrying staff
was manually installed in the tailings.

3.2. Time history of water surface elevation

In order to measure variation of the water surface
with time, a commercially available wave probe
(heightf0.5 m) was used. The wave probe incorporated
a water level transducer(Davis Engineering, Ottawa,
Canada, model WLyWP 01). The water level transducer
consisted of a sensor element and signal conditioning
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Fig. 2. Site map of Quirke Cell 14(Elliot Lake, Ontario) showing the location of wave measurement stations.

Fig. 3. Wave probe calibration curve.

electronics, and translated the water depth to a high-
level DC voltage. The sensor element was a special
capacitor, for which capacitance increases with the depth
of submersion. The accuracy of the transducer was

"1% of full scale and its resolution was"0.2% of full
scale. As already noted, the wave probe was mounted
on a survey staff, which was then finally pushed into
the tailings to provide stability. The wave probe was
installed such that it was half submerged in the water
at all stations. The probe was portable and was moved
from station to station using the boat. A 12-V car
battery provided power supply to the wave probe. Data
acquisition softwareDAQ VIEWyPOST VIEW (IOtech
Inc, Toronto, Canada) was used together with a 16-bit
data acquisition card to collect data. TheDAQ card was
connected to the water level transducer by means of an
18-gauge cable.

3.3. Wave probe calibration

The wave probe was calibrated in the tailings water
prior to installation. The probe was immersed in a
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bucket full of the tailings pond water for calibration.
With one end of the transducer attached to a 12-V car
battery and the other end to a voltmeter, the voltage
corresponding to different immersion heights of the
transducer was recorded. Fig. 3 shows a typical calibra-
tion curve.

3.4. Sampling duration

Waves were normally sampled for a 1-h duration,
while 20-min records were also taken in some cases.
Usually, a sampling rate of 10 Hz(i.e. 10 samplesys)
was employed. Thus, one digitized record for 1 h
consisted of 36 000 samples. In addition, sampling rates
of 20 and 40 Hz were occasionally used.

3.5. Wind measuring technique

The Shore Protection Manual published by the US
Army Coastal Engineering Research Center(1973)
recommends that, wherever possible, and for enclosed
water bodies such as lakes, wind speed and direction
should be directly measured at the sites. Thus, for the
present study, it was necessary to obtain meteorological
information on the wind velocity and duration at the
study sites and relate them to the measured wave
heights. At the Quirk Cell 14 site, a Young Wind
Monitor model 05103-10 RM linked to a data logger
type CR10WP(Campbell Scientific Inc, Logan, UT,
USA) was used to measure wind speed, direction, air
temperature and relative humidity. The wind monitor
was mounted 10 m above the surface of the water in
the tailings pond and in an area that was not sheltered
by topography. Wind speed and direction were measured
every 20 min during 26 October–26 November 2000.
Similar instrumentation was used at the Heath Steele

site for collecting the weather data. Wind speed at the
Heath Steele site was measured every hour. For the
present study, wind speed and direction were measured
from 28 July to 26 August 1999. Wind measurements
at both sites were further checked by comparing the
readings from the data-logger to those obtained from a
hand-held anemometer at prescribed intervals. The com-
parison showed that the two sets of data were very
similar.

3.6. Resuspension measurements

To measure resuspension, sediment traps were
installed at various depths at the two sites. The locations
of the traps are shown in Figs. 1 and 2. A detailed
description of the sediment traps and their installation
procedure is discussed elsewhere(Adu Wusu et al.,
2001).

3.7. Collection and analysis of bed tailings

Core samples of the tailings bed were obtained at the
two sites by inserting a coring tube into the tailings bed
to depths of approximately 0.15–0.5 m. The bottom of
the tube was then sealed to prevent the recovered tailings
from falling out and the sampler was lifted out of the
water. The plastic sleeve containing the sample was
extruded and placed in a bucket of ice to keep the
samples cold. The core samples were later thawed in
the laboratory and extracted in an argon chamber to
prevent oxidation of the tailings. The particle size
distribution of the dried bed tailings was then measured
using a Malvern analyzer. The chemical composition
was determined using inductively coupled plasma-atom-
ic emission spectroscopy(ICP-AES) and X-ray
fluorescence.

3.8. Data processing

Wind-induced surface oscillation is statistically
described by the significant wave height,H , which1y3

is the average height of one-third of the highest waves
in a given wave group(US Army Coastal Engineering
Research Center, 1973). Time variation of significant
wave height at the two sites was determined using the
root mean square method and the data recorded(Sarp-
kaya and Isaacson, 1981). For determining significant
wave heights, a spectrum was derived from the meas-
ured data using a fast Fourier-transform algorithm. This
technique determines the spectrum directly from the
data and is quite efficient(Sarpkaya and Isaacson,
1981). The area under the spectrum was determined,
and the significant wave heightH was then estimateds

using the relation:

N
2 yH s1.416H s1.416 Hi yNf4 m s4s (1)s rms o n8y

is1

whereH is the root-mean-square value of the waverms

height measured(m), H is the wave height convertedi

from measured data(m), N denotes the total number of
wave heights used within a certain time interval,m is0

the area under the spectrum ands is the standardn

deviation. In this study, intervals of 60 and 20 min were
used.

3.9. Bottom shear stresses due to waves

The rate of erosion in a lake is usually determined
by wave conditions. Knowing the significant wave
height, water depth, wavelength and period, the particle
velocity as a function of position and time can be
computed. From the computed bottom velocity, bottom
shear can be calculated and, by comparing with the
critical shear stress of the material, it can be inferred
whether erosion will take place or not. According to



750 M.H. Mian, E.K. Yanful / Advances in Environmental Research 7 (2003) 745–765

Fig. 4. Sample spectra for(a) Heath Steele and(b) Quirke
Cell 14.

Table 1
Significant wave heights measured at Heath Steele during July 1999

Station Depth Time Wind Significant Wind speed– S.D.
(m) (h) speed wave height H correlations

(mys) (m) (r value)

2 1.15 11:00 3.47 0.050
12:00a 4.95 –
13:00a 4.37 –
14:00 6.08 0.054 0.183 0.01
15:00 5.80 0.078
17:00 3.50 0.071

1 0.9 11:00 6.56 0.140
12:00 10.20 0.152 0.999** 0.006
13:00 10.26 0.152

Significant wave height is not shown as the waves were measured for 2-h duration(11:00–13:00 h).a

P-0.01.**

Bengtsson et al.(1990) it is usually sufficient to use
the Airy wave theory in small lakes. According to this
theory, the maximum bottom fluid velocity near the
tailing bedu in shallow water is given by the equation:bm

S WpH 1
T Tu s (2)bm B EU XT 2ph

C FT Tsinh
D GV YL

where T is the significant wave period(s), h is the
depth of water(m) andL is the significant wavelength
(m).
Bottom shear stress due to waves may be calculated

from the maximum bottom velocity as:

2t s0.5f r u (3)w w bm

where f is the wave friction factor(which depends onw

flow and roughness of the bed), r is the fluid density
(kgym ), andu is the maximum bottom fluid velocity3

bm

(mys) near the tailings bed.
Erosion of the bottom material can then be evaluated

by comparing the bottom shear stress to a critical shear
stress of the tailings. The rate at which the bottom is
scoured depends on the excess shear; however, no
standard methods are available for computing the ero-
sion rate(Bengtsson et al., 1990).

4. Results

4.1. Spectral analysis

A detailed spectral analysis of the surface-elevation
time history measured was performed using a special
program written with MATLAB . Sample spectra are
shown in Fig. 4a,b, which indicate that the spectra have
a narrow band, as their frequency is concentrated over
a narrow range. The area under the spectrum was found
and then converted to the significant wave height(H )s
using the root-mean-square approachwEq. (1)x.
Field-measured wave heights are shown in Tables 1–

3 and are also plotted in Figs. 5–8. Measured wave
heights show an increasing trend with wind speed, as
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Table 2
Significant wave heights measured at Heath Steele during August 1999

Station Depth Time Wind Significant Wind speed– S.D.
(m) (h) speed wave height H correlations

(mys) (m) (r value)

1 0.9 13:00 10.24 0.167
14:00 11.56 0.208
15:00 10.13 0.165
16:00 10.09 0.156
17:00 9.93 0.188 0.820* 0.02
18:00 11.25 0.205

4 1.4 09:00 7.47 0.083
12:00 7.78 0.076
13:00 8.05 0.141
14:00 8.56 0.082
15:00 7.75 0.100 0.355 0.02
16:00 9.50 0.118

3 1.2 12:00 5.74 0.045
13:00 8.04 0.098
14:00 9.63 0.110
15:00 10.55 0.145 0.947* 0.04
16:00 9.73 0.150

P-0.05.*

Table 3
Significant wave heights measured at Quirke Cell 14(Elliot Lake) during October 2000

Station Depth Time Wind Significant Wind speed– S.D.
(m) (h) Speed Wave height H correlations

(mys) (m) (r value)

4 1.5 15:30–15:50 4.76 0.047
16:00–16:20a – –
16:50–17:10 3.49 0.046
17:18–17:38 2.33 0.036 0.843 0.01
17:47–18:07 2.16 0.024

3 1.0 11:20–11:40 5.15 0.036
12:20–12:40 5.19 0.06
12:40–13:40 5.88 0.068
14:28–14:48 4.43 0.078
14:48–15:28 4.84 0.074 y0.279 0.01
15:49–16:09 5.19 0.070

2 0.75 16:49–17:09 4.55 0.032
17:10–17:50 4.61 0.029
17:51–18:11 3.82 0.028
18:12–18:32 4.01 0.024 0.648 0.003

1 0.38 11:25–11:45 3.84 0.028
11:55–12:00 4.39 0.027
12:32–12:37 4.68 0.032 0.629 0.002

Significant wave height is not shown as waves were measured for more than 20-min duration.a

high wind speeds caused greater oscillation of the water
surface. Correlation coefficients between wind speed
and significant wave height were calculated as shown
in Tables 1–3. Some stations exhibited very high posi-

tive correlation(e.g. Station 1, Table 1;ns3, rs0.999,
P-0.01), while for some other stations, the correlation
was not as high(e.g. Station 1, Table 2;ns6, rs0.82,
P-0.05). Overall, results show a positive correlation
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Fig. 5. Predicted wave heights for 1.5 m.

Fig. 6. Predicted wave heights for 1.2 m.

Fig. 7. Predicted wave heights for 1 m.

Fig. 9. Percentage of occurrence of wind speeds observed at
Heath Steele Upper Cell tailings area during 28 July–26
August 1999.

Fig. 10. Percentage of occurrence of wind speeds observed at
Quirk Cell 14 site during 26 October–26 November 2000.

Fig. 8. Predicted wave heights for 0.75 m.

between the wave height and wind speed, which implies
that as the wind speed increases, so does the wave
height.

4.2. Bottom and critical shear stresses

Figs. 9 and 10 show the frequency distribution of the
wind speeds at both Heath Steele Upper Cell and Quirke
Cell 14 for 1-month periods during the time of wave
measurements. As mentioned before, wind speeds at
Heath Steele site were averaged every hour, while those
at Quirke Cell 14 were averaged every 20 min. Fig. 9
reveals that the most frequent hourly average wind
speeds for the Heath Steele site varied between 4 and 8
mys, with the hourly peaks being in excess of 14 mys
in the windiest periods. The data show that, 9% of the
time, wind speeds exceeded 8 mys, while they exceeded
10 mys approximately 6% of the time. On the whole,
wind speeds were in excess of 7 mys approximately
30% of the time. Fig. 10 shows 20-min averaged wind
speeds for Quirke Cell 14. Again, the most frequent
winds varied between 2 and 7 mys, with peaks being
in excess of 13 mys in the windiest periods. On the
whole, wind speeds exceeded 7 mys approximately 20%
of the time. Maximum wind speed for the study period
was approximately 7 mys at the Elliot Lake site.
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Fig. 11. Calculation of bottom shear stresses using measured significant wave heights at Heath Steele Upper Cell for a water cover
depth of 0.9 m.

Adu Wusu et al.(2001) showed that the total shear
stress generated at the bottom of a tailings pond is
dependent on the wind speed. These authors also
showed that at the Elliot Lake site waves contributed
more to the bottom shear stress than currents did.
According to Lick (1986), currents are more dominant
in deeper waters, whereas wave action is more important
in shallow waters. Sheng et al.(1994) showed that
wind-driven currents are generally insufficient to cause
sediment resuspension in shallow waters. Leepage et al.
(2000) found that winds of 28 kmyh (7.77 mys)
generated waves that were likely to affect the water
bottom to a depth of 1 m and winds of 40 kmyh (11
mys), down to 1.5 m. Adu Wusu et al.(2001) found
that bottom shear stresses calculated for the Elliot Lake
site exceeded the critical shear stress at wind speeds of
10 mys. Fig. 11 shows shear stresses calculated using
measured wave heights in the Heath Steele Upper Cell
for a water cover depth of 0.9 m. Yanful and Catalan
(submitted) measured the critical shear stress of Heath
Steele tailings to be in the range of 0.12–0.17 Pa. This
range of critical shear stress is plotted in Fig. 11. It is
obvious that, at wind speeds greater than 9 mys, the
shear stresses generated increased the critical shear stress
of the tailings, which, in turn, would entrain the tailings.
However, Lawrence et al.(1991) noted that, for fetch-
limited waves, a certain wind has to blow for a minimum
duration, given by the relation:

2 1y3B EF
C Ft sc (4)d
D GgU

whereg is the acceleration due to gravity(mys ) andc2

is a constant equal to 68.80(Lawrence et al., 1991).
For the Quirke Cell 14, with a fetchFs1500 m and

wind speedUs7 mys, t s37 min. Thus, a wind of 7d

mys has to blow for at least 37 min to resuspend the
bottom tailings at this site. Winds of speed and duration
much higher than this value are well anticipated at the
Quirk Cell 14 throughout the entire year, as discussed
above, and it is most likely that they would cause
resuspension, as shown in Fig. 10.
Similarly, wind of 10 mys has to blow for at least 33

min to entrain the tailings. In the case of the Heath
Steele site, there were a number of episodes with hourly
averaged wind speeds exceeding 10 mys (Fig. 9), and
it is likely that resuspension occurred at shallower depths
at this site.
Figs. 12–14 show that as the wind speed increased

so did the wave height, which in turn would resuspend
the tailings. Fig. 14 shows that wind speeds at Station
4 (1.5 m) of Quirk Cell 14 are smaller than those at
Stations 2(0.75 m) and 3 (1 m); however, the wave
heights at the latter stations are smaller than or compa-
rable to those at Station 4. It might be inferred that the
depth of water does play an important role that cannot
be ignored in the determination of the wave height.

5. Tailings resuspension at the two sites

At present, mine tailings pond management requires
that resuspension is minimal under a water cover. This
requirement is intended to ensure minimal oxidation of
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Fig. 12. Significant wave height and wind speed vs. time for Heath Steele, July 1999.

Fig. 13. Significant wave height and wind speed vs. time for Heath Steele, August 1999.

suspended tailings and environmentally acceptable water
quality. In addition, one would suspect that, at the same
wind speeds and for the same tailings, resuspension
might be the same. The field data show that resuspen-
sion is not the same at the Heath Steele and Quirke
Cell 14 sites, and the difference may be attributed to
the difference in the nature of the tailings at the two
sites and several other factors.
The dry mass of suspended solids collected using

sediment traps at Quirke Cell 14(Adu Wusu et al.,
2001) and Heath Steele(Catalan and Yanful, submitted)
are shown in Tables 4 and 5 and plotted as a function
of water depth in Figs. 15 and 16. The method of
installation and operation of the sediment traps and a

detailed presentation of the results are given by these
authors, and it is not the purpose of the present paper
to discuss them further. The main objective here is to
compare the two sets of data and identify possible
factors controlling resuspension at the two sites. Corre-
lation analysis between the sediment trap data and depth
of water cover is reported in Tables 4 and 5. It is
obvious that in the case of Heath Steele there is very
weak negative correlation between the two parameters,
which was expected due to the nature of the Heath
Steele tailings. In addition, there was very weak negative
correlation(rsy0.096) between the suspended tailings
mass and water cover depth, which is reflective of the
nature of the Heath Steele tailings. This could be related
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Fig. 14. Significant wave height and wind speed vs. time for Quirke Cell 14, October 2000.

Table 4
Water cover depth at sampling locations, dry mass of suspended solids and correlation analysis for Heath Steele Upper Cell

Depth of water Dry solids mass(g)
cover(m)

6–28 July 1999 28 July–25 Aug 1999

0.55 6.33 1.04
0.7 2.96 0.81
0.75 5.6 1.29
0.8 54.24 2.07
1 41.37 1.02
1 12.28 25.04
1.3 40.57 2.55
1.2 3.29 2.65
1.5 1.73 NyAa

1.9 6.48 0.9

N Depth (m) 6–28 July 1999
Depth(m) 10
6–28 July 1999 10 y0.017
28 Jul–25 Aug 1999 10 y0.006 y0.096

Traps at all stations were located 10 cm above the tailings bed.
Valve of the trap broke.a

to the cohesive nature of the Heath Steele tailings, as
discussed in the next section. In the case of Quirk Cell
14, a higher negative correlation(rsy0.73,ns8, P-
0.05) exists between the depth of the water cover and
sediment trap data for the first trip(16 September–18
October 1999), indicating a decrease in resuspended
mass as the water cover depth increases. This type of
correlation would generally be expected in a tailings
pond with non-cohesive tailings. Also, sediment trap
data obtained during the two trips to Quirk Cell 14
show a positive correlation(rs0.66) between them.
This confirms the non-cohesive nature of Quirke Cell
14 tailings, as elaborated on in the next section. A

frequency analysis was also performed for all trips(both
Heath Steele and Elliot Lake), and the results are shown
in Figs. 17 and 18.
It is clear from the data collected that wind speeds at

both sites are comparable; however, resuspension at
Heath Steele was greater than at Elliot Lake. As previ-
ously mentioned, the mass of suspended tailings at
Quirke Cell 14 correlates well with the depth of water
cover(Fig. 16), as well as between the two trips, while
there seems to be weak correlation between the sus-
pended mass and depth of water cover at Heath Steele
(Fig. 15). To elucidate further the data from the two
sites, it is necessary to examine some other properties
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Table 5
Water cover depth at sampling locations, dry mass of suspended solids and correlation analysis for Quirke Cell 14

Depth of water Dry solids mass(g)
cover(m)

16 Sept–18 Oct 1999 18 Oct–6 Nov 1999

0.35 2 0.9
0.4 3 1.2
0.5 3 2.9
0.8 1.1 1.1
1 1.5 1.5
1.2 1 1
1.4 2 2
2 0.6 0.6

n Depth (m) 16 Sept–18 Oct 1999
Depth(m) 8
16 Sept–18 Oct 1999 8 y0.730*

18 Oct–6 Nov 1999 8 y0.302 0.66

Traps at all stations were located 10 cm above the tailings bed.
P-0.05.*

Fig. 15. Mass of suspended solids vs. water cover depths at
Heath Steele.

Fig. 16. Mass of suspended solid vs. water cover depths at
Quirke Cell 14.

Fig. 17. Frequency analysis for Heath Steele Upper Cell(sediment trap data).
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Fig. 18. Frequency analysis for Quirk Cell 14(sediment trap data).

Fig. 19. Particle size distribution curves for Heath Steele Upper Cell and Quirke Cell 14.

of the tailings, namely cohesion and consolidation, and
features of the sites, such as topography.

5.1. Particle size distribution and cohesion

Plots of the particle size distribution of bed tailings
at the two sites are shown in Fig. 19. It is obvious that
tailings particles in Quirke Cell 14 are much coarser
than those at Heath Steele. Given the nature of the
Heath Steele tailings, the finer tailings would be expect-
ed to show greater resuspension. Catalan and Yanful
(submitted) observed that it was not the finer tailings
that resuspended at Heath Steele, but rather the coarser
material. These authors also found that the resuspended
tailings were coarser than the bed tailings in water
covers deeper than 0.8 m. Soulsby(1997) noted that
cohesion is important in determining the properties of
mixed sediment if more than 10% of the sediment is
finer than 0.062 mm(62 mm). Such cohesion is due to
the attractive electrochemical surface forces on the

particles (Mehta et al., 1982). Partheniades(1972)
observed that there was no simple relationship between
physical sediment parameters, such as water content
andyor grain size and the critical entrainment rate for
cohesive sediments. Erosion of a cohesive sediment bed
would continue until a depth is reached at which the
bed strength is equal to the erosive force(Mehta and
Partheniades, 1979). Cohesion results in particle aggre-
gation when inter-particle collisions occur, with each
aggregate consisting of millions of individual particles.
Such mixtures are more resistant to erosion than either
pure sand or pure mud. Fukuda and Lick(1980) noted
that the problem of entrainment of cohesive sediments
must include a parameter describing the ‘glue’ properties
of the deposits. The problem concerning the ‘glue’
properties is yet to be explored(Hakanson and Jansson,˚
1983). Krone (1999) reported that gelling was caused
by thermal motion of particles that are biased by
interparticle and overburden forces, which leads to a
stable structure. Fig. 20 shows an illustration of the
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Fig. 20. Structure of ‘pelletized’ lake sediment(adapted from
Hakanson and Jansson, 1983).˚

structure of ‘pelletized’ fine sediment. The critical
entrainment stress of the pelletized fine sediment may
be several-fold greater than the unpelletized deposits.
In light of the above, it is not surprising that sus-

pended tailings were coarser than bed tailings at the
Heath Steele Upper Cell site. Preferential resuspension
of coarser material could be attributed to the fact that
the finer material was aggregated or flocculated, and
hence was more resistant to erosion and resuspension.
Also, the finer nature of the tailings at Heath Steele,
especially under deeper water cover(greater than 1 m),
would make it more cohesive, and hence resistant to
resuspension. This is probably the reason why tailings
resuspension did not correlate with water cover depth
at the Heath Steele site. Lick(1982) has noted that the
processes of aggregation and disaggregation of fine-
grained sediments still need to be understood. Shear
strength of cohesive beds depends not only on the
particle size, but also on the composition, pore water
content, deposition history and bioturbation or degree
of biological reworking(Fukuda and Lick, 1980; Lee
et al. 1981). Biological processes reflect two important
phenomena—bacterial bonding and bacterial ‘glue’
(Ongley et al., 1992). The high affinity of bacteria for
-63-mm particles promotes flocculation by increasing
the surface area and by bonding two or more mineral
particles together(Marshall, 1971).

5.2. Self-consolidation of tailings

Following deposition, mine tailings go through a
time-dependent self-consolidation. Schoellhamer(1996)
observed that spikes in suspended sediment concentra-
tions decreased and sediments became less erodible with
time. According to Bengtsson et al.(1990) the critical
shear stress for cohesive material depends on the degree
of compaction. This author also noted that loose sedi-
ments were consolidated under their own weight. A
number of authors have observed that the probability of
deposited material remaining in place strongly depends
on the magnitude of the bottom shear stress(Lick,
1982; Tsai and Lick, 1987; Pickens and Lick, 1992;
Krone, 1999). The mass of material in suspension can
be estimated using the following equation(Pickens and
Lick, 1992):

a0 n´s tyt (5)Ž .cr2td

where ´ is the mass of suspended sediments per unit
surface area(gycm ), t is the critical shear stress2

cr

(dynycm ) below which no resuspension occurs,t is2

the local shear stress(dynycm ), t is the time since2
d

deposition (days), and a and n are experimentally0

determined constants.
An important factor here is the time since deposition.

The greater the time since deposition, the greater the
self-consolidation of the tailings. This in turn means
that higher wind-induced shear stresses would be
required to resuspend tailings as time elapses, and that,
under relatively uniform wind conditions, the concentra-
tion of tailings in resuspension would decrease with
increasing time. Zreik et al.(1998) hypothesized that
the increase in the erosional strength of a cohesive
sediment bed was mainly due to thixotropic hardening
or self-weight consolidation. The tailings at the Heath
Steele site were deposited and flooded much later(in
1998) than tailings at the Quirke Cell 14 site(in 1992).
This difference in time since deposition would probably
explain why resuspension was much greater at Heath
Steele than at Quirke Cell 14.

5.3. Topography of the tailings area

An examination of the topographic maps of the two
sites shows that the Quirke Cell 14 tailings area has
rock outcrops on the north and south boundaries of the
cell, which would provide good containment. The Heath
Steele site, on the other hand, has vegetation to the
west, while the rest of the site is relatively bare, and
thus is more likely to experience greater wind velocity.
This difference could lead to stronger winds at Heath
Steele due to less obstruction, and likely higher resus-
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Fig. 21. Particle size distributions for Quirke Cell 14 bed tailings.

pension rates. It should be mentioned that this discussion
is related only to the physical surroundings of the sites
and not to the bottom topography of the tailings ponds
at the two sites.

6. Pond bottom dynamics at the two tailings sites

In order to validate further the sediment trap data and
to confirm that erosion, and hence resuspension occur
due to wind-induced waves at the two sites, an analysis
of the bottom dynamics of the two tailings ponds was
carried out. Hakanson(1977a,b) and Hakanson and˚ ˚
Jansson(1983) gave extensive data on water content,
grain size distribution and concentration of trace metals,
and organic carbon in Lakes Vanern and Ekoln, Sweden¨
and related them to potential wave energy as manifested
by water depth and effective fetch. However, no work
has been carried out until now on bottom dynamics of
mine tailings ponds, indicating areas of erosion, trans-
portation and accumulation, and the influence of waves
on bottom tailings distribution. Knowledge of mine-
tailings pond bottom dynamics is important in matters
related to potential ecological effects of contaminants
and in many practical issues, such as choice of adequate
dumping sites for dredged tailings and choice of sam-
pling sites for aquatic pollution control.
Several lines of evidence are provided here to inves-

tigate the influence of surface waves on the distribution
of tailings grain size and chemical composition, and to
identify areas of erosion, transportation and accumula-

tion at the two mine tailings ponds. An attempt is also
made to confirm the results provided by Adu Wusu et
al. (2001) and Catalan and Yanful(submitted).

6.1. Particle size distribution of bed tailings

According to Johnson(1980), the grain size distri-
bution of lake sediments can provide evidence for wave
influence on bottom sediments. Solohub and Klovan
(1970) and Hakanson and Ahl(1975) noted that sedi-˚
ments are generally coarser and better sorted in shallow
high-energy environments exposed to waves than in
deeper areas offshore.
Fig. 21 shows particle size distributions for bottom

sediments in Quirke Cell 14. The work of Hakanson˚
and Jansson(1983) suggests that areas of accumulation
prevail where fine materials with a particle size of
-0.006 mm can be deposited and are always compar-
atively loose; areas of erosion are most frequent in
shallow waters and characterized by hard and consoli-
dated particles, while sediments within areas of trans-
portation are generally very variable. It is clear from
Fig. 21 that for Quirke Cell 14 sediments were much
coarser at Station 7,8, with a water cover depth of 0.4
m and a median particle diameter(D ) of 170 mm,50

while at Station 6, where the water cover was 2 m deep,
tailings particles were much finer(D -20 mm). Par-50

ticle size distribution at other stations generally
decreased as the water cover depth increased. It might
be inferred that bed tailings at shallow water-cover
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Fig. 22. Particle size distributions for Heath Steele Upper Cell bed tailings.

depths(F1 m) were eroded and resuspended, while
stations with water cover deeper than 1 m were areas
of deposition, in general. Since the strongest winds at
the site were from the northwest, which was the same
as the direction of maximum fetch(1.5 km), this
inference is reasonable.
Fig. 22 shows the particle size distribution of bed

tailings at Heath Steele. Again, tailings are coarser at
Stations B and C, which were located at shallow water-
cover depths(0.6 and 0.8 m) and they become finer
towards D, E and F, with water cover depths of 1.25,
1.7 and 1.9 m, respectively. Such distribution of bed
tailings suggests that finer material was eroded under
shallow water-cover depths and then deposited in areas
with deeper water cover.
Johnson(1980), however, noted that studies of grain

size distribution typically reflect trends of particle
reworking by waves, and do not necessarily delineate
the maximum depth to which surface wave activity
affects sediment texture.

6.2. Energy topography formula (lake-specific method)

At present, there are no mathematical models availa-
ble to describe the relationship between capacity for
entrainment of cohesive sediments and the appropriate
wave energy factor. Hence, an empirical relationship
developed by Hakanson and Jansson(1983) was used.˚
Using this approach, the potential bottom-dynamics

situation in the two mine tailings ponds under consid-
eration and the ‘critical’ limit between areas of erosion
and transportation were inferred. Hakanson and Jansson˚
(1983) developed the relation:

¯ y0.061ØDy a¯ya s100ya s25Ø ayD Ø41 (6)EqT A Ž .
The quotient is called the dynamic ratio to¯yayDŽ .

emphasize its linkage to bottom dynamics, wherea is
the area in(km ) and is the mean water depth(m).2 D̄
Hakanson(1982) attributed the areal distribution of˚

erosion, transportation,(a , in percent of the lakeEqT

area) and accumulation(a s100ya ) to:A EqT

– An energy factor

yEs ayD (7)max

– A slope factor

¯ y0.061ØDy aSs41 (8)

and
– A form factor

-1 ¯V sD y3ØD (9)d max

The energy factor in Eq.(7) is related to windywave
influence and the position of the wave base(critical
depth), while the form factor is related to the hypso-
graphic curve of the lake. Lakes with convex hypso-
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Fig. 23. Erosion–transportation–accumulation diagram for the two sites.

graphic curves would have a larger shallow-water area
influenced by windywave action than lakes with con-
cave hypsographic curves. Based on these definitions
and the sediment trap data observed, the two tailings
ponds were inferred to have the same, slightly convex
hypsographic curve, with a class limit off(y0.5)–
f(0.5) (Hakanson and Jansson, 1983). A relative hyp-˚
sographic curve for the two mine tailings ponds is
shown in Fig. 23.
For Quirk Cell 14, assumingas1.5 km and2 D̄s

m, Eq. (6) gives y0.75 a s25Ø 1.5y0.75 ØEqT Ž .
s47%. Hakanson and Jansson(1983)y0.061Ø0.75y 1.541 ˚

noted that, for lakes witha values in the range ofEqT

33–67%, resuspension is rather important.
The ‘critical’ depth,D , was then directly deter-TyA

mined from the relative hypsographic curve shown in
Fig. 23. For Quirke Cell 14,D s26% (of theTyA

maximum depth,D ) was obtained. UsingD s3.5max max

m for Cell 14,D is calculated to be at 0.35=0.26sTyA

0.91 m.
Areas beneath the ‘critical’ depth would, on the

average, be classified as areas of accumulation(a ) forA

Quirke Cell 14. Adu Wusu et al.(2001) found that
wind speeds greater than 8 mys above water covers that
are shallower than 1 m created waves of height greater
than 10 cm, and shear stresses greater than 0.2 Pa at
the Quirke Cell 14 site. Under such conditions, the

critical shear stress of tailings was exceeded, which
resulted in erosion and subsequent resuspension. In
addition, sediment trap measurements for Station 2, with
a water cover depth of 0.5 m, showed the highest mass
of sediments, further confirming that shallower stations
were mainly associated with erosion and transportation
of tailings.
For the Heath Steele Upper Cell, whereas1.9 km2

and m, Eq.(6) givesa s44%, and from theD̄s0.9 EqT

hypsographic curveD s23% (of the maximumTyA

water cover depth). With D s3.5 m, D smax TyA

0.23=3.5s0.8 m. Areas beneath this depth would, on
average for the entire pond, be classified as areas of
accumulation. This is consistent with observations made
by Catalan and Yanful(submitted), who noted that
resuspended tailings in the Upper Cell had the same
particle size distribution as bed tailings, underF0.8 m
of water cover.

6.3. Tracking the eroded and deposited tailings using
metals as tracers

As a general rule, deposition areas would have higher
loading of trace metals in bed tailings than areas of
erosion or transportation. This is because finer particles
are easy to erode at shallow water-cover depths due to
the high bottom shear stresses; eroded particles are then
transported and deposited in deeper water cover areas.
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Fig. 24. Metal concentration at various water cover depths for Heath Steele Upper Cell.

Thus, tailings particles in accumulation areas would be
finer and have a larger specific surface than those at
shallow water-cover depths. This larger specific surface
provides more sorption sites for various pollutants. That
is why the concentration of metals in bed tailings might
be higher in areas of accumulation than in areas of
erosion.
Fig. 24 shows concentrations of Pb, Zn, Cd, Cu, Ti

and Bi at various water cover depths in bed tailings for
the Heath Steele Upper Cell. Generally, the concentra-
tions of these metals increase towards deeper water-
cover areas. The highest concentrations were found at
Station F with a water cover depth of 1.8 m. Data for

Cd, Cu and Bi were not available for Station F. However,
Station E with a water cover depth of 1.7 m had the
highest concentrations of Cd, Cu and Bi. Yanful and
Catalan (submitted) calculated a near-surface current
velocity of 35 cmys for a wind speed of 10 mys for the
Heath Steele site. They concluded that the current
velocity of 35 cmys is similar to the maximum value
of 30 cmys reported by Hawley et al.(1996) during
sediment trap measurements of resuspended bottom
sediments in Lake Ontario. Thus, it might be inferred
that tailings were eroded at shallow water-cover Stations
B and C(0.6 and 0.8 m), transported by currents and
then deposited at stations with deeper water covers,
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Fig. 25. Metals concentration at various water cover depths for Quirke Cell 14.

Stations A, D, E and F(0.9–1.8 m). The concentrations
of all metals were lowest at Station C, with a water
cover depth of 0.8 m. For water cover of a given
dimension, fetch is a function of wind direction. In the
case of Heath Steele, the dominant winds were from
NE–SW, and the fetch was also largest in that direction.
It is therefore inferred that, since Station C was located
at a point where the winds had enough fetch to blow
and the resulting waves were likely fully developed,
maximum erosion occurred at this station. This inference

is based on the fact that the winds were predominantly
northeastern during the period of deployment of the
sediment traps, which would yield a fetch of 1.0 km
(see Fig. 1 for station C).
Fig. 25 presents the concentrations of Pb, Th, Cu, U,

Al and K vs. water cover depth in Quirke Cell 14. The
concentrations, again, generally increase from shallow
water-cover depths to deeper water-cover areas, except
for Station 9, which had a water cover 1 m deep. As
before, the likely explanation for the lowest concentra-
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tions of all metals at Station 9 was its location at the
center of the pond. Waves would be fully developed by
the time they reach this station, and would thus produce
maximum erosion at this station. This observation is,
again, consistent with the shear stresses calculated by
Adu Wusu et al.(2001). These authors reported that it
was very likely that tailings erosion and transportation
occurred at shallow water-cover areas of-1 m, but
accumulation occurred at deeper water-cover areas, such
as Station 6, located under 2 m of water cover.

7. Summary and conclusion

This study has demonstrated the variation of wave
heights with wind-induced waves. The concept of the
significant wave height is useful in determining bottom
shear stresses. Mine tailings would resuspend due to
bottom shear stresses that are greater than the critical
shear stresses required for tailings erosion. Field meas-
urements of wind velocity and wave elevation were
carried out at two flooded mine tailings sites at Heath
Steele, New Brunswick, Canada and at Quirke Cell 14
site near Elliot Lake, Ontario, Canada in summer 1999
and 2000. Measured wave heights were used to calculate
the bottom shear stresses. It was found that the shear
stresses exceeded the critical shear stresses required for
erosion of the bed tailings at wind speeds higher than 9
mys. Analysis of the wind data revealed that hourly
averaged wind speeds exceeded 9 mys quite frequently
at the two sites, and that resuspension likely occurred.
Based on the results of the resuspension measurements
and tailings particle size distribution, it was shown that
resuspension is not only a function of depth and wind-
generated stresses, but also depends on other factors,
such as cohesion and self-consolidation of the tailings,
and the topography of the site.
Investigation into bottom dynamics of the two tailings

ponds showed that areas of erosion and transportation
exist at water cover depths of-1 m and that deeper
water-cover areas act as accumulation bottoms for the
eroded tailings. The results also showed that the ETA
diagram is good for delineating areas of erosion, trans-
portation and accumulation in shallow mine-tailings
ponds with surface areas greater than 1 km .2

Although the SMB equations may have been used to
select minimum water-cover depths at the two tailings
sites, resuspension was still observed at these sites as
already discussed. Thus, it might be inferred that, even
with the use of SMB equations for the design of water
covers for new mine-tailings sites, resuspension might
still be expected at higher wind speeds, leading to
oxidation and potential deterioration of water quality.
Further work is, therefore, needed to develop an equa-
tion or model that would incorporate the processes of
cohesion, self-consolidation, flocculation, fall velocity,
tailings pond hydrology and water balance. These par-

ameters need to be quantified to allow the design of
water covers for tailings ponds that would significantly
reduce resuspension, and hence oxidation of sulfide-
bearing tailings. This would lead to decreased concen-
tration of heavy metals in the water cover, and hence
better compliance with regulatory standards.
Research is currently under way to quantify resuspen-

sion as a function of time. Such measurements would
provide time series of suspended solids concentrations.
In addition, resuspension is being examined in a wind
wave tank in ongoing research at the University of
Western Ontario.

Acknowledgments

This work was made possible with funding from the
Natural Science and Engineering Research Council of
Canada(NSERC) and a consortium of Canadian mining
companies(Rio Algom, Noranda, Falcon Bridge, Inco,
Battle Mountain, Tech and Cambior). Special thanks
also go to Rajeeb Gautam and Wilbert Logan who
helped in the collection of the field data.

References

Adu Wusu, C., Yanful, E.K., Mian, M.H., 2001. Field evidence
of resuspension in a mine tailings pond. Can. Geotech. J.
August.

Bengtsson, L., Hellstrom, T., Rakoczi, L., 1990. Redistribution
of sediments in three Swedish lakes. Hydrobiologia 192,
167–181.

Berbner, A., Sangal, B.P., 1964. A comparison of actual with
predicted wave-heights and periods for the North Shore of
Lake Ontario and Erie. Eng. J. 1, 32–36.

Carper, L.G., Bachmann, W.R., 1984. Wind resuspension of
sediments in a Prairie lake. Can. J. Fish. Aquat. Sci. 41,
1763–1767.

Catalan, L.J.J., Yanful E.K. Sediment trap measurement of
suspended mine tailings in a shallow water cover. ASCE J.
Environ. Eng., submitted for publication.

Fukuda, M.K., Lick, W., 1980. The entrainment of cohesive
sediments in fresh water. J. Geophys. Res. 85, 2813–2824.

Golder Associates, 1995. Environmental Impact Statement for
the Decommissioning of the Quirke and Panel Waste Man-
agement Areas, Report to Rio Algom Ltd.

Hakanson, L., 1977a. An empirical model for physical para-˚
meters of recent sedimentary deposits of Lake Ekoln and
Lake Vanern. Vatten: tidskrift for vattenvardyutgiven av¨ ¨ ˚
Foreningen vatten 3, 266–289.¨

Hakanson, L., 1977b. The influence of wind, fetch and water˚
depth on the distribution of sediments in Lake Vanern,¨
Sweden. Can. J. Earth Sci. 14, 397–412.

Hakanson, L., 1982. Lake bottom dynamics and morphome-˚
try—the dynamic ratio. Water Resour. Res. 18, 1444–1450.

Hakanson, L., Ahl, T., 1975. The distribution of heavy metals˚
in the surficial sediments of Lake Vattern, Sweden. Pro-¨



765M.H. Mian, E.K. Yanful / Advances in Environmental Research 7 (2003) 745–765

ceedings of the International Conference on Heavy Metals
in the Environment, Toronto. pp. 765–784.

Hakanson, L., Jansson, M., 1983. Principles of Lake Sedimen-˚
tology. Springer-Verlag, Berlin.

Hawley, N., Wang, X., Brownawell, B., Flood, R., 1996.
Resuspension of bottom sediments in Lake Ontario during
the unstratified period, 1992–1993. J. Great Lakes Res. 22
(3), 707–721.

Jin, K.-R., Wang, K.-H., 1998. Wind-generated waves in Lake
Okeechobee. J. Am. Water Res. Assoc. 34(5), 1099–1108.

Johnson, T.C., 1980. Sediment redistribution by waves in
lakes, reservoirs and embayments. Proceedings of the Sym-
posium on Surface Water Impoundments, ASCE, 2–5 June
1980, Minneapolis, Minnesota, Paper 7-9. pp. 1307–1317.

Krone, R.B., 1999. Effect of Bed Structure on Erosion of
Cohesive Sediments. J. Hydraul. Eng. 125(12), 1297–1301.

Lawrence, G.A., Ward, P.R.B, MacKinnon, M.D., 1991. Wind–
wave-induced suspension of mine tailing in disposal
ponds—a case study. Can. J. Civ. Eng. 18, 1047–1053.

Lee, D.Y., Lick, W., Kang, S.W., 1981. The entrainment and
deposition of fine-grained sediments in Lake Erie. J. Great
Lakes Res. 7, 264–275.

Leepage, S., Biberhofer, J., Lorrain, S., 2000. Sediment dynam-
ics and transport of suspended matter in the upstream area
of Lake St. Francis. Can. J. Fish. Aquat. Sci. 57(Suppl. 1),
52–62.

Li, M., Aube, A., St-Arnaud, L., 1997. Considerations in the
use of shallow water covers for decommissioning reactive
tailings. Proceedings of the 4th International Conference on
Acid Rock Drainage, vol. 1. pp. 115–130.

Lick, W., 1982. Entrainment, deposition, and transport of fine-
grained sediments in lakes. Hydrobiologia 91, 31–40.

Lick, W., 1986. Modelling the transport of fine-grained sedi-
ments in aquatic systems. Sci. Total Environ. 55, 219–228.

Marshall, K.C., 1971. Sorptive interactions between soil par-
ticles and microorganisms. In: McLaren, A.D., Skujins, J.
(Eds.), Soil Biochemistry. Marcel Dekker Inc, New York.

Mehta, A.J., Parchure, T.M., Dixit, J.G., Ariathurai, R., 1982.
Resuspension potential of deposited cohesive sediment beds.
In: Kennedy, V.S.(Ed.), Estuarine Comparisons. University
of Maryland, Cambridge, MD.

Mehta, A.J., Partheniades, E., 1979. Kaolinite resuspension
properties. J. Hydrol. Div. Am. Soc. Civ. Eng. 105, 416–441.

Ongley, E.D., Krishnappan, B.G., Droppo, I.G., Rao, S.S.,
Maguire, R.J., 1992. Cohesive sediment transport: emerging
issues for toxic chemical management. Hydrobiologia 235y
236, 177–187.

Partheniades, E., 1972. The results of recent investigations on
erosion and deposition of cohesive sediments. In: Shen,
H.W. (Ed.), Sedimentation. Colorado State University, Fort
Collins, pp. 21.1–21.39.

Pickens, K.M., Lick, W., 1992. The transport and fate of
drilling muds. Proceedings of the 2nd International Confer-
ence on Estuarine and Coastal Modeling. pp. 202–214.

Sarpkaya, T., Isaacson, M., 1981. Mechanics of Wave Forces
on Offshore Structures. Litton Educational Publishing Inc,
New York.

Schoellhamer, D.H., 1996. Factors affecting suspended solids
concentration in South San Francisco Bay, California. J.
Geophys. Res. 12, 12087–12095.

Consultants Limited, SENES, 1994. Evaluation of Performance
of Cell 14, Ground and Surface Water Chemistry.

Sheng, Y.P., Chen, X., Yassuda, A.E., 1994. Wave induced
sediment resuspension and mixing in shallow waters. In:
Edge, B.L.(Ed.), ‘Coastal Engineering 1994’. Proceedings
of the Twenty-Fourth International Conference Kobe, Japan,
October 23–28, ASCE.

Sheng, P.Y., Lick, W., 1979. The transport and resuspension
of sediments in a shallow lake. J. Geophys. Res. 84(C4),
1809–1826.

Simms, P.H., Yanful, E.K., St-Arnaud, Aube, L.B. A laboratory
evaluation of metal release and transport in flooded preoxi-
dized mine tailings. Appl. Geochem., in press.

Solohub, J.T., Klovan, J.E., 1970. Evaluation of grain-size
parameters in lacustrine environments. J. Sediment. Petrol.
40, 81–101.

Soulsby, R., 1997. Dynamics of Marine Sands: A Manual for
Practical Applications. Thomas Telford Publications Inc,
London.

Tsai, C.H., Lick, W., 1987. Resuspension of sediments from
Long Island Sound. Water Sci. Technol. 21(6–7), 155–184.

US Army Coastal Engineering Research Center, 1973. Shore
Protection Manual. US Army Coastal Engineering Research
Center, Washington, DC.

Yanful, E.K., Catalan, L.J.J. Wind-induced resuspension of
mine tailings under shallow water cover. ASCE J. Environ.
Eng., submitted.

Yanful, E.K., Verma, A., 1999. A Laboratory Study of Particle
Resuspension Oxidation and Metal Release in Flooded Mine
Tailings, MEND Report 2.15.3.

Zreik, D.A., Krishnappan, B.G., Germaine, J.T., Madsen, O.S.,
Ladd, C.C., 1998. Erosional and mechanical strengths of
deposited cohesive sediments. J. Hydrol. Eng. ASCE 124
(1), 1076–1085.


	Tailings erosion and resuspension in two mine tailings ponds due to wind waves
	Introduction
	Study sites
	Materials and methods
	Location of stations and installation of wave probe
	Time history of water surface elevation
	Wave probe calibration
	Sampling duration
	Wind measuring technique
	Resuspension measurements
	Collection and analysis of bed tailings
	Data processing
	Bottom shear stresses due to waves

	Results
	Spectral analysis
	Bottom and critical shear stresses

	Tailings resuspension at the two sites
	Particle size distribution and cohesion
	Self-consolidation of tailings
	Topography of the tailings area

	Pond bottom dynamics at the two tailings sites
	Particle size distribution of bed tailings
	Energy topography formula (lake-specific method)
	Tracking the eroded and deposited tailings using metals as tracers

	Summary and conclusion
	Acknowledgements
	References


