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mines that intersect it.

Table 73

Pockets of highly mineralized saline water, presumably isolated reservoirs, have
pbeen encountered in the AMAX area. Saline water was encountered in two drill
holes, and on three separate occasions in the exploration shaft (see section
4.3). Data on thevquality of bedrock water, though limited, are summarized in

Table 25. Table 26 summarizes data on the saline water encountered in the AMAX

area.

Although there are ﬁot erough data to perform statistical analysis, it appears.
that different bedrock units have different major constituents: sodium,
chloride, and bicarborate in the Nuluth Gabbro; and calcium, magnesium and
bicarborate in the others (Siegel and Ericson 1979). Bedrock water hés a higher

pH and mineral oontent than the surface water of the area (section 4.3).

The few trace metal analyses of bedrock water available suagest that the con-
centrations of dissolved copper, nickel, cadium, silver, mercury, and lead are

less than a few micrograms/liter (Siegel and Ericson 1979).

Seepage From Surficial Materials—The unconsolidated materials overlying bedrock

are usually saturated. They frequently yield more water than does the bedrock,

though the availability of water from them varies considerably within the Study

Area,

The rate of seepage from surficial materials into an open pit will depend on the

thickness of the surrounding soil, its permeability, the cross sectional area of
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Table 73. Water bearing characteristics of bedrock units in the Study Area (from Siegel and Fricson 1979),
; . . Estimated max. Water Supply and
System Major Units Subdivision thickness Pescription Water Bearing Characteristics
Duluth Complex (?) " Largely troctolite May yield 5-15 gal/min from
fractured zones near its upper
surface
Virc_;ihia 2,000+ Thinly bedded, qray to  May yield up to 30 gal/min from
Argillite black arqilite fractured zones near its upper
. . surface. Utilized for numerous
Pre- Animikie domestic supplies.
cambrian Group
Biwabik Iron- 800t Taconite—dark-oolored  May vield vp to 1,000 gal/min to
Formation hard dense imn—beariﬂ wells in highly fractured taconite
silicic rock” and ore. Utilized for numerous
Ore—black, yellow, or municipal and industrial supplies.
red, oft iron-bearing
porous rock.
Pokegam> 350t Varicolored vitreous May yield 5-15 gal/min.
Quartizite quartize from fractured zones
. near its upper surface.
Giants ranqe (?) Largely granodiorite May yield 5-15 gal/min from
Granite

fractured mnes near its upper
surface.



flow (exposed area) and the hydraulic gradient. Mines which intersect buried
sand and gravel deposits can receive large amounts of water. At FErie Mining
Company's Dunka Pit operation, a buried valley yields as much as 500 apm to the

pit; sand and gravel can yield up to 1,000 gpm (Siegel and Ericson 1979).

Gmundwatér samples collected in the Study Area indicate that, in general, the
mean concentrations of major water quality parameters in the till aquifers are
significantly higher than in sand and gravel aquifers (section 4.3). Till con-
tains more silt and fine sized material than the sand and gravel deposits,
reducing permeability and providing a larger surface area and contact time for
chemical reactions. Till samples also contain higher concentrations of dissolved

organic carbon which can increase the rate of chemical reactions (Eger and

Lapakko 1979).

Trace metal concentrations in surficial aquifers are relatively low, but are
nevertheless higher than in the area's surface waters (Tables 20 and 24). In the
mineralized: zone near the contact, surficial aquifer waters exhibit elevated
concentrations of oopper and nickel (Figures 22 and 23). Some of the ooppef
values are in the range which could produce biological effects. (A "safe" level

of 10 ug/l for opper has been chosen, see Volume 4-Chapter 1, section 1.6.2.2).

In sumary, the quantity and quality of groundwater flow into a mine is difficult
to predict accurately, but some cqualified generalizations can be made. The USGS
has divided the region into seven physioqraphic regions (Figure 11). The major
potential for open pit mining is in reqions A and C. The USGS predicts that
groundwater discharge into open pit mines would be small in region A (shallow

bedrock-moraine area) but that significant discharges (up to 1,000 gpm depending
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on the cross sectional area available for flow) oould occur in Reqgion C (The
Embarass-Dunka sand plain). It is likely that this water will have copper and

nickel levels of 5-20 ug/l (Figure 22 and 23).

Bedrock water is more likely to be encountered in areas which adjoin the Biwabik
formation than in either the granite or the Virginia formation. Most of the
fractured zones are less than 200-300 feet deep and there are limited data on

permeability at greater depths. Bedrock water will likely be high in total

dissolved solids, alkalinity, and pH, but low in trace metals.

Make Up Water--In an underground mine, seepage water ollected in the shaft would

most likely be pumped to a settling basin to rewove the fine rock particles. The
supernatant would then be recycled to the mine as make-up water for dust
suppression or drillina. More make-up water may be needed than is available from
bedrock seepage. The quality of the make-up water would initially be determined
by its source, while the quality of the recycle water would be a function of the

factors discussed in the following sections.

Operational Inputs--Mining operations introduce water oontaminants to the mine

such as explosive residues (e.g. nitrate, oils), oils from drillina, and vehicle
residues (e.q. oil, grease, and trace metals). Blasting and other mining prac-
tices may alter the physical nature of the mine walls by producing small par-

ticles, thus increasing the available surface area.

Tt is likely that underground mines would exhibit higher ooncentrations of
operational inputs than open pits. Generally, a higher percentage of the resi-
dues would be retained in the enclosed wolume, and a smaller wlume of water

would be available for dilution.

161



Chemical Reactions in the Mine--The primary chemical process in the mine is

leaching, which is discussed in section 4.6.1. Leaching is likely to be more
significant in an open pit mine operation than ir} an underground mine because a
greater surface area will be exposed in an open pit. The open pit will also be
subject to processes which tend to increase leaching: wet-dry cycles, freeze-
thaw cycles, and a oontinwus supply of precipitation to transport reaction pro-

ducts.

In contrast, an underaround mine has a more uniform enviromment and much less
exposed surface area. Parts of the mine may be totally dry, so there would be no
water to transport products from the rock surface, except for small amounts

‘absorbed from the air (Smith and Shumate 1971).

To reiterate, it is difficult to predict the quality of mine water beforehand.
Uncertainties include the amount of bedrock seepage, the possibility of encoun-

tering saline water, and any number of factors relating to the leaching process.

L

4.6.2.2 Mine Water Quality Models. Although the proceeding qualitative

discussion did not yield quantitative mine water quality models, such models are
required to assess environmental impacts in section 4.7. Therefore, models have

been generated on the basis of analogous mine situations.

Underground Mine Water Quality Model--This model represents the water qual ity

that might be mllected in an underground mine. 'I'he/best available data are from
the AMAX copper-nickel exploration project. The specific data used for the model
_ were taken from the AMAX main settling basin in 1977. Most of the water was from
the mine, where exploration activities occurred throughout the year. Some test

plot runoff was also added to the basin. The model concentrations are shown in
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Table 74. Consistent with the conceptual discussion, increases in trace metals,
sulfate, and nitrate and amwmonia levels were observed, Trace metals and sulfates
may be associated with the increased mineralization and s0lids loading in the

mine, while nitrates and ammonia are associated with residues of explosives.

Table 74

Several unexpected occurrences have dreatly influenced the AMAX mine water. The
first is the previously noted encounter with saline groundwater. The second is a
high level of zinc, which may be caused by interaction of saline water with the
galvanized mesh installed in the mine to prevent loose rock from falling down the

shaft. However, data from the physically discrete AMAX leaching test piles also

shoved significant zinc release.

Open Pit Mine Water Quality Models--Two open pit water quality models have been

developed, based upon two different existing pits. The first gives the "best
case" model (i.e. lower concentrations of chemical parameters), and is based upon
data from the AMAX exploration site and the Erie Mining Company Dunka Pit (Table
75). (In addition to the water quality model, averaae ooncentrations and ranges
are shown for different locations at Dunka and AMAX.) Although the Dunka Pit's
east wall is in exposed gabbro, it is a taconite operation and has less exposed
gabbro than an actual capper—hickel mine would. Water quality at the Dunka Pit
is also improved by a large aroundwater discharge, which tends to dilute the
concentrations of the mine water,

Table 75
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Table 74. Underground mine water quality model.

pH , ; 7.9

Alkalinity (ing/1 as CaCO3) 44

Specific Conductance (mg/l as Ca) 4700

Sulfate mg/1 59 :

Chloride mg/1 1575 : :

Copper mg/1 .012 , o

Nickel mg/1 .068

Cobalt mg/1 .003

zinc mg/1 ’ .034

Nitrate-N mg/1 . .31

Ammonia-N mg/1 9.8 b

0il mg/1 1 ,

Cadmium ug/1 .28 : *
i Lead ug/1l ' 4

Arsenic ug/1 7

Silver ug/1 ‘ .25 %

Chromium ug/1 8.0 : ' i

Mercury w/1 _ .15 :

Selenium ug/1 1 -




Table 75. Open pit water quality Model A (better case)-—based on Dunka open
pit taconite operations and Amax holding basin (in mg/1, except pH).

Dunka Pit
North Pit Amax Holding
Parameter Model average range Basin Inflow“ﬂ
PH 7.9 6.9-8.4 _
- Sulfate 11 274 140-400 11
Copper 0.004 .005 .002-.019(b} 0.004
Nickel 0.060 .009 .002-,009(b} 6.060
- Cobalt 0.003 . 0.003
| Zinc 0.058 0.058

7 arapakko (1979)
Pooncentrations after filtration.




The second model, the "worst case," is based upon a U.S. Steel bulk sample site
which is a small (100' long x 50"wide x 10' deep) abandonedvpit that has filled
with rain and surface runoff. Nue to iﬁs small size, the surface area t© wlume
ratio is much larger than in an operating mine (Eger and Lapakko 1979). Table 76
shows the model ooncentrations, while Figure 63 (field data collécted in 1977)
illustrates the ranges of pH, alkalinity, and oopper and nickel ooncentrations
that were observed. This water was bioassayed and shown to be extremely toxic
(see Lind et al. 1978). Conditions approximating those found in Table 76 could Ll

exist at water oollecting sumps in open pits. o -

Table 76, Figure 63

Actual open pit mine water will probably lie somewhere between the two models,
unless saline water is encountered, in which case higher dissolved solids con-

centrations may occur. The saline water data indicate that trace metal con-

centrations are on the order of a few micrograms per liter (Table 26), but the
effect of this type of water on the dissolution of the sulfide minerals in the i

pit walls is not known.

Open Pit Mine Water Quality/Post Operational Phase-—Since precipitation exceeds .

evaporation in the Study Area, an abandoned pit can eventually fill with water. s

This water may seep into the regional aroundwater system, eventually reachina

streams and lakes. -
The critical factors in determining the rate at which a pit will fill are the *ﬁ
rates of surficial and bedrock water seepage which, as mentioned previously, are (E

difficult to estimate. For the 20 X 106 mtpy model open pit, the estimate of
_ . "
o
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Table 76. Open pit mine water quality Model B (worst case).

Parameter Concentration (mg/1)

Copper 21

Nickel 25

Cobalt 0.62
Zinc 0.22

Sulfate (SO4) 438

SOURCE: Based on U.S. Steel pit, Lapakko (1979).
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filling time is 300 years, assuming a seepage rate into the pit of 300 gpm (see

section 4.4).

The final water quality of an abandoned pit will he a function of the water

%; sources, pit size, the composition of the pit walls and the floor, and the total
™ surface area available for leaching. The total surface area depends upon the

© degree the pit walls are fractured and allow incréased mineral contact with the
v§' water.

A
i?’ One method of estimating an ultimate concentration is to assume that all of the
= metal remaining in the pit walls (to a fixed depth) dissolves and remains in

.g: solution (worst case). 2An example is shown in Table 77, Which yields a oopper

} concentration of 2.2 mg/l for a 900-feet deep pit. This this great a con-

’g; centration could only occur if the pH is less than 5.5. However, the pH will

1 probably be closer to neutral (6-8) if significant amounts of water seep into the
E% pit and/or residual sulfide content in the pit walls is low. On the other hand,
15' acidic precipitation as observed in the Study Area may lower pHVin an abandoned
:ﬁ‘ pit. This calculation indicates that there may be enough metal left in the pit
.E; to cause water quality problems. Even if a neutral pH is maintained in the pit
’s and copper levels are low, nickel concentrations may still exceed toxic levels.
R4

& Table 77

L see 1

£ 4.,6.3 Lean Ore and Waste rock Stockpiles
4

' The quality of lean ore and waste rock pile runoff is influenced by many factors.
L

Reactions occurring within such piles will be highly influenced by the physical

and chemical nature of the rock itself and by the waters in contact with the

[omcn

rock.
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Table 78.

Stockpile mass.

Mine _'Ibtalv Stockpile Mass Estimated Stockpile Grades (%)
: Size - Life - ILean Ore Waste Rock Surface Area lLean Ore Waste Rock
Operation (mt/yr) - (yr) (mt) (mt) m2/ton Cu Ni S Cu  Ni S
~ Open Pit 20X106 25 325%106 325X106 50-200 306 .073 .655 .10 .023 .207
Underground  12.35%106 = 23 28.2X106 (total) 300-500
Dunka Pit* 12 6.0X10° 15.6X10° 50-200 .28 .08 o .050% .014t mo
tons tons data data
SOURCE

Eger and Lapakko (1979).

*Values are totals for the 12 years of mine operation; stockpile masses are as of January, 1977.

+average.
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puts specific to stockpiles are illustrated schematically in Figure 64, Generai
observations about the leaching process, which is the predominant process here,
have been discussed in section 4.6.1.

Figure 64

Inputs——Precipitation is the major input to stockpiles, althouch stockpiles sited
in wetlands oould receive basal seepage from surface waters. The chemical
composition of regional precipitation is discussed in section 4.3.4. In general,
the rainfall in the study area tends to be acidic, with low concentrations of

nutrients} cations, anibns, and trace metals (Eisenreich et al. 1978).

Reactions Within the Stéckpileé——ieaching has been discussed generally in section

4.6.1, but a few mints havelspecial relevance tolstockpiles.

First, the more mineralized the stockpile, the areater its potential for
increased acidity upon leaching. Non-mineralized waste rock piles will be of
less concern. (It is important to rote that a pile low in copper sulfide
mineralization may still have a significant amount of iron sulfide mineraliza-
tion. The relevant consideration is the degree of sulfide, rmot copper, minera—
1ization. ‘ . . .

f

Second, 1eacha£e production perjunif mass is expected to be greater from stock-
piles derived from underground mines because the particle size of constituent

rocks will be smaller and solids loading greater. The, surface area per ton for
material from an underground mine is about 2.5 times that from an open pit mine.

1

Third, organic acids can assist ieaching by increasing metal mobility, so stock-
piles should be isclated from bog waters. .
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Fourth, reduction of water flow through stockpiles will reduce metal transport,

so stockpile design should encourage runoff rather than infiltration.

4,.6.3.2 Lean Ore Stockpile and Waste Rock Pile Water Quality Models. The water

quality models presented here are based upon actual oconcentrations measured in
the ocourse of field studies of gabbro stockpiles at the Erie Mining Company's
Dunka Pit (Table 79). Model I, based oﬁ EM-8 (Table 80), .is a model of water
quality from a wasterock pile. This leachate has relatively low metal con-
centrations. Model II (Table 80), on the other hand, is based on leachate fmm a
lean ore stockpile. It is a composite of the measured concentrations at seep 1
and seep 3 at the Dunka site, which come from a waste rock and a lean ore pile,
respectively. Maximum trace metal concentrations were chosem to simulate the
worst case. Table 80 shows the average readings and the range of readings

observed from EM-8 and Seeps 1 and 3.

Tables 79 and 80

A few caveats should be stated. First, leachate production at Dunka is
influenced by precipitation, which may not have been "typical" during the study
period. Rainfall during the 1976 sampling period was approximately one half of
an average year, while the 1977 samplina period rainfall was over 15 percent

greater than average.

A second oconcern is that the "worst case" chosen—-Model II-—does not necessarily
provide an ultimate upper limit for leachate concentrations. The models were
based on a relatively short period of observation, and may mot be representative

of long-term effects. For example, recent data at EM-8 show that metal con-
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Table 79. Stockpile size and ocomposition.

~————= Erie - Dunka - Pit ——————-o Amax

Based on (20X106
Site: EM-8* Seep 1* Seep 3* . FL 1 Inco Models mtpy open pit)
Mass (tons) 12.2x106  .92x106  3.0X106 1766  mot known  325%10° 325%106
Cu (%) .04+ .03t .29 «33-.35 47 .l .306
Ni (%) .01t W01 .08 .075 A5 .023 073
S(%) o datat no datat no datat .6 1.08 .207 .655
Classification waste waste lean lean waste lean
of material - rock rock ore ore ore rock ore

*These are average oompositions for the entire pile. Both stockpiles are only 70% gabbro.
If the assumption is made that the iron formation and Virginia formation oontaln no oopper and

nickel, then the ocomposition of the gabbro can be calculated:

Overall composition gabbro
fraction gabbro = cum position
Cu (%) Ni (%)
EM-8 | .057 .014
Seep 1 .043 .014

*Sulfur to copper ratio is generally on the order of 2-3:l.

SOURCE: Eger and Lapakko (1979).
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Table 80. Waste rock pile and lean ore stockpile model leachates, and
average ooncentrations and range of observed values at FM-8 and at
Seep 1 and Seep 3 (ooncentrations in mg/l1 unless otherwise rnoted).

Model 11
Model I Iean Ore : .
Waste Rock EM-8 Sxockpile  Seep 1 and Seep 3
Parameter Pile Model Average Range Model Average Range
DoC | 20.9 20.9 11.5-36.2 18.8 18.8 11.6-27.1
Alk as
CaC03 137 137 103-178 79.5 79.5 47.4-114
rH 7.2 7.20 5.50-7.65 6.98 6.98 6.45-7.15
SCa 1260 1260 708-1680 3AR20 3620 801-5640
Ni : 2.42 1.89 0.580-2.42 39.8 30.6 24,4-39.8
Cu 0.053 0.019 0.010-0.053 1.71 1.09 0.803-1.71
AQ 0.040 0.031 0.018-0.040 2.40 2.10 1.50-2.40
Co 0.021 0.021 0.016-0.029 2.40 1.77 1.00-240
Fe 0.208 0.131 0.084-(.208 7.20 4,73 0.710-7.20
Ca 200 200 64.06-301 346 346 284-388
Mg 123 123 82.0-178 268 268 215-288
Mn 2.85 1.30 0.680-2.85 11.2 9,74 8.41-11.2
Cl , 41.3 41.3 2.92-56.5 56.7 56.7 38.5-70.4
sC
(mho om~1) 2020 3620
Cr ot 0.123
determined

'SOURCE: Eger and Lapakko (1979).




centrations have increased signficantly: during the period of July, 1976-Auqust,
1977, nickel values ranged from 0.58-2.42 mg/l, compared to nickel values of 4.6~

7.1 mg/1 during July-September, 1978.

Time variations have also been observed at Erie Mining Seep 3. Average pH values
there were 7.2 in 1976, 7.1 in 1977, and 6.7 in 1978. At the present time the

cause of the pH reduction is not known.

Six test piles have been established at the AMAX site to ascertain long-term
trends of stockpile water quality, as well as the effects of revegetation.
Preliminary data for two of the six test piles have shown a trend of decreasing
pH (FL~5 and 6). The declining pH can lead to increased metal ooncentrations.

Preliminary results indicate nickel (filtered) concentrations as high as 83 mg/l.

Leachate from 2Amax test pile FL~5 has been acidic, but the-exact cause is mot yet
known. This pile was covered with overburden, fertilized, and revegetated; the
effects of these processes are still being investigated. The pH in Amax test
pile FL~6, which feceived o treatment, has recently begun to decline (Eger et

al. 1979).

‘The.ODpper—Nickel Study attempted to determine waste rock and lean ore stockpile
water quality models using release rates for specific parameters. [This work is
described by Eger and Lapakko (1979)elsewhere.] Although the data base did not
allow development of discharge nodels, the laboratory results exhibited the same
range of values as the field rates, although they are somewhat higher (Fiqure
65). Only for sulfate were observed field values greater than the rates measured
in the laboratory. Field values are calculated over longer time intervals and

over a wider range of environmental variables than most of the laboratory
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experiments and therfore may better represent actual conditions.

Fiqure 65

The fact that the laboratory and field rates fall in the same range is signifi-
cant. The implications are that: a) the gabbro in the field study areas, par-
ticularly the Erie stockpiles, does mot exhibit anomolous leaching
characteristics; and, b) the Erie Mining gabbro stockpiled over 10 years shows
similar leaching characteristics to fresh material, so there is no reason to

believe that leaching is only a short term problem.

Lean Ore and Wasterock Piles/Post-Operational Phase-—-In the post-operational

phase the mineralized lean ore piles will likely have been processed through the
mill. If not, they may constitute leachate sources for several hundred years,
according to an approximate calculation by Eger and Lapakko (1979), where all

contained metal is assumed o leach at the current rate.

In any case, waste rock piles will remain after minina and may be leachate sour—

ces for many years.

4.6.4 Tailing Basin Water

Tailing basins have historically been sources of water quality problems, par-
ticulary in sulfide mining operations (Hawley 1972). lLarge quantities of

unwanted iron sulfides are often present in the tailings providing conditions
conducive to the ﬁarmation of acid leachate oontaininag hiah concentrations of
trace metals. Tailing basins remain as potential sources of rollution after

mining operations cease.
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"Figure 65

LABORATORY AND FIELD RELEASE RATE

(Box indicates observed range of values)
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Predictions of water quality from copner-nickel tailing basins are difficult to
make, hecause there are presently o field data on leaching of Muluth gabbro
tailings. This section presents three tailing bhasin water quality models based
upon extrapolations. Two models are worst case, in that they assume the tailing
basin water will be of no better quality than the runoff collected from the rest
of the mining operation. The third model is based on pilot plant studies per—
formed at the University of Minnesota's Mineral Resources Research Center, and is
a best case in that it assumes the tailing hasin system will improve the quality

of water from other parts of the mining operation.

This section also discusses input flows to the basin, reactions within the basin,

and seepage modes by which water can leave the basin.

4.6.4.1 Tailing Basin Inputs and Water Quality Models. A schematic diagram of a

tailing basin is shown in Figure 35. It is assumed in this section that the
tailing basin receives all rumoff and stockpile leachate generated on the site
(Subsystem A, see section 4.4.1.1). This runoff will be of poor quality in the
case of an open pit operation, and uncontrolled discharge could produce environ—
mental problems (Lind et al. 1978). It all runoff is collected and channeled to
the tailing basin, it can be used as makeup water and be heutralized by chemical
processes in the basin and at the mill. Runoff is rot usually directly callectéd
at most of Minneosta's taconite operations. Specific runoff components that
would be cllected at a Minnesota copper-nickel mine will depend on the water

management plan for that operation.

Another assumption about the mine confiquration is that a closed system operation

is used, as recommended by Kealy et al. (1974) (Figure 66). 1In closed system
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operation, water is recycled from the tailing basin to the mill complex. The
tailing basin acts as a reservoir and settling basin. 1In accord with this closed
system concept, the tailing basin and mill are discussed jointly as the tailing

basin-mill system.

Fiqure 66

Figure 66 indicates there are three "inputs" to the tailing basin: net precipi-
tation directly on the basin; water from the mill; and, ollected runoff from
"subsystem A," which consists of the plant site, stockpiles, undisturbed

watershed, and mines (including mine dewatering) (section 4.4,1.1).

Eighty percent of the yearly "input" volume is from the mill in the 20 X 10® mtpy
open pit mine during an average preéiptation year. But the mill is not a true
input, per se, because it only recycles water out of and back into the basin; the
real inputs are precipitation and Subsystem A, Still, these two inputs are not
expected to dictate the final tailing basin water quality because reactions

should occur in the tailing basin-mill system that will improve water quality.

The first two models of tailing basin water are worst cases, in that they assume
that the tailing basin/mill system has no effect on the original water quality of
the runoff. To develop these models, the conservative mass balance technique was
used (Lapakko 1979). The total input of each of 5 parameters (Cu, Ni, ®, Zn,
and sulfate) was calculated from each runoff component, and then divided by the
total runoff wlume. This calculation provides a "worst case" ooncentration for
each parameter, because it éssumes o removal reactions (e.g. chemical

precipitation or adsorption) occur.
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The models assume inputs from stockpi;es, the plant site, mine dewatering, and
undisturbed watershed areas, the last havinq the best quality runoff. The amount‘
of runoff generated from each source is a function of source area. As the mining
operation progresses, increasingly larger areas will be taken up by mining
developments, so that increasing amounts of runoff will be derived from mining-
impacted areas. The worst case situation will occur when the runoff
contributions from the open pit and stockpiles are at their maximums. Table 81
lists the wlume of runoff for an average year of precipitation for the 20 X

106 mtpy open pit mine model, assuming maximum source areas.

Table 81

The quality of stockpile runoff and mine water is discussed in the preceding
sections. The first model (Model A) is based on mine water quality similar to
that of the U.S. Steel bulk sample site (section 4.6.2), and the second (Model B)
is based on measurements made on a holding basin at the AMAX site , which are
similar in magnitude to the water quality model for the Dunka open pit (section
4.6.2). If large amounts of saline mine water are encountered ahd this water is
pumped to the tailing basin, chloride concentrations in the basin will be higher
than those projected by these models and oould pose operational problems for the

mill, if recycling is used (section 4.6.4).

Since it is impossible to predict if, when, or how much saline water may be
encountered, chloride concentration in the basin must be monitored and treatment

applied if an acceptable concentration level is exceeded.

To calculate tailing basin Models A and B, stockpile leachate models from section
4.6.3 were used to represent the concentrations in the waste rock (Model I) and -
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Table 81. Runoff components, volumes (average yeaf of precipitation
20 X 10® mtpy open pit mine model).

VOLUME*

SOURCE 1 (yrhx 10-6

Plant Site 880
Open Pit 760
Overburden 180
1 Waste rock 880
: Lean ore 880
; Undisturbed watershed 3800
. , + maximum source areas are assumed.
? net precipitation input on basin 4800
. (precipitation - evaporation)

SOURCE: Section 4.4.

it




lean ore (Model II) stockpile runoff. Data on overburden pile runoff are limited
and plant runoff data for the type of operation that might occur in Minnesota do

not exist. In the calculation, their effects were assumed to be neqligible.

Table 82 presents the results of these calculations for each of five parameters
during a wet and average year, and represents the model of runoff water quality
used in this Study. These models are used in section 4.7 to determine potential

water impacts of copper-nickel mining.

Table 82

The third model (Model C) is developed using a different set of assumptions,
namely that the tailing basin/mill‘system is the dominant force on the basin
water quality and that pilot plant mill water agenerated in Mineral Resources
Research‘Center (MRRC) experiments will represent the basin water in actual

practice. This is a best case model, and the actual results will likely lie

between Models A and B, and Model C.

It is reasonable to assume that the basin/mill system will influence the tailing
basin water, since four times as much basin water will cycle through the mill
_each year as will enter the basin/mill system each year from runoff and precipi-
tation. It is also reasonable to assume that the tailinags--being ground to a
small size (high loading) and separated from sulfides in the mill--will increase

pH as moted in the leaching section (4.6.1).

Within the mill both release and removal reactions may occur, and output water
quality will reflect the net effect of these two types of reactions. Releases

were observed in data from bench scale tests and pilot plant operations performed
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Table 82. Tailing basin water quality models (ooncentrations in mg/l).

Averaqge Year Wet Year .
Model (Cu) (Ni) (Co) (Zn) (SO4) (Cu) (Ni) ()  (Zn) (SO4)
A 1.5 4.7 0.22 0.19 380 1.4 - 5.4 0.25 0.23 460
B 0.13 3.1 0.18 0.18 360 0.15 3.7 0.22. 0.22 420
C .038 .050 .010 .009 |

SOURCE: Lapakko (1979).



by the MRRC (Iwasaki et al. 1978) which indicate that in the mill cycle the
concentration of dissolved solids increases and a pH around 8 is produced. In

addition, the crushing and grinding processes can result in the liberation of

mineral fibers (Stevenson 1978).

Removal reactions are a factor due to the finely -qround siliceous materials
comprising the tailings. In the processing circuit, 30 percent v( by weight) of
the solution is solids. Given a pH of 8 and a solution containing an estimated
adsorbing surface area of 10-25 mZ/liter of solution, substantial amounts of
trace metals may be removed by precipitation or adsorption. Residual xanthates

(see below) as well as the silicate matrix of the gabbro may absorb trace metals

from solution (Eger and Lapakko 1979).

Organic chemicals in the form of( frothers (e.qg., MIBC) and collectors (e.q.,
xanthates) are added in the mill for the flotation pfocess. A description of the
nature of these compounds, the various types of additives , and the role they play
in the flotation process is presented in Volume 2-Chapter 3. Residual oon-
centrations of these chemicals will remain in the mill water. Samples from pilot
plant operations (Interim report MRRC 1969-19) contained residual concentrations

on the order of 1-5 ma/l.

The net result of release and removal reactions will probably produce mill
recycle waters with a pH around 8. This pH is unfavorable for the release of
heavy metals to solution, and favors metal removal reactions, indicating that
trace metal concentrations may decrease as water flows through the mill.
Although ooncentrations of trace metals are expected to be low, elevated levels
of dissolved solids, residual organic process chemicals, and mineral fibers are

expected.
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Table 83. Opmparison of tailing basin water at two locations with maximum
concentrations observed in laboratory experiments (for comparison with
models A, B, and C, Table 82)(all units but pH measured in mg/l).

Eveleth Taconite Shebandowan

TR

| —

Phosphorus

Parameter Tailing Basin@ Tailing Bavsinb Laboratory Tailing®
pH 6.8-8.2(5) 6.7-8.3 8.15-8.34
Iron 0.1-0.6(3) 0.06-0.54 0.091, 0.350
Copper 0.001(1) 0.001-0.014 0.017, 0.032_
Nickel 0.005(1) 0.046-0.077 0.005, 0.016
Ziné 0.005(1) 0.00l—0.054
Total |
Dissolved
Solids 0.16-439(5) 341-751 N/Ad
Sulfate (S04) 19-82(5) 122-447 N/A
Ammonia —— 0.1-3.7 N/A
ANitrates 1.81-2.66(3) 0.2-3.75 N/A
Nitrite 0.04(1) 0.01-0.08 N/A
Total

— 0.01-0.29 N/A

SOURCE: Eger and Lapakko (1979).

@pata omllected during 1967-1975 period; number in parenthesis

denotes number of samples.

Impacted runoff was rnot oollected.

bpata ollected during 1974-1977 period; resource is a massive

nickel sulfide and a basic host rock.
limited data, namely five samplings.
had large apparent outlies, respectively:

The nickel reading was based on

The iron, ocopper, zinc, and nitrite

42, 0.23, 0.17, and 0.28.

CTailings were leached with groundwater and with bog water.

dN/A means o data available.



The MRRC pilot plant results are presented in Table 82, labelled as "Model C."

Models A, B, and C will be used in section 4.7, to determine water quality

impacts of oopper-nickel mining.

4.6.4.2 Tailing Basin Water/Post-Operational Phase. The three models for

tailing basin waters A, B, and C are logically the hounds on post-operative
waters. At best, the tailing basin would continue to exert a neutralizing
influence on the runoff from the site, and lean ore piles will have been pro-
cessed and removed. Also, reclamation efforts, éuch as revegetation or con-

touring, may have helped divert precipitation from sulfide~-bearing materials.

At worst, the tailing basin would have no effect, and runoff from the mine and

piles will be the primary discharge from the site in the post-operational phase.

4.6.4.3 Comparison of Results With Other Tailings Data. There are few data on

the effects of processing Duluth gabbro which could be used to predict accurately
tailing basin water quality. It is useful to search for even slightly analoqous
situations, qiven the importance of the tailinas to lessen the pollution
potential of other mine components. For comparision puréoses, there are data
from: tailing basins at Shebandowan, Ontario, and Eveleth, Minnesota; from batch
reactor experiments at MRRC; and from acidification measurements on Canadian
tailings. Neither of the tailing basins receives stockpile runoff or open pit
water, the two major sources of heavy metals; but -the results show thé low

concentrations in the tailing basins themselves (Table 83).

Table 83

The Shebandowan operation is an underground mine in a massive nickel-copper
sulfide deposit (1.06% nickel, 0.8% copper). The host rock is peridotite, an
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ultramafic rock whose mineraloqy is dominated by pyroxene and olivine, two
minerals also present in the Duluth gabbro. The host rock at Shebandowan has
shown a substantial huffering capacity. Observed ocopper ooncentrations in the

tailing basin water are lower, and nickel ooncentrations of the same order of

magnitude as Model C.

The Eveleth operation is a tacmnite mine, and its basin water shows a neutral to

basic pH, and lower trace metal concentrations than even Shebandowan.

Finally, batch reactor experiments (Figure 59) performed on mineralized Duluth
gabbro show basic pHs, and oopper and nickel concentrations that are lower than
model C. These results support the conclusion that tailing basin water will have
high levels of dissolved solids, a pH in the range of 7 to 8, and trace metals
concentrations in the range .01-1 m1/1. Although metal concentrations are

expected to be low, they will be above background values and may approach levels

of biological concern (Eger and Lapakko 1979).

Another way to gauge the effect of Muluth nabbro tailings is to compare their
sul fur oontent with that of tailings that may have caused acid conditions to
occur elsewhere. Hawley (1972) has reported the range over which acid mihe
drainage problems have been observed in Canada, and found that tailings qreater
than 2.5 percent sulfur fall in this range. This percentage is much higher than
the Copper-Nickel Study model tailings (about 0.3 percent) (Volume 2-Chapter 3),
and higher than most of the AMAX deposit. Still, lean ore test piles (not
tailinas) at AMAX--with sulfur content as low as 0.8 percent—have shown
declining pH trends, although test piles at 0.6 percent have mot (Eger and

Lapakko 1979). This is consistent with Hawley's observation that acid conditions
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even may be a problem with tailings that are less than 2.5 percent sulfide. He
recommended "that to prevent an acid drainage situation from developing in any
particular tailing area, the (iron) sulfide ontent of the mass must be kept
substantially below 2.5 percent and probably as much below 1 percent as
possible". As it is, if the richest ores are mined first ("high arading"), the

higher residual sulfide concentration in the tailngs ocould enhance acid

production.

4.6.4.4 Discusison of Tailing Basin Discharge Via Seepage. Water leaves the

tailings basin by four principle routes: a) direct discharae or overflow of
water in the basin; b) seepage thtouqh the dams; c¢) deep seepade to the aqround-
water system; and, d) evaporation. The quality of direct discharges would depend
upon the inputs and reactions already discussed, and the tailinag basin water
quality models presented 1n 4.6.4,2. This section discusses dam seepade and deep

seepage as well as additional chemical reactions influencing water quality.

As discussed in Section 4.6.1, many factors affect the water quality of seepage.
- Of special interest in the tailing basin are these: the dissolved oxygen con-

centration, pH, and the metal adsorptive capacity of the tailings.

The pH of the seepage (through the dam) is expected to be comparable with that of
the water in the basin, which laboratory tests indicate may be buffered at a pH
around & by the tailinqs. Laboratory experiments indicate that at a pH of 8
heavy metal release is very low and that any metals in solution would most likely
be adsorbed onto the 'tailinqs. as the water seeps through the tailings and the

dam, or metals may precipitate as metal carbonates and hydroxides.

The dissolved oxygen concentration is significant because the mobilty of iron and
manganese will increase as oxygen levels drop. Since deep seepage will pass from
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oxygen rich into oxygen-poor zones, water that seeps down to the aqroundwater will
have increased levels of these two metals. Other metal oconcentrations may be

gimilar to the basin concentrations.

Tailing basin seepage can be mitigated. TNam seepage to the environment is highly
dependent on dam design, and can be desiqgned to be very little. Either a low
permeability clay liner could be put on the imner face of the dam or a drain can

be placed at the toe of the dam to oollect what seepage there is, for treatment

or return to the basin.

Groundwater seepage may also be oontrolled by location on a natural or imported

low permeability base. In the water’ budget section (4.4), it was estimated that
seepage for the model open pit operations (20 X 100 mtpy) tailing basin would be
between zero and 8,300 acre-feet in an average rainfall year, depending on

whether the base was impermeable or permeable. This is equivélent to hydroloqic
permeabilities of 2 feet a year, at most, and due to an assumption that a very

fine tailing fraction, "slimes", will cover the entire basin floor and constitute

the limiting permeability (section 4.4.1.2).

4.6.5 Smelter/Refinery Waters

Although the extraction of copper-nickel ore within the Study Area may not
necessarily involve the operation of a smelter within the area, the addition of a
smelter to other mining developments presents a "worst case" for possible
environmental impacts. For this reason the Regional Study has developed a

smelter/refinery water quality model which is presented in Volume 2-Chapter 4,

section 4.9.2.
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Unlike the water quality models developed for mine waters, stockpiles, and the
tailing basin-mill systems in the previous sections, mo field data were available
from which to estimate water quality from a smelter/refinery system. Rather,
this discussion relies heavily on information available in the literature, which
deals principally with the domestic copper industry. Thé water quality model was
developed by scaling data from domestic copper operations to produce a
hypothetical smelter/refinery model capable of processing 100,000 mtpy of metal.
Studies of the domestic copper industry (EPA, 1975), reflect the particular
conditions of the mines and include problems (rotably involving arsenic) rot
likely to occur in Minnesota operations. On the other hand, parameters of

~ particular concern in Minnesota are nickel and cobalt, which do not occur at
significant levels in most existing domestic copper operations. The Regional
Study's smelter/refinery water quality model attempts to take nickel and cobalt
into consideration. The lack of data for a nickel refinery presented a serious
problem in developing the model. In the absence of such data, model waters for a
nickel refinery were based on data for electrolytic copper refineries. Details

of model development are presented in Volume 2-Chapter 4, section 4.9.2.

It should be mted that a smelter/refinery opefation may be integrated into the
total extractive operation in such a way that smelter/refinery discharae water
can be récycled through the tailing basiﬁ. "Off-site" smelter development (in
anothef part of the state or in amother state) would necessitate the development
of separate treatment facilities to handle smelter/refinery discharge waters.
The nature of necessary treatment facilities cannot be anticipated without nore

information regarding the smelting and refining methods likely to be used in a

Minnesota copper-nickel industry.
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4.6.5.1 Inputs. If a smelter is>built within the Study Area, the most likely
source of input water is from streams. The average water quality of minimally
disturbed streams in the Study Area is presented in Table 1. 1In addition to
water quality parameters for undisturbed streams, the quality of waste rock-lean
ore pile leachate presented in section 4.6.3 can be used to approximate a worst

case model for stream water quality in the immediate vicinity of a mining opera-

tion.

The quality of recycle water in an inteqgrated smelter/refinery/mine/mill system
is likely to be influenced by the quality of water in the tailings basin. Models
of water quality for a tailings hasin are discussed in section 4.6.3.1 and

summarized in Table 82.

The nature of processing additives is dependent on the method of processing and
cannot be projected at this time. For this reason processing additives are not

considered in the smelter/refinery water quality model.

As was suggested earlier, the nature of the ore will influence potential output
water quality. Minnesota smelter feed would be lower in lead and arsenic but
M@ainm&damcmﬂtmminmwmmdm%ﬂcwa&mm.TmaMmb

ments made in the model to compensate for these differences are discussed below.

4.6.5.2 Reactions Within the Smelter/Refinery. Two major classes of reactions

occur during the smelting and refining processes: evaporation of cooling waters
and chemical alteration of process waters. As is discussed in Volume 2-Chapter
4, section 4.9.1, nearly ten times as much cooling water as process water is
used. Although evaporation may result in the oconcentration of some of the

constituents originally present in the input water, it is not expected to alter
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the quality of coling waters significantly. On the other hand, process waters
will be altered by addition of process chemicals and by chemical reactions in

both the smelter and refinery. Specific reactions cannot be anticipated at this
time.

4.6.5.3 Output Waters. Major sources of output waters include anode casting

water, slag granulation water, acid plant blowdown, treated sewage water (potable
water), copper refinery water, and nickel refinery water. Potable water is
assumed to be uncontaminated and represents a very small proportion of the total
volume of water produced. Table 84 summarizes available data for process water
quality in the various process flow streams, along with the modeled wolume of
flow assigned to each stream. No data are available in the literature for nickel
refinery water so the quality of this water was assumed to be the same as that
for electrolytic copper refineries. in order to approximate the higher levels of
nickel and cobalt in Minnesota smelter feed than in the literature, the nickel
concentration from worst case waste rock lean ore leachates (Table 80) was
subsﬁituted for Qalues given for existing domestic operafions. Because no data

are available for cobalt in smelter/refinery effluent the value of 2.4 mg/1 from

the leachate model was used.

Table 84

In comparison with intake waters, arode casting water ocould be expected to exhi-
bit increased levels of suspended and dissolved solids and elevated levels of
some metals, especially cmpper. Data from three domestic smelters revéal high
levels of lead, zinc, and arsenic with pH values just above 7 Acid plant

blowdown from three domestic smelters indicated depressed pH values with elevated
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Table 84. Water quality data summary for process water streams.

ANODE SLAG Cu Ni
CASTING GRANULATION ACID PLANT REFINERY REFINERY
PARAMETER WATER WATER BLOWDOWN WATER WATER®
PH 7.8 7.6 2.0 6.9 6.9
TDS (mg/1) 17,770 50,000 244,000 3700 1900
SO4=(mg/1) 230 5,900 36,000 22,650 22,650
As (mg/1) 0.5 187 59 30 30
cd (mg/1) 0 0.7 9.7 0.1 0.1
Co (mg/1)P 2.4 2.4 2.4 2.4 2.4
Ccu (mg/1) 11 14 1.0 70 70
Fe (mg/1) 0.5 5 38.2 70 70
Hg (mg/1) 0 0.01 0.1 0.1 0.1
Ni (mg/1)P 39.8 39.8 39.8 39.8 39.8
Pb (mg/1) 3 130 89.8 10 10
Zn (mg/1) 0 640 218 20 20
Modeled flow (gpm) 275 2600 770 260 130
Percent of
total process

water flow 7 64 19 6 3

SOURCE: Volume 2-Chapter 4.

. Aassumed to be the same as the copper refinery water.
byalue based on worst case model of waste rock/lean ore leachate.



levels of sulfai:e,- arsenic, cadmium, iron, lead, and zinc. On the basis of data
from eight domestic refineries, copper refinery water can be expected to exhibit
elevated levels of zinc, iron, copper, lead, nickel, and sulfate. A wide variety
of processes are available for treating the opper-nickel matte likely to be o
produced from a smelter using Minnesota concentrate. It is therefore important

that reliable data on nickel refinery effluents be produced in the event that a

specific refinery installation is proposed.,

A single smelter/refinery effluent water quality model was generated by combininag
the models given for the various étreams. All constituents were assumed to
behave cmnservatively, so that their final concentrations could be computed as a
weighted averane based on the volume of output water from each stream. A small
potable water ooﬁtribution with zero values for each parameter was also included.
Table 85 presents the overall smelter/refinery water quality model. Detailed
discussions of the overall model can be found in Volume 2, section 4.9.2. 1In
Table 86 the concentrations of parameters listed in Table 91 are expressed as
mass loadings in metric tons per year. In general, model values for arsenic,
mercury, lead, and sulfate may be hiqher than need be expected from a Minnesoa
Qperatioh because of their higher proportion in domestic smelter feeds on which
the model is based. The low pH of the model waters is the result of the weak
acid blowdown from the acid plant. In reality, this stream would most éertainly

be neutralized prior to combinina it with other process streams to prevent

acidification of the overall process effluent stream.

Tables 85 and 86
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Table 85.

process water effluent stream.

Integrated water quality model for a smelter/refinery

a

PARAMETER MODELED VALUE
Flow (gpm) 4,065

PH 2.7
TDS (mg/1) 79,700
S04~ (mg/1) 12,800

As (ma/l) 3.0¢
cd (mg/1) 2.3

Co (mg/1) 2.402
Cu (mg/l) 16.6

Fe (mg/l) 17.2

Hg (mg/1) 0.017P
Ni (mg/1) 39.82
Pb (mg/1l) 5.2€
7n (mg/1) 450

SOURCE: Volume 2-Chapter 4.

ayalue based on worst case model of waste rock/lean ore leachate.
bunless otherwise noted, model values are based on data
from selected domestic operations (EPA 1975).
Cvalues adjusted downward to reflect 100% of the oconstituent
present in the modeled smelter feed.




Table 86. Mass loadings and recovery of constituents implied
by the smelter/refinery process water quality model.@

MASS LOADING PORTION OF
PARAMETER (mt/yr) INPUT ACOOUNTED FOR
S04~ 33,000 (as 8) 20% (as S)
As 22 | 100%b
cd 18 70%
Co 19 _ 25C
Cu 130 0.1%
Fe 130 0.07%
Hg | 0.13 100%P
Ni 310 25€
Pb 40 10082
Zn 350 50%

agee Volume 2-Chapter 4.
b100¢ recovery assumed (see discussion).
CRased on value from worst case waste rock/lean ore leachate model.
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4,7 ENVIRONMENTAL IMPACT OF COPPER-NICKEL MINING ON REGIONAL WATER QUALITY

A major environmental concern is the potential environmental impact of copper and
nickel mining on natural water bodies in the Study Area. Significant changes in
water quality due to mining operations have beén observed at the Erie Mining
Dunka Site, AMAX test stockpiles and the U.S. Steel Pit (Sectidn 4.6). Elevated
trace metal concentrations in Unnamed Creek also indicate the potential for

mining related impacts on natural waters (section 4.3).

This section omnsiders possible environmental impacts on water resources within
the Study Area, especially on streams. Primary emphasis is aiven to trace
metals. The analysis considers impacts in the operational and post-operational
phases, and draws on information from earlier sections, including water budaets
(section 4.4), mine water quality models (section 4.6), and aquatic biology

(Volume 4-Chapter 1),

4,7.1 Chenmical Parameters of Concern

Section 4.6 presented water quality models for mining discharges in the opera-
tional: and post—operationai phases (e.q. Tables 75 and 77). Many of the
chemicals contained in these discharges appear.in greater ooncentrations than are
now found in the unimpacted waters of the Study Area, and in qreater con- |
centrations than are allowed by state and federal requlations. Thié section
discusses chemical parameters of ooncern, namely trace metals, total dissolved
solids (hardness), pH, total suspended solids (sediment loading), residual pro—
cessiﬁq reagents, and mineral fibers. Criteria are developed ﬁar.trace metals
and for sulfate, a cmmganent of total dissolved solids. Trace metals and sulfa-

tes are emphasized in the subsequent impact analysis.
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4.7.1.1 Trace Metals. Four trace metals are of primary interest: copper,

nickel, cobalt, and zinc. These four were selected for impact assessment based
on results of laboratory (Eisenreich et al. 1977 and 1978) and field observations
(Fger et al. 1979) which indicate that these are the major trace metal
constituents of mineralized qabbro (Volume 3-Chapter 1, Table 25) and of pro-
jected effluents from copper-nickel development. Also, their potential toxic
effect on aquatic life in the Study Area is greatest (Vblﬁme 4-Chapter 1). Other
trace metals, such as arsenic, lead, cadmium, and silver, are rot expected to
significantly contribute to the toxicity of potential water effluents because of

their very low concentration in Duluth gabbro.

Various criteria can be used to evaluate the seriousness of trace metal discharge
. for mining operations. Two examples are the water quality standards promulgated

by MPCA and the U.S. EPA, shown in Table 87.

Table 87

These standards can be compared with Table 88, which shows water quality models
developed in Section 4.6. All five models have copper concentrations in excess
of the MPCA standards, .and four have sulfate concentrations greater than MPCA's

standard. (No sulfate concentration was developed for the fifth model, Model C.)

Table 88

Another criteria for comparison is the median concentration of each parameter in
undisturbed (Group C) streams in the Study Area (Table 1). All four trace metals

of interest appear in greater concentrations in the water quality models.
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Table 87. Various criteria for selected chemical parameters.,

Study Area
Current Streams

MPCA EPA Cu-Ni (undisturbed) Composite

Parameters StandardsP Criteria Guidelines® Median Value Standardd
Copper (Cu) (ug/1) 10© 10009 10-1001 1.3 —
Nickel (Ni) (ug/1) NA NAJ 100-10001 1.0 —
Cobalt (®) (ug/l) NA NA 10-1001 0.4 —
zinc (Zn) (ug/1) 5000 50009 1001 2.0 —
CEU2 (ug/l) —_— - 5-30 _— 10
Sulfate (SO4) (mg/1) 250f NA NA 6.6 250
Mercury (Hg) (ug/1) ' NA 0.05h NA .08 .05

Mineral Fibers

aCEU is "copper equivalent units," a measure developed by the Copper-Nickel Study
staff to evaluate the combined biological impacts of the trace metals copper, nickel,
zinc, and ocobalt. It is calculated by the formula:

[CEU] = 1x[Cu] + 0.1[Ni] + 1x[Co] + 0.1[Zn].
The impacts range from "mo effect" (0-5) to "definite acute effects" (over 600).

bMinnesota State Requlations, WPC 14 and 15, 1973 supplement.

~ Cregional Copper-Nickel Study, Volume 4-Chapter 1.




Table 87 continued.

dhis is a composite standard for comparison in this section with water
quality models derived in section 4.6. Each standard is the most stringent
of the three standards tabulated here, except for ocopper, nickel, oobalt,
and zinc, for which a composite standard based on "copper equivalent units"
has been developed. ) - : '

eMPCA has different standards for water to be used for domestic purposes
and for fisheries and recreation. Here the more stringent fisheries and
recreation standard is used. It is also more stringent than the Copper-Nickel
Study "CEU" guideline.

fMPCA sets this tabulated standard for domestic use. A more stringent
standard, 10 mg/l, is applied under certain circumstances if the water is o be
used for wild rice production.

dIn addition to any listed, fixed concentration criteria, EPA has an addi-
tional criteria for this parameter that involves the measurement of lethal con-
centrations on a biological population.

hrhis criteria applies to aquatic life; a less stringent criteria prevails
for water intended for domestic use.

lpor aquatic life.
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Table 88. Water quality source models for copper-nickel development .2

B Flow
Copper Nickel obalt Zinc CEU(a) Sulfate Rate
ug/1 ug/1 ug/1 ug/1 ug/l  ma/l (cfs)
: Operative Phase
. (tailing basin
. discharge)
i Model A 1500 4700 220 190 2200 380 4.5
Model B 130 3100 180 180 640 360 4.5
Model CP 38 50 10 9 54 — 4.5
3 Post-Operative Phase
J (waste rock pile and
. lean ore stockpile
. discharges)
Model I 53 2420 21 31 320 1260 .98
Model II 1710 39800 2400 2400 8300 3620 .98

- ahssumes the 20 X 106 mtpy open pit mine model.
bModel C is the same as Discharge I displayed in Fiqure 35a, of

Volume 4-Chapter 1.




MPCA and U.S. EPA have rot promulgated standards for all trace metals, and indi-
vidual standards for each metal do not take acocount of additive effects that may
occur on bioloaical organisms when more than one metal is present. Use of unim—
pacted stream concentrations as criteria may be unnecessarily restrictive, since
a water body may be able to accommodate qgreater metal concentrations than are

already there.

The method that the pper-Nickel Study developed to evaluate the impact of trace
metal discharges is based on the combined toxic effects of the trace metals:
copper, nickel, oobalt, and zinc (see Agquatic Bioloqgy, Volume 4-Chapter 1). The
concentrations of the trace metals in ug/l1 are assumed to be additive and are
normalized to "copper equivalent units", [CEU], by the formula

1 * [Cul +0.1* [Ni] +1 * [C] + 0.1 * [2n] = [CEU].
(Nickel and zinc are 1/10 as toxic as copper and cobalt, e.g. 100 ug/l of nickel

or zinc has the same toxic effect as 10 uqg/1 of copper or oobalt.)

The potential impact for a given CEU concentration is then evaluated based on
ranges established in Volume 4-Chapter 1, section 1.6.3 of aguatic biological

impacts. The ranges are summarized below.

0-5 CEU o effect
5-30 CEU low probability of measurable impact
30-100 CEU probable chronic effects

100-600 CEU rotential acute effects dependent upon total organic carbon
and hardness present in receiving water

600 definite acute effects

The table indicates that the likelihood of impact increases with increasing con-
centration, rather than occurring only after a specific threshold is reached.
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The likelihood of impact is also dependent on the chemical nature of the specific
receiving water., The presence of total organic carbon reduces the toxic effects

of copper,. and hardness reduces the toxic effects of nickel (see Volume 4-Chapter

1.

For the purpose of subsequent analysis, the criteria for CEU to indicate
environmental acceptability is chosen to be 10 ug/l (see composite standard

column, Table 87). This level is equivalent to that of any of the four metals

individually.

4.7.1.2 Total Dissolved Solids. Total dissolved solids (TDS) are of concern

because of the cost and difficulty in controlling such wastes and because of the
potential for significant oconcentrations of TDS in copper-nickel development
effluents, TNS is composed of a variety of ions; the major ones of concern

associated with possible copper-nickel mining are: sulfate and chloride.

Sulfate originates from the oxidation of sulfides in waste piles, tailing, and
mill process water. In addition, sulfates can be added to effluent streams hy
trace metal treatment systems utilizing the sodium sulfide method. Most sulfate
salts are very soluble in water and are very difficult to remove from waste
discharges with oonventional treatment methods. To a large degree, sulfate con-
centrations in waste water will éarallel trace metal ooncentrations, since they
are products of the same reaction. But while metals can be removed by precipi-
tation or adsorption, sulfates will stay in the aqueous phase. Sulfate con-
centrations in the 1,000 to 3,000 mg/1 range can be expected in leachates based
on Copper-Nickel Study field and laboratory studies, as well as meésurements made

at nmon-ferrous sulfide metal mines in the U.S. and Canada. This is the same
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range of concentrations developed for the waste rock pile and lean ore stockpile
water quality models in section 4.6 (Table 88). Should contaminated waste water
discharges occur, even following treatment for trace metals, sulfate
concentration 2-3 orders of magnitude (100 to 1,000) greater than background
stream ooncentration could occur. Once discharged, dilution is the only signi-
ficant factor controlling stream concentrations because natural removal processes

are rot expected to affect sulfate concentrations.

Except at the point of discharge, high sulfate ooncentrations are mot expected to

be toxic but will reduce the value of the impacted resource for domestic con-

sumption.

The criterion chosen to evaluate sulfate concentrations in this section is the

same as the current MPCA standard for sulfate, 250 mg/1.

Chloride concentrations in dischafqe waters are nore difficult to predict since
its primary source is believed to be highly saline bedrock grouﬁdwater of unknown
spatial distribution and magnitude. Elevated chloride levels have been
encountered at the AMAX exploration site near Babbitt, Minnesota (section 4,3).
Road salt is another potential sourcé of chloride, but of lesser concern than
saline groﬁndwater. Unless significant quantities of highly saline groundwater
are encountered by the mine, stream chloride concentrations due to copper-nickel
development should be of the’same order of magnitude as are presently found in
disturbed watersheds in the Study Area: 5-10 times higher than streams in
undisturbea watersheds. Therefore, if copper-nickel development occurred in
undisturbed watersheds (e.g. Kawishiwi River), median chloride concentrations in
the 5 to 20 mg/1 range are expected (médian background concentration is in the 1

to 2 mg/l1 range).
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If large quantities of highly saline waters are encountered the resulting mine
waters probably oould not be used as make-up water for the mill, and would have
to be discharged without receiving the beneficial effect of the mill cycle. -If
treatment is required prior to discharqé, lower cost conventional methods would
not be effective and higher cost systems such as reverse osmosis or ion exchange
would be necessary. If mine water could rmot be used in the mill, the mill's

water appropriation needs would increase.

Sulfate and chloride discharges are mot a significant water pollutant on an
aquatic bioloqgy or public health basis, but can result in significant water
quality reductions in the Study Area. They are also of significance because
unlike some of the other parameters discussed, they are very Aifficult (and
costly) to remove from contaminated waste streams. Application of treatment
systems effective in removing these ions would likely be considered economically

unfeasible (EPA 1975).

4.7.1.3 pH. During the operating phase, the pH of contaminated waters from
individual water pollution sources within the mine/mill complex ocould vary
Significantly, from acid waters (pH less than 5) to alkaline waters (pH greater
than 10). The major oconcern about pH is its effect on trace metal mobility.
Federal effluent regulations for the ore mining and dressing industry requires

that waste discharges be controlled within the range of 6 to 9 pH units.

If contaminated dischafges occur during operation, they would likely be on the
alkaline side, mot the acid side. Regional surface water pH ranges from 4.7 to

8.8, with streams having a median pH of 6.9 and lakes having a median pH of 7.1.

4.7.1.4 Total Suspended Solids. Historically, mining areas were noted for their

impact on increasing the sediment loading of streams draining the affected area.
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While total suspended solids ooncentrations of several hundred mg/1 have been
reocorded in mining areas (Down and Stocks 1977), such discharges can be effec-
tively controlled with the use of sediment traps and reclamation practices to
reduce erosion. Federal effluent requirements require that TSS concentrations he

maintained at or below 20 ma/1.

4.7.1.5 Chemical Reagents. Chemical reagents are utilized in the flotation

process (Volume 2-Chapter 3, section 3.2.3.4). Depending on the ’type and amount
of reagenﬁ;s added to the system, residual reagent concentrations will exist in
tailing basin water and in discharge effluents from the tailing basin. Many of
the compounds used are very toxic; others are less toxic. Some are persistent
and hence will eventually escape a tailing area. Others are unstable and will

break down in a tailings area.

The toxicity of organic flotation agents--particularly collectors and their
decomposition products—-is an area of considerable uncertainty, particularly in
the complex chemical enviromnment present in a typical flotation-mill discharge.
Data available on the potential toxicities of many of the reagents indicate that
only a broad range of tolerance values is known. Table 89 is a list of some of
the nore common flotation reagents and their known toxicities as judged from

organism tolerance information (EPA 1975).

Table 89

The Minnesota Mineral Resources Research Center (MRRC) performed bulk flotation
tests (pilot plant scale) on Minnesota copper—-nickel ore and studied the fate of

processina reagents, specifically Potassium amyl xanthate (KAX)(collector), MIBC
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Table 89. Krown toxicity of some commn flotation reagents used in ore mining and milling industry.

) KNOWN TOXIC
TRADE NAME i CHEMICAL QOMPOSITION FUNCTION RANGE (mg/1) TOXICITY*
RAerofloat 25 Essentially aryl d:thiophosphric acid - ®llector/Promoter
Aerofloat 31 Essentially aryl @ithiophosphric acid Mllector/Promoter
Aerofloat 238 . Sodium di-secondarvy butyl dithiophosphate M®1llector/Promter 1,000 to 10,000 Low
Aerofloat 242 Essentially aryl dithiophosphric acid Collector/Promoter 10 to 1,000 Moderate
Aerofroth 65 Polyglycol type oompound Frother 1,000 to 10,000  Iow
Aerofroth 71 Mixture of 6-9 carion almiols Frother 1,000 fow .
Aero Promoter 404 Mixture of sulfhyd:yl type compounds Collector/Promoter 1 to 100 Moderate
Aero Promoter 3477 Unknown ollector/Promoter 100 to 1,000 Moderate
AROSURF MG-98A Unknown Mllector/Promoter
- Chromium salts (amwnium, potassium, and Depressing agent - 10 to 1,000 Moderate
sodium chromate ani ammonium, potassium,
and sodium dichrom:te)
- Qopper sulfate Activating agent 0,01 to 1.0 High
-— Cresylic acid Frother 0.1 to 1.0 High
Dowfroth 250 - Folypropylene glycol methyl ethers Frother 1,000 Iow
Dow 2-6 Potassium amyl xanthate Collector/Promoter 0.1 to 200 Moderate to High
Dow Z-11 Sodium isopropyl xanthate (ollector/Promoter 0.2 to 2.0 High
Dow 2-200 Isopropyl ethylthiunocarbamate (ollector/Promoter 10 to 100 © Moderate
Jaguar Based on guar gum ' : Flocculant
-— Lime (calcium oxide) ) pH modifier and 10 to 1,000 Moderate
flocculant
M.I.B.C. Methylisobutylcarbinol Frother 1,000 Tow :
. - Pine oil C Frother 1 to 100 Moderate
- Potassium ferricyanide . © Depressing agent 0.25 to 2.5 Moderate to High
— Sodium ferrocyanidoe - Depressing agent 1 to 1,000 Moderate
- _ Sodium hydroxide pH modifier 1 to 1,000 Moderate
- Sodium oleate ' Frother 1 to 1,000 Moderate
- Sodium silicate Depressing aqent 100 to 1,000 Moderate
- Sodium sulfide Activating agent 1 to 100 Moderate
- . Sulfuric acid pH modifier and 1 to 100 Moderate
: - flocculant ’
Superfloc 16 Polyacrylamide . Flocculant 1,000 1ow
*Toxicity Tolerance level NOTE: Toxic range is a function of organism tested and water quality, including
High - 1.0 mg/1 . hardness and pH. Therefore, toxicity data presented in this table are only
Moderate 1.0 to 1,000 mg/1 generally indicative of reagent toxicity. Although the toxicity ranges
Low ' 1,000 mg/1 presented here are based on many different organisms, much of the data are

presented in relation to salmon, fathead minnows, sticklebacks, and Daphnia,
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(frother), and MG500 (flocculant). The ollector and frother were added to the
flotation system and the flocculant was used to remove fine tailing material from
the recycle water. These particular reagents are not necessarily the ones that

would be used in a Minnesota copper-nickel operation.

Residual reagent levels in the recycle water (equivalent to the water transported
to the tailing basin in a full-scale operation) averaged: 1.7 ppm KAX, 2.3 ppm
MIBC, and 0 ppm MG500. This constituted extraction rates of 97 percent, 87
percent, and 100 percent, respectively. Part of the observed rates may actually

be due to reagent decomposition prior to recycling.

Because the literature shows MIBC toxicity levels of 100 to 1,000 ppm, expected
levels of MIBC in the tailing water would be significantly below toxic levels.

The flocculant also appears to pose no problem.

The KAX collector situation is not so clear. The literature reports toxicity
levelé of 0.01-0.1 pem for similar ooliectors, but Regional Study tests showed
toxicity levels for one of these collectors to be 22-38 ppm. The MRRC results
(1.7 ppm) falls between these two levels. Depending on the actual toxicity

level, KAX could be a problem (Volume 2-Chapter 3).

When' reagents are being chosen for a mine-mill circuit, the toxicity of compounds
should be considered. Included in the definition of "least" toxic compounds are
those toxic compounds that break down rapidly (into innocwus substances) in a
waste stream or those toxic substances which can be removed easily from a waste

stream using recognized waste treatment technology.

“In qeneral, compounds having known or suspected nutrient properties should bhe
avoided if possible. Compounds that are persistent (that is, compounds that do
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not break down easily in a natural environment) should be avoided. Oompounds

that will sianificantly increase hardness or total dissolved solids content

should also be avoided.

4.7.1.6 Mineral Fibers. Ashestiform fibers have been jdentified as a potential

public health concern in rortheastern Minnesota. Present information indicates
that the concentration of asbestiform amphibole minerals in Duluth Complex ore is
expected to be auite low—on the order of 0.1 ppm by weight (Volume 3-Chapter 1,
section 1.4.3.5). On the other hand, amphibole minerals in rnon-asbestiform
habits are expected to be present in significant amounts, possibly ranging as
high as 13 percent by wolume and averaging 2-3 percent by volume based on
Regional Study data. The concern is that milling these amphibole minerals will.

result in the creation and subsequent release of fiber-like cleavage fragments.

Analysis was performed on samples of pilot plant tailing slurries to estimate
mineral fiber concentrations in water from the mill (Volume 3-Chapter 2). The
average values indicate that total fiber concentrations could be 1.61 to 4.95 X
1012 fibers/liter depending on the degree of grinding utilized in the milling
process. Because of the difficulty of measurement, these and other fiber

measurements should be considered order of magnitude estimates.

Section 4.3.1.4 of this chapter presents data on backoround fiber oconcentrations
in Study Area surface waters and Ely drinking water (tap water). Ambient fiber
concentrations were found to be six orders of mannitude below projected tailing

basin water.

Settling and decanting experiments performed on tailing material suagest that

regardless of treatment to control the release of fibers, the tailing material
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itself retains a significant fraction of the fibers generated (Volume 3-Chapter
2). If tailing material is exposed to wind erosion, the resultant fugitive
emissions will most certainly oontéin mineral fibers. 1If the tailina material is
subject to water erosion, the resulting discharges will most certainly contain
mineral fibers. 1In terms of water treatment for fiber removal, continuwus pilot
plant work at MRRC indicates that the use of a flocculant in the clarification of
process water prior.' to ’recyclinq reduces the fiber content by 4-5 orders of
magnitude. However, this means the fibers are then essentially all retained in
theAtailinq material, and pose the potential fof future release when active

control practices cease.

Information generated by the above studies and those presented in Volume 3—
Chapter 2, presents quite a dilemma when an attempt is made to use it in the
assessment of potential environmental impacts. 'As currently defined, mineral
fibers will most certainly be present in the products of mineral processina.
Typical tailing slurries may contain from 1012 to 1013 fibers/liter of which
some 20-30 percent or more may be .amphiknle fibers. 'Ihis oorresponds to some
109 to 1010 fibers/aqm of dry tailing material in a basin. Processing of

Duluth Complex material may produce roughly 1/3 the oonc_:ehtration of amphibole
fibers‘present in Reserve's tailing material at Silver Bay (Stevenson 1978). It
should be reiterated that the fibers observed in gabbro, and at Reserve, d not
originate from minerals which are present in asbestiform habits. The occurrence
of such habits in gabbro is expected to be rare. The aspect ratios of the fibers
£rom qabbro are quite low in comparison to those formed from truly asbestiform
minerals. In fact, it has been ohserved that a large fraction of fibers from

gabbro are plagioclase, a common mineral in the earth's crust. It is expected
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that such fibers may naturally occur in most areas as a result of cleavage
fragment formation by the forces of wind and water acting in nature. Still, the
city of Duluth has taken precautionary measures to remove these fibers from their

water supply.

Since the mechanisms by which some fibers are harmful to human health are rot yet
clearly understood, this study points out the importance of continued research
into the pathology of mineral fibers. If it is important to control these
fibers, or fibers of selected mineralogy or aspect ratios, the pathology must be

known to allow a specific control program to be desianed and instituted.

4.,7.2 Method of Evaluating Stream Impacts

Mining discharges of low quality will not be released to the envirormment without
treatment. Mitigative techniques are discussed in sections 4.7.1 and 4.7.7,
while this section and next indicate the level of stream impacts if dilution was

the only mitigative technique.

This section identifies the data and techniques to be used in section 4.7.3 to
evaluate stream impacts. The conservative mass balance technique is the primary
analytic tool, and is used to determine trace metal (CEU) impacts on streams from
copper-nickel mining discharges and the size of the watersheds that would be
necessary to dilute stream CEU concentrations to the composite criteria (Table

87).

This is mot to say that "dilution is the only solution;" other mitigative tech—
niques, such as water oollection, treatment, and controlled release, are

available and should be used. Dilution is used in this analysis to indicate how



near or far the different water quality models are from meeting the standard, by
indicating the size of the dilutional watershed needed if dilution was the only
mitigative approach. This analysis will demonstrate the need for additional
methods, especially for some of the "worst case" discharge models. The analysis
below also suggests how stream location can ameliorate the pollution problem if

other mitigative techniques fail.

4.7.2.1 Conservative Mass Balance Technique. This technigue was used in section

4.6 to develop water quality models for mine "subsystem A" runoff. It is a
method for calculating the resulting concentration of a chemical parameter when

two or nore different flows are combined.

The omnservative mass balance equation for two flows is:
Cm Om + CR Or
Om + Or

concentration of parameter in receiving water after input of
mining discharge (mg/1)

where: Cf

= concentration of parameter in mining discharge (mg/1)

Cy =

QM - flow rate of discharge (cfs)

‘Cé =>c3ncentration of pérameter in receiving water (mg/1)
Qﬁ = flow rate of receiving watér (cfs)

The impact analysis will determine dilutional watershed areas needed for dif-
ferent model discharges to meet a predetermined concentration criterion; Ce.
First, the above formula is sqlved by algebraic manipulation for O, the flow
rate of the receiving water. Then the required flow rate can be used to calcu-
late the watershed area needed to qenerate that flow rate, using other equations
introduced in section 4.2. The conservative mass balance equation is simplified
by assuming that CrQR is much less than CyOy and can be ignored.
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When this is not the case, the simplified formula underestimates the dilutional

flow needed.

Two other major assumptions are integral to the mass balance technique: the
conservation of chemical mass in the agueous phase, and complete mixing of mining

discharge and receiving water flow. The mass conservation assumption assumes

there is no mass added to the receiving water other than mining discharge and no
mass removed from the mining discharge or the receiving water. In fact, mass may

be added by additional leaching reactions or atmospheric deposition, or be

. removed by chemical precipitation, adsorption, or biological assimilation. Trace

metals that are removed may accumulate in streams or lake sediments, and be
redissolved later if aqueous conditions change (e.g. if pH drops). Atmospheric
deposition is discussed in section 4.3.4 and removal mechanisms are discussed in
section 4.6.1. The degree to which mass will be added to or removed from the

system has not been quantified.

The assumption of no chemical precipitation tends to overestimate the degree of
impact. The removal rates of copper, nickel, cobalt, and zinc are most likely

not equal, and further research is necessary to determine their magnitude in the
envirorment. Because nickel is more mobile in solution than copper, the omnser—

vative mass assumption is more valid for it.

The complete mixing assumption is a simplification of the real situation, though

it is more valid for streams than for lakes due to the turbulence of flow. The
degree of mixing will increase with distance from the point of discharge. At the

point of discharge, considerable variability in concentration may occur.

4,7.2.2 Mining Discharge Variables. Mdel values of concentration (Cy) and flow

(OM) are based on analyses described in section 4.6 (Water Quality Models) and
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section 4.4 (Water Budget), respectively. This information is summarized in
Table 88, and is based on the best available information applicable to the
Minnesota situation. The results were developed so that some impact analyses

could be performed, and are not intended to be predictive.

Two time periods are analyzed, the operational phase and the post-operational -
phase. During the operational phase it is assumed that all site runoff is
collected and routed to the tailing basin; excess system water is discharged to a
stream. The projected average discharge from a tailing basip located on an
impermeable base during average annual precipitation conditions is 4.5 cfs. The

tailing basin input and discharage models are based on the 20 X 106 mtpy open pit

operation (section 4.4).

Three different water quality models were chosen for the operational phase, to
simulate the range of likely discharges from an intearated mine—mili operation's
tailing basin (see section 4.6 and Table 88). The modeled CEU's, the primary
parameter for subsequent analysis, range from Model A's 2,200 ug/l for a runoff
dominated by a "worst case" open pit resembling one observed at the U.S. Steel
site, to Model C's 54 ug/1l for a hypothetical facilty whose mill/tailing basin
circuit neutralizes all mine waters to the concentration levels that were
observed in mill pilot plant studies performed at the University of Minnesota's
Mineral Resources Research Center. Model sulfate values are also'éhown in Table
88, but only for Models A and B. It will be seen that the modeled sulfate levels

require much less dilution to achieve the sulfate criteria.

These models assume that concentration levels do mot vary. This is inconsistent

with observations at existing mine sites. Still, mo oconsistent temporal pattern
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has been observed and variations on a seasonal or yearly basis have mot been
quantified. The model concentrations employed are not atypical of the observed
concentrations, but do represent the upper end of the mncentration range for the

worst case.

As discussed in section 4.7.1.1, trace metal concentrations and sulfate con-
centrations in the modeled discharges are in excess of MPCA and U.S. EPA stan~
dards, and far in excess of existing concentrations in the area's surface waters,
If they entered the receiving waters without mitigation, siqnificant changes in
the quality of the receiving waters could occur, depending on the volume of

dilutional flow available in the receiving waters.

Two water quality models (Models I and II in Table 88) are used for the post-

-operational phase to simulaté the discharge from waste rock pile and a learn ore
pile, respectl:ively. These two mine ocomponents will dominate after the mill
processing circuit is mo longer exerting its neutralizing influence. Ideally, in
the post-operational stage, the lean ore piles will have been processed and not

be a factor in the water quality of the region.

The quantity of flow from the waste rock pile is assumed to be 0.98 cfs, and is
dependent on the stockpile size and the amount of precipitation. A runoff coef-
ficient of 0.3 is used, although subsequent analysis indicates this is low (see
section 4.4). Calculations assume an average precipitation year as well as
stockpile dimensions that would occur at the end of operations. Only the impacts
of an open pit are exhibited here, since an underqground mine would have much less
impact. The stockpile area projected for a 12.35 X 106 mtpy underaground mine is
about 1/20 that of the 20 X 106 mtpy open pit, consequently the ratio of the
flows from the stockpiles is in the same ratio.
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4.7.2.3 Receiving Water Quantities (streams). The conservative mass balance

approach presented above can be used to calculate the dilutional flow of water
required to reduce a mine discharge to the level specified in the composite
standard (Table 87). Once determined, this flow can be used to calculate and

identify watershed areas that would generate such a flow.

To perform these calculations, the following formulae were statistically derived
to express the average stream flow and the 7-day, 2-year low stream flow as a

function of watershed area:

Oavr = 0.790 A (Siegel and Ericson, 1979)

O7p2y low = 0.024 Al-28  (Brooks and white, 1978)

O is expressed in cubic feet per second, and A is expressed in square miles. On
the average, a watershed of area A will generate a flow of Opyg, but for a one-
week period apptoxhnétely oncé every two years the flow will be as low as Oyppy
low- These formulae can be used to determine flows if drainage areas are known,
so final stréam concentrations can be calculated with the mass balance equation.

They can also be used to calculate needed areas if one knows what flow is

required to dilute a discharge to the composite standard.

These formulae were calculated using linear regression analyses of watersheds in
the Study Area. The results are statistical, and should not be thought to
accurately represent the watershed area-stream flow rate relationship in any

particular stream at any particular time.

The table below shows some values of Qayr and O7poy low for a few different

values. For a given area, the average flow is greater than the 7-day, 2-year
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low, so a constant mine discharge would have a greater effect durina a low flow
period, when there was less stream water to dilute it. A stream with double the
watershed area will have double the avéraqe flow }of another stream, but will have
more than double the flow of the other stream durina the low flow period. In
other words, the larger the watershed, the nore protection it provides against

adverse impacts during low flow periods.

Watershed Area

100mi2 200 mi2
Flow Rates OQayp (cfs) 79 158
O7p2y low (cfs) 8.7 21.2

’

4,7.3 Stream Results

The information presented in section 4.7.2 can be used to estimate stream impacts
from different mining discharges in the Study Area, as well as the dilutional

watershed areas required to achieve water quality criteria.

4,7.3.1 Stream Impacts. Table 90 shows the effect that each of the five dif-

ferent mining discharges would have if they occurred at Station E-1 on the
Embarrass River, in terms of the CEU concentration at that point (section
4,7.1.1)., The effects of Model A (operational phase) and Model II (post-
operational phase) are most severe, both having p’oténtial acute effects on
aquatic life during average periods, and definite acute effects when the low flow
period occurs. Model C, on the other hand, would likely have o eff_ect during
average flow periods and a low probability of impact even during a low flow

period. Similar calculations can be performed for other watersheds.

Table 90
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Table 90. Resultant concentrations at Fmbarrass River station E-1, for various models (in ug/l CEU) (a).

OPERATIONAL PHASE N POST-OPERATIONAL PHASE

Model A Model B ' ~Model C Model I Model 11
Ave, 7D,2Y low Ave, 7D,2Y low Ave, 7D,2Y low Ave, 7D,2Y low Ave. 7D,2Y low
160 © 965 47 281 4 24 5 47 140 1207
potential definite probable potential §'e) low no probable potential definite
acute acute chronic acute effect probability effect chronic acute acute
effects effects effects effects of impact effects effects effects

ACalculation is performed using the mass balance equation, and equations for average and 7-day, 2-year low
flow. The dilutional watershed area used to determine these flow rates is the actual watershed area above sta—
tion E-1, minus 16 square miles, that is, 88.4-16, or 72.4 square miles. This adjustment is made because the

20 X 106 mtpy open pit model requires 16 square miles of area, and the unimpacted watershed above station E-1
would be diminished by this amount.




Stream impacts will be less if the mining discharge is located downstream from a
larqger watershed area. Table 91 shows selected stream stations in the Study
Area, their watershed areas, and their average and 7-day, 2-year low flows.
Table 92 shows the resulting concentrations if the mine and its discharge is
located at these various stations, assumina the discharge resembles Model B (640
ug/l of CEU). The smaller streams, such as Unnamed Creek (already impacted) and
Filson Creek would be most affected, while larger rivers such as the St. Ipuis

and Kawishiwi would have the greatest capacity for absorbing the discharage.

' Again, the most severe impact coincides with the 7-day, 2-year low flow period.

Higher concentrations and even worse impacts could occur during frequent low flow

periods, for instance, the lowest 7-day flow which statistically occurs every 10

years.,

Tables 91 and 92

Iocation on a stream also affects the magnitude of the impact from the discharage.
As distance downstream increases, the watershed area drained by the stream
incfeases, thereby increasing the quantity of available dilutional flow. If
mining discharge occurs near the source of a stream, the CEU concentration
resulting would be higher than if discharge occurred further downstream. This
can be seen for a hypothétical discharge on the Partridge River, using data in
Table 92. A 640 ug/l CEU discharge at station P-3 (see Figure 4), yields a CEU
concentration of 468 ug/l during an average flow period, with a potential for
acute effects on aquatic wildlife. If the mine were placed farther downstream,
near Station P-1, the greater average dilutional flow available would result in a
concentration of 31 ug/l, on the borderline of a low pnobability of measurable

impact.
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Table 91. Profiles of selected streams in Study Region.

Dilutional Average 7-day, 2- 4

, Presentl Watershed AreaC Flo Iow Flo b
STREAM AND STATION N or 88 State (square miles) (cfs) (cfs) .
Unnamed Creek: BB~1 N A 0 0 0
Filson Creek: F-1 N C 0 0 0
Keeley Creek: KC-1 N C 0 0 0 :
Waterhen Creek: W-1 s C 29.6 23.4 1.83 .
punka River: D-1 N B 33.4 26.4 2.14 1
Embarrass River: E-1 S B 72.4 57.2 5.76 ) 7
partridge River: P-1 S A 113 89.3 10.19 )
pP-2 s B 85.9 67.9 7.17 -

P-3 S C 2.1 1.66 0.06 ‘

Stony River: S-1 N C 228 180.1 25.02 %
St. Iouis River: SI~1 S A 275 217.2 31.81 }
Kawishiwi River: K-1 N C 1331 1051.5 239.42 =

anorth or south of Laurentian Divide. -

ba=highly impacted; B=intermediate; C=very clean.

Carea for the 20 X 10 mtpy open pit model (16 mi2)is subtracted from
actual watershed area (see note (a) of Table 90).
dThe statistically derived equations used to calculate these

were: Opygp = .079A and Qyppy low = -024 Al-2

A's in square miles.

numbers
8, where O's are in cfs ard




Table 92. Resultant stream concentration and impact if Model B mining discharge (640 CEU) occurs
upstream from station.

CEU CEU
Concentration Concentration
STREAM AND STATION (ug/1) Impact Ievel (ug/1) Impact Ievel
Unnamed Creek: BB-1 640 definite acute effects 640 definite acute effects
Filson Creek: FP-1 640 definite acute effects 640 definite acute effects
Keeley Creek: KC-1 640 definite acute effects 640 definite acute effects
Waterhen Creek: WwW-1 103 potential acute effects 455 potential acute effects
Dunka River: D-1 93 probable chronic effects 434 potential acute effects
Embarrass River: E-1 47 probable chronic effects 281 potential acute effects
Partridge River: P-1 31 probable chronic effects 196 potential acute effects
: p-2 40 probable chronic effects 247 potential acute effects
P-3 "~ 468 potential acute effects 632 definite acute effects
Stony River: S-1 16 low probability of impact 98 probable chronic effects
St. Iouis River: SI~1 13 low probability of impact 79 probable chronic effects

Kawishiwi River: K-1 3 o effect 12 low probability of impact




4.7.3.2 Mitigating Effect of Discharges Proportional to Flow. As section

4.,7.3.1 demonstrates, the 7-day, 2-year low flow period constitutes a recurring
maximum impact on aquatic life, assuming the discharge rate is oconstant. But
discharge rates can be varied with stream flow, at least during the operational

phase when the discharge rate can be more readily controlled.

During the opérational phase, the amount of discharge can be kept proportional to
the streamflow: greater during high flow periods and lesser during low flow
periods. This method can keep the stream concentration constant and just equal
to the result the mass balance equation would yield when the average flow, Opyg,
is used as the receiving stream flow, Qgp. Thus, a proportional discharge stra-
teqy averages out the impact and avoids worse impacts otherwise associated with
low flow periods. For the streams in Table 92, the year-round impacts would be
the ones displayed under the average flow column. Smaller dilutional watershed
areas are required to meet criteria, if proportional discharges are used instead
of oonstant discharges (se€ 4.7.3.3). Whether discharge proportional to flow can
be applied in a given instance will depend on the design and location of the
mining development (e.g. sufficient water storage capacity, ability to collect

and control various discharge components).

An additional factor to be considered in timing mining discharges is seasonal
variations in biotic sensitivity, since aquatic organisms may have greater sen- -
sitivity to toxins during certain periods, such as springtime spawning, than

during other periods (Volume 4-~Chapter 1).

4.7.3.3 Dilutional Watershed Requirements for Various Models. Calculations were

performed to determine the sizes of dilutional watershed that would be necessary
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to dilute the model mine discharges to the composite criteria displayed in Table
87: 10 ug/l1 for CEU, and 250 mg/1 for sulfate. This calculation was performed
for Models A, B, and C in the operational stage, and Models I and II in the post-
operational stage. The results afe shown in Tables 2 and 3. Model A requires
the greatest dilution, 4,022 square miles of runoff if it is discharged at a
constant rate. This can be reduced to 1,247 square miles if the rate of

discharge is varied proportionally with fluctuations in stream flow.

The sulfate concentration of the discharge is of much less environmental oconcern
than CEU, as seen by Table 2. Any watershed area large enough to dilute CEU to

an acceptable level will do the same for sulfate, with area to spare.

Discharge C requires much less area than Discharge A. It is uncertain as yet

which of the two models the tailing basin water will most resemble.

The implications of these results can be seen by comparison with the available
dilutional watersheds displayed in Table 91. Even using discharge proportional
to flow, mot even the Kawishiwi Rivekr station K-1 has sufficient dilutional
watershed available to dilute Model A discharges to the 10 ug/l CEU standard. On
the other hand, a Mydel C diséharge proportional to flow could be accommodated by

all but the three smallest creeks listed in Table 91.

Table 3 displays the situation in the post-operational phase. Since discharges
may be harder to control than during the operational phase, the constant
discharge results may be a credible "worst case" which may reoccur at the 7-day
low flow period every two years. Alsd, the 7-day 2-year low flow case is most
applicable for a conservative estimate of envirommental impact, since stockpiles

can generate significant flows even in dry periods (section 4.4 on stockpile
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hydrology). If a high degree of impact recurs every 2 years, populations of

organisms may mot be able to fully recover (Volume 4-Chapter 1).

The worst situation would occur if the discharge resembled lean ore stockpile

Model II, in which case no stream listed in Table 91 has a sufficient dilutional

watershed to dilute the discharge to the desired 10 ug/l CEU. The Kawishiwi's
1,331 square miles oomes closest to the needed 3,459 square miles, and would

reduce the ooncentration to 34 ug/l CEU.

If lean ore piles are removed before mine closure, the resulting water quality
will be better. If the discharge resembles Model I, then the two larqest rivers
listed in Table_él can acoommodate the load. In this case, Model I's post-
operational discharge will constitute less of a problem than either Mdel A or B
during the opefational phase even if proportional discharge occurs then (266
mi2 of dilutional watershed required, compared to Model A's 1,247 mi2 or B's 359
mi2-Table 2). It is' impossible to prédict what discharge concentrations will
occur. The dischargé flow rates are also critical assumptions, but neither can

they be predicted with certainty.

4,7.4 Lake Results

This section discusses impacts on lakes from mining discharges occurring anywhere

upstrean -from a lake, including on feeder streams.

4.7.4.1 Analysis Method. Impacts on lakes are evaluated with some of the . same
techniques and criteria as were applied to streams. To calculate the con-
centration of the inflow to a lake downstream from a discharae, the mass balance

equation is used again, and complete mixing is assumed. Oy is again taken to be
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the mining discharge while the receiving waters flow rate Qp in this case is
taken to be equal to lake inflow. 1In effect, the lake inflow oconcentration is
calculated as though the lake received two flows: the mine discharge and the

total unimpacted runoff from the rest of its watershed.

A statistical formula is available to relate the watershed area of a lake t the
dilutional flow:

0 = 0.960 A0.9504

where Q is the 10-year average discharge in cubic feet per second, and A is the
watershed area in square miles (section 4.2). Since over long periods lake
outflow is likely equal to lake inflow (Siegel and Ericson 1979), this expression
can be substituted into the %ass balance equation as the inflow Op. The
unimpacted lake inflow is assumed to have zero CEU concentration, as in the case

of stream. This yields:

Ct=G1OM*+ RO = SuOm

OM + O Om + 0.96A0.9504
Ci = average concentration in total lake inflow
Cyq = CEU concentration in mining discharge anywhere upstream of
the lake :
Oy = f£flow rate of mining discharge anywhere upstream of the lake
Cr = CEU concentration in unimpacted lake inflow
Or = flow rate unimpacted lake inflow = 0.960A0.9504

The oonservative mass balance assumption is more questionable when analyzing
lakes than for streams. Trace metals may be removed from solution hefore or

after they reach the lake, and may ooncentrate in stream or lake sediments.

The complete mixing assumption used in the mass balance technique is also more
questionable in the case of lakes than of streams. Actual concentrations will

tend to be higher near the inflow of the mining discharge, since mixing of lakes
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is neither instantaneous ror necessarily complete (Fiqure 67), and involves con-
sideration of advection, dispersion, diffusion, biological activity, stratifica-
tion, etc;. Stratification, fér instance, influences how well a lake will mix
(and dilute) the mining discharges that enter it (Figure 68). As the number of
turnovers inéreases , the deqree of mixing also increases, e.g. dimictic lakes
will tend to mix more readily than monomictic lakes. The effecté of mixing have

not been developed quantiﬁatively for this presentation.

Figures 67 and 68

A lake's wolume can buffer the impact of a discharge. A measure of this buf-
fering capacity is its "flushing rate." This is the ratio of annual discharqe
(or net annual inflow) to lake wvolume and represents the number of lake wolumes
discharged per year. If the flushing rate of a lake is relatively vsmall, the
time required for lake water quality to equal that of the inflow is relatively
long. As the flushing rate increases, the time required for lake water quality
to equal that of the inflow decreases (Iorenzen et al. 1976). Similarly, the

flushing rate determines how long it takes for a lake to recover after all mining

discharges have ceased.

The ooncentration buildup and decline in a lake follows exponential laws. A lake
with a flushing raté of 2 will reach 86 percent of inflow concentration in one
year, whiie lakes with rates of 0.5 and 0.1 will take 4 years and 20 years,
respectively, to achieve this levell. This is based oﬁ the assumption that the
parameter--CEU in this case--is conservative, and is not removed from solution.

A more accurate analysis would account for precipitation reactions leading to a

build-up of the parameter in lake sediments.
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FIGURE 67

CONCENTRATION DISTRIBUTION SHORTLY
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FIGURE 68

DISCHARGE INTO STRATIFIED LA‘KES: SUMMER

WARM MINING DISCHARGE
MINING DISCHARGE OUTFLOW
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HYPOLIMNION (COLD) .
POTENTIAL FOR ENTRAPMENT OF TRACE METALS IN EPILIMNION |
COLD MINING DISCHARGE
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EPILIMNION (WARM) : i
NS /J\HYPOLIAQNION ) .
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4.7.4.2 Lake Impacts. Table 93 provides information on nonitored lakes in the

Study Area, including dilutional watershed, flushing rate, and tendency to

stratify.

Table 93

Table 94 displays the likely impacts on a few monitored lakes for the operational
phase models A, B, and C, and the post-operative phase models I and II. These
results occur only after the lake concentration reaches the level of the inflow

concentration, and how long this takes depends on the flushing rate.

Table 94

As in the case of streams, the larger the dilutional watershed, the less the
probability of adverse impact. For instance, for Model B, lakes with large
watersheds like White Iron and Fall show little impact, while lakes with small
watersheds like Perch or Tofte would experience definite acute effects from an

upstream mining operation.

An alternative way to consider the results of the mass balance technique is t©

calculate the dilutional area needed to achieve a 1ével of 10 ug/l CEU for each
model discharge. This is shown in Table 95 and is similar to Tables 2 and 3 for
streams. If a worst case Model A occurs, no lake in Table 93 oould dilute it to

the desired ooncentration. Many lakes oould accommodate a Model C discharge.

Table 95
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Table 93. Characteristics of monitored lakes in the (opper-Nickel Study Area.@

DRAINAGE FLUSHING RATE (yr—1)
» : AREA(miZ) 3/1/76-
LAKE WATERSHED Dilutional  10-yr ave. 2/28/77 ave, STRATIFICATION
Greenwood Stony River 24 '4.53 2.80 pes rot stratify
Sand Stony River 0 3.97 2.56 Does rot stratify
So. Mchougal  Stony River 0 19.02 10.72 Moes mot stratify
Slate Stony River 160 82.20 58.07 Does ot stratify
Bear Island Bear Island River 16 .31 .19 Strongly dimictic
Perch Bear Island River 0 . 1.04 | .47 Weakly dimictic
Birch Kawishiwi River 940. 5.62 4.61 oes mot stratify
Gabbro Kawishiwi River 370 19,16 14.54 oes rot stratify
White Iron Kawishiwi River 1100 7.83 6.48 Weakly dimictic
August Kawishiwi River 0 1.35 .67 oes not stratify
Clearwater Kawishiwi River 0 .15 .07 oes not stratify
Lake One " Kawishiwi River 220 | 4.83 3.51 Strongly dimictic
‘Turtle Kawishiwi River 0 1.22 .63 Does rot stratify
Fall Kawishiwi River 1280 22.62 19.13 Weakly dimictic

B
[ |




Table 93 continued.

| DRAINAGE FLUSHING RATE (yr—l)
AREA(mi?) 3/1/76~

LAKE WATERSHED Dilutional 10-yr ave. 2/28/77 ave. STRATIFICATION
Colby Partridgé River 110 12.33 8.46 Weakly dimictic
Big Partridge River 0 .58 .29 Weakly dimictic
Seven Beaver St. Ipuis River 44 5.14 3.29 Does mot stratify
Pine St. Iouis River 0 1.09 .56 Does not stratify
Long St. Iouis River 0 7.14 3.83 Does rot stratify
Whiteface
Reservoir - 110 1.62 1.11 Weakly dimictic
Tofte 0 A1 05 Monomictic
Triangle 0 .33 .16 Stfongly ‘di.mictic
Bass 0 1.4 54 Strongly dimictic
Bearhead 0 .33 17 Weakly dimictic
Wynne ' 120 7.57 5.24 Strongly dimictic
Cloquet 0 2.95 ~1.40 Does rot stratify

agee Mustalish et al. (1978) for additional morphometric data.
b6 determine the dilutional watershed, the approximate size of a 20 X 106 mtpy open
pit mine (16 mi2) has been subtracted from each lake's total drainage area.



Table 94, Impacts on selected lakes for modeled discharges (CEU in ug/1).

OPERATIONAL PHASE POST-OPERATICNAL PHASE 7
LAKRE Model A Model B Model C Model I Model II '

Greenwood 409 119 10 15 394
perch 2200 640 54 320 8300 |
Birch 15 4 0.4 0.5 13
White Iron 13 4 0.3 0.4 11
Fall 11 3 0.3 0.4 9
Colby 112 S 3 4 96 | | .

Tofte » 2200 640 54 320 8300 =




Table 95. Minimum dilutional watershed area required to reduce CEU
concentrations to composite standard (in mi2) .

OPERATIONAL PHASE POST-OPERATIONAL PHASE
Model A Model B Model C Mdel I Mdel II
To achieve
CEUs less
than 10 ug/1 1,474 397 24 38 1,203

NOTE: Actual watershed would be tabulated number plus 16 mi2, to
acoount for area required for 20 X 106 mtpy open pit mine
model.



4.7.5 Impacts on BWCA Surface Waters

The méthods used to analyze impacts on streams and lakes (sections 4.7.2 and-
4.7.3) are also applicable for streams and lakes in the BWCA. Rotential for
impacts on the BAWCA can be high, medium, or low depending on the proximity of
development to the BWCA and location with respect to the Laurentian Divide

(Figure 4).

Development south of the Laurentian Divide (zones 5, 6, 7, and part of 4) is
classified as a low impact potential because mining Adischarges would probably go
into streams also south of the Divide and eventually drain into ILake Superior via

the St. Iouis River.

Development in zone 1 would be classified as having either high or medium impact
potential, If discharges were to occur in the eastern part of zone 1, within the
subwatershed called K-7 by the Study, there would be little (if any) water for

dilution before these waters reached the BWCA, Being on the edge of the BWCA,

the impacted waters would soon flow out again. Once any such discharaes reached
the main channel of flow there would be water (upstream drainage area over 1,447
kmZ or 570 mi?) for dilution; however; high concentrations would occur within the

boundaries of the BWCA.

A medium impact potential is indicated for the rest of zone 1, zones 2, 3, and
part of 4. Discharges into surface waters in those areas would eventually enter
the BWCA near monitoring station K-1. Before entering the BWCA, discharges in
these areas would benefit from the substantial dilution due to the Kawishiwi
River (drainage area of 3,489 km? or 1,347 mi2). Because such dilution may not
be sufficient to eliminate all risk of impacts from mining discharges, these
areas have been classified as having a medium impact potential.
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4.7.6 Groundwater Impacts

Although no quantitative analysis was performed on the possible i.mpacts on
groundwater, some qualitative conclusions can be drawn. Mining impacted water
may seep into groundwater if it flows over permeable material. Among the various
mining components, tailing basins and stockpiles provide the greatest potential
for significant seepage. The resultant concentration of trace metals is
difficult to predict, since it depends on the rate of infiltration, the rate of

groundwater flow, and the degree of metal removal by soils.

The potential extent of aroundwater impacts is greatest in the‘hiqh permeability
Dunka-Embarrass sand plain and the Aurora area buried sands south of the Stony
River. Groundwater in these areas can travel long distances, whereas in nost |
parts of the Study Area flow is restricted by bedrock topography and peat for-
mations. Most groundwater flow in the Study Area morth of the Stony River is

limited to distances of 1 to 2 miles (Siegel and Ericson 1979).

Groundwater use in the Study Area is generally small, limited to individual homes
with the exception of Babbitt (Siegel and Ericson 1979) and Aurora, whére
groundwater is used as a municipal supply. These sources may beoome contaminated
if they are connected to the mine site by an aguifer of sufficient permeability.
Sand and gravel outwash is particularly onducive to providing this unfavorable

flow condition.

Groundwater impacts can be minimized by preventing seepage of mining discharges,
and is especially important in areas where groundwater is the source of domestic
water. Seepage to groundwater oould be minimized by siting and construction

techniques. Siting components on impermeable materials such as bedrock or peat
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would limit seepage to aqroundwater below these materials. Techniques for tailing

basin oonstruction which limit seepage have also been developed (see Volume 2-

Chapter 3).
4.7.7 Mitigation

Mitigation techniques will be required in the operational and post-operational
phase, and include various water management techniques, trace metal removal, and
othr techniques includiﬁg some discussed in section 4.7.1. Oontinuing research
on mitigative techniques is being performed by the Minnesota NDepartment of

Natural Resources (MINR) and others.

4.7.7.1 Water Management. Operational phase water impacts can be tempered by

the method of discharge. Using the closed system approach (Kealy et al., 1974)
and discharge proportional to stream flow, calculated trace metal concentrations
are significantly lower than for uncontrolled discharge. The closed system
approach helps mitiqéte CEU effects in oollected water by cycling through the
mill, and reduces the need for appropriations from.streams. Discharge propor-
tional to stréam flow avoids siqgnificant mining discharges during low stream flow
periods, ‘which ‘%would cause relatively high concentrations of chemical parameters.
A mmpérison ‘of dilutional watershed areas required for uncontrolled (constant)

and oontrolled (proportional) discharge is presented in Table 3.

Control of water flow through waste rock piles is another important technique,
and is being studied by the MINR. Revegetation is one such technique; others are
the placement of peat or tailings with the piles to remove metals from the

leachate (Eger et al. 1979_) .
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Thoughtful location of mining discharges within a watershed is also a mitigative

tool. If a sufficiently large upstream watershed is chosen, it ensures suf-

'ficient dilutional flow. It also protects against the effects of an accidental

release if routine treatment or containment procedures of a mine fail.

4.7.7.2 Treatment of Agqueous Mine Waste for Trace Metal Removal. Treatment

methods. discussed are based on information from Iwasaki et al. (1975), EPA

. (1975), Huck and LeClair (1978), and Gott (1978) on treatment of mining waste

Vwater. ~ The methods presented are: lime precipitation; lime precipitation and

;éffiuénﬁ ‘polishing; xanthate precipitation; cementation; and activated carbon ‘
adééfp‘tibn. . Additional -trace metal removal methods are available and are

. . discussed in the aforementioned sources. .

. Lime ‘treatment to increase pH is effective largely due to the decrease in metal

) hydroxide solubility with increasing pH (Iwasaki et al. 1976). Field results

indicate the feasibility of industrial appl'ication of the technique. Based on
publishec“] sources, industry data, and analysis of samples, it appears that the
concentrations given in the »tabulation below may be routinely and reliably

attained by hydroxide precipitation in the ferro alloy-ore mining and milling

industry (EPA 1975).

Metal Concentration (mg/1)
Cu 0.03
Ni 0.05

7n 0.15

Combined, these concentrations would yield a CEU of 50 ug/l, less than Model C's
CEU and easily handleable by dilution. Supportive data from copper mining

operations have been obtained (Gott 1978; EPA 1975). .
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Secondary treatment or polishing can be incorporated in addition to lime preci-
pitation, as was demonstrated by a pilot plant for treatment of acid mine
drainage. It employed lime and polymer addition, flocculation, clarification,

filtration, and sludge recycle. Results are presented below (Huck and LeClair

1978):
Extractable Metal Concentration in mg/1
Cu in
Input 5-76 22-1590
Clarifier overflow 0.05 0.36
Sand filtration , 0.04 0.19

The Climax Molybdenum Company conducted pilét plant studies in which lime preci-~
pitate was conditioned in an electrocoagulation cell, then mixed with a polymer

flocculant, and finally floated in an electroflotation basin by "microbubbles."

Feed ooncentrations of copper and zinc were reduced from 0.19 and 0.29 mg/1,

respectively to 0.050 mg/1 (Gott 1978).

Iwasaki et al. (1976) investigated the feasibility of copper and nickel removal
by metal-xanthate precipitation, cementation, and adsorption onto activated car-
bon. Results indicate that concentrations of free copper and nickel can be

significantly reduced by metal-xanthate precipitation.

Cementation of copper and nickel onto sponge iron appears to be the rrbst effec—-
tive of the three methods tested, capable of red_ucinq initial metal con- |
centrations of 10 mg/1 to less than 0.01 mg/l. Another possible technique is
activated carbon adsorbtion of copper and nickel, but this may not be feasible in

field application due to the amount of carbon required (Iwasaki et al. 1976).
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