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construction and as ballast for the Canadian National railway. A
well-documented paper on the use of slags is that by Emery (1975). 1In
general, it would seem that unless alternative sources of embankment
material are unavailable, smelter slag can be better utilized elsewhere.
Ground copper slag and cement mixed with rockfill have been used as

underground backfill at Mount Isa Mines in Queensland, Australia.

c) Tailing Embankment Design

The method of design of a tailing embankment is an iterative
process of trial, analysis, and redesign, generally following the steps
outlined below:-

i) Estimate the long term storage volume needed for the mine

tails.

ii) Select a storage area and using topographic maps calculate
storage volume as a function of elevation of pond; estimate
the ultimate height of the required embankments.

iii) Select a trial embankment cross-section that incorporates
the most economic and readily available fill materials. If
tailing sand is proposed, its availability in sufficient
quantity when needed is critical to its use.

iv)  Perform a soil mechanics stability analysis to determine the
factor of safety of the trial section.

v) I1f the calculated factor of safety is unnecessarily high or
too small modify the section, repeating the stability
analysis and section modification until a satisfactory

result is achieved.
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vi) Decide on methods of seepage, decant and run-off control.

vii) Prepare detailed construction drawings and specifications
for foundation treatment, fill placement, and water control
measures.

Storage volumes can be calculated from mill tonnages and the dry
density of in situ tails, which can be assumed for planning purposes in
this study to be 90 1b./cu. ft.

The topographic maps of the U.S., Geological Survey to scale of
1:24,000 and 1:62,500 at contour intervals of 10 ft. are useful for
planning. For detailed design studies, larger scale maps at 1:2,000 or
1:5,000 and smaller contour intervals of 2 or 5 ft. are required, and these
can be prepared by photogrammetric mapping.

Economy dictates that embankment slopes should be as steep as
possible commensurate with stability. Stability will be governed by the
shearing resistance of both the embankment fill and the underlying
foundation soil; one or the other will be the governing criterion. In some
cases it will be economical to excavate weak foundation soils of shallow
extent. In both the fill and the foundations pore water pressures will
influence stability. For initial planning purposes, if weak foundation
soils are nmon-critical, the following gradients can be assumed for the
outside slopes of retaining embankments:-

i) Free draining lightly compacted sand and gravel, or mine

waste rockfill, use 1.5 horizontal to 1.0 vertical.

ii)  Well compacted cohesive glacial till, use 2.0 horizontal to

1.0 vertical.
iii) Tailing sand lightly dozed into place, use 3.0 horizontal to

1.0 vertical.
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No definite values can be quoted where weak foundation soils are
present. Each case must be assessed on its own merits, but values in the
range of 4.0 to 6.0 horizontal to 1.0 vertical might be appropriate.
Tailing embankments, however, are often raised very slowly and this fact
can be put to good use by consolidating weak underlying silts, clays or
peats. In many areas of northeastern Minnesota, soft soil foundation
conditions are quite common. An example of tailing dam construction on a
peat foundation is described by Taylor and D'Appolonia (1977) for the
proposed new taconite tailing pond at the Fairlane Plant south of Aurora.
A full scale test fill was constructed to determine the strength behaviour
of the peat, and the results might be applicable for nearby potential
copper-nickel tailing disposal. The test section indicated that strain
compatibility between the peat and the overlying tailing embankment fill
would not be a problem after placement of the initial lifts. The proposed
taconite tailing dyke will be instrumented to monitor behaviour of the peat
during the on-going construction phases; pore water pressures will be
measured using piezometers., The results will be compared with design
assumptions made in stability analyses as well as to control the rate of
fill placement. In this proposal the initial outside slope will be reached
fairly early during the life of the operation, thus, facilitating
vegetation and final abandonment and reclamation. Finally, the soft
subsoils left in place and comsolidated will provide low permeability
barriers for control of leachates. Critical in this design, however, is
the availability of usable tailing sand, and the stability of foundations

of the dykes at the time that storage demands dictate dyke raising.
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Stability analyses should account for the shear strengths and
densities of both the foundation and embankment soils, and pore water
pressures must be included, estimates of which can be made using flow nets.
Consolidation theory can be used to estimate pore water pressures in
compressible foundations. Such analyses are routine soil mechanics
exercises, but the various methods are too lengthy to describe here.
Reference can be made to any good textbook on soil mechanics such as
Terzaghi & Peck (1967), or to the CANMET Manual (1977). These analyses
should be carried only by persons well versed in the engineering mechanics
involved.

Freeboard for retaining embankments should be based on the maximum
flood flow and tailing water storage capacity, and also on wave run-up
assuming that water is ponded against the embankment. Rip-rap can be
placed on the inside face to minimize wave run-up, and to reduce wave
erosion and details are given in the CANMET Manual (1977). Minimum
freeboard should be about 3 ft. above the maximum estimated water level
during flood and/or peak tailing water storage. The embankment crest width
is another related design detail. It may be dictated by the minimum
allowable distance for percolation of water through the embankment.
Usually, however, it is based upon the minimum width for operation of
construction equipment, which is commonly about 20 ft.

As stated previously, tailing disposal is an added cost to mineral
production, and consequently the cheapest disposal method is sought,
Generally tails cost little to use and traditionally, the upstream
embankment method has been adopted; this is illustrated in Figure 5a. The
starter dyke is constructed from local borrow material. Subsequent dykes

are built from tails spiegotted off the existing crest and dozed up to form
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a new crest. The prime requirement in an embankment of course is to keep
the crest above the level of the pond. With the upstream method this is
comparatively easy to accomplish with minimum earth work. However, using
the upstream teéhnique the upper dykes are built over partially
consolidated tails and slimes sedimented in the pond. Depending on the
degree of consolidation of the slimes this may involve more or less risk of
a complete slope failure through the slimes beyond the limits of the
retaining dykes, as shown on Figure 5a. In practice the degree of
consolidation, and hence the shear strength of the slimes depends on the
under drainage; if slimes overlie pervious foundation soils such as an
alluvial sand and gravel deposit and these are not sealed, the slimes can
consolidate under downward seepage forces and become quite stable in a
short time. Even so, there is a limited height to which an embankment
constructed by the upstream method can be raised before failure takes
place. For example, if the slimes have an average shear strength of 500
psf and the outside slope of the pond is raised at a slope of 3 horizontal
to 1 vertical, stability analyses indicate that the maximum height
attainable would be about 100 ft. for the embankment lyiﬁg directly on firm
foundations. If the embankment were underlain by deep deposits of
relatively soft foundation soil the corresponding maximum height to which
an embankment could be raised before failure occurred might be as little as
40 ft., Finally, although Minnesota appears to be free from earthquakes,
the risk of failure of an upstream embankment is much higher where there is
any chance of liquefactiom occurring. Under such conditions the strength
of the slimes temporarily drops close to zero, and hence along a potential

slip surface little or no shearing resistance is offered. The upstream
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technique is really only suitable for low tailing embankments located in
areas where the consequences of failure are minimized; in general they do
not meet todays standards of safety and pollution control.

To overcome these shortcomings, the downstream embankment method
of construction has evolved along lines similar to conventional water
storage earth dams. All dam building is carried out downstream from the
starter dam, as shown on Figure 5b. Although tails may still be used, the
coarse sand is usually separated from the slimes by cycloning, as shown on
Figure 6. Waste rock and, or native borrow material may replace or
supplement the cycloned sand in the subsequent dyke rises. The base of the
embankment is often provided with a drainage layer. In addition, the
embankment may be compacted using heavy earth tamping machinery.

Compaction should always be carried out if cohesive borrow material is
used, but it may or may not be necessary with free-draining cohesionless
soils depending on the shear strength needed for safety in the design. To
achieve a given factor of safety with a cohesionless embankment material,
it may be less costly to flatten the slope by placing a little more
material rather than to use compaction throughout. High quality compaction
cannot be achieved under severe freezing conditions, and it should never be
attempted at temperatures less than 20 degrees F.

Although the downstream method has greater stability than the
upstream method, as a comparison of Figures 5a and 5b will show the
downstream approach uses far greater quantities of material in the
embankment. As a result careful planning is needed, and usually greater
expense is incurred. Because the embankment is built of free-draining sand

it is necessary to seal the inside face either with a beach of slimes or a
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zone of impervious borrow material. This lowers the phreatic surface
through the embankment and lessens the danger of a piping failure by
backward erosion of the sand. It also meets pollution requirements where
the seepage of water or passage of fines through the embankment is
prohibited. The downstream method is imperative for all major tailing
embankments in order to ensure acceptable standards of safety.

A variation on the downstream approach is the centerline method
illustrated in Figure 5c. Instead of the crest of the embankment moving
progressively downstream with subsequent rises, the crest rises vertically.
This approach has the main advantage of requiring smaller volumes of fill
to raise the embankment to a given height; consequently it can be raised
quicker and has less trouble staying above the pond without resorting to
the use of native borrow material. .The centerline method, however, can run
into trouble by failure of the inside face of the embankment into the pond.
This can arise if the inside face encroaches too far too quickly onto the
slimes. Even so, a minor failure may not be of serious consequence. Only
if a major failure occurred, which allowed the pond to breach the
embankment, would the result be damaging by allowing effluent and tails to
escape. Careful observation of settlement and slumping of the embankment
during construction usually indicates whether such a failure is imminent.
1f this condition is approached, stopping construction temporarily and
allowing the underlying slimes time to consolidate and strengthen will
usually be all that is necessary. Failing this, the crest of the
embankment can be staggered downstream to obtain the necessary degree of
stability.

In any area such as Minnesota where liquefaction of embankments

under earthquake loading is not likely to be a problem, the requirements
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for compaction of sands need not be stringent. In general, free-draining
sands can be placed by hydraulic methods to acceptable densities, without
the need for compaction by mechanical equipment; in situ densities should
be checked, however, by field tests during construction, and the criterion
of a relative density of not less than 50 to 60 per cent should be applied.
Relative density has a precise soil mechanics meaning based on the void
ratio, e, of the soil. Void ratio is the ratio of the volume of the voids
to the volume of the solids in the soil. Relative density of a

cohesionless soil is defined as:-

€max T ©
RD =
€max ~ ©min
where:- epasy = void ratio of soil in its loosest state
€min void ratio of soil in its densest state
e = in situ void ratio of soil.

Relative density can therefore range from zero for the soil in its loosest
state to 100 per cent from the soil in its densest state. In assessing and
comparing relative densities care should be taken to ensure that the
loosest and densest states are determined according to standard test
methods.

Sands placed hydraulically compact well if placed above the water
table and downward seépage is maintained. The use of mechanical compaction

equipment adds substantially to the cost of constructing a tailing

embankment.
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Where tailing sands are used for embankment construction, the
method of separating the sand from the slimes is either by spigotting the
tails from the crest of the embankment, as used in the upstream method, or
by cycloning as used in the downstream and centerline methods. During
spigotting the coarsest particles of sand settle out by gravity close to
the point of discharge, and the fines and slimes flow into the pond. This
can be used for the downstream method where the sand is coarse and the
yield is high; the sand is then dozed onto the outside face of the
embankment. Cyclones, either in single or double stages, separate sand as
underflow from slimes as overflow. This leads to a higher yield of sand
and greater potential for embankment raising. Double stage cycloning is
usually necessary if the tailing contains a high percentage of clay sized
particles. No data are at present available on the actual clay content of
the tails for the Cu-Ni project. Cyclones are commonly located at
intervals along the crest of the embankment.

It is important to be able to determine the yield of sand usable
for embankment building. What is usable sand is a design decision. For
any given tailing gradation the yield of pure clean sand will be less than
if some fines can be included. A design calling for a very free-draining
embankment may have to exclude fine sand. However, a broader gradation of
well-compacted sand can produce a very dense and stable embankment. Fines
are defined as soil particles, either silt or clay, smaller than the No.
200 U.S. Standard sieve size (0.074 mm). Typically in new copper mine
tailing embankments, the fines content has been about 10 to 12 per cent for

single cycloning, and about 3 to 7 per cent for double cycloning. There is
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some evidence to suggest that where sand is placed directly on the
embankment from a cyclone underflow without segregation of fimes by
hydraulic filling, the allowable fines content may be as high as 20 per
cent; this still yields a sand sufficiently permeable to stabilize quickly.
If the sand is hydrauliced any distance, the fines tend to separate out and
to form thin but highly impermeable seams, which impede downward flow of
water through the sand and leads to perched water tables. For a given
tailing gradation and particular cyclone characteristics, the manufacturers
of the equipment can estimate the sand yield, and it can be substantiated
by prototype field tests. Finally, in estimating the availability of
usable sand for construction phasing, allowances must be made for down time
and winter conditions when hydraulic operations and compaction of sand are
not possible. During severe freezing conditions below about 10 to 20
degrees F, the entire tailing product is discharged unseparated into the
tailing pond. These conditions ought not to apply for more than about 2 to
3 months of the year at the Cu-Ni project.

Open pit mining operations commonly produce large volumes of waste
rock. The rock waste can often be used to construct very stable rockfill
embankments for tailing impoundment. This can have valuable advantages for
pollution control by concentrating the waste rock and the tailing product
at one location. However, because of the coarse gradation of the rockfill,
and its high permeability, usually it is necessary to design a zoned
embankment to prevent leakage of effluent and migration of the tails
through the voids in the rockfill. Such an arrangement is shown typically
on Figure 7a. Depending on the gradation of the rockfill and the filter

zones, and on the quality of the seepage water, the impervious zone may be
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iv) Placement and compaction of fill in layers in a tailing

embankment should be taken as:-

Waste rock - $0.50/cu yd (assumes no compaction
needed)
Sand & gravel - $0.30/cu yd (assumes only light

compaction by dozing and
spreading)

Cohesive clay till - $0.80/cu yd (assumes good compaction to
produce impervious seal)

The above costs are based on the assumption that the work would be
of high quality performed by a skilled independent earthwork contractor.
Mobilization of equipment, camp costs, and so on, are inclusive, but it is
assumed that a sizeable piece of embankment construction not less than
about 1.0 million cu. yds. would be undertaken.

Methods of seepage control can be costed using the above figures
if the cutoff is to be a shallow trench backfilled with compacted till, or
if an upstream blanket is employed. A specialized technique such as a
bentonite slurry trench cutoff may be used. For pollution control purposes
such walls can be quite thin, perhaps no thicker than the width of trench
in which a digger can operate, say to 2 to 3 ft., For planning purposes
where deep cutoffs are envisaged a cost of $5.00 per vertical sq. ft. of

wall should be used.

The cost of plastic liners for impervious seals depends upon the
type of material used, the thickness of the membrane, and the method of
placement. Useful figures based on 1972-73 costs are given in the EPA

report (1975). For planning purposes a PVC membrane can be assumed to cost
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$0.010 per sq. ft. per mil thickness. Thus, if a membrane 20 mils thick is
used the cost of the sheet would be $1.80 per sq. yd. The cost of Hypalon,
which is more durable, should be taken at $0.014 per sq. ft. per mil
thickness. 1In addition to the cost of the plastic, an installation cost of
at least $0.50 per sq. yd. should be included. If the membrane is to
function as a truly impervious seal, joints have to be sealed and it has to
be protected with about a 6 to 12 inch layer of fine soil; for proper
functioning very careful handling and construction is needed and sufficient
monies should be allowed for in any contract bid. Normally the lining
would be used only to seal the inside face of the embankment, but if the
pond were underlain by pervious deposits or the tails were designed to
remain permanently flooded, the lining might be called for over the whole

area.
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5. EXAMPLES OF TAILING POND LAYOUTS FOR THE CU-NI PROJECT

A "cookbook" for the design of tailing disposal systems will in
most instances be misleading and in some cases dangerous; designing such a
facility is a specialized engineering and mining function. The preceding
sections are not intended to be a step-by-step approach to the design of
tailing ponds. Rather they are intended to help formulate useful
guidelines for regulatory agencies. They are not intended to replace
engineering know-how, but to help regulatory agencies to be able to judge
whether a proper engineering approach has been undertaken in any particular
case,

In addition the document ought to be useful for planning and
economic trade-off studies. In this respect, a planner ought to be able to
use the document to produce a number of hypothetical designs for a
particular mine scenario. The following examples illustrate how such

designs might be undertaken.

a) Water BHen Creek Basin

This area is at the southern end of the belt of mineralization,
south of the St. Louis River and in the drumlin province. An open pit mine
is considered yielding 20 x 10® metric toms per year, and producing
96.82 per cent tails for a period of 30 years. A tailing disposal system
is examined in Class I region in the upper reaches of the South Branch of
Water Hen Creek.

It seems likely that a pond can be developed by construction of
dyke segments spanning the gaps between drumlins as shown by the outline

ABCDDE in Figure 13. It also appears that a single large pond could be
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built within this area. It will be assumed that the criterion has been set
that no seepage should emerge downstream of the pond into Water Hen Creek
Basin. Therefore, the arms of the embankment BC, CD, DE, and EA should be
impervious; this might be achieved by constructing these sections of the
embankment from impervious glacial till. It can be assumed that the
drumlins are composed of impervious till, but this would need to be
verified by site investigation if a specific proposal is made. Seepage
could be allowed to escape through the arm AB of the embankment, and it
could be constructed from tailing sand. This section of the embankment is
at the upstream end of the basin, and underseepage would tend to migrate
downslope toward the open pit where it could be collected and either reused
in the mill, or treated and discharged into the St. Louis River. Peat
encountered in the foundations of the embankments would be excavated along
the short portion of the arm CD of the embankment, but it would be left in
place along AB and consolidated under the gradually increasing weight of
the embankment constructed of the tailing sand.

The first step in the analysis of such a scheme would be to
calculate the storage volume that is required.

The total tails produced would be 581 x 106 metric tons, and
assuming that the dry density of the tails in 90 pcf, the total storage
volume required would be 14.22 x 109 cu. ft. Allowing for about a 10
per cent contingency we should plan for a storage volume of 15.5 x 109
cu. ft.

To calculate the available storage volume within the area of the
pond the prismoidal formula can be used. This is explained by reference to

Figure 14. A prismoid is a solid whose ends are parallel and whose sides
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are plane or warped surfaces. It can be shown by means of calculus that

the correct volume of a prismoid is:-

V =L/6 (A + 4Ap + Ag)

where:-
L = the distance between the two parallel bases whose
areas are A] and A9
Ay, = a section midway between the two end bases and

parallel to them.,

Ap is not an average of A} and Ap, although strictly each of
its linear dimensions is an average of the corresponding dimensions of
Aq{ and Ap. 1In the following usage it is accurate enough to take
the parallel bases A} and Ay, and the midway section Am as the
horizontal areas enclosed by the pond at contour intervals of 10 ft., The
prismoidal formula can be applied repeatedly to successive areas provided
that the total number of areas are odd numbers. The reason for this will
be apparent in the following calculation,

A maximum pond thickness of 80 ft. might provide adequate storage,
and so the calculation will be made between the minimum elevation of 1510
and a maximum elevation 1590, The areas enclosed within the pond at the
successive contour intervals are measured using a planimeter, and the
calculation is laid out in the table below. The scale of the plan in
Figure 13 is 1:62500, and for the particular planimeter that we used the
factor that the planimeter readings have to be multiplied by is 67.275 in

order to yield the areas in square feet,
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2
Elevation | Planimeter | Area x 104 sq. ft. ;| A, and A 44 2A3
. 1 5 m
ft. Reading 4
1950 353 Al = 23745 23745
1980 343 Aml = 23078 92312
2
1570 323 A, = 21732 43464
1560 300 Am2 = 20182 80728
3
1550 249 A3 = 16749 33498
1540 188 Am3 = 12648 50592
4
1530 86 A4 = 5780 11560
1520 31 A 4 = 2088 8352
s
1510 4 AS = 269 269
r = 24014 + 231984 + 88522
= 344520 x lO4
Now the prismoidal formula calculates the volumes between A} to A,
Ag to A3, A3 to A4, and Ay to'A5, hence the length
L in the formula is twice the contour interval, i.e. 20 ft,
Applying the formula repeatedly the total volume is:-
Vo= L/6 (Aj +4A L+ A, + Ay +4A 2+ Ag kA LA A H A+ AL+ A
2 3 4 5
= L/6 (A] + 4A 1+ 24, + 4A 2 + 24, + 4A 3+ 24, + LA 4 + As)
2 3 4 5
= 20/6 x 344520 x lO4 = 11.484 x lO9 cu. ft.
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The volume that we have calculated falls considerably short of the
required volume, hence for the same area of pond the maximum elevation will
have to be higher. We might try another 20 ft. thickness of pond up to
elevation 1610. The same procedure is used again applying the prismoidal
formula to calculate the additional volume from elevation 1590 to 1610.

The calculation for the additional volume is shown in the table below.

Elevation Planimeter Area x 104 sq. ft.
Reading
1610 370 AO = 24892
1600 366 Ao = 24623
!
1590 353 A1 = 23745

Additional volume V L/2 (AO + 4Amo + Al)

1

20/6 (24892 + 4 x 24623 + 23745) x lO4

20/6 x 147129 x lO4 = 4,904 x lO9 cu., ft.

The total volume that could be stored would be (11.484 + 4,904) x 109

= 16,388 x 109 cu. ft.

This 1is now a little more storage than we need, and a pond to
elevation 1605 might be adequate, However, we need freeboard, and
therefore embankments built to elevation 1610 would be satisfactory. This
would yield an average thickness of tails of about 61 ft.

To determine the volume of émbankment fill that is required we

must assume cross-sections for both the part built from tailing sand, and
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that built from impervious till., Arm AB of the embankment built from
tailing sand will lie on weak peat foundations, which we have assumed will
be left in place and consqlidated under the weight of the embankment as it
is gradually raised. To ensure stability of the embankment the outside
face will need to be quite flat, and a slope of 4,0 horizontal on 1.0
vertical has been taken. Stability analyses would be needed to verify this
slope angle in a specific proposal. The other arms of the embankment might
be constructed of compacted glacial till, Assuming that weak material is
excavated from the foundations, the outside slope would be 2,0 horizontal
on 1.0 vertical. The embankment cross-sections are shown on Figure 15.

By estimating and measuring the equivalent lengths of the
embankments and using cross-sectional areas calculated from Figure 15 we
have estimated the following volumes of embankment fill:-

9.3 x 10 cu. yds.

i) Arm AB, tailing sand, volume

9.5 x 100 cu. yds.

ii) Arms BCDEA, compacted glacial till, volume
If we assume that tailing sand costs $0.20 per cu. yd., Section
4,0 of this report, then the cost of Arm AB of the embankment would be
about $1.86 million. The glacial till could be won by excavating those
portions of the drumlins that lie within the area of the pond. Thus, haul
distances would be short, and the cost might be say 20 cents per cu. yd.
on average. The cost of the till therefore is estimated to be $2.30 per
cu., yd., and the cost of the Arms BCDEA of the embankment would be about
$21.8 million., The total cost of embankment would be $23,7 million.
Clearly, the use of compacted glacial till is expensive,

especially since large portions of the embankment utilize the existing
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drumlin ridge topography. The cost of the tailing disposal pond would be
4,08 cents per ton on average.

An alternative approach might be to use waste rock from the mine
and an impervious plastic seal for Arms BCDEA of the embankment. In this
case the outside slope of the embankment could be steepened to 1.5
horizontal on 1.0 vertical, and the volume would decrease to 8.3 x 106
cu. yds. Assuming that some processing of the rock waste is needed to
remove oversize material, and the cost is $0.20 per cu. yd., and assuming a
mean haul distance of 3 miles at $0.50 per mile per cu. yd., the cost of
the rock waste would be $1.70 per cu, yd. The cost of the rock waste
embankment therefore would be $14.1 million. If 4.725 x 106 sq. ft.
of 20 mil thick PVC membrane were used to seal the embankment at a cost of
$0.25 per sq. ft., including filter material and installation, an
additional cost of $1.2 million would be incurred. The total cost of the
alternative sealed rock waste embankment would therefore be $15.3 million,
and a saving of $6.5 million is indicated compared to the use of glacial
till. A hidden saving would also arise from the reduction in land area

used for the disposal of additional mine rock.

b) Big Lake

This example is put forward to illustrate the possible use of a
ready made disposal basin. The site is fairly remote being 7 miles from
the belt of mineralization; it was included in Class 1 area, however,
because that lake lies within the Partridge River Basin and within the arc
of terminal moraine ridges. The other lakes in the vicinity are not

favourably located with respect to hydrological and geotechnical features.
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The surface area of Big Lake is 33.5 x 106 sq. ft. The
elevation of the surface of the water is shown to be about 1,690 ft., but
the depth is not indicated. Assuming, however, that the average depth is
15 ft., the storage volume just up to surface water level would be about
0.5 x 109 cu. ft. Apart from the pumping costs, this amount of storage
would be cost free. Using the terminal moraine ridge bordering the SE
shore of the lake and building a low retaining dyke around the NW shore,
the storage volume of the area could be increased. If the lake were to be
enclosed by dykes to elevation 1750 ft. an additional 2 x 109 cu. ft.
of tails could be stored.

However, the SE side of the lake is close to the boundary of the
Partridge River and the main branch of the St. Louis River watersheds.
Therefore to avoid contamination of the St. Louis River and possibly Seven
Beaver Lake, an impervious barrier might be needed along this side of Big
Lake.

In view of the cost of constructing such a barrier, using either
glacial till or plastic membranes, the use of Big Lake for other than a
minor volume of tailing storage may be unattractive, especially if pumping

costs are high.

c) Dunka River Basin

This area should prove very interesting for tailing disposal
systems. We have ranked the area as Class II, because the basin contains
thick deposits of outwash materials, which could lead to seepage control
problems. The study by the U.S. Geological Survey suggests that the Dunka

River Basin is probably an infilled pre-glacial valley, tributary to the
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Embarrass River. The infilling outwash sediments, probably sand and
gravel, are indicated to be up to 70 to 90 ft. in thickness based on drill
hole records.

0f particular interest is the drainage from the Dunka Basin, all
of which seems to exit through the narrow gap in the Giants Range in the NW
corner of the area, see Figure 17, Point A; the river flows north into
Birch Lake via Dunka Bay. A detailed hydrogeological investigation would
reveal whether the basin lies entirely within bedrock and impervious
glacial till. If this proves to be the case, the only exit is the narrow
gap in the Giants Range, and a unique opportunity would exist for seepage
control. By constructing a bentonite slurry trench cutoff wall in the
outwash sediments in the gap at Point A, all underseepage could be
arrested. Subsurface water in the level swampy ground east of the river
would be virtually stationary, and the only major egress from the basin
would be surface water in the river channel; this could be monitored quite
accurately.

Such an arrangement might allow a number of separate tailing ponds
to built in the Dunka River Basin without the need for special underseepage
control measures at the ponds. Provided that the hydraulic gradient from a
pond to the nearest point on the channel of the Dunka River was small, the
flow of effluent to the river would be small, even though the outwash
sediments are permeable., A low hydraulic gradient could be achieved either
by keeping the elevation of the pond low with respect to the river, or by
situating the pond as far away from the river as possible.

Tails might be disposed of by the central discharge method., A

pond could be situated in the sector of land bounded by the two roads, as
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shown on Figure 17; with center at C, a radius of 5,000 ft., and assuming a
mean slope for the discharged tailing of 4 per cent, the elevation of the
point of discharge would be 1750 and the corresponding maximum thickness
would be 200 ft. The volume of tails stored by this means can be

calculated using the formula for the volume of a cone:-

vV = 1/3 1 R%H

where:;-

R = the radius of the cone and H is the height.

The available storage volume by this means would be somewhat less
than 5 x 109 cu. ft., allowing for some loss in storage caused by the
high ground in the SE segment of the come. This is a very useful storage
volume. Other areas at the south end of the Dunka River Basin might be

considered also.

d) South Kawishiwi River Basin

This area is characterized by flat peat bog topography with ridges
of exposed bedrock, and a thin covering of till., Provisional information
published by the U.S. Geological Survey, Water Resources Division indicates
that well yields in the area are generally low. For till and fractured
bedrock over a large area it is reasonable to assume that a hydraulic
conductivity of 1072 ft./day would be applicable; this is equivalent to
a coefficient of permeability of 3.5 x 1076 cm/sec.

This information will be used to design a modular layout of ponds

for a limited amount of uncontrolled foundation underseepage. We will
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assume that the depth of the ponds is 70 ft. and that the thickness of
fractured bedrock is 200 ft., i.e. about 3 times the thickness of the tails
in the ponds; below this depth the bedrock can be assumed to be tight.
Embankments will be constructed of cycloned tailing sand and the co-
efficient of permeability is estimated to be 2 orders of magnitude greater
than the till and bedrock, i.e. 1 ft./day (3.5 x 107% cm/sec.).

I1f the permeability of the foundations of the pond is about the
same, or less than that of the tails in the pond, a simple flow net can be
constructed for seepage through the foundations and sand embankments.
Assuming the outside slope of the embankment is 3.0 horizontal om 1.0
vertical, the seepages through the embankment, Q., and foundations,

Qf, per foot length of perimeter embankment is then estimated from the

following expressions:-—

hke 0.03 hke
Q = T and QG = —7

where:- h head of water in the pond

ke coefficient permeability of the embankment sand.

Using the parameters above, the seepage through the embankment 1is
estimated to be 5 x 1072 U.S. gal/min per foot length of embankment.
This can be collected in ditches at the foot of the embankments and it can
be regarded therefore as controlled seepage. The seepage through the

foundations is estimated from the above equation to be 1.6 x 1073 U.S.
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gal/min per foot length of embankment. Now this water can emerge large
distances away from the pond, and for this reason it is regarded as
uncontrolled seepage. We will assume for the purpose of the example that
to meet water quality staédards uncontrolled seepage should not exceed 50
U.S. gals/min. in the vicinity of the ponds. The perimeter length of

ponds to stay within this limitation can therefore be calculated as:-
50/0.0016 = 31,250 ft.,

and for quadrilateral shaped ponds this means that the.average length of
the arms of the embankment should not exceed about 8,000 ft.

The concept in this example for limiting uncontrolled seepage is
that a series of smaller ponds would be operated in sequence, rather than
building a single pond of large areal extent. On abandonment of each small
cell the seepage would still continue, although it would tend to decay over
a number of years. Therefore the size of each operating cell should be
smaller than the maximum size calculated above. For this reason a mean
pond size of 5,000 x 5,000 ft. has been chosen. Assuming flat lying
topography and an average thickness of tails of 70 ft. the storage volume
of each cell would be 65 x 106 cu. yds. Now 1 metric ton of crude ore
needs 0.905 cu. yds. of storage, hence each cell could store 72 x 106
metric tons of tails. Considering an underground mine with a rated
capacity of 12.35 x 10% metric tons per year of crude ore, producing
94,86 per cent tails over an effective operating life of 23 years, then 269
x 100 metric tons of tails would be produced. Hence, allowing for a
small contingency, 4 cells would cater for the total production of tails.

The modular layout of cells is shown on Figure 18. A cell would be
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constructed roughly every 6 years, and each cell could be rehabilitated on
abandonment. Because of the low rate of underseepage the majority of the
pond area, apart from the beach, could be kept submerged to abate the dust
problem. Shortly after abandonment the ponds would have drained and
consolidated sufficiently for waste rock from the mine to be placed over
the tails to keep the dust down.

It will be assumed that in general foundation conditions of the
embankments are good and an outside face slope at 3.0 horizontal to 1.0
vertical can be adopted. To allow for freeboard the embankments will be 75
ft. high on average. The total length of embankment from Figure 18 will be
65,200 ft., and hence the total embankment volume will be about 32 x
106 cu. yds. The total volume of tails produced would be 269 x 0.905 =
244 x 100 cu. yds., hence about 13 per cent of tails would need to be
processed; this could probably be achieved using single stage cycloning and
the cost of the tailing sand will be about 15 cents per cu. yd. The total
cost of the embankments therefore would be $4.8 million, or about $1.2
million for each cell. The saving in cost by delaying expenditure on
future cells would also be worthwhile. The cost of waste rock 3 ft. thick
placed on top of the tails on abandonment, assuming an average haul
distance of 3 miles would be about $1.5'per sq. yd., or $4.1 million for
each cell, This is considerable compared to the cost of the retaining
embankment, but the alternative of providing impervious liners to keep the
tails permanently submerged would be greater still. The cost of providing
a durable Hypalon liner 20 mils thick beneath the entire area of each pond
would be about $3.02 per sq. yd., or $8.4 million. If this alternative
were chosen, the use of an impermeable liner, curiously, would be for

reasons of air quality rather than water quality. Because the BWCA is
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considered a Class I PSD region, see Appendix B, great care would need to
be taken to control tailing dust emissions. The reliability of waste rock
for permanent rehabilitation of the area would seem therefore to justify
the cost. The other alternatives for dust control, see Appendix B,

indicate that it would be necessary to stay at least 5 miles away from the
BWCA, which effectively rules out tailing disposal in the northeastern hal f
of area I-C considered in this example.

The siting of the cells in Figure 18 has been chosen to suit
existing topography, and the final elevation of each cell would vary
between about 1,510 for cell HJKL to 1,550 for cell FCJG. The perimeter of
the cells have arbitarily been képt about 1 mile away from the boundary of
the BWCA and about 1,000 ft. away from the main stem of the South Kawishiwi
River. Crossing of the river by the tailing pipeline would be necessary,
however, and special precautions would need to be taken to prevent
spillage. The pipeline could be placed in a flume that would direct
spillage into a catchment basin constructed alongside the river. Spilled

tails could then be collected and pumped to the pond.

e) Partridge River Watershed

A large area of land suitable for tailing disposal is situated in
the SE half of the Partridge River watershed, area I-B shown on Figure 3.
One of the alternatives for disposal of the Reserve Mining Company's
taconite ore tails, the Colvin site, is located in this area, and it was
discussed in the EIS (1975). This alternative, however, was rejected and
the land would therefore be available for Cu-Ni disposal schemes. The

areas discussed in this example are more extensive than the Colvin
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alternative. Detailed layouts are not proposed, but rather the character
and tailing disposal capacity of individual sections of the area will be
indicated.

The boundaries of the area under consideration are shown on Figure

19, and are as follows:-

a) To the W and NW, the main stem of the Partridge River, which
roughly overlaps with the eastern extent of the zone of
potential mineralization.

b) To the SW, the Duluth Missabi and Iron Range railroad.

c) To the S, the arc of till moraine ridges just north of Skibo
and Stone Lake extending to Big Lake.

d) To the E, the Reserve Mining Company Railroad.

e) To the N, a small separate area encircled by the Erie Mining
Company Railroad main and branch lines, and the Reserve
Mining Company Railroad.

The majority of the eastern part of the area seems to be well

suited to the central discharge method of tailing disposal. Two cones, B
the larger overlapping A the smaller, could be centered over the 2 hillocks
as shown on Figure 19. Cone A would have an average radius of about 9,000
ft. Cone B extending from Colin Creek on the W to the Reserve Mining
Company Railroad on the E would have an average radius of about 15,000 ft.
With the boundaries and top elevations of the cones as shown, it should be
possible to store about 123 x 109 cu. ft. of tails, assuming that an
average slope of the face of the cones of 4 per cent could be achieved.
Much of the boundary of these cones would be formed by the till morainal

features, and no dyking at all would be necessary along those stretches.
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Catchment ponds for water effluent could be formed on Colvin Creek and the
other minor tributaries of the Partridge River. The general direction of
seepage flow is probably to the west, and no special measures would be
needed to control seepage\on the N, S and E boundaries of the area.

A further small central discharge tailing disposal scheme, cone C,
could be located in the area to the N encircled by Erie Mining Company
Railroad; this would store about 6 x 109 cu. ft. of tails.

The remainder of the area to the W from Cranberry Lake, ABCDEF,
Figure 19, is generally flat lying and it could be used for conventional
tailing storage within embankments. The usable area ié about 8.25 sq.
miles. If tails were deposited to an average thickness of 100 ft., a
volume of about 23 x 109 cu. ft. could be stored, and the elevation of
the retaining embankment would need to be up to about elevation 1650. The
total storage potential of this basin is therefore about 152 x 109 cu.
ft. which is equivalent to 6220 x 106 metric toms of tails or about
6500 x 10® metric tons of crude ore. This is more than sufficient to
handle the output of all of the potential model mines within 10 miles of
this disposal area.

An alternative location for a central discharge tailing system
would be a cone centered at D, as shown on Figure 20. This is located
closer to the zone of mineralization, and it fills the basin formed by
Colvin and Cranberry Creeks. The S and E boundaries are formed by the till
morainal features, and the Partridge River to the W is protected by similar
smaller till ridges. Seepage control could therefore be restricted to the
N boundary around Colvin Creek. This cone would have an average radius of
about 11,000 ft., and it should be possible to store about 52 x 109 cu.
ft. of tails; this is equivalent to about 2200 x 106 metric tonms of

crude ore.
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SUMMARY AND CONCLUSIONS

Assuming that tailing disposal areas are on average 100 ft. thick,
100 x 106 metric toms of crude Cu-Ni ore (96 x 106 metric

tons of tails) would require 538.5 acres of land area. This is
based on a tailing dry density of 90 1lb./cu. ft., so that 1 metric
ton of tails requires 0.905 cu. yds. (24.43 cu. ft.) of storage
volume.

Storage by the central discharge system with a cone of average
face slope of 4 per cent requires land area as shown on the
log-log plot on Figure 21. The height of the cone can be deduced
from the simple relationship:-

h = 4.71 A]’/2
where h is the height of the cone in feet, and A is the base area
in acres.

In general, it is less costly and more environmentally favourable
to keep the areas occupied by the mine, mill and tailing disposal
system as compact as possible. As much integration as possible of
waste rock and tailing disposal should be made. It is also
preferable for control purposes to site all the facilities within
the same watershed; breakage of tailing lines is commonplace and
precautions to contain spillage need to be taken.

The area under consideration has been characterized by the
following hydrological and geotechnical features:-

i) The Laurentian Divide

ii) The Embarrass and Dunka River Basins where deep deposits of

relatively pervious sands and gravels are found.
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The shallow bedrock-moraine topography extending from N of
the St. Louis River into the Partridge, Kawishiwi, Stoney
and Bear Island River watersheds. In this region native
construction materials tend to be found scarce, but in
general relatively impermeable foundations will be found at
shallow depths.

The Toimi drumlin-bog terrain S of the St. Louis River,
where construction materials should be plentiful and
drumlin ridge topography could be utilized to build
retaining embankments., The intervening peat bogs would tend
to minimize seepage losses.

The Aurora-Markham till plain SW of Hoyt Lakes underlain by
intermittent peat overlying fine sands and silts and deep
deposits of clay till., Foundation conditions would be
variable.

The Embarrass Mountains and the Seven Beaver-Sand Lake
Wetland, both areas of which are unsuitable for tailing

disposal.

Good materials for embankment construction are well graded sand

and gravel, glacial till and waste rock, Tailing sands are not

ideal construction materials, but they are generally by far the

cheapest material available. If tailing sands are used in

conservatively designed embankment, using the downstream method

for example, they behave quite satisfactorily.

The investigation, design and supervision of construction of

tailing embankments should be entrusted to competent engineers

trained in geotechnics.
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The quantity of seepage excaping from a tailing pond depends on
details of the geology of the foundation soils. A generalized
approach cannot be made, and estimates of underseepage should only
be made for site specific studies.

Methods of seepage control are applied to ensure embankment
stability, and for control of the amount of seepage flow to
maintain water quality. The most common methods of seepage
control are gravel underdrains, collection ditches, preésure
relief wells, impervious liners of either clay or plastic, and
vertical slurry trench cut-off walls., Imper§ious PVC plastic
liners carefully installed would cost about $11,100 per acre of
pond lined, assuming material 20 mils thick; durable Hypalon liner
of the same thickness would cost about $14,600 per acre. Vertical
slurry trench cut-off walls installed to the minimum wall
thickness of 2 to 3 ft., and to the maximum dehth of 90 ft. would
cost about $2.37 million per mile length of wall.

Costs of embankment construction per mile length for varying mean
heights of embankment are shown on Figures 22, 23, and 24 for
tailing sand, glacial till and waste rock, respectively. These
graphs summarize total costs including all labour, equipment and
any contractor expense costs. Figure 22 for the tailing sand
assumes conservatively that double cycloning would be needed, and
a cost of 20 cents per cu, yd. 1is used; if single stage
cycloning is envisaged these costs could be scaled down to about

15 cents per cu. yd. Graphs for 4 different outside embankment
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face slopes are shown, varying from 3 horizontal to 1 vertical for
embankments built on sound foundations such as shallow stiff till
or bedrock, to 6 horizontal to 1 vertical for very weak peat
foundations.
Figures 23 and 24 show costs for fixed embankment geometries, but
for a range of haul distances, which reflect different unit costs
as shown below:-
Glacial till - $1.30/cu. yd. for excavation and loading

- $0.50/cu. yd. per mile for haulage

- $0.80/cu. yd. for placement and compaction

Waste Rock $0.20/cu. yd. for processing, i.e. sorting of

oversize
- $0.50/cu. yd. per mile of overhaul

- $0.50/cu., yd. for placement, dozing and
spreading.

It seems unlikely that a glacial till borrow pit could not be
found within a 5 mile haul distance, and hence this has been
chosen as the limit. However, it is conceivable that waste rock
could be overhauled from normal waste dump sites to the boundaries
of the study area; for this reason an extra curve for a 10 mile
haul has been included.

It is emphasized that the purpose of this study has been to
characterize the Cu-Ni region for tailing disposal, to provide
geotechnical guidelines for planmning of tailing systems and for
establishment of regulatory procedures, and to provide approximate

construction costs. The report should be used with these

Golder Associates



79.

objectives in mind; site-specific designs would require more
detailed consideration.
Yours very truly

GOLDER BRAWNER & ASSOCIATES LTD.

L .6 gt

Per: David B, Campbell, P. Eng.

e

N.A. Skermer, P. Eng.

NAS/DBC:rme

V78034
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