





result of the different species studied, variable physical and chemical test
conditions, lack of control stations in field studies, and various combinations
of stress. Also in some cases, a lack of data on levels of hardness, alkalinity,
pH, and total organic carbon TOC in waters used in experiments makes it difficult

to apply the available data to the assessment of impacts.

s

For these reasons, the stress charts were comstructed to indicate éanges where
measured effects have been recorded. For metals (Figures 27 to 34) and ore
beneficiation reagents (Figure 35), orders of magnitude were chosen. The entire
order of magnitude was shaded whenever an observation was made within that range.
The type of organism affected within each magnitude range is indicated on each

figure.

Jones (1940, 1958) reported little rec;very of aquatic-biota 35 years after lead
mining in Wales ceased, because of continued runoff from the mine site. Because
lakes often trap pollutants and recycle them, recovery of lake ecosystems can be
much slower than streams which tend to flush themselves during high flow periods.
Shagawa Lake is an example of a lake where a sewage effluent input has been
reduced, but the continual recycling of excess nutrients has slowed the recovery
of the original biological communities. Lakes also tend to be more isolated from
each other than streams, which causes difficulty in the movement of recolonizing
organisms. For instance, Kennedy (1955) observed recolonization in less than
three months in a stream which had been dry for three years. larimore et al.
(1959). felt that the versatility of stream organisms, because of their
adaptations to fluctuating environmental conditions and life cycles, accounted

for rapid stream recovery.

Within the Study Area the aquatic ecosystems are largely inter-connected or in

close proximity to one another. Therefore, there are many areas which can pro-

-
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vide organisms for recolonization and the organisms should be able to easily move
between systems. As one moves upstream in any watershed, recolonization becomes
slower both because there are fewer organisms upstream and there are fewer
equivalent areas. In the coldwater headwater areas,'recolonizatZon‘becomes a
problem because these areas are rare and isolated {see section l.,4.1.2 of this

chapter) .

Several types of stress are likely to affect aquatic ecosystems if copper—-nickel
development proceeds. Potential stresses include: 1) heavy metals; 2) pH
changes; 3) physical alteration of aquatic habitats including direct loss of
habitat; and 4) stress from associated secondary development (see Volume 3,
Chaéter 4). The following sections discuss each of these streases by first
discussing results from literature and experimental studies, followed by

discussions of sources, impacts and mitigation potential.

The effect of each of these stresses has been studied in the field and labora-
tory. While the general effects of these stresses are well known, it is dif-

ficult to determine levels where measurable changes will begin to occur.

For the purposes of discussion, available data on all stresses were organized in
a similar manner. The data compiled from the toxicity bioassays and literature
reviews are summarized (Figures 27 to 36) to provide a means of assessing the
potential impact of copper-nickel development on the aquatic ecosystems in the
Study Area. The summaries of stress response provide a method to determine
levels at which impact may begin to occur although detection codld be difficult

because of the natural variability in aquatic systems.

In summarizing these data it was evident that a great deal of variablility exists

in the critical levels from various stress studies. This variability is the
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result of the different species studied, variable physical and chemical test
conditions, lack of control stations in field studies, and various combinations
of stress., Also in some cases, a lack of data on levels of hardness, alkalinity,
pH, and total organic carbon TOC in waters used in experiments makes it dif%icult

to apply the available data to the assessment of impacts.

3

For these reasons, the stress charts were constructed to indicate fﬁﬁges where
measured effects have been recorded. For metals (Figures 27 to 34) and ore
beneficiation reagents (Figure 35), orders of magnitude were chosen. The entire
order of magnitude was shaded whenever an observation was made within that range.
The type of organism affected within each magnitude range is indicated on each

figure.

The effects of pH changes were summarized to indicate levels where biological
changes have been observed in the field or laboratory (Figure 36). To be con-

servative where contradictory data exist, the lowest reported level is indicated

on the figure.

Because few data exist on the levels of physical stress which produce changes,
the response of aquatic ecosystems to physical stresses have been summarized
qualitatively (Figure 37). Measurable changes followed by slow recovery

(recovery time greater than one year) were considered to be significant impacts.

To determine the level of stress at which significant impact might occur within
the Study Area, further summarization was necessary (Figure 26). Again, ranges
of stress are indicated as well as the levels where: 1) no change is expected;
2) changes may occur but would not be measurable; 3) measurable changes would be
expected only with a long term exposure to the stress; 4) measurable changes
would be expected with either long or short term exposure. As any stress moves
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into a range, the indicated effect is expected to occur.

Figure 26

The categories of effects were assigned on the basis of the summary stress charts
(Figures 27 to 37)f Unmeasurable effects were assigned to ranges Where one or
two observations of.chronic effects have been made and are clearly lower than the
majority of.observations. Long or short term measurable effects were assigned to
those ranges where acute effects have been observed. Long term measurable
effects have been assigned to those ranges where no acute effects have been

observed but chronic effects have been observed.

Where low level stress exists, changes.in fecundity, growth rate, and mortality
rate would go undetected because of the high variability in the system. As
levels increase, measurable long-term effects withiﬁ any trophic level may occur
if the stress remains long enough. Again, reductions in reproduction, growth,
and mortality would occur and could be detected after several years. Changes of
this type within one trophic level would, given enough time, affect organisms in
other trophic levels. 1In a high stress situation, direct mortality can be

expected in relatively short time periods (e.g. less than one month) .

Figure 38 summarizes the various stress factors which could cause significant
biological impact and indicates those ecosystems (e.g. headwater streams) where
the various stresses would cause significant biological impact. Two categories
are presented: short term impact and long term impact. Short term impact occurs

when significant biological impact occurs but recivery is rapid (generally within

1-2 years) once the stress is removed. Long term impact occurs when significant
biological impact occurs and recovery is slow (greater than 2 years) after the
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FIGURE 26 SUMMARY OF STRESS RESPONSES OF AQUATIC ECOSYSTEMS FROM
LITERATURE AND BIOASSAY EXPERIMENTS.
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stress is removed. In some cases where impact is indicated it is probably
unlikely because the particular stress would probably not occur in the ecosystem.
For example, it is unlikely that the Kawishiwi River would be channelized for any

reason although if it were, significant impact would occur.

Figure 38

/

The following discussions describe in more detail the areas of impact indicated

on Figure 38,
1.6 HEAVY METALS AND BENEFICIATION REAGENTS

1.6.1 Potential Sources of Heavy Metals

The impacts of copper-nickel mining are expected to be ‘greater than those
experienced with taconite and iron ore mining. Thefe are a variety of potential
sources of heavy metals which could introduce significant quantities of metals
into the aquatic enviromment over a number of years. These metals loadings could
result in impacts on the aquatic organisms found in the lakes and streams of the

Study Area.

There are four potential major sources of heavy metals from a copper—nickel
mining development: waste rock/lean ore stockpile runoff, tailing basins, mine
dewatering and a smelter. The models for these differeunt sources are presented

in detail in Volume 3-Chapter 4, section 4.6 of this report.

Mine water may be discharged from open pit or underground mines. The quality of

this water is influenced by a variety of factors including: source of water,
time in contact with mineralized material, etc. Mine dewatering water is,
depending upon its quality, likely to be pumped &iféctly into the tailing basin
of the fresh water makeup system for the mill.
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Runoff from waste rock and lean ore stockpiles appears to be the mose important
source of potentially toxic waters. Leaching of the sulphide materials in t:he:y
lean ore pile may re%ease large quantities of heavy metals during the operation.
If and when the lean ore pile is processed before the operations shuts down the
waste rock pile may be the most important source of heavy metals. The leaching
of metals from these two surces if unmitigated could damage the aquatic ecosystem
over a large portion of the Study Area. The leaching potential of these

stockpiles is discussed in detail in Volume 3-Chapter 4 of this report and in

first level reports.

Tailing basins have historically presented significant water quality problems in
mining regions and in general had major effects on surrounding streams. The pH
of the wter from many of these basins is in the acid range and large quantities
of heavy metals are commonly present in the seepage_and'runoff from the basins,
The tailing basin from the copper-nickel operation in northeastern Minnesota is
not expected to present problems on the scale of those observed iﬁ other parts of
the country. The relatively high buffering capacity of the expected tailing
material is expected to maintain the tailing basin at a pH near neutral values.
The neutral pH of the water in the tailing basin is expected to result in rela-
tively limited metals leaching in the basin (see Volume 3-Chapter 4). If these
conditions are present in a copper-nickel tailing basin it is likely that
leachate from the waste rock/lean ore piles will be much more important than

tailing basin seepage.

The models used in this study (Volume 2-Chapter 4) indicate that the quality

which wuld be internally cycled in the smelting operation could be very poor.
The quantities of this water are very small in comparison to the quantities
represented by the other portions of the operation. The infiuence of the o
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smelting operation on regional water quality is very dependent on the proportion
of water recycled in the system and the potential uses of this water in other
parts of the operation. The fate of the smelter waters require further study in

conjunction with site specific assessments.

Of all the potential sources the Qater from the smelting operation is the only
one which would definitely stop when the operation ceases. The waters from the
open pit mine may not present a problem for many years, in fact until the pit
fills or the water level in the pit reaches the level of local ground water
tables. The waters from the lean ore stockpile may of may not be eliminated
prior to shutdown of the operation, whgreas the waste rock gtockpile will remain
in tact and could potentially present perpetual problems unless effective miti-

gation procedures are established.

1.6.2 Responses of Aquatic Organisms to Heavy Metals

The toxicity of heavy metals to aquatic organisms is affected by various water
quality paramters. Increased toxicity generally occurs as hardness, total orga-
nic carbon, (fOC), and dissolved oxygen (DO) decrease and as temperature
increases (e.g. EIFAC 1976, and Mount 1968). Exceptions to these trends occur.
For instance, Clubb et al. (1975) found that cadmium toxicity to insects was
decreased at low DO presumably because of low metablic rates. The effect of pH
on heavy metal toxicity is also unclear. Spraque (1964) found that zinc toxicity
decreased with increased pH while Mount (1966) observed greater toxicity at high

pHc

Within the Study Area, surface waters are generally soft but contain large
amounts of organic carbon (TOC). Since these are important factors in deter-

mining the toxicity of heavy metals, field and laboratory bioassays were under-
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taken to determine the effect of surface water quality on the toxicity of copper,
nickel and cobalt, the metals of primary concern. The data generated through
these tests can therefore be used to evaluate the significance of stress levels

presented in Figure 26,

Field bioassays éf copper and nickel toxicity were conducted with fish,
zooplankton and phytoplankton. Various lakes and streams were chosen to repre-
sent different levels of TOC, hardness, alkalinity and pH, factors which
influence heavy metal toxicity. Acute tests were run on fathead minnows

(Pimephales promelas) and Daphnia pulicaria on copper, nickel and cobalt indi-

vidually and in combination. A flow-through apparatus was employed for the fish

tests while static tests were performed on zooplankton., Both types of tests were _
performed in a mobile bioassay 1aboratofy. Chronic tests of the effects of

copper and nickel on phytoplankton were conducted in bottles containing lake

water suspended in several Study Area lakes.

Laboratory tests were performed to determine the chronic toxicity of copper,
nickel, cobalt and beneficiation reagents to fathead minnows and to test the
acute toxicity of copper-nickel leachates. Further testing of phytoplankton
productivity in laboratory chemostats was done to substantiate the results of the

insitu phytoplankton bioassays.

1.6.2.1 Toxicity of Metals in Study Area Waters--Based on the results of the

bioassay experiments on fish, zooplankton and phytoplankton it appears that the
acute toxicity of copper is lower in Study Area waters than has been reported in

the literature and nickel toxicity is about the same as reported in the litera-

ture. The toxicity of copper was affected by TOC and the toxicity of nickel was
affected by hardness and to a lesser extent by TOC. Predictive modzls relating
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copper and nickel toxicity to these parameters were developed (Lind et al.

1978).

Phytoplankton productivity was affected at 50 to 100 ug Cu/l-and 100 ug Ni/l in
both Birch and Greenwood Lakes (Gerhart and Davis 1978). The effects observed
were sometimes stimulatory and sometimes toxic. At concentrations above these
levels toxic effects always occurred. Individual taxa varied in their responses
to the metals. Laboratory biocassays indicated that phytoplankton in clear lakes
with low TOC are usually more sensitive to copper and slightly more semsitive to
nickel than in lakes with higher TOC. In Clearwater Lake, where median TOC was

7.5 mg/l, copper was severely toxic at 50 ug/l Cu.

Concentrations as low as 5-10 ug/1l copper have adversely'affected algae (Horne
and Goldman 1974). Steeman-Nielson and Laursen (1976) ?eported that 25 ug/1
could be either toxic or stimulatory depending on the receiving water. 'Nickel
concentrations of 4~9 ug/l were found to affect diatom diversity and cause shifts
in species compositioﬁ in natural populations (Patrick et al. 1975) whereas

concentrations of 100 ug/l were toxic in laboratory tests.

Table 20 presents the results of acute bioassays of copper toxicity to the
fathead minnow. Toxic concentrations (96 hour LC-50) ranged from 88.5 ug Cu/l in
Lake Superior water to 2,336 ug Cu/l in Embarrass River water. Copper toxicity
was found to be highly correlated with TOC as a result of these tests. Chronic
effects of copper began at 13.1 ug Cu/l in Lake Superior water. Chronic tests
also indicated that TOC had some affect on long term copper toxicity. Acute
copper toxicity to fathead minnows has been reported at 84 Qg/l whereas chronic
toxicity effects have been reported at 18 ug Cu/l for fathead minnows (Mount and
Stephan 1969). Brook trout have been reported sensitive to copper at 5 ug/1.
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Table 20

Acute nickel toxicity to fathead minnows was most highly correlated to water
hardness according to the results of the Study's bioassays. Toxic concentrations
(96 hr LC-50) ranged from 2,916 ug Ni/l in Kawishiwi River water (hardness = 28

N

ug/1) to 17,678 ug Ni/1 in the St. Louis River (hardness = 91 ug/1) (Table 21).

Table 21

Chronic effects were observed at 433.5 ug Ni/l in Lake Superior water. Pickering

and Henderson (1966) reported that 4,600 to 9,800 ug Ni/l were acutely toxic to

fish in soft water. Chronic effects of nickel have been observed at nickel —
levels as low as 730 ug/l in water appfoximately four times as hard as the Lake

Superior water used in these studies (Pickering 1974).

Acute copper and nickel toxicity to zooplankton was also inversely correlated to
the TOC content of the test water. In addition, hardness was inversely corre-
lated with nickel toxicity. Zooplankton were found to be more sensitive to

copper tﬁan were fathead minnows: toxic concentrations (48 hr LC-50) ranged from

7.24 ug Cu/l in Lake Superior water to 627 ug Cu/l in the St. Louis River.

Nickel was also more toxic (48 hour 1C-50) to Daphnia pulicaria than to fathead

minnows; concentrations ranged from 697 ug Ni/l in South Kawishiwi River water to
3,757 ug Ni/1 in St. Louis River water. These values are considerably higher
than the 5 ug Ni/1l (Baudoin and Scoppa 1974) and 95 ug Ni/l (Biesinger and

Christenson 1972) reported as acutely toxic to other species of zooplankton.

Based on these data, it appears that copper is less toxic .id the Study Area than -
reported in the literature on an acute basis because of the high TOC (4.6-3%
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Table 20 Acute toxicity

Test water

Lake Superior
Lake Superior
Lake Superior
S. Kawishiwi R.
S. Kawishiwi R.
St. Louis R.
St. Louis R.
Colby Lake
Colby Lake
Embarrass R.

Embarrass R.

Test date

2/14/77
3/7/77
3/21/17
7/12/77
8/1/77
9/26/177
10/17/77
5/15/78
6/5/78
7/3/78

7/10/78

of copper to the fathead minnow in different surface waters.

96-hr LC50
(vg/1)
114
121
88.5
436
516
1586
1129
550
1001
2050

2336

95% confidence
interval on LC 50

(vg/1)
33.3
33.5
27.5

103

111

302

269

142

234

535 -

548

Hardness
(mg/1 as CaCO3)
48
45
46
30
37
87
73
84
66
117

121

Alkalinity
(mg/1 as CaCO
44
44
41
21
21
20.
18
12
12
4L

36

3)

pH

8.03
8.04
7.98
6.82
7.28
7.11
6.94
7.07
6.97
7.29

7.28

TOC
(mg/

12
13
36
28
15
34
30
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Table 21 Acute toxicity of nickel to the fathead minnow in different surface water

96-hr LC50 95% confidence Hardness Alkalinity TOC

Test Water Test Date (ug/1) interval on LC50 (mg/l as CaCO3) (mg/1 as CaCOB) pH (mg/1
(ug/1)

Lake Superior 2/28/77 5209 1521 45 43 8.05 4.2
Lake Superior 3/14/77 5163 1491 A 42 8.0l 3.7
S. Kawishiwi R. 7/18/77 - 2916 685 29 20 6.50 12
S. Kawishiwi R. 7/25/77 2923 631 28 21 7.00 14
St. Louis R. 10/3/77 12356 2893 77 19 6.99 32%
St. Louis R. 10/10/77 17678 5459 ] 89 20 ' 7.09 33
St. Louis R. 10/25/77 8617 2398 91 19 7.04 30
Colby Lake 5/22/78 5383 1186 86 18 7.16 15

*mean of known values substituted for missing datum.




mg/1) found throughout the Study Area. As TOC increases, the toxicity of copper

can be expected to decrease.

The acute toxicity of nickel in the Study Area, on the other hand, may be greater
than generally reported in the literature because of the soft water (less than

100 mg/1l CaC03) in the Study Area.

The acute toxicity of cobalt, in Lake Superior water, to fathead minnows and

Daphnia pulicaria was 530 ug Co/l and 2,025 ug Co/l respectively. Fathead min-

nows were affected in chronic tests at 112.5 ug Co/l or approximately one-fifth
the acute level. Very few data are available for comparison. Effects have been
observed at cobalt levels between 50 and 100 ug/l by Shabolina (1964) and Tabata

(1969).

1.6.2.2 Protection Limits--Based on the summarization of available data on the

toxicity of heavy metals (Lind et al. 1978) and the Study's bioassay results
(Lind and Chatterton 1978), protection limits which should assure continued
health of the aquatic communities in the Study Area were developed for impact
assessment purposes. Two levels are discussed. First a level which would pro-
tect the integrity of the aquatic cémmunity during either long (chronic-greater
than 1 week) or short term (less than 1 week) exposures. The second level would
not provide protection during long term exposures but would be adequate for

infrequent short term (acute) events.

As in other discussions the limits have generally been placed at the lower end of
the order of magnitude where reported effects have occurred. Where possible the
results of the Study'a bioassays have been used to modify published data in

arriving at these levels,
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‘ Copper—--A level of 10 ug Cu/1 should assure that no long or short term degrada-
tion of aquatic communities should occur. This is the level on Figure 27 at
which no measured change would occur. This level was chosen because very few
effects on aquatic organisms have been }ecorded below'this 1eve1;_ Aiso, EPA
(1976) has recommended that 0.l times the 96-hour LC-50 be used as a criteria to
protect aquatic life. Applying this factor to the Study's bioassays would result
in critical levels greater than 44 ug Cu/l except in Lake Superior where 9 ug
Cu/1 would be critical. Therefore, 10 ug Cu/l should be adequate to protect

aquatic organisms in the Study Area where TOC is generally higher than found in

Lake Superior.

Figure 27

For the protection of aquatic life during short term exposures a level of 100 ug
Cu/1l should not be exceeded. This.is below the 96 hr LC-50s recorded in Study
Area water and approximately equal to the 96 hr LC-50s recorded in Lake Superior
water, fherefore in waters with adequate TOC (greater than 10 mg/l) a level of
100 ug Cu/l should be more than adequate while giving protection to those surface
waters with low TOC (less than 5 mg/l). Levels of copper above 100 ug/1l can be

expected to cause severe long term effects.

Nickel--Nickel concentrations éf 100 ug/1l should provide long and short term
protection to aquatic communities in the Study Area (Figure 28). Only omne
laboratory study has indicated any effects on aquatic organisms below 100 ug Ni/1l
(Biesinger and Christenson 1972). The EPA (1976) has recommended 0.0l times the -
96 hr LC-50 for protectiom of aquatic life. Applying this factor to the Study's
bioassays results in critical levels of 29 ug/l in the South Kawishiwi River and
approximately 100 ug/l in the St. Louis River. However, chronic tests of fathead
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FIGURE 27 AQUATIC TOXICOLOGY OF COPPER
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minnows in Lake Superior water indicated that significant effects did not occur
until 433.5 ug Ni/l. Also EPA (1976) states that 100 ug Ni/l should protect all

aquatic life.

Figure 28

For short-term proteétion 1,000 ug Ni/1 should not be exceeded. The 96 hr LC-50s
reported in the literature and from the Study's bioaésays all exceed 1000 ug Ni/l

with the exception of a South Kawishiwi test with Daphnia pulicaria and a 48 hr

L.C-50 of 510 ug Ni/l for Daphnia magna (Biesinger and Christenson 1972).

Cobalt-—A level of 10 ug Co/l should prevent long and short term changes in
aquatic communities in the Study Area (Figure 29). This level was selected aé
the lower end of the order of magnitude at which ch;onic effects were observed
during the Study's bioassay program. Because few published data are available no

EPA recommendations have been made.

Figure 29

Short term protection would be provided if,cobalt levels remained below 100 ug
Co/l. Mean acute cobalt toxicity to the fathead minnow was 531 ug/l in Lake

Superior water.

Zinc--The aquatic community should not be affected at zinc concentrations of 100
ug/1 during either short term or long term exposures (Figure 30). Chronic
effects on aquatic organisms have generally been reported at concentrations
exceeding 100 ug Zn/l. WNo bioassays using zinc were conducted during this study

so the affects of Study Area water quality are unknown.

Figure 30
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FIGURE 28 AQUATIC TOXICOLOGY OF NICKEL
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FIGURE 29

AQUATIC TOXICOLOGY OF COBALT

STRESS EFFECTS
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FIGURE 30 AQUATIC TOXICOLOGY OF ZINC
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The short term exposure protection limit has also been set at 100 ug Zn/1 because
various tests have shown zinc to be acutely toxic at levels between 100 and 1,000

ug Zn/1 (Bandouin and Scappa 1974).

Cadmium—-Short and long term protection of the aquatic community will be achieved
at concentrations not exceeding 1 ug Cd/1 (Figure 31). Short term protection
would be provided at 10 ug Cd/l. The EPA (1976) has set a limit of .4 ug/l for

cladocerans and salmonids in soft water and 4.0 ug/l for less sensitive species.

In hard water the limits were raised to 1.2 ug/l and 12.0 ug/1l respectively.

Figure 31

Lead--A level of lead not exceeding 10 ug/l should assure protection of aquatic
organisms in either long or short term exposures (Figure 32). The EPA (1976)
recommends .0l times the 96 hr LC-50. 1If this factér were applied to data
published by Pickering and Henderson (1966) for soft water and fathead minnows,
the lower limit would be approximately 56 ug Pb/l, slightly higher than the 10 ug

Pb/1 currently recommended.

Figure 32

Short term protection from lead would be provided if lead does not exceed 100
ug/l. Numerous reports of acute effects on aquatic organisms have been noted

between 100-1,000 ug Pb/1l.°

gilver--A lack of data and high variability between published studies does n&t
allow any protection limits to be set for silver at this time (Figure 33).
Silver levels as low as 1 ug/l have been toxic during long term exposures
(Nehring 1976).
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FIGURE 31 AQUATIC TOXICOLOGY OF CADMIUM
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FIGURE 32 AQUATIC TOXICOLOGY OF LEAD
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Figure 33

a

Arsenic--The EPA (1976) has recommended 50 ug As/l as the maximum arsemic con-

centration. allowable in domestic water (Figure 34), However they admit that not
enough data are available to make recommendations to protect aquatic life. Data
available in the literature indicate that no changes in the aquatic community

occur if levels do not exceed 100 ug As/1l.

Figure 34

Metal Combinations—-Results of bioassays using two metal combinations of copper,
nickel and cobalt‘indicate that the effect of these metals are additive to
slightly more than additive (Table 22). An exception was the toxicity of copper
and nickel to éathead minnows which was slightly 1e§s than additive. Potency
ratios (e.g. ration between copper LC-50 and hickel LC-50) were also calculated
using these data (Table 22). Therefore, protection limits for these combinations
can be calculated by converting the metals to equivalent copper (for copper-
nickel or copper-cobalt combination) or nickel (for nickel-cobalt combination)
concentrations and applying the appropriate limits discussed above. This
approach was utilized to assess the impacts of metl dishcarges on water quality
and is discussed further in the following discussion of heavy metal impacts. It

is not clear whether a combination of these three metals could be converted to

copper units.

It should also be noted that other heavy metals are probably additive but only

limited data are available on this subject.

Table 22
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FIGURE 33 AQUATIC TOXICOLOGY OF SILVER
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FIGURE 34 AQUATIC TOXICOLOGY OF ARSENIC
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Table 22 Toxicity of Copper-Nickel Mixtures to the Fathead Minnow
in Water from Lake Superior and the South Kawishiwi River.

Test Water Test Cu cone.? 96-hr LC50 Mixture LC50 as CuC
Date Ni conc. as Cu(ug/1l) weighted mean Cu LC5

Lake Superior 44177 .0255 66.0 b .610
(59.4,73.4)

Lake Superior 4/21/77 .0313 46.3 .428
(41.1,52.2)

Lake Superior /5/9/77 .0280 45.5 421 -
(38.5,53.9)

So. Kawishiwi R. 8/29.77 .156 . 229 . .478

‘ - (165,316) | _
So. Kawishiwi R. 9/5/77 124 241 . .503

(223,260)

+

apotency ratio = .0209 (Lake Superior) Potency ratio is the ratio of LC-50 for
copper to LC-50 for nickel.

.164 (So. Kawishiwi R.)

b95% confidence limits on LC50.

¢ Values of less than 1.0 indicate synergistic effects, i.e. the mixture is
more toxic than each metal individually, values of 1.0 indicate direct
additivity of toxic effects, values greater than 1.0 indicate that the
are less toxic when combined than when presented individually.

%% See Lind et al. 1978 for further details of toxicology studies.




Table 22 continued.

Toxicity of Copper-Cobalt Mixtures to the

Fathead Minnow in Lake Superior Water

Test Date Cu conc?
Co conc.
1/30/78 .218
2/6/78 .219
2/27/78 .152
a .
potency ratio = .204

96-hr 1C50 Mixture LC50 as Cu
.as Cu(pg/l) - Weighted Mean Cu LC50
128 b 1.18
(116,141)
163 1.51
(144,186)
: 149 1.38
(135,165)

b95% confidence limits on LCS50.

Toxicity

of Nickel-Cobalt Mixtures to the Fathead

Minnow in Lake Superior Water

Test Date Co conc.a
Ni conc.
2/13/78 .125
2/20/78 .120
3/6/78 .110

apotency ratio .102

b95% confidence limits on LC50

96-hr LC50 Mixture LC50 as Co

as Co (ug/l) Weighted Mean Co LC50
619(563,680)° 1.17
797(696,912) 1.50
602(539,671) 1.13



Table 22 continued Toxicity of Copper-Nickel Mixtures to Daphnia pulicaria
in Water from Lake Superior and the South Kawishiwi River.

Test Water Test Cu conc.? 48-hr LC50 Mixture iCSO as Cu
Date Ni conec. as Cu (ug/l) weighted mean Cu LC50
Lake Superior 3/30/77  .00697 7.77 b T .836
(6.96,8.67)
Lake Superior 4/5/77 .00634 8.12 .874
‘ (7.39,8.93)
Lake Superior 4/13/77  .00652 7.18 .773
(6.70,7.69) .
S. Kawishiwi R. 8/2/77 .0883 65.0 1.193
(61.6,68.5)
S. Kawishiwi R. 8/9/77 .0628 58.6 1.077
: (e) _
S. Kawishiwi R. 8/9/77 L0617 < 60.0 1.101
. (55.9,64.4) - : ,
S. Kawishiwi R. 8/16/77 = .0245 67.0 : 1.230
' (e)
S. Kawishiwi R. 8/23/77 .0308 57.1 1.049
(50.5,64.7)
S. Kawishiwi R. 8/23/77  .0256 68.2 - 1.252
(62.1,75.0)
S. Kawishiwi R. 8/30/77  .0284 74.7 : 1.372 i
' (66.8,83.6) -

apotency ration = .00489 (Lake Superior)
.05521 (S. Kawishiwi R.)

b95% confidence limits on LC50.

Cconfidence limits could not be calculated. :




Table 22 continued Toxicity of Copper-Cobalt Mixtures to Daphnia:
pulicaria in Lake Superior Water.

Test Date Cu conc.” 48-hr LC50 C Mixture LC50 as Cu
Co conc. as Cu (ug/1) Weighted Mean Cu LC50

1/31/78 .00615 8.74 b ~.940
(7.88,9.68) (.848,1.041)

2/7/78 . 00642 . ‘'13.0 1.40
(11.51.4,14.717) (1.24,1.58)

apotency ratio = .00459

b

95% confidence limits on LC50

Toxicity of Nickel-Cobalt Mixtures to Daphnia
pulicaria in Lake Superior Water

, Test Date Ni conc.? 48-hr LC50 Mixture LC50 as Ni
Co congc. as Ni(ug/1l) Weighted Mean Ni LC50

4/12/78 477 1962 1.03
(1760,2187)

4/17/78 . 954 1096 .577
(858,1399)

4/25/78 .949 1648 . 867
(961,2828)

apotency ratio = .939

bQSZ confidence limits on LC50



Leachate Bioassays--To further deal with the question of the toxicity of heavy

metals in combination, leachate bioassays were undertaken using Daphnia pulicaria

as a test species., These tesﬁs also allowed the testing of meta{_combinations

which would be approximations of actual effluents which might occur during or

after copper-nickel mining. Leaching of heavy metals from lean ore stockpiles

and waste rock piles will be the most significant source of heavy metals from
copper-nickel operatioms. (See Volume 3-Chapter 4 for further details).

Currently there are four sources of leachate in the Study Area. These are found

at the U.S. Steel exploration pit, INCO exploration site, AMAX exploration shaft .
site and at Erie Mining's Dunka Pit. These leachates contain elevated lavels of
several metals, particularly nickel, copper, cobalt and zinc, (see Volume 3-

Chapter 4).

The results of the leachate bioasséys are presented in Table 23. This table also
presents predicted toxicity levels based on the results of metal combination
bioassays, and the models relating water quality to toxicity. Only the copper-
anickel combination was used in these predictions. In none of these tests was a
leachate shown to be more toxic than predicted using the models developed from T
the field and laboratory bioassays discussed previously. The leachates from Erie
Mining and U.S. Steel were extremely toxic. A solution containing 2.2% leachate

from Dunka Pit and mixtures containing .1% to 9.95% U.S. Steel leachate were

acutely toxic to Daphnia pulicaria. In contrast, 100% INCO leachate caused no

mortality and 100% AMAX leachate caused 20% or less mortality. This occurred

even though the cobalt and zinc concentrationms, in the leachate, were unot used to

derive the predicted toxicity.

Variations in the toxic levels of the various leachates were related to dif-
ferences in metal levels in the leachates and the different water quality of the
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dilution water (Table 23).

Table 23

1.6.2.3 Beneficiation Reagents-~These reagents are used as collectors and allow

the copper-nickel containing particles to attach to bubbles and be removed during

the flotation process (see Volume 2-Chapter 3).

Protection Limits-- For various reasons discussed below it is not possible to

determine protection limits for benefication reagents.

Carbinols - Only a single test has been conducted on carbinols (Hawley 1972). In
this test the 96-hour LC50 for fathead minnows was between 100-1,000 mg/l. More

data would be necessary to set protection limits for these chemicals.

Xanthates - Wide ranging results have been obtained during testing of various
xanthates (Figure 35). Levels as low as 10 ug/l have been acutely toxic to
aquatic organisms (Hawley 1972). The Study's tests of sodium isopropylxanthate
were in contrast to Hawley's results. The mean 96-hour LC-50 for fathead minnows

was 37.7 whereas for Daphnia pulicaria the mean 48-hour LC-50 was 22.0. Because

of these discrepancies and lack of chronic tests it is difficult to set any

protection limits for these chemicals.

Figure 35

1.6.3 Impacts of Heavy Metals

In streams heavily polluted with heavy metals, periphyton (Wood 1975), macrophy-
tes (Lande 1977), invertebrates (Wood 1975, McIntosh and Bishop 1976), and fish
(Hitch and Etnier 1974) have been completely eliminated. However, in most cases,
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Table 23

Leachate

Seep 3
Seep 3
Seep 3
U.S. Steel
U.S. Steel
U.5. Stecl
U.Sf Steel
Steel

U.S. Steel

INCO
EM-8

Minnamax-

Dilution Water

011 Discharge
011 Dishcarge
EM-6

S. waishiwi R.
Lake Superior
EM~6

S. Kawishiwi R.

Partridge R

011 Discharge

%7otal concentration

Test Date

416117

9/14/77

6/24/18

4/6/17

4/6/17

4726177

10/26/77

10/27/17

1/25/18

7/28/17

11/29/77

6/25/78

7/26/18

Effect

no
mortalicy

48~-hr
LC50

48-hr
LC50

complete
mortality

complete
mortality

« complete

mortality

" 48~hr

LC50

48-hr
LCSD

48-hr
LC50

no
mortality

no
mortality

48~hr
LC50

%g§tality

bFilcered concentration

X Leachate
Having Effect

100%
2.4%
(1.5,3.7°¢

8.0%
(5.9,10.9)

1.7%
1.7%
0.12
1.0%
0.7%

(0.6,0.8)

19.92
(7.2,13.7)

100%
100%
B4Y

(71,100

1002

Acute toxicity of copper-nickel leachates to Daphnia pulicaria

Chemical Conditions in Listed Percentage of Leachate

Cu

Ni

in

Co

Mn

(:8/1) (ue/1) Gue/1) (ug/1) (g/l)

T270°
ps2b
T46
T68
1210
210
T
T150
T114
T408
T96
123

F9.9

T54

T21

73200
F930
T720
T1438
T294
T294
T22
T130
T101
T643
T65
T4500

F3500

T7408

T310

*#% See Lind et al. 1978 for further‘details.

"

Rt

T73

Ti?

T4S

5.3

T3.8

Ti.3

T6.7

T4. 1

T13

T135

T100

€957 confidence limits on LCS0

T440
T40
T34
T13
T12
Tl.f
T11
T7.7
T33
T17
T250

F201

T152

T22

T2740
F840
T238
T511
Ti71

T109

T6.0

© T67

T77

1244

T1439

T220

Hardness
(mg/1 as
CaCO3)

446
267
309
164
31
45
118
23
86
765
490

831

699

Otganic
Carbon

(mg/1)

T20
F18

T3.0

F9.4

T13

T32

F19

F12

19.0

18.3

pH

8.30
8.09
8.23
8.32
7.45

7.99

7.80
8.31
8.35

8.04

7.89

Predicted
Cu LC50

98

27

31

30

46

8.9

38

57

178

92

51

36

32

Predicted
Ni LC50

8866
6159
6833
4360
1320
1751
3439
1064
2756
13,002
9478

!

13,791 .

12,197

pt;ET~Eu 1C50

Cu_conc. N1 co

Pred Nt

3.1 (total metal)
0.64 (filtered metal)

4.8

1.2

4.0

2.1

2.5

1.0

0.93 (total metal)

0.56 (filterced metal)

2.0

0.68



FIGURE 35 AQUATIC TOXICOLOGY OF XANTHATES
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heavy metal pollution has been responsible for reduced productivity and diversity
and shifts in the dominant organisms at all trophic levels of aduatic ecosystems.
For example, studies in the Northwest Miramichi River system of New Brunswick,
have shown shifts in diatom species composition, redﬁced macrOph;tehgrowth,
reduced invertebrate abundance and diversity, and reduced fish populations and
the avoidance of spawning tributaries in stream sections affected by copper and
zinc (Besch et al. 1972, Besch and Roberts-Pichette 1970, Cook et al. 1971,

>

Saunders and Sprague 1967, Elson 1974, Pippy and Hare 1969).

Sensitive groups or species are present within each major trophic level and
shifts to more tolerant organisms can be expected in the presence of heavy
metals. Diatoms are the most sensitive algal group and shfts to blue-green and
green algae have been observed (Patrick et al. 1975, Patrick 1978, Wright etAal.
1973, Stokes et al. 1973). Among the macrophytes, submerged plants and dicoty=-
ledons seem to be the most sensitive to metal pollution (Besch and Roberts-

Pichette 1970).

Shifts to benthic invertebrate communities dominated by chironomids and/or oli-
gochaetes have been observed in several studies of heavy metal pollution (Winner
et al. 1975, German 1972, EIFAC 1976, Cook etbal. 1971, Falk et al, 1973, Yost
and Atchison 1972). Molluscs are considered the most sensitive invertebrate
group and are quickly eliminated by heavy metal pollution. Field studies have
indicated that molluscs rarely occur if heavy metals are present at elevated
levels (Cook et al. 1971, Carpenter 1924, 1925, Jones 1940a, 1940b). Among the
aquatic insects, mayflies (Ephemeroptera) are the most sensitive (Sprague et al.’

1965).

Among the fishes coldwater species (e.g. salmonidae) are considered more sen-

sitive to heavy metals than warm water species although some contradictory data
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exist. Fishes are able to detect heavy metal gradients and will follow them to

avoid lethal conditions.

The toxicity of heavy metals also varies with different life stages- of aquatic
organisms. For example Bell (1970) reported that aquatic insects are most sen-
sitive at times of molting and emergence. The most sensitive life stages of fish

are during spawning and larval stages (McKim 1971).

Some adaptation of aquatic organisms to heavy metals has been reported. Stokes
et al. (1972), Harding and Whitton (1976), Say et al. (1977) have reported gene-
tic adaptation to copper, nickel and zinc by algae. Isopods also appear to adapt
genetically to copper and lead (Brown 1976). Physiological resistance to zinc
but not to cadmium and lead has been observed in fish (Lloyd 1960, Sinley et al.
1974, Sephar 1976, McIntosh and Bishop 1976, Benoi; et al. 1976, Holcombe et al.

1976 and 1977).

1.6.3.1 Approach to Assessment--In order to assess the impacts of heavy metals

on the aquatic environment a simple system wés developed in an attempt to quan-—
tify the combined impacts of what are believed to be the fur metals which may be
released in the largest quantities, copper, nickel, cobalt and zinc. Utilizing
the toxicity data presenéed in section 1.6.2 relative toxicities were estimated
for each of these metals in relation to copper toxicity. Because of the great
variability among toxicity data and the differential influences of water che-
mistry on the toxicities of these metals their relative toxicities were fixed
within orders of magnitude. In effect this system normalizes the concentrations
of the four metals to toxicologically equivalent copper concentrations. The
formula for "copper equivalent units" (CEU) was established, for this purpose, to
be:
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(copper) + 0.1 (nickel) + (cobalt) + 0.1 (zinc) = CEU
Using this methodology allows one to translate all potential hnpacts into those
which would be expected at a copper concentration which equals the CEU value. 1In
this system the toxicities are assumed~to be additivé, although Eﬁ is possible
that in reality some may be slightly more or less than additive. This method
also assumes equivalent mobility of the various metals which is in fact not the’

case, therefore, this system represents a relatively conservative picture of the

transport and toxicities of potential heavy metal releases.

1.6.3.2 Significance of CEU Values--Table 23a summarizes the impacts of various

CEU concentrations on algae, invertebrates and fish. This table was developed
using all available data from the literature, and the Study's experiments with
Study Area waters and potential leachate mixtures (see section 1.6.2 for
details). This table indicates CEU concentrations which would-result in impacts
on the aquatic ecosystem in the case where one either does or does not assume the
influence of water chemistry to have significant effects on toxicity. The
influence of water chemistry on toxicity could be an important factor in deter-
mining the levels of impact which would result from the release of metals laden
waters. Because of the variability of present water quality throughout the
region it is important to consider the toxicity of the potential metals releases

both with and without the influence of water chemistry.

When evaluating impacts based on information in Table 23a, it is important to
consider the "state of art" of toxicology knowledge. The data indicate the CEU
concentrations between 5 and 30 ug/l may result in chronic impacts on aquatic
organisms, however, it is not possible to project definite impacts because of the
influences of water chemistry on toxicity. CEU levels between 30 and 100 are
expected to cause some measureable impact on algal populations, but until levels
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COPPER EQUIVALENT UNITS (CEU in ug/ liter)

ALGAL INVERTEBRATES FISH

10,000~
2,500~ -Major fish kills and
' : ’ species losses irrespective
i of WQ
1,000-
600~ -Major decrease of
population size and -

300- -Acute population ?;Zirg}t¥;san3;2eig ~chronic impact,loss of =
and density losses ’ population irrespective of
irrespective of WQ 1ack of fQOd’ WQ, acute impacts dependent

irrespective of WQ on,NQ - '

190- -Chronic impact on -Acute Tosses of <.
species diversity species and population
irrespective of WQ size, dependant on WQ

30- -Potential chronic -Chronic impact, 10ss -Chronic impacts dependent
impact on species of diversity, Timited on WQ
diversity dependent acute effects
on WQ
10~
5- -No measureable impact -No measureable impact -No measureable impacts
irrespective of WQ irrespective of WQ irrespective of W
2.3- = - e s e e s s s ‘Background WQ -~ -~ - - = = = = =~ -~ = = == =~ = -~

Table 23a Impacts of copper and/or copper equivalent units on aquatic organisms

WQ- indicates quality of receiving waters



neaf 100 CEU some tolerant species may be uneffected. Concentrations between 100
and 300 CEU may have acute effects on algal populations but it is not possible to
_project these with present knowledge, whereas above 300 CEU éerous acute impacts
could be expected irrespectively of waéer chemistry.‘ Some speci;s éf
invertebrates are gcutely sensitive to CEU levels as low as 100 however impacts
can not be projected with certainty unless values exceed 600 when dramatic damage
to the invertebrate community would be unavoidable. In these same terms one can
not be certain of major damage to fisheries less CEU concentrations exceed 2,500

ug/l however some acute and chronic impacts have been observed at lower

concentrations.

It may be useful, at this point, to evaluate two cases of different CEU con-
centrations to consider both the state of present knéwledge and the types of
impacts which may be involved. Models presented in Volume 3-Chapter 4 indicate
that the CEU concentrations in a direct discharge from a lean ore pile (Model II)
would be 8,300 ug/1. Abdischarge of this quality without any dilution would be
acutely toxic to all aquatic organisms. All organisms downstream of this quality
of discharge would die or move to pther areas to the point in the watershed where
the discharge is diluted by a facﬁor of 3 to 4. At that point some species of
fish would still survive but a long term exposure of this type would probably
eliminate all reproduction in‘the fish population and few if nay invertebrates
would be available as a food source. Further downstream when the dilution factor
appraches 14 some species of invertebrates could be expected to survive a short
term exposure with a greater number of fish remaining alive and having some
supply of food. By the point in the watershed where the lean ore pile runoff is
diluted by a factor of 25-30 (300 CEUs) a greater unumber of fiéh and iﬁvertebrate
species would be observed although little algal growth could be expected.
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Further downstream as the dilution factor approaches 83 a relatively large number
of fish species could be found with several species of invertebrates. Dilution

by a watershed approximately 250) would"Be necessary before it would become

difficult or impossible to measure the impacts of a chronic discharge of the

quality represented by lean ore pile runoff.

A discharge with the quality indicated in Volume 3-Chapter 4 for the tailing
basin would present much less of a problem than the lean ore pile runoff. The

CEU concentration in the basin is modeled to be 54 ug/l. 1In this case a chronic

discharge could possible have some impacts on the aquatic ecosystem but it is not

possible to project with current knowledge.

1.6.3.3 Impact Assessment--The range of possible metals concentrations in Study

Area waters is quite large because of the great variety of water management and
mitigation techniques which could be utilized for a given copper-nickel develop-
ment. The water quality source and impact models presented in Volume 3-Chapter 4
therefore present a 1a;ge range of possible water quality conditions for the
Study Area with development. Because of this broadvrange of potential conditions
it is not possible to project the impact on aquatic resources which may occur as
a result of a particular copper-nickel development. It therefore appears that
the most useful approach to impact assessment may Ee to project the types of
impacts which could be expected if heavy metals pollution occurs in several

different ranges.,

Areas which are subjected to CEU concentrations of 2,500 or more ug/l can be

expected to experience dramatic losses of fisheries, invertebrates and all other
aquatic organisms. These losses would occur in the case of either acute or
chronic exposures. Damaged areas could be expected to recover relatively slowly,
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depending upon location in the watershed, because populations downstream of such

a low quality discharge would also be damaged.

Metals pollution at CEU levels in the range of 600-2,500 ug/1l would ‘probably

result in impacts which would be similar to those just mentioned with the only
possible difference being the survival of a small population of fish. It is R
likely that an acute exposure to sech CEU levels would have similar long term
impacts to those described above because the long term survival of the fisheries
would be limited by a shortage of algal and invertebrate food supplies. A stream
or lake with metals concentrations in this range or greater would in effect be

dead until such time as the pollution source is eliminated.

Concentrations of metals in the CEU range of 300-600 ug/l are likely to have

severe impacts on a stream or lake ecosystem. Pollgtién at these levels are less _
likely to damage fisheries directly although there would still be indirect

effects from the losses of food supplies. Toward the lower end of this range
aquatic invertebrates and fish would be able to survive acute exposures but long
term exposures would probably result in decreased fish and invertebrate popula-
tions as well as the total loss of some of the intolerant species. The long term
stability of an ecosystem subject to these levels of pollution as a chronic "3
condition, is probably quite limited as the loss of the less tolerant species may ’

result in changes in a variety of trophic relationships.

In the CEU range of 100-300 ug/l it is probably that there will be chronic

impacts on the aquatic ecosystem, hbwever short term exposure may or may not

result in impacts. It is not possible to project impacts of acute exposures on
aqutic organisms because water chemistry can have éignificant influence on toxi-
city in this range of concentrations. It is likely that some of the more sen— J
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sitive species will be lost during acute exposures however these losses would be
less noticeable than those which would occur with higher CEU concentrations.

Chronic exposures in-this range would probably result in decreases in reproduc-

tive success of the fish population with eventually noticeable decreases in

fishing success.

,

Acute exposures to metals at CEU concentrations between 30-100 ug/l are unlikely
to result in noticeable (measureable in relation to natural variability) changes
in the aquatic ecosystem. Chronic exposures in this range may or may not have
some impacts on the aquatic system. Although some species do appear to be sen~
sitive to chronic exposures at these levels impacts can not be projected with
certainty because of the potential influences of water chemistry on the metals

toxicity.

Below 30 ug/l it is possible that some chronic exposures would impact the more

sensitive aquatic orgénisms but it may be quite difficult to measure the changes
in the ecosystems because of the great natural variability of populations of
these organisms. In Lake Superior water chronic effects on fathead minnows were
observed at copper concentrations of 13 ug/l. The importance of such changes in
a natural ecosystem are unknown. In some cases these impacts could be signifi-
cant; however, it is likely that natural variability would mask any "changes"
that actually would occur. Again, water chemistry may play such an important
.role in the toxicity of metals that no impacts would occur in some areas while

other areas may experience measurable damage.

Figure 35a is an example of the water quality impacts modeled in section 4.7 of
Volume 3-Chapter 4. It is apparent from this graph that in the case of an unmi-
tigated discharge significant impacts could be expected over a large portion of
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the Study Area. The potential for these impacts could be decreased depending on
the location of the discharge in the watershed and the types and efficiencies of

the mitigation techniques which are utilized.

Section 4.7 of Volume 3-Chapter 4 should be consulted for a detailed discussion
of the potential impacts of copper-nickel development of water quality in the
Study Area. The changes in water quality and metals loadings can then be con-

sidered in light of the above discussions.

1.6.3.4 Potential Mitigation of Heavy Metals--Several techniques are available

to decrease the loadings of heavy metals in waters released from a copper-nickel

~

development. As previously mentioned the magnitude of the problems involved will
be directly related to the water management scheme which is utilized by a
particular operation. The best possible mitigation\is‘of course to totally eli-
minate the potential discharge. It may be possible to accomplish this by
managing a water shed smaller than the omes utilized in the hydrological models

presented in Volume 3-Chapter 4 (see sectioms 4.3, 4.4, and 4.5 of that chapter

for detailed discussions).

Other possibilities for mitigation include collecting the runoff waters from the
operation and passing them through a treatment plant. During the life of the
operation the processing plant may be able to provide some of this treatment if
all runoff waters are collected and transported to the tailing basin where they
would enter the mill cycle. Following the operation other mitigation procedures
would be necessary. A} this point in time very little information is available
on the long term mitigation of this type of pollution problem. Presumably it
would be most desireable to establish a passive system which would require little
or not perpetual maintainance, this however, is not possible with the current

state of knowledge.
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1.6.3.5 Regional Sensitivity--There are no distinct regional patterns for sen-

sitivity to heavy metals pollution. Lakes and streams in the Study Area with
relatively high total organic carbon (:oc) content or high hardness values will
be relatively less sensitive to heavy metals stresses., It is most important to
avoid areas which have low TOC or hardness because the organisms in these areas
would suffer greater damage if exposed to equivalent concentration;‘of heavy
metals., Site specific aquatic toxicology studies should be conducted in con-

junction with the development of site specific proposals.
1.7 pH CHANGES

1.7.1 Potential Causes of pH Changes

Three factors govern the pH of surface waters: (1) the rate of strong acid input

(gt ions); (2) the location of lakes and streams relative to prevailing winds,
which in relation to atmospheric deposition controls factor (1); and (3) the
geochemistry of the surficial sediments and the bedrock of the watersheds of the

-

receiving lakes and streams. Kramer (1976) suggests that factor (3) is most

important because it determines the buffering capacity (resistance to acid input)

of the surface waters and the watershed runoff which enters the surface waters

(see Volume 3-Chapter 4 for further details).

There are three potentially major sources of H' ion input into the surface
waters of the Study Area. It is possible that the leachate from wasterock/lean
ore piles may be acidified however available evidence is conflicting.
Experimental laboratory studies have indicated that low grade material which
would Be placed in these piles has more than sufficient buffering capacity to
maintain the pH of the leachate at neutral values (pH=7). Recent data from the
gabbro stockpiles at Erie Mining Company's Dunka Pit have indicated that pH in
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.1eachate may in fact drop below 7.0. pH values at Erie's Seep 3 were 7.3 in
1976, 7.1 in 1977 and 6.7 in 1978. The pH of the leachate from some test piles
at Amax's exploration site ﬂave also droped below neutral values. At the present
time the cause of these drops in pH are not understood and further studies must
be completed before the pH values. of potential leachates can be better

established.

Another potentially important source of acid input into surface waters is
atmospheric inputs. The presence of acids in the atmosphere can cause precipi-
tation to be acidic. Strong acids have been found to be the most important
contributors to acid precipitation (Likens 1976, Dovland et al. 1976, Galloway et
al. 1976a, Summers and Whelpdale 1975, Gorham 1975, Krupa et al. 1975), although
weak acids may also contribute (Galloway et al. 1975). The precursors of acid
precipitation are chloride, which forms hydrochloric aéid; sul fur dioxide, which
is converted to sulfate and then to sulfuric acid; and nitrogen oxides, which
form nitric aéid. These compounds are released to the atmosphere by various

natural and human activities.

Finally, the pH of water from the smelter may be as low as 2.6 (see Volume 2-
Chapter 4). If water with a pH this low is released without treatment it could
cause serious damage to the aquatic environment. Sulfur dioxide (S07)

emissions from various combustion sources, such as coal fired power plants, and
from various other sources, such as ore smelting, combine with rain to form

sul furic acid, a strong mineral acid. This acid contributes hydrogen ions (g4+),
which lowers the pH value of rain. It was once believed that acidic rain was
primarily a localized problem that occurred only near the SOp source, evidence
now indiéates that SOy can travel long distances and that the problem of acid

precipitation is world-wide.
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Evidence will be presented in Volume 3-Chapter 4 indicates that some lake and
streams in the Study Area are more than likely now being affectea by acidic pre-
cipitation. The major sources for the SOy which causes the acidic precipita-
tion is believed to be out-state, i.e.‘sources locatéd in the in&gsérializedA
areas to the east and south of Minnesota. This contention is, in part, specula-
tive and further study would be required to delineate the major sources (see ‘
Volume 3-Chapter 4 for further details). Either source of H* ions to the sur-

face waters of the Study Area will result in the same types of impacts to the

aquatic environment.

1.7.2 Responses of Organisms

Pétrick (1968) observed major changes in the density and number of species of
diatoms at pH 5.0 to 5.2. Since diatoms are thé primafy algal type in streams
and generally bloom in the spring, a major change in autochthonous production
would result if pH drops to these levels. Shifts to green algae which are less

sensitive would also be expected.

Direct mortality of aquatic insects may occur as a result of pH decreases below
5.5. Four-day LC-50 values for some species of mayflies, stoneflies, and cad-
disflies range between 4.5 and 4.7 (Bell and Nebeker 1969; Gaufin 1973). Iﬁsects
are particularly sensitive to low pH at emergence, which occurs in spring and
early summer for most species. Bell and Nebeker (1969) and Butcher et al. (1973)
found that pH ome-half to two units above survival levels were necessary for

successful molting and emergence.

Significant effects on spawning success of fishes have been recorded in the
laboratory at pH levels between 4.5 and 6.1. Effects on growth and survival of
adults probably would not be observed at these pH values under short-term con-
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ditions. As decreases countinue, fish populations become dominated by a few large
fish with very little recruitment (i.e. replacement of dead) because of the poor

spawning success.

Figure 36 summarizes available literature on the impacts of pH decreases on
aquatic organisms. See Lind et al. (1978) for a detailed discussion of the .
impacts of pH changes on aquatic organisms.

Figure 36

1.7.3 1Impacts of pH Changes

As mentioned before, it is believed that there are two potential sources of H*
ions to the surface waters of the Stud§ Area: acidified leachate and acidic
precipitation. At the present time, evidence is equivocal on the question of
whether leachates from waste rock/lean ore piles will be acidified or neutral in
pH. It does appear, however, thét the aquatic ecosyste@s of the Study Area may

be subjected to acid stress from acidic precipitation.

The pH of spring snowmelt waters in some parts of the Area appear to be signifi-
cantly below neutral (e.g. Filson Creek where the pH was 4.5 in 1977 samples).
Acidic precipitation alone or in combination with acidifier leachates appear
likely to place an acid stress on the aquatic ecosystems of some of the lakes and
streams of the Study Area and the BWCA. The surface waters in these areas have a
very low buffering capacity and the pH levels which have already been observed
are at levels which are known to cause.short-term toxicity problems for aquatic
organisms ranging from algae through fish. 1In particular,'the lakes which are of
most concern are those with the lowest buffering capacities. Stream systemé are.
very sensitive because the flush of water from spring snowmelt can represent a
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FIGURE 36 EFFECTS OF DECREASING PH ON AQUATIC ORGANISMS
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majority of the water that the stream may carry throughout the whole year (see

Volume 3-Chapter 4 for further details).

If the patterns of acidic precipitation‘continue the Qay they are, if is likely
that many of the poorly small buffered stream will have noticeable decreases in
fish populations during and following spring melt. Recovery from these episodes
may be expected to be fairly rapid (i.e. within months) unless or until the
sources of recolonizing organisms are themselves affected (i.e; well buffered
lakes or large unaffected streams). Once the source areas are impacted, recovery

would be very slow.

Some of the lakes which may be the earliest to be impacted by acidic precipita-
tion include: Clearwater, August, Turtle, One, Greeanod, Perch, and Long lakes.
These lakes are most susceptible because they have Calcite Saturation Indices
above 3.0, an indication of very limited buffering capacity. At the present
time, it is not possible to relate levels of sulfate loading to pH decreases in

these lakes (see Volume 3-Chapter 4).

Decreases of pH in the waters of the Study Area may increase the toxicity and
availability of heavy metals in the aquatic environment. The leaching of the
metals from waste rock/lean ore stockpiles would increase as a result of
acidified leachate of acid input to the piles via acidic precipitation. At the
present time, there is not a consensus as to the relationship between pH and
metals toxicity (Mount 1966); therefore, at least qualitatively one must assume

that the affects are at least additive.

Although it is not known whether copper-nickel mining per se is likely to cause
pH related impacts when considered alone, the significance of long-term pH
changes to the lakes and stream of the Study Area and BWCA is of major concern.
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Long-term changes in the aquatic communities are probably already underway due to
the general decrease in the pH precipitation and thereby surface.waters in the
Study Area. Because-the decrease in pH will be slow, measurement of the
biological effects wouid require intenslve long-term @onitoring.lnbu;ing this

period of decreasing pH, the overall productivity and diversity of the aquatic

communities can be expected to decrease.

l.7.4 Potential Mitigation of pH Changes

Because of the as of yet unanswered questions about the acidification of leacha-
tes from waste rock/lean ore piles, it is difficult to consider the mitigation
measures that would be necessary and/or effective. One basic method of dimi-
nishing the problems would be to decregse the potential for input of H* ions.

The acid input could be limited by controlling the grades of sulfides allowed in
the stockpiles and by maintaining or increasing the buffering capacity of the
piles. The effectiveness of such techniques will only be known after further
studies have been completed. Methods of mitigating the impacts of acidic preci-
pitation on aquatic ecosystems are under investigation at the present time in
many parts of the world, comsideration.of this matter is beyond the scope of this

report.,

" 1.7.5 Regional Sensitivity

Headwater lakes and streams are probably the most sensitive water bodies in the
Study Area and BWCA. These waters are sensitive because they generally have
relatively small drainage areas and thus pH values more closely reflect the pH of’
pfecipitati§n with watershed contributions of buffering capaci;y and lake

chemistry assuming a secondary role. Utilizing data from the United States

Forest Service (USFS), it was determined that of 30 lakes studied (in the BWCA)
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had Calcite Saturation Indices which indicated that they are poorly buffered.
See Volume 3-Chapter 4 for a detailed discussion of the regional variability of

buffering capacitiess
1.8 PHYSICAL CHANGES

Physical changes to an area such as channelization or removal of terrestrial
vegetation can have significant affect on aquatic ecosystems. The effects may
range from changes in primary production through loss of complete communities.
Figure 37 summarizes the data available from published studies, and indicates the
significance of impacts from high, medium, and low levels of various physical
stresses on the aquatic environment. Unfortunately, no studies are available
which quantify the relationships between amounts of physical stress and the
impacts on the aquatic community; therefore, this sgmméry must be qualitative.
For the purposes of further discussion, physical stresses have been placed in
five major categories including: flow changes, channelization/diversion,
temperature changes, increased suspended solids, and loss of terrestrial
vegetation. Each of these‘types-of physical stress is discussed individually in

the following sectionms.

Figure 37

1.8.1 Flow Changes

1.8.1.1 Potential Causes of Flow Changes-—The development of a copper-nickel

mining and processing operation may involve large changes in the flow regime of
streams in the Study Area (see Volume 3-Chapter 4, Hydrological Impacts section
for further details). Stream flows may be affected by a mining development in

several different ways. The containment of the mining site for the purposes of
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FIGURE 37 EFFECTS OF PHYSICAL STRESSES
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gathering runoff may, for example, reduce the flows of adjacent streams. During
dry years, such a reduction of runoff could potentially result in low or no flow
conditions of a duration which is longer than the aquatic organisms naturally
encounter or can sur;ive. 1f a situation is encountered where runoff is con-
tained and gathered from the watershed of one stream and any excess water which
is collected ;s discharged to another, smaller stream, it would be possible to ,
increase the flow of the small stream significantly. Such a situation may be
observed at Erie Mining Company's Dunka Pit, where mine water is collected (the
apparent source of this water is the Dunka River) and subsequently excess water
is discharged into Unnamed Creek. In this case, the discharged water causes
significant fluctuations in the hydrograph of the creek (see section l.4.1.3 of
this chapter for a discussion of the currently observed impacts on Unnamed

Creek). The significance of‘potential.hydrological changes on the flow regimes

of streams in the Study Area is discussed in detail in Volume 3-Chapter 4.

1.8.1.2 Responses of Organisms--Alterations in flow are known to cause major

impacts in aquatic communities. Periphyton, benthic invertebrétes, and fishes
all have specific current velocity preferences (Hooper 1973, Williams and Hynes
1977, Ambuhl 1959, Fraser 1972, Peterson 1977). Many organisms are adapted to
high current velocities and changes in current velocity either cause mortality
among the organisms or force them to move to more favorable habitat. Periods of
low flow also cause loss of riffle habitats and stagnation in the remaining
pools. Surviving organisms will be forced into the remaining pools during low or
no flow periods where oxygen and food will become limiting (Larimore et al.

1959, Armitage 1977, Waters 1964, Thorup 1970, Fraser 1972, Peterson 1977).

Reduced natural discharges may have adverse effects on reproduction in fishes
(Hooper 1973). Barriers and resultant altered water velocity may decrease
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reproductive success of fish in two ways: they may delay or disrupt the normal
routing or speed of migration of spawning‘fishes or fill spawning sites with
sediments because of -the water's reduced transport capacities (Fraser 1972,
Peters 1962, 1967). Flows conducive to‘redd (nest) cénstruction ;nd>egg incuba-

tion may be eliminated and spawning areas adjacent to main channels may be

exposed.

Although the aquatic biota in small headwater streams is currently subjected to
periodic zero flow conditions, significant biological impact can be expected in
these small streams. Decreased stream flow may cause many problems for inver-
tebrates including: dessication or stagnation,_reduction in available living
spaces, elimination of food producing areas, disruption of life cycles and
changes in remaining habitat. As noted, one of the most critical changes which
can occur in the habitat is a reduction in current velocity. Many species of
invertebrates and periphyton are adapted to areas of high current velocity and
cannot survive under conditions of low current velocity. Because periods of low
flow do occur with some regularity in headwater areas, the fauna of these streams
is somewhat adapted to these conditions. During these periods, invertebrates may
become dormant, move to more suitable habitat, or move deep into the stream

substrate to avoid dessication.

Losses of high food production areas (riffles), lower current Qelociﬁy, and
stagnation in pools during extreme conditions will all adversely affect the fish
populations of headwater streams. Overall, the stream—-carrying capacity will be
reduced. Spawning by trout would be disrupted since low flow periods would
generally occur during the fall when brook trout spawn. These fish require high
current velocity through the spawning beds to provide oxygen to the eggs and
larvae.
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Further effects on spawning will result from the altered spring flows. High
flows and flooding necessary for northern pike to spawn may not occur in the
headwater areas. Some effect may also be seen on walleye spawning in streams,
although their use of Study Area streams for spawning-is not as well documented

as is use by northern pike.

1.8.1.3 TImpacts of Flow Changes--As mentioned earlier, at this time it is not

possible to quantify the‘impacts of flow changes on aquatic organisms. The
potential for impacts, from flow changes, on aquatic organisms is dependent on
the location of the operation in the watershed. The influence of an operation on
the flow regime of a first order stream is likely to be much greater than it

would be on any higher order stream.

Although flow changes from an operation which impacts a first order stream may be
relatively large, it appears from the hydrological énalysis that such flow
changes would occur infrequently. Evidence from the literature indicates that
aquatic organisms recover from flow changes relatively rapidly (less than one
year). If recovery in the Study Area occurs as rapidly as may be expected, it is
unlikely that there will be any long-term impacts resulting from flow changes.
I1f, however, extreme low flows occur with a frequency greater than the recovery
rate for the aquatic communities, it would be possible to have observable impacts

on the organisms during the life of the operation.

In watersheds containing tailing basins, desirable impacts may occur. Although
large amounts of land would be used for the tailing basins, the seepage from
these basins would contribute significant amounts of water to the baseflow of
small streams. For example, a 1,625 hectare tailing basin would cover approx-
imately two-thirds of the Keeley Creek (2nd order) watershed. Seepage from that
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basin in semi-permeable soil if not collected and recycled would be approximately
31 1/sec, which is 55 times greater than August, 1976, baseflow 6f 0.6 1/sec.
Therefore, the effect of naturally occurring low flow periods would be diminished
in headwater streams. Also, overall p?ﬁductivity wodld be incre;;eé in these
streams because there would be more continuously available habitat available, but

B

this may be offset by the lower quality water resulting from seepage.

Similar, but less severe, effects should be expected in third order streams with
watershed areas less than 40 km?. In fourth order streams such as the St.

Louis or lower Partridge with watershed areas greater than 40 kmZ, the
biological effects of flow changes would probably be insignifidant. Tailing
basin seepage could increase discharge during low flow periods as much as 25%;
however, the increase would probably not cause any inc;ease in productivity, nor
would it reduce the impact of natural low flows significantly. Increased fre-
quency of low flow periods may cause some impact, but low flow ezgnts in fourth

or higher order streams would not be great enough to devastate the aquatic biota.

Overall the increased frequency of low flows and the possible loss of spring
flows could cause a reduction in stream productivity and spawning success in the
smaller watersheds. The addition of tailing basins within the affected
watersheds would tend to mitigate the effects of lost watershed area if seepage
was allowed. If flows return to normal, recovery of the stream communities
should proceed rapidly. Invertebrate and algae communities should returm to
normal within two years after flows return to normal. Recovery of fish popula-

tions may take longer depending on the extent and severity of the impact.

1.8.1.4 Potential Mitigation of Flow Changes--The influences of water

appropriation on the flow regime of a stream and aquatic organisms can be dimi-
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nished by carefully planning the appropriation scheme. Alternative appropriation
methods may include: appropriating only during peak flows, appropriating pro-
portionately to flow, and constant appropriation. Am appropriation plan which
decreases the potential for extreme low flows would éignificantl§_diﬁinish the

likelihood of obsrvable impacts on aquatic communities.

1.8.1.5 Regional Sensitivity--First and second order streams are likely to be

most sensitive to changes in flow. The organisms in these streams are somewhat
better adapted to low flow conditions than the organisms in higher order streams.
There appear to be no portions of the Study Area which would be especially more

sensitive to flow changes.

1.8.2 Channelization/Diversion

1.8.2.1 Potential Causes of Channelization/Diversion--The development of copper-

nickel mines in northeastern Minnesota ma§ result in the channelization and/or
diversion of streams at the mine and mill sites or at the tailing basin. These
modifications may be necessary to either move a stream around the development
site or to move water away from a site faster té prevent flooding. Further,
channelization of streams may be necessary to facilitate the construction of
roads and railroads. The extent and design of the channelization will be

dependent upon the specific sites chosen for the various mining phases.

1.8.2.2 Responses of Organisms--Physically, channelization/diversion projects

generally result in the straightening of streams so that the channel morphology
becomes homogeneous. High current velocities, the loss of the pool/riffle
interspersion and the removal of natural obstructions result. Discharge fluc~

tuations are generally more rapid and average low flows are decreased.
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Because of these physical changes the number and variety of ecological niches
will be reduced. This will reduce the overall carrying capacity.of the affected
system. There may be little effect on the periphyton communities because the
removal of riparian vegetation could in;rease the amoﬁnt of sunliéhgvavailable

" and therefore productivity. On the other hand lack of attachment surfaces might

’

reduce productivity.

The loss of riparian vegetation would reduce the amount of allochthonous material
reaching streams which could affect the composition and productivity of
invertebrate communities. Other significant changes in the invertebrate com-
munity will result from the loss of habitat area and diversity. Significant
changes in the invertebrate species composition in channelized streams was
observed by Etnier (1972) and Hansen (1972) while Crisp and Crisp (1974), Arner_.

et al. (1976) and Moyle (1976) observed reduced invertebrate productivity.

Significant reductions in fish populations in the affected streams can be
expected. Up to 98% reductions in fish standing crops have been observed in
channelized streams (Wharton 1970, Tarplee et al. 1971, Moyle 1976). These
losses were generally the result of reduced habitat diversity, cover and produc—

tion of food.

Increased current velocities during spring runoff can inhibit the migration of
spawning fish thus affecting the reproductive success of fishes. Also, because
channel ization reduces the amount of spring flooding the amount of spawning

habitat for species such as northern pike would be reduced.

1.8.2.3 Impacts of Channelization/Diversion--Without mitigation the impact of

channelization will be long-term. Congdon (1971) observed very little recovery
130 years after channelization had occurred in the Charilton River, Missouri. In

93

i




another study recovery was noted by Tarplee et al. (1971) 15 years after

channelization in the coastal streams of North Carolina.

Within the Study Area, significant biofogical impact.would be exgécfed as a
result of any major channelization. It is most likely that only small headwater
streams would be subjected to channelization or diversion; thus, impact is most’
likely to occur in these streams. Lower diversity and productivity within all
trophic levels will occur. Also spawning within these streams will be disrupted.
The effect of these changes in higher order doqutream areas would probably not
be measurable unless all headwater areas of the watershed were impacted. For
example, extensive channelization in Filson Creek (2nd order) would not
significantly alter the aquatic biota in the Kawishiwi. It is unlikely that a
channelized stream would be used for spawning by Kawishiwi River northern pike
because of decreased spawning areas. While this 1a§k of spawning would be a
major change.in Filson Creek, northern pike populations in the Kawishiwi River
would not be significantly affected because Filson is only one of many spawning

areas.

Channelization projects in mid-reach streams would probably cause decreases in
local game fish populations because of the loss of pool areas in streams. In
addition, decreases in diversity and productivity of periphyton and invertebrates

would occur.

The channelization and/or diversion of streams in the Study Area will cause
significant biological impact without mitigation. This impact will probably be
limited to those streams directly affected by the projects. It can be expected
that any recovery within the affected systems will be extremely slow unless
mitigative measures are undertaken to increase the amount and diversity of hab i~
tat.
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1.8.2.4 Potential Mitigation of Channelization/Diversion--The impact of chan-

nelization and diversion could be minimized through use of a variety of mitiga-

tion techniques.

Several methods are available to mitigate the impact of channelization and

diversion in the Study Area. Mitigation procedures which should be considered

.

include:
1) increase streams sinuousity (curvature)(Zimmer and Bachman 1976, Lund 1976);

2) place substrates such as large rocks, wire gabions and rip rap in the stream

where possible (Barton et al. 1972, Lund 1976);
3) revegetate the stream banks (Lund 1976);

4) restrict the length of channelization to less than one kilometer (Bayless and

Smith 1967, Buckley et al. 1976).

A further consideration would be to assure that current velocities during spring
runoff do not prevent the upstream movement of fish. In addition, spawning areas

must be identified and protected during spawning times (mainly spring).

'1.8.2.5 Regional Sensitivity--The portions of the Study Area which are most

susceptible to impacts from channelization/diversion efforts are fish spawning
areas. Available information does not* indicate any concentrations of spawning
areas within the Study Area; therefore, it .would appear that all portions of the

area are equally sensitive.

1.8.3 Temperature Changes

1.8.3.1 Potential Causes of Temperature Changes-Operation of a copper-nickel

smelter will require the use of water for non-contact cooling. Cooling water
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released directly from the postulated 100,000 mtpy smelter are modeled as being
8.99C above ambient while the addition of cooling towers could essentially
reduce the release temperature to ambient. Furthermore a maximum temperature
increase of 11-179C could be expected within the condensers. The smelter model
making maximum use of cooling towers would require approximately 10,000 1/min
make up water for non-contact cooling while blowdown would consist of :

approximately 8,000 1/min, at ambient temperatures.

1.8.3.2 Responses of Organisms—~The effect of increased temperatures on aquatic

organisms is well documented (e.g. Coutant 1975, 1976). 1In general, increased
productivity and shifts in the dominant organisms occur throughout the year in
the heated water until the temperatures reach levels which are lethal to the
majority of organisms. In some cases these shifts may represent a change in the
seasonal occurance of species., As temperatures move iﬁto the optimum temperature
range for individual species, these species flourish. Temperature increases also
result in lower diversity. Shifts from algal communities dominated by diatoms to
ones dominated by blue-green algae. The life cycles of invertebrates are

accelerated by heated discharges so that emergence may be out of éynchrony with

the normal populations.

Fish have the abiliity to detect temperature gradients and move to their pre-
ferred temperature. During the summer fish often avoid heated water zones while
during the winter they are often attracted to a thermal effluent. These tem-—
perature preferences change seasonally with changes in acclimation temperature.-
Lethal temperatures also change with changing acclimation temperatures. In
general, warmwater species can survive at temperatures of 25-30°C while cold-
water fish can survive in water of 18-200C depending on acclimation tem-
‘peratures. Unless the heated zone is extensive, the measurement of increased
fish productivity would be difficult because of the mobility of fish.
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1.8.3.3 Impacts of Temperature Changes--A temperature increase of 5-90C would

cause significant biologicai impact in localized areas near the effluent in both
lakes and streams. Effects would be most severe during low flow periods and in
the winter (generally a low flow period). It is unlikely the upﬁér-lethal limits
for any aquatic species except trout will be exceeded within the mixing zone even
during periods‘of low flow. However, during low flow periods in the summer, thé
preferred temperatures of some species such as white suckers and walleyes may be
exceeded. Because of the ability of fish to follow temperature gradients to
their preferred temperatures, no‘direct effects would be expected on fish
populations. However, the placement of the smelter with a large heated discharge
on a trout stream (which is unlikely because of the water requirement of such a
facility) would eliminate that population although increased primary and
secondary production would occur in the heated zone as well as accelerated

invertebrate life cycles.

’

During the winter, fish will congregate within the zone of heated water, again
seeking out their preferred temperatures. Potential problems could result if the
smelter operation shut down and the rate of temperature decrease was too rapid .

for fish to acclimate to the cold temperature.

A further problem occurs with the entrainment and passage of organisms through !
the cooling system. Intake screens generally allow organisms less than 2 cm to
pass into the cooling system. These organisms are then subjected to the maximum
temperature difference at the condenser for a short period and to mechanical
stress in the pumps. While mortality varies among groups and species, algae and
invertebrates appear to be relatively tolerant to a once through exposure of this

type with mortality reported at a rate of 20%. Fish eggs and larvae on the other

hand are very susceptible and high mortality often results with these organisms.
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Also, organisms in all groups which are recycled.have higher mortality rates than

ones which pass through the system once.

Recoveryof the invertebrate and algal communities would be rapid following the
shutdown of the smelter. Fish populations, while recovering more slowly due to
their long life cycle, would still recover within one to three years depending on

the magnitude of change.

1.8.3.4 Potential Mitigation of Temperature Changes--Cooling towers can be uti-

lized to decrease the temperature of the water which will be released from the
non-contact cooling water system of the smelter. Making maximum use of cooling
towers would decrease the temperature of the discharge water to essentially

ambient levels and thus could mitigate these impacts.

1.8.3.5 Regional Sensitivity--The coldwater fishes and their associated com-

munities are most susceptible to temperature increases. There are very limited
coldwater fisheries in the Study Area, and if these streams are avoided the
impacts of temperature changes should be minimal. 1In particular, some of Fhe
streams in the Study Area with coldwater fisheries were Wyman Creek in the
Partridge watershed, Snake Creek, and Little Isabella River in the Isabella
watershed, and Nip Creek in the Stony watershed (see Williams et al, 1978 for

further details).

1.8.4 Suspended Solids

1.8.4.1 Potential Causes of Increased Suspended Solids--An increase in the con-

centration of suspended solids is expected to occur as a result of copper-nickel
mining development and associated secondary development. Erosion of exposed
soils during construction phases will cause the greatest increases in suspended
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solids, High concentrations can also be expected during spring runoff. After
completion of construction activities and site revegetation, sediment loads in
adjacent water bodies should decrease. At the mine and mill site revegetation
may be limited until the operation is shutdown. Some increases may also occur as
a result of mine dewatering and/or tailing basin release although these types of

’

releases are unlikely.

1.8.4.2 Responses of Organisms~-If suspended solids concentrations exceed 25

mg/1l, significant changes in the aquatic biota can be expected (EIFAC 1965).

These changes were outlined by Ritchie (1972) as follows:

1) reduction in primary productivity leading to a decline in the food available

for higher trophic levels;

2) reduction in dissolved oxygen if the deposited material is organic;
3) reduction in the survival of fish eggs and larvae;

4) reduction in the number of bottom organisms from a change in habitat;
5) reduction in the feeding efficiency of fish; and

6) 1loss or change of fish habitat.

The most obvious effect of suspended solids on periphyton is the reduction of
light penetration and therefore a reduction in photosynthesis (Ritchie 1972,
Rosenberg and Snow 1975, Sorenson et al. 1977). A reduction in diversity may

also occur (Samsel 1973).

As suspended solid concentrations increase, reductions in benthic invertebrate
.pcpulations and changes in the species composifion can be expected. These
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changes occur as a result of sedimentation. The immediate effect of sedimen-—
tation on benthic invertebrates is smothering or a forced move to a more

favorable habitat (Ellis 1936). After~this initial effect, reductions in the
standing crop can be expected. Gammon (1970). found that an increase of 20 to 40
mg/1l and 80 mg/1l of solids caused 25% and 60% reductions in invertebrate popula-

]

tions, respectively.

As the average substrate particle size decreases downstream from a disturbance as
a result of sedimentation, changes in the dominant invertebrate organisms will
occur. Mayflies, stoneflies and caddisflies will genmerally be replaced by
chironomids and oligochaetes in areas of sedimentation. Neither chironomids nor

oligochaetes are preffered fish food as are the invertebrate groups they replace.

Major changes in fish populations can be expected as the concentrations of
suspended solids increases. Fish appear to be the most sensitive group to
suspended solids. EIFAC (1964) lists the modes of actions of suspended solids on

fishery resources as follows:

1) direct mortality or reductions in growth rates and disease resistance;
2) 1increased mortality of eggs and larvae;
3) reduction or change in fish food organisms; and

4) changes in movements and migration of fish.

Many studies have been conducted on the affect of sedimentation on fish spawning.
For example, Hassler (1970) observed 97% mortality in northern pike eggs which
had been coated with 1 mm of silt. Destruction of yellow perch eggs by sediment'
has also been reported by Munch (1962). Brook trout are also severly affected by
sedimentation of gravel riffles used for spawning. When sediments clogs the
interstices of fhe&gravel, the survival of trout eggs and embryos decreases.
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Campbell (1954) reported 100% mortality of trout eggs in a stream with high
sedimentation compared with 6% mortality in a clear tributary stream. Peters
(1962, 1967) among others also observed low survival of trout embryos in sediment

filled riffles.

1.8.4.3 TImpacts of Increased Suspended Solids-~At the present time, suspended ‘
solid concentrations are below 10 ug/l in most streams in the Stu&§ Area,

Because of the low gradients in Study Area streams, there is little transport of
sediment through the systems. Where increases as a result of development occur,

only small areas should be affected except during spring runoff when greater

sediment traansport will occur.

Increases in suspended solids and the resulting sedimentation will have insigni-
ficant impact if levels do not exceed 25 mg/l. This quantity of suspended solids

would have minimal effects on fishery resources (EIFAC 1965).

Within the Study Area, significant biological impact is expected to occur in
areas of increased suspended solids. Anvy impact would probably be restricted to
areas near the source of the suspended solids because of the genmeral lack of‘
sediment transport. Within headwater streams a general decrease in productivity
would result. A more serious consequence would be the loss of the naturally
reproducing brook trout populations found in a few headwater streams. An
increase in suspended solids in these streams would eliminate brook trout
spawning habitat and, therefore, the population, unless artificial stocking was

begun.

Effects on the spawning of northern pike would also occur in headwater as well as
mid-reach streams. Sedimentation in the flooded areas used by northern pike for
spawning would reduce the survival of northern pike eggs.
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This impact, while significantly affecting the biota in the effected areas, would
not be significant to the system as a whole except if isolated trout populations
would be lost. Also, recovery following the reduction of suspended s&lids should
be rapid. Gammon and White (1970) observed "immediate" recoveryNGf‘stream
invertebrates following sedimentation, while Barton (1977) and Hamilton (1961)

reported the rapid reappearance of fishes following cessation of sedimentation

problems.

1.8.4.4 Potential Mitigation of Increased Suspended Solids--Several methods are

available to limit the increase in suspended solids that would result from dif-
ferent stages of development. Sediment traps can be used to capture eroding
soils before they ;each the main.stream channel. Revegetation efforts can be
initiated at as early a stage as possible to decrease erosion from road cuts,
overburden piles, and plant comstruction sites. During the construction phase,
it is likely that erosion would occur and cause some increase in suspended solids
loadings. Available techniques could probably eliminate impacts from suspended

solids during the life of the operation.

1.8.4.5 Regional Sensitivity--Fish spawning areas are probably the areas which

are most susceptible to increased suspended solids and sedimentation. As pre-
viously indicated, there are no known concentrations of such spawning areas;
therefore, the whole area is consideed to be equally sensitive to sedimentation

and suspended solids.

1.8.5 Loss of Terrestrial Vegetation

1.8.5.1 Potential Causes of Terrestrial Vegetation Losses--Site clearing for the

mine and plant development will be the major cause of terrestrial vegetation
losses as they relate to'éqgatic ecosystems (see Chapter 2 of this volume for
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further discussion of other causes of terrestrial vegetation losses). The models
presented in Volume 2-Chapter 5 indicate that a land area of 2,300 to 4,150
hectares will be cleared and utilized as the site for the mine processing plant,

tailing basin, etc.

1.8.5.2 Responses of Organisms--Leaves dropped into the water by terrestrial .

vegetation subply a large portion of the energy utilized by primary consumers in
woodland streams (Nelson and Scott 1962). 1In lakes and large streams, the
contribution is less, but still important. How far this material travels within
the watershed before entering streams is unknown. Most organic material may
originate in the riparian vegetation, while at least some of the nutrients are
contributed from vegetation in other parts of the watershed. The riparian vege-
tation also inhibits erosion and the iﬁflow of sediments and provides shade which

moderates temperature changes. .

Chapman (1962, 1963) reported on the effects of logging, which produced a similar
stress on stream ecosystems. He found that the removal of riparian vegetation
would increase the sunlight reaching the streams, causing temperature increases.
This temperature increase plus the increased light would promote the growth of
attached algae if sufficient nutrients are available, (particularly in headwater
streams which have been previously heavily shaded). This increase in primary
production will tend to offset the energy loss realized from the loss of
allochthonous inputs if sufficient nutrients are available. The invertebrate
community will change from one which relies on allochthonous material (shredders
of dead plants and some collectors) to one which relies principally on
autochthonous material (scrapers, somé collectors). Secondary production would
decrease significantly since approximately two-thirds of the energy in woodland
streams is derive&vf;om allochthonous sources. This decrease in secondary pro-
duction would also result in lower fish production.
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1.8.5.3 Impacts of Terrestrial Vegetatiom Losses——Development of copper—nickel
mines and processing facilities will result in the use of large amounts of land.
Most of this land will be denuded of terrestrial vegetation during the operation
of the mine. Therefore, the input of éerrestriél organic materi;i (allochthonous
material) into streams and lakes draining the mining area would be substantially

reduced. Also, increased sedimentation and higher stream temperatures would

result from the removal of vegetation adjacent to a stream.

Removal of vegetation from the watersheds within the Study Area may result in
significant biological impact in streams and lakes. OGreatest changes are
expected in headwater streams which at present have heavy canopy cover where
impacts would include: increased primary production, and shifts from a
shredder/collector invertebrate community to a scraper/collector invertebrate
community. Any brook trout populations may be lost due to higher summer tem—
peratures in these streams; warmwater fish populations would not be greatly
affected., In larger mid-reach streams, the effects would not be as great as in
aupstream areas. The nutrient budgets of effected lakes might be changed, but

data are not available to address this type of change. It is not possible to

predict the affect of reduced organic matter input to lakes.

Overall, major changes would likely occur in headwater streams, but there would
probably be little change to downstream areas. Here, excess organic matter would
probably be available from other upstream tributaries so that production would
not be affected by upstream losses in émall portions of the watershed. Headwater
lakes with input only from an affected watershed would be the most seriously
impacted, while lakes which receive input from other portions of the watersheds
would not be seriously altered. Revegetatiom of the affected watershed would
alleviate the stress, but completéJrécovery would be slow. The impact of
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vegetation removal could be significantly reduced if the riparian veéetation is

undisturbed.

1.8.5.4 Potential Mitigation of Terrestrial Vegetation Losses—-Impacts from

terrestrial vegetation losses can probably be completely eliminated if a buffer
zone is created on the border of any stream that runs through or g@jacent to the
development site. This buffer zone would provide allochthonous inputs, shading
from direct sunlight, and to some extent erosion control for the stream. A
buffer zone is probably the most efficient way to mitigate this impact; however,
if this is not feasible over the long term, it would be possible to revegetate
the impacted area. Revegetation is a rather slow process (see Chapter 2 of this
volume), and the impacts on a stream would probably be measurable until a

substantial cover of vegetation was re-established over the stream.

1.8.5.5 Regional Sensitivity--Allochthonous inputs are most important for head-

water streams. If the net energy flow through a stream is decreased, the overall
productivity would decrease and fish populations would be expectéd to become
limited. Unless similar stress occur concurrently on several streams which feed
a higher order stream, it is unlikely that any impacts would be observed on the
higher order stream. These considerations indicate that headwater streams should
be avoided where possible and that buffer zomes should be utilized if avoidance

is not possible.

I3

1.9 SECONDARY DEVELOPMENT

1.9.1 Potential Causes of Secondary Development

The development of a copper-nickel mining industry in the Study Area would result
in the influx of a large number of people to work in these operations as well
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support:éerﬁices and the families of all of these workers. Analysis of staff
requiremenfs indicates that as many as 20%0 workers would be required for the
copper-nickel develoPment and support services in Development Zones l or 2 with
an additional influx of 4140 family members (see Volume 5-Chapter 7 for further
details). In general, settlement is expected to occur in existing towns, along

roads and adjacent to lakes. o R

Increasing human populations in towns such as Ely and Babbitt will increase the
amount of sewage treated in the local sewage treatment plants, thereby increasing
the quantities of inorganic nutrients (phosphorus and nitrogen) entering the
surface waters. Additional use of lakeshore property for primary housing would
also increase the amount of inorganic nutrients reaching thé surface waters of

the Study Area.

In addition to increased nutrient inputs, increased populations in the area are
likely to result in increased pressur on the fisheries resources of the region.
At the present time it is not possible to quantitatively determine the impacts
that such added pressure will have but it could become an important consideration

in lakes that are proximate to areas of population growth.

1.9.2 Responses of Organisms

Increases of inorganic nutrient inputs in lakes and streams may result in the
euthrophication of some of the lakes in the Study Area. Euthrophication would
lead to increases in the frequency of undesirable algal blooms. These blooms may
result in depletion of dissolved oxygen levels during the summer and the

concomitant loss of game fish and other aquatic organisms.

>

If nutrient inputs are not severly increased the changes which occur in the lakes
may be more or less "desirable' because the increases in populations and
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productivity of the algae would be reflected through the whole aquatic ecosystem.
In effect the productivity rates for primary consumers would increase and result

in increases in fish production rates.

Increased preséure on the fisheries resources of the region from larger numbers
of people could result in changes in the characteristics of the fisyeries. if
pressures are confined to a relatively small number of lakes or streams it is
likely that the sizes of the population of fish in these water bodies increase

slightly however these increases would be associated with decreased fish sizes.

1.9.3 Impacts of Secondary Development

The majority of the lakes in the Study Area are classified as eutrophic or
mesotrophic, based on total phosphorus (see Volume 3-Chapter 4). Additional
nutrient loading of some of the Study Area lakes, therefore, could cause them to

fall into eutrophic category.

The effect of increasingly eutrophic conditions in Study Area lakes will be con-
ditions similar to tﬁose currently found in Shagawa Lake (Shults et al. 1976).
Shagawa Lake has been receiving treated sewage effluent since the early 1900s.
Prior to this, Shagawa Lake was probably mesotrophic. In 1973 a tertiary treat-
ment plant was placed in operation in an attempt to reduce the input of inorganic
nutrients. Biological sampling prior to the operation of this plant indicated
that productivity was greater in all trophic levels in Shagawa Lake than in
adjacent Burnside lake., This high productivity included game fish species such
as the walleye. Unfortunately, while the walleye production was, and continues
to be higher in Shagawa Lake than in other Study Area lakes, nuisance blooms of
blue-green algae occur during the summer. Levels of total phosphorus in Shagawa
Lake ranged from 100-800 ug/l prior to operation of the tertiary plant which is
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tar higher than median level of 23 ug/l for the Study Area lakes which were

sampled.

While it is unlikely that further developmeats will cause phosphorus levels to
approach those observed in Shagawa Lake, increases are likely to occur in lakes
surrounded by major housing developments. These increases may cause significant
long term biological impact in these lakes. measurement of the effécgs would
probably only be possible over long periods. Recovery would be rapid in those
lakes with rapid flushing rates such as the lakes in the Kawishiwi River. Other

lakes with slow flushing rates would probably recover slowly since nutrients

would be retained and recycled through the system.

1f the nutrient increases are not severe, the impact may be "desirable" since
there will be increased fish production while algal blooms do not reach nuisance
levels, If major increases in phosphorus and nitroéen occur, the more severe
effects of euthrophication may be observed such as nuisance algal blooms, mid-
summer oxygen depletion with resultant loss of game fish populations and general

loss of diversity at all trophic levels.

Similar effects can be expected in Study Area streams. Increases in inorganic
nutrients would cause significant biological changes to occur. Increased pro-
ductivity and decreased diversity wuld be the expected impacts although in cases

where only small nutrient increases occur diversity may increase.

Stream recovery is expected to be rapid following the reduction of nutrient
stress as spring flows would flush residual nutrients out of the systems.
Because ne physical alteration in the habitat would have occurred, recolonization

would proceed rapidly as long as a very large area had not been impacted.

108



1.9.4 Potential Mitigation of Secondary Development

The best method for limiting the potential impacts from secondary development is
to assure the best possible treatment of sewage materials before they are
released into the aquatic environment. The conditions in Shagawa Lake have
somewhat improved since the operation of the tertiary treatment plant. However,
it appears that recovery will take many years because of the contiﬁﬁea cycling of

the nutrients whch were disposed in the lake before the treatment plant became

operational.

To avoid fishing pressures which might decimate the high quality fisheries of the
region it would be necessary to study the increased pressures-as they develop.
It may then prove possible to control the use of lakes or streams which appear to

be receiving too much pressure before the impacts become severe.

1.9.5 Regional Semsitivity

As indicated earlier the majority of the lakes in the Study Area are currently
classified as euthrophic or mesoeutrophic. The most sensitive portions of the
Study Area are those which have the euthrophic lakes as additional nutrient
loadings could potentially result in severe euthrophication with its associated
algal blooms, etc. There did not appear to be any spatial patterns, in the
region, in relation to the distribution of eutrophic lakes (see Volume 3~-Chapter

4 for further details of the nutrient conditions in lakes in the Study Area).

1.10 POST SCRIPT

The considerations outlined in this chapter indicate the potential for some very
serious long and short term impacts on the aquatic ecosystems of the Study Area.
The significance of these potential impacts must be evaluated not only in rela-
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tion to the ecosystems themselves but also with due consideration to the people
who utilize these systems for recreation and other purposes (see Volume 5-Chapter

9 for discussion of outdoor recreation in the Study Area).

110



1.11 REFERENCES

Alto, K. 1978. Toxicity of xanthates to freshwater fish and invertebrates.
Regional Copper-Nickel Study, Minnesota Environmental Quality Board.

Ambuhl, Von Heinz. 1959. The significance of flow as an ecological factor.
Schweizerische Zeitschrift fuer Hydrologie, Vol. XXI Fasc. 2:133-270.

Anderson, R., C. Walbridge and J. Fiandt. 1977. Survival and growth of »
Tanytarsus dissimilis (Chironomidae) exposed to copper, cadmium, zinc,
and nickel. Manuscript in preparation, U.S.EPA, Envirommental Research
Laboratory, Duluth, Minn.

Andrew, R.W., K.E. Biesinger and G.E. Glass. 1977. Effects of inorganic
complexing on the toxicity of copper to Daphnia magna. Water Res.
11:309-315.

Archibald, R.E.M. 1972. Diversity in some South African diatom associations
and its relation to water quality. Water Res. 6:1229-1238.

Armitage, P.D. 1977. Invertebrate drift in the regulated River Tees, and an
unregulated tributary Maize Beck, below Cow Green dam. Freshwater
Biology 7:167-184,

Arner, D.H. 1976. Effects of channelization of ‘the Luxapalila River on fish,
aquatic invertebrates, water quality, and furbearers. U.S. Fish and
Wildlife Service Pub. #FWS/OBS-76-08.

Barton, J.D., D.A. White, P.V. Winger and E.J. Peters. 1972. The effects of
highway construction on fish habitat in the Weber River, near Henefer,
Utah. Bur. Reclam. Rep. REC-ERC-72-17:17-28.

Bartoo, P. 1978. The environmental requirements and pollution tolerance of
aquatic insects of the Regional Copper-Nickel Study Area. Regional Copper-
Nickel Study, Minnesota Environmental Quality Board.

Bandouin, M.F. and P. Scoppa. 1974. Acute toxicity of various metals to
freshwater zooplankton. Bull. Environ. Contam. Toxicol. 12:745-751,

Bayless, J. and W.B. Smith. 1967. The effects of channelization upon fish
populations of lofic waters in eastern North Carolina. Proc. Annu. Conf.
Southeast Assoc. Game Fish Comm. 18:230-238.

Baxter, J.E. 1978. Biological monitoring of aquatic ecosystems.
Regional Copper-Nickel Study, Minnesota Environmental Quality Board.

Bell, H.L. 1970. Effects of pH on the life cycle of the midge Tanytarsus
dissimilis. Can. Ent. 102:636-639.

Bell, H.L. and A.V. Nebeker. 1969. Preliminary studies on the tolerance of
aquatic insects to low pH. J. Kansas Entomol. Soc. 42:230-236.




REFERENCES continued

Benoit, D.A., E.N. Leonard, G.M. Christenson and J.T. Fiandt. 1976, Toxic
effects of cadmium on three generations of brook trout (Salvellnus
fontinalis). Trans. Amer. Fish. Soc. 105:550-560.

Bernhardt, J. 1977. Resource damage assessment-Nisqually River fish kill,
August 19, 1977. Memo to J. Krull, Washington Dept. of Ecology,
Olympia, Wash. - . ,

Besch, K.W. and P. Roberts-Pichette. 1970. Effects of mining pollution on

vascular plants in the NW Miramichi River system (New Brunswick).
Can. J. Bot., 48:1647-1656.

Besch, W.K., M. Ricard and R. Cantin. 1972. Benthic diatoms as indicators of
mining pollution in the NW Miramichi River system (New Brunswick).
Canada Int. Revenue ges. Hydrobiol. 57:39-74.

Biesinger, K.E. and G.M., Christensen. 1972, Effects of various metals on
survival, growth, reproduction, and metabolism of Daphnia magna. Jour.
Fish. Res. Bd. Canada 29:1691.

Black, J.A. 1974. The effect of certain organic pollutants on copper toxicity
to fish (Lebistes reticulatus). Thesis: Univ. of Michigan, Ann Arbor.

Brown, B.E. 1976. Observations on the tolerance of the isopod Asellus
meridianus Rac. to copper and lead. Water Res. 10:555-559.

Brown, V.M. 1968, The calculation of the acute toxicity of mixtures of
poisons to rainbow trout. Water Res. 2:723-733.

Buckley, R.V., R.W. Bachmann, K.D. Carlander, H.L. Fierstine, L.R. King,
B.W. Menzel, H.L. Witten and D.W. Zimmer. 1976. Warmwater stream
alteration in Iowa: extent, effects on habitat, fish and fish food, and
evaluation of stream improvement structures (Summary Rpt.). U.S. Dept.
Int. Fish and Wildlife Serv. FWS/OBS-76-16.

Butler, R.L., E.L. Cooper, J.K. Crawford, D.C. Hales, W.G. Rimmel and C.G.
Wagner. 1973. Fish and food organlsms in acid mine waters of Pennsylvania

Campbell, H.J. 1954. The effect of siltation from gold dredging om the survival’
of rainbow trout and eyed eggs in the Powder River, Oregon (Mimeo)

Cairns, J.Jr. 1967. The use of quality control techniques in the management
aquatic ecosystems Bull. Water. Res. 3:47-53.

Cairns, J.Jr. 1976. Estimating the assimilative capacity of water ecosystems
pages 173-190 in R.K. Sharma, J.D. Buffington and J.T. McFadden eds. Proc.
of the conference on the biological significance of environmental impacts.
U.S. Nuclear Regulatory Commission, Wash., D.C.

Cairns, J.Jr., J.S. Crossman, K.L. Dickson and E.E. Herricks. 1971. The reco-
very of damaged streams. Assoc. Southeastern Biologist Bull. 18:79-106.



REFERENCES continued

Cairns, J.Jr., G.R. Lanza and Bruce C. Parker. 1972. Pollution related struc-
tural and functional changes in aquatic communities with emphasis on fresh-
water algae and protozoa. Proc. Acad. Nat. Sci. Phil. 124:79-127.

Carlson, R. 1977. A trophic state index for lakes. Limnol. Ocean. 22:361-369.

Carpenter, K.E. 1924. A study of the fauna of rivers polluted by lead mining
in the Aberystwyth district of Cardiganshire. Ann. Appl. Biol. 11:1-23. .,

Carpenter, K.E. 1925. On the biological factors involved in the destruction
of river-fisheries by pollution due to lead mining Ann. Appl. Biol,
12:1-13.

Chapman, D.W. 1962, Effects of logging upon fish resources of the west coast
J. of For. 60:533-537.

Chapman, D.W. 1963. Physical and biological effects of forest practices upon
stream ecology in Symposium-—-Forest watershed management pp. 321-330. Oreg.
State Univ., Corvallis.

Clubb, R.W., A.R. Gaufin and J.L. Lords. 1975. Acute cadmium toxicity studies
upon nine species of aquatic insects. Environ. Res. 9:332-341.

Congden, J.C., 1971. Fish populations of channelized and unchannelized sections
of the Charilton River, Missouri. N.C. Div. Amer. Fish Soc. Spec. Publ.
No.2, 52-62.

Cook, R.H., R.A. Hoos and R.P. Cote. 1971. The toxicity of copper and zinc to
Atlantic salmon; laboratory and field evaluation with special emphasis on
high water hardness concentrations. Environ. Canada. Manuscript Report Wo.
71-16. 88+iii pp. '

Coutant, C.C. and S.S. Talmadge. 1976. Thermal Effects. J. Water Pollut.
Control Fed. 48(6):1486-1543.

Crisp, C.B. and N.H. Crisp. 1974. Substrate preference of benthic inver-
tebrates in Silver Creek, Madison County, Kentucky. Trans. Kentucky Acad.
SCio 35:61_66.

Cummins, K.W. 1974, Structure and function of stream ecosystems. Bioscience
24:631-641.

Cummins, K.W. 1975. The ecology of running waters; theory and practice. Pages !
277-293 in D.B. Baker, W.B. Jackson, and B.L. Prater (eds.) Proc. Sandusky
River Basin Symposium. International reference group on Great Lakes
pollution from land use activities.

Cummins, K.W. 1976. The use of macroinvertebrate benthos in evaluating
environmental damage. Pages 139-149 in Sharma, J.D. Buffington, and :
J.T. McFadden (eds.) Proceedings of the conference on the biological N
significance of environmental impacts. U.S. Nuclear Regulatory
Commission, Wash. D.C.



REFERENCES continued

Dickson, K.L., J. Cairns Jr. and J.C. Arnold. 1971. An evaluation of the use
of a basket-type artificial substrate for sampling macroinvertebrate orga-
nisms. Trans. Amer. Fish. Soc. 100:553-559. -

Eaton, J.G. 1973. Chronic toxicity of a copper, cadmium, and zinc mixture to .
the fathead minnow (Pimephales promelas Rafinesque). Water Res. 7:1723-
1736.

Eberhardt, L.L. 1976, Quantitative ecology and impact assessment. J. Env.
Management 4:207-238.

EIFAC. 1964. Water quality criteria for European freshwater fish: Report on
finely_divided solids and inland fisheries. EIFAC Tech. Paper No. l.

EIFAC. 1969. Water quality criteria for European freshwater fish-extreme pH
values and inland fisheries. Water Res. 3:593-6l11.

EIFAC. 1976. Water quality criteria for European freshwater fish. Report on
copper and freshwater fish. EIFAC Tech. Paper No. 27, FAO, Rome.

Ellis, M.M. 1936. Erosion silt as a factor in aquatic environments. Ecology
17:29-42, ‘

Environmental Protection Agency. 1976. Quality criteria for water. U.S.
Environmental Protection Agency EPA-440/9-76-023.

Etnier, D.A. 1972. The effect of annual rechanneling on a stream fish popula-
tion. Trans. Amer, Fish Soc. 101:372-375.

Falk, M.R., M,D, Miller and S.J.M, Késtiuk, 1973. Biological effects  of mining
wastes in the northwest territories. Dept. of the Environ., Fisheries and
Marine Service. Tech. Rpt. Series No.:CEN/T-73-10.

Fraser, J.C. 1972. Regulated discharge and the stream environment in Oglesby
et al. (eds) River Ecology and Man. Academic Press, New York.

Fullner, S.L.H. 1974. Clams and mussels (Mollusca:Bivalvia). Pages 215-273 in
C.W. Hart and S.L.H. Fullner (eds.) Pollution ecology of freshwater inver-—
tebrates. Academic Press, New York.

Gammon, J.R. 1970. The effect of inorganic sediment on the stream biota. EPA
Report #18050 DWC 12/70.

Gaufin, A.R. 1973. Water quality requirements of aquatic insects. U.S. EPA
Ecol. Res. Ser. EPA-660/3-73-004.

Geckler, J.R., W.B. Horning, T.M. Neiheisel, A.H. Pickering and L.L. Robinson.
'1976. Validity of laboratory tests for predicting copper toxicity in
~ streams U.S. EPA Ecol. Res. Ser. EPA-600/3-76-116.

Gerhart, D.Z., N.S. Sather and J.E. Baxter. 1978. Lake phytoplankton.
Regional Copper-Nickel Study, Minnesota Environmental Quality Board.



REFERENCES continued

Gerhart, D.Z. and T.E. Davis. 1978. Effect of heavy metals and sulfur dioxide
on phytoplankton. Regional Copper-Nickel Study, Minnesota Environmental
Quality Board. . ) -

German, M.J. 1971. Effects of acid mine wastes on the chemistry and ecology of
lakes in the Manitouwadge chain district of Thunder Bay. Ont. Water
Resources Commission Report. 19+vii pp.

Halpern, T. and M.D. Johnson. 1978. Heavy metal accumulation in aquatic
organisms. Regional Copper-Nickel Study, Minnesota Enviromnmental Quality
Board.

Hansen, D.R. 1971. Stream channelization effects on fishes and bottom fauna in
the Little Indian Souix River, Iowa. Pages 29-51 in E. Schneberger and
J.L. Funk (eds.) Stream channelization: A symposium. North Central
Division, American Fisheries Society Special Publ. #2. Omaha, Nebraska,

Harding, J.P.C. and B.A. Whitton 1976. Resistance to zinc of Stigeoclonium
tenue in the field and the laboratory. Br. Phycol. J. 11:417-426,

Harding, J.P.C. and B.A. Whitton. 1977. environmental factors réducing the
toxicity of zinc to Stigeoclonium tenue. Br. Phycol. J. 12:17-21.

Harrel, R.C., B.J. Davis and T.C. Dorris. 1967. Stream order and species
diversity of fishes in an intermittent Oklahoma stream. American Midl, ’
Nat. 78(2):428-436.

Harrel, R.C. and T.C. Dorris. 1968. Stream order, morphometry, physico-
chemical conditions, and community structure of benthic macroinvertebrates
in an intermittent stream system. Amer. Midl. Nat. 80:220-251.

Hassler, T.J. 1970. FEnvironmental influences on early development and year
class strength of northern pike in lakes Oahe and Sharpe, S.D. Trans. Am.
FiSh. SOC. 99:369—375.

Hawley, J.R. 1972, Use, characteristics, and toxicity of mine~mill reagents in
Ontario. Ministry of the Environment, Toronto, Canada. '

Hitch, R.K., and D.A. Etnier. 1974. Fishes of the Hiwassee River system.
Ecological and taxonomic considerations. J. Tenn. Acad. Sci. 49:81-87.

Holcombe, G.W., D.A. Benoit and E.N. Leonard. 1977. Long-term effects of zinc
exposures to brook trout (Salvelinus fontinalis). Manuscript in prepara-
‘tion, U.S. EPA, Environmental Research Laboratory, Duluth, MN.

Holcombe, G.W., D.A. Benoit, E.N. Leonard and J.M. McKim. 1976. Long-term
effects of lead exposure on three generations of brook trout (Salvelinus
fontinalis.) J. Fish. Res. Bd. Can. 33:1731-1741.

Hooper, D.R. 1973. Evaluation of the effects of flows on trout stream ecology.
Pacific Gas and Electric Comp., Dept. of Engineering Research Emeryville,
Calif. '




REFERENCES continued

Horne, A.J. and C.R. Goldman. 1974. Suppression of nitrogen fixation by blue-

green algae in a eutrophic lake with trace additions of copper.
Science 183:409-411.

Horton, R.E. 1945, Erosional development of streams and their drainage basins:
hydrographical approach to quantitative morphology. Bull. Geol. Soc. Am.
56:275-370.

Hynes, H.B.N. 1970. Ecology of running waters. University of Toronto Press,
Canada.

Iwasaki, I., A.S. Maleisi and R.J. Lipp. 1978.  Final report to Minnesota
Environmental Quality Board-Copper—Nickel Study, Mineral Processing
Studies-Flotation Tests. Mineral Resources Research Center.
. April 24, 1978.

Johnson, M.D. 1978a. Stream periphyton. Regional Copper-Nickel Study,
Minnesota Environmental Quality Board.

St . 1978b. Aquatic macrophytes in streams. Regional Copper-Nickel Study,
Minnesota Environmental Quality Board. : .

Johnson, M.D., T.M. Lager and J.E. Baxter. 1978. Benthic invertebrates of lakes.
Regional Copper-Nickel Study, Minnesota Environmental Quality Board.

Johnson, M.D. and J.L. McCullough. 1978. Biological effects of physical
impacts to stream ecosystems. Regional Copper-Nickel Study, Minnesota
Environmental Quality Board.

Johnson, M.D. and S.N. Williams. 1978. Erie mining project biological sampling.
Regional Copper-Nickel Study, Minnesota Eanvirommental Quality Board. :

Johnson, S.C., S.N. Williams and M.D. Johnson. 1978. Spawning behavior, food
habits, and movements of fishes, a literature review. Regional Copper-
Nickel Study, Minnesota Environmental Quality Board.

Johnson, W.E. and J.R. Vallentyne. 1971. Rationale, background, and
development of experimental lake studies in northwestern Ontario. J. Fish.
Res. Bd. Canada. 28:123-128.

Jones, J.R.E. 1940. The fauna of the river Melindwr, a lead-polluted tributary
of the river Rheidol in north Cardiganshire, Wales. J. Anim. Ecol.
9-188-201.

Jones, J.R.E. 1940, A study of the zinc-polluted river Ystnyth in north
Cardiganshire, Wales. Ann. Appl. Biol. 27:368-378.

Jones, J.R.E. 1958, A further study of the zinc-polluted rive Ystwyth.
J. Animal. Ecol. 27:1-14.

Kennedy, H.D. 1955. Colonization of a previously barren stream section by
aquatic invertebrates and trout. Prog. Fish-Cult. 17:119-122.



REFERENCES continued

Kramler, J.R. 1976. Geochemical and lithological factors in acid precipitation.
in Proceedings of the first international symposim on acid precipiation and
the forest ecosystem. USDA Forest Service General technical Report NE-23.

Kuehne, R.A. 1962. A classification of streams illustrated by fish distribution
in an eastern Kentucky creek. Ecology 43:608-614.

Lande, E. 1977. Heavy metal pollution in Trondheimsfjorden, Norway, and the
recorded effects on the fauna and flora. Environ. Pollut. 12:187-198.

Larimore, R.W., W.F. Childers and C. Heckrotte. 1959. Destruction and
re-establishment of stream fish and invertebrates affected by
drought.Trans. Amer. Fish. Soc. 88:261-285.

Lager, T., S.C. Johnson, J.L. McCullough, S.N. Williams and M.D. Johnson. 1979.
Stream benthic invertebrates. Regional Copper-Nickel Study, Minnesota
Environmental Quality Board.

Lind, D., K. Alto and S. Chattertom. 1978. Aquatic toxicology study.
Regional Copper-Nickel Study, Minnesota Envirommental Quality Board.

Lind, D., T. Halpern and M.D. Johnson. 1978. The toxicity of heavy metals,
beneficiation reagents, and hydrogen ion to aquatic organisms.
Regional Copper-Nickel Study, Minnesota Environmental Quality Board.

Lawrenz, R. and D. Christensen. 1978. Fish tissue analysis. Regional Copper-
Nickel Study, Minnesota Environmental Quality Board.

Lloyd, R. 1960. The toxicity of zinc sulphate to rainbow trout. Ann. Appl.
Biol. 48:84-94. '

Lloyd, R. 1961. Effects of dissolved oxygen concentrations on the toxicity
of several poisons to rainbow trout (Salmo gairdmerii Richardsen). J. Exp.
Biol. 38:447-455.

Lund, J.W.G. 1969. Phytoplankton in Eutrophication: causes consequences
correctives. Natl. Acad. Sci., Washington, D.C.

Margalef, R. 1963. on certain unifying principles in ecology. Amer. Natur.
97:357-374.

McIntosh, A. and W. Bishop. 1976. Distribution and effects of heavy metals
in a contaminated lake. Purdue University, Water Resources Research
Center, Tech. Rept. No. 85.°

McIntosh, A.W. and N.R. Kevern. 1974. Toxicity of copper to zooplankton.
J. Environ. Qual. 3:166-170.

McKim. J.M. 1977. The use of embryo-larval, early juvenile toxicity tests with
fish for estimating long-term toxicity. J. Fish. Res. Rd. Can.
34:1148-1154.

Mount, D.I. 1966, The effect of total hardness and pH on the acute toxicity
of zinc to fish., Int. J. Air. Water Poll. 10:49-56.

e i




REFERENCES continued

Mount, D.I. 1968. Chronic toxicity of copper to fathead minnows (Pimephales
promelas Rafinesque). Water Res. 2:215-223.

Mount, D.I. and C.E. Stephan. 1969. Chronic toxicity of copper _to.the fathead
minnow (Pimephales promelas) in soft water. J. Fish. Res. Bd. Can.
26:2449-2457.

Moyle, J.B. 1945. Some chemical factors influencing the distribution of aquatic
plants in Minneosta. Am. Midl. Nat. 34:402-420. - ’

Moyle, P.B. 1976. Some effects of channelization on the fishes and inver-
tebrates of Rush Creek, Mcdor, Co., Calif. Calif. Fish Game 62:179-187.

Muncy, R.J. 1962. Life history of the yellow perch Perca flavescens in
estuarine waters of Seven River, a tributary of Chesapeake Bay, Maryland.
Chesapeake Sci. 3:143-159.

Mustalish, R.W., B. Honetschlager and D.T. Feeney. 1978. Regional
Characterization of the Copper-Nickel Water Quality Research Area.
Minnesota Environmental Quality Board.

Nehring, R.B. 1976. Aquatic insects as biological monitors of heavy metals
polln. Bull. Env. Contam. Toxicol. 15:147-154.

Nelson, D.J. and D.C. Scott. 1962. Role of detritus in the productivity of a
rock outcrop community in a piedmont stream. Limnol. Ocean. 7:396-413.

Nishikawa, K. and K. Tabata. 1969. Studies on the toxicity of heavy metals to
aquatic animals and the factors decreasing toxicity=-III. On the low toxi-
city of some heavy metal complexes to aquatic animals. Bull. Tokai Reg.
Fish. Res. Lab. 58:233-242. (Japanese; Engl. abstr.)

Partick, R. 1978. Effects of trace metals in the aquatic ecosystem. Amer.

Patrick, R., T. Bott and R. Larson. 1975. The role of trace eleménts in
management of nuisance growths EPA-660/2-75-008.

Patrick, R., N.A. Roberts and B. Davis. 1968. The effects of changes in pH
on the structure of diatom communities. Notulae Naturae acad. Nat. Sci.
Philadelphia 146:1-16.

Pennak, R.W. 1971. Toward a classification of lotic habitats. Hydrobiologia
38:321-334.,

Peters, C. 1962. the effects of stream sedimentation on trout embryo survival
in Tchzwell, Clarence M. (ed.) Biol. problems in water poll. 3rd sem. U.S.
Dept. HEW, Environ. Health Series.

Peters, J.C. 1967. Effects on a trout stream from agriculture practice. J.
Wild. Manage. 31:805-812.



REFERENCES continued

Peterson, A.R. 1971. Fish and game lake resouces in Minnesota. Spec. publ #89.
Div., Game and Fish Technical Services MDNR.

Peterson, A.R. 1977. Biological and physical conditions in Minnesota's streams
and river as related to physical stress. MN. Dept. Nat. Res., Div. of Fish
and Wildlife, Ecol. Services Section. Spec. Pub. 122,

Pickering, Q.H. 1968. Some effects of dissolved oxygen concentrations upon the
toxicity of zinc to the bluegill, Lepomis macrochirus, Raf., Water Res.
2:187-19%.

Pickering, Q.H. 1974. Chronic toxicity of nickel to the fathead minnow. J.
Water Poll. Contr. Fed. 46:760-765.

Pippy, J.H.C. and G.M. Hare. 1969. Relationship of river pollution to bac-
terial infection in salmar (Salmo salar) and suckers (Catostomus commersoni)
Trans. Amer. Fish Soc. 98:685-690.

Pickering, Q.H. and C. Henderson. 1966. The acute toxicity of some heavy
metals to different species of warmwater fishes. Int. J. Air Water Poll.
10;453-463., :

Piragis, S., M.D. Johnson, J.E. Baxter and J.L. McCullough. 1978. Lake
' zooplankton. Regional Copper-Nickel Study, Minnesota Environmental Quality
Board.

Ritchie, J.C. 1972, Sediment, fish and fish habitat. J. Soil and Water
Conserv., 27:124-125.

Rosenberg, D.M. and N.B. Snow. 1975. Ecological studies of aquatic organisms
in the Mackenzie and Porcupine river drainages in relation to sedimen-
tation. Technical Report #547. Dept. of Environment, Winnepeg, Canada.

Samsel, G.L., Jr. 1973, Effects of sedimentation on the algal flora of a
small recreational impoundment. Water Resour. Bull. 9:1145-1151.

Saunders, R.L. and J.B. Sprague. 1967. Effects of copper-zinc mining pollution
on a spawning migration of Atlantic Salmon. Water Res. 1:419-432.

Sauter, S., K.S. Burton, K.J. Macek and S.R. Petrocell. 1976. Effects of
exposure to heavy metals on selected fresh water fish. Toxicity of copper,
cadmium, chromium and lead to eggs and fry of seven fish species. U.S. EPA
Ecol. Res. Ser. EPA~600/3-76-105.

Savard, C.S., A.J. Gray, and Q.E; Bowers. 1978. Hydrologic investigations of
selected watersheds in copper-nickel region of northeastern Minnesota #159
St. Anthony Falls Hydraulic Laboratory, University of Minnesota.

Say, P.J., B.M. Diaz and B.A. Whittom. 1977. Influence of zinc on lotic
plants. T. Tolerance of Hormidium species to zinc. Freshwater Biol.
7:357-376.

AT s




REFERENCES continued

Schindler, D.W. 1971. A hypothesis to explain differences and similarities
among lakes in the experimental lakes area, northwestern Ontario. J. Fish.
Res. Bd. Canada. 28:295-301.

Schults, D.W., K.W. Malueg and P.D. Smith. 1976. Limnological comparison of
culturally eutrophic Shagawa Lake and adjacent oligotrophic Burntside Lake,
Minnesota. Am. Midl. Nat. 96:160-178.

Seisennop, G., S.N. Williams, M.D. Johnson and S.C. Johnson. 1978. Lake
fisheries report. Regional Copper-Nickel Study, Minnesota Environmental
Quality Board.

Shabalina, A.A. 1964. The effects of cobalt on the growth of carp young and
filamentous green algae. Isv. Gos. Nauchno-issled. Inst. Ozern. Rechn. Ryb.
Khoz. 57:290-294. (Russian; Engl. summary by P. Doudoroff, U.S. EPA,
Environmental Research Laboratory, Duluth, MN).

Sharma, R.K., J.D. Buffington, and J.T. McFadden. (eds.) 1976. Proceedings on
the conference on the biological significance of environmental impacts. NR-
CONF-002. U.S. Nuclear Regulatory Commission, Washington, D.C.

Slnley, J.R., J.P. Goettl, Jr. and P. H. Dav1es, et al. 1974. The effects of
zinc on rainbow trout (Salmo gairdneri) in hard and soft water. Bull.
Environ. Contam. Toxicol. 12:193-201. :

Sovensen, D.L., M.M. McCarthy, E.J. Middlebrooks and D.B. Porcella. 1977.
Suspended and dissolved solids-effects on freshwater biota: a review.
EPA-600/3-77-042.

Sprague, J.B. 1964, Lethal concentrations of copper and zinc for young
Atlantic salmon. J. Fish. Res. Bd. Can. 21:17-26.

Spehar, R.L. 1976. Cadmium and zinc toxicity to flagfish, Jordanella floridae.
' J. Fish. Res. Bd. Can. 33:1939-1945.

Sprague, J.B., P.F. Elson and R.L. Saunders. 1965. Sublethal copper—-zinc
pollution in a salmon river - a field and laboratory study. Int. J. Air.
Wat. Poll. 9:531-543.

Steemann, N.E. and H.B. Laursen. 1976. Effect of CuSO; on the photo-
synthetic rate of phytoplankton in four Danish lakes. Oikos 27: 239-242.

Stokes, P.M., T.C. Hutchinson and K. Krauter. 1973. Heavy metal tolerance in
algae isolated from contaminated lakes near Sudbury, Ontario. Can. J. Bot.
51:2155-2168. .

Strahler, A.N. 1957. Quantitative analysis of watershed geomorphology. Trans.
Am. Geophyc. Un. 38:913-20.

Tabata, K. 1969. Studies on.the toxicity of heavy metals to aquatic animals
and the factors to decrease the toxicity - L. On the formation and the
toxicity of precipitate of heavy metals. Bull. Tokai Reg. Fish., Res. Lab.
58:203-214, (Japanese; Engl. abstr.) :



REFERENCES continued

Tarplee, WoH. Jr., D.E. Louder and A.J. Weber. 197L. Evaluation of the
effects of channelization on fish populations in North Carolina coastal
plains streams. North Carolina Wildl. Res. Comm., Raleigh, North Carolina.

Thoriup, J. 1970. The influence of a short termed flood on a spring brook
community. Arch. Hydrobiol. 66:447-457.

Waters, T.F. 1964. Recolonization of denuded stream bottom by drift. Trans.
Amer. Fish. Soc. 93:311-315.

Wetzel, R.G. 1976, Limnology. Saunders, Philadelphia.

Wharton, C.H. 1970. The southern river swamp - a multiple-use environment.
Bureau of Business and Economic Research, School of Business Admin., Ga.
State Univ., Atlanta Georgia.

Whiteside, B.G. and R.M. McNatt. 1972. Fish species diversity in relation to
stream order and physical-chemical counditions in the Plum Creek drainage
basin. Am. Midl- Nato 88:90-1010 .

Williams, D.D. and H.B.N. Hynes. 1977. The ecology of temporary streams-I1I.
General remarks on temporary streams. 62:55-61. ~Int. Rev. Gesamten
Hydrobiol. -

Williams, S.N. 1978. Leaf decomposition. Regional Copper-Nickel Study,
Minnesota Envirommental Quality Board.

Williams, S.N., $.C. Johnson and M.D. Johnson. 1978. Stream fish.
Regional Copper-Nickel Study, Minnesota Environmental Quality Board.

Winner, R.W., J.S.H. Van Dyke, N. Caris and M.P. Farrel. 1975. Response of the
macroinvertebrate found to a copper gradient in an experimentally-polluted
stream. Verh. Internat. Verein. Limnol. 19:2121-2127.

Wright, T.D., D.G. Leddy, D.J. Brand and T.T. Dirnig. 1973. Water Quality
alternation of Torch lake, Michigan by copper Jeach licued Proc. l6th
Conf. Great Lakes Res. Internat. Assoc. Gr. Lakes Res.

Wood, K.G. 1975, Trace element pollution inlétreams of northwestern USA,
Verh. Internat. Verein. Limnol. 19:1641-1645.

Zimmer, D.W. and R.W. Bachmann. 1976. A study of the effects of stream chan-—
nelization and bank stabilization on warm water sport fish in Towa.
Subject No. 4. The effects of long-reach channelization on habitat and
invertebrate drift in some Iowa streams. U.S. Dept. Int. Fish and Wildl.
Service FWS/OBS-76/14. :






