
Figure 62

Inputs-Water may enter mines from natural oources such as seepage from bedrock,

seepage from surficial materials, and precipitation. Appropriation of make-up

water for mining procedures such as drilling and Clust suppression may also be

required (see Volume 5-Chapters 1-5).

Bedrock Seepage--Aquifers are rock formations aontaining reaoverable quantities

of water. Bedrock aquifers occur in joints, fractures, leacheCI zones, and ioo­

lated pockets (Siegel and Ericson 1979). There will be little flow unless one or

roc>re of these aonditions exists. Preliminary mappinq of the major fractures and

joint systems in the reqion indicate that fractures are nore extensive in the

upper 200-300 feet, but oome probably extenCl Do aonsiderable depths (Sieqel and

Ericson 1979). BeClrock aquifers near the ground surface generally are aonnected

to water table aquifers in surficial materials ,whereas deeper aquifers are

generally unconnected.

Table 73 lists the water bearing characteristics of the various bedrock types.

In general ,the bedrock water yield in the study area is low, the one exception

being the Biwabik Iron Fbrmation,which supplies water for municipal and

industrial use. Large quantities of water occur in this formation and the

leached zone can provide secondary porosity (through cracks and fissures) as high

as 50 percent. Prediction of seepage at a particular location is rnt possible

due Do the large variability in seaondary porosity. Little is known arout the

permeability of the Biwabik Iron Fbrmation where it underlies the Duluth qabbro,

and it is possible that large quantities of bedrock water may be enaountereCI by
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mines that intersect it.

Table 73

Ibckets of highly mineralized saline water, presumably ioolated reservoirs, have

been enoountered in theAMAX area. Saline water was enoountered in tw::> drill

holes, and on three separate occasions in the exploration shaft (see section

4 .3). Data on the qual i ty of bedrock water, thouqh limited, are summarized in

Table 25. Table 26 summarizes data on the saline water enoountered in theAMAX

area.

Althouqh there are mt eoouqh data to ~rform statistical analysis, it ap~ars

that different bedrock units have different major oonstituents: oodium,

chloride, and bicarl::orate in the ruluth C.,abbro; and calcium, magnesium and

bicarl::orate in the others (Siegel and Ericoon 1979). Bedrock water has a hiqher

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

The few trace metal analyses of bedrock water available suggest that the oon­

centrations of c'lisoolved oopper, nickel, cadium, silver, mercury, and lead are

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

Seepage From Surficial Materials--The unoonoolidated materials overlyinq bedrock

are usually saturated. They frequently yield rrore ''later than roes the bedrock,

though the availability o~water from them varies oonsiderably within the Study

Area.

The rate of seepage from surficial materials into an open pit will de~nd on the

thickness of the surrounding soil, its ~rmeability, the cross sectional area of
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Table 73. Water bearing characteristics of bedrock uni ts in the Study /\rea (from Siegel and Ericoon 1979).

Estima.ted max. Water Supply andsystem Major Units Subdivision -thickness Description Water Bearing Characteristics

Pre­
cambrian

Jlnimilde
Group

Duluth CUmplex

Virginia
Argillite

Biwabik lron­
Formati0n

R>kegam,>
Quartiz;te

Giants Fanqe
Granite

(7)

2,000!:

BOO!:

35o:t

(7)

Largely troctolite

,
'Ihinly bedded, qray to
black arqilite

Taconite-dark-colored
hard Clensc iron-beari!'9.
silicic rock
Ore-black, yellow, or
red, ooft iron-bearing
p:>rous rock.

Varicolored vitreous
quartize

Largely granodiorite

May yicln 5-15 gai/min from
fractured 3)nes near its upper
surface

May yield up to 30 gal/min from
fractured :i'Dnes near its upper
surface. utilized fur numerous
nomestic supplies.

May yield up to 1 ,000 gal/min tn
wells' in highly fractured taconi te
and ore. Utilized fur numerous
municipal and industrial supplies.

May yield 5-15 gal/min.
from fractured zones
near its upper surface.

May yield 5-15 gal/min ~m
fractured 3)nes near its upper
surface.



flow (exfX)sed area) and the hydraulic qradient. Mines mich intersect buried

sand and gravel defX)sits can receive large arrDunts of water. At Erie Mininq

Companyl s Dunka pit operation, a buried valley yields as much as 500 qpn to the

pit; sand and gravel can yield up to 1,OqO gpn (Siegel and Ericron 1979).

Groundwater samples aollected in the Study Are? indicate that, in general, the

mean concentrations of major water quality parameters in the till aquifers are

significantly hiqher than in sand and gravel aquifers (section 4.3). Till aon-

tains more silt and fine sized material than the sand and gravel defX)sits,

reducing permeability and providing a larger surface area and aontact t~efOr

chemical reactions. Till samples alro aontain higher aoncentrations of aisrolved

organic carron mich can increase the rate of chemical reactions (Eger and

Lapakko 1979).

'.

Trace metal aoncentrations in surficial aquifers are relatively low, Put are

nevertheless higher than in the areals surface waters (Tables 20 and 24). In the

mineralized zone near the aontact, surficial aquifer waters exhibit elevated

concentrations of aopper and nickel (Figures 22 and 23). Some of the aopper

values are in the range which could produce biological effects. (A lI safe ll level

of 10 ugjl fOr aopper has been coosen, see Volume 4-Chapter 1, section 1.6.2.2).

In summary, the quantity and quality of groundwater flow into a mine is aifficult

to predict accurately, but rome qualified generalizations can be made. The USC'S

has divided the region into seven physiographic regions (Figure 11). The major

fX)tential for open pit mining is in regions A and C. 'll1e USGS predicts that

groundwater discharge into open pit mines muld be small in region A (shallow

bedrock-rroraine area) but that significant discharges (up to 1,000 gpn depending
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on the cross sectional area available fiJr flow) coula occur in Reqion C (The

Embarass-Dunka sana plain). It is likely that this water will have copper and

nickel levels of 5-20 ugjl (Fiqure /.2 ana 23).

BMrock water is rore likely to be encountered in areas which adjoin the Biwabik

formation than in either the granite or the Virej inia formation. Tvbst of the

fractured zones are less than 200-300 feet deep and there are limited nata on

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

dissolvM rolids, alkalinity, and pH, but low in trace metals.

Make Up Water--In an underground mine, seepage water collectM in the shaft W)uld

most likely be pumped to a settlinq hasin to rerrove the fine rock particles. '!he

supernatant WJuln then be recyclM to the mine as make-up V-later fiJr dust

suppression or drillinq. fvbre make-up water may be needed than is available from

bedrock seepage. 'The quality of the make-up water w:>Uld initially be determined

by its rource, while the quality of the recycle water WJuld be a function of the

factors discussed in G~e following sections.

Operational rnputs--Mininq operations introduce water contaminants to the mine

such as explosive resielues (e.g. nitrate, oils), oils from elrillinq, 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 producinq small par­

ticles, thus increasing the available surface area.

It is likely that undergrouna mines WJuld exhibit hiqher concentrations of

operational inputs than open pits. (':.enerally, a hiqher percentage of the resi­

dues vDuld be retained in the enclosed volume, ana a smaller volume of water

would be available for dilution.
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Chemical Reactions in the Mine--The primary chemical process in.the mine is

leachinq, mich is niscussed in section 4.6.1. Leachinq is likely to be rrore

significant in an open pit mine operation than in an underqrounn mine because a

greater surface area will be eXPJsed in an open pit. The open pit will alro be

subject to processes which tend to increase leaching: wet-dry cycles, freeze­

thaw cycles, and a continuous supply of precipitation to transPJrt reaction pro­

ducts •

In contrast, an underqround mine has a nore uniform environment and much less

eXPJsed surface area. Parts of the mine may be totally nry, ro there w::mld be ro

water to transport products from the rock surface, except for snaIl anounts

abrorbed from the air (Smith and Shumate 1971).

Tb reiterate, it is difficult to predict the quality of mine water beforehand.

Uncertainties include the anount .of beOrock seepage, the PJssibility of enooun­

tering sal ine water, and any number of factors relating to the leachinq process.

4.6.2.2 Mine Water Quality M::>dels. Although the proceeding qualitative

discussion did rot yield quantitative mine water quality rrodels, such rrodels are

required to assess environmental impacts in section 4.7. Therefore, rrodels have

been generated on the basis of analogous mine situations.

Underground Mine Water Quality Mbnel--This nodel represents the water quality

that might be collected in an underground mine. The best available data are from

the AMAX ropper-nickel exploration project. The specific data used for the nodel

were taken from the AMAX main settling basin in 1977. M::>st of the water was from

the mine, mere exploration activities occurred throuqh::>ut the ·year. 9:>me test

plot ruroff was alro added to the basin. The nodelooncentrations are soown in
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Table 74. Cbnsistent with the conceptual niscussion, increases in trace metals,

sulfate, and nitrate and ammonia levels were ohserved. Trace metals ann sulfates

may be associaterl with the increased mineralization and solids loadinq in the

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

Table 74

Several unexpected occurrences have qreatly influencen ~he AMAX mine water. The

first is the previously rote<1 enoounter with saline ground\l,rater. The seoon<1 is a

high level of zinc, v..hich may be caused by interaction of saline vmter with the

galvanizeO mesh installed in the mine to prevent loose rock from falling Obwn the

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

shOv/ed significant zinc release.

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

develoPed, baser! utx'n tw::J different existinq pits. The first gives the "best

case" rrodel (i.e. Imler concentrations of chemical parameters), and is base<1 utx'n

data from the AMAX exploration site and the Erie Mining Cbmpany D.mka pit (Table

75). (In adilition tD the water quality rrodel, average concentrations and ranqes

are srown for different locations at Dunka and AMAX.) A1 though the Dunka pit's

east \vall is in eXtx'sed gabbro, it is a taconite operation and has less exmsed

gabbro than an actual oopper-nickel mine w.mld. Water quality at the Dunka pit

is also improved by a large rrroundwater discharge, vmich tenns to dilute the

concentrations of the mine water.

Table 75
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Table 74. Underground mine water quality node!.

pH 7.9
Alkalinity (rng/l as CaCOJ) 44
Specific Cbnductance (mg/l as Ca) 4700
Sulfate mg/l 59
Chloride mg/l 1575
Copper mg/l .012
Nickel mg/l .068
Cobalt mg/l .003
Zinc mg/l .034
Nitrate-N mg/l .31
Ammonia-N mg/l 9.8
Oil mg/l 1
Cadmium ug/l .28
Lead ug/l 4
Arsenic ug/l 7
Silver ug/l .25
Chromium ug/l 8.0
Mercury ug/l .15
Selenium ug/l 1



Table 75. Open pit water quality l\bdel A (better case)-based on Dunka open
pit taconite operations and Amax lnlding basin (in rrq/l, except pH).

Parameter M:>del

Dunka pit
l'brth pit

average range
Amax Holding
Basin Inflo\Ja)

pH
Sulfate
Copper
Nickel
Cobalt
Zinc

11
0.004
0.060
0.003
0.058

7.9
274

.005

.009

6.9-8.4
140-400

.002-.0l9(b)

.002-.009(b}

11
0.004
0.060
0.003
0.058

aLapakko (l979)
baoncentrations after filtration.



The secnnn rodel, the "WJrst case," is based up:m a u.s. Steel bulk sample site

which is a small (100' long x 50' wide x 10' deep) abandonerl pit that has filled

with rain and surface runoff. Due to its small size, the surface area to \Olume

ratio is much larger than in an operating mine (Eger and Lapakko 1979). Table 76

srows the rodel cnncentrations, mile Figure 63 (field data collected in 1977)

illustrates the ranges of Iii, alkalinity, and copper and nickel ooncentrations

that were observerl • This \'1ater was bioassayed and srown to be extreme1y toxic

(see Lind et ale 1978). Cbnditions approximating ttosefuund in Table 76 could

exist at water collecting sumps in open pits.

Table 76, Figure 63

Actual open pit mine water.will ~bably lie somewhere between the two models,

unless saline water is encountered, in mich case higher nissolved solids cnn­

centrations may occur. 'Ihe saline water data indicate that trace metal con­

centrations are on the orner 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

pit walls is not krown.

Open pit Mine Water Quality/POst Operational Phase--Since precipitation exceeds

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

This water may seep into the regional cn:oundwater system, eventually reachinq

streams and lakes.

The critical factors in determining the rate at which a pit will fill are the

rates of surficial and bedrock water seepage mich, as mentionerl previously, are

difficult tn estimate. Fbr the 20 X 106 mtpy rodel open pit, the estimate of
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Table 76. Open pit mine water quality MJdel B (v;orst case).

Parameter Concentration (mg/l)

Copper 21

Nickel 25

Cobalt 0.62

Zinc 0.22

Sulfate (804) 438

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

section 4.4).

The final water quality of an abandonen pit will be a function of the ~~ter

sources, pit size, the composition of the pit \~lls and the floor, ann the total

surface area available for leachinCj. The total surface area depends upon the

degree the pit walls are fractured and allow increased mineral contact with the

water.

One methorl of estimating an ultimate concentration is to assume that all of the

metal remaining in the pit walls (to a fixeO depth) rlissolves and remains in

solution (w:>rst case). An 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

centration could only occur if the pH is less than 5.5. Ibwever, the pH will

probably be closer to neutral (6-8) if significant amounts of water seep into the

pit and/or residual sulfide rontent in the pit \'Jalls is low. On the other hand,

acidic precipitation as observed in the Study Area may lower pH in an aband::med

pit. This calculation indicates that there may be enough metal left in the pit

to cause water quali ty problems. Even if a neutral pH is maintained in the pit

and copper levels are low, nickel concentrations may still exceen toxic levels.

Table 77

4.6.3 Lean Ore and Waste rock Stockpiles

The quality of lean ore ann waste rock pile runoff is influenced by many factors.

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

and chemical nature of t.he rock itself and by the waters in oontact with the

rock.
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Table 78. Stockpile mass.

Stockpile Grades (%)
Lean Ore Waste Rock

Cu Ni S Cu Ni S

.28 .08 no .050+ .014+ no
data data

Mine ~tal Stockpile Mass Estimated
Size Life I.ean Ore Waste Ibck Surface Area

Operation (mt/yr) (yr) (mt) (mt) m2Lton

Open pit 20Xl06 25 325Xl06 325Xl06 50-200

Underground l2.35Xl06 23 28.2XlOh (total) 300-500

Dunka pit* 12 6.0Xl06 l5.6Xl06 50-200
tons tons

.306 .073 .655 .10 .023 .207

SOURCE: Eger and Lapakko (1979).

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

+Averaqe •

\IiIIi!!!!II!I!
.....--.".
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puts specific to stockpiles are illustrated schematically in Figure 64. C',enera:L

observations aJ:out the leaching process, which is the predominant process here,

have been oiscussed in section 4.6.1.

Figure 64

Inputs-Precipitation is the major input to s~ckpiles, althouqh stockpiles sited

in wetlan(js rould receive basal seepage from surface waters. The chemical

comfOsition of reqional precipitation is discussed in section 4.3.4. In general,

the rainfall in the stuny area tends to be acidic, with low roncentrations of

nutrients, cations, anions, and trace metals (Eisenreich et ale 1978).

Reactions'Withi~the StockpileS--Leaching has been discussed generally in section

4.6.1, but a few points have special relevance to stockpiles.

Second I leachate production per unit mass is expecten to be greater from stock­

piles derived ftum unnergrounc'l mines because t~e particle size of ronstituent

rocks will be smaller anc'l rolids loading greater. The, sur.face area per ton for

material from an underground mine is aI:::out 2.5 times that from an open pit mine.

Third, organic acids can assist ieaching by increasing metal nobility, S) stock­

piles should be isolated from bog waters.
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FIGURE .:s4

FACTORS AFFECTING THE QUALITY OF STOCKPILE RUNOFF
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Folirth, reduction of water flow through stockpiles vlill reduce metal transmrt,

so stockpile design should encourage runoff rather than infiltration.

4.6.3.2 Lean Ore Stockpile and Waste Ibck Pile Water Ouality M:>dels. '!he water

quality models presented here are based umn actual concentrations measured in

the course of field studies of gabbro stockpiles at the Erie Mining Oompany's

Dunka pit (Table 79). M:>del I, based on EM-8 (Table 80), .is a nodel of water

quality from a wasterock pile. This leachate has relatively low metal con­

centrations. M:>del II (Table 80), on the other hand, is based on leachate from a

lean ore stockpile. It is a romIX>site of the measured concentrations at seep 1

and seep 3 at the Dunka site, which rome from a waste rock and a lean ore pile,

respectively. Maximum trace metal concentrations were ch::>sen, to simulate the

W)rst 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 sh::>uld be stated. First, leachate production at Dunka is

influenced by precipitation, which may rot have been "typical" during the study

period. Rainfall during the 1976 sampling period was approximately one half of

an average year, \vhile the 1977 sampling period rainfall was over 15 percent

greater than average.

A second roncern is that the "W)rst case" chosen--M:>del II-does rot necessarily

provide an ultimate upper limit for leachate roncentrations. The JIDdels were

based on a relatively sh::>rt period of observation, ann may rot be representative

of long-term effects. Fbr example, recent data at EM-8 sh::>w that metal con-
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Table 79. Stockpile size and cOmposition.

------- Erie - Dunka - pit ------- Amax Based on (20XI06
Site: EM-8* Seep 1* Seep 3* FL 1 Inoo M:>dels mtpy open pit)

Mass (tons) 12.2XI06 .92XI06 3.0XI06 1766 mt known 325XI06 325XI06
Cu (%) .04+ .03+ .29 .33-.35 .47 .1 .306
Ni (%) .01+ .01 .08 .075 .15 .023 .073
S(%) m data+ m data+ m data+ .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. lbth stockpiles are only 70% qabbro.
If the assumption is made that the iron formation and Virginia formation oontain m oopper and
nickel, then the oomposition of the gabbro can be calculated:

Overall oomposition
fraction gabbro

gabbro
= cum position

EM-8
Seep 1

Cu (%)
.057
.043

Ni (%)
.014
.014

+Sulfur to oopper ratio is generally on the order of 2-3:1.

SOURCE: Eger and Lapakko (1979).



Table 80. Waste rock pile and lean are stockPile rodel leachates, and
average amcentrations and range of observed values at EM-8 ana at
Seep 1 and Seep 3 (roncentrations in rrq/l lIDless otherwise roted).

/\boe1 II
MJdel I Lean Ore

Waste Ibck EM-8 S~ckpile Seep 1 and Seep 3
Parameter Pile MJde1 Average Range T\bdel Average Range

J:X)C 20.9 20.9 11.5-36.2 18.8 18.8 11.6-27.1

Alk as
CaOJ3 137 137 103-178 79.5 79.5 47.4-114

pH 7.2 7.20 6.50-7.65 6.98 6.98 6.45-7.15

SOt, 1260 1260 708-1680 3h20 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

Zr. 0.040 0.031 0.018-0.040 2.40 2.10 1.50-2.40

r- 0.021 0.021 O.01n-O.e2Y 2.40 1.77 1.00-240\.-J

Fe 0.208 0.131 0.084-0.208 7.20 4.73 0.710-7.20

Ca 200 200 64.°-301 346 346 284-388

Mq 123 123 82.0-178 268 268 215-288

Mn 2.85 1.30 0.n80-2.85 11.2 9.74 8.41-11.2

C1 41.3 41.3 2.92-56.5 56.7 56.7 38.5-70.4

SC
(rnro on-I) 2020 3620

Cr rot 0.123
aetermined

SOURCE: Eger and Lapakko (1979) •



centrations have increased siqnficantly: durinq the perion of July, 1976-Auqust,

1977, nickel values ranqed from 0.58-2.42 rrq/l, oompared to nickel values of 4.6­

7.1 mg/l 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 rot krown.

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 reveqetation.

Preliminary data for boo of the six test piles have shown a trend of decreasinq

pH (FIr5 ann 6). The declininq pH can lead to increased metal ooncentrations.

preliminary results indicate nickel (filtered) ooncentrations as hiqh as 83 mq/L

Leachate from Amax test pile FIr5 has been acinic, but the· exact cause is rot yet

known. This pile was oovered with overburden, fertil izen, and reveqetated; the

effects of these processes are still beinq investiqated. 'll1e pH in Amax test

pile FL-6, which received m treatment, has recently bequn to decline (Eqer et

aL 1979) •

. The <bpper-Nickel Study attempted to determine waste rock and lean ore stockpile

water quality rrodels using release rates for specific parameters. [This vork is

described by Eqer and Lapakko (1979)elsewhere.] Althouqh the data base nid rot

allow developnent of discharge llDdels, the lal:x>ratory results exhibited the same

ranqe of values as the field rates, although they are somewhat higher (Fiqure

65). Only for sulfate were observed field values qreater than the rates measured

in the lal:x>ratory. Field values are calculated over longer time intervals and·

over a wider range of environmental variables than llDSt of the lal:x>ratory
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experiments and therfore may better represent actual conditions.

Figure 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, p3.r­

ticularly the Erie stockpiles, cbes not exhibit aoomolous leachinq

characteristics; and, b) the Erie Mining qabbro 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 ~blem.

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 cnnstitute leachate sources for several hundred years,

acoording to an approximate calculation by F.fJer and LaPakko (1979), where all

contained metal is assumed to leach at the current rate.

In any case, waste rock piles will remain after minin0 and may be leachate sour­

ces for many years.

4.6.4 Tailing Basin Water

Tailing basins have hist0rically been sources of water quality ~blems, par­

ticulary in sulfide mining operations (Hawley 1972). Large quantities of

unwanted iron sulfides are often present in the tailings Providing conditions

conducive to the formation of acid leachate aontaininq hiqh cnncentrations of

trace rretals. Tailing basins remain as potential sources of rollution after

mining operations cease.

170



I
0::
>-

Figure 65

LABORATORY AND FIELD RELEASE RATE

(Box indicate~ observed range of values)

0, i

i',.

,

'"I
:E

Cl
~

Z

w
~
0::

W
IJl
<X
W
..J
W
0::.....
Clg

-2.

-4

-6

-8

D D

-\O'! , I -, I I I I I I

S04

LAB
S04

FIELD

Nl

L.AB
Ni

FIELD

Cu

LAB
Cu

FIELD

Co
LAB

Co
FIELD

Zn
FIELD



Predictions of water quality from ropDer-nickel tailing basins are difficult to

make, hecause there are presently no field data on leaching of nuluth qabbro

tailings. This section ~esents three tailing basin water quality models based

up::m extrar:olations. 'I'wJ models are mrst case, in that they assume the tailing

basin water will be of no better quality than the runoff rollected from the rest

of the mining operation. The third ITDdel 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 basin 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 ITDdes by which water can leave the basin.

4.6.4.1 Tailing Basin Inputs and Water OUality 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 ulnoff and stockpile leachate generated on the site

(Subsystem A, see sectior. 4.4.1.1). '!his runoff will be of r:oor quality in the

case of an open pit operation, and uncontrolled discharge rould produce environ-

mental problems (Lind et ale 1978). It all runoff is collected and channeled to

the tailing basin, it can be used as makeup water and be neutralized by chemical

processes in the basin and at the mill. Runoff is not usually directly rollected

at TIOst of Minneosta' s taconite operations. Specific runoff romfDnents that

would be rollected at a Minnesota ropper-nickel mine will depenn on the water

management plan for that operation.

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

is used, as rerommended by Kealy et ale (1974) (Figure 66). In closed system
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operation, vvater is recycled from the tailing basin to the mill oomplex. The

tailing basin acts as a reservoir and settling basin. In acoord with this closen

system concept, the tailing basin and mill are discussed jointly as the tailing

basin-mill system.

Figure 66

Figure 66 indicates there are three "inputs" to the tailing basin: net precipi­

tation directly on the basin; water from the mill; and, oollected runoff from

"subsystem A," which oonsists of the plant site, stockpiles, undisturbed

watershed, and mines (including mine dewatering) (section 4.4.1.1).

Eighty percent of the yearly II input" volume is from the mill in the 20 X 106 mtpy

open pit mine nuring an average preciptation year. But the mill is rot 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 nictate the final tailing basin water quality because reactions

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

The first two mo~els of tailing basin water are worst cases, in that they assume

that the tailinq basin/mill system has ro effect on the original water quality of

the ruooff. 'Ib develop these nodels, the oonservative mass balance technique was

used (Lapakko 1979). 'Ihe total input of each of 5 parameters (Cu, Ni, Ch, Zn,

and sulfate) was calculated from each runoff oomponent, and then divided by the

total ruroff mlume. This calculation provines a "worst case" ooncentration for

each parameter, because it assumes TD rerroval reactions (e.g. chemical

precipitation or adsorption) occur.

In
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The noc'lels assume inputs from stockpiles, the plant site, mine dewatering, and

undisturbec'l watershed areas, the last havim the best quality runoff. The annunt

of ruooff generated from each source is a function of rource area. As the mining

operation ~qresses, increasinqly larqer areas will be taken up by mining

developnents, ro that increasing arrounts of runoff will be derived from mininq­

impacted areas. The v.orst case situation will occur when the runoff

contributions from the open pit and stockpiles are at their maximums. Table Rl

lists the mlume of runoff for an average year of precipitation for the 20 X

106 mtpy open pit mine nodel, assulninq maximum rource areas.

Table 81

The quality of stockpile runoff and mine water is discussed in the precedinrJ'

sections. 'Ihe first nodel (M:>del 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 (MJdel B)

is basec'l on measurements made on a lnlding basin at the .AMAX site, which are

similar in magnitude to the water quality nodel for the Dunka open pit (section

4 .6.2). If large arrounts of sal ine mine water are encounterec'l and this water is

pumpen to the tailing basin, chloride concentrations in the basin will be higher

than those projected by these models and could pose operational ~blerns for the

mill, if recycling is used (section 4.6.4).

Since it is impossible to predict if, when, or oow much saline water may be

encountered, chloride concentration in the basin must be ronitored and treatment

applied if an acceptable concentration level is exceeded.

Tb calculate tailinq basin MOdels A and B, stockpile leachate nodels from section

4.6.3 were used to represent the concentrations in the waste rock (l'bdel I) and
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Table 81. Rurnff cnmp::ments, volumes (average year of precipitation
20 X 106 mtpy open pit mine model).

VOLUME+
SOURCE 1 (yrl)x 10-6

Plant Site 880

Open pit 760

Overburden 180

Waste rock 880

Lean ore 880

Undisturbed watershed 3800

+ ITlCIximum rource areas are assumed.

net precipitation input on basin 4800
(precipitation - evaporation)

SOURCE: Section 4.4.



lean ore (M)del II) stockpile ruooff. Data on overburden pile ruooff are limited

and plant ruooff data for the type of operation that might occur in Minnesota do

not exist. In the calculation, their effects ~re 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 nodel of runoff ~¥ater quality

used in this study. These nodels are used in section 4.7 to determine rntential

water impacts of copper-nickel mining.

Table 82

The third model (MOdel C) is developed using a different set of assumptions,

namely that the tailinq basin/mill system is the dominant TIorceon the basin

water quality and that pilot plant mill water generated in Mineral Resources

Research Genter (MRRC) experiments will represent the basin water in actual

practice. This is a best case rrodel, and the actual results will likely lie
l'

between ~Ddels A and B, and Model C.

It is reasonable to assume that the basin/mill system will influence the tailing

basin water, since four tbnes as much basin water will cycle through the mill

each year as will enter the basin/mill system each year from ruooff and precipi-

tation. It is also reasonable to assume that the tailinqs--being ground to a

small size (hiqh loading) and separated from sulfides in the mill--will increase

pH as roteCl 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 nndels (roncentrations in TT'q/l).

Averaqe Year Wet Year
l\t)del (Cu) (Ni) (Co) (Zn) ( 804) (Cu) (Ni) (Co) (Zn) (8041..

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 ale 1978) which ind icate that in the mill cycle the

concentration of dissolved solias increases ana a pH arOlma R is rxoduced. In

addition, the crushinq ana grinning processes can result in the liberation of

mineral fibers (Stevenson 1978).

Removal reactions are a factor aue to the finely grouna siliceous materials

comprising the tailings. In the processing circuit, 30 percent (by ~iqht) of

the solution is solids. Given a pH of 8 and a solution containinq an estimaten

adsorbing surface area of 10-25 m2/liter of rolution, substantial anDunts of

trace metals may be removec'l by rxecipitation or adsorption. Residual xanthates

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

from rolution (Eger and Lapakko 1979).

Organic chemicals in the furm of frothers (e.q., MIBC) ana collectors (e.g.,

xanthates) are aaaed in the mill fur the flotation process. A aescription of the

nature of these comPJunds, the various tY'J?2s of additives, am the role they play

in the flotation process is presented in Volume 2-Chapter 3. Residual con­

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 rm/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 rolution, and favors metal removal reactions, indicating that

trace metal concentrations may aecrease as water flows tl1rouqh the mill.

A.l though concentrations of trace metals are expected to be low, elevated levels

of dissolved solids, residual orqanic process chemicals, and mineral fibers are

eXp2cted.
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Table 83. Cbmparison of tailinq basin water at tw:> locations with maximum
concentrations observed in laJ:oratory experiments (for comparison with
models A, B, and C, Table 82) (all units but pH measurec'i in mg/l) •

Eveleth Taconite Shebandowan
Parameter Tailinq Basina Tailing Basinb Laboratory TailingC

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 O.OOl(l} 0.001-0.014 0.017, 0.032

Nickel 0.O05(1} 0.046-0.077 0.005, 0.016

Zinc 0.005(1} 0.001-0.054

'Ibtal
Dissolved
Solids 0.16-439(5) 341-751 N/Ad

Sulfate (504) 19-82(5) 122-447 N/A

Arrlrronia 0.1-3.7 N/A

Nitrates 1.81-2.66 (3) 0.2-3.75 N/A

Nitrite 0.04(1) 0.01-0.08 N/A

'Ibtal
Phosphorus 0.01-0.29 N/A

SOURCE: Eger and Lapakko (1979).

aData collected during 1967-1975 period; number in parenthesis
den::>tes number of samples. Impacted runoff was rot collected.

bData collected during 1974-1977 period; rerource is a massive
nickel sulfide and a basic mst rock. The nickel reading was based on
1 imited data, name1y five samplings. '!be iron, copper, zinc, and nitrite
had large apparent outlies, respectively: 42, 0.23, 0.17, and 0.28.

cTailings were leached with groundwater and with bog water.
dN/Ameans ro data available.



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

r-bClels A, B, anCl C will be usen in section 4.7, to Cletermine \vater quality

impacts of copper-nickel mining.

4.6.4.2 Tailing Basin Water/Ibst-Operational Phase. '!he three rroc'lels for

tailing basin waters A, B, and C are logically the hounds on post-operative

waters. At best, the tailinq basin would continue to exert a neutralizing

influence on the runoff from the site, and lean ore piles will have been ~­

cessed and reTTDved. Also, reclamation efforts, such as revegetation or con­

touring, may have helpeo c'livert precipitation from sulfic'le-bearing materials.

At worst, the tailing basin v.oulc'l have ro effect, and runoff from the mine and

piles will be the primary c'lischarge 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 qabbro which coulc'l be used to predict accurately

tailing basin water quality. It is useful to search for even slightly analoqous

situations, 'liven the importance of the tailinqs to lessen the pollution

potential of other mine components. Fbr comparision purposes, there are data

from: tailing basins at Shebandowan, Ontario, ano EVeleth, Minnesota; from batch

reactor experiments at MRRC;and from acidification measurements on canac'lian

tailinqs. Neither of the tailing basins receives stockpile ruroff or open pit

water, the tv.o major SJurces of heavy metals; but the results stow the 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 mst rock is peridotite, an
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ultramafic rock whose mineralogy is dominated by pyroxene and olivine, two

minerals alSJ present in the Duluth gabbro. The rost rock at Shebandowan has

shown a substantial buffering capacity. (bserved cnpper cnncentrations in the

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

magnitude as Model C.

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

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

Finally, batch reactor experiments (Figure 59) performed on mineralized Duluth

gabbro srow basic pHs, and ropper and nickel concentrations that are lower than

model C. 'Ihese results supp:>rt the cnnclusion that tailing basin water will have

high levels of disSJlved mlids, a pH in the range of 7 to 8, and trace metals

concentrations in the range .01-1 nn/l. Although metal concentrations are

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

of biological concern (Eger and Lapakko 1979).

Another way to gauge the effect of ruluth l1abbro tail ings is to cnmpare their

sulfur cnntent with that of tailings that may have caused acid ronditions to

occur elsewhere. Hawley (1972) has rePJrted the range over which acid mine

drainage problems have been observed in Canana, and fuund that tailings l1reater

than 2.5 percent sulfur fall in this range. 'Ihis percentage is much higher than

the Cbpper-Nickel Study roiiel tailings (atout 0.3 percent) (Volume 2-Chapter 3),

and higher than lTOst of the AMAX dePJsit. Still, lean ore test piles (rot

tailings) at AMAX--with sulfur cnntent as low as 0.8 percent--have srown

declining pH trenas, although test piles at 0.6 percent have rot (Eger ana

Lapakk:o 1979). This is ronsistent with Hawley's observation that acid cnnditions
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even may be a problem with tailinqs that are less than 2.5 percent sulfide. He

reoommende(l "that to prevent an acid drainaqe situation from developing in any

particular tailing area, the (iron) sulfide oontent of the mass must be kept

substantially below 2.5 percent anii probably as much below 1 percent as

possible" • As it is, if the richest ores are mined first ("hiqh qrading"), the

higher residual sulfide concentration in the tailnqs could enhance acid

production.

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

tailings basin by four principle routes: a) direct discharqe or overflow of

water in the basin; b) seepaqe through the darns; c) deep seepage to the rrround­

water system; and, d) evar:oration. 'The quality of iiirect discharges v.ould depend

upon the inputs and reactions already discussed, anii the tailinq basin water

quality rrodels presented in 4.6.4.2. This section discusses iiarn seepaqe and deep

seepage as well as additional chemical reactions influencinq 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 darn) is expected to be oomparable with that of

the water in the basin, \'t1ich laroratory tests indicate may be buffered at a pH

around 8 by the tailings. Latoratory experiments indicate that at a pH of R

heavy metal release is very low ano that any metals in rolution w::>Uld rrost likely

be adsorbed onto the tailings as the \vater seeps through the tailings and the

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

The dissolved oxygen ooncentration is significant because the rnobilty of iron and

manganese will increase as oxygen levels orop. Since deep seepaqe will pass from
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oxygen rich into oxygen-p::Y.)r zones, water that seeps cbwn to t.l1e qroundwater \-lill

have increased levels of these tw:::> metals. Other netal o::mcentrations may be

similar to the basin concentrations.

Tailing hasin seepage can be mitigated. nam seepage to the environment is highly

dependent on dam design, and can be designed to be very little. Either a low

permeability clay liner couln be put on the inner face of the dam or a drain can

be placen at the roe of the dam to collect what seepage there is, for treatment

or return ro the basin.

Groundwater seepage may alro be o::mtrolled by location on a natural or imr:orted

low permeability base. In the \-later' budget section (4.4), it was estimated that

seepage for the model open pit operations (7.0 X 106 mtpy) tailing basin w:::>uld be

betv'leen zero and 8,300 acre-feet in an average rainfall year, depending on

whether the base was impermeable or permeable. This is equivalent to hydroloCfic

permeabili ties 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 ex:mstitute

the limiting permeability (section 4.4.1.2).

4.6.5 smelter/Refinery Waters

Al though the extraction of cower-nickel ore within the stuny Area may rot

necessarily involve the operation of a smelter within the area, the addition of a

smelter to other mining oevelopnents presents a "w:::>rst case" for p:>ssible

environmental impacts. Fbr this reason the Regional Study has developed a

smelter/refinery \-later quality m::x'lel mich is presented in Volume 2-Chapter 4,

section 4.9.2.
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Unlike the water quality rrodels developed for mine waters, stockpiles, and the

tailing basin-mill systems in the previous sections, no 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. The water quality model was

developed by scaling data from domestic copper operations to produce a

hyp:>thetical 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 (notably involving arsenic) not

likely to occur in MinneS)ta operations. On the other hand, p:l.rameters of

particular concern in MinneS)ta are nickel and cobalt, which do not occur at

significant levels in rrost 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. Detqils

of model developnent are presented in VollDl1e 2-Chapter 4, section 4.9.2.

It should be noted that a smelter/refinery operation may be integrated into the

total extractive operation in such a way that smel ter/refinerydischarqe \vater

can be recyclen through the tailing basin. "0ff-site" smelter developnent (in

another part of the state or in another state) \'Duld necessitate the developnent

of separate treatment facilities to handle smelter/refinery discharqewaters.

The nature of necessary treatment facilities cannot be anticipated without more

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

MinneS)ta copper-nickel industry.
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4.6.5.1 Inputs. If a smelter is built within the study Area, ~he most likely

source of input \vater is from streams. The average water quality of minimally

disturbed streams in the Study Area is presented in Table 1. In andition to

water quality parameters for undisturbed streams, the quality of waste rock-lean

ore pile leachate presented in section 4.6.3 can be usec1 to approximate a worst

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

tion.

The quality of recycle water in an integrated smelter/refinery/mine/mill system

is likely to be influenced by the quality of water in the tailings basin. .MJdels

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 metood of processing and

cannot be projected at this time. Fbr this reason processinq additives are not

considered in the smelter/refinery \;later quality nnde1.

As was suggested earlier, the nature of the ore will influence potential output

water quality. Minnesota smel ter feed v.ould be lower in lead and arsenic but

higher in nickel and cnbalt than in previous dJmestic operations. The adiust­

ments made in the model to cnmpensate fOr these differences are discussed below.

4.11.5.2 Reactions Within the Smelter/Refinery. 'lWJ major classes of reactions

occur during the smelting and refining processes: evaporation of cnolinq waters

and chemical alteration of process waters. As is discussed in Volume 2-Chapter

4, section 4.9.1, nearly ten times as much (DOling ,mter as process water is

used. Although evaporation may result in the cnncentration of some of the

constituents originally present in the input v-later, it is not expected to alter
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the quality of <DOling waters siqnificantly. On the other hand, process \vaters

will be al tered by add i tion of process chemicals am by chemical reactions in

roth the smelter and refinery. Specific reactions cannot be anticipated at this
,

time.

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

water, slaq granulation water, acid plant blovrlown, treated sewaqe water (rntable

water), cnpper refinery water, and nickel refinery water. RJtable water is

assumed to be uncontaminated and represents a very small prornrtion 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 JTDdeled volume of

flow assigned to each stream. ID data are available in the literature for nickel

refinery water ro the quality of this water was assumed to be the same as that

for electrolytic copper refineries. In order to approximate the hiqher levels of

nickel and cnbalt in Minnerota smelter feed than in the literature, the nickel

concentration from V>.Crst case waste rock lean ore leachates (Table 80) was

substituted for values qiven for existinq domestic operations. Because no data

are available for robalt in smelter/refinery effluent the value of 2.4 mg/l from

the leachate m:)('lel was used.

Table 84

In comparison with intake waters, anode casting water could be expected to exhi-

bit increased levels of suspended and dissolved rolids and elevated levels of

some metals, especially cnpper. Data from three domestic smelters reveal high

levels of lead, zinc, and arsenic with pH values just aJ:ove 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 HEFINERY REFINERY

PARAMETER WATER WATER BL(MJX)WN WATER WATER3

PH 7.8 7.6 2.0 6.9 6.9

TIS (mg/l) 17,770 50,000 244,000 3700 1900

S04=(rng/l) 230 5,900 36,000 22,650 22,650

As (rrg/l) 0.5 187 59 30 30

Cd (rng/l) 0 0.7 9.7 0.1 0.1

Co (rrg/l)b 2.4 2.4 2.4 2.4 2.4

Cu (rrg/l) 11 14 1.0 70 70

Fe (mg/l) 0.5 5 38.2 70 70

Hq (mj/l) 0 0.01 0.1 0.1 0.1

Ni (mq/l)b 39.8 39.8 39.8 39.8 39.8

Pb (mq/l) 3 130 89.8 10 10

Zn (rrg/l) 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 ropper refinery water.
bvalue based on worst case model of waste DJck/lean ore leachate.



levels of sulfate, arsenic, cadmium, iron, lead, and zinc. On the basis of data

from eight domestic refineries, oopper refinery water can be expected to exhibit

elevated levels of zinc, iron, oopper, lead, nickel, and sulfate. A wide variety

of processes are available for treating the oopper-nickel matte likely to be

produced from a snelter using Minnesota ooncentrate. It is therefore imp:xtant

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 oombininq

the models given for the various streams. All oonstituents were assumed to

behave oonservatively, so that their final ooncentrations oould be oomputed as a

weighted· averaqe based on the volume of output water from each stream. A small

potable water oontribution 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. In

Table 86 the ooncentrations of parameters listed in Table 91 are expressed as

mass loadings in rretric tons per year. In general, nodel values for arsenic,

mercury, lead, and sulfate may be higher than need be expected from a Minnesoa

operation 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 VDuld most certainly

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

acidification of the overall process effluent stream.

Tables 85 and 86
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Table 85. Integrated water quality rodel for a gnelter/refinery
process water effluent stream. a

PARAMETER MJDELED VALUE

Flow.(gpn) 4,065

pH 2.7

TDS (ng/l) 79,700

S04= (Irq/l) 12,800

As (mg/l) 3.0c

Cd (mg/l) 2.3

Co (mq/l) 2.40a

Cu (mg/l) 16.6

Fe (mg/l) 17.2

Hg (mq/l) 0.017b

Ni (mg/l) 39.8a

Pb (mg/l) 5.2c

Zn (ng/l) 450

SOURCE: Volume 2-Chapter 4.

aValue based on w:>rst case rodel of waste rock/lean ore leachate.
bUnless otherwise mted, rodel values are based on data

from selected domestic operations (EPA 1975).
cValues adjusted downward to reflect 100% of the aonstituent

present in the rodeled smelter feed.



Table 86. Mass loadings and recovery of constituents implied
by the smelter/refinery ~cess water quality model. a

MASS LOADING IDRI'ION OF
PARAMETER (mt/yr) INPTJr ACmUNTED FOR

S04= 33,000 (as S) 20% (as S)

As 22 100%b

Cd 18 70%

Co 19 2%c

Cu 130 0.1%

Fe 130 0.07%

Hg 0.13 10O%b

Ni 310 2%c

pb 40 100%b

Zn 350 50%

asee Volume 2-Chapter 4.
blOO% recovery assumed (see discussion).
cBased on value from v.orst case waste rock/lean are leachate model.



4.7 ENVIRONMENTAL IMPAcr OF CDPPER...;.NICKEL "'1INING CN REGIONAL \ilJATER OOALITY

A malar environmental exmcern is the rntential environmental impact of cnpper anii

nickel mining on natural \later todies in the Study Area. Significant changes in

water gtlality due to mining operations have been obseDled at the Erie Mining

Dunka Site, AMAX test stockpiles and the U.S. Steel pit (Section 4.6). Elevated

trace metal cnncentrations in Unnamed Creek alro indicate the p::>tential for

mining related impacts on natural waters (section 4.3).

This section considers rnssible environmental impacts on 'vater rerources vdthin

the Study Area, especially on streams. Primary emphasis is qiven to trace

metals. The analysis cnnsiders impacts in the operational and rnst-operational

phases, and draws on information from earlier sections, includinq water budgets

(section 4.4), mine water gtlal i ty nodels (section 4.6), and agtlatic biology

(Volume 4-Chapter I).

4.7.1 Chemical Parameters of Concern

Section 4.6 presented water gtlality nodels for mining discharges in the opera­

tional and p::>st-operational phases (e.g. Tables 75 and 77). Many of the

chemicals rontained in these discharges appear in greater cnncentrations than are

row found in the unimpacted \vaters of the Study Area, and in greater cnn­

centrations than are allower'1 by state and federal regulations. '!his section

discusses chemical parameters of concern, namely trace metals, total dissolved

solids (hardness), pH, total suspendeCl rolids (sediment loading), residual pro­

cessing reagents, and mineral fibers. Criteria are developed for trace metals

and for sulfate, a cnmfOnent of total dissolved rolids. Trace metals and sulfa­

tes are emphasiZed in the subsequent impact analysis.

184



4.7.1.1 Trace Metals. Four tr-ace metals are of primary interest: ropper,

nickel, robalt, anCl zinc. These four were selected for impact assessment based

on results of laboratory (Eisenreich et al. 1977 and 1978) and field observations

(F..qer et al. 1979) which indicate that these are the malor trace metal

consti tuents of mineralized qabbro (Volume 3-Chapter 1, Table 25) and of pro­

jected effluents from ropper-nickel r'levelopnent. Alro, their rntential toxic

effect on aquatic life in the Study Area is greatest (Volume 4-Chapter 1). Other­

trace metals, such as ar-senic, lead, cadmium, and silver, are rot expected to

significantly rontribute to the toxicity of potential water effluents because of

their very low roncentration in Duluth gabbro.

Various criteria can be used to evaluate the seriousness of trace metal nischarge

for mining operations. '1'w) examples are the water quality standards promulgated

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

Table 87

These standards can be rompared with Table 88, vtlich shows water quality ITOdels

developed in Section 4.6. All five rrodels have mpper concentrations in excess

of the MPCA standards, and four have sulfate concentrations greater than MPCA's

stannard .(N8 sulfate mncentration was developed for the fifth rrodel, r-bdel C.)

Table 88

Another criteria for mmpariron 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 mncentrations in the \~ter quality rrodels.
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Table 87. Various criteria for selected chemical parameters.

Study Area
Current Streams

MPCA EPA Cu-Ni (undisturbed) ComfOsite
Parameters Standardsb Criteria Guidelinesc Median Value Standardd

Copper (Cu) (uq/l) lOe 10009 10-100i 1.3

Nickel (Ni) (uq/l) NA NAg lOO-lOOOi 1.0

Cobalt (Co) (ug/l) NA NA 10-100i 0.4

Zinc (Zn) (ug/l) 5000 50009 100i 2.0

CEUa (ug/l) - -- 5-30 - 10

Sulfate (804) (mg/l) 250f NA NA 6.6 250

Mercury (Hq) (ug/l) NA a.05h NA .08 .05

Mineral Fibers

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

[CEU] = lx[Cu] + O.l[Ni] + lx[Cb] + O.l[Zn] •
The impacts range from "00 effect" (0-5) to "definite acute effects" (over 600).

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

CReqional Copper-Nickel Study, \blume 4..,.Chapter 1.



Table 87 rontinued.

dThis is a romPJsite stahdaid"fOrromparis:m in this section with water
quality rrodels derived in section 4.6. Each standard is the rrost stringent
of the three standards tabulat.ed here, except fOi:" ropper, nickel, robalt,
ano zinc, fOr which a romPJsite standard based on "ropper equivalent units"
has been developed.

eMPCA has different standards fOr water to be used fOr domestic purPJses
and fOr fisheries and recreation. Here the rrore stringent fisheries and
recreation standard is used. It is als::> TIOre stringent than the Cbpper-Nickel
Study "CEU" guideline.

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

gIn addition to any listed, fixed roncentration criteria, EPA has an addi­
tional criteria for this parameter that involves the measurement of lethal ron­
centrations on a biological PJPulation.

hThis criteria applies to aquatic life: a less stringent criteria prevails
for water intended for domestic use.

i Fbr aquatic life.



Table 88. Water quality source monels for copper-nickel development. a

Flow
Copper Nickel Cbbalt Zinc CEU(a) Sulfate Rate
ug/l ug/l ug/l ug/l uq/l mg/l (cfs)

(

Operative Phase
( tail ing bas in
discharge)

M:::ldel A 1500 4700 220 190 2200 380 4.5
Model B 130 3100 180 180 640 360 4.5
Model Cb 38 50 10 9 54 4.5

Post-OPerative Phase
(waste DJck pile and
lean are stockpile
discharges)

MJdel I 53 2420 21 31 320 1260 .98
Monel II 1710 39800 7.400 2400 8300 3620 .98

aAssumes the 20 X 106 mtpy open pit mine model.
bM:>del C is the same as Discharge I displayed in Figure 35a, of

Volume 4-Chapter 1.



MPCA and U.S. EPA have rot promulgated standaras for all trace metals, and irrli-

vidual stanaards for each metal do not take account of additive effects that may

occur on bioloqical organisms when rrore 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 qreater metal concentrations than are

already there.

The methoa that the Cbpper-Nickel Study developed to evaluate the impact of trace

metal dischar0es is basen on the combinea toxic effects of the trace metals:

copper, nickel, cobalt, and zinc (see h}uatic Biology, Volume 4-Chapter 1). 'lhe

concentrations of the trace metals in ug/l are assumed to be a<iditive and are

normalizeil to "Copper equivalent units", [CEU], by the formula

1 * [Cu] + 0.1 * [Ni] + 1 * [00] + 0.1 * [Zn] = [CEU].

(Nickel and zinc are 1/10 as toxic a.s copper and cobalt, e.g. 100ug/l of nickel

or zinc has the same toxic effect as 10 uCJ/l of copper or cobalt.)

The potential impact for a given CEO concentration is then evaluated based on

ranges established in volume 4-Chapter 1, section 1.6.3 of aquatic biological

impacts. 'lhe ranges are summarized below.

0-5 CEU

5-30 CEU

30-100 CEU

100-600 CEU

600

m effect

low probability of measurable impact

probable chronic effects

potential acute effects depenaent upon total organic carbon
and hardness present in receiving water

definite acute effects

The table indicates that the likelihood of impact increases with increasing oon-,

centration, rather than occurring only after a specific threshold is reached.

186



The likelihood of impact is also dependent on the chemical nature of the specific

receivinq water. 'Ihe presence of total organic carbon reduces the toxic effects

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

1) •

Fbr the purpose of subsequent analysis, the criteria for CEU to indicate

environmental acceptability is chosen to be 10 uq/l (see composite standard

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

individually.

4.7.1.2 'Ibtal Dissolved Solids. 'Ibtal dissolveO solids (TOO) are of concern

because of the cost and difficulty in controlling such wastes and because of the

potential for signif icant concentrations of TDS in copper-nickel development

effluents. TnS is composed of a variety of ions; the maior ones of concern

associated with IDssible 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 aaded to effluent streams by

trace metal treatment systems utilizing the sodium sulfi<'le method. rvbst sulfate

salts are very soluble in water and are very difficult to rerrove from \¥clste

discharges with conventional treatment methods. 'Ib a larqe deqree, sulfate con­

centrations in waste water will parallel trace metal concentrations, since they

are products of the same reaction. But M1ile metals can be renoved by precipi­

tation or adsorption, sulfates will stay in the aqueous phase. Sulfate con­

centrations in the 1,000 to 3,000 mg/l range can be expected in leachates based

on Cbpper-Nickel Study field and laboratory studies, as well as measurements made

at ron-ferrous sulfide metal mines in the u.S. and canada. 'Ihis is the same
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range of concentrations developed for the waste rock pile and lean ore stockpile

water quality ITOdels in section 4.6 (Table 88). Sh::>uld contaminated \'mste water

discharges occur, even following treatment for trace metals, sulfate

concentration 2-3 orders of magnitude (100 to 1,000) greater than background

stream concentration could occur. Once discharged, dilution is the only signi­

ficant factor controlling stream concentrations because natural removal processes

are not expected to affect sulfate concentrations.

Except at the point of discharge, high sulfate concentrations are not expected to

be toxic but will reduce the value of the linpacted resource fiJr domestic con­

sumption.

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

same as the current MPCA standard for sulfate, 250 mq/l.

Chloride concentrations in discharge waters are more difficult to predict since

its primary source is believed to be highly saline bedrock groundwater of unknown

spatial distribution and magnitude. Elevated chloride levels have been

enmuntered at the AMAX exploration site near Babbitt, Minnesota (section d.3).

Road salt is another potential source of chloride, but of lesser concern than

saline groundwater. Unless significant quantities of highly saline groundwater

are encountered by the mine, stream chloride concentrations due to copper-nickel·

developnent should be of the same order of magnitude as are presently fiJund in

disturbed watersheds in the study Area: 5-10 times higher than streams in

undisturbed watersheds. Therefore, if copper-nickel development occurred in

undisturbed watersheds (e.g. Kawishiwi River), median chloride concentrations in

the 5 to 20 mg/l range are expected (median background concentration is in the 1

to 2 mg/l range).
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If large quantities of highly saline waters are encountered the resulting mine

waters probably could mt be used as make-up water for the mill, and w::>uld have

to be discharged vntmut receiving the beneficial effect of the mill cycle. If

treatment is required prior to discharge, lower cost conventional methods w:mld

not be effective and hiqher cost systems such as reverse osmosis or ion exchange

would be necessary. If mine water could mt be used in the mill, the mill's

water appropriation needs would increase.

Sulfate and chloride discharges are not a significant water pollutant on an

aquatic biology or Pclblic health basis, but can result in siqnificant water

quality reductions in the Study Area. They are also of significance because

unlike some of the other parameters discussed, they are very difficult (and

costly) to rerrove from contaminated waste streams. Application of treatment

systems effective in rerroving these ions would likely be considered ecommically

unfeasible (EPA 1975).

4.7.1.3 pH. During the operating phase, the pH of contaminated waters from

individual \vater pollution sources within the mine/mill obmplex could vary

significantly, from acid waters (pH less than 5) to alkaline waters (pH qreater

than 10). '!he major concern about pH is its effect on trace metal rrobility.

Federal effluent regulations for the ore mining anddressinq indus~ry requires

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

If contaminated discharges occur during operation, they w::>uld likely be on the

alkal ine side, mt the acid side. Regional surface water pH ranges from 4.7 to

8 .8, vvith streams having a med ian pH of 6.9 and lakes having a med ian pH of 7.1.

4.7.1. 4 'Ibtal Suspended Solids. Historically, mining areas were mted for their

impact on increasing the sediment load ing of streams draining the affected area.
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While total suspended rolids roncentrations of several hundred rrg/l have been

rerorded in mining areas (Ibwn and Stocks 1977), such discharges can be effec­

tively rontrolled with the use of sed~ent traps and reclamation practices to

reduce erosion. Federal effluent requirements require that TSS roncentrations he

maintained at or below 20 m/l.

4 .7.1.5 Chemical Reagents. Chemical reagents are uti! ized in the flotation

process (Volume 2-Chapter 3, section 3.2.3.4). D:!pendinq on the type and arrount

of reagents added to the system, residual reagent concentrations will exist in

tailing basin water and in discharge effluents from the tailing basin. Many of

the comp:mnds used are very toxic; others are less toxic. ferne are persistent

and hence will eventually escape a tailing area. Others are unstable and will

break rown 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 environment 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 rome of

the nore oornmon flotation reagents and their :kmwn toxicities as judged from

organism tolerance information (EPA 1975).

Table 89

The Minnesota Mineral Rerources Research center (MRRC) performed bulk flotation

tests (pilot plant scale) on Minnesota copper-nickel ore and studied the fate of

processinn reagents, specifically Ibtassitnn amyl xanthate (KAX) (collectOr), MIBC
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Table 89. Krown toxicity of some rormnn flotation reagents used in ore mining and millinq iooustry.

· .. ~~ - __._. __ _._-_ - -~ __ -~ -, _--

TRADE NAME

Aerofloat 25
Aerofloat 31
Aerofloat 238
Aerofloat 242

Aerofroth 65
Aerofroth 71
Aero ProllDter 404
Aero Prorroter 3477

AroSURF ro-98A

D::lwfroth 250
D::lw Z-6
D::lw Z-U
D::lw Z-200

Jaguar

M.l.B.C.

Superfloc 16

KN<l'lN'IOXIC
OIEMICAL UOMPOSITION FUNcrlOO RJ\I'K;E (1!9/1) 'IOXlCl'lY*

Essentially aryl d:thiophosphric acid Cbllector/Prorroter
Essentially aryl c;.thiophosphric acid Cb11ector/Prom::>ter
5:ldium di-seoondarv butyl dithiophosphate Cb11cctor/Prom::> ter 1,000 to 10,000 row
Essentially aryl dithiophosphric acid Cbllector/Prorroter 10 to 1,000 t-bderate

R:>lyglyroltype romp:>Und Frother 1,000 to 10,000 row
Mixture of 6-9 car:.nn alrohols Frother 1,000 row
Mixture of sulfhyd::yl type romp:>Unds Cbllector/Pl~ter 1 to 100 t-bderate
Unkrown Cbllector/Prom::>ter 100 to 1,000 t-bderate

Unkrown Cbllector/Prorroter

Chromium salts (CIl11IlOnium, IDtassium, and ~pressing aqent 10 to 1,000 t-bderate
sodium chromate anc~ amronium, IDtassium,·
and sodium dichrom...:te)
Cl:lpper sulfate Activating agent 0.01 to 1.0 Hiqh
Cresylic acid Frother 0.1 to 1.0 Hiqh

R:>lypropylene glyrol methyl ethers Frother 1,000 row
R:>tassium <mIyl xanthate Cbllector/Pr.om::>ter 0.1 to 200 M:Jderate to High
5:ldium isopropyl Xc1nthate Cbllector/Pl'Om::>ter 0.2 to 2.0 High
looproPYl ethylthivrocarbamate Cbllector/Prom::>ter 10 to 100 M::lderate

Based on quar gum Flocculant
Lime (calcium oxide) pH m::>difier and 10 to 1,000 M::lderate

flocculant
Methylisobuty!carbirol Frother 1,000 row
Pine oil Frother 1 to 100 M:>derate

R:>tassium ferricya,ide nepressinq aqent 0.25 to 2.5 M::lderate to High
Sxlium ferrocyanid~ ~pressinq aqent 1 to 1,000 M::lderate
5:ldium hydroxide pH m::>difier 1 to 1,000 t-bderate
B:x1ium oleate Frother 1 to 1,000 M::lderate

B:x1ium silicate Depressing aqent 100 to 1,000 M:Jderate
5:ldium sulfide Activating agent 1 to 100 t-bderate
Sulfuric acid pH m::>difier and 1 to 100 M::lderate

floccu1ant
101yacrylamide Floccu1ant 1,000 row

*'lbxicity
High
M:x1erate
row

'lblerance level
1.0 1!9/1

1.0 to 1,000 mq/l
1,000 mg/l

00l'E: 'lbxic range is a function of orqanism tested am \oater quality, including
hardness am pH. 'Iherefore, toxicity data IXesented in this table are only
generally indicative of reagent toxicity. Although the toxicity ranges
presented here are based on'm:my rlifferent organisms, much of the data are
presented in relation to salrron, fathead mi~W$, sticklebacks, and Daphnia.



(frother), and MG500 '( flocculant). The rollector and frother were ailded to the

flotation system and the flocculant was used to remove fine tailinq material from

the recycle water. These particular reaqents are not necessarily the ones that

would be used in a Minneoota ropper-nickel operation.

Residual reaqent levels in the recycle water (equivalent to the water transfX)rteil

to the tailinq basin in a full-scale operation) averaqed: 1.7 ppn KAX, 2.3 ppm

MIBC, and 0 ppm MG500. This ronstituted extraction rates of 97 percent, 87

percent, and 100 percent, respectively. Part of the observed rates may actually

be due to reagent decomfX)sition prior to recyclinq.

Because the literature shows MIBC toxicity levels of 100 to 1,000 ppn, expected

levels of MIBC in the tailinq water woulil be siqnificantly below toxic levels.

The flocculant also appears to tnse no problem.

The KAX collector situation is not 00 clear. The literature refX)rts toxicity

levels of 0.01-0.1 ppm for similar collectors, but Regional Study tests showed

toxicity levels for one of these collectors to be 22-38 ppn. The l\1RRC results

(1. 7 ppn) falls between these two levels. D:!pend inq on the actual toxicity

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

When reagents are being chosen fbr a mine-mill circuit, the toxicity of comtnunds

should be ronsidered. Included in the definition of "least" toxic comp:mnds are

those toxic comfX)unds that break cbwn rapidly (into innoclDus substances) in a

waste stream or those toxic substances \'k1ich can be renoved easily from a waste

stream using rerognized waste treatment technoloqy.

'In qeneral, comfX)unils havinq known or suspected nutrient properties should be

avo ided if fX)ssible. CbmfX)unds that are rersistent (that is, coffifX)unds that cb
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not break cb\'ID easily in a natural environment} shouln be avoined. Cbmrnunos

that will siqnificantly increase hardness or total nissolved solids content

should alro be avo ided •

4.7.1.6 Mineral Fibers. Asbestiform fibers have been identified as a potential

public health exmcern in mrtheastern Minnesota. Present information indicates

that the concentration of asbestiform amphibole minerals in Duluth Cbmplex ore is

expected to be quite low-on the order of 0.1 ppn by weiqht (Volume 3-Chapter 1,

section 1.4.3.5) • On the other hand, amphibole minerals in n::m-asbestiform

habits are expected to be present in significant arrounts, possibly rang~ng as

high as 13 percent by volume ann averaging 2-3 percent by volume basen 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 tD estimate

mineral fiber concentrations in water from t.he mill (Volume 3-Chapter /.). '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 am other fiber

measurements should be considered order of magnittrle estimates.

Section 4.3.1.4 of this chapter presents data on background fiber concentrations

in Study Area surface waters and Ely drinking water (tap water). Ambient fiber

concentrations were founn to be six orders of magnitude below ~jected tailinq

basin water.

Settling and decanting experiments performed on tailing material suqgest that

regardless of treatment tD control the release of fibers, the tailing material
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itself retains a significant fraction of the fibers generated ("olume 3-Olapter

2) • If tailing material is eXPJsed to wind erosion, the resultant fugitive

emissions will ITOst certainly contain mineral fibers. If the tailinq material is

subiect to water erosion, the resulting discharqes will ITOst certainly contain

mineral fibers. In terms of water treatment for fiber rerroval, continoous pilot

plant work at MRRC indicates that the use of a flocculant in the clarification of

process water prior to recycling reduces the fiber content by 4-5 orders of

maqnitude. Ibwever, this means the fibers are then essentially all retained in

the tailing material, and rose the p:)tential for future release when active

cont~ol practices cease.

Information generated by the above studies and thJse presented in Volume 3­

Chapter ?, presents quite a dilemma when an attempt is made to use it in the

assessment of p:)tentialenvironmental impacts. As currently defined, mineral

fibers will ITOst certainly be present in the ~ducts of mineral processinq.

~ical tailinq slurries may contain from 1012 to 1013 fibers/liter of which

some 20-"30 percent or ITOre may be amphibole fibers. This corresponds to rome

109 to 1010 fibers/qrn of dry tailing material in a basin. Processing of

Duluth Cbmplex material may ~duce ~ughly 1/3 the concentration of amphibole

fibers present in Reserve's tailinq material at Silver Bay (Stevenson 1978). It

should be reiterated that the fibers observed in gabbro, and at Reserve, do not

oriqinate from minerals \vhich are present in asbestiform habits. The occurrence

of such habits in gabbro is expected to be rare. The aspect ratios of the fibers

from t"Jabb~ are quite low in comparison to thJse fbrmed from truly asbestiform

minerals. In fact, it has been observed that a large fraction of fibers from

gabbro are plagioclase, a cnmrron mineral in the earth's crust. It is expected
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that such fibers ~ay 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 not yet

clearly understood, this study points out the importance of aontinued research

into the pathology of mineral fibers. If it is important to aontrol these

fibers, or fibers of selected mineralogy or aspect ratios, the pathJlogy must be

known to allow a specific aontrol program to be desiqned and instituted.

4.7.2 Method of Evaluating Stream Impacts

Mining discharges of low quality will not be released to the environment 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 aonservative 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 aoncentrations to the aomposite criteria (Table

87).

This is not to say that "dilution is the only solution;" other mitigative tech­

niques, such as water aollection, treatment, and aontrolled release, are

available and should be used. Dilution is used in this analysis to indicate how
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near or far the different water quality rrooels are from meetinq the standard, by

indicating the size of the nilutional watershed needed if dilution was the only

mitigative approach. 'Ihis analysis will nerronstrate the need for additional

metrods, especially for some of the "vorst case" discharge llOoels. 'Ihe analysis

below also sugqests row stream location can ameliorate the y;ollution problem if

other mitigative techniques fail.

4.7.2.1 Cbnservative Mass Balance Technique. This technique was used in section

4.6 to develop water quality rrooels fur mine "subsystem A" runoff. It is a

method fur calculating the resultinq concentration of a chemical parameter when

tv.D or TIOre different flows are combined.

The conservative mass balance equation for tw:> flows is:

Cf = ---=--,.........,::---

where: Cf = concentration of parameter in receiving \vater after input of
mining discharge (mg/l)

CM = concentration of parameter in mininq discharge (rng/l)

OM = flow rate of discharge (cfs)

CR = concentration of parameter in receiving water (mq/l)

OR = flow rate of receiving water (cfs)

The impact analysis will determine dilutional watershed areas needed for dif-

ferent model discharges to meet a predetermined concentration criterion, ct.

First, the a.l::Dve formula is solved by algebraic manipulation for ~, 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 CRC'R is much less than CMOM and can be igmred.
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When this is rot the case, the simplified formula underestimates the dilutional

flow needed.

~ other major assumptions are inteqral to the mass balance technique: the

conservation of chemical mass in the aqueous phase, and complete mixing of mininq

discharge and receiving water flow. The~ conservation assumption assumes

there is ro mass added to the receivinq water other than mining discharge and ro

mass rerroved from the mininq discharge or the receiving water. In fact, mass may

be added by a:lditional leaching reactions or atrrnspheric oerosition, or be

rerroved by chemical precipitation, a:lrorption, or biological assimilation. Tr'ace

metals that are rerroved may accumulate in streams or lake sediments, and be

redissolved later if aqueous ronditions change (e.g. if pH drops). Atrrnspheric

derosition is discussed in section 4.3.4 and rerroval mechanisms are discussed in

section 4.6.1. The deqree to which mass will be added to or rerroved from the

system has not been quantified.

The assumption of ro chemical precipitation tends to overestimate the deqreeof

impact. The reTIOval rates of ropper, ni.ckel, enbalt, and zinc are !lOst likely

not equal, and further research is necessary to determine their magnitude in the

envirornnent. Because nickel is rore rrobile in rolution than ropper, the ronser­

vative mass assumption is !lOre valid for it.

The complete mixinq assumption is a simplification of the real situation, tlouqh

it is !lOre valid for streams than for lakes due to the turbulence of flow. The

degree of mixing vlill increase with distance from the roint of discharge. At the

roint of discharqe, considerable variability in enncentration may occur.

4.7.2.2 Mining Discharge Variables. ~del values of concentration (CM) and flow

(OM) are based on analyses described in section 4.6 (Water Quality ~dels) 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

Minneoota situation. The results ~re oeveloped ro that rome impact analyses

rould be performed, and are rot intended to be predictive.

TwO tbne periods are analyzed, the operational phase and the post-operational

phase. During the operational phase it is assumed that all site ruroff is

collected ana routed to the tailing basin; excess system water is (Hscharged to a

stream. The projected average aischarge from a tailing basin located on an

impermeable base during average annual precipitation oonditions is 4.5 cfs. The

tailing basin input and discharqe rrodels are based on the 20 X 106 mtpy open pit

operation (section 4.4).

Three different water quality rrodels vlere coosen for the operational phase, to

simulate the range of likely discharges from an integrated mine-mill operation's

tailing basin (see section 4.6 and Table 88). The rrodeled CEU's, the primary

parameter for subsequent analysis, range from !'bdel A's 2,200 ug/l for a runoff

dominated by a "v-.orst case" open pit resembling one observed at the u.s. Steel

site, to !'bdel CIS 54 ug/l for a hypothetical facilty whose mill/tailinq basin

circuit neutralizes all mine waters to the ooncentration levels that ~re

observed in mill pilot plant studies performed at the University of Minnesota's

Mineral Resources Research center. ~el sulfate values are also soown in Table

88, but only for !'bdels A ano B. It will be seen that the rrodeled sulfate levels

require much less dilution to achieve the sulfate criteria.

These TI'Oaels assume that roncentration levels Clo rot vary. This is inoonsistent

with observations at existing mine sites. Still, ro oonsistent temporal pattern
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has been observed and variations on a seaoonal or yearly basis have rot been

quantified. '!be nodel mncentrations employed are rot atypical of the observed

concentrations, but cb represent the upper end of the mncentration range for the

worst case.

As discussed in section 4.7.1.1, trace metal aohcentrations and sulfate mn­

centrations in the nodeled discharges are in excess of MPCA and U.S. EPA stan­

dards, and far in excess of existing roncentrations in the area's surface waters.

If they entered the receivinq waters without mitigation, significant changes in

the quality of the receiving \'la.ters aould occur, depending on the volume of

dilutional flow available in the receiving waters.

Tho \tlater quality nodels (r-bnels I and II in Table 88") are used for the :mst­

-operational phase to simulate the discharge from waste rock pile and a learn ore

pile, respectively. These tw::> mine rom:mnents will cbminate after the mill

processing circuit is no longer exerting its neutralizinq influence. Ideally, in

the post-operational stage, the lean ore piles will have been ~cessed 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 am:mnt of precipitation. A runoff aoef­

ficient of 0.3 is used, althouqh subsequent analysis indicates this is low (see

section 4.4). Calculations assume an averaqe precipitation year as well as

stockpile dimensions that WJuld occur at the end of operations. Only the impacts

of an open pit are exhibited here, since an tmderground mine WJuld have much less

impact. The stockpile area projected for a 12.35 X 106 mtpy tmderqround mine is

arout 1/20 that of the 20 X 100 mtpy open pit, ronsequently 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 cnnservative mass balance

approach presented above can be used to calculate the dilutional flow of water

required to reduce a mine discharqe to the level specified in the cnmposite

standard (Table 87). Once determined, this flow can be used to calculate and

identify watershed areas that would qenerate such a flow.

'Ib perform these calculations, the followinq 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:

0AVE = 0.790 A (Siegel and Ericson, 1979)

Q7D2Y low = 0.024 A1.28 (Brooks and W1ite, 1978)

Q is expressed in cubic feet per seoond, and A. is expressed in square miles. On

the average, a watershed of area A will qenerate a flow of ()AVE' but for a one­

week period approximately once every tw:>years the flow will be as low as 07D2Y

low. These formulae can be used to determine flows if drainaqe areas are known i'

so final stream ooncentrations can be calculated with the mass balance equation.

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

required to dilute a discharge to the oomposite standard.

These formulae were calculated using linear regression analyses of \m.tersheds in

the Study Area. The results are statistical, and should rot be thought to

accurately represent the watershed area-stream flow rate relationship in any

particular stream at any particular time.

The table below sh:::>ws ffime values ofQAVE and 07D2Y low for a few c'iifferent

values. Fbr a qiven area, the averaqe flow is greater than the 7-day, 2-year
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low, so a aonstant mine discharge wouln have a qreater effect durinq a low flow

period, when there was less stream water to dilute it. A stream with rouble the

watershed area will have rouble the average flow of aoother stream, but ,'lill have

rrore than rouble the flow of the other stream durinq the low flow p;?riod. In

other w:>rds, the larger the watershed, the IlDre protection it provides against

adverse impacts during low flow p;?riods.

Flow Rates QAVE (cfs)

Q7D2Y low (cfs)

4.7.3 Stream Results

Watershed Area

10Qmi2 200 mi2

79 158

B.7 21.2

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 stows the effect that each of the five dif­

ferent mining discharges would have if they occurred at Station E-l on the

Embarrass River, in terms of the CEU concentration at that p:> int (section

4.7.1.1). 'lhe effects of fvbdel A (op;?rational phase) and MJdel II (IX'st­

operational phase) are TIOst severe, roth having p:>tential acute effects on

aquatic life during average p;?riods, and definite acute effects when the low flow

period occurs. fvbdel C, on the other hand, wouln likely have TO effect 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 roncentrations at B:nbarrass River station E-l, for various rrodels (in ug/l CEU) (a).

OPERATIONAL PHASE ffiST-oPERATIONAL PHASE
M)del A M:>del B M)del C M:>del I M:>del II

Ave. 7D,2Y low Ave. 7D,2Y low Ave. 7D,2Y low Ave. 7D,2Y low Ave. 7D,2Ylow

160 965 47 281 4 24 5 47 140 1207

potential definite probable lX)tential. ro low IX> probable lX)tential definite
acute acute chronic acute effect probability effect chronic acute acute

effects effects effects effects of impact effects effects effects

acalculation is ~rformed 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 aJ:x)Ve sta­
tion E-l, minus 16 square miles, that is, 88.4-16, or 72.4 square miles. This adjustment is rrade because the
20 X 106 mtpy open· pit rrodel requires 16 square miles of area, and the unimpacted watershed al:x>ve station E-l
would be diminished by this amount.



Stream impacts will be less if the mininq rHscharge is locaten Cbwnstream from a

lar<Jer watershed area. Table 91 sh::)\'1s selected stream stations in the Study

Area, their watershed areas, and their average and 7-day, 2-year low flows.

Table 92 srows the resulting roncentrations if the mine and its discharge is

located at these various stations, assuminq the discharge resembles M:>del B (640

ug/l of CEU). fue smaller streams, such as Unnamed Creek (already impacted) and

Filoon Creek w::mld be ITOst affected, \mile larger rivers such as the St. louis

and Kawishiwi y.,ould have the greatest capacity for aboorbing the nischarge.

Again, the rrost severe impact roincides \'lith the 7-day, 2-year low flow period.

Higher roncentrations and even y.,orse impacts could occur durinq frequent low flow

periods, for instance, the lowest 7-day flow \.ffiich statistically occurs every 10

years.

Tables 91 and 92

lOcation on a stream aloo affects the rnagnitude of the impact from the discharqe.

As distance Cbwnstream increases, the watershed area drained by the stream

increases, thereby increasing the quantity of available dilutional flow. If

mining discharge occurs near the oource of a stream, t.he (ED concentration

resul ting WJuld be higher than if discharge occurred further Cbwnstream. 'Ibis

can be seen for a hyp:>thetical 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 ern

concentration of 468 uq/l during an average flow period" with a p:)tential for

acute effects on aquatic wildlife. If the mine were placed farther Cbwnstream,

near Station P-l, the greater averaqe dilutional flow available y.,ouln result in a

concentration of 31 ug/l, on the I:x>rderline of a low probability of measurable

impact.
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Table 91. Profiles of selected streams in Study Reg ion.

Dilutional Aver,e 7-nay, 2Jf
presentb Watershed Areac Flo low Flo

STREAM AND STATION N or Sa State (square miles) (cfs) (cfs)

Unnamed Creek: BE-I N A 0 0 0

Fils::m Creek: F-l N C 0 0 0

Keeley Creek: KC-l N C 0 0 0

WaterhenCreek: W-l S C 29.6 23.4 1.83

Dunka River: D-l N B 33.4 26.4 2.14

Embarrass River: E-l S B 72.4 57.2 5.76

Partridge River: P-l S A 113 89.3 10.19
P-2 S B 85.9 67.9 7.17
P-3 S C 2.1 1.66 0.06

Stony River: 8-1 N C 228 180.1 25.02

St. louis River: SIt-I S A 275 217.2 31.81

Kawishiwi River: K-l N C 1331 1051.5 239.42

aNbrth or south of Laurentian Divide.
bA=hiqhly impacted; B=intermediate; O=very clean.
cArea for the 20 X 106 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 numbers

were: QAVE = .079A and 07D2Y low = .024 A1.28, vtlere Q's are in cfs and
A'S in square miles.



Table 92. Resultant stream a:mcentration and impact if flbdel B mining discharge (640 CEU) occurs
upstream from station.

CEU CEO
Concentration Concentration

STREAM AND STATION (uq/l) Impact Level (uq/l) Impact Level

Unnamed Creek: BB-l 640 definite acute effects 640 definite acute effects

Filson Creek: F-l 640 definite acute effects 640 definite acute effects

Keeley Creek: KC-l 640 definite acute effects 640 definite acute effects

Waterhen Creek: W-l 103 potential acute effects 455 potential acute effects

Dunka River: D-l 93 pvobable chvonic effects 434 potential acute effects

Embarrass River: E-l 47 pvobable chvonic effects 281 potential acute effects

Partridge River: P-l 31 pvobable chvonic effects 196 potential acute effects
P-2 40 pvobable chvonic effects 247 potential acute effects
P-3 468 potential acute effects 632 definite acute effects

Stony River: S-l 16 low pvobability of impact 98 pvobable chvonic effects

St. Louis River: SL-l 13 low pvobability of impact 79 pvobable chvonic effects

Kawishiwi River: K-l 3 m effect 12 low probability of impact



4.7.3.2 Mitigating Effect of Discharges Proportional bo Flow. As section

4.7.3.1 de:ronstrates, the 7-day, ::>'-year low flow period oonstitutes a recurring

maximum impact on aquatic life, assuming the discharge rate is oonstant. But

discharge rates can be varied with stream flow, at least during the operational

phase when the discharge rate can be more readily oontDJlled.

During the operational phase, the arrount of discharge can be kept proIX'rtional to

the streamflow: greater during high flow periods and lesser during low flow

periods. '!his method can keep the stream a::mcentration oonstant and just equal

to the result the mass balance equation vould yield when the average flow, <'lAVE'

is used as the receiving stream flow, OR. Thus, a proIX'rtional discharge stra­

tegy averaqes out the impact and avoids vorse impacts otherwise asoociated with

low flow periods. Fbr the streams in Table 92, the year-DJund impacts vould be

the ones displayed under the average flow oolumn. Smaller dilutional watershed

areas are required to meet criteria, if prop:>rtional discharges are used instead

of oonstant discharges (see 4.7.3.3). Whether discharge proIX'rtional to flow can

be applied in a given instance will depend on the design and ~ocation of the

mining development (e.g. sufficient water sborage capacity, ability to oollect

and oontDJl various discharqe oomp::ments).

An additional factor bo be a:msidered in timing mining discharges is seasonal

variations in biotic sensitivity, since aquatic organisms may have greater sen­

sitivity to boxins during certain periods, such as springtime spawning, than

during other periods (Volume 4-Chapter 1).

4 • 7•3 .3 Dilutional v.latershed Requirements for Various M:>dels. Calculations were

performed to determine the sizes of dilutional watershed that vould be necessary

202



to dilute the monel mine oischarges to the composite criteria oisplayed in Table

87: 10 ug/l for CEU, and 250 rng/l for sulfate. 'Ibis calculation was performed

for Tvbdels A, B, and C in the operational stage, and Tvbdels i ano II in the post­

operational stage. 'Ihe results are shown in Tables 2 and 3. r-bdel A requires

the greatest dilution, 4,022 square miles of runoff if it is oischarged at a

ronstant rate. This can be reduced to 1,247 square miles if the rate of

discharge is varied prornrtionally with fluctuations in stream flow.

The sulfate roncentration of the discharge is of much less environmental concern

than· CEU, as seen by Table 2. !my watershed area large erough to dilute CEU to

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

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

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

The implications of these results can be seen by comparison with the available

dilutional watersheds oisplayed in Table 91. Even using discharge prornrtional

to flO"', rot even the Kawishiwi River station K-l has sufficient oilutional

watershed available to dilute flbdel A discharges tn the 10 ug/l CEU standard. On

the other hand, a r-bdel C discharge prornrtional to flow could be acoomrrodated 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 oonstant

discharge results may be a credible "IDrst case" which may reoccur at the 7-day

low flow period every tID years. Also, the 7-day 2-year low flow case is· most

applicable for a ronservative estimate of environmental 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, rnpulations of

organisms may rot be able to fully reoover (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

\vatershed to dilute the discharge to the desired 10 uq/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 resultinq water quality

will be better. If the discharge resembles M::x1el I, then the two larqest rivers

1 isted in Table 91 can acoommodate the load. In this case, Jlbdel I' s rnst­

operational discharge will cnnstitute less of a problem than either M:>del A or B

during the operational phase even if proPJrtional discharge occurs then (266

mi2 of dilutional watershed required, oompared to Mbdel A's 1,247 mi2 or B's 359

mi2-Table 2). It is' imrnssible to predict what discharge ooncentrations will

occur. The discharge flow rates are aloo critical assumptions, but neither can

they be predicted with certainty.

4.7.4 Lake Results

This section discusses impacts on lakes from mining discharqes occurring anywhere

upstreanifrom·alake, including on feeder streams.

4.7.4.1 Analysis MethJd. Impacts on lakes are evaluated with rome of the same

teChniques anc1 criteria as w=re awlied to streams. 'Ib calculate the oon­

centration of the inflow to a lake downstream from a discharge, the mass balance

equation is used again, and oomplete mixing is assumed. ~ is again taken to be
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the mining discharge while the receiving waters flow rate OR in this case is

taken to be equal to lake inflow. In effect, the lake inflow roncentration is

calculated as th:>Ugh the lake received tw::> 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 to the

dilutional flow:

Q = 0.960 AO.9504

where Q is the 10-year average discharge in cubic feet per seronil, and A is the

watershed area in ~uare miles (section 4.2). Since over long perioils lake

outflow is likely equal to lake inflow (Siegel and Ericson 1979), this expression

can be substituted into the mass balance equation as the inflow O:R. The

unimpacted lake inflow is assumed to have zero CEU roncentration, as in the case

of stream. This yields:

CI=~

OM+<2R
= 9L9M

OM + O.96AO.9504

OM =
CR =
OR =

average roncentration in total lake inflow
CEU concentration in mining discharge anywhere upstream of

the lake
flow rate of mining discharge anywhere upstream of the lake
CEU roncentration in unimpacted lake inflow
flow rate unimpacted lake inflow = 0.960AO.9504

The ronservative mass balance assumption is ITOre questionable vm.en analyzing

lakes than for streams. Trace metals may be remved from rolution before or

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

The romplete mixing assumption used in the mass balance technique is also nore

questionable in the case of lakes than of streams. Actual ooncentrations 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 romplete (Figure 67), and involves oon­

sideration of advection, dispersion, diffusion, biological activity, stratifica­

tion, etc. Stratification, fur instance, influences row well a lake ~"ill mix

(and dilute) the mining discharges that enter it (Figure 68). As the number of

turnovers increases, the degree of mixing alro increases, e.q. dimictic lakes

will tend to mix rrore readily than rronomictic lakes. The effects of mixing have

not been developed quantitatively fur this presentation.

Figures 67 and 68

A lake's volume can buffer the impact of a nischarge. A measure of this buf­

fering capacity is its "flushing rate." This is the ratio of annual discharC'fe

(or net annual inflow) to lake volume and represents the number of lake volumes

discharged per year. If the flushing rate of a lake is relatively snaIl, 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 tow long it takes for a lake to rerover after all mining

discharges have ceased.

The roncentration buildup and decline in a lake follows exponential laws. A lake

with a flushing rate of 2 will reach 86 percent of inflow roncentration in one

year, while lakes with rates of 0.5 and 0.1 will take 4 years and 20 years,

respectively, to achieve this level. 'This is based on the assumption that the

parameter--CEU in this case--is ronservative, and is rot renoved from rolution.

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

builn-up of the parameter in lake sediments.
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FIGURE 67
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FIGURE 68
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4.7.4.2 Lake Impacts. Table 93 provides information on TIDnitored 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 nonitored lakes for the operational

phase TIDc'lels A, B, and C, and the p:>st-operative rhase TIDdels I and II. These

results occur only after the lake aoncentration reaches the level of the inflow

concentration, and tow lonq this takes depends on the flushinq rate.

Table 94

As in the case of streams, the larger the dilutional watershed, the less the

probability of adverse impact. Fbr instance, for M)del B, lakes with larqe

watersheds like White Iron and Fall show little impact, while lakes with small

watersheds like Perch or Tbfte would experience definite acute effects from an

upstream mining operation.

An alternative way to cxmsider the results of the mass balance technique is to

calculate the dilutional area needed to achieve a level of 10 ug/l CEU for each

Irodel discharge. This is shown in Table 95 and is similar to Tables 2 and 3 for

streams. If a worst case M)del A occurs, m lake in Table 93 aould c'lilute it to

the desired ooncentration. Many lakes oould acoomrrodate a r-t>del C discharge.

Table 95
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Table 93. Characteristics of rronitored lakes in the Cbpper-Nickel Study Area. a

DRAINAGE FWSHING RATE (yr-l)
AREA(mi2 ) 3/1/76--

LAKE WATERSHED Dilutional 10-yr ave. 2/28/77 ave. STRATIFICATION

Green'MX)d stony River 24 4.53 2.80 [bes rot stratify

Sand Stony River 0 3.97 2.56 Does rot stratify

So. McDougal Stony River 0 19.02 10.72 Does rot stratify

Slate Stony River 160 82.20 58.07 Does rot stratify

Bear Island Bear Island River 16 .31 .19 Strongly dimictic

Perch Bear Island River 0 1.04 .47 weakly dimictic

Birch Ka\'lishiwi River 940 5.62 4.61 Ibes rot stratify

Gabbro Kawishiwi River 370 19.16 14.54 Does rot stratify

White Iron Kawishiwi River 1100 7.83 6.48 Weakly dimictic

August Kawishiwi River 0 1.35 .67 Does rot stratify

Clearwater Kawishiwi River 0 .15 .07 DDes rot stratify

Lake One Kawishiwi River 220 4.83 3.51 Strongly dimictic

Turtle Kawishiwi River 0 1.22 .63 Ibes rot stratify

Fall Kawishiwi River 1280 22.62 19.13 weakly dimictic



Table 93 continued.

DRAINAGE FLUSHING RATE (74-1-)-
AREA(mi2) 371 76-

LAKE WATERSHED Dilutional 10-yr ave. 2/28/77 ave. srRATIFICATION

Colby Partridge River 110 12.33 8.46 weakly dimictic

Big Partridge River 0 .58 .29 weakly dimictic

Seven Beaver St. louis River 44 5.14 3.29 Ibes rot stratify

Pine St. louis River 0 1.09 .56 !bes rot stratify

long St. louis River 0 7.14 3.83 Ibes rot stratify

Whiteface
Reservoir ·110 1.62 1.11 Weakly dimictic

'!bfte 0 .11 .05 r-boomictic

Triangle 0 .33 .16 Strongly dimictic

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 '[bes rot stratify

aSee Mustalish et al. (1978) for additional morphometric data.
b'Ib 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 drainaqe area.



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

OPERATIONAL PHASE POST-OPERATIONAL PHASE
LAKE M:>del A M:>del B M:>del C M:>del I M:>del II

GreenW)()d 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 33 3 4 96

'Ibfte 2200 640 54 320 8300



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

OPERATIONAL PHASE
~del A ~el B ~del C

POST-OPERATIONAL PHASE
~del I ~del II

orb achieve
CEUs less
than 10 ug/l 1,474 397 24 38 1,203

NarE: Actual watershed w::mld be tabulated number plus 16 mi2, to
account for area required for 20 X 106 mtpy open pit mine
IIDdel.



4 .7.5 Impacts on BWCA Surface Waters

The methods used bo analyze impacts on streams and lakes (sections 4.7.2 and·

4.7.3) are also applicable for streams and, lakes in the BWCA. Ibtential for

impacts on the mCA can be high, medium, or low dependinq on the proximity of

developnent to the mCA and location with respect bo the Laurentian Divide

(Figure 4).

Developnent SJuth of the Laurentian Divide (zones 5, 6, 7, and part of 4) is

classified as a low bnpact potential because mining~ischargeswould ~bably go

inbo streams also SJuth of the Divide and eventually drain into Lake Superior via

the St. louis River.

Developnent in rone 1 lM)uld be classified as having either, high or medium bnpact

fX)tential. If discharges were bo occur in the eastern part of rone 1, within the

subwatershed called K-7 by the Study, there VDuld be little (if any) water for

dilution before these waters reached the B-lCA. Being on the edge of the qrJCA,

the bnpacted waters liIOulr'l s:xm flow out again. Once any such discharges reached

the main channel of flow there lM)ul~ be water (upstream drainage area over 1,447

km2 or 570 mi2) for dilution; however, high concentrations liIOuld occur within the

boundaries of the BWCA.

A medium impact rotential is indicated for the rest of zone 1, rones 2, 3, and

part of 4. Discharges into surface waters in those areas liIOuld eventually enter

the BWCA near TIDniborinq station K-l. Before entering the BrVCA, discharges in

these areas liIOuld benefit from the substantial dilution due bo the Kawishiwi

River (drainage area of 3,489 km2 or 1,347 mi2 ). Because such dilution may not

be sufficient to eliminate all risk of bnpacts from mining discharges, these

areas have been classified as having a medium impact potential.
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4.7.6 Groundwater Impacts

Although m quantitative analysis was r:erformed on the PJssible impacts on

groundwater, rome qualitative conclusions can be nrawn. Mining impacted water

may seep into grounnwater if it flows over rermeable material. Am:mq the various

mining comPJnents, tailing basins and stockpiles provide the greatest PJtential

for significant seepage. The resultant concentration of trace metals is

difficult to predict, since it derends on the rate of infiltration, the rate of

groundwater flow, and the degree of metal rerroval by roils.

The PJtential extent of qrounnwater impacts is greatest in the high permeability

Dunka-Embarrass sand plain and the Aurora area buried sands routh of the stony

River. Groundwater in these areas can travel long distances, whereas in ITOst

parts of the Study Area flow is restricted by bedrock IDPJgraphy and peat for­

mations. r-bst groundwater flow in the Study Area mrth of the Stony River is

limited to distances of 1 to 2 miles (Siegel and Erics:m 1979).

Groundwater use in the Study Area is generally snaIl, limited to individual homes

with the exception of Babbitt (Siegel am Ericron 1979) and Aurora, where

groundwater is used as a municipal supply. These rources may becnme cnntaminated

if they are connected to the mine site by an aquifer of sufficient permeability.

Sand and gravel outwash is particularly aonducive to providing this unfavorable

flow condition.

Groundwater impacts can be minimized by preventing seepage of mining discharges,

and is especially imPJrtant in areas where groundwater is the rource of domestic

water. seepage to groundwater could be minimized by siting and cnnstruction

techniques. Siting comp:ments on impermeable materials such as bedrock or peat
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WJu10 limit seepage to groundwater below these materials. Techniques for tailing

basin ronstruction which limit seepage have also been developed (see V01rnne 2­

Chapter 3).

4.7.7 Mitigation

Mitigation techniques will be required in the operational and post-operationa1

phase, and include various water management .techniques, trace metal rerroval, and

othr techniques including rome discussed in section 4.7.1. Cbntinuing research

on mitigative techniques is being performed by the Minnerota neparbnent of

Natural Resources (~R) and others.

4. 7 .7.1 Water Management. Operational phase Nater impacts can be tempered by

the method of oischarge. Using the closed system approach (Kealy et al. 1974)

and discharge proJX)rtiona1 to stream flow, calculated trace Iretal roncentrations

are significantly lower than for IIDrontrolled discharge. 'Ihe closed system

approach helps mitigate CEU effects in rollected water by cycling through the

mill, and reduces the need for appropriations from streams. nischarge propor;..

tional to str~am flow avoids significant mining oischarges during low stream flow

periods,'whichw:>uld cause relatively high roncentrations of chemical parameters.

A romparisono£ dihitional watershed areas required for IIDrontrolled (ronstant)

and rontrolled (proJX)rtional) discharge is presented in Table 3.

Control of water flow through 'vaste rock piles is another imJX)rtant technique,

and is teing studied by the MrNR. Revegetation is one such technique; others are

the placement of peat or tailings with the piles to rerrove metals from the

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

"tool. If a sUfficiently large upstream \'latershed is coosen, it ensures suf-

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

release if routine treatment or containment ~cedures of a mine fail.

4.7.7.2 Treatment of Aqueous Mine Waste for Trace Metal Rerroval. Treatment

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

(1975), Huck and leClair (1978), and Cott (1978) on treabnent of mining waste ..

water. '!he metmds presented are: lime precipitation: 1 ime precipitation arrl

'ef~Iuent"p:>lishing: xanthate precipitation: cementation: and activated carron
...... "

adoorption. , Additiqnal ,trace metal rerroval 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 s:::>lubility \vi th increasing pH (Iwasaki et al. 1976). Field results

indicate the feasibility of industrial application of the technique. Based on

published s:::>urces, 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

Cu
Ni
Zn

Cbncentration (mq/l)

0.03
0.05
0.15

Cbmhined, these concentrations \'Puld yield a CEU of 50 ug/l, less than r-bdel C's

CF,U and easily handleable by dilution. SUPrortive data from copper mining

operations have been obtained (<btt 1978: EPA 1975).
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Secondary treatment or p:>lishing can be incoqnrated in crldition to lime preci-

pitation, as was dem:mstrated by a pilot plant for treatment of acid mine

drainage. It employed lime and p:>lymer addition, flocculation, clarification,

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

1978) :

Extractable Metal Concentration in mg/l
Cu Zn

Input
Clarifier overflow
Sand filtration

5-76
0.05
0.04

22-1590
0.36
0.19

The Climax M:>lybdenum Company conducted pilot plant studies in which lime preci-

pitate was conditioned in an electrocoagulation cell, then mixed with a JX)lymer

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

Feed concentrations of copper and zinc ~re reduced from 0.19 and 0.29 rrq/l,

respectively to 0.050 mg/l (Gatt 1978).

Iwasaki et ai. (197(1) investigated the feasibility of copper and nickel rerroval

by metal-xanthate precipitation, cementation, and adsorption onto activated car-

bon. Results indicate that a:mcentrations of free copper and nickel can be

significantly reduced by metal-xanthate precipitation.

Cementation of copper and nickel onto sJX)nge iron appears to be the rrost effee-

tive of the three methods tested, capable of reducing initial Iretal cnn-

centrations of 10 mg/l to less than 0.01 mg/I. Arother p:>ssible technique is

activated carbon adrorbtion of cnpper and nickel, but this may fit be feasible in

field application due to the arrount of carbon required (Iwasaki et ale 1976).
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