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Wlume 3-Chapter 4 WATER RESOURCES

4,1 INTRODUCTION AND SUMMARY OF FINDINGS

4.1.1 Introduction

The prospect of major copper-nickel development and the accompanying qrowth in
human settlement in northeastern Minnesota clearly raises the potential for major
impacts on the region's water resources. It is tﬁe purpose of this report to
characterize existing water fesources and provide a preliminary assessment of
these impacts, which include water use, water quality, aquatic eocosystems, and

legal standards.

4,1,1.1 Basic Issues. A variety of water use issues are raised in terms of:

water resource conservation; competition over limited regional sources of water
for industrial, municipal, recreational, and fisheries and wildlife uses;
regional water management and supply systems; need for -large storaqge reserviors;
and changes in natural drainage patterns and flow oconditions. Copper-nickel
development, like taconite development, is a water intensive industry and because
of the large land areas affected by such development, significant watershed
changes will occur. The combination of limited headwater resources, large users
(both existing and potential new users), and high natural variability in
watershed discharge may cause oconflicts and require strategies for regional
planning, ocoordinated watershed management, and multiple use supply systems.,
Manaqement- techniques that may be required include water use reduction, water
storage capabilities to minimize the withdrawal of water during droughts, and the

timing of discharges.




This chapter describes typical amounts of water used and managed within the
development area (the mine, wastepiles, processing plant, tailing basin, smelter,
refineries and undisturbed watershed between and immediately surrounding these
facilities) under various climatic oconditions and changes in stream flow

conditions due to direct or indirect water withdrawals and discharqges.

A variety of water quality oconcerns are raised because of: the large wolume of

water used during the mining, processing, smelting and refining of copper,
nickel, and other valuable minerals ; the large land areas disturbed by such
activities; the large quantities of waste rock and tailings requiring on-land
disposal; and the sulfide Composition of the minerals in question. These omn-
cerns are compounded by the very high quality and sensitivity of nost surface
waters in the reaion; the ubiquitoué distribution of lakes, streams, and we-lands
in and near the resource area; the proximity of the resource area to water-hased
recreational resources (especially the Boundary Waters Caroe Area); and the
increasirig acidification of regional watef ( especially_poorly buffered headvater
lakes and streams) due to acid rain. In terms of copper-nickel development,
potential water contaminants include copper, nickel, oobalt, zinc, processing
reajents, sulfates, and hydrogen ions ( acidity). Other parameters of potential
concern, should they appear in greater quantities than are now indicated, include
arsenic, lead, mercury, cadmium and silver. This chapter characterizes existing
quality of water and estimates possible changes that may result from oopper-
nickel development. The implication of such water quality changes on

aquatic ecosystems is discussed in Volume 4-Chapter 1.

Water pollution may arise from both active processes and passive processes.

Active processes are those activities where the production (or control) of a
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water pollutant occurs as a result of an industrial process (e.g. mill, refinery,
acid plant, water treatment plant). When the industrial process ceases, the
pollutant discharage potential ‘is eliminated., Passive processes are those
activities where the production (or ocontrol) of a water pollutant is independent
of technological processes. An \example invbl_ves the physical and/or chemical
weathering of waste materials and exposed (or stored) ore., When the active
process is complete, the passive pollutant discharge p>tential continues, in some
cases, indefinitely. Since copper-nickel development will result in the
production of large quantities of waste materials, the issue of waste water
management and treatment during the operating life of the copper-nickel develop—
ment and for an extended period after the facility has been deactivated must be
addressed. This chapter discusses the potential of water pollution following
mine retirement and methods which have been demonstrated to be effective in
controlling such wastes. Neither this chapter nor other report chapters address

the question of long term economic costs or who should be liable for these ocosts.

Finally, the existence of various legal standards (existing and proposed) spe-

cifying limits for water discharaes and maximum concentrations of various pollu—

tants in surface waters provides a reference framework for discussion. Many of
the standards are explicit as to the parameter controlled and the level of
control required. Other standards state general protection or management goals
and are open to broad variations in application and interpretation. Those stan—
dards stated explicitly in terms of ambient concentrations are compared to simu—
lated discharges and resultant ambient conditions. The effectiveness of various
mitigating measures emerges automatically from the various impact assessment

discussions,
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4.1.1.2 Basic Approach. To address the various concerns noted above, a four-

step approach was adopted by the Regional Copper-Nickel Study:

1) Characterize water resource: the present nature of water resources in

northeastern Minnesota is assessed. Both surface water and groundwater hydro~
4 '
lcgy, and water quality are examined in detail (sections 4.2 and 4.3).

2) Simulate copper-nickel sources: a set of hypothetical water use, man:%tgement,

and discharge models are created to simulate the types and amounts of pollutaqts
which may be released to the hydrosphere by copper-nickel development. 'Iﬁe
models quantify the amounts of water appropriated, consumed, recycled, and stored
in the copper-nickel development water management area under various climatic
conditions and management practices. A range of models are presented to reflect
the application of various mitigating methods and various assumptions as to the

maqgnitude and quality of potential discharges (section 4.4 and 4.6).

3) Assess copper-nickel impacts: the changes in downstream water quantity (flow

and discharge) ahd quality resulting from the hypotheticai oopper-nickel wodels
are assessed using a conservative mass balance technique and stream flow models.
Changes are compared to: existing conditions; aquatic biological and
hydrological impact quidelines developed by the Regional (opper-Nickel Study;
legal standards; existing water users in the Area; and natural variations in

stream flows (sectiéhs 4,5 and 4.7).

4) Examine additional mitigation measures: additional mitigation measures in

the form of special water management practices and treatment systems are

discussed (section 4.7).
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For more detailed information in these various areas, the interested reader is
referred to the technical reports prepared by and for the Study indicated at the

beginninag of each section.

4.1.2 Summary of Findinas

The major findings are briefly outlined below. While a smelter or refinery oould
be located elsewhere, for the purpose of this study all facilities were assumed
to be located in the Reqional Copper-Nickel Study Area (Figure 1). The bulk of
the impact discussion focuses on the Study Area, and more generally on the larger

Water Quality Research Area (Figure 2).

‘Fiqures 1 and 2

4.,1.2.1 Hydrology (Section 4.2). The (opper-Nickel Study Area contains parts or

all of 14 watersheds of interest, nine north of the Laurentian Divide, and five
south of the Divide. HYdrologically, this area is a headwater region, that is,
surface flow originates in this area. Waters rorth of the pivide are a part of
the Rainy River Watershed, which includes a portion of the Boundary Waters Campe
Area, and eventually drain into Hudson Bay. Waters south of the Divide are a
part of the St. Louis River Watersﬁed , which drains into Lake Supefior and even—
tually into the Atlantic Ocean via the St. Lawrence River. The larger Water
Quality Research Area (Figure 2), which includes the complete watersheds of 14

streams of interest, is used for much of the hydrological analysis.

Ninety-one percent of the surface waters of the Study Area is located rorth of
the Divide. The Kawishiwi system is the major river north of the Divide. Nine

streams are tributary to the Kawishiwi system. This area is predominantly
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forested, with pine actounting for about 30 percent Qf the growth. Mining acti-
vities (taconite) occupy a small portion (0.3 percent) of the Kawishiwi drainage
area. The soil thickness north of the Divide is very shallow (0-3 meters or 0-10
feet) and bedrock outcropping is common. The soils are nutrient poor, low in

trace metals and acidic (Volume 3-Chapter 2).

The major river south of the Divide is the St. Iouis River. Only the Partridge
River joins the St. Iouis within the Study‘Area boundaries. This area is also
heavily forested, but aspen-birch predominate. Spruce, fir, and pine, in that
order, are the next important species. The soil thickness is greater in this
area (3-30 meters or 10-100 feet). Groundwater availability is meager, although
there are two small aquifers located in this region. One-third of the area is

classified as bog; and drumlins, eskers, and other qlacial features dominate the

landscape.

Surface water is abundent in the Research Area, partly because precipitation
exceeds evaporation from lake and land surfaces. Average annual runoff in the
reqion is about 10 inches, one of the higher rumoff values in Minnesota.
Analysis of streamflow in relation to drainage area has shown that average anhual

runoff in the region is 0.79 cfs/mi2,

Nearly 75 percent of the Research Area is north of the Laurentian Divide, but an
even larger aount of the surface water is in the rorth., Iakes are more numerous
and larger Volume of stream flow is greater partly because a larqer area is
being drained. Mot all of the water north of the Divide is directly availéble

for use, however, because the BWCA dips into the region.

Streamflow in the Research Area is variable, and dependent on variations in pre-
cipitation and evapotranspiration, as well as infiltration rates, s0il cover, and

6
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vegetation. Precipitation stored in the winter snowpack contributes greatly to
flow in the spring. Average annual flow in 12 streams of various étream orders
in the area studied by the U.S. Geological Survey ranged from 23 to 1 ,0é7 cfs.
The average low flow for a period of seven daYs in these streams is 2 to 186 cfs,
the average high flow for seven days is 87 to 4763 cfs. Average high fléw
exceeds average low flow by a factor of 15 to 120 for each stream., Streams with
numerous lakes and bogs in their watersheds exhibit less variation in discharge

because flow is requlated by the stored water.

The many lakes in the Research Area are in basins sooured from bedrock by qgla-

- ciers, formed from ice blocks buried in qglacial drift, or formed by differential

deposition of till. The lakes are affected more slowly than streams by precipi—

tation variations, so they have more stable wolumes of water.

There is a qreatv deal of variability within the water resource system of the
Study Area. As discussed in the geoloqgy chapter (Volume 3-Chapter 1), .mst of
the Study Area obnsists of shallow glacial deposits which overlay igneous
bedrock. The low hydraulic oconductivity of these materials result in genefally
limited amounts of groundwater in the area., Wells in till and bedrock generally
yield less than 5 gal/min. Two relatively small parts of _the Study Area, the
Embarrass and Dunka River sand plains have aquifers which can yield up to 1,000
gal/min. The highly impermeable nature of bedrock in the region limits signifi—
cant bedrock groundwater resources to' fractured and leached bedrock areas. Wells
in the Biwabik Iron PFormation can yield larqé amounts of water, more than 1,000
gal/min, in local fractured and leached zones. Throughout much of the reqgion,

groundwater supplies are inadequate for municipal or industrial uses.



Current surface.water use is primarily for electric power qeneratioﬁ. Mine-pit
dewatering is the greatest groundwater use. At current levels, water use does
not cause siognificant impacts on the reqgion's water resources , but présent use of
- water from some streams must be reduced during low flow periods, and shallow
wells are occasionally dry during periods of little precipitation. Some of the
large on-channel lakes, such as Birch Lake, oould supply large water users , but
use of stream water could be restricted by variable flow. The aquifer under the
Embarrass River Vallev is the only identified groundwater source in surficial

materials that could supply large water users.

4.1.2.2 Water Quality (Section 4.3). Because little information regarding water

quality of the region was available prior to this study, a comprehensive regional
monitoring program was oconducted for:' three main purposes:
--Begin the long-term process of gathering envirormental data for the
establishment of a pre-development environmental base line against
which change resulting from development can be assessed.
—~Characterize th2 surface and groundwater quality in the Study Area.
——Assess the suscaptibility of the surface waters to potential impacts .
from copper-nicikel mining and associated development.,
The quality of the reg on's water resources is generally very good. Exceptions
are several streams wi1h‘watersheds disturbed by extensive mining activities, and
gmﬁhdwatér from glaciel till or from wells proximate to Duluth Complex sulfide
mineralization, A smn.ar? of median values of various water quality parameters
in relatively undisturted streams and all lakes ronitored in the Study Area is
presented in Table 1. Streams draining laraely undisturbed watersheds have soft
water with low alkalinity, are low in nutrients, highly olored, and very low in

trace metals. Streams draining disturbed watersheds (Partridge, Fmbarrass, upper
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St. Ipuis and lower Dunka rivers, and Unnamed Creek--see Figure 3) have
moderately hard to hard waters, and elevated concentrations of dissolved solids,
nutrients, and trace metals relative to the undisturbed watersheds. Olor and
fecal coliform concentrations are similar in the two watershed classifications.
Most water quality parameters tend to be less variable in undisturbed streams as
compared to disturbed streams. The quality of lakes studied is similar to that
of undisturbed streams. Streams and lakes north of the Divide tended to have

lower levels of constituents than those south of the Divide.

Table 1, Fiqure 3

Calcite saturation indices (CSI) were calculated to measure the ability of Study
lakes to resist a change in pH due to an acid input. The poorly buffered lakes
in the region are with few exceptions headwater lakes. This is because buffering
is nostly a function of watershed geoloay. The chemistry of headwater lakes
often reflects that of precipitation, with watershed contributions to lake
chemistry assuming secondary importance. In general, as .one proceeds from head-
water to downstream lakes in the Study Area, the ability of the lakes to assimi-
late hydrogen ions increases. CSIs were also calculated for 30 lakes 1ocated in
the BWCA. Half of these BWCA lakes were found to be poorly buffered, and with
few exceptions, these represented headwater. lakes. This analysis indicates -that
the headwater areas of the region are generally not well-buffered and have

limited abilities to assimilate additional and possibly present acid loadings.

Phosphorus and nitrogen are the major nutrients in aquatic systems.
Concentrations of both nutrients in Study Area streams are at the low end of the

range of values for streams in the United States. The greatest variability in



Table 1. Median values of various water quality parameters in
relatively undisturbed streams and lakes in’

(November, 1975, to September, 1977).

the Study Area.

UNDISTURBED .
PARAMETERS STREAMS LAKES L
Al (ug/l) 90 77 £3
as (ua/l) 0.8 0.6 ;
Ca (mg/1) 6.0 7.2 )
Ca (ua/l) 0.03 0.03 R
Cl (ma/1) 1.6 1.6 ”
Co (ua/l1) 0.4 0.4
Cu (ug/1) 1.3 1.5
Fe (ua/1) 560 350 i
F o (mg/1) 0.181 -—
Hg (ua/1) 0.08 0.28 '
K (m/1) 0.6 0.6 »
Mg (ma/1) 3 3.1
Mn (ua/l) 35 29 .
Na (ma/l1) 1.6 1.8 _
Ni (ug/1) 1.0 1.0
Pb (ua/1) 0.5 0.4 g
Zn (ug/1) 2.0 1.8
Alkalinity (ma/1)(CaCO3) 19 19 El
TOC (ma/1) 15 14
P-total (ua/1) 20 22.9 .
NOy 03 (ug/1) 80 20 -
S04 (mq/1) 6.6 7.8
PH . 6.9 7.1
Specific conductance »

(umhos/cm) (25°C) 55 65 E
Color (Pt-) 90.2 80 1
Silica (mo/1) 6.3 4.8

i
i
!




FIGURE 3.

B IMPACTED WATER SHEDS BASED ON REGIONAL COPPER-NICKEL STUDY
MONITORING DATA FOR THE PERIOD, NOVEMBER, 1975 TO APRIL 1977
~] AREA NOT STUDIED /
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nutrient ooncentfations occurred in disturbed streams. The highest oon-
centrations of nitrogen were measured downstream from mining operations where
nitroqenous blasting compounds are used. Biological activity in Study Area lakes
is phosphorus-limited. For the 26 lakes monitored, 7 of 26 can be oconsidered

" eutrophic. An additional 16 can be considered meso-eutrophic. The least
productive lake was Tofte; the nost productive was South McDougal. Thé most
fertile lakes were all headwater lakes and for the most part were shallow and

surrounded by extensive bog and marsh areas.

A limited sampling of surface waters for mineral fibers found fiber levels oom-
parable to ambiient levels reported elsewhere in the world. A sample from the
Amax test shaft had elevated fiber levels, but these were several orders of

magnitude below those reported in the taconite téilinqs at Reserve's Silver Bay

plant.

At undisturbed stream and lake stations, ocopper, nickel, and zinc are comparable
‘in oncentration, with median concentrations in the range of 1~2 ug/liter, Other

trace metals of biological importance (As, Cd, @ » Hg, and Pb) had median

concentrations below 1 uq/liter.

Water quality standards and criteria for many parameters have been adopted or are
proposed for adoption by the Minnesota Pollution Control Agency or the Federal

Environmental Protection Agency. 1In the case of pper, iron, mercury,

manganese, nitrogen (as NOy + NO3), sulfate, pH, specific conductance, and olor,
the recommended levels have been exceeded in one or more streams. Recommended
criteria levels for cadmium, lead, nickel » @d zinc may also have been exceeded

in one or more streams. In most cases, the exceedance occurred only in one
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stream located in a disturbed watershed (Unnamed Creek at BB-1), or in other
streams located in disturbed watersheds. 1In other cases (e.q. oolor), the

reqion's streams and lakes have naturally high concentrations.

All streams monitored appeared to exceed proposed MPCA mercury standards and EPA
criteria of 0.05 ug/liter. Elevated concentrations of mercury ir_1 fish tissue

have been found in the reaion by the Department of Natural Resources. The median
concentration of mercury for all streams monitored was 0.08 ug/liter with a range

in values of 0.01 to 0.6 ug/liter. The very low concentrations involved are at

or close to the limit of detection of the analytical method used and could

contain significant error.

The quality of surficial groundwater is primarily dependent on aquifer material.
Water from the sand plain aquifers ocontains about one-half of the dissolved
solids as till aquifers' in the Study Area. Groundwater in bog areas is normally
soft, highly colored, and high in idissolved organic carbon. On thé other hand,
water from areas with glacial till is moderately hard to very hard. Groundwater
from wells proximate to the Duluth Gabbro contact have higher levels of trace
metals and sulfate than d wells located at a distance from the contact. In
general, concentrations of most chemical constituents are higher in groundwater
than in streams and lakes of the area. Bedrock groundwaters also vary signifi- }
cantly with their location. Generally, the oconcentrations of trace metals and
other constituent parameters were similar to those in surficial groundwaters
except near the mineralized zone of the Dulutﬁ Contact. Highly saline ground-
water has been encountered in some bedrock areas of the Study Area. The vsource

and spatial distribution of this water is unknown.
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Unique water quality conditions have been identified in the Study Area which are
directly related to the presence of copper-nickel sulfide mineralization. | Filson
Creek, located in the rortheastern part of the Study Area adjacent to the HNCA,
flows across exposed mineralized gabbro. Total concentrations of copper and
nickel in the year 1977 generally increased from headwater locations to Filson's
point of discharge into the Ka@ishiwi River. Total nickel concentrations
measured in Filson's headwaters were, except for one sample, less than 1
ug/liter, while the nickei oconcentration near the mouth of the watershed averaged
3 to 5 ug/liter. The smaller copper and nickel concentrations at Filson Creek
headwater locations reflect the smaller percentage of sulfide bearing material in

the till and the greater distance from the mineralized contact zone.

The elevated metal values measured at the mouth of Filson Creek may ot be
completely due to natural weathering of sulfide minerals in this watershed.
Mineral exploration activities, including the taking of a bulk surface mineral
sample, occurred prior to 1977. A small volume surface discharge from the foot
of the site has elevated concentrations of trace metals (10,000 to 13,000 ug/1
Ni; 360 to 1,000 ug/l Cu; and 190 to 5300 uqg/l Zn). A small tributary of Filson
Creek receives this discharge. Increases in copper and nickel concentrations in
Filson Creek due to the tributary flowing past the bulk sample site were about 5
ug/l and 9 ug/1, respectively. This change in trace metal concentrations was mt

sufficient to result in measureable biclogical changes in the Creek.

In another case, a small watershed which drains into Birch ILake at Bob Bay oon-
tains several wastepiles oontaining mineralized gabbro from a nearby taconite
mining operation. The large surface area of the waste rock facilitates the che-

mical weathering process. There are surface seeps containing high concentrations

12
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of sulfates and trace metals, especially nickel; which flow into Unnamed Creek,
The magnitude of the change in this specific case is largely mitigated by natural
chemical processes due to the presence of a bog in the watershed. The metal
concentrations would be significantly higher if mot for the effect of the bhog.
While the bog helps ‘mitigate this water pollution problem, the bog is showing
some signs of stress, such as vegetation damage. Clearly, extensive disturbance
of the mineralized gabbro without ‘corrective mitigation results in significant

changes in water quality.

The quality of precipitation in the Study Area was monitored at several sites,
Eighty-seven percent of the samples .( 41 of 47) had a pH less than 5.7. Half the
samples had a pH of 3.6 to 4.4. The dgeometric mean pH of samples oollected in
the Area was 4.6. These values are comparable to, or even less than, values
measured in areas of the world where acidic precipitation has caused emlogical
damage, If most of this acidity is thé result of conversion of atmospheric
sulfur dioxide (SOjp) to sulfuric acid or acid salts; then local sources of

SO, are rot major contributors to depressed acidity of .precipitation in the
reqion. vAtmospheric dispersion modeling indicates that out-state and out-of-
state sources, possibly in f.he St. Iouis, Chicago, and the Ohio Valley areas, are.

the major cause of acid rain in northeastern Minnesota.

Atmospheric deposition rates for all parameters were found to be low. With the
exception of iron, aluminum, lead, and chloride, the primary sources of the

constituents deposited in mortheastern Minnesota lie outside the region.

Studies of snowmelt water in the Filson Creek watershed in 1976 and 1977 showed

that the pH of this water was 2.5 units less than in streams. Snowmelt water has
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little (if any) capacity to buffer the acidity deposited in snow. Ooncentrations

of most elements are low in snow.

Soil pHs tend to be acidic (5.0-5.5) in the Study Area. Analyses of the base
saturation index for the various soils show that much of the s0il morth of the

Laurentian Divide has lost most of its capacity to buffer acidic precipitation,

4.1.2.3 Source Simulation. Water use and water discharge models for hypotheti-

cal copper-nickel operations were developed by the Regional Qopper-Nickel Study
in order to identify the factors within the mining development which may
influence water resource management options and to allow the assessment of

potential impacts of copper-nickel development on the region's water resources.

Waste rock piles, open pit mine, underground mine, lean ore piles y plant site,
and undisturbed lands on the plant site are potential sources of impacts related
to land (watershed) disturbance and have the greatest probability for causing
potential impacts during the post-operating phase of development. Degradation of
water by these sources (except undisturbed lands) is largely the result of
increased physical and chemical v}eatherinq processes, Water.s from these sources
can usually be ocollected and used by the processing plant during the operating
phase, but once the processing plant closes, runoff from these sources will enter
nearby streams and lakes. Since the effectiveness of reclamation measures on the
quality of water from waste rock piles, open pit mine, underground mine, and lean
ore piles is presently unknown, the probability for potential impacts is qgreater
during the post-operating phase than during the opératinq phase, unless

mitigative measures during operation are not effective.

The plant site and undisturbed lands are exceptions to the above. The plant site
could be a significant source of water degradation from ore stockpiles,

14
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maintenance areas, chemical spills, and other activities common to industrial
sites. During the operating phaSe, runoff from the plant site would probably be
collected and used as make up for the processing plant. Once the plant is shut

down, it can be cleaned up and the site reclaimed to near original oonditions.

The processing plant and the smelter/refinery complexes are classified as sources
which present the greatest probability for potential impacts on water resources
during the operating phase of development. Waste waters from these sources are
produced only during opération. When the operation is shut down, these sources
cease to exist. Associated facilities (tailing basin, slag pile, and sludge

pond) are solid waste disposal facilities that are typically fully integrated

~ with the water system of the processing plant and smelter/refinery such that

!

water management problems associated with these facilities are primarily
influenced by the operation of the processing plant and the smelter/refineries.
These facilities stand alone during the post-operating phase and their impact

characteristics depend on natural physical and chemical processes,

Water Budget (Section 4.4)—The ability to effectively isolate copper-nickel

development activities from the surrounding undisturbed watersheds is a siqnifi-‘
cant factor in the water management system and may be a determining factor of
whether waste water discharges are necessary. If runoff from undisturbed |
watersheds is allowed to flow over disturbed areas or dilute runoff from these
areas, the probability that waste water discharges will degrade the .region's
water resources would increase. Separation of runoff from disturbed and |
undisturbed watersheds in the development area is therefore a major design factor

for the mitigation of water resources impacts.
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Water management for a copper-nickel operation is strongly influenced by the need
for and oconsumption of water by the various processing and extraction operations,
and the direct and indirect degradation of this water. In an average year, the
processing system requires fresh make-up water, even if the process water is.
recycled. Water lost with the ooncentrate, to tailing retention, from
evaporation of tailing basin water, and other miscellaneous plant losses exceeds
water inputs from precipitation on the tailing basin and ore moisture. Make-up
water must be appropriated from a lake, stream, qrouhdwater , O mine site runoff.

Any of these methods constitutes a consumptive use of water resources.,

Water from the lean ore piles, waste rock piles, open pit mine, underground mine,
and plant site (in order of incréasinq quality) oould be used as-a source of
processing plant make-up water. This would eliminate the need to discharge most,
if rot all, of the waste water produced from these sources, if runoff from
undisturbed lands is seqfegated from the above sources and if water inputs to the
tailing basin (in addition to the mill process water) can be recycled through the
processing plant. If all water from these sources cannot be consumed by the
processing plant, then a discharge would occur resulting in degradation of the

region's water resources.

Consumptive uses of water in the smelter/refinery are small. Fresh water must be
continually appropriated for both processing and cooling; but most of it is
cooling water that moves through the plant and is discharged. Smelter process
waste water is of poor quality and must be treated for acid neutralizétion and
heavy metals removal before it can be reused or discharged. Gooling water
requirements can be very large if once-through oooling is used, but wa;:er

availability and water quality standards will probably require a closed-cycle
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cooling system (ocooling towers). Recycling through aooling towers can reduce
cooling appropriations and diséharges by at least an order of magnitude (10

times).

Precipitation and evaporation can vary significantly from year to year. The
combined mine/processing plant water system may experience large water deficits
or excesses during such extreme years. BAnalysis of wet and dry periods indicates

that a storage reservoir could smooth out fluctuations in demand.

The quantity of water produced from waste rock piles, lean ore piles, and the
plant site depends on precipitation, evaporation, and seepage into the ground..
During. an average year, precipitation in the Study Area is appmxi'mately 28
inches (73 cm). Evaporation of water from stockpiles and the plant site can vary
from 7 to 20 inches (18 to 51 am). 1In all three cases, precipitation exceeds
evaporation during an average year and the source will produce water. Depending
upon the design of the source and local qeoloqy, a portion of this water will
leave the source as seepage to groundwater and the balance will leave as surface
runoff. If the seepage water is of poor quality compared to the groundwater in
the area, it may have to be mllected. Careful siting and design is necessary t

control seepage.

The gquantity of water produced from an open pit mine also depends on precipita--
tion and evaporation, but water inputs from groundwater sources can also be a
sighificant factor. The quantity of groundwater inputs can vary significantly (0
to over 800 cubic feet of water per year per foot of pit circumference) depending
on local geology. For an underaround mine, the only significant water input is

from qround water sources. Because surficial aquifers are usually isolated from
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the main shafts, bedrock aquifers are the major sources of ooncern. Very little
information on the quantity and distribution of bedrock groundwater resources
exists for the copper-nickel resource area. The highly impermeable nature of
bedrock in the region limits significant bedrock qmundwa'lter resources to
fractured and leached bedrock areas. Based on available information, an

underground mine in the resource area could produce from essentially zero to over

a thousand acre-feet of water per vyear.

Hydrology Impacts (Section 4.5)—0Copper-nickel development would change the

hydrology of the Study Area by direct appropriations from surface waters,
indirect appropriations by runoff ocontrol, and discharges to ground or surface

waters.

Appropriation of streamflow and collection of runoff may compete with other usés
of the water resource. Reductions in low flow of streams décrease the available
habitat for aquatic orqénisms, while the reduction of flooding at spring may
eliminate valuable spawning areas. Changes in streamflow or lake levels may be
aesthetically undesirable and could decrease the recreational value of the
resource. ILess water could be available for municipal and industrial water

users.,

Discharges to streams oould cause scouring and bank erosion or create current
velocities too high for Aexisting aquatic communities. Dissolved solids, par-
ticulates, and heat released in discharge water to lakes or streams may exceed

the tolerance limits of aquatic organisms.

Factors that could affect the nature and extent of hydroloqy impacts during the

operational phase of development include: climatic conditions ; processing and
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oooling water requirements; storage; land area from which runoff is oollected;

seepage control and soil permeability; and timing of appropriation or discharge.

In the post-operational phase, hydrology impacts will be affected by: the size
and nature of the area disturbed by development; timing of runoff; and distribu~-

tion of runoff among surface runoff, interflow, and baseflow.

Of the development models developed by the Study, the 20 X 106 mtpy open pit
model has the potential for the most severe hydrologic impacts. In the opera-
tional phase, water deficits or excesses can occur in very dry or very wet years,
even if the 6peration is almost self-sufficient in an average year., A mine/mill
system without storage would have an estimated deficit of 8,380 acre-feet (11.5.
cfs) for the open pit model in a 100-year dry year. To meet this appropriation
need, a stream would need a watershed area of 270 mi2--the equivalent of the
entire flow of the St. Iouis River at SL~l1 or one-fifth the flow of the Kawishiwi
River at K-1. BAn appropriation of 8,380 acre-feet in the 100-year dry year would
make the mine/mill system the second largest water consumer in the Study Area.
Dewatering from existing taconite mines may be able to provide adequate flows to

meet these copper-nickel mine/mill needs.

In a 100-year wet year, the open pit model without storage would dischafqe 14,330

. acre-feet (19.9 cfs). If release is proportional to streamflow, this discharge

would double flows of streams with watershed areas of 10 mi2 and ocould cause
significant scouring and bark erosion. For streams with watersheds greater than
150 mi2, high flows would be increased by 10 percent at most and probably rot

have significant effects on stream norphology.

If a storage system is used, water from wet years could be used during dry years
and largely mitigate extremes in discharges and appropriations. Consumptive
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-needs for the mill (6,440 acre-feet/year) oould be met by appropriation or
ollection of site runoff. If runoff from the tailing basin is collected, the
appropriation would decrease to 3,180 acre-feet in an average year. If
appropriation proportional to flow is used to meet this need, impacts on streams
with watersheds over 100 mi2 would be small. Oonstant appropriation or

appropriation during spring runoff would have more severe impacts,

Use of precipitation ollected by the tailing basin and all mine site runoff
would result in the need for a discharge of 2 ,826 acre-feet for the open pit ,
model in an average year. Need for a discharge could be minimized by reducing
the size of the runoff omllection area. A oollection area of 10 mi2 (compared to
the mine site aréa of 16 mi2) would provide sufficient water for the mill in an

average year,

Containment of all runoff fron the mine site (if used) should be carefully

planned for several reasons: containment of runoff will reduce flow in the host
watershed; discharges released into other watersheds would increase flows in the
receiving watersheds; discharges released into the same watershed would partially

offset flow reductions due to rumoff ocontainment; and discharges could be of poor

quality.

Water use in a smelter/refinery system is largely nonconsumptive. Based on
applicable thermal discharge standards, once-through cooling is mot considered a
viable option in Minnesota; hence a maximum recycling model, requiring 7.3 cfs,
was examined. With storage, a drainage area of 10-15 mi2 could provide suf-
ficient water to meet the needs of a maximum recycling smelter using

appropriation proportional to flow.
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Smelter/refinery discharge would mormally occur at approximately a constant rate.
Appropriation proportional to flow and constant discharge would have the net
effect of increasing base flows and decreasing peak flows-—and ocould be
detrimental to fish spawning areas in watersheds less than 100-150 mi2, Use of

holding ponds would allow for discharge proportional to flow.

In the post-operational phase, changes in surface morphology will continue to
affect the hydrology of the area. Recontouring and revegetation may help to

mitigate these changes.

From the standpoint of water supply, development zones 2 and 3 (Figure 1) would
be best suited for copper-nickel development. Zones 4, 5, and 6 appear to be the
most poorly suited to support such development. The small flow of the Dunka
River in zone 4 oould restrict development. In zones 5 and 6, the small flow of
the upper Partridge River and competing current water users could pose limita-

tions to development.

Water Quality Source Models (4.6)—Recent research conducted by the Regional

Copper-Nickel Study, the Department of Natural Resources, and other researchers
has greatly increased the level of knowledge and understanding of water quality
issues associated with sulfide minerals development. However, this information
is mot sufficient to allow precise statements on the quality of water in possible
discharges or on the effectiveness of various treatment systems and reclamation

practices.

Water quality discharge models were developed for each of four mine elements:
mines, stockpiles, tailing basins, and smelter/refinery. oncentrations of water

quality parameters presented in these models are based on field data from
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analogous situations (where possible), laboratory studies, pilot plant studies,

and data from the literature.

During the operational phase, discharges from the tailing basin (via direct
discharge or overflow, seepage through the dam, or seepage into groundwater) are
of the most concern because waters from the other three sources would be diverted

to the tailing basin.

After operations cease, runoff from waste rock piles would be of greatest con-
cern, assuming ro lean ore stockpiles remain. Leaching of sulfide minerals from
waste rock piles ocould continue for many yeafs after mining operations cease.
Open pit mines and tailing basins also present the potential .for post-operation

impacts on water quality.

Factors such as pile height, size, shape, grade of sulfide mineralization, par-
ticle size, mineralogy, age, water throughput, organic content and revegetation
status will affect the quantity and quality of runoff from these sources.
Krnowing the cambineé effect of most if rot all of these factors is necessary in
order to predict accurately effluent quality and the effectiveness of mitigating
methods. Such knowledge is mot currently available. Unless copper-nickel deve—
lopment is delayed for many years and present research activities examining these
factors is significantly increased, such predictive ability will rot be available
for pre-development design and impact assessment activities associated with the
first copper-nickel mine development proposals in Minnesota. In these cases, the
unavoidable uncertainties must be considered in development planning, =

corrective measures can be taken if problem arise,

Water Quality Impacts (4.7)—Chemical parameters of concern include trace metals,

total dissolved solids (specifically sulfate and chloride), pH, total suspended
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solids, chemical reagents, and mineral fibers. Emphasis was placed on trace

metals and sulfates.

Copper, nickel, oobalt, and zinc are of primary interest because of their rela-
tively high oconcentrations in mineralized gabbro and their potential toxic
effects on aquatic life. The Regional Copper-Nickel Study developed a method to
examine their combined effects converting the concentrations of these four metals
into a single concentration called "copper equivalent units (CEU)" (CEU = 1 *
fCu] + 0.1 * [Ni] + 1 * [®] + 0.1 * [2n]), whict_l is then evaluated for aquatic
biological impacts based on ranges established in Volume 4-Chapter 1, ‘Ebr the
purposes of analysis, a CEU level of 10 ug/1 (low probability of measurable

impact) was chosen to indicate environmental acceptability.

The impact analyses focus on the size of watershed that would be needed to dilute
a given discharge (assuming the 20 X 10 mtpy open pit mine model) to a given
criterion level. This method was used to indicate how near or far the different
model discharges are from meeting the criteria, assuming dilution was the only

mitigative approach.

For the operational phase, three discharges were modeled. Using the above cri-

teria and a number of simplifying assumptions, it was found that a laraer
watershed would be required for constant discharge compared with discharge pro-
portional to flow to provide sufficient dilutional streamflows., Table 2 indica-
tes that if oontrol is sufficient to meet the CEU criterion, sufficient control
of sulfates will also occur. For the worst case model, Discharage A, and using
constant discharge, a watershed of 4,022 mi2 is necessary to provide sufficient

dilution during an average precipitation year. None of the streams or lakes in
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the Research Area have a watershed area this large. If discharge proportional to
flow were used for discharge A, a watershed of 1,247 miZ would be needed. WNone
of the watersheds south of the Laurentian Divide in the Research Area could
provide sufficient dilution, while only the Kawishiwi River at station K-1 would
have a sufficient watershed area. Similar analyses can be made for Discharges B
and C. A large number of streams and lakes ocould provide sufficient dilution for

the best case, Dischafge C with discharge proportional to flow.

Table 2

Two discharges were modeled for thé post-operational phase (Table 3)--one for
lean 6re piles and one for waste rock piles. The potential impacts from
Discharge II (lean ore) would be similar to those from Discharge A during the
operational phase. Because lean ore stockpiles are not expected to-remain during
the post-operational phase, the impacts from Discharge I (waste rock) should
receive more attention. During the post-operational phase, discharge
proportional to flow is harder to ensure, so larger watersheds would be required

to guarantee sufficient dilution during low flow periods.

Table 3

Chloride ooncentrations in discharge waters are difficult to predict because of
the unknown variability in the occurrence of saline water in the bedrock. if
significant quantities of saline groundwater are not encountered by the mine, in~
stréam- chloride concentrations due to copper-nickel development should be of the
same order of magnitude as occur in disturbed watersheds (5-10 times above

background) of the Study Area.

24




Table 2, DNilutional watershed areas required to reduce (FU and sulfate cmncentrations to acceptable
levels——operational phase model discharges.

MINIMUM DILUTTONAL WATERSHED ARFA ( mi2_)_

Discharae A . Dhischarge B Discharae C
constant proportional constant proportional oonstant proportional
discharqge to flow discharae to flow discharqge to flow

To achieve

CEU levels

less than 4,022 1,247 1,520 359 190 25
10 vwao/1 at

all times

To achieve

S04~ levels

less than 36 3.0 31.7 2.5 — —_—
250 mg/1 at

all times

CEU = 1[Cu] + C.1[Ni] + 1[C] + 0.1[%n]

Discharage A = 2,200 ua/l CEU and 380 ma/1 S04~
Discharae B = 640 ug/1 CEU and 360 mq/1 S04~
Discharqge C = 54 ua/l CEU :



Table 3. Dilutional watershed areas required to reduce CEU and sulfate
concentrations t acceptable levels—post-operational phase model

discharqges.
MINIMUM DILUTTONAI, WATERSHED AREA (mi2)
NDischarqe 1 Discharae TI
constant proportional constant provortional
Aischarae to flow discharae to flow
To achieve
CEU levels , _
less than 266 39 ' 3,459 1,028
10 ua/1 at
all times
To achieve
S04~ levels
less than 54 5.0 : 138 6.7
250 mg/1 at :

all times

-

Cau

1[cu] + 0.1[Ni] + 1[Go] + 0.1[Zn]

Discharge I (waste rock)

320 ug/1 CEU and 1,260 mg/1 S04~
Discharge II (lean ore)

8,300 ua/1 CEU and 3,620 mq/1 S04=




The major mﬁcem about pH is its effect on trace metal mobility. Generally,
lower pH's increase leaching 'of metals. During the operational phase, any
discharges are likely to have pHs on the alkaline side (above 7) because of the
influence of the milling process. Acid discharges from waste rock piles are rot
expected because of the low content of sulfide minerals; however, field studies
have detected a drop in pH in discharges from gabbro waste rock piles at FErie's

Dunka Pit.

Chemical reagents used in the flotation process vary widely in toxicity and per—
sistence in the environment, and should he oonsidered when reagents are being

chosen for the mine-mill circuit.

Mineral fiber levels in pilot plant studies were eanmined. The average values
found in processing samples were on the order of 1012 fibers/liter, or approxi-
mately one-third the levels observed in the Reserx;'e Mine tailing material at
Silver Bay, and six orders of magnitude above observed background levels.
Flocculant clarification of process water prior to recycling may reduce fiber
levels by 4-5 orders of magnitude. Experiments conducted for the Regional
Copper-Nickel Study indicate that the tailing material retains a significant
fraction of the mineral fibers, regardless of the treatment used to oontrol fiber
release from recycled or discharged tailing water. If subsequent wind or water
erosion of tailing material occurs, resulting emissions or discharges will
contain mineral fibers. The implications to human health from these mineral
fibers is uncertain, but have been oonsidered sufficient to cause the addition of

a special filtration system for the Duluth water system.

Potential impacts on BWCA water quélity are dependent on proximity of the deve-

- lopment to the BWCA and location with respect to the Laurentian Divide (Figure
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4). Development south of the Divide would have a low probability of impact
because the streams flow away from the BWCA. North of the Divide, the eastern
part of development zone 1 has a high potential for impact because any discharge
waters would flow directly into the BWCA without dilution. The remainder of zone
1, plus zones 2, 3, and part of 4, are classified as having medium impact
potential because any discharges, although they would be diluted considerably‘

before reaching the BWCA, would eventually flow through the BWCA and oould cause

some impacts.

Figure 4

Impac‘ts on groundwater are possible if seepage from tailing basins or Stockpiles
occurs. nJring. the operational phase, this seepage could be omllected and
controlled. However, seepage will continue into the post-operational phase.
Special tailing basin oonstruction techniqﬁes or the siting of mine components on

impermeable matéri.als, such as bedrock or peat would help mitigate potential for

groundwater contamination.

Copper-nickel development has the potential of generating highly toxic waste
waters during and after the 20Vto 30 year operating life of the development. The
water resources of the region whére this development would occur are of the
highest quality. These resources and the biological communities they support
could be degraded by such wastes. Present major uses of this resource (except
industrial use) include water-based recreation, fisheries, and wildlife produc-
tion. Maintenance of the quality of this resource is important for these uses.
Since it is unlikely that the quality of effluents can be accurately predicted

prior to development and that the quality of runoff from reclaimed areas will be
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largely unknown for many years after development has started, the design of first
copper-nickel development should have built in flexibility, should be a learning
experience, should have staged development so this experience can be applied at
the earliest possible date, should facilitate the timely application of
corrective action, and should be designed to be able to respond to the worst
assumptions, should they be realized. All risks of degrading this region's water
resources cannot be identified in advance. Therefore, sources of potential water
contamination should be located in areas that facilitate control and where

resources are less sensitive or unique and where impact will minimal.

Tf certainty of outcome and very low environmental risk are state resource mana-

gement ¢oals, then the appropriate policy is no development,
4.2 HYDROLOGY CHARACTERIZATION

The occurrence, availability, and novement of surface and aroundwater in and
adjacent to areas of possible copper-nickel development (Fiqure 1) will défer—-
rine, in part, the future development and water use in the area. Water is
aenerally plentiful in the pper-Nickel Study Area, but availability Qaries both
by season and in response to long-term meteorologipal trends. This may put
constraints on the magnitude of future development, especially if environmental
impacts are to be minimized or prevented. Legal constraints may further limit
water availability. Copper-nickel development may require appropriations or
discharges of large amounts of water, &nd oonsecjuently change the hydrologic
behavior or water quality of parts of the area. In order to assess the possible
hydrologic impacts of copper-nickel development, the present hydroloqgic character

of the region must be understood. This section presents a summary of the surface
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and groundwater hydrology in and adjacent to areas of rossible ocopper-nickel

development.

Hydrologically, the area monitored is a headwater region, that is, surface flow
originates in this area. ThlS region encompasses portions of two major drainage
basins (the Rainy River and the St. Iouis River) which are separated by the
Laurentian Divide. Water rorth of the Divide eventually flows into Hudson Bay,
while water south of the Divide flows into Lake Superior. The Boundary Waters
Canoe Area cuts into the Study Area. at various roints, and all water leaving the

area rorth of the Divide flows into the BWCA.

The Study Area contains parts or all of 14 watersheds, nine north of the
Laurentian Divide, and five south of the Divide (Table 4), Analysis of the water
quality and hydrology of the region requires information about the entire
watershed of each stream. For this reason, the Water Ouality Research Area
(Research Area) (Figure 2), a 4,738 km2 (1,829 miz) area composed of the
complete watersheds of the 14 streams of interest, was created. Much of the

discussion concerns the Research Area, rather than the Study Area.

Table 4

The data were obtained from a number of sources. The U.S. Geological Survey
maintained streamflow ,stations in the Study Area. Sixteen continuwous gaging
stations and eight periodic measurement sites were used to collect discharge data
(Figure 5). At 12 stations, 10 or nore years of streamflow records were
available, and these records were used to determine streamflow characteristics,

Stream orders were determined by opper-Nickel Study personnel (see Volume 4-
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Table 4. Regional Copper-Nickel Study watersheds (refer to Figure 2 for locations).:

NORTH OF LAURENTIAN DIVIDE (Rainy River Nrainage)

SUBWATERSHED SUBWATERSHED _
WATERSHED NAME NAME AREA (ka) FEEDER SUBWATERSHEDS
Isabella River Little Isabella 132 . none
I-1 751 Little Isabella
Filson Creek F=1 27 none
Keeley Creek KC-1 29 none
Stony River SR-5 125 none
SR-4 161 none
SR-3 180 Sr5+sra
SR-2 101 sr5+sri+sr3
‘SR~ 65 su5+srd+si3+sr2
Unnamed Creek BB-1 11 none
Dunka River D=2 44 none
D-1 84 a2
Bear Island R. BI-1 177 none
Shagawa River SH~1 256 none
Kawishiwi River K-6 655 none
K=7 2360 Little Isabella+il+lhkeé
K-5 262b Little Isabella+il+fl+kcl+sr5+sri+sri+
sr2+srl+bbl+d2+dl+1Hk6+k7
K~4 660 Little Isabellat+il+fl+kcl+srS+sra+sri+
sr2+srl+bbl+d2+dl+bil+1Hk6+k 74k5
K-3 64 Little Isabellat+il+fl+kcl+sr5+sra+sr3+
sr2+srl+bbl+d24+dl+bil+k6+k7+k5+k4
K-1 63 Little Isabella+il+fl+kcl+sr5+sri+sri+

TOTAL DRAINAGE
THROUGH SUB-
WATERSHED, km2 (miZ2)

132 (50.95)
8832 (340.84)

272 ( 10.42)
292 ( 11.19)
125 ( 48.25)
161 ( 62.15)
466  (179.88)
567  (218.86)
6322 (243.95)
112 ( 4.25)

44  ( 16.98)
1282 ( 49.41)

17728 ( 68.32)
2562 ( 98.82)
655  (252.83)
1447  (568.96)
25360  (978.90)
27790 (1072.69)
3170 (1223.62)

3489 (1346.75)

Sr2+srl+bbl+d2+d1+bil+shl+k6+k7+k5+k4+k3




Table 4 continued.

SOUTH OF LAURENTIAN DIVIDE (Lake Superior Drainage)

TOTAL DRAINAGE

SUBWATERSHED SUBWATERSHED THROUGH SUB-
WATERSHED NAME NAME AREA (km?)  FEFDER SUBWATERSHEDS WATERSHED, km? (mi2)
Embarrass River E-2 46 none : 46 ( 17.76)
E-1 183 e? 2292 ( 88.39)
Partridge River P-5 32 none . 32 ( 12.35)
P-4 48 none 48 ( 18,53)
P-3 47 none 47 ( 18.14)
P-2 137¢ p5+p4+p3 ' 264C€ (101.90)
P-1 71 P5+p4+p3+p2 335C€ (129.31)
St. Iouis River Second Creek 69 none 69 ( 26.63)
SI~3 157 none 157 ( 60.60)
SI~2 86 sl13 : 243  ( 93.80)
Si~1 107 P5+p4+p3+p2+pl+Second Creek+sl3+sl2 754C€ (291.04)
Whiteface River Wr-1 24 none 24 ( 9.26)
WF-2 124 none 124 ( 47.86)
Water Hen Creek  W-1 118 none : 118 ( 45.55)

SOURCE: U.S. Geological Survey, St. Paul, Minn,

Aprainage area of entire watershed. .
bDrainaqe areas estimated because of North/South Kawishiwi River split,
Cincludes 13 km?2 in subwatershed p2 defined by USGS as noncontributing.




Chapter 1).

Figure 5

Lake morphometric information for 26 lakes in the Study Area was oollected and
analyzed by Gopper-Nickel Study personnel and U.S. Forest Service personnel.

These are the same lakes from which water quality data ‘were ollected (Figure 5).

Groundwater information was developed by the U.S. Geological Survey from logs of
wells and core holes, topographic maps, field observatibns, test augering, and

literature pertaining to the geology and water resources of the region.

Mcre detailed information for section 4.2 can be found in Bowers, 1977; Brooks
and White, 1978; Ericson et al. 1976; Garn, 1975; Savard et al. 1978; Siegel and

FEricson, 1979; and the other second level reports.

4.2.1 dHydrologic Cycle

The hydmiogic cycle is a conceptual model of water nox}ement through the earth's
environment, and provides a framework for understanding the ways in which mining
may affect the hydrology of the (opper-Nickel Study Area. The cycle may be
divided into three principal phases: . evapotranspiration, precipitation, ar

surface and grotindwater runoff (Figure 6).

Figure 6

Moisture is evaporated to the atmosphere from the land, oceans and other water
surfaces and is returned to the land or oceans as precipitation. The precijita-

tion may: be intercepted and subsequently transpired by plants, run off over the
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land surface to streams as surface runoff , or infiltrate into the ground. Much
of the surface runoff is returned ’oo the atmosphere by evaporation. The
infiltrated water may be temporarily stored as soil moisture and evapotranspifed,
or it may percolate to deeper zones to be stored as groundwater. Groundwater

sustains streams at low flow.

Removal of water at any point in the cycle will have effects on water quantity at
other points. A hydrologic budget, or water budget, quantifies the parts of the
hydrologic cycle in ordér to describe water movement in a watershed. Tt may be
expressed as an equation (Siegel and Fricson 1979):

Precipitation = runoff + evapotranspiration + chanqeé

in storage + underflow

In the Research Area, water is stored in lakes, boés, and groundwater aquifers.
Changes in storage occur- when water levels are raised or lowered. Underflow is
water which flows across basin boundaries in river alluvium or through bedrock,
under a gaging point, and therefore escapes detection and measurement at stream
gages. Although short-term changes in storage and underflow can be sianificant,
long-term changes are usuélly considered to be neqligible (Lindholm et al.

1978). Over long periods of time, runoff and evapotranspiration balance preci-

pitation in the Study Area.
4.2.2 Climatology

In the Arrowhead region of Minnesota, average annual precipitation exceeds
average annual evaporation from lake and land surfaces. This allows for runoff
to occur in an average yeér. Average annual precipitation ranges from -about 700
mm in the southwestern part of the region to about 760 mm in the rortheast. This
exceeds average annual lake evaporation by about 200 mm per year (Watson 1978).
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The average precipitation in and adjacent to areas of potential oopper—nickelﬁ
development has been determined by Watson (1978) from historical records; The
year can be divided into a wet season, which begins about April 14, and a dry
season, which begins about October 16. June and July are the wettest months in
the region, and February the driest. Almost 15 percent of the annual average
precipitation falls in July. The average percent of anﬁual precipitation which
occurs during each month at Babbitt is ocompared in Figui:e 7 to the percent of

average annual stream discharge occurring each month in the region.

Figure 7

Variations in precipitation over the period from 1894 to 1977 at Virainia,
Minnesota, are shown in Figure 8. Normal seasonal variations, as well as drmught
periods and wet periods, are visible. Further details of these variations are |
found in the air resources discussion (Volume 3, Section 3.3).

Figure 8

4.2.3 Stream Hydrology

Streamflow is a measure of the wolume of water passing a qiven point per‘ unit of
time, and is genefally expressed in cubic feet per second (cfs). Flow varies
over time in response to precipitation and other factors, although the response
may rot be immediate. Garn (1975) has described the runoff pattern in the
Superior National Forest, which includes most of the (opper-Nickel Study Area as

follows:
The pattern of runoff is typical of areas where snowmelt is the major
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FIGURE 7 PERCENTAGE »OF ANNUAL PRECIPITATION AND DISCHARGE
OCCURRING EACH MONTH IN THE STUDY REGION
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source of runoff, which is augmented by spring and summer rainfall. From
the spring peak flows, streamflow recedes steadily through the summer,
reacting only temporarily to heavy rainfall. Streamflow stabilizes in
late summer and fall, reaching a summer low in late Auqust to September.
Streams occasionally exhibit an increase in flow during October and
November as evapotranspiration decreases. Streamflow recedes slowly during
the late fall and winter, reaching an annual minimum during February and
March. Occasionally some of the streams experience annual minimum flows
during late summer or fall ac a result of extended dry periods. Annual
peak flows across the Forest mst commonly occur in April or May as a
result of rapid melting of the accumulated snowpack. However, annual peak
flows may also occur during the summer and fall from excessive rain.

Figure 7 shows the average percentage of annual flow which occurs in each month
for 12 stations in the Study Area. Almost 25 percent ‘o_f the annual flow occurs
during May, due to spring smow melt. About .57 percent of the annual flow occurs
in April, May, and June. Flows during the four winter months of December,
January, February, and March acoount for less than 11 percent of the annual flow.

Late summer discharge values are low compared to precipitation values, because

evaporation is high during these warm months (Siegel and Ericson 1979).

Water which falls as precipitation contributes to streamflow in these ways (Gray

1970):

1) Surface rumoff - water which flows over land to the stream channel. This
includes water which is temporarily stored in lakes and wetlands.

2) Interflow - water which infiltrates the soil surface and moves laterally
through the upper horizons of the soil until it returns to the surface at some
point downslope to flow to the stream as surface runoff, or is intercepted in its
course by a stream channel. .

3) Groundwater flow - water which flows as groundwater and joins a stream where
the channel intersects the water table.

4) Channel precipitation - water which contributes to streamflow by falling
directly on lake or stream surfaces. This is usually a relatively small amount
of water. :

During periods of little or ro precipitation, many streams continue to flow.
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Table 5. ' Equations relating flow to drainage area?.

DESCRIPPI_ON ~ EQUATION CONDITIONS
Average annual flow P = 0.79 d.a.C ~ d.a. 50mi2
Average annual flow 0= 0,72 d.a.

12 month low flow Q = 0.35 d.a. | d.a. 1200mi2
36 month low flow 0 = 0.5 d.a. d.a. 1200mi2
7 day, 2 year low flow Iogd = —1.62 + 1.28 Iog d.a.

7 day, 10 year low flow IogQ = =1.9320 + 1.2479 Iog d.a.

7 day, 20 year low flow IogQ = ~1.9336 + 1.1951 Iog d.a.

30 day, 10 year low flow IogO = -1.77678 + 1.2204 Iog d.a.

30 day, 20 year low flow IogQ = -1.8842 + 1.2091 Iog d.a.

SOURCFE

Siegel and
Ericson 1979

Bowers 1977
Bowers 1977
Bowers 1977

Calculated from
Brooks & White 1978

Brooks & White 1978
Brooks & White 1978
Brooks & White 1978

Brooks & White 1978

8values are for the Study Area only.

bo=flow in cfs.

Cd.a.=drainage area in mi2,
da11 logarithms in base 10.

See Brooks and White (1978) for peak flow equations.



FIGURE 10
AVERAGE ANNUAL FLOW AS A FUNCTION
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Release of water from surface storage (lakes and wetlands) and groundwater
storage sustains this streamflow, called baseflow. In the Study Area, surface
storage sustains baseflow to a greater extent than groundwater (Siegel and

Ericson 1979).

After a precipitation event, the flow of a stream will change in response to -
additional runoff. This can best be illustrated by use of a graphical represen—
tation of the time distribution of streamflow, called a hydrograph (Figure 9).
The shape of a hydrograph is an indication of how quickly precipitation from a
storm reaches the gaging point via the pathways listed above. The timing of
runoff is affected by climatic factors, and topoaraphic and geologic features of
thie basin (Gray 1970). A oopper-nickel operation would change the topography of
the watershed in which it was located, so timing of runoff ocould also be expected

to change. This possibility is discussed in section 4.5 (Hydrologic Impacts).

Figure 9

Drainage area is the nost important topoqraphic characteristic influencing
streamflow (Siegel and Ericson 1979). Equations have been developed relating
drainage area to peak flow, low flow and annual average flow (Table 5). Fiqure
10 shows an estimate of average annual flow as a function of drainage area, as
calculated by the U.S. Geoloaical Survey. This type of information will aid in
understanding the effect on streamflow of containing site runoff by a mining
operation, which would have the same effect as removing part of the land area of

a watershed (see section 4.5).

Table 5, Figure 10
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Lakes and bogs, which are numerous in the reqgion, requlate streamflow because
they temporarily store surface runoff and release it slowly. Streams with nmny
lakes in their headwater channels do rot exhibit flashy flows with precipitation
events. During dry periods release of stored water sustains flow. Flow of some

Streams is also regulated by man made dams in the region (Garn 1975).

Streams become 1arqer‘as they flow downstream and are joined by other streams.
The concept of stream orders has been developed to describe this additive pro-
cess. Stream orders also provide a oonvenient framework for discussing aquatic
organisms (see Volume 4-Chapter 1). A headwater stream is a first order stream;
a second order stream is formed when two first order streams meet; and further
increases in order occur as streams of equal order join each‘other (Horton 1945;
Strahler 1957). The major stream in a watershed may change orders along its
course as it is joined by tributaries. Table 6 shows stream orders and lengths
in the Copper-Nickel Study watersheds (see Figures 2 and 5 for locations).
Farty—two percent of the stream miles in the Research Area are first order, or
headwater, status. The Kawishiwi River, which drains the largest area and

carries the largest wlume of water, has the most miles of fifth order status of

all the streams in the region.

Table 6

4.2.3.1 Average Flow. The average annual flow of a stream is the average of its

monthly flows. Seasonal variations in flow, which may limit the availability of
water in a stream and limit the stream's ability to dilute possible mine
discharges, do not show up in the average annual flow. A flow parameter which

takes into account the lower flows that occur part of the year is the 50th

34




Table 6. Stream length as a function of stream order in copper-nickel
watersheds?, :

L STREAM ORDER -
o WATERSHED st 2nd 3rd 4th  5th  TOTAL

. STREAM LENGTH (km)

J Kawishiwi River
(Kawishiwi sub-

watersheds only) 123 66 28 45 70 332

Y Isabella River _ 207 150 118 50 | 19 544
i Filson Creek 1 2 : 14
ﬂ Kealey Creek | 11 7 18
Stony River 105 81 53 40 - 279

Unnamed Creek 2.8 2.8

g Dunka River 35 16 13 63
! Bear Island River 33 21 23 : 77
' Shagawa River ! 60 49 24 3 136

Total North of
Laurentian Divide

3 (Kawishiwi River at K-1) 590 390 259 138 89 1,466
. Embarrass River ‘ 40 13 23 ' 76 |
. Partridge River 81 57 14 31 183
b St. Iouis River
i (St. Iouis subwater-

sheds only) 38 14 64 6.7 123
. St. Iouis River at SI-1 119 71 78 38 306
5 Whiteface River 52 4.3 26 82
L Water Hen Creek 33 17 17 3.8 71

Total South of _
Laurentian Divide 244 106 144 41 535

Total Cu-Ni Watersheds 834 496 403 179 89 2,001

ASee Figures 2 and 5 for locations




percentile flow, the flow that is equalled or exceeded 50 percent of the time,
Table 7 shows the average annual flow and 50th percentile annual flow for streams
in the Study Area. The average flows recorded in 1976 and 1977, the (opper—-

Nickel Study monitoring period, are shown for comparison.

Table 7

4.2.3.2 Iow Flow. Iow streamflows occur in spring, summer and fall dufinq
periods of low precipitation and high evapotranspiration, and in winter whena
streamflow is sustained only by aroundwater and lake discharge. ILow flow may be
reduced further by wéter appropriation for copper-nickel development, by
controlling minesite runoff that rormally would contribute to the stream, or by
filling a lake or bog that previously helped to sustain baseflow from the
watershed. Unintentional reduction in flow may occur if an open pit is located
such that groundwater is diverted from discharging to the stream and instead
seeps into the mine. Problems which may be caused by reduction of low flows
include loss of aquatic habitat, decrease in current velocities, inadequate

dilution of waste materials, and interference with other water users.

Statistical analysis of low flow periods is useful in planning for appropriation
needs and preventing environrﬁental damage (see sections 4.5-4.7). BAn example of
a low flow event which may be §f ooncern is a 7 day, 10 year low flow. This is
the lowest average flow over a period of seven oconsecutive days which can be
expected tO occur on an averaae of once in ten years. This event has a one in
ten chance of occurrinag in a given year, and a 96 percent chance of occurring at
least once in 30 years. The 7 day, 10 year low flow is the

lowest flow rate for which Minnesota water quality standards must be maintained.
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Table Z.

WATERSHED

Streamflow in the (opper-Nickel Study Area.

Filson Cr.
Keeley Cr.
Stony R.

Isabella R.

Jryaxl Creek

Dunka River

Bear Island R.

Shagawa R.

Kawishiygi R,

Embarrass R.

Partridge R.

St. Iouis R.

Whiteface R.

Water Hen Cr.

AREA ABOVE

STATION DESIGNATION L
CU-NI STATIONE
.......... USGS Neme USGS No. No. Em? mi?
Filson Creek at mouth near Ely 05124994 P-1 16.7 10.4
Keeley Creek at mouth near Ely 05125040 KC-1 18.0 11.2
Greenwood River near Isabella 05125450 SR-5 77.6 48.2
Stony River near Murphy City 05125400 SR-4 99.8 62.0
Stony River near Isabella 05125500 SR-3 290 180
Stony River near Babbitt 05125550 SR-2 352 219
Stony River at mouth near Ely 05125650 SR-1 393 244
Little Isabella R. near Isabella 05124497 LI 77.7 48.3
Isabella River near Isabella 05124500 TI-1 549 3410
Tributary to Bob Bay 05125730 BB-1 5.84 3.63
Dunka River near Hoyt Lakes 05125950 D-2 44 17.0
Dunka River near Babbitt 05126000 D-1 79.5 49.4
Bear Island River near Sly 05126500 BI-1 110.2 68.5
Shagawa River at Ely, 05127230 SH-1  159.3 99,0
agisniagl Rizes st Ty 05124480 K-6 407 253
So. Kawishiwi R. near Ely 05125000 K-7 916P 569
So. Kawishiwi R. above White

Iron Lake near Ely 05126210 K-5  1,576P 979b
So. Kawishiwi R, at White Iron :

Lake outlet near Ely 05126620 K-4  1,727° 1,073P
Kawishiwi R. near Winton 05127000 XK-3 1,978 1,229
Kawishiwi R. at Fall Lake

outlet near Winton 05127250 K-1 2,176 1,352
Embarrass River near Babbitt 04016900 E-2 28.3 17.6
Embarrass River at Hmbarrass. 04017000 E-1 142.1 88.3

" Partridge R. near Babbitt ‘04015447 p-5 20.0 12.4
So. Br. Partridge R. nr Babbitt 04015455 P-4 29.8 18.5
Colvin Creek near oyt Takes 04015461  P-3 29.5 18.3
Partridge R. at Allen 04015471 Pp-2 155.3 96
Partridge R. near Second Creek .

near Aurora 04015490 P~-1 208.4 124
Second Creek near Aurora 04015500 sC-1 36.0 22.4
St. Ipuis R. below Seven

Beaver Lake nr Fairbanks 04015430 S1-3 97.6 60.6
St. Touis R. near Skibo 04015438 SI~2  151.3 94.0
St. Iouis R. near Aurora 04016500 SI~1 446 277

WF-1 14.8 9.2
W-1 73.4 45.6



Tahle 7 continued,

PREDICIEN LOW FLOWS, in cfs

(Siegel and Ericson 1979)

PREDICTED LOW FLOWS, in cfs
.._{Broocks and White 1978)

7 14 30 7 14 30 T T T30 T _

day day. day day day day day day day 7 da 7 day 30 day 7 day 30 day

WATERSHED STATION 2yr 2yr . 2yr 10yr 1oyr 1loyr 20yr  20yr 20yr 2 yr® 10 yr 10 yr 20 yr 20 yr

Filson Cr, F~1 .48 22 .29 .19 .22
Keeley Cr, KC-1 .53 .24 .32 21 .24
Stony R, SR-5 3.43 1.48 1.90, 1.20 1.42
SR-4 ) 4.74 2.03 2.58  1.62 1.93

SR-3 18.47 7.62 9.45° 5.77 6.96

SR-2 ) 23.74 9.74 12.00  7.30 8.82

SR-1 : 27.28 11,15 13.70 8.31 10.06

Isabella R, LI : 3.43 1.48 1.90 1.20 1.42
I-1 52,2 53.9 57.4 31.6 32.0 33.8 41.86 16,92 20.61 12.39  15.07

Unnamed Creek  BB-1 * 12 .06 .08 .05 .06
Dunka River n-2 ‘ : .90 .40 .53 .34 .40
: D-1 2,10 2.35 2.55 0.90 1.13 1.25 3.53 1.52 1.95 . 1.23 1.46
Bear Island R. BI-1 3.30 3.90 5.00 0.65 0.96 1.10 5.35 2,28 2.90 1.81 2.16
Shagawa River Sh-1 22.2 24.1 27.6 1.70 1.79 2.02 0,51 .53 0.58 8.58 3.61 4.55 2.82 3.37
Kawishiwi R. K-6 46,5 49.3 53.1 13.5 13.8 4.4 7.28 . 7.38 7.58 28.56 11.66 14,31  8.67 10.50
k-7  96.7 100.0 105 40.5 42.6 44,5 80.66 ' 32,08 38.52 22.86 28.00

K-5 \ 161.53  63.13 74,68 43.73 53,95

K~4 181.62 70,78 83.51 48.78 60.27

K-3 186 202 240 25.0 40.0 82.0 12.0 42,5 © 214,94 83,41 98.06 57.09 70.66

K-1 243.01 94,01 110.24 64.02 79.35

Embarrass R. E-2 .96 .43 .56 - .36 .42
r-1 7.44 3.14 3.97  2.47 2.95

Partridge R, P~5 .60 .27 .36 .24 .27
P-4 1.00 .45 .59 .38 .44

p-3 ! .98 .43 .57 .37 .43

p-2 8.27 3.48 4.39 2.711 3,23

p-1 11.47 4.79 6.00 3,70 4.44

St. Ipuis R, St~-1 5.30 5.63 6.11 2,18 2,29. 2.49 1,68 1.77 1.92 1.28 .57 .74 .49 .56
SI~3 4.59 1.96 2,50 1.57 1.87

SL~2 : ; 8.02 3.38 4.27 2.65 3.17

SI~1 25,5 27.4 29.2 9.92 10.6 11.6 6.79 6.96 7.16 32.09 1.16 16.00 9.67 11.72

Whiteface R, WE-1 . ' .41 .19 .25 .17 .19
WE-2 3.39 1.46 1.88 +1.19 1.40

Water Hen Cr. W-1 3.19 1.37 1.77  1.12 1.32

! .
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Table 7 continued.

Maka

Oct.

dprainage areas do mot include mon-contributing areas of i"rl("ﬂl'??'ﬁ aines,
source: Siegel and Ericson 1979.

brst imated

drainage area because of Kawishiwi River channel sp11t

Cpata source: USGS 1977, USGS 1978

Water year 1976 is Oct. 75-Sept. 76, Water Year 1977 is
76-Sept. 77.

Q record = average annual flow of recorl

Q 50

in
Omax
Omax
Omax

= 50th percentile flow of record
= average flow, WY76
= average flow, WY77
record = minimum instantaneous flow of record
= minimum instantaneous flow, WY76
= minimum instantaneous flow, WY77
76 record = maximum instantaneous flow of record
76 = maximum instantaneous flow, WY76
77 = maximum instantaneous flow, WY77

dinstantaneous measurement; reocord through 1975 WY
€pata source: Siegel and Ericson 1979.

fpata source: Bowers 1977.

9dCalculated from Brooks and White 1978.




Water quality violations may occur when flows fall below this rate (Minnesota
Pollution Control Agency WPC 14 and 15). The 7 day, 2 year low flow can be
considered to be the average 7 day low flow of a stream. A 7 day period with

flows this low has a 50 percent chance of occurring in a given vyear.

Table 7 lists a number of low flow durations and recurrence intervals for streamé
in the Study Area. The low flows predicted by Siegel and Ericson (1979) are
based on historical recorcs for the individual streams. Iow flows predicted by
Brooks and White (1978) are the result of regional analysis of streamflow, and

are calculated from drainage area using the equations in Table 5.

4.2.3.3 High Flow. High flows occur in response to precipitation events and to
snowmelt in the spring. Over 60 percent of the annual maximum floods in the
reqgion have occurred in the spring (Siegel and Ericson 1979). Flooding is mot a
problem in the Study Area in nost years, however ; because there is little deve-
lopment on flood plains. Hiagh water levels, lasting for roughly a month, are
necessary for spawning in the spring. If streamflow is appropriated during high
flow periods, water level may be reduced, causing loss of spawning areas.
Recurring high flood flows can have adverse effects on aguatic life, however, by

scouring stream channels and reducing the diversity of organisms.

Like low flows, high flows can be expressed as durations and frequencies. A 15
d:y, 2 year high flow is the average high discharge rate lasting 15 days which
cen be expected to occur every other year., Fifteen and 30 day high flow dura-
tions at two and five year recurrence intervals are presented in Table 7 for

stireams in the Research Area. Peak flows are instantaneous measurements which

gage the highest flow reached Auring a flood or high flow period. Spring peak
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flow and flood peak flow are types of peak flows often discussed. A "100 year
flood" is the instantaneous discharge rate with a probability of occurrina once
in 100 years. The 100-year flood for some streams in the Study Area is shown in

Table 7.

Copper-nickel development ocould affect the high flows of streams. Ap?mpriations
of streamflow during hiqh flow periods wuld reduce flows. Ontainment of runoff
in a watershed ocould have varying effects on peak and high flow; these could
include decreasing the total volume of rnoff from a given storm event, reducing
peak flows, and shortening duration of high flows. Peak discharge could be
increased, lowever, if a mine element were placed on a lake or wetland which
previously had stored surface water and Felped to damp runoff peaks (Hewett

1978).

High flow can increase dilution of runoff from a mining operation. However, peak
discharge from the mining operation may mot occur when streamflow is hidhest, so

the mine discharge may be poorly diluted (see section 4.5).

Flow in an individual stream can vary oconsiderably during a year, even if unusual
precipitation variations do rot occur. The Shagawa River at Sh-1, for example,

has an average annual flow of 92 cfs .(USGS 1977). The 7-day, 2-year low flow is
22 cfs, and the 7-day, 2~year high flow is 323 cfs, a 15-fold difference (Siegel

and Ericson 1979). Additional flow values are found in Table 7.

4.2.3.4 Spatial Variation of Streamflow. Surface water availability will affect

future use of water in the region. The area north of the Laurentian Divide
acoounts for 74 percent of the Water Quality Research Area, but ocontains 91

percent of the water surface area in the region (MIMIS 1969). A larger con-
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centration of lakes occur in the rorth than in the south., Since lakes are
important in sustaining baseflow and damping flood peaks, streams north of the
Divide maintain higher baseflows and exhibit less extreme peak flows than streams
south of the Divide. The 25-year flood runoff can be expected to range from 6.4
to 15 cfs/mi2 in the Kawishiwi River Basin, north of the Divide, and from 8.4

to 22 cfs/mi2 in the St. Iouis River Basin, south of the Divide (Siegel and
Ericson 1979). Total wolume of streamflow is greater in the Kawishiwi system

because a larger land area is drained.

Some differences in streamflow north and south of the Divide are caused by
topography and physiography. Nine physiographic reqions in the Study Area have
been described in the qeoloqy and mineraloqy section (Volume 3-Chapter 1), and

will be referred to here (Figure 11).

Figure 11

Most of the area north of the Divide is within the Shallow Bedrock Moraine
PhYsioqraphic Province, which has basins covered by thin and discontinwous qla-
cial drift with frequent bedrock exposures and steep topography. Streams in this
type of area would be expected to exhibit "flashy" and widely variable flows
(Garn 1975). This is mot the case in most streams north of the Divide, however,

because of the large amount of surface storage which requlates streamflow.

The Kawishiwi River watershed has a high density of lakes and wetlands. Over 53
km of the river's 120 km is taken up by on-channel lakes. Records from stations
K-7 and K-4 confirm that the Kawishiwi flow is well requlated by the lakes. At

station K-3 near Winton, the Kawishiwi is regulated by a power plant dam. During

38




vl SHALLOW : '
@ bl

- MORAINE ol

b{éff BEDROCK
s ' .
S :

OQUTWASH

aLIA—’

= SEVEN

Al

o
s

¥V, — % 1 4
C,’\F‘x AN\ - :.' I © ’ . 1
oy G © {SHALLOW \ BEDROCK | ". WETLAND?
- . ) b 1 \i .
s I Ll (] ..y, ." MORAINE (PROVINGE PROVINCE
bt > AL ".‘ N
G. A 1 - 1AL L @
NEEe— AURORA~7 > Moo |
: \ T Gy
H 4 "ﬁﬁgk'_ . e ey gt ;,L
M 5 RN o gt e -~
R : ‘ * ,27 - ’\.}‘7 © ,I‘wu E? \ ~
BED-OF -GLACIALLAKE T'LL; . ‘( /’ _ "
H P PLAIN // DRUMLIN BOG PROVINCE :i:
; H UP AM . \\// g
s - {TOIMI DRUMLIN FIELD) :i%
SR THEINN i ::"- i o , G G : g

V2 :

o

BEAVER

Prommme ;

rowwg 1 MEQB REGIONAL COPPER-NICKEL STUDY

PHYEIOGRAPHIC PROVINCES & GLACIAL FEATURES

LEGEND

tl “ ‘{ MORAINES 1.2.83

DES MCINES LOBE

§ GLACIAL LAKEBEDS

RAINY LOBE

EMBARRASS MT.
TACONITE MINING
PROVINCE :
DRUMLIN BOG
PROVINCE

SHALLOW MORAINE
BEDROCK PROVINCE
SEVEN BEAVER

ND LAKE
WETLAND PROVINCE

OUTWASH MORAINE
COMPLEX AREA
EMBARRASS- DUNKA
RIVERS SAND PLAIN
PROVYINCE

AURORA MARKHAM
TiLL PLAIN PROVINCE

GLACIAL LAKE UPHAM
LAKEBED PROVINCE

LOST LAKE
SWAMP PROVINCE

CIO®OeO0®®

OES MOINES LOBE

-KEY MAP

1.422.400




low flow periods, the river is largely requlated at the dam (Siegel and Ericson

1979).

Flood flows are reduced at stations BI-1 and Sh-1 on the Bear Island and Shagawa
rivers because of large lakes in the watersheds. However, flow is rot well
sustained in these streams despite the presence of the lakes (Siegel and Ericson

1979). The Isabella River is requlated by lakes in its watershed (Garn 1975).

The Dunka River responds more quickly to precipitation events than do nost
streams in the Kawishiwi system, probably because of lack of surface water
storage (Garn 1975). The largest percentage of annual flow occurs in April,
instead of May, which is typical of other streams in the Study Area. Ground
water discharge to the Dunka River has been reduced by diversion of flow into
mine pits, although some‘of this water is returned to the river by mine-pit

dewatering (Siegel and Ericson 1979, Benzie 1977).

South of the Laurentian Divide a larger number of physiographic provinces are
represented. Although a substantial portion of the area is within the Shallow
Bedrock Moraine Province, much of the area is characterized by thicker glacial
deposits which provide more groundwater storage. There are fewer lakes and more
bogs south of the Divide. Thirty-two percent of the area south of the Divide is
bogs, compared to 14 percent in the north (MIMIS 1969). These bogs sustain
baseflow and reduce flood peaks, but not to the same extent as lakes in the
Kawishiwi system. Most of the mining activity in the region is south of the

D:vide in the FEmbarrass Mountain Taconite Mining Province.

The St. Iouis River Watershed has a high density of wetlands, particularly in the

upper end, and streamflow is quite well regulated. Partridage Reserwoir in the
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Pattridqe River Watershed supplements low flows in the St. Iouis River via

seepage losses (Garn 1975).

The Partridge River Watershed is 19 percent taconite mineland (MIMIS 1977).
Second Creek, a tributary to the Partridge River, has the most uniform flow of
the gaged streams south of the Divide because it receives mine pit water. The
Partridge River flow is also stabilized by pit dewatering. Diversion of flood
runoff into Partridge Reservoir occasionally reduces peak flows in the Partridage

(Siegel and Ericson 1979).

A large amount of groundwater is stored in the Embarrass River Watershed, but mot
enough is discharged to sustain high baseflows in the river. The Embarrass River
has the most variable flow of all the gaged streams south of the Divide because
of its poorly sustained baseflow and lack of surface storage (Siegel and Fricson

1979).

4.2.3.5 Historical Streamflow Record. Table 3 includes data on average, mini-

mum, and maximum annual flows of record compared to flows during the 1976 and
1977 water years for 14 stations on 11 streams in the Study Area. Iower than
average flows were exhibited by most streams during both of these years, in

response t low precipitation in the summer of 1976 and the winter of_1977.’

In the 1976 water year (October 1975-September 1976}, averaade flow for gaged
streams in the region was mormal to low. The Stony River at SR-2 was an excep-
tion, with a higher than average flow. The Dunka and Bear Island rivers and
Second Creek experienced average flows, while in the Shagawa, Kawishiwi,

Partridge, and St. Iouis rivers, lower than average annual flows occurred.
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The record minimum flow for a stream station, as given :n Table 7, is the lowest
instantaneous flow ever recorded at that station. In water year 1976, many
streams exhibited minimum flows equal to, or just slightly above, their minimum
flows of record. These streams were the Stony, Isabella, Shagawa, and Dunka
rivers, Filson Creek, and the Kawishiwi River at two of three stations. The
Partridge River flow at P-l1 reached a new reoofd low in 1976. The minimum flow
at two stations, St. Iouis at SI~1, and Kawishiwi at K-7, was much higher in 1976

than the minimum flow of record.

’

The record maximum flow of a stream in Table 7 is the highest instantaneous flow
that has been recorded for that stream. In water year 1976, most of the peak
flows were substantially less than the peak flows of record. The Stony River
exceeded its previous reocord, however, and the Isabella River_and Kawishiwi River
at K-6 equalled their previous records. Filson Creek and the Kawishiwi River at
K-7 experienced flows slightly lower than their record peak flows. Peak flows at

the remaining stations in 1976 were much lower than record peak flows.

In the 1977 water year (October 1976-September 1977) all éaged stations

experienced average annual flows that were lower than average flows of record,

and lower than the average flows of water year 1976. Similarly, minimum flows in

the 1977 water year were, in general, lower than the 1976 minimum flows. Five
stream stations experienced new record low flows in 1977: Bear Island River at
B’-1, Shagawa River at SH-1, Kawishiwi River at K-6, Partridge River at P-1 ' and
Seoond Creek. Iow flows at the remaining stations were equal to or slightly

higher than low flows of record.

Maximum flows in water year 1977 were almost all lower than maximum flows in
1976. All peak flows in 1977 were much lower than the record peak flows.
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4.2.4 Lake Hydrology

Seven percent of the surface of the Water Quality Research Area is water, and
most of this is in the form of lakes (MIMIS 1969). Three hundred and sixty lakes
greater than 10 acres in size are located in the Study Area (Minnesota Department
of (onservation 1968). The locations of the 26 lakes monitored by the pper-
Nickel Study are shown in Fiqure 5, These lakes were chosen to represent a range

of size and position in the watershed.

Water that recharges lakes is from precipitation, groundwater, streamflow, and
overland runoff. 'Lake levels vary as inputs vary, but because of the ability of
lakes to store water, lake levels change much less quickly than stream flows.
Many lakes in the Research Aréa are headwater lakes, however, with small drainage
basins. The level of these lakes ocould be lowered during periods of little

precipitation or sustained large appropriations.

Lake levels fluctuate naturally during the course of a year. If the level of a
lake is lowered excessively, the biologically productive shallows along the
shoreline will be exposed. This may cause the amount of food available to
aquatic organisms to be reduced, and fish spawning habitat to be reduced or eli-
minated. ILowering lake levels oould also affect human water use. A number of
industries depend on lake water for operation, and many different kinds of

recreational activities occur on or near lakes in the Study Area.

Lake levels could fluctuate if a lake were used as a reserwir for oopper—hickel
milling or smelting. Appropriation from a lake would not necessarily lower the

lake level, though, if the appropriation rate were less than the rates of infloy

and evaporation.
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Lake morphometric parameters are helpful in assessing potential impacts on lakes
by copper-nickel development., Table 8 shows the values of some of these parame-
ters for the lakes studied.

Table 8

4.2.5 Groundwater Hydrology

Groundwater is water located in the zone of saturation below >the earth's surface.
It occurs in aquifers, which are consolidated or unconsolidated rock materials:
with sufficient porosity and water-yielding ability to permit the removal of
water at useful fates. Openings in which water can occur are pores between
individual particles, as in sand and gravel; and crevices, joints, or fractufes

in hard rock (Gray 1970).

'Garn (1975) has described the groundwater resources in the Superior National

Forest, which includes most of the Research Area, as follows:

Good groundwater aquifers generally do not occur over extensive areas of
the Forest. Bedrock across the Forest is generally massive and yields only
small supplies of water, its occurrence being limited to joints, fractures,
and faults. Rocks of the Duluth (omplex, Giants Range and Vermilion
granite, Ely greenstone, and Soudan iron formation, and metasedimentary
rocks of the Knife Lake Group—most of the major rock types of the Forest—
may yield only 5-15 gallons per minute, sufficient only for rural domestic
supplies. The Biwabic Iron Formation is an exception; altered parts of the
formation yield up to 1,000 gallons per minute.

The best groundwater supplies are obtained from stratified sand and aqravel
zones in glacial drift, where the saturated thickness of the drift is
sufficient. Yields of up to 1,000 gallons per minute may be obtained from
these deposits. The extent and permeability of the drift.varies areatly
across the Forest, depending on conditions of deposition, and groundwater
may be difficult to locate. Thick deposits commonly occur in glacial and
preglacial drainageways and in filled-in depressions of the bedrock sur-
face.
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Table 8. continued

Agee Mustalish et al. (1978) for additional morphometric data.
bgee Figure 5 for locations.
CMean Annual discharge--lLake discharge can be assumed to be equal to

inflow, 1if evaporation and changes in storage are ignorad. The ten-year
average was calculated as (Ramquist 1977, personal communication):

Iog1gQ = 0.9504 Iogyg X -1.9586

lake discharge in m3/sec

-where: O
lake drainage area in km?2

X

The March 1, 1976, through February 28, 1977, average was calculated as:
Iog1g0 = 1.09 Iogyg X +5.15

where: O = lake discharge in m3/yr
¥ = lake drainage area in km?

dplushing Rate—The amount of time it takes for all the water in a lake
to be replaced by new water, calculated by dividing mean annual discharge by
volume. Toxic metals may accumulate in lakes with glow flushing rates, The
residence time of water in a lake may be a number of years, which contrasts
sharply with the residence time of water in a flowing stream.

estratification—Water in some lakes separates into layers characterized
by different temperatures and oxygen content. Shortly after the ice melts,
lakewaters are 0°C from top to pottom. Heating from the sun warms the surface
waters so that some lakes become increasingly ¢older with depth. Lakes with
cold bottom waters and warm surface waters are considered to be thermally stra-
tified in midsummer. 1In the fall, or in tnth gpring and fall, the waters mix
(or undergo "turnover") and then become gtraiified again. Monomict.ic Jakes
2shihin dne annual turnover. Dimictic lakes have two turnovers, and may be
strongly dimictic with well defined thermal and oxygen profiles; or weakly
Aimictic, with less well-defined profiles (Ruttner 1952). Toxic materials,
depending on their temperature when discharged, may become trapped and accumip—
late jn the hypelimnion (lower layer) or float across the surface during stra-
tification.  When turnover occurs, these substances may get mixed throughout
the lake. Since mixing occurs during spring and fall, which are spawning
season3, the potential for impacts on the fish population may be qgreat.

Fren VeAr average,

JMarch 1, 1976 through Pebruary 28, 1977 average.




Table 8. Characteristics of monitored lakes in the (opper-Nickel Study Area.?

. LAKED
Greenwood
Sand

South Mchugal
Slate

Rear Island
Perch
Birch
Gabbro
White Iron
Auqust
Clearwater
Lake One
Turtle

Fall

Colby

Big

Seven Beaver
_Pine

Long
Whitefac;e
Reservoir
Tofte
Triangle
Bass
Bearhead

Wynne

"?oqu§5 1 s
e [ 5 %

WATERSHED
Stony River
Stony River
Stony Riwver
Stony River
Bear Island River
Bear Island River
Kawishiwi River
Kawishiwi River
Kawishiwi River

Kawishiwi River

- Kawishiwi River

Kawishiwi River
Kawishiwi River
Kawishiwi River
Partridge River
Partridge River
St. Iouis River
St. Ipuis River

St. Iouis River

DRAINAGE

AREA
(km2)

105.7
41
37.4
466
85
3.2
2536
1034
2779
9.6
9.2
638
6.4
3489
332
9.2
157
14.8

21.6
337

1.7
5.5

13

MEAN ANNUAL
DISCHARGEC
ox106  (mdyr-1)
29.10£ 18,09
11.82 6.72
10.84 6.11
119.19 84,12
23.66 14.3
1.05 .47
596.36 490
254,22 193
650.55 539
2,98 1.48
2.86 1.42
160.66 117
1.95 .97
807.59 683
86.31f 59.29
2.87 1.42
42,38 27.1
4.50 2.33
6.43 3.45
87.59 60.1
.56 .25
1.75 " .83
3.97 2,03
4.01 2.05
96.93 67.1

= B8

VOLUME _
Vx106(m3)

6.43
2.98
57
1.45
75.46
1.01
106.18
13.27
83.13
2.20
19.39
33.30
1.55

35.70

7.00

4.92
8.24
4,14

.90
54.19

5.09
5.29
3.77
12,31
12.80

1063 e

FLUSHING RATEG

e (yr~1)

4.53f 2.804

3.97
19.02
82.20

.31

1.04

5.62
19.16

7.83

1.35

.15

4.83

1.22

1

2.56
10.72
58.07
19
.47
4.61
14,54
6.48
.67
.07
3.51

.63

22.62 19.13

12.33f g.469

.58
5.14
t.09

7.14

1.62

a1

.33
1.4

.33
7.57

oy 2BR

29

3.29

1.11

.05
.16
.54
17
5.24

1,40

STRATIFICATION®

oes ot stratify
oes not stratify
Does not stratify
Ioes not stratify
Stronqly dimictic
Weakly dimictic
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Figure 12 shows both an unconfined (water table) aquifer and a confined

(artesian) aquifer. The water table defines the level of water in an unconfined
aquifer. The shape of the water table is a subdued replica of the topographic
surface. Recharge of this type of aquifer occurs through percolation of preci-
pitation over the major portion of the aquifer (Gray 1970). The water table
fluctuates due to variations in precipitation, but response time rances from 114H—6
months in and adjacent to areas of potential copper-nickel development,

Unconfined aquifers discharge to streams, lakes, and wetlands, and help sustain
baseflow in the region. Surficial deposits of till, peat, sand, and gravel, plus
some bedrock formations, are unconfined water bearinq'materials in the region

(Siegel and Ericson 1979),

Figure 12

In a confined, or artesian aquifer, groundwater is under pressure, because it is
confined between impermeable layers of rock material (see Figure 12). 1In the.
Study Area, most bedrock adquifers are confined aguifers. Water occurs in joints,
fractures, and leached zones in the bedrock. Recharge is from infiltration of

precipitation in outcrop areas and from leakage of overlying surficial deposits.

Because water in a confined aquifer is under pressure, it can discharqge as
springs or flowing wells, rising to a heicht called the piezometric surface (see
Figure 12). Discharge will also occur where the aquifer outcrops at elevations
less than the piezometric surface, such as in a mine. Taoonite mines in the
Study Area must be pumped continually to remove water discharged to them from

surficial and bedrock aquifers. The extent of groundwater discharge from bedrock

aquifers in most of the region is minimal because fractures and other openings
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FIGURE 12

CONFINED AND WATER TABLE AQUIFERS
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are few and discontinwus. In some areas, the taoonite beds are leached,
providing substantial secondary porosity, and large discharges are possible

(Siegel and Ericson 1979).

Groundwatér moves slowly through aguifers from areas of recharge to areas of
discharge. The rate of movement depends on the hydraulic conductivity of the
aquifer material, and tﬁe hydraulic gradient (slope) of the water table or
piezometric surface. Hydraulic conductivity (K) is determined by the particle
size distribution and degree of stratification of the aguifer material. Water
moves slowly through till and peat, and relatively quickly through sand and gra-

vel. Estimated hydraulic oonductivities in the Study Area are 10 to 3,500 ft/day

in sand and gravel, 0.0l to 30 ft/day in till deposited by the Rainy Iobe, and

105 to 10-1 ft/day in till deposited by the Des Moines Iobe and peat (Siegel

and Fricson 1979). Iocations of geologic units are qivén in Volume 3-Chapter 1.

Vertical movement of groundwater can occur between aquifers. In the Copper-
Nickel Study Area, recharge to surficial aguifers from underlying bedrock
aquifers is generally rot important, because the bedrock units are relatively
impermeable. In the southern part of the region, near Aurora, however, semicon—
fined sand and gravel aquifers may discharae groundwatér to overlying aquifers

where oconfining heds are discontinuous (Siegel and Ericson 1979).

The wlume of groundwater available for human use depends on the rate of water
movement, and also on the size of the aquifer. Standard engineering practice in
well-field design is to limit drawdown at a pumping well to two-thirds of the
saturated thickness of the aquifer.If the saturated thickness of a formation is

low, if the wvolume of the formation is small, or if water movement is slow, the




withdrawal rate must be slow to awvoid exceeding the capacity of the aquifer.
Most aquifers in the Study Area can supply only small volumes of water, suitable

for domestic supplies (Siegel and Ericson 1979).

Most of the current groundwater withdrawal in the region is caused by dewatering
of taconite mines. This water is usually not consumed, but is discharged to
surface water. Mine dewatering will likely increase if copper-nickel mining
occurs. Rock material near the oontact qenera’lly has a low permeability,
however, so the potential for substantially lowering groundwater levels is low
(Siegel and Ericson 1979), A

Surface water can be unintentionally diverted into an open pit or underqground
mine that is located in deposits which connect to an aquifer underlying a river
basin. Water from the Dunka River is presently diverted through the groundwater
system to an open-pit mine (Erie Mining . Dunka Pit) morth of the river at a

rate of 300 to 500 gal/min (Siegel and Ericson 1979, FEger 1978).

Recharge to groundwater systems oould be reduced if a mining operation were
located on an area where infiltration previously occurred. This oould reduce the

baseflow of streams and lower the local water table.

£,2.,5.1 Spatial Variation of Groundwater Availability. The USGS has determined

c¢roundwater availability by physiographic area in and adjacent to areas of
potential copper-nickel development (Siegel and Ericson 1979)(Table 9 and Fiqures

11 and 13). Physiographic areas are discussed in more detail in Volume 3~Chapter

1 and in Olcott and Siegel (1978).

Table 9, Figure 13
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Table 9. Groundwater availability by physiographic area.
ESTIMATED
POTENTIAL

. WATER-BEARING GENERAL AQUIFER YIELD TO WELLS
' PHYSTOGRAPHIC AREA UNITS .. THICKNESS (ft) —  (qal/min)

Shallow Bedrock- till upon 10 £t of till; 5
T Moraine Area fractured bedrock 100 £t of bedrock
- Drumlin-Bog Area till, discontinuous 50 5
lenses of sand and
f gravel within till
R Embarrass-Dunka sand and gravel 50 to 200 5 to 1,000
| Rivers Sand Plain
’ Area
Outwash-Moraine till, sand; and 15 5t 25
Complex Area gravel lenses
7 Seven Beaver-Sand till, sand, and 15 5 to 25
§ Lake Wetland Area gravel lenses
- Aurora-Markham : sand and gravel 50 to 150 10 to 300
Till Plain Area
L

Embarrass Mountains Riwabik Teron 300+ 100 to 1,000
3 Taconite Mining Area  Formation
SOURCE: Siegel and Ericson, 1979.
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Much of the Study Area is within the Shallow Bedrock Moraine Physiographic Area.
This region is characterized by thin glacial drift and numerous bedrock outcrops.
Groundwater movement is slow through most of the area, and flow is disrupted by
bedrock outcrops. Volume of flow is limited because saturated thickness is
generally less than ten feet. Groundwater potential may be fair in localized
deposits, but is poor in the region as a whole, and well vyields are generally

low.

The Outwash Moraine (omplex Area, most of which is north of the Laurentian
Divide, is characterized by knobby hills and kettle lakes resulting from slow
melting of ice blocks buried in glacial drift (Olcott and Siegel 1978).
Groundwater is restricted to numerous small deposits of sand and gravel,
generally less than 15 feet thick. Except in a few areas, yields of wells from
these deposits are estimated to be low, from 5 to 25 gal/min (Sieqgel and Ericson

1979).

The Embarrass-Dunka Rivers Sand Plain Area straddles the Laurentian Divide, and
includes the basins of the Embarrass and Dunka rivers. Some of the thickest
surficial deposits in and adjacent to the area of potential copper-nickel deve-
lopment are located in this region (Olcott and Siegel 1978); these deposits have
the best potential for future groundwater development of any aquifer in the area.
Groundwater moves quickly from recharge areas towards the Embarrass and Munka
rivers, and coontributes to the flow of these rivers. Well yields as high as
1,000 gal/min arelpossible from ooarse gravel deposits in the region (Siegel and

Ericson 1979).

The Embarrass Mountains-Taconite Mining Physiographic Area consists of the Giants
Range Granite flanked on the southeast by the Biwabic Iron Formation (Olcott and
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Siegel 1978). Small amounts of groundwater are available from wells in the
granite and overlying drift and are useful only for domestic supplies. Wells in

the Biwabik Iron Formation can yield large amounts of water, more than 1,000

gal/min, in local fractured and leached -zones (Siegel and Ericson 1979). Most of

the Embarrass Mountains-Taconite Mining area is located south of the Laurentian

Divide.

The Aurora-Markham Till Plain Area, in the southwestern part of the region, is an
area of red clayey till. Underneath the till is older bouldery till, which
cverlies bedrock. Well yields from outwash deposits in the older till should be
about 100 gal/min where the aquifer is thickest. Deep wells that tap fracture

zones in the Biwabik Iron Formation may yield as much as 300 gal/min (Siegel and

Ericson 1979).

A large area south of the Laurentian Divide is within the Drumlin-Bog and Seven
Braver-Sand Lake Physiographic Areas. The drumlins oonsist of compacted clayey
till that rests on bedrock, and the interspersed bog areas are underlain by sand,
p=at, and bedrock. Buried sand and gravel lenses beneath the bogs ocould vield as
much as 25 gal/min for short periods; however, sustained yields may mot be
possible because of limited recharge ﬁhmuqh the relatively impermeable till and
p2at. Wells in till and bedrock yield less than § gal/min (Siegel and Ericson

1979). 1In general, the potential for large groundwater 'supplies is low in the

area (Garn 1975).

Throughout much of the region, qround water supplies are inadequate for municipal
or industrial uses. Supplies are best in thick sand and aravel deposits (see

Table 9) which are rot widespread. The best potential groundwater sources are in
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the Embarrass-Dunka Sand Plain Physiographic Area where old bedrock valleys are

now filled with sand and gravel deposits (Olcott and'Sieqel 1978).
4.2.6 Water Use

Water use in and adjacent to areas of potential copper-nickel development in 1975
and 1976 is summarized in Table 10. Annual water use was nearly oonstant at
about 200 to 250 billion gallons during 1971 through 1975. Dlirinq the drought in
1976, water use was only 170 billion gallons per year (Sieqgel and Ericson 1978).
More detailed data for 1971 through 1976 can be found in Siegel and Ericson

(1979).

Table 10

Surface water is currently the major source of water in the area. According to
Table 10, about 96 percent of the water used in the region is drawn from surface
sources. Almost 97 percent of the surface water used from 1971 to 1976 was used
for electric power generation. Minnesota Power and Light Company maintains a
hydroelectric power plant on the Kawishiwi River just upstream from Fall Lake and
a thermoelectric power plant near (olby lake. This water use is primarily
nonconsumptive, since most of the water is returned to lakes or streams. " Mining
operations used ahout three percent of the total surface water withdrawn
(consumptive use); Erie Mining Company was the largest user. Municipal supplies,

campgrounds, irriaation, and other water users withdrew less than one percent of

. the total surface water withdrawn in the region (Siegel and Ericson 1979).

Taconite mining operations accounted for about 95 percent of the total ground-

water use from 1971 to 1976. These operations are located in the Unnamed Creek,
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Table 10,

Water use in and adjacent t areas of potential oopper-nickel development®, 1975 and 1976P,

aprea shown in Figure 1,

(Source: Siegel and Ericson 1979).
CONSUMPTIVE
) ~WATER USE IN MILLION GALIONS OR NON-
: 1975 1976 QONSUMPTIVE
USE CATEGORY AND USER Surface Ground Total Surface Ground Total . bseC DISPOSAL R
Municipal Supply System
Village of Anrora 132.5 132.5 140.9 140.9 U Treatment. plant; crad b 3k, Touis R,
7illage of Babbitt 107.2 107.2 _ 128.1 128.1 U Treatment plant; Embarrass River
City of Ely 409.4 409.4 409.4 409.4 U Treatment plant; Shaqawa Lake
Village of Hoyt Lakes 121.7 121.7 149.2 149,2 U Treatment plant; O>lby Lake
Village of Winton 7.4 7.4 8.8 8.8 U Treatment plant; swamp to Fall Lake
TOTALS £38.5 239.7 778.2 567.4 269.0 836.4
Rural supply, Self-supplied
domestic, stock watering, R Mainly returned to &jifer via
and tourism (total) 3 196.6 196.9 .3 195.2 195.5 4] private sewage systems
Irrigation (total) 2.3 2.3 9.9 9,9 c Evaporation to atmosphere
Hydroelectric power-MN Fower
& Light ., Winton Dam 1149,082.0 149,082.0 104,163.2 104,163,2 N Fall Lake
Thermpelectric rower-MN .
fower & Light . 49,239.9 . 49,289.9 50,237.0 50,237.0 N (Mlby Lake and Partridge River
Mine dewatering
" U.S. Steel-Stephens Mine 431.3 431.3 1,016.6 1,016.6 N Second Creek
Pittsburg Pacific Q.-
Lincoln (D .Mine) and .
Krox Mine 1,374.5 1,374.5 1,089.7 1,089.7 N. Seoond Creek
Brie Mining Oy,-
sovoral mines 1,M7.6 3,907.6 3,396.9 3,396.9 N Wyman Creek and First Creek to
Second Creek; Unnamed Cr. to Dunka R.
Reserve Mining (.- - Unnamed Creek and Langley Creek
Peter Mitchell Mine 4,553.,9 4,553.9 3,056.1 3,056,1 N to Dunka River; Partridge River
TOTALS 10,267,3 , 10,267.3 8,559.3 8,559.3
Mine Processing & Operations
and Potable Supply '
U.S, Steel-Stephens Mine Well : .6 .6 .3 o3 U Seoond Creek
Pittsburg Pacific (o, 71.0 71.0 .15.3 15.3 U First Creek to Second Creek
Erie Mining (@, 4,637.2 4,637.2 5,856.8 5,856.8 C Qlby Lake
Reserve Minirg M, 35.4 .7 36.1 31.1 3l.1 Langley Creek and Unnamed Creek to
U punka R.; evaporation to atmosphere
AMAX e 2.9 2.9 U Evaporation, infiltration
TOTALS 4,743.6 1.3 4,744.9 5,906.1 .3 5,906.4
Other Industrial , 1.9 1.9 T —— U Infiltration to aguifer
TOTAL FOR AREA 203,656.6 - 10,706,8 214,363,4 160,883,9 9,023.8 169,907,7 *

bSieqel and Ericson (1979) includes additional data for 1971-1976.
CC=primarily consumptive use; Neprimarily non-consumplive use; U=unknown.
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Dunka River, andbPartridqe River watersheds. Mine pit dewatering accounts for
most of the mining-related groundwater withdrawal; much of this water is returned
to surface water. Unnamed Creek, Tunka River, and Partridge River (via Second
Creek) are recipients of mine pit water. BAbout 5 percent of the groundwater use
in the region is by municipal and rural water systems, and about one-half of this

use is by the villages of Aurora and Babbitt (Siegel and Ericson 1979).

Future water use in the region will depend on the adequacy of stream flow, sur-
-face storage, and aroundwater supplies. Figure 14 indicates the probable
source(s) of water for large users in northeastern Minnesota. The aquifer
underlying the Embarrass River Valley oould easily supply the projected increased
population in the Babbitt area due to oopper-nickel mining and expanded taconite

production in the year 2000.

Figure 14
4.3 REGIONAL WATER OUALITY CHARACTERIZATION

To assess the potential impact of copper-nickel mining on water quality, the
existing quality of the region's water must be understood. Because little
information regarding water quality of the reqion was available prior to this
study, a comprehensive regional monitoring program was conducted for three main
purposes:
—--Begin the long~term process of gathering envirornmental data for the
establishment of a pre-development envirommental baseline against
which change resulting from development can be assessed.

-—Characterize the surface and qroundwater quality in the Study Area.

——-Assess the susceptibility of the surface waters to potential impacts
from copper-nickel mining and associated development.
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FIGURE 14 GENERAL AREAS IN THE SUPERIOR NATIONAL FOREST WHERE
THE SOURCE OF LARGE WATER SUPPLIES IS EXPECTED TO BE
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Nine major watersheds rorth of the Laurentian Divide and five south of the Divide

were monitored (Table 4). The total drainage area studied north of the Divide is

3,489 km2 (1,347 mi2) compared to 1,249 km? (482 mi2) south of the NMvide.

Watershed boundaries are shown in Fiqure 2.

Surface water quality of the Study Area was sampled from March, 1976, through
September, 1977. Thirty-two stream sites and 35 lake stations were established
(Figure 5). The primary intent was to establish sites representing é Cross—
sample of terrestrial, topographic, and anthropogenic features which presumably
affect water quality. During the second year of the program, samples were also
collected from rainstorm events and spring melt. Groundwater quality in the

Study Area was monitored by the U.S. Geological Survey (USGS).

Additional information from other sources was also used when appropriate. The
U.S. Forest Service (1976) conducted a water monitoring program in the general
area of Filson Creek under a cooperative agreement with INCO. Stream flow data
collected by the USGS supplemented data oollected by study staff. These two

agencies also provided data on groundwater quality.

Water samples were collected according to acceptable methods of the Environmental
Protection Agency, USGS, and the Minnesota Department of Health (MDH). Sample
analysis was performed by the USGS (Denver), MDH, and University of Minnesota
(see Table 11 for listing of parameters). Field measurements included water

temperature, dissolved oxygen, specific conductance, secchi disk, and PH.

Table 11

Water quality data developed by this study can be used toward the establishment
of a baseline. More monitoring information, especially of a site-specific
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Table 11. Water quality parameter list.

General

Residue: filterable and ronfilterable
Turbidity

Color

TOC

DOC

Specific Conluctance

Metals, Nutrients, Cations, Anions

m
Temperature
Secchi Disk
pH
Alkalinity

Copoer
Nickel
Zinc
Cadmium
Lead
Iron
Cobalt
Aluminum

Mercury
|

Others

0il & Grease
MBAS
Phenols

BOD

Arsenic

Selenium

Titanium

Phosphorus: Total & Ortho

Nitrogen: Total, NOp, NO3,
Kjd, NHy

Calcium

Magnesium

Fecal Coliforms
Gross Alpha, Beta
Chlorophyll a
Barium

Manganese
Potassium
Sodium
Chloride
Sulfate
Fluwride
Bicarbonate




nature, is required before a statistically valid baseline can be established
which addresses short- and long-term natural and existing anthropogenic

variations,

More detailed information (including boxplots which illustrate the range of each

sampled parameter at each stream site) for section 4.3 can be found in Thingvold

et al. (1979) and Mustalish et al. (1978).

4.3.1 OQuality of Surface Waters in the Regional Copper—Nickel Study Area

The various parameters have been organized into five general qroupings for ease

of presentation: (1) general parameters--calcium, chloride, color, magnesium,

potassium, silica, sodium, specific conductance, hardness, turbidity, and total

organic carbon; (2) parameters reflecting acidity and acid buffering—alkalinity,
bicarbonate, pH, calcite saturation index (CSI), and sulfate; (3)

nutrient parameters—total nitrogen, total phosphorus, and trophic state index

(TSI); (4) mineral fibers; and (5) metals--aluminum, arsenic, cadmium, cobalt,

copper, iron, lead, manganese, mercury, nickel, and zinc.

Statistical analysis of data indicated that six of the 32 streém sites had ‘the
highest levels for most chemical parameters. These six sites are divided into
two groups: Group A--Bob Bay (BB-1), St. Iouis-l (SL~1), and Partridge-1 (P-1);
and Group B—Partridqge-2 (P-2), Embarrass-1 (E-1), and Dunka-l1 (D-1) (see Figures
15 and 16). Group A-'and B stations are located in watersheds whére significant
human disturbance of the land has occurred. While human activities may be
responsible for incréased (or decreased) parameter values, natural geological and

topographical conditions, such as weathering of outcrops of sulfide materials,

cannot be overlooked. The remaining 26 sites, indicative of relatively
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undisturbed watersheds, were classified as Group C and can be oonsidered

indicative of background levels.

Figures 15 and 16

A comparison of the three groups of stations shows that the following parameters
generally appear to be higher in Group A than Group B with both groups higher
than Group C: alkalinity, bicarbonate, calcium, dissolved inorganic carbon
(DIC), fecal coliform, filterable residue, flwride, hardness, magnesium, manga-

nese, nickel, ortho-phosphorus, pH, potassium, silica, specific oconductance,

sulfate, and total phosphorus. In contrast, the following parameters were higher

in Group B stations than both Groups A and C: arsenic, barium, chemical oxygen
demand (COD), chloride, oolor, complexing capacity, iron (both total and
dissolved), lead, and total nitrogen., Four parametefs were higher in Group C
than Groups A or B: cyanide, dissolved organic carbon (DOC), hydrogen ion, and

sodium. The remaining parameters showed little difference between site groups.
The lake data base was rot large enough to permit a similar evaluation.

4.3.1.1 General Parameters. A summary comparison of general parameter moni-

toring results for the three stream classifications and lakes is presented in

Table 12.

Table 12

Calcium concentrations in Study Area waters are generally low, probably due to

the characteristics of the rocks and soils in the region. Streams north of the

Laurentian Divide had lower levels (84 percent of the samples were at or below 10
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FIGURE 15

B GROUP A STATIONS AND CORRESPONDING WATER SHEDS
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TIGURE 16
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Table 12. OComparison of general water quality paramters for three groups of streams and lakes in the Regional
Copper-Nickel Study Area (November, 1975, to April, 1977).

MONTTORING STATIONS GRWIPINGS* A B c LAKES
Parameter Units Range Median N Range Median N Range Median N Range Median N
Calcium (Ca) . my/1 4,580 - 29 33 3.8-53 15 50 1.8-40 6.0 250 1.9-46 7.2 129
I Chloride (Cl) mg/1 2.3-38 9.1 55 2.9-88 17 . 65 0.08-41 1.6 342 0.1-9.3 1.6 94-
Color Pt-C0 units 4-~150 50 55 23-450 130 65 4-500 90.2 343 1-400 80 141
.
Magnesium (Mg) mg/1 3-40 15 33 3-26 8 50 1-23 3 250 0.6-12,2 3.1 129 .
Potassium (K) mg/1 1.0-8.4 2.3 33 0.3-5.2 1.6 36 0.2~6.2 0.6 241 0.2-2.2 0.6 84
Silica (Si) mg/1 4,6=24 14 | 56 4,0-29 9.5 65 0.1-34 6.3 344 1-19 4.8 135
Sodium (Na) mg/1 1.1-45 6.5 33 0.5~-35 8.1 36 0.2-19 1.6 235 0.8-18 1.8 77
Specific micro-mtns/on
oorluctance at 25°C 61-1198 323 55 12-655 181 65 -24-524 55 343 24-389 65 141
Hardness mg/1(Cal0;) 81-310 152 20 5.3-238 8l.5 22 12-99 27.1 164 9-142 28.9 92
Turbidity Jackson
Turbidity . 4
Units 0.5~17 2.4 55 0.8-18 3.4 65 0.5-64 2.0 343 0.4-7 2.0 135
Total Carbon (TOC) mg/1 4,7-20 10,1 3 11=22 18 5 0.4-45 ° 15 69 4,6-38 14.0 142

*Group A stations
_Group B stations
Group C stations

b Ray-1, St, Wouis R.-1, Partridge R.-1,
punka R.-1, Partridge R.-2, Embarrass R.-l.
Kawishiwi R.1-7, Bear Island R.-l, Isabella R-l, Filson Creek-l,

Keeley Creek=-1, Dunka R.-2, Stoney R,~5, St. Touis R-2 and 3, ]
partridge R.3-5, Embarrass R.-2, Whiteface R.~1 and 2, Water Hen Creek,




mg/1) than those to the south (29 percent at or below 10 mg/l). Lake calcium

levels showed a similar trend when comparing those rorth of the Divide with those

to the south.

Chloride concentrations were low and relatively constant over time throughout the
region. Elevated levels were observed at Group A and B stations, and Partridge-~
5, and probably resulted from road salt (sodium chloride), dust suppressants

(calcium chloride), or sewage effluent. Lake levels were similar to undisturbed

streams.

The color of natural waters is caused by ’;he presence of organic mateial (e.q.
humus, peat, algae, weeds):, organic acids, and some inorganic compounds (e.d.

iron and manganese). In the Study Area, greater color was associated with two
terrestrial characteristics—increasing soil depth and the presence of bogs in
the watershed. These conditions are found, for the most part, in the southern
portion of the Study Area between South McDougal Lake and Whiteface Reservoir.

State and federal standards and criteria for oolor (10 Pt-Co units) were exceeded

in many cases (Thingvold et al. 1979).

Magnesium is usually associated with calcium, but at lower ooncentrations. This
was found to be true in the Study Area as magnesium was found at lower levels and

showed trends similar to calcium.

potassium levels were low and relatively constant over time. The highest levels

were observed in disturbed watersheds. ILake levels were comparable to those in

undisturbed streams.

Within the Study Area, spatial variations in silica (Si0y) were closely related
to the presence or absence of upstream disturbance. Stations downstream of
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mining (BB-1, SI~1, P-1, and P-5) exhibited the hiqhest silica concentrations,
although even these levels would have to be classified as low. The highest
concentrations of silica in lakes were found in Gabbro and Wynne, with the lowest
concentrations in Tofte and Clearwater. Lake levels tended to be less than those

for undisturbed streams.

Sodium levels were low, with higher values observed in disturbed watersheds.
Decreased sodium levels were observed in the Partridge River during periods of
increased flows. Somewhat more limited dilutional effects were observed at peak
of spring melt in the larger river systems, i.e. the Nunka, Stony, St. Iouis, and

Kawishiwi River systems.

Specific conductance is a general measure of water quality, and indicates the

presence of ions, which conduct electrical current. Ievels in Study Area streams
and lakes were low, although disturbed streams had levels almost six times those
of undisturbed streams. In at least one instance, the MPCA standard of 1,000

micromhos/cm was exceeded (Thingvold et al. 1979).

Hardness levels were low in most of the Study Area surface waters, hence these
waters would be classified as "soft." Waters in disturbed watersheds (Groups A
and B) had higher levels and would be classified as "moderately hard” to "hard."
The Regional Study found that the toxicity of nickel to aquatic orqanisms

decreased as hardness increased (Volume 4-Chapter 1).

Turbidity, a measure of suspended particulates in water, was found to be uni-

formly low in surface waters. No clear differences in stream groupings were

evident.,
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Total organic carbon (TOC) is a measure of organic material in water. Oraganic

ocompounds can bind metals, rendering some less toxic depending on a number of

factors. Headwater stream stations generally showed higher TOC levels.

Summary Discussion——Median values for the major ions in streams of the Study Area

are illustrated in Figure 17. This figure shows that Study Area waters are
dominated by calcium as the major cation and carbonates as the major anion. The
sum of the ooncentration of anions should be the same as for cations. The
observed differences may be due to the analytical methods used and the possibi-~
lity that ions other than those considered are important in Study Area waters.
Cations exceeded anions in all waters studied except at stations K-6, D-1, E-1,
E-2, and SI~1. In general, stfeams south of the Laurentian Divide had higher
overall concentrations of major ions than those rnorth of the Divide. Two excep-

tions to this, D-1 and BB-1, are downstream from mining operations.

Figure 17

Spatial variability of stream general parameters falls into a pattern of three
distinct groups. Groups A and B strearﬁs are downstream of mining and had higher
values for most parameters than Group C (relatively undisturbed) streams (Table
12). In nost cases, levels at Group A stations were higher than those in Group
A, an observation that probably indicates the relative amount of impact. While
clear differences in the water quality of watersheds oontaining mining operations
can be seen, sufficient data to prove a direct cause and effect relationship for
all parameters are rot available and was not the purpose of the Study's

monitoring programs.
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Throughout most of the year the concentration of nost parameters is independent
of flow. Two exceptions were at station P-1 (calcium and sodium) and the St.
Iouis River (calcium) where a distinct dilutional effect was caused by spring
runoff and storm events. In two other insténc:es (potassium at TIsabella and

sodium at K-5) there were slight indications that concentrations were increasing

with flow.

Spatial variability of general parameters in lakes was more difficult to analyze
because of limited data. 1In general, Tofte, Wynne, and Colby lakes showed the

highest ionic concentrations. Clearwater Lake is notable for its low chloride,

silica, and oolor levels.

Linear correlations of general parameters were examined in streams and lakes.
While many correlations were expected, the most interesting relationship was the
correlation of copper and nickel with calcium in lakes. The reason for this
correlation (if it is real) is unknown. Correlations are discussed in more

detail in Thingvold et al. (1979).

4.3.1.2 Acidity and Acid Buffering. Table 13 presents a summary comparison of

parameters related to acidity and acid buffering for the three groups of streams

and lakes.

Table 13

Alkalinity is a measure of a water's ability to neutralize acid., Study Area
waters are generally low in alkalinity, many are below the National Technical

Advisory Committee (1968) recommended minimum level of 20 mg/1. Because of the

buffering effect of alkalinity and alkalinity's ability to complex some metals to
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Table 13, Oomparison of water quality paramters related to acidity and acid bufferinq for three qroups
of streams and lakes in the Reaional Gpper-Nickel Study Area (November, 1976, to april, 1977).

e .

MONITORING STATIONS GROUPINGS* A B o LAKES .

Parameter Units Range Median N Ranqe Median N Range  Median N Range  Median N
Alkalinity ‘ my/l CaCDy 11-140 71 56 13-160 45 . .65 1.0-190 19 336 1~-73 19 141
Bicarbonate (HOO3) my/l 14-148 54 29 16~134 65 24 6—151 22 204 9-88 . 20.5 38
Sulfate (S04) m/1 13-630 70 56 3,5~110 14 51 0.8-31 6.6 327 1-140 7.8 138
pH ~log)g[HH] 6.3-8.2 7.3 56 6.1-8.1 7.0 65 4.7-8.4 6.9 337 5.7-8.8 7.1 141

*Group A stations Bob Bay-l, St. Iouis - R.-l, Partridge R.-1. .

Group B stations. Dunka R.-1, Partridge R.-2, BEmbarrass R.-l. .

Group C stations Kawishiwi R.1-7, Bear Island R.-l, Isabella R-1, Filson Creek-l1,
Keeley Creek-1l, Munka R.-2, Stoney R.-5, St. Iouis R-2 and 3,
Partridge R.3-5, Pmbarrass R.-2, Whiteface R.-l and 2, Water Hen Creek.
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reduce their toxicity, the National Academy of Sciences (1974) recommended that
natural alkalinity not be reduced by more than 25 percent. For waters below 20

mg/1, alkalinity should rot be further reduced (U.S. FPA 1976).

Bicarbonate (HCO3~) is a ocomponent of alkalinity and accounts for most of the
alkalinity in Study Area surface waters. Higher bicarbonate levels were observed
in Group A and B stations and P-5, rossibly being related to anthropogenic
disturbance of the land. Bicarbonate levels were very low in the Kawishiwi
system. Tofte and Wynne lakes had the highest bicarbonate levels while Perch and

Turtle had the lowest.

Sulfate (SO4~), the major form of sulfur in the aquatic environment, is derived
from the oxidation of sulfide minerals and atmospheric deposition of sulfur-
containing materials. Elevated levels were found in watérs downstream from areas
where accelerated oxidation of excavated/exposed sulfide deposits may be
occurrinq due to mining operations, particularly at Group A stationé. In at
least one case, the measured level exceeded the MPCA standard of 250 mg/1 for
sulfate (Thinqvold‘et al. 1979). Lake levels of sulfate were oomparablé to the
low levels observed in undisturbed streams. Sulfate levels are of interest
because the processes that generate sulfates can also generate ions, which in

turn may acidify waters by overcoming the existing buffering levels.

The pH of water is an expression of the effective concentration of free hydrogen
ions. Study Area surface waters generally have pH values near neutral (pH=7).
Two small watersheds, Filson Creek and Keeley Creek, tended to have lower pH
(more acid) values. This observation could be caused by the presence of hog

material, exposed sulfide mineral zones, and/or acidic precipitation in com~
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bination with low alkalinity levels. Occasionally, pH values outside the recom-

mended state and federal levels were observed (Thingwvold et al. 1979).

Calcite saturation index (CSI) is a measure of a lake's ability to assimilate

hydrogen ions (and resist pH change), and was calculated for all study lakes
(Table 14). Lakes with an index less than 3;0 are considered well buffered;
1akes with an index between 3.0 and 5.0 are poorly buffered with the possibility
that acidification may be occurring; and an index greater than 5.0 indicates
little or o buffering ability and a strong possibility that severe acidification
has already occurred. The six most poorly buffered lakes studied are headwater
lakes, with éne exception. The chemistry of headwater lakes often reflects that
of precipitation, with watershed contributions to lake chemistry assuming
secondary importance. In general, in the Study Area, as one proceeds from
headwater to downstream lakes, the ability of the lakes to assimilate hydrogen
ions increases. The study also calculated CSIs for thirty lakes in the RWCA
(Table 15). Half of theée lakes were found to be poorly buffered, and with few
exceptions these were headwater lakes. Because the analytical methods used to
measure alkalinity levels in BWCA lakes tend to overestimate the actual alka-
linity at the low levels observed, the CSIs for BWCA lakes are probably about(j.Z

units higher than noted in Table 15.

Tables 14 and 15

Summary Discussion~—Gn3up A streams exhibited higher pH, alkalinity, and sulfate

values than Group B streams, which in turn were higher than in relatively
undisturbed streams (Group C). Alkalinity exhibited partial dilution effects in

all watersheds, except those of the Kawishiwi drainage that lie downstream of
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Table 14. Calcite saturation index (CSI) for Regional Copper-Nickel
Study lakes studies.
LAKE csIa _ LOCATIONP
Tofte 0.3 H,N
Wynne 1.1 S
Triangle 1.4 H,N
Colby 1.4 S
Bass 1.5 N
Slate 1.5 N
Bearhead 1.6 H,N
Sand 1.8 H,N
Cloquet 2.0 H,S
Birch 2.0 N
Big 2.0
Pine 2.1 H,S
Gabbro 2.3 N
White Face 2.3 H,S
Bear Island 2.3 H,N
Fall 2.6 N
White Iron 2.6 N
Seven Beaver 2.8 H,S
South Mchougal 2.9 H,N
Clearwater 3.0 H,N
August 3.1 H,N
Turtle 3.1 H,N
One 3.2 N
Greenwood 3.3 H,N
Perch 3.4 H,N
Long 4.1 H,S

a0-3 well buffered; 3-5 poorly buffered;
5+ little or o buffering
by
N
S

headwater lake
nocth of Divide
south of Divide

touon




; T Table 15. Calcite saturation index (CSI) for selected BWCA lakes.
£ WELL BUFFERED , POORLY BUFFERFD
LAKE CSI LAKE . Cst
P ‘ Cypress 1.5 Silver Island 3.1
: North 1.5 Verron 3.1
South , 2.2 Sawbill 3.3
: Magnetic 2.2 . Alice 3.3
: Dunkan | 2.3 Karl 3.4
- Splash 2.5 Kawishiwi 3.5
i » Seagull 2.6 Gaskin 3.5
“ Kekekabic 2.6 Agnes 3.6
Crooked 2.6 Stuart 3.6
j Alpine 2.7 Malberg 3.7
- Saganaga 2.7 Sunday 3.7
/ Basswood 2.8 Grace 3.7
T Gabigichigami 2.9 Cherokee 4.0
- LaCroix 2.9 Carp 4.0
; S, Fowl 3.0 Pauness 4.1
arj Note: Calculated from S'fORET data




larqe‘lakes. Sulfate concentrations were partially diluted during high flow in

five of the streams.

The buffering parameters in lakes were quite variable due to diurnal and seasonal
fluctuations which occur because of biological activity. Spatial variations in
these parameters appear to be related to the location of lakes in their drainage
systems, with poorly buffered lakes at headwaters and better buffered lakes
downstream. Tofte and Wynne lakes tended to have the highest values for most
parameters, and consequently they also had the lowest CSIs. Seven Beaver Lake

had the lowest pH and Greenwood had the lowest alkalinity.

4.3.1.3 Nutrients. Table 16 presents a summary ocomparison of nutrient parame-

ters for the three stream groups and lakes.

Table 16

Phosphorus, an essential nutrient for aquatic plant growth, occurs at low levels
in Study Area waters and generally within quidelines of 25-100 ug/1 that would
control biological nuisances and eutrophication in various types of surface

waters. Elevated levels generally occurred in disturbed watersheds.

Nitrate, also an essential nutrient, was found at levels far below those required
for algal blooms even in disturbed wa£ersheds where fertilizers are used in
blasting compounds. The highest values were observed at Bob Bay and the Dunka
River, both of which receive drainage from blasting zones. In at least one

instance, nitrate levels exceeding federal standards of 10 mg/1 were observed

(Thingvold et al. 1979).

60

¥




Table 16. (omparison of nutrient water quality parameters for three qroups of streams and lakes in the
Regional (Qopper-Nickel Study Area (November, 1975, t April, 1977).

MONITORING STATIONS GROUPINGS* a B C

Parameter Units Range Median N Range  Median N Range  -Median N Range masm N
Nitrate mq/1(NOp+NO3) 0.02-3.8 0.32 27 0.01-13 0.2 46 0.01-2.3 0.08 187 0.01-1.5 0.02 120
Total ’ ‘

Nitrogen (N} . mg/l 0.17-6.3 1.0 27 0.04-14.1 1.42 46 0.01-4.0 0.79 1 0.12-9.9 0.63 78
Total (P) ug/1 0.8-2100 19.6 27 0.8-413 32.1 46 0.8~99 20.0 187 0.8-220 22,9 140

*Group A stations b Bay-1l, St. Iouis R.,-1, Partridge R.~1.

Group B stations Dunka R.-1, Partridge R.-~2, Pmbarrass R.-1l.

Group C stations Kawishiwi R.1-7, Bear Island R.-1, Isabella R-1, Filson Creek-l,
Reeley Creek-l, Dunka R.-2, Stoney R.~-5, St, Iouis R-2 arnd 3,
Partridge R.3-5, BEmbarrass R.-2, Whiteface R.-1 and 2, Water Hen (Creek.
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Nitrogen:Phosphorus ratios (N:P) are used to evaluate lake nutrient limitations.

Lakes with N:P ratios greater than 14 may be phosphorus limited; ratios less than -
14 suggest nitrogen limitation. For the 26 study lakes, N:P ratios ranged from
14-60 and half were greater than 25 (Table 17). The lakes approaching nitrogen
limitation were Fall, Greenwood, One, and Iong; while Qolby was the most

phosphorus limited.

Table 17

Trophic state indices (TSI), calculated from either phosphorus or secchi disk

values, can also be used to classify lakes as follows: o

Céteqory ' Index o

Ollgotrophlc (nutrient starved) 15-25
Oligo-Mesotrophic 25-35

Mesotrophic ' 35-45 K

Meso-Eutrophic 45-55 J
Eutrophic (nutrient rich) 55-65

As can be seen in Table 18, 7 of the 26 lakes can be considered eutrophic and an
additional 16 oonsideréd meso-eutrophic. The most fertile lakes are all head-
water lakes and for the most part those are shallow and surrounded by extensive

bog and marsh areas. Tbfte was the least productive while South McDouqal the - L“

most productive. =

Table 18

The TSI values should be equal whether they are calculated using phosphorus or : £
secchi disk. However, the secchi disk index can be biased high and low for
highly oolored (e.g. Seven Beaver) and highly transparent (Clearwater) lakes,

respectively.
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Table 17. Nitrogen:Phosphorus (N:P) ratios for Study Area 1akes;

rake and/or Site

Agcyast
LA-1
LA-2

Bass

Bearhead

Bear Island
LBI-1
ILBI-2

Big

Birch
LBH-1
LBH-2
LBH-3
LBH-4

Clearwater

Colby
IL.Cy-1
LCY-2

Cloguet

Fall

Gabbro
IG-1
LG-2

N:P Ratio

30
27
24
58

24
25
16

A1
34

24

24
19

76
45
21
14

31
29

Lake and/or Site

Graenwood

Lake One

Iong

Perch

Pine

Sand

Seven Beaver
LSB-1
LSB-2

Slate

. Mchougal

Tofte

Triangle

Turtle

White Face

White Iron
LINT-1
IWI-2

Wynne

W:P Ratio

14
14
14
30
36
21

34

23
27

36
20
30
34

22
30
52




Table 18. Median trophic state indices for Regional Copper-Nickel
Study lakes.

LAKE, TSI (SD) TSI (TP) LOCATIONE
Tofte 37 37 H,N
Bearhead 43 40 H,N
Triangle 42 46 H,N
Bass 42 47 N
Clearwater 39 50 H,N
Bear Island 46 47 H,N
August 51 42 H,N
Pine 51 45 H,S
Colby 42 44 S
One 48 51 N
Big 54 55 H,S
Turtle 52 48 H,N
White Iron 53 48 N
Birch 53 49 N
Gabbro 54 48 N
Fall 52 51 N
Perch 52 . 51 H,N
Slate 53 54 N
Sand , 56 55 H,N
White Face 58 53 H,S
Long ' 60 55 H,S
Cloquet 62 55 H,S
Seven Beaver 63 54 H,S
Greenwood 61 59 H,N
South Mcmugal 6h 59 H,N
84 = headwater lake

north of Divide
south of Divide

N
S

SD
TP

Secchi disk
Total phosphorus




Summary Discussion--Spatial variations in nutrient parameters exhibited no clear

trends between headwater and downstream stations or between small and large
watersheds. Again, Group A and B stations had higher values than the undisturbed

sites. Both nutrient parameters were largely independent of flow.

In lakes, overall concentrations of both nutrients were at the low end. Median
values for both nutrients were higher south of the Laurentian Divide; however,

phosphorus showed a greater range in variability north of the Divide.

4.3.1.4 Mineral Fibers. Mineral fibers are a potentially serious, but presently

poorly understood, environmental health hazard for the occupational and non-
occupational population in both Minnesota, as evidenced by the Reserve Mining
controversy, and nationwide. This poor understanding can be attributed partly to
oonfusion over and misuse of terminology and inocomplete knowledge of the
mechanism by which fibers affect health. These topics will be briefly discussed
pelow. Because of the present interest and difficulties with "state of the_m:t"
analysis, this parameter is presented in more detail than other water quality
parameters presented in‘this section. Por further information, see Volume 3-

Chapter 2, and Ashbrook (1978).

Asbestos is used as a oollective mineralogical term encompassing the asbestiform
varieties of various silicate minerals and is applied to a ocommercial product
obtained by mining primarily asbestiform minerals. Five minerals fit this
definition: chrysotile (a member of the serpentine group), and the asbestiform
varieties of actinolite—tranalite, anthophyllite, cumingtonite-grunerite, and
riebeckite (members of the amphibole group). Chrysotile always occurs in the

asbestiform habit, amphiboles usually occur in non-asbestiform habits with the
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exception of riebeckite which usually occurs in the. asbestiform habit as croci-
dolite. Ashestiform minerals occur as fibers, which resemble organic fibers in .
terms of circular cross section, flexibility, silky surface luster, and other.
characteristics. Cleavage fragments, such as those produced from crushing and
processing non-asbestiform minerals, do not satisfy this definition of fibers and
should be mnsidered "fiber-like." When asbestiform and ron-asbestiform minerals
are subjected to crushing and processing, the resulting fragments have minor
differences in morphology and physical properties that are very difficult to
distinguish under a transmission electron microscope (TFEM). For this reason,
when the TEM is used, fibers are defined as fragments with aspect (length to
width) ratio of 3:l.or greatef, even though many of these fragments may rot meet
the mineralogic definition of a fiber.. In this report, the term "mineral fiber"
will be used to derote both asbestos fibers and cleavace fragments of ron-
asbestiform minerals because ambient levels of mineral fibers were determined by
transmission electron microscopy, which did rmot distinguish between these two
classificationé. Asbestos fibers and rnon—-asbestiform cleavage fragments have
different characteristics in terms of tensile strength, flexibility, durability,
and surface properties. The extent to which these differences are related to the

harmful properties of asbestos is uncertain at this time.

Samples were oollected throughout 1977 in oconjunction with the rest of the water

sampling program and consisted of 21 stream sahples, a snow sample; a lake
sample, an Ely tap water sample, and a sample from the AMAX shaft water. All
samples were analyzed by the Minnésota Department of Health. Analysis of surface
waters for mineral fibers is extremely difficult because of the large amounts of

intervening materials. Little sample to sample comparison is justified. All
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results are shown in Table 19.

Table 19

Total fiber levels are given with and without chrysotile because the Minnesota
Department of Heélth was uncertain whether the observed chrysotile fibers weré_
artifacts from the filters or were actually present in the medium sampled. 1In 9
of the 25 samples, the amphibole blank fiber level was higher than the
corresponding sample amphibole concentrations. The same was observed for chry-
sotile in 12 of 25 samples.l These results suggest that, with the exception of
the mine shaft sample, most of the fibers found in these samples come from
sources other than the water sampled. Therefore, the fiber levelg presented in
Table 19 should bhe oﬁnsidered uppér limits for the probable fiber concentrations

in the Study Area.

Total fiber counts for stream samples ranged from 380,000 to 7,920,000 fibers per
liter with a median of 3,310,000. Fiber levels in the Filson Creek snow sample,

Ely tap water sample, and Bear Island Lake sample were similar. These levels are
comparable to literature reports for other streams, és well as o levels in beer,

wine, and soft drinks.

Large variations in fiber levels were observed in both disturbed and undisturbed
streams. Amphibole fiber levels in the Partridgé River appeared to decrease as
the distance from the Réserve pit increased. Since it is not known whether
Reserve was discharging during these sampling periods, the observation may be due
to natural variation. The two highest fiber levels were found in undisturbed

streams. Very high aspect ratios were found in the Dunka Sample and at stations
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Table 19 continued.

DATE

THOUSANDS OF FIBERS/LITER (mean aspect ratio)

TYPE OF

LOCATION SAMPLE COLLECTED _ Amphibole = Chrysotile

Filson Creek 30w 11./23./77 495 1,130

Area (7.7) (13.8)

Bear Island lake 11/21/77 . 212 636

Lake (38.6) (31.4)

Ely tap 11/21/77 244 . 610
water (45.6) (21.6)

AMAX-Babbitt  mine 11/21/77 712,000 89,000

P - shaft . .A.,.A,., PN . v R . .

2,050,000

Non-amphibole Total
Non-chrysotile Ambiguous Fibers
2,190 354 4,170
(5.9) (13.5)
1,700 636 3,180
(8.4) (7.9) _
1,200 244 2,230
(10.6) (37)

" Total
Wlthout

1,710

1,250,000 4,100,000 4,010,000

*Detection limit, based on one fihar observed.

**No fibers observed.

NOTE: unting error limits are shown in Ashbrook, 1978.
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K-5 and K-4, which are downstream from the Dunka. The sample from the Amax mine
shaft near Babbitt contained approximately four billion fibers/liter. Half of

these fibers were classified as non-amphibole/ron-chrysotile, and thirty percent
were ambiguous. This level is several orders of magnitude below fiber levels in

taconite tailings from Reserve's Silver Bay plant.

4.3,1.5 Metals. Table 20 presents a sumary comparison of metals levels in the

three stream groupings and lakes.

Table 20

Levels of aluminum, arsenic, cadmium, and mercury were similar among all stream

stations, and with the exception of mercury, were well below existing water
quality standards. All of the surface waters monitored exceeded the mercury
standard of 0.05 ug/1, which is based on the fact that some fish can ooncentrate
mercury in their tissues by a factor of 10,000 and the Food and Drug
Administration guideline of 0.5 mg/kg of mercury in edible fish. The source of
mercury in Study Area waters is unknown. The low ievels observed were at or near

the limits of analytical techniques and could contain sianificant error.

Cobalt, copper, lead, nickel, and zinc levels tended to be higher at Group A and

ol

L

B stations than at undisturbed sites, although the differences were small and all
concentrations were low. Group A stations had higher levels of these métals than
Group B stations, except for zinc which was the same at both. Bob Bay, which
receives runoff from mineralized gabbro stockpiles and Filson Creek, which flows
directly through the Duluth Gabbro Contact, had the highest levels of oobalt,

oopper, and nickel.
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Table 20, Oomparison of metal water quality paramlers for three groups of stream stations and lakes in the
Regional Copper-Nickel Stuly Area (November, 1975, to April, 1977).

-

MONITORING STATION GROUPINGS* A B

Parameter Units Range  Median N Range Median N - Range Ngcll_qg N _ .. Range | r-ﬁgzn N
Aluminum (Al) ug/L 19-760 120 37 22-640 100 25 1.6-710 90 208 4-610 77 60
Arsenic (As) ug/1 0.2-3.0 0.8 25 0.3-1.0 0.8; 18  0.4-5.0 0.8 - l48 0.4-2.1 0.6 41
Cadmium (Cd) . ug/l 0.01-0.24 0.04 54 0,01~0.21 0.03 63  0.01~0.45 0.03 326  0.01-0.77 0:03 114
Cobalt () ug/1 0.24-3.8 0,70 54 0.16-2.0 0.5 65 0.1-11 0.4 291 0.1-2.2 0.4 72
Copper (Cu) uq/ll 0.5~8.4 3.1 56 0.16-8.4 2.2 65  0.16-12 1.3 326  0.2-10 1.5 129
Total Iron (Fe) w/l ° 60-1300 453 55 220-3800 1197 64 19.2-5500 560 338 - 16-2300 350 - 138
Dissolved Iron | ug/1 20-580 152 36 30-1500 553- 41  10-3550 310 17 — — -
Lead (Pb) ug/L 0.16-3.8 0.7 56  0.1-2.6 0.6 62 0.08-5.4 0.5 325  0.1-1.9 0.4 114
Manganese (Mn) g/l 30-1200 140 40  30-810 120 53  5-860 35 228 1-5400 29 135
Mercury (Hg) u/1 0.01-0.4 0.07 24 0.01-0.4 0.07 18 0.01-0.6 0.08 141 0.08-0.64 0.28 96
Nickel (ni) ug/1 0.6-210 2.0 54  0.8-10 2.0 . 65  0.08-30 1.0 328  0.4-6 1.0 129
z2inc (2n) w/l 0.5-14 2.8 56  0.4-30 3.0 65 0.1-23 2.0 325 0.,2-35.5 1.8 113

*Group A stations Bob Bay-l, St. Inuis R.-1, Partridge R.-l.

Group B stations  Dunka R.-l, Partridge R.~2, Ewbarrass R.-l,

Group C stations Kawishiwi R,1-7, Bear Island R.~l, Isabella R-l, Filson Creek-1,
Keeley Creek-1, Dunka R.-2, Stoney R.-5, St. Iouis R-2 and 3,
partridge R.3-5, Brbarrass R,-2, Whiteface R.~1 and 2, Water Hen Creek.




)
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Iron and manganese (along with aluminum) are the most abundant metals in Study
Area surface waters. Although some stations showed high levels of iron and
manganese which could be attributed to mineralized zones or taconite mining ,y
other stations which might be expected to show high iron levels did not—

suggesting that natural mechanisms for removing iron can be significant.

Summary discussion—Iron, aluminum, and manganese dominate the total metal values

measured in Study Area waters (Figure 18), but the trace metals are of primary
concern on the basis of aguatic toxicity. At background stations copper, nickel,
and zinc levels are comparable with median values of 1-2 ug/l. Other toxic trace
metals of biological importance (arsenic, cadmium, ocobalt, mercury, and lead) had
median concentrations significantly‘below 1 ug/1 (one part per billion).
Watersheds impacted by m.ininq activities or étfeams draining areas of sulfide
mineralization, sdch as Filson Creek, Keeley Creek, Dunka River , Partridge River
and Embarrass River, had total trace metal concentrations 2 to 33 times higher

than background levels (Figure 19).

Figures 18 and 19

Filson Creek exhibited significantly higher copper concentrations than any other
station, while high‘median values of iron, aluminum, nickel, and cobalt were also
observed. Within this watershed, total concentraﬁions of copper and nickel in
the year 1977 generally increased from headwater locations to the point of
discharge into the Kawishiwi River. For example, nickel levels were less than.l
ug/1l in headwater locations and 3-5 ug/l at the mouth of the watershed (Siegel
1978). The elevated metal levels in Filson Creek may not be due oomplet;ely to

natural weathering of sulfide minerals. nsiderable mineral exploration acti-
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vities, including the taking of a surface bulk sample, have occurred in this

watershed (see section 4.3.3.2).

The dynamics of metals in lakes are somewhat different from those in streams
because the large surface area of bottom sediments with its varying oxidation—
reduction potential complicates the picture. Lakes can act as sinks for metals, .
as is the case with iron at lby lake, so that the chemistry of outflowing
waters is different from that of inflowing waters. large lakes may exhibit
variability in the concentration of metals within the lake itself, as is the case

in Birch Lake.

Iron and lead were both elevated in South McDougal Lake while lead was elevated
in Greenwood and iron was elevated in Seven Beaver. (oncentrations of copper
were highest in (olby and zinc in Clearwater. Triangle Lake exhibited excep—

tionally low levels of all four of these metals (Thingvold et al. 1979).

4.,3.1.6 Other Parameters. Tables 21 and 22 present summary comparisons for the

three stream groups for other parameters rot discussed earlier in the text.

Tables 21 and 22

4.3.2 OQuality of Groundwaters of the Regional Copper-Nickel Study Area

Identification of baseline groundwater quality conditions in the Study Area was
not feasible because of the extensive variability possible and the large Study

Area size. Therefore, the following information should be used only for general
characterization and comparative purposes. The information adequately describes

the quality of groundwater at the specific location monitored and for the time
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Table 21. Qomparison of miscellaneous water quality parameters for three groups of streams and all stations
monitored in the Regional Ccpper-Nickel Study Area (November, 1975, to September, 1977).

MONITORING STATION GROUPINGS* A B B C ALI, STATIONS
Parameter ~  Unit Range Median. N Range Median N Range Median N Range = Median =W
Silver (Ag) ua/l  0.02-0.1 0.036 22 0.02-0.04 0.034 16 0.008-0.04 0.032 134  0.008-0.10 0.032 172
Titanium (Ti) ug/l  32-32 32 3 8-80 32 28 8-80 . 32.8 26 8-80 32.5 57
Flworide (F) mg/1  0.05-0.6 0.20 48 0.1-1.5 0.18 13 0.02-0.9 0.10 266 0.02-1.5 0.10 347
Chromium (Cr) ‘ug/l 0.3-2.1 0,52 22 0.2~2.0 0.53 16 0.08-1.7 0.40 146 0.08-2.1 0.40 184
Selenium (Se) uy/1 0.8-3.0 0.82 17 0.8-1.6 0.84" 11 0.8-2,0 0.82 117  0.8-3.0 0.82 145
Acidity (ut) meq/1  0.08-1.5 0.20 24 0.1~0.8 0.2% 18 0.08-18 0.15 155  0.08-18.0 0.20 197
Cyanide (CN) /1  0.8-9.0 0.87 10 0.8-0.8 0.80 3 0.8~10 0.85 18 0.8-10 0.85 31
Barium (Ba) w/1  0.3-100 18.0 11 0.8-100 65 3 0.8-100 4.4 18 0.8-100 4.7 32
Dissolved Organic .

Carbon (DOC) ] my/1  2,8-19,5 9,1 3 12.7-36.6 18.4 10 7.8-25.4 18.7 10 2.8-36.6 18.5 23
Dissolved Imorganic )

Carbon (DIC) wg/% 12-10.1 0 21.2 3 5-30.2 ‘13.1 10 | 0.3-20.5 5.9 10 0.3-30.2 12.0 23
Filtrable Residue mq/1 8 30 45 83
Non-filtrable Residue mg/1 0.4-18 3, 55 0.4~-28 4.4 65 0.4-27 2.0 339 0.4-28 2.0 459
Dissolved Oxygen Ppm 3.2-14 9.4 56 4.8-13.8 8.4 - 45 0.3-14,2 9.3 318 0.3-14.2 9.3 419
Dissolved Oxygen % 22~100 83 55 33-100 74.3 45 2-100 84,2 316 2-100 83.8 416
Chemical Oxygen .

Nemand  (CON) mg/1  10-69 24 24 20-110 41.5 18 4-110 38.9 155 4-110 38.9 197
Biological Oxygen

Demand (BOD) my/1  0.8-2.0 1.4 8 1.0-1.0 1.0 3 0.8-2.0 0.89 17 0.8-2.0 0.93 28
Fecal (bliforms No./100ml 0-256 28 9 8-78 43 3 0-125 2.0 23 0-256 5.7 35
Phenols uw/l  0.3-12 1.9 10 1.0-2.0 1.6 3 0.8-18 1.73 17 0.8-18 1.7 30
Total Kjeldahl ' :

Nitrogen N my/1  0.07-2.5 0,63 27 0.01-2.9 L.1 46 0.01-2.4 0.65 185 .01-2.9 0.73 258
. Ortho-phosphorus w/l  0.8-60 9.9 23 0.8-40 10.0 18 0.8-41 6.1 140 0.8-60 8.1 181

*Group A stations Bob Bay-l, St. Iouis R.~1, Partridge R.-1,

Group B stations Dunka R.-1, Partridge R.-2, Bwbarrass R.-1.

Group C stations Kawishiwi R.1-7, Bear Island R.~l, Isabella R-1, Filson Creek-1,
Keeley Creek-1, Dunka R.-2, Stoney R.-5, St. Iouis R-2 and 3, .
Partridge R.3-5, Brbarrass R.-2, whiteface R.-1 and 2, Water Hen Creek.



Table 22, Cbmparlson of radioactive isotopes in surface waters of three yeoups of streams and all stations
. monitored in the Reglonal Qopper-Nickel Study Area (November, 1975, to September, 1977).

MONITORING STATION GROUPINGS* A : B

o c ' ALI, STATIONS
Parameter Units Range _ Median N Range Median N _Range  Median N Range Median N
Alpha-D-Uranium ‘ Poi/t 1.36-4.24 1.60 5 1.36-1.7 1.53 2 0.32-0.96 0.4 7. 0.32-4.24 1.0 14
Alpha-S-Uranium Poi/t 0.32-0.32 0,32 5 0.32-0.32 10.32 . 2 0.32-0.6 0.33 7 © 0.32-0.6 0.3 14
Beta-D-Cesium 137 Pei/L  3.3-9.5 43 5 3.2-3.0 . 3.5 2 2.7-3.4 2.9 7 2.7-9.5 3,28 14
Beta-D-Strontium 90  Pei/L  2.%:7.6 3.6 5  2.7-3.1 2.9 2 2.2-2.8 2.3 7 2.27.6 2.7 14
Beta-S-Cesium 137 Poi/L 0,32-0.5  0.34 5 0.32-0.5 0.41° 2 0.,32-0.7 0.39 7  0.32-0.7 0.37 14

Beta-S-Strontium 90 Pei/L  0.32-0.4 0.33 5 0.32-0.4 0.36 2 '0.32-0.6 0.35 7 0.32-0.6 0.34 14

Dissolved . ' T _
Potassium 40 Pci/L.  0.9-4.8 1.2 4 ——— " — - 0.2-0.4 0.35 6 0.2-4.8 0.45 10
Total Gross Alpha Pci/L  1.6~4.0° 3.0 5 4.0 4.0 1 0.8-2.0 0.97 11 0.8-4,0 1.6 iy
Total Gross Beta Pci/L.  3.0-10,0 5.0 5 5.0 5.0 1 1.6-6.0 2.9 11 1.6~-10 3.08 17

*Group A stations Bob Bay-l, St. Iouis R.-l, Partridge R.-l.
Group B stations Dunka R.-l, Partridge R,~2, Bubarrass R.-1.
Group C stations Kawishiwi R,1-7, Bear Island R.~l, Isabella R-1, Filson Creek-1, ) .

o Keeley Creek-1, mmnka R,-2, Stoney R.~5, St. Iouis R-2 and 3,
Partridge R.3-5, Bwbarrass R.~2, Whiteface R,~1 and 2, Water Hen Creek,




period covered, and caution is advised if any comparison is made to other nmoni-
toring locations or to areas rot monitored. This information provides a
perspective for regional (non-site specific) impact analysis pertaining to

potential copper-nickel development.

The information in this section is based on samples collected by the USGS during
1976-1977 water year (Siegel and Ericson 1979). Samples were oollected quarterly
from 12 wells in glaciofluvial sand and gravel, 11 wells finished in Rainy Iobe
till, and 2 wells finished in peat. An additional single sampling of U.S. Forest
Service campground wells was added during a drought period in October, 1976, when
ground water levels were extremely low. This sampling included 3 wells in sand
and gravel, 5 in Rainy Tobe till, and 3 the Duluth (omplex. Three other wells in

the Duluth Mmplex were Sampled during 1976 (see Figures 20 and 21).

Figures 20 and 21

4.3.2.1 Surficial Aquifers. Summary statistics for major dissolved constituents

and other properties are presented in Tables 23 and 24.  With the exception of
bicarbonate, mean values of major dissolved constituents are statistically
significantly higher for groundwater from Rainy Iobe till than from sand and
gravel aquifers. Mean and median concentrations of the major ions, specific
conductivity, and hardness in till aquifers were twice those in sand and aravel

aquifers and 3 to 5 times those in undisturbed (Group C) streams.

Tables 23 and 24

Water in till can be classified as moderately hard to very hard, while sand and
gravel aquifers are nmoderately hard to hard. The lower pH range for sand and
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Table 23. Summary statistics for gmundwater quality from surficial materials sampled during 1976.
Concentrations in milligrams per liter except when designated otherwise.

SAMPLES FROM TILL AQUIFERS

SAMPLES FROM SAND AND GRAVEL AQUIFERS

Number ' Number '
CONSTITUENT OR PROPERTY Samples . Max. Min. _Mean Median Samples  Max. Min, Mean Median
Specific Cond, (mmhos) - 32 1250 -120 368 251 40 577 5.5 193 166
PH (unitless) 25 - 8.0 5.7 6.81 6.70 28 7.1 5.7 6.33 6.35
Chemical Oxygen Demand 10 870 22 198 51 10 800 0 93 18.5
Hardness (Ca,Mg) 30 637 37 173 104 40 284 26 93 71
Dissolved Calcium 31 150 6.5 38.9 22.3 40 76 6.0 20 16
Dissolved Magnesium 31 64 5.1 18.0 14.0 41 31 1.1  10.2 7.3
Dissolved Sodium 31 18 2.1 7.7 6.9 41 7.3 1.4 3.1 2.9
Dissolved Potassium 31 9.3 .1 2.7 2.1 Al 3.0 0,2 1.3 1.1
Bicarbonate 30 423 45 145 1207 30 392 15 95 69
Dissolved Sulfide 11 12 0 1.5 .4 17 4 0 .9 .6
Sulfate 31 450 1.8 61 11 40 35 0.7 11 6
Chloride _ 31 35 . .4 4 1.4 40 18 0.1 4 2.2
Silica 13 - 37 13 20.5 18.3 21 28 10 18.6 18
Solids (residue 180°) 13 938 97 293 187 14 284 55 148 130
Nitrate plus nitrite 11 12 0 1.5 0.4 37 10 01 2.2 .62
Total Phosphorus 13 .07 0 .006 0,001 21 .04 0 — -
Dissolved Organic Carbon 22 46 2.1 18 13 33 52 0.7 11.3 6.4
SOURCE: Siegel and Ericson (1979)
— e e L T T €3 ©=3 o3 3
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Table 24,

(concentration in micrograms per liter).

SAMPLES FROM TILI, AQUIFERS

Summary statistics for selected trace and minor metals

in surficial aquifers,

SAMPLES FROM SAND AND GRAVEL AQUIFERS

CONSTITUENT Nurber Number
OR PROPERTY Samples Max. Min. Mean Median Samples Max. Min, Mean Median
Cadmium 29 8.4 0.00 0.8 0.3 - 30 1.2 0.0 0.3 0.3
Cobalt 30 28.0 0.3 3.5 1.4 30 46.0 0.1 6.3 0.7
Chromium | 30 5.5 0.00. 0.9 0.6 31 3.2 0.0 0.6 0.5
‘ Copper 30 190.0 0.6 11.7 3.8 30 45.0 0.2 7.2 4.2
Lead 30 6.4 0.1 1.8 1.3 31 18.0 0.0 1.9 1.1
Nickel 27 120.0 1.0 15.2 9.0 29 40.0 0.7 7.5 5.0
Aluminum 24 200.0 C.O 20.0 20.0 30 280.0 0.0 32.0 29.0
Ziﬁc 30 170.0 3.9 27.6 8.9 30 620.0 0.7 56.1 14.1
Iron 30 3100.0 0.0 221.0 25.0 38 67000.0 0.0 5152.0 45.0
Manganese 31 17190.0  10.0 1268.0 330.0 38 26000.0 0.0 2140.0 45.0

Y

SOURCE: Siegel and Ericson (1979)



gravel aquifers reflects rapid recharae to the aquifer from precipitation and a
shorter time available for chemical reactions. The pH of water in the two peat

wells showed a range of 5.9 to 6.2.

Water in sand and gravel, and peat can be classified as a mixed calcium-magnesium
bicarbonate based on predominant ions. This type of water is typical of
groundwaters in ocontact with calcic ignebtis minerals, as are found in the Study
Area, and which have either a short residence time or have been oollected from a
recharge zone, Water oollected in till can be classified as either a calcium—
magnesium bicarbonate or calcium-magnesium sulfate. The sulfate type comes from
oxidation of_ sulfide minerals. Mean values of principal constituents in

groundwater were rot found to vary significantly between seasons.

Mean levels of nitrate; total phosphorus, total organic carbon, silica, and che-

»

mical oxygen demand were similar for sand and gravel, peat, and till,

Concentrations of copper, oobalt, and nickel generally are less than 30 ug/l, but
can exceed 100 ug/1 in waters contacting the mineralized Duluth Contact probably
as a result of oxidation of sulfide minerals. Iron is occasionally found in
anomolously high concentrations ranging up to 67 mg/1 that are probably related

to local oonditions.

The areal distribution of obpper and nickel levels in surficial aquifers reflects
proximity to the mineralized Duluth (ontact. Anomolous concentrations of both:
metals occur in zones about 5 to 10 miles wide centered on the Gontact (Figures
22 and 23). Mining and exploration activities may have affected local
groundwater quality. For example, ocopper and nickel oconcentrations in ground-

water discharging from a bulk-ore sample site near Filson Creek are as high as

69
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700 ug/1 compared to nearby background values less than 25 ug/l. Water from an
observation well finished at the base of the bulk site, had copper and nickel
concentrations of 370 and 3,800 ug/l in April, 1976, as well as a oobalt con—

centration (440 ug/l) ten times above background levels,

Figures 22 and 23

4.3.2.2 Bedrock Aquifers. Representative analyses of water samples collected

bedrock wells are presented in Table 25.

Table 25

Concentrations of major oonstivtuents in water from the Nuluth Complex are highly
variable, ranging over as much as three orders of magnitude depending on loca—
tion. Field pH in Duluth (omplex water was generally one unit more basic than
water from surficial lithologies in the Study Area. Duluth (Complex water ranges J

from sodium chloride to sodium bicarbonate in type.

Waters from other bedrock aguifers are similar to those from surficial aquifers

and are of a mixed calcium-magnesium bicarbonate type.

Except for iron and manganese, metal data are sparse for bedrock waters ih the
Study Area. Available data suggest that dissolved copper, nickel, cadmium,
silver, mercury, and lead concentrations are mostly less than a few microarams
per liter. In the Duluth (omplex water, iron and manganese range up to 150 and
60 ug/1, respectively. In the Biwabik Iron Formation, iron levels reach 5,000
ug/l‘ and manganese 1,800 ug/l. Iron and manganese levels in Giants Ridge Granite

can reach 500 ug/l.
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Table 25, Representative gmundwater analyses from major bedrock units (Sieqel and Ericson, USGS 1979),

PARAMETER UNITS 1 2 3 4 5 6 - 7 8 9 10 112
Geologic Unitd ’ ) DCPX DCPX DCPX DCPX BRKF " BBFK BBFK GRNT GRNT GRNT GRNT VRGN
Total Depth of Well feet ' 225 1000 125 1046 398 180 —_— 197 425 147 121 90
Date of sample . 10/20/76 10/20/76 10/19/76 2/15/77 12/14/74 10/65 10/70 8/8/75 12/5/74 9/8/72 9/12/712 12/3/74
Specific onductance micro-mhos/cm . 320 1300 2220 4620 380 — —— 240 143 572 237 745
pH {units) 8.5 7.4 7.7 8.1 7.4 — 8.9 8.2 8.3 7.5 — 7.8
Hardness (Ca, MJ) mg/1 7 150 9 1100 200 130 94 — 63 193 —-— 390
Nissolved Calcium (Ca) mg/1 2.7 44 3.1 420 43 58 42 93 31 19 110 46
Dissolved Magnesium (Mg) wmg/l° 0.1 9.1 0.3 2.0 22 - e — 53 9.1 6.0 10 66
Nissolved Sodium (Na) mq/1 73 220 48 470 5 _— 20 7.3 13.0 4.6 26 19
Dissolved Fotassium (K) mg/1 0.9 3.3 0.3 2.0 2.3 — 7 0.8 1.9 0.9 26 4,2
Bicarbonate (HOCy) mg/1 167 155 115 94 189 99 32 -207 140 71 204 523
Dissolved Sulfate (S04) mg/1 — — | — — 18 — — — 14 13 —_— 19
Dissolved Chloride (Cl) ma/1 — — — — — — 180. ——— —_— 323 — 436
Dissolved Silica (SiOp) mqg/1 3.8 45 9.6 3.6 41 47 88 17 7.3 65 13.8 22
Dissolved Solids mg/1 . 5.3 310 4,3 . 1500 9 1.4 7.8 1.0 . 1.3 7.5 1.5 1.3

anCpX Duluth Complex

BBKF Biwabik Iron Formation

GRNT Giantic lithologies

VRN Virginia Formation

AP § & i 4 o} ‘%: sl ”k sl e af : 5; [ j ! 4 @ o u ol o ;
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Summary Discussion-~Fair to good correlations between specific conductivity in

Study Area groundwaters and dissolved calcium, hardness, and dissolved solids
exist so that the easily obtained specific conductance measurements can be used

to roughly predict these constituents (Siegel and Ericson 1979).

Expected ocorrelations between trace metals and sulfate or between dissolved
organic carbon and trace metals were rot found. This finding highlights the
complexity of local hydrogeochemical conditions. Concentrations of trace metals
are controlled by inorganic and organic mechanisms that operate non-uniformly
over the reqibn. An evaluation of local trace metal concentrations requires a
site-specific understanding of the local ground water flow system and the mineral

and organic constituents in the glacial drift.

Highly saline water has been encountered in some bedrock areas in the Study Area
(AMAX Drill Hole 303). The source and spatial distribution of this water in the
Study Area is unknown. Occurrence of saline water in significant quantities (as
might occur during mining) oould present significant water quality, mineral pro-
cessinq, and water treatment'problems. Table 26 compares the analysis of a

single‘sample of the high saline water to water from a nearby bedrock grodndwater

monitoring well,

Table 26

4.3.3 Existing Water Discharges and Land-Use Activities Affecting
Regional Water Quality

Information presented above shows that the water quality of several watersheds

more than likely is affected by man-made factors. The Study's monitoring program
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Table 26. Gomparison of cquality of highly saline bedrock ground water to
water from nearby AMAX bedrock grounriwater mmdnitoring well (B-3).

Acidity
Alkalinity
Barium
Chloride
Cobalt
Copper
Hardness
Iron
Lead
Manganese
Nickel
pH

Sodium

Specific
Conductivity

Sulfate

Zinc

AMAX B-3

(Jan. 1975-Sept. 1977)

UNITS  DRILL HOLE 303 Range Mean
ng/1 as Ca03 12 2 2
mg/1 as CaCO3 6 67-95 85.8
ug/1 filtered 170 2-5 2.9
mg/1l as Cl 11,000 14-212 128.9
ug/1 filtered 2.0 1-1 1
ug/1 filtered 2.9 0.2-10 >~ 1.33
mg/1 as CaCOj 12,000 1-80 34.88
mg/1l filtered 4.9 0.05 0.05
ug/1l filtered 3.6 No data
ng/1 filtered 0.51 0.03 0.03
ug/1 filtered 20.0‘ 1-6 2
5.8 10.2—11.6 10.4
mg/1l as Na 1,900 70-123 101.5
32,000 504-720 606.8
mg/1 as SO 2 1-7 4
ug/1 filtered 5.0 5 5

SOURCE :

AMAX Data Summaries 1975-77 and L.A. Darling R/11/76.
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was rot specifically designed to pinpoint these factors,. but comparison of water
quality data o regional point discharge and land use information offers a clue
to those man-made factors influencing regional water quality. The reader is
cautioned that no direct cause and effect between specific human activities and
degradation of water quality has been shown, except in the case where Unnamed

Creek (BB-1l) is being affected by mining spoils.

Man-made factors affecting regional water quality can be grouped into two prin-
cipal categories: point discharges and land-use activities (area sources).
Atmospheric deposition has been receiving increased attention as a third source

and is discussed in section 4.3.4.

4.3.3.1 Point Discharges. Major point discharges in the Study Area are either .

municipal discharges from sewage treatment plants or industrial discharges

related to the taconite industry. These sources are identified in Figure 24.

Figure 24

There are five major sewage treatment plants in the Water Quality Research Area.

- Ely and Winton plants discharge into the Kawishiwi watershed, while plants ser-

vicing Babbitt, Hoyt Lakes and Aurora discharge into the Embarrass, Partridge,

~and St. Ipuis (downstream of SL~1) watersheds, respectively. In 1976, effluents

from these plants on occasion exceeded the performance standard for biochemical
oxygen demand (25 mg/1 for 5-day BOD) set by the Minnesota Pollution Control
Agency rule WPC-14 at least once with the exception of Ely which met the stan—

dards (Thingwold et al. 1979). Water quality data for the Embarrass River which

‘receives the Babbitt sewage treatment plant effluent appears to have slightly
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elevafed total phosphorus levels, but these levels have mot reached con-
centrations which can cause plant nuisances. Total phosphorus concentrations at
the outlet of Shagawa Lake (K~2) also appear higher than other sites on the
Kawishiwi River. Since the existing treatment system at Ely is highly effective
at removing phosphorus, the higher levels at K-2 are probably due to residual
phosphorus ocontained in lake sediments as a result of years of inadequately

treated effluents entering this watershed.

The major activity from the taconite industry resulting in diséharges is mine
dewatering., Table 27 compares the quality of discharges from the Reserve mine
(which go into tributaries of the Dunka River) with background water quality for
the Dunka. It-can be seen that these discharges are highly variable in quality,
but all have significantly higher levels of the various parameters. The impact
of these discharges is clearly apparent in comparisons of water quality for sta-

tions D-1 (downstream) and D-2 (upstream).

Table 27

" The only mine dewatering discharge for which trace metals data are available is

from Erie's Dunka Pit (Table 28). Again, backgﬁbund water quality is signifi-
cantly different from discharge quality. Copper, nickel, and sulfate levels are
an order of magnitude higher in the discharge than at K-5. This discharge is
probably rnot representative of the taoconite industry because of the occurfence of
mineralized gabbro in this pit. Unnamed Creek receives this discharge, but the
discharge is not the principal source of trace metal and other chemical
parameters in this small stream. This watershed also receives contaminated water

from area sources (see 4.3.4.2).
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Table 27. Qomparison of mining water discharges and background sucface water quality.

RESERVE MINING (O,
DISCHARGE 3001

DISCHARGE #002

DISCHARGE #004

_ DISCHARGE_$005

MEAN RANGE #SAMPLES  MEAN RANGE _ #SAMPLES MEAN RANGE _ #SAMPLES  MEAN RANCE #SAMPLES
Conductivity 413.3 280-800 12 394.6  210-500 12 1146.3 1090-1225 4 613.8 575-680 4
umhos/am ,_

Cl mg/l 40.4  22.5-63.0 12 39.6 21.5-56.7 12 -270,5  238,9-310 4 135.4 122-148 4
S04 mg/1 40.9 23.0-60.a 12 29.9 20.8-44.0 12 18.6 7.5-34.4 8.9 5.6-14.8 4
Ca mg/l 33.4 22.8-63.6 12 34.0 16.2-41.4 12 113.6 105.4-120.5 4 64.8 59-75 4
Na mg/1l 15.7 9,4-36.€ 12 17.4 6.8-29.3 12 -39.9 30.6~48.4 4 12,4 11.3-13.5 4
K mg/l 3.2 2.1-6.8 12 4.3 2.48-5.23 12 8.4 .7.1-9.5 4 3.9 2.98-4.72 4
Mg mg/l1 17.3  11.6-30.9 12 16.1 8.5-19.7 12 30.1 29,.3-31.8 4 19.1 18.2-20.3 4
NO3 mg/1 4.5 1.5-8.8 12 1.2 0.1-2.1 12 0.1 0.1-0.13 4 0.1 0.1 4
DUNKA RIVER (D-2) UPSTREAM OF DiSCHARGES :

MEAN RANGE #SAMPLES
Conductivity A
umhos/am
Cl mg/1 2,19 1.3-3.9 7
S04 mg/1 6.21 4.0-11.0 7
Ca my/1 58  3.1-8,5 2
Na mg/l 1.8 0.9-2.7 2
K my/l 0.65 0,5-0.8 2
Mg mg/l 5.5 .3.4-7.6 2
NO3 mg/1 no data

&i b g H § i g o o ¢ e | b d | [t & X o at i



fore il

Table 28

Most of the information available on point discharges is monthly avefaqe infor-
mation and does mot give a qood picture of the variability in the quality and
quantity of such discharges. Since dewatering discharges are directly controlled
by mechanical pumping operation and indirectly by precipitation events, the
combination of source variability, monitoring program design, and lack of
adequate effluent data, makes it impossible to present a clear picture of how

specific discharges are affecting the region's water quality.

4.3.3.2 Area Sources. Area source discharges arise when man's activities

relating to land use cause changes in the quality and quantity of precipitation
runoff. For example, paved roads and parking lots decrease infiltration of rain
into the ground and increase runoff, while forest clearcutting can increase
runoff and sediment levels in the runoff. Other man-made area sources includes
road salt; oil, grease, and nutrients from urban areas; and aqricultdral fer-

tilizers.

In the Study Area, a major source of concern is runoff which is exposed to
sulfide minerals. As mentioned above, Filson Creek has high oconcentrations of
metals’cmnpared to other stream statrons, Following the taking of a bulk surface
sample of sulfide minerals in this watershed, a surface discharge was discovered
coming from the foot of the site with elevated metals values (10,000-13,000 ug/1l -
Ni; 360-1,000 ug/l Cu; and 190-5,300 ug/l Zn). A small tribﬁtary of Filson Creek
receives this discharge and the increased metals levels above and below the site
are apparent. The average increase in nickel and copper levels in the tributary
stream were 9 ug/l1 and 5 ug/l, respectively.
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Table 28. Comparison of mine water discharge to background water quality.

Erie Pit Dewatering Mean of monthly values (mg/l) for 9-75 through 5-76
Discharge Cu Ni S04 DS pH
012 .01 .016 260 681 8.0
011 .01 - .019 85 337 8.0

Background water quality for Kawishiwi River measured at K-5 for 11-75
through 3-77. :

Mean Range No. ‘_E;_g_rn_gl_e.s_
Cu mg/1 0.0015 0.0011-0.002 23
Ni mg/1 0.0016 0.0009-0.0032 . 23
S04 mg/1 7.79 4,4-12.0 24

pH 7.03 6.2-7.8 14




.....

Bob Bay (of Birch Lake) also has high levels of metals. Unnamed Creek drains

_ \
this watershed which contains several waste piles of mineralized gabbro from a
nearby taconite operation. Surface seeps containing high levels of sulfates and
trace metals, particularly nickel, are present (see section 4.6). The seeps flow
into Unnamed Creek and thé influence of this disturbance on the water quality of |
the creek is obvious. Thus far, the magnitude of pollution is largely mitigated
by natural chemical processes involving absorption, chemical complexation, and
chemical precipitation due to the presence of a bog. While the og helps

mitigate this problem, the bog is showing some signs of stress such as damage to

vegetation.

These examples give an indication of the importance of such discharges and sup—
port the conclusion that area sources are an important factor influencing
regional water quality. If future mining operati_ons are located in wa_tersheds
affected by existing sources, then more detailed source monitoring should be
performed to adequately separate potential impacts due to existing sources from

impacts attributed to new sources.

.4.,3,4 The Influence of Atmospheric Deposition on Water Quality

The atmosphere oonf.ains particulate and gaseous matter as a result of natural and.
human activities. The old adage "what goes up must come down" applies since
atmospheric pollutants eventually deposit on land and water surfaces. Dust
storms, volcanic activity, sea spray, decaying processes, and emissions from
plants and animals are examples of some of the natural processés which ocontribute’
to the atmospheric load. Human activity exacerbates the situation by burning
fossil fuels,'throuqh agriculture practices, and various other domestic and
obnmercial activity.
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Chemical parameters considered important in atmospheric loading and ecological
impacts include hydrogen ions, sulfur compounds, nitrates-nitrites, phosphorﬁs,
métals, and other organic and inorganic particulates. Kramer (1976) suggests
that pH should be considered the master variable as it affects, directly or
indirectly, trace metal migration and toxicity, secondary aquatic production, and

land production.

In recent years, the problem of acid rain has been recognized. Sulfur dioxide
and nitrogen oxide emissions which are converted to sulfates and nitrates, and
eventually sulfuric and nitric acids, are the primary sources of acid rain. Once
believed to be a local problem only, it is now recognized that sulfur dioxide can

travel long distances and that acid rain is a world-wide problem.

Acid rain, especially in this region, is of concern because of its effects on
aquatic and terrestrial ecosystems. Acidification of lakes and streams due to
acid precipitation has eliminated or severely reduced populations of aquatic
plants and animals in other parts of the world (Honetschlager 1978). Acid rain
also increases the rate of element leaching from soils, which may affect vegeta—

tion growth and change the composition of runoff that reaches water bodies.

Three factors govern surface water pH: a) the rate of strong acid input; b) the
location of lakes and streams relative to prevailing winds which modify (a); and
c) the geochemistry of surficial sediments and bedrock which determine the buf-
fering capécity of the surface waters and runoff waters entering the surface

waters. Factor (c) is the most important (Kramer 1976).

Other air-borne pollutants such as metals and nutrients may also be important.
This section of the report discusses the significahce of the deposition of air—
borne pollutants as measured in northeastern Minnesota.
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4.3.4.1 Current Level of Acidity. Natural pH in rain is believed to be 5.7 and

is caused by the reaction of carbon dioxide and water which forms carbonic acid
(a weak acid), which in turn dissociates and releases a hydrogen ion. Figure 25
sutmarizes some of the pH values reported in the literature. Areas defined as
"remote" generally have pH values above 5, whereas values near 4 are mot unusual
in highly impacted areas. The high pH in North Dakota precipitation may reflect
the alkaline nature of the s0il in this region and/or the bufferinq effect of

fertilizer used on agricultural lands.

Figure 25

Increases in precipitation acidity have occurred simultaneously with increased
emissions of sulfur dioxide and nitrogen oxides. While pH values in precipita-
tion were once 5.7 or higher in much of the rorthestern United States, rain now

has an average pH of 4.0-4.2 (Honetschlager 1978).

The acidity of precipitation can be neutralized by various substances in the
atmosphére. Additions of even small amounts of particulates to the atmosphere
may raise the pH of precipitation because their surfaces have the ability to
adsorb hydrogen ions (Kramer 1976). Bases in the atmosphere which are capable of

neutralizing acid rain include sea spray and ammonia.,

Minnesota pH was measured on three different types of precipitation samples
collected for the Regional Study: bulk; rain-event; and through-fall. Bulk
samples were wet plus dry deposition; rain-event samples were collected by
bottles set out when rain occurred; and through-fall samples were collected by

bottles placed beneath tree canopies.
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Figure 25 Selected precipitation pH values.
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| Table 29. Monthly oconcentration and deposition of bulk mllected sulfate
and hydrogen ion (March, 1977-March, 1978).
__________ Fernberg ~ Spruce Road Dunka Hoyt Lakes
Collection period
3 {days) 27-35 27-35 27-37 27-37
' Volume of
- precipitation
collected 19-7000 550~8500 400-10600 300-8900
(ml/collection
N period)
mm of precipitation
during collection 0.4-229 10.9-167.8 7.9-209.3 5.9-175.7

period

Total precipitation '
" 4/77-3/78 818.8 653.9 722.2 732.3
{normal-726 mm)

PH - range 3.7-6.9 3.7-5.7 3.7-6.6 3.4-5.6
B -~ median 4.4 4,3 4,2 4.5
(no. of samples) (11) (12) (11) (13)
T Sulfate (mg/1)

- range (-1)-5% (=1)-6.1 (-1)-7.1 (~=1)-5.7

- - median 2.1 2.3 2.8 2.3

(no. of samples) (11) (12) (11) (12)
§ Sulfate loading

rate (kg/ha/yr) _
- range (-5.92)-38.5 (-2.37)-34.2 (-5.92)-50.2 {(-9.48)-31.5
. . = annual 14.61 12.36 . 15.1 15.36
- geometric mean
- . (no. of samples) (11) (12) (11) (11)
- Hydrogen ion loading

rate (ueg/ha/yr)
~ range 0.476-3310 8.04-2010 0.893-2510 6.67-1490
B - median 274 320 203 235

(o, of samples) (11) (12) ° (11) (13)

*Minus sign indicates "less than".

For more detail see Thingvold et al. 1979.
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Table 30.
Spruce

' ' Fernberg Poad Dunka
Constituent  Units mean n mean n mean
Spec. Gond. umhos 32 11 24 12 28
SS mg/1 8.0 11 14 12 13
DS mg/1 9.0 11 7.2 12 10
NO,/NO3 mg/1 0.26 6 0.21 3 0.32
Total P mg/1 0.06 12  0.03 13  0.031
TOC mg/1 3.7 12 3.1 13 5.3
Alkalinity  mg/1 -10* 11 =10 12  -10
cl mg/1 -1.4 11 -3 12 -1l.4
Ca mg/1 1.5 12 1.6 13 1.7
Mg mg/1 -2.0 12 -1.4 13 1.5
Na mg/1 -0.5 12 -0.5 13  -0.5
K mg/1 -0.5 12 -0.5 13  -0.5
F mg/1 -0.1 11 --0.1 13 -0.1
Ni ug/1 -1 13 -0.2 13 =2
cd ug/1 0.57 13  0.42 13 | -0.33
Zn ug/1 6.9 13 8.4 13 4.0
Pb ug/1 12 13 10.4 13 9.1
Al ug/1 51 13 80.9 13 140
Fe ug/1 49 13 66 12 217
As ug/1 1.1 12 0.95 13 1.1
Cu ug/1 1.5 13 2.1 13 1.2

n

11

11

11

5

12

12

10

11

12

12

12

12

11

12

12

12

12

12

12

12

12

Hoyt Lakes Regional
mean n Average
24 13 27
14 11 12
15 11 10
0.30 6 0.27
0.041 13- 0.04
4.3 13 4.1
-10 12 -10
-1.6 12 -1.9
1.7 13 1.6
1.4 13 -1.6
-0.5 13 -0.5
-0.5 13 -0.5
-0.1 12 -0.1
-2 13 -2
0.47 13 0.45
9.9 13 8.1
12 13 . 1079
208 13 120
282 13 154
3.1 13 -1.6
1.3 13 1.5

Monthly: mean oconcentrations of parameters in bulk onllected samples.,

*Minus sign indicates "less than".

For more detail see Thingvold et al. 1979.
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Bulk samples were collected from March, 1977, to March, 1978, at four sites
( Tables 29 and 30). Most of the low pH values occurred July through ‘November.
These months were also the wettest. As a oonsequence, the hydrogen ion load per

unit area of land surface was one to two orders of magnitude greater during these

months.

Tables 29 and 30

Rain—-event pH was oollected by the Study at three sites (Kawishiwi .laboratory,
Ely, and Bear Island) from April to September, 1977. Bottles were simply placed
outdoors when the rain began and the pH measured soon after rainfall ceased. The
Minnesota Department of Natural Resources (MDNR) collected rain samples from June
to October, 1978, at the Amax exploration site near Babbitt. These samples were
collected using a funnel to bottle arrangement such that the funnel was
continually exposed to the elements and subject to dry fallout collecting on the
surface that can be washed during rainfall. Therefore, it is likely that the pH

values reflect some effects of buffering by dry fallout,. similar to the bulk

oollected samples .

Figure 26 shows a histogram of mortheastern Minnesota pH values. Eighty-seven
percent of the bulk samples (41 of 47) had a pH less than 5.7 which means that
most of the precipitation méasured can be considered acidic. Half the samples
had a pH leés than 4.5. These values are comparable to or even less than values

measured in areas of the world where eoological damage has already occurred.

Figure 26
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Alkalinity is listed as less than 10 mg/1 (Table 30). Since the analytical
technique employed overestimates the actual values at these low levels, the
actual alkalinity is probably close to zero. The likely source of this alkali-
nity, low as it is, is the suspended solids which average 12 mg/1. Because. there
is so little buffering, only small amounts of acid-forming species are needed to

lower pH.

4.3.4.2 Current Ievel of Sulfate and Nitrogen Deposition. Natural emissions of

sulfur are estimated to be twice as large as anthropogenic emissions. However,
natural emissions are not considered a major factor in producing acid rain
because they are assumed to be in balance with natural sources of neutralizing
bases (Honetschlager 1978). Natural sources of nitrogen emissions are approxi-
mately an order of magnitude higher than anthropogenic emissions. Higher flame
temperature in the combustion of fossil fuel and the increased use of nitrogen
fertilizers since 1950 have contributed to increasing nitrogen emissions.
Although sulfuric acid remains the largest contributor to acid precipitation,

nitric acid is becoming more important in many places (Honetschlager 1978).

Sulfates are important in some parts of the world as a cause of acid precipita-—
tion. A level of 2.2 ma/l of sulfate in precipitation is indicative of excess
sulfate. This value was exceeded often in northeastern Minnesota (Table 29).
Based on bulk oollected samples, the geometric annual mean loading rate for the
region is 14.4 kg/ha/yr. The highest sulfate loadings occurred in August and
September with high levels also in April and May. These months had the highest
amounts of precipitation suggesting that wet scavenging of sulfate is probably
more important than dry fall-out. Although these sul’f:ate loading values are

similar to those reported for "remote" areas (Honetschlager 1978), the low pH
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values in rain and the lack of buffering particles create a significant potential

for acidification.

Dry deposition of sulfate was found to be 1.8 kg/ha/yr (Table 31) compared to the

bulk (wet and dry) deposition rate of 14.4. Although there are local sources of
suifur (Ritchie 1978), it is helieved that the majofity of the sulfur measured as
sulfate originates outside of the region. Because the dry deposition value is so
low and because very little sulfur dioxide (SOj) was measured in this region
(Volume 3-Chapter 3), it is believed that most of the sulfate measu_red by the
bulk samples originated outside of this region, perhaps several hundred miles
away in areas such as Chicago, St. Ipuis, and the Chio River valley. Iong-range
transport of sulfate is possible when large high pressure systems are centered to
the east and south of Minnesota. The clockwise vertex of winds can then. move
sulfur compounds to Minnesota from industrial areas to the east. Under certain
éonditions , Canadian cold fronts can ollide with this sulfur-laden warm air mass
over rortheastern Minnesota causing high levels of sulfate in the precipitation.

Thus, rain scavenging can be an important mechanism for sulfate deposition.

Table 31

Few measurements were made for nitrate (NO3) and nitrite (NOp). Because these

forms of nitrogen are very reactive biotically, the values reported may rot

reflect the true levels in the original precipitation. The mean average

nitrate/nitrite concentration at the four bulk sample sites was 0.27 mg/1, a

value typical for this type of area.

4.3.4.3 Atmospheric Deposition Rates and Current Precipitation Levels of Trace

Metals, Nutrients, and Other Chemical Parameteron atmospheric concentration and
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Table 31. Mean dry deposition rates for nine sites in northeastern
Minnesota (ng/m3/sec).2sb

Element Range of Values Regional Average
Al 1.254 - 6.310 : 2.820 (0.889)€
Cl 0.385 - 0.820 0.610 (0.192)
v 0.003 - 0,014 0.0094 (0.003)
Cr 0.008 - 0.060 0.026 (0.008)
Mn 0.050 - 0.150 0.087 (0.027)
Fe 7.063 ~ 37.090 20.680 (6.520)
Co 0.008 - 0,031 B 0.018 (0.006)
Zn 0.055 - 0,100 0.099 (0.003)
As 0.006 - 0.015 0.009 (0.003)
Br 0.012 - 0.128 0.034 (0.011)
Sb 0.001 - 0.003 0.002 (0.001)
Pb 0.040 - 0.408 0.109 (0.034)
Cu 0.019 - 0.061 0.033 (0.010)
S 1.400 - 2,248 1.883 (0.594)€
Ni 0.005 - 0.056 0.024 (0.007)

Cd 0.001 - 0.024 0.008 (0.003)

apisenreich et al. 1978,
bUsing Chilton's dry deposition rates.

Ckg/ha/yr.
Average for 6 sites.
©1.782 kg/ha/yr as SOp~

For more detail see Thingvold et al, 1979.



deposition of trace metals, nutrients, and other chemical parameters was
collected from bulk samples, wet-only samples, through-fall samples, and membrane

filter air samples (Tables 29, 30, and 31).

Most elements show a constancy in mean annual deposition rates over the nine
sample sites except for aluminum, iron, and lead. Bearhead, Dunka, Erie, Hoyt
L.akes, and Babbitt (all near taconite operations) showed elevated levels for
iron. Aluminum levels were higher at Bearhead, Dunka, and Babbit£; however,
there is mo ready explanation why aluminum should be elevated at these sites.

Lead was elevated at FErie, Moyt lLakes, Whiteface, and Babbitt, and is probably

accounted for by lead released from the use of leaded gasoline. Because most of

the elements have similar levels at most sites, regardless of distance from
various human activities, the origin of these elements is probably diffuse in

nature, that is, local sources are believed to be insigificant.

Total phosphorus measurements included both organic and inorganic phosphorus.
Since biotic activity can change the phosphorus forms over the 30-day bulk sample
period, mo attempt was made to differentiate between the two forms. The annual

average concentration of 0.04 mg/1 is similar to values reported for northeastern

Minnesota and elsewhere (Eisenreich et al. 1978).

A oomparison of bulk and dry deposition rates are compared with the monitoring
results from streams and lakes in Table 32. Of the ten wet/dry versus dry depo-
sition rates that can be compared, only three elements show different rates bet-
ween the two methods that can be considered significant: sulfate (discussed
earlier), chloride, and iron. Iron is of particular interest because the dry

deposition rate is six times the wet/dry deposition rate. The reason for this
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finding probably lies in the sampling methodology. The membrane samplers were
about 8-15 feet farther above the ground than the bulk samplers and hence less
affected by tree canopies that may screen out the iron particles. Support for
this theory was found in that bulk values in the summer (when deciduwous trees are
foliated) were lower than in the winter. Rain scavenging can be oonsidéred much

-

less important than dry deposition in the case of iron.

Table 32

A comparison of bulk deposition rates with those reported elsewhere is presented
in Table 33. TIron is the only element that ocould safely be considered to occur
at rates significantly higher in rortheastern Minnesota than the other areas.

Uncertainty in the calcium and magnesium measurements preclude close comparison

so these values can be considered the same for all practical purposes.

Table 33

In summary, the deposition rates of all parameters measured except for iron are

not unusual for a remote region such as northeastern Minnesota. The taconite

mines influence the quality of air in this region. Based on the sameness of

valﬁes across all membrane and bulk sample sites, it is believed that the origin
\

of most of the parameters lies outside the region. Some evidence sugaests that

there are local sources for iron, aluminum, lead, and chloride.

4.3.4.4 Seasonal Effects of Atmospheric Deposition on Water Quality.

Periodically, extreme acid precipitation events occur and large amounts of acid

are deposited in lakes and streams over short periods of time (Honetschlager
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Table 32. Summary comparison between air results and surface water results.

BULK BULK DEPOSITION MEAN ANNUAL, MEAN STREAM
DEPOSITION RATE REGIONAL DRY IEPOSITION CONCENTRATIONS
CONCENTRATION AVERAGE RATE GROUP LAKEP

ELEMENT REGIONAL MEAN (kg/ha/yr) (kg/ha/yr) A B _C  CONCENTRATIONS
Al (ug/1) 51~-208 (120) «360-1.467(.846) .889 174 127 112 4-610(114)€
As(ug/1) -4 1.6 -.011 .003 .83 6.0 .82 A-2.1(.7)
Ca(mg/1) 1.6 -11.3 —— 32 19 6.8 1.9-46(9.5)
Cd(ug/1) .45 .003 .003 .055 .061 .046 .008-.8(.05)
Cl(mg/1) ~1.9 -13.39 .192 11.7 22.7 2.4 .1-9.3(2.5)
Cu(ug/1) 1.5 011 .010 3.0 2.7 4.2 0.2-10.(1.8)
Fe(ug/1) 49-282(154) «345-1.99(1.08) 6.52 493 1241 723 16-2300(470)
F (mg/1) =2 ~-.014 —_— .233 .227 .158 .05-.5(.1)
K (mg/1) -5 -3.53 — 2.8 2.2 .6l o 2=2.2(.7)
Mg(mg/1) -1.6 -11.3 - 17.9 9.4 3.8 .65~-12.2(3.5)
‘Na(mg/1) -.5 -3.53 -— 9.1 11.3 17.3 .9-18(2.5)
Ni(ug/1) =2 -.014 007 24.8 2.1 3.5 0.4-6.0(1.4)
Pb(ug/1) 10.9 077 .034 1.08 2.4 .76 0.08-1.9(0.5)
Zn(ug/1) 8.1 .057 .003 3.6 3.8 3.2 0.2-35.5(3.1)
Alkalinity

(mg/l)(CaCD3) =10 ~70.51 e 71 58 25 1-73(23.2)
TOC(mg/1) 4.1 28.9 — 12.1 17.6 16.9 4.6-38(16)
P-total(ug/1) 40 .28 —— 102 44.7 22
NO, ,NO3(ug/1) 290 2.04 — 764 1100 121
TDS(1ngy/1) 10 70.5 - 249 146 87
SO4(m.g/l)d 2.96 14.36 1.78 - 97 27 7.1 1-140(7.8)
PH 4,61 7.2 7.0 6.7 5.7-8.8(7.1)
Specific

(onductance

250C 27 355 230 65 24-389(78.5)
Suspended

Solids:

(mg/1) 12 3.9 5.2 3.4

@Indicates something less than.
Surface values only.
- CRange and (mean), totals.
“Geometric mean.
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: Table 33. Summary comaprison of atmospheric deposition of trace elements
(ka/ha/yr) .
| N.E. LAKE
7 MINNESOTA  LAKE SUPERIOR ATTKOKAN MICHIGAN
. ELEMENT A B A c D
- Al .85 1.2 1.6 — .86
' Fe 1.082 — 1.9 .39-.55 .48
? 7n .057 — .22-.32 .19
: Cu .011 .045  .097 .02-.03 .021
i Ni .014 0.15 .024 .015-.022 —
. Mn —_ — .079 _— A1
. Pb .077 .079 17 .022-.033 A1
I cd .003 .007 .006 .007-.011 .002
) As .011 _ - _— -—
; Ca 11.3 4.0 4.2 3.4 14
. Mg 11.3 .68 1.0 .37-.73 2.7
i Na 3.5 1.8 — .37 1.9
g K 3.5 1.6 - .37-.44 1.1
: c1 132 = — 4.0-4.2
: S04 14.42 27 — 4.3-10.4 15
! A-Eisenreich, et al. (1978)

i B-I1JC (1977)
C-Ontario Hydro (1977)
z D-Eisenreich, to be published
1-Based on bulk mllected samples.
2-Dry deposition rates are significantly different, see Table 3.




1978). Spring snowmelt also suppli-es large amounts of acid and other pollutants
to lakes and streams over a short time interval. Studies have shown that con-
centrations of hydrogen ion, sulfate, nitrate, and heavy metals are two to three
times greater in the first 30 percent of meltwater than in snow (Thingvold et al.
1979). This amounts to 40 to 80 percent of the total parameter content in the

Snow. Because the soils are frozen, there is no selective retention of any

parameter.,

Thus, the impacts of atmospheric deposition of air pollutants on surface water
quality occur under two distinct sets of climatic oonditions, summer and winter,
During the winter months, air pollutants are deposited onto the snow-pack,
stored, and later‘ released over a very short time interval during spring melt,
These pollutants are then released over a period of a few hours to several days -
depending on watershed size and suddenness of the spring thaw. During summer '
the deposition of air pollutants is a function of the type of storm and the level
and type of pollutant in question. Although sulfate and hydrogen ions are
_deposited most heavily during the wet months, the spring snowmelt may be the most

critical in terms of short-term impacts. Over the long run, the total picture of

atmospheric deposition is important.

As an example of the effects of srbwmelt, the chemical composition of snow pack
and runoff in the Filson Cree]g watershed was analyzed in 1976 and 1977. Table 34
presents the chémical analysis of tﬁe snow pack as determined by the U.S. Forest
Service (1976) and compares the results with those from two other sources. In
1976., -the snow pack depth was about 90 percent of normal. A snowmelt enrichmenf
test conducted on a snow sample in this region during 1978 found that 50 to 70

percent of the 6 parameters analyzed are contained in the first 90 percent of the
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melt watex\c (Glass 1978).

Table 34

Filson Creek was studied by Siegel (1978) to evaluate the relative contribution

of sulfate from acid precipitation and the oxidation of sulfide minerals asso-

ciated with copper and nickel deposits. puring snowmelt, sulfate levels in

Filson Creek increased from less than 2 mg/1 to 10 mg/1. Simultaneously, the pH
dropped from 6.4 to 5.8. The pH of samples from the March, 1977, snowpack was

4.7 compared with an average pH for precipitation of 5.1. The changes in sulfate

concentration and pH of Filson Creek and the lower pH of snow suggest

accumulation of sulfate acidity in the snowpack during winter. Snowmelt contri-

buted more than 33 percent of the annual sulfate load discharged from Filson

Creek. The groundwater contribution of sulfate was minimal compared to precipi-

tation and surface rumoff, even though sulfate levels up to 74 ma/1 were observed

in groundwater dischargincj into the creek.

A summary comparison between the Filson Creek snow pack oconcentration and stream
concentrations at low flow, immediately prior to spring peak flow, and the
highest concentrations observed is presented in Table 35. Cadmium, lead,

and zinc had higher concentrations in the smow pack than in the

nitrate/nitrite,
streams. The pH was about 2.5 units lower in snowmelt water than in streams.
Table 35

Concentrations of nost elements are low in the snow pack, so snowmelt water tends

to dilute stream concentrations. However, in Filson Creek, stream levels of
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Table 34. Chemical composition of snow pack, Filson Creek Watershed.

U.S. FOREST SERVICE,

24 March 1976
rpall) Sample Siegel
PARAMETER 1 2 3 X 9 March, 1977

Acidity as HY (Mg/1) 0.0151 .01 .01 .03 .016
Bicarbonate (Mg/l) 0 0 0 0
Cadmium (ug/l) Dis 0.25 0.05 0.15 0.15

Tot 0.13 0.14 0.49 0.25 0.24
Calcium (Mg/l) Dis 0.6 0.3 0, 0.43

Tot 0.8 0.7 0.¢ 0.7
Carbon, Tt org.(Mg/1) 2.7 4.1 4.3 3.7 1.2
Carbonate (Mg/1) 0 0 0 0
Chloride (Mg/1) 0.2 0.7 0.3 0 0.3
Chromium (ug/l) Dis 5.0 1.7 0.3 0.3 0.8

Tot 0.5 0.5 0.7 0.6
Cobalt (ug/1) Dis 0.6 -0.2  =0.2 -0.3

Tot 0.2 -0.2 -0.2 -0.2 -0.5
Copper (ug/1) Dis 2.6 0.8 2.2 1.9

' Tot 6.6 0.8 7.7 5.0 1.1

Fluworide (Mg/l) Dis 0.023 0.1 0.1 0.1 0.1

Sus 0 0.0 0 0

Tot . 0.1 0.1 0.1 0.1
Hardness (ug/1) None 2 1 1 1.3

Tot 2 1 1 1.3
Iron (ug/l) ot 360 350 270 327
Lead (ug/l) Dis 3.2 1.8 L 3.4

Tot _ 14.0 5.6 8.3 9.3 1.7
Magnesium (Mg/1)Dis 0 0 0.1 0.03

Tot 0.2 0.2 0.3 0.2
Nickel (ug/1) Dis 5 1 1 2.3

’ Tot ‘ 1 1 1 1.0 -1
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Table 34 continued.

U.S. FOREST SERVICE,
24 March 1976

epa(l) - Sample Siegel
PARAMETER 1 2 3 X 9 March, 1977
N - N0y as N (Mg/1) 0 0.03 0 0.01
N - NO3 as N (Mg/1) 0.29 1.1 0.70 1.5 1.1
N - NO3 as N (Mg/1) 0.099 0.15 0.14 0.13 0.14
N - org Tot (Mg/1) 1.7 0.25 0.25 0.73
N - KID as N (Mg/1) 0.57 0.39 0.38 0.45
pH (measured) 4.3 4.6 4.6 4.5
(free acidity) 4.82 4,0 4,0 3.52 4
p - orth as P (Mg/1) 0 0 0 0
p - tot as P (Mg/1) 0.04 0.02 0.02 0.03
Potassium (Mg/1)Dis 0 0 0 0
Tot 0.1 0.1 0 0.07
Residue - 110c (Mg/1l) Sus 29 49 NA 37.5
Silica (Mg/1) Dis 0 0 0 0
Silver (ug/l) Dis -0.02 -0.02 =-0.02  -.02
Sodium (Mg/1l) Tot 0.1 0.2 0.2 0.17
Specific cond 25c FLA (us 31 15 12 19.3
Sulfate (Mg/l) Dis 1.53 1.5 1.9 2.0 1.8 -1.0
Turbidiéy (JTU) 3 6 5. 4.7
zinc (ug/l) Dis 13 3.3 9.2 8.2 17
Tot 14 18 18 16.7
Water Content (mm) 114.3

({Based on 10 samples)

— Indicates less than

1 Unpublished data 1978 (Gary Glass, EPA-ERL Duluth)
Note - runoff for wy 76 was 8.36"



Table 35.
low-flow, spring flow and highest concentration observed,

Summary comparison between snowpack ooncentration and stream ooncentrations at

SNOW  SPRING-PERIOD CONCENTRATION LOW-FLOW CONCENTRATION HIGHEST CONCENTRATION
PACK . — STATIONS .

ELEMENT oneN. FITEITDLSRZTES  EIEL DI Se2 K% EL ORI Bl ST ORI
Acidity,H* 016 .20 — - A0 — .20 .20 .10 - 0.70 1.0 1.0 1.0 7.0
(mq/lY : :
oH 4.5 59 7.3 6.8 5.8 6.4 7.3 6.6 7.1 6.8 6.5 7.3 7.3 7.7 7.5 . 7.0
Bicarbonate 0 8.0 39 26 14 16 25 17 104 60 14 2% 66 117 60 18
(mg/1) .
ngé%nity- - 70 2 21 1 13 21 14 85 49 1 21 92 110 85 15
Ca - R
Cadmiun (ug/1) 0.25 .05 .08 .05 .04 .12 02. .43 .08 .02 .03 .8 .8 .15 .15 .13
Calcium (mg/1) 0.70 2.6 2 9.2 3.2 2.3 5.7° 62 23 10 2.9 37 80 53 13 7.0
Carbon,Tot. 3.7 210 - — —~ 8.8 — 47 11 1§ — 36 28 35 30 26
Org.(mg/1)
Chloride (mg/1) 0.3 S 56 13 1.0 .5 1.3 7.6 27.0 1.3 .2 27 12 8 8.8 1.8
Chromium (ug/1) ~ 0.6 4 4 - 4 .4 - 57 3 - 1.7 1.0 .8 1.2 1.7
Gobalt (ug/l)" .2 1.5 3 .8 .7 4 — 3.8 1.5 .3 .2 2.0 3.8 2.0 7 9
Copper (ug/1) 5.0 B.7 4.0 2.3 2.8 1.6 5.5 4.0 1.7 .6 1.8 12 5.9 6,1 2.8 - 2.0
Flwride (ug/1) 0.1 +10 300 © 300 .10 .10 — 1400 1200 600 100 700 1400 1200 600 400 |

 Iron (ug/l) tot 327 760 820 840 750 300 2300 60 2000 930 230 3100 1300 2200 1300 400
Lead (ug/1) 9.3 1.2 .7 10 9 2.4 7 4 .6 .4 .3 6.4 2.6 46 31 2.4



Table 35 continued.
SNOW SPRING-PERTOD CONCENTRATION LOW-FLOW CONCENTRATION HIGHEST CONCENTRATION
PACK STATIONS
ELEMENT . OONCEN. P-1 P=l D-1 SR-2  K-6 F-1 Bl D1 SR2 K-6 F-1 P11 D7l SR-2 K6
Magnesium .03 1.9 7.7 5.4 2.7 2.0 3.3 15 8.4 7.6 1.3 23 22 26 12 2.0
(mg/1) ' A
Nickel (ug/1) 2.3 8.0 6.0 2.0 2.0 4.0 6.0 7.0 2.0 2.0 2.0 8.0 7.0 10.0 3.0 4.0
N0y, NOj3, 1.1 J5 0 - - - .11 - 57 34 .24 - .99 57 13 .29 Jd2
-N(mg/1) .
Pftr)tal (mg/1) .03 10 - - - 1.0 © - 10 - .02 - 61 415 119 69 20
Potassium (mg/1l) .07 o7 1.5 1.5 .7 .5 . 1.6 2.0 2.6 .6 - .6 3.2 2.3 5.2 .9 .6
Sodium (mg/1) .17 1.0 1.1 1.0 2 3 1.9 1.5 1.8 2.4 .4 1.9 6.8 35 . 3.7 2.6
Specific 19.3 29 199 104 36 28 46 433 238 93 - 29 55 568 655 163 42
Oonductance ,2590C :
Sulfate (mg/1) 1.8 7.9 63 9.5 " 6.5 . 4.0 5.4 190 13 5.5 3.7 15.0 260 70.0 14 7.2
Turhidity (NTU) 4,7 2,0 5.4 2.6 2.0 3.5 3.0 4.1 10 3.0 1.2 11.0 13.0 18 5.5 3.5
2inc (ug/l) 16.7 3.20 5.0 3.1 6.5 8,70 3.8 11.0 30 2.4 9 12.5 13.0 30.0 16.0 8.7
' Color (Qo-pT) - 100 50 80 100 45 200 5 90 130 40 500 150 400 250 100
Peak flow date 1976 4/10 4/.9 4/18 4/19 4/24

low flow prior N
to spring flush . ' .

° & date sample 1976 3/17 3/19 3/18 3/10 4/10
Date of sample
closest to peak

- flow 1976 4/06 4/77 4/06  4/15 4/21




cadmum, copper, lead, nickel, and sulfate increased during the period when
snowmelt water increased stream flows (compare spring period concentration with
low flow concentration for station F-1 in Table 35). This observation is con-
sistent with studies that have shown that many constituents in the snow pack are
concentrated in the early stages of snowmelt. Still, even at a small watershed
such as Filson Creek where srowmelt accounts for a major portion of stream flow,
levels of these five’canstituents were within natural variation (i.e. they were

not the highest levels observed--Table 35).

Snowmelt water had little (if any) buffering capacity as no bicarbonate was found
in the snow pack. Thus, the low pH of the snow pack yields snowmelt water that
is acidic in character. In small watersheds such as Filson Creel. where snowmelt
acoounts for a major portion of stream flow, the sudden and low “H drop (1.4
units in this case) may have significant effects on aquatic communities (see

Volume 4—Chépter 1).

4.3.4.5 Buffering Effects of Soils. As part of the plant pathology and

terrestrial biology program, the physical, chemical, and typoloagical charac-
teristics of soils in the Study Area were mapped (Volume 3-Chapter 1). Five
major till types and 32 named and 5 unnamed soil series distributed among 23 soil

associations have been recognized in the Study Area.

During the summer months, atmospheric pollutants deposit on vegetation, soils,
and surface waters directly. If the precipitatioh is acidic, it is usually
neutralized in the watershed making runoff less acidic. Experiments have shown
that acid deposition can cause increased leaching of cations from soils and

vegetation; increases or decreases in plant diseases; other plant injury such as
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stunting plant growth; and inhibition of the nitrogen-fixing activities of lequ-
mes (Volume 4-Chapter 2). The acid effects are generally pronounced only in

soils which have a pH below 5.5, especially unbuffered sandy wils and loams

which have little or no base exchange capacity.

Model studies developed to simulate the long-term effects of acid rain on acid

soil show that soils similar to those in northeastern Minnesota may begin to show

the effects of acid rain within 5 to 10 years (EPA 1978). The model also

suggested that this soil has little buffering capacity and within a short period

of time, rainfall constituents such as hydrogen ions or sulfates would rot sorb

into the soil, but simply move through the system and eventually into the surface

waters.

Distribution of the various soil types mentioned above were calculated on a

watershed basis by the Minnesota Land Management Information System (MIMIS).

Chemical information of the top layer of soil (0-2.5 cm or 0-6 in.) was used to

obtain mean weight values for each parameter for each watershed (Table 36).  For

all subwatersheds in the Study Area, the pH can be considered low (5.0-5.5). It

is unknown whether these values are natural or a result of acidic precipitation.

These low soil pH values suggest that Study Area soils have a limited ability to

buffer rainfall before it reaches surface waters.

Table 36

Arother factor of concern is the base saturation index. Many of the soils north

of the Laurentian Divide have base saturation values under 40 percent. When base

saturation approaches 20 percent, the il has effectively lost its buffering
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Table 36. Mean weighted chemical character of top soil layer (0.6 inches) by watershed.

C.E.C Base pPH S04 Ca Mg F Mn Cu Fe 7Zn Ni 4 (G}
(meg/100g) Saturation PPM

%

North of Laurentian Divide

Filson Creek - 34 26 5.0 29 1350 450 8.0 37 1 280 2 1.0 .01 o2
Keeley Creek 31 4 5.0 24 1130 290 8.0 29 1 230 2 0.8 01 .2
Bear Island 37 34 5.1 36 1790 650 8.0 51 1 360 4 1.3 .04 .1
Kawishiwi
k~6 34 29 5.2 31 1520 540 5.8 42 1 300 3 1.1 .02 .2
k-7 35 30 5.2 33 1610 580 7.5 45 1 310 3 1.2 .02 2
k-5 : 36 31 5.2 34 1660 610 7.5 47 1 320 3 2.1 .02 o2
k-4 36 32 5.2 35 1690 630 7.5 48 1 330 3 1.2 .02 2
k=3 27 30 5.5 22 1240 300 6.3 30 5 170 2 0.5 .01 o2
k-1 32 27 5.1 28 1360 4200 7.4 36 1 260 3 0.9 .01 o2
Shagawa River 32 25 5.0 26 1210 3400 7.7 32 1 240 2 0.9 .1 .18
Unnamed Creek 36 27 5.1 33 1500 550 7.7 42 1 310 3 1.2 .02 .2
Stoney River
sr-5 49 46 5.4 57 2830 1350 8.2 89 2,0 570 5 2.4 .07 .06
sr-4 49 45 5.4 55 2800 1280 8.3 81 1 540 5 2,2 .08 .03
sr-3 46 43 5.4 52 2600 1200 7.8 78 i1 510 .4 2.1 .06 .07
sr-2 46 43 5.4 51 2600 1180 7.7 76 1 500 4 2.0 .06 .08
sr-1 Al 41 5.4 49 2400 1non 7.8 M 1 470 4 1.9 .05 .09
Dunka
d-2 43 39 5.3 46 2250 990 8.0 70 1 450 4 1.8 .05 d1
d-1 38 34 5.2 39 1900 770 7.5 56 1 370 3 1.4 - .03 14
Isabella .
Little 32 34 5.5 30 1640 540 6.8 44 1 260 3 0.9 .02 .15
5.2 7.2 38 1 260 3 0.9 .01 .17

i-1 33 30 . 29 1450 460

N = b

o b e o

—
N



Table 36 continued.

C.E.C Base pH S04 Ca Mg F Mh Cu Fe Zn Ni Cd Co
(meqg/100g) Saturation ) PPM

[}
°

South of lLaurentian bhivide

St. Ipuis
sl-3 56 49 5.5 68 3260 1690 8.2 105 2 690 5 3 .08 .04
sl-2 53 49 5.5 63 3090 1550 8.3 100 2 640 5 3 .08 .05
sl-1 45 44 5.3- 49 2530 1120 8.3 80 1 500 5 2 .06 .08
Partridge River
p-5 54 39 5.2 62 2700 1440 7.8 86 2 620 3 2.5 .05 .10
p-4 38 45 5.4 39 2300 870 8.6 73 1 410 5 1.7 .06 .07
p-3 40 45 5.4 42 2370 950 8.4 75 1 430 5 1.8 .06 .08
P2 .41 41 5.3 44 2280 960 8,3 72 1 440 4 1.8 .05 .10
p-1 40 41 5.3 42 2200 890 8.2 69 1 420 4 1.7 .05 .10
Embarrass
e=2 46 33 5.0 49 2150 1010 8.0 64 1.6 500 3 1.9 .05 .13
e-1 56 36 4.8 64 2640 1300 8.6 76 1.8 670 4 2.5 .09 .09
Whiteface River
wE-2 44 46 5.3 48 2580 1100 8.6 .82 1.3 500 5.3 2.0 .07 .06
wi-1 33 44 5.4 31 2020 630 8.7 64 0.9 320 5.5 1.3 .05 .08
Waterhen Creek 44 44 5.3 49 2490 1100 8.5 82 1.4 500 4.8 2.1 .06 .09
World-wide (average) 500-1000 15-40 50-100 20-30

(range) 710,000 T-250 7900 T-500

SOURCE: Patterson and Aaseng (1978).

a - soils of the Study Area, Regional Copper-Nickel Study



capacity, not only for acidic input, but also for other anions and cations.
Thus, it appears (Table 35) that the surface waters of the area, particularly

north of the Divide, are either losing or have lost most of their external

buffering.

In summary, the physical and chemical nature of surficial material and the areal
distribution of these materials have a direct beafing on the impacts of acid
rain. The thicker deposits that generally contain calcareous and clayey
materials which buffer acid input are generally found in the souﬁhern éortion of
the Study Area. In the rorthern part of the Study Area, the soil oovering is
gparse and the soil is acidic. The acidic soil in the rorth is caused by: a
lack of calcareous material in the till; the area is uﬁderlain Aby granitic
bedrock, a rock that is acid by nature; and the predominance of arniferous trees
’and their litter which contribute to acidity. In general terms, ‘he Shallow
Bedrock-Morain area (province C) and the Seven Beaver-Sand Lake Wetland area
(province D) (Figure 11) are probably the most susceptible areas 0 acid rain.

These areas also contain most of the lakes and riveL_"s of the area.

4.4 OOPPER-NICKEL DEVELOPMENT WATER BUDGET

This section presents conceptual and quantitative models of water systems asso-
.ciated with dopper—-nickel mining. The conceptual model describes the behavior of
the natural and technological elements of the system and enumerat:s factors to be
considered in developing and interpreting a water balance. Quant.tative exaniples
illustrate the use of the oonceptual model and indicate the relative importance
- of various elements and processes. These examples are helpful in predicting the

nature and extent of impacts on water resources.
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Mining activities can significantly affect the water resources of an area in

several ways:

1) Mining activities will change the hydrologic behavior of the site. Waste
rock piles, open pits, tailing basins, and other areas developed for mining may
differ from natural watersheds in total annual runoff, the proportions of surface
runoff, interflow, and base flow, or the timing of outflow.

2) If runoff from disturbed areas is oontrolled and oollected, these areas are
in effect removed from the natural watershed for the life of the mining opera-

tion.

3) Make-up water may be appropriated from streams, lakes, or groundwater for use
in milling, smelting, or refining.

4) Runoff which moves through the mine site will pick up such undesirable
constituents as heavy metals and other dissolved solids leached from the rock,

suspended sediment, and chemicals introduced during mining, such as residues from
explosives and oil and grease from vehicles.

5) Excess water may be discharged to streams, lakes, or groundwater. This water
may contain heavy metals, process chemicals, sanitary system effluent, excess

heat, or other contaminants.

Appropriations necessary for mining can compete with other users of the water
resource. Oontrolled or uncontrolled discharges can introduce materials to sur-
face water or groundwater which make them unsuitéble for drinking or other human
uses. Fluctuations in stream flows and lake levels may be aesthetically
undesireable and can interfere with recreational uses of these waters.
Fluctuations also stress aquatic organisms and may éause losses of habitat or of

spawning areas. Heat and chemical contaminants in runoff or in discharges may be

toxic to aguatic organisms.

Development of a water balance for copper-nickel mining operations helps deter-
mine the overall water needs of the system. FOr example, under average On-
ditions, will it be necessary to appropriate water from outside the system

itself, or will an excess need to be discharged? How does this change in an
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extremely wet or dry year, or in various physiographic provinces of the Study
Area? How much water must be stored to carry the operation through an extended
dry period? The water balance also describes the paths water follows through the
system and the approximate amounts of water following each pathway. This
information can be ocombined with water quality data to assess quality impacts and
propose management schemes. FPFor instance, if a discharge to the environment is
necessary, which element of the system provides the highest quality water? what
parts of the system should receive first attention for runoff oollection and

treatment, revegetation, or other mitigation schemes?

Much of this section deals with the appropriation, use, and discharge of water
during the production phase of mining. During this phase, the mining operation
actively influences the water resources of the area. At the end of mining, the
hydrologic behavior of the system becomes simpler, but remains extremely impor-

tant to long-term environmental impacts.

The water balance presented here deals primarily with annual oonditions. Results
of the annual balance cannot be applied directly to periods shorter or longer
than a year. Stream flows and processing needs fluctuate widely over the course
of a year, 0 annual figures do rot give enough information to evaluate short-
term oconditions. Annual figures cannot be used to assess instantaneous mass
loadings of chemicals 'to streams, because the annual runoff coefficients do rnot
apply to single storm events. FHowever, if assumptions are made about the volume
and timing of storm runoff from the mine site and the receiving watershed,
estimates of variations in chemical concentrations can be made. Assumptions must
be made as to whether water will be discharged or appropriated at a constant
rate, at a rate proportional to stream flow, exclusively during high flow
periods, or on an "as needed" ‘hasis (see section 4.5).
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An annual budaget does mot provide all the information needed to analyze periods
longer than a year. For instance, the annual balance indicates how much water
must be stored to get through a single dry year, but it does not address the

likelihood of several dry years occurring in succession.

Further details on mining water balances can be found in the second level reports
on mining, milling, and smelting/refining (Volume 2-Chapters 2 through 5) and in

the first level report on stockpile hydrology (Hewett 1979).

A major product of the water budget analysis is the oonceptual model itself,
which describes the flow paths within the copper-nickel water system and pro-
vides a way of analyzing meteorological, physiographic, and technological

variations. The model allows estimates of runoff, appropriations, and discharges

to be made.

4.4.1 Methodology and Description of the Water System

The overall mining, milling and smelting/refining operation has been separated

into three parts in developing the water balance: Subsystems A, B, and C.

4.4,1.1 Subsystem A. Subsytem A (Figure 27) consists of the land areas which
are part of the mine/mill operation, excluding the tailing basin. Movement of
water through the waste rock piles, open pit, and other elements of this sub-
system is oontrolled by natural processes. ' Water enters by precipitation, sur- _
face flow, or subsurface flow from adjacént catchment areas. Water may leave by
evaporation, by running off over the land surface, by seepage to the groundwater
system, br by being pumped out. In the upper left corner of Figure 27 is a
schematic diagram of these processes. The behavior of each element of subsystem

A can be described by the following water balance equation:
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precipitation + inputs from catchment areas =
evaporation + surface runoff + groundwater seepage +

change in storage within the element

In rotation form:

P+ (ROo + Gig) =E+ RO+ GV + S

Figure 27

Information required to develop the water balance for subsystém A includes: s

1) Area and physical nature of elements. The total volume of precipitation on ;

or evaporation from an element depends on its area. The ratio of output (RO + -
GW) to input (P) and the division of output among surface runoff, interflow, and
seepage to groundwater are strongly affected by the physical characteristics of
the element. The areas and other characteristics of the open pit, waste rock

piles, and other elements of subsystem A are presented in Volume 2-Chapters 2 and §

5 and summarized in Table 37. Annual water balances were calculated using areas -

equal to the final size of the pit, rock piles and other elements at the end of W

the mining operation. In reality, the open pit, waste rock, and lean ore piles, gﬁ
overburden piles, and tailing basin start at zero size and grow to the indicated

areas over the life of the operation. ;

- Table 37 |

2) Precipitation inputs. Average, wet, and dry year coniitions were based on a "

statistical analysis of precipitation data from Babbitt (Watson 1978). Babbitt -

f
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FIGURE 27

FLOW DIAGRAM FOR THE MINE/MILL WATER SYSTEM
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Table 37.

Mine model areas (all areas in acres).*

20X106 mtpy?2

12.35X108 mtpy

11.33X108 mtpy

5.35X106 mtpy

- ELEMENT NOTES _o.p.p U.G.C ~ 0.P. U.G.
Plant site 400 260 240 120
Open pit 563 0 433 0
Overburden piles 173 0 137 0
Lean ore &

waste rock piles 200 £t high 1,988 96 1,120 51
Undisturbed 40% of ocon-

watershed trolled area 2,926 1,436 1,711 638
Tailing basin 70 ft deep} 4,016 2,309 2,348 1,067
Smelter/refinery 100,000 mtpy 150 150 e ——
Slag piles 25 25 — —_—
Total 10,241(16)€ 5,026(7.85)€ 5,9899 1,8764

*From Volume 2-Chapter 5. All areas given are the final size at the end of the mining operation.

dMetric tons per year.
bOpen pit mine.
CUnderground mine.
dno smelter/refinery.
€Area in square miles.
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is near the center of the Study Area and has a reasonably long precipitation
record which oorrelates well with the réoords from Virginia and Hoyt Lakes
(Hickok 1977). Average annual precipitation is the mean rainfall over the 56
years of observation. Wet conditions refer to the 100-year wet year, which has a
1 in 100 likelihood of occurring in any 6ne year, and a 26 percent chance of
occurring in the 30 year life of the model operation. Dry oonditions refer to

the 100-year dry year.

3) Evaporation and runoff outputs. Water which evaporates or is transpired by

plants is lost from the system and can neither carry out harmful materials nor
contribute to stream flows. Water which is not evaporated will leave as surface
rumoff, interflow, or groundwater flow. The proportions of evaporation and
runoff depend on climate, the physical nature of the terrain, and vegetation
cover. Average year runoff oefficients for different parts of the mine site are
based on published data for similar terrains or on field work done by the CGopper-
Nickel Study. Extreme year runoff was estimated by two different methods.
Balances calculated by method I assume that the 100-year high evaporation occurs
with the 100-year low rainfall, and the 100-year low evaporation with the 100-
year high rainfall. This method, which provides minimum and maximum estimates of
runoff, was used in most computations in this report. Additional balances
combine the 100-year extreme precipitation values with the mean annual
evaporation values (Method II). This second method may be more realistic, since
no statistically significant oorrelatioﬁ between annual precipitation and
evaporation in the Study Area has been found (Hickok 1977). Results from the two
methods do mot differ sufficiently to affect the general picture of the water

balance.
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4) Characteristics of the site. The division of stockpile outflow among surface

runoff, interflow, and seepage to groundwater depends partly on the nature of the
material on which a stockpile is located. The amount of groundwater which seeps
into an open pit depends on the type of material around the pit, the position of
the water table, and the proximity of the pit to surface water bodies. These
factors may vary greatly from one site to another, although in a given
physiographic region some site oconditions are more common than others.
Groundwater inputs and outputs have been calculated for a range of possible con-
ditions. Precipitation which falls on other areas can move into the mine site by
surface runoff. For instance, if a waste rock pile is placed so that it blocks a
natural drainageway, the runoff from the drainageway will he forced to seep
through the rock pile. The amount of water which might be involved in this case |

is difficult to predict except on a site-gpecific basis.

~Unit inputs and outputs for subsystem A are summarized in Table 38.

Table 38

The estimated hydrologic behavior of each of the elements is described below.
Areas, runoff ooefficients, and other quantities are approximate, and may vary
from place to place within the Study Area, and be refined as more information

becomes available,

Waste Rock and Lean Ore Stockpiles—-The hydrologic behavior of stockpiles is

discussed in detail because field and lab studies indicate that stockpiles will
be the most significant source of poor quality runoff from the mine site (section

4.6).

93




.

Table 38. Subsystem A:

model water input and output,

ANNUAL INPUT
. . PRECIPITATION(P) CATCHMENT CONTRIBUTION
AVER, YR WET YR DRY YR :
ELEMENT (in) (in) (in) . (RO; + GHc) .
Plant site 28.6 39 16
Open pit 28.6 39 16 0 to\874 ft3/yt per ft of pit circumference
Overburden piles  28.6 39 16 ' 0
Lean ore and
waste rock piles 28.6 39 16 0
Undisturbed
watershed area 28.6 39 16 0
Underground mine 0 0 0 0-1050 ac ft/yr, typically 40 ac ft/yr
ANNUAL OUTPUT
A SEEPAGE LOSSES
EVAPORATION ( E)l TO GROUNDWATER (GW) SURFACE RUNOFF (RD)
AVER, YR WET YR** DRY YRY¥*¥% AVER. YR WET YR DRY YR AVER, YR WET YR DRY YR
ELEMENT % of P in, {(in) (in) _{in) (in) {in) (in) (in) (in)
Plant site 25 7.14 - 5.35 8,71 0 0 0 21.4 33.2 7.3
Open pit 55 15,4 12.6 18.8 0 0 0 13.24 26,44  -2.84
Overburden piles 63 18 14,8 22.0 0 0 0 10.6 24.2 0
Lean ore and : ! _
waste rock piles5 702 20 16.4 24.4 0-1,73 0-4,53 0 8.6-6.9 22.6-18.1 O
Undisturbed . ’
watershed area - 57 16.3 13.3 19,9 .0 0 0 12.3 25,7 0
Underground mine 0 0 V] 0 0 0 0 typ 40%

max 1050* wmin O*




Table 38 continued.

lEvaporation is calculated on the basis of method I described in the
text. From statistical analysis of pan evaporation data from Hoyt Lakes, the
100 year high evaporation = 1.22 X normal. The 100 year low evaporation =
0.82 X normal. It was assumed that high evaporation occurs with low precipita-
tion and low evaporation with high precipitation. :

2Mpre recent work sdggests the figure may be closer to 60%.

3More recent work suggests maximum values could be as high as half the
total outflow from the stockpiles.

dThese figures do rot include the catchment contribution, vhich cannot be
immediately expressed in inches.

S5Runoff mefficients and seepage to groundwater given in this table differ
somewhat from values given in the text. The latter represeit results of

further analysis.

*Acre-feet per year (ac ft/yr).
**Wet year evaporation = average year evaporation X 0.82
***Dyry year evaporation = average year evaporation X 1.22
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The oconceptual model presented here is based on three years of study at Erie
Mining Company's Dunka Mine and at the Minnamax test site. FRunoff ococefficients,
the distribution of output among surface ruroff, interflow and baseflow, and
other quantities will vary depending on the location and internal characteristics
of stockpiles, as well as meteorological conditions. Stockpiles constructed in

the future should be carefully monitored to determine their hydrologic behavior,

Stockpile Water Balance——-The annual water yield of stockpiles is of interest

because the transport of heavy metals out of the pile may be limited by the
amount of water moving through it (section 4.6). Information on rainfall/runoff
relationships from field studies at Erie and AMAX is summarized in Table 39 and

Figure 28.

Table 39, Figure 28

The average annual runoff from 80 foot, open pit mined gabbro piles at Erie is

estimated to be 30-50 percent of average annual precipitation. Current evidence

- suggests that runoff from stockpiles is greater than runoff from natural

watersheds.

The longest period of observation covers the 1977 water year. Runoff from the
stockpiles at Erie over this period Qas 23 percent of precipitation. 2n addi-
tional 5 percent of precipitation went into storage and flowed out after the
budgeting period, giving a net yield of 28 percent, and evaporative losses of 72
percent. Results from the 1977 water year are pnobably ot representative of the
normal behavior of stockpiles. The winter of 1976-1977 was unusually dry, o

that spring runoff from natural watersheds in the Study Area was nearly an order
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Table 39. Rainfall and rumff from stockpiles and natural watersheds.

STOCKPILE BEHAVIOR STUDY AREA BEHAVIOR

RO Ror S5 pypS R’ Roaye? 9
PERIOD Pin)! ro(in)2  s(in)3 B(3) P. (%) Pavalt) ROaya(t) Pavel?) Bops(%)
ERIE '
10/1/76 - 9/26/77. 33.38 7.76 1.52 23 28 : 117 58 37 18
6/21/16 -~ 9/25/76 4,76 1.30 -1.30 27 0 41 11 .20 6
6/21/71 - 9/25/77 18.93 5.39 0.45 28 31 162 217 20 27
AMAX ,
8/4/7_7 - 10/31/77‘ 13.06 4,97 0 38 38 130 obs ot avail. 19 obs rot avail.
5/6/78 - 8/11/78 12.83 6.92 0 54 54 110 obs mot avail. 41 obs mot avail.

lobserved precip. at Erie or AMAX.
20bserved ruroff from stockpile areas. .
Change in storage within stockpile areas estimated on the basis of base flow recession curves,
druroff during the period as a percent of precip. during the period. :
SEstimate of the net percent or outflow actually resulting from the precip. during the period.
Precip, observed at Frie or AIAX over the period as a percent of the average for that period at Babbitt.
" Ruroff observed at nine qaged streams as a percent of average runoff from those streams,
Average ruroff of niné gaged streams as a percent of input precip, on their watersheds. .
Ruoff observed at nine gaged streams as a percent of input precip. on their watersheds,
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of magnitude less than mormal (see Figure 29). Wet conditions during the summer
of 1977 brought precipitation for the water year to 117 percent of normal, but
runoff from natural watersheds remained at only 58 percent of normal. It is
likely that stockpile runoff for the 1977 water year was also well below normal.
Table 39 shows that stockpile runoff was greater than the rumoff fromv natural
watersheds in the 1977 water year. If this is true in normal years as well,

| average annual stockpile runoff is greater than 37 percent, which is the average
annual runoff from natural watersheds in the Study Aréa (Siegel and Ericson

1979).

Figure 29

Rough approximations of the variation in stockpile runoff in wet and dry years
were made by assuming that the same amwunt of water is lost to evaporation in a
wet or dry year as in an average year. This amount was subtracted from the wet
or dry year precipitation to estimate runoff, as shown in Tablé 40. For the
stockpiles at Erie, this method predicts essentially zero runoff in a dry year,
and 19 to 25 inches of runoff in a wet year. The behavior of. stockpiles during
dry periods }is illustrated by data oollected at Erie in the summer of 1976, when
precipii:ation was less than half of normal (see Table 39). Essentially, all of
the precipitation that fell during the period was evaporated, as expected, but

stockpile seepages were sustained by withdrawal from storage within the piles.

Table 40

In cases where stockpiles hold more groundwater in storage than natural

watersheds, the ratio of stockpile flow to watershed flow will be higher in dry
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FIGURE 29

MONTHLY FLOW OF THE KAWISHIWI RIVER NEAR ELY,

1976-77

1978 WY

253 MI2

=s====== AVERAGE FLOW
1976-77 FLOWS

1977

1977 WY

2

2 K2

oo

ploe]

J FMAMUJI I

ASONDIJFMAMUJIJ ASOND

1976

1976 WY

ERICSON, PERS.COMM., 1879, SIEGEL AND ERICSON,1978

SOURCE: USGS 1877,1978;




Table 40. Estimate of stockpile outflow in extremely wet or dry years.

PRECIPITATION

Based on 56 years of precipitation data at Babbitt:

Average precipitation 28.57"
Driest year 16.41"
Wettest year 37.57"
100 year dry year* 16"
100 year wet year 39"

*The 100 year dry year has a probability of occurrence in any one year
given by:

p=1in 100 = 1% = .01

The probability that a year this dry will occur at least once in n years is
given by:

P=1- (1-p)n
For instance, the probability of a year this dry in a 30-year period is:
P=1- (1-.01)30 = 0.26 = 263

The 100 year wet year is similarly defined.

EVAPORATION

Average year evaporation is 50 to 70% of 28.57", or 14.3 to 20". Assume it is
the same in dry and wet years.

OUTFLOW

Outflow = surface runoff + seepage to groundwater

precip(in) evap(in) outflow(in) outflow(%)
Average year 28.57 14.3-20 14,.3-8.57 50-30
100 yr dry yr 16 14.3-20 1.7-0 10- 0
100 yr wet yr 39 14.3-20 24,7-19 '63—49 
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years than in average years, and adverse water quality impacts of stockpile

runoff will be more severe.

No data are available to make quantitative estimates of how runoff will vary for
stockpiles which differ in height, area, or particle size frorﬁ the ones studied.
Depletion of soil moisture by capillarity and evaporation can only extend to
depths of a few feet (Brady 1974), so that increasing stockpile height may not
increase evaporative losses. Decreasing the particle size of the wastes may
increase the water retention capacity of the piles, allowing more water to be

held at shallow depths and evaporated.

If a stockpile blocks a surface drainageway, runoff from the drainageway can seep
through the pile, augmenting the flow from direct precipitation. For example, at
the ontinwusly monitored site at Erie's Dunka Mine, over half of the annual

flow from the stockpile is contributed by throughflow from a blocked watershed..

Seasonal Runoff Patterns-—-The distribution of stockpile runoff throughout the

year is of interest for assessing impacts on stream systems and planning leachate

'monitoring or mitigation programs. Figure 30 shows the pattern of rumoff at the

continuwous recording station at Erie from July, 1976, to September, 1977. Flow
is absent during the winter months, probably due to freezing and formation of ice
dams near the margins of the stockpiles. At other times of the year, the flow
never drops to zero, but is sustained between storm events by discharae of water
stored within the stockpile. Spring flow (March-May) was small in the one year
of feoord, but spring flow was also exceptionally low for natural watersheds in
that year. In normal years, spring runoff from stockpiles is probably more

substantial. Flows in the summer of 1976 were sustained at low rates by
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discharge from storage, while in the summer of 1977 a number of heavy rainstorms
produced abundant runoff. A longer period of observation is needed to define the

typical seasonal behavior of stockpiles.

Figure 30

Flow Paths Within Stockpiles-—The flow paths within stockpiles are shown in

Figure 31. Water can enter a stockpile by direct precipitation or by runoff from
surface or groundwater catchments which drain to the stockpile site.
Precipitation falling on the stockpiles can either run off over the surface of

the pile or infiltrate into it.

Figure 31

Surface ruroff occurs when rain intensity exceeds the infiltrability of the -
material at the top of the pile. For an unsurfaced stockpile, the major factors
affecting ihfiltrability are the grain size distribution of the material and the
extent to which dumping, grading, and driving cause layering and compaction; For
a surfaced pile, the texture and compaction of the sﬁrfacing material, and the:
discontinuity in conductivity at the boundary between the surfacing material and
the pile will control infiltrability. No surface runoff has been observed at the
Minnamax test piles. At Erie, water which runs off over the compacted surfacing
material infiltrates as soon as it reaches the coarse material on the slopes of

the piles.

Much of the water which infiltrates into the piles is subsequently lost to eva-

poration. As the rest moves down through the pile, it may encounter an impeding
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layer, run laterally over it, and emerge along the margin of the pile as
interflow. Impeding layers ocould include: surfacing material spread on inter—
mediate lifts and then compacted by haul trucks; relatively fine-grained, ocom—
pacted layers of rock created by grading the top of lifts; layer's created by
fine-grained material which works its way to the base of the pile and f'ills wids

between larger fragments; and, the native materials on which the pile is sited.

Interflow appears at seeps at the base of stockpiles at both Er:.e and Minnamax

within a few days of most precipitation events,

Interflow accounts for varying prdportions of the total runoff from a particular
storm, increasing as the intensity and duration of storm incréases. Field
observations of interflow wolumes at Minnamax and Erie are surmnarized. and ocom-
pared with models of s‘treams in the Study Area in Table 41. Over the period of
observation, interflow wlumes have amounted to as much as 75 percent of the
input precipitation from individual storms. This is comparable to the observed
behavior of three natural watersheds in the Study Area over somewhat longer

periods.

Table 41

The timing of high stockpile flows relative to the timing of high flows in the -
streams which receive stockpile runoff has an important effect on dilution. If
the peak flow from the stockpile happens to arrive at the same time as the
watershed peak, then dilution of stockpile runoff is maximized. In general, this
will not be the case. The time of arrival of the stockpile peak is strongly

dependent on the location of the pile within the watershed. In addition, the
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Table 41. Storm response of stockpiles and natural watersheds.

RO/P I/RO ' 1/p
% % %
AMAX* 0 to 75 100 0 to 75
Erie* 0 to 66 0 to 95 0 to 54
Streams** 0 to 90 20 to 95*** 0 to 85
' RO=runoff; P=precipitation; I=interflow.
*Opbservations over periods described in technical report on stockpile
hydrology (Hewett 1979). -
= **From hydrologic models of Filson Creek, Stony River, and

Partridge River, Fig. 7 and 9, pa 18 and 20, Savard et al. 1978.

***por streams I/RO represents the proportion of surface runoff and
interflow to total runoff. For the stockpiles, there is no surface runoff.
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stockpiles studied respond more slowly to precipitation than natural watersheds
of the same size. 'The stockpile at Erie, which has an area of 0.17 mi2, tended
to reach peak discharge 24 to 30 hours after short rainstorms. Time to peak
should increase with increasing stockpile area and heiqht; but no data are

available to predict the nature of the relationships.

The stockpiles at Erie store water which sustains flow from the piles between
precipitation events. It is thought that the water is stored in groundwater
mounds (saturated zone) at the bases of the piles (Fiqure 31). Such a mound can
generally form only if the pile is located on material of low or zero per-
meability (the exception is a pile on permeable material in a grcundwater
discharge area). Impermeable materials in the Study Area are pect compressed by

the weight of a stockpile and bedrock.

If a stockpile is on permeable material, some water will seep into the material
below the pile, eventually reaching the local groundwater system. Extremely
permeable materials may prevenf the formation of a groundwater mound within the
pile (Figure 31). In the Study Area, such materials include Rainy Iobe till,

glaciofluvial deposits, and alluvium.

About 20 percent of the Study Area is covered with impermeable materials, 70

percent with permeable materials, and 10 percent with Des Moines Iobe till, vhich

covers a wide range of permeabilities (Volume 3-Chapter 1). Since the hydraulic
conductivities are variable, the actual behavior of a stockpile in any given
"location can only be determined by on-site investigations. The mdel water

budget assumes a range of permeabilities for the materials underlying stockpiles.

Environmental Significance of Flow Paths—-For a stockpile on an impermeable base,

the outflow is divided between base flow and interflow (Figure 32), both of which

99

ik




=

discharge along the margin of the stockpile. For stockpiles on a permeable base,
some water will seep into the local groundwater system. Differences among flow
paths within stockpiles may affect the release of metals from stockpiles or the
impact of a given release. Physical differences which may affect the types and

rates of chemical reactions are discussed in section 4.6.

Figure 32

Leachate discharged to surface water may have different effects on aquatic orga-
nisms depending on whether the releases are short, sharp pulses of toxicants

associated with interflow peaks or the more uniform concentrations associated .

~with base flow. ILeachate released into the local groundwater system may move a

considerable distance (time) before it is discharged to surface water or to a
water well. Toxicants released to groundwater are more difficult to follow and
collect, but the large adsorbing surface area and anaerobic conditions in the
saturated zone may limit transport (Eoer and Lapakko 1979). The significance of
these releases also depends on the relative amounts of use of surface and

groundwater resources.

Envirommentally significant properties of flow paths within stockpiles are sum—
marized in Table 42. Existing field data do not allow an -Lmambiquous deter-
mination of how much water will be discharged laterally as interflow, how much as
baseflow, and how much as seepage to the groundwater below the pile. Continuwous
flow records at Erie's Dunka Mine afe from a stockpile which blocks a surface
drainageway. Base flow is dominated by throughflow from the blocked drainage
area which masks the oontribution from Adirect infiltration. Direct infiltration

into the mound is estimated to be approximately 5 to 15 percent of the
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FIGURE 32 EXAMPLE OF A STOCKPILE HYDROGRAPH SHOWING
INTERFLOW AND BASE FLOW
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precipitation on the stockpile or 20 to 50 percent of the total runoff. Further

study may make a more precise estimate possible.

Table 42

The ratio of interflow to baseflow is not likely to be the same in wet or dry
years as in average years. FPFor example, outflow from Frie stockpiles in the
summer of 1976 was almost entirely baseflow. Interflow made a more significant

contribution during the rainy summer of 1977.

Plant Site——The plant site is expected to be largely ocovered by roofs -and pave-
ment. Runoff from such impervious surfaces is high. Average annual runoff from
the plant site was assumed to be 75 percent of precipitation, based on runoff
from urban areas for storms with 5 to 10 years recurrence intervals (Viessman et
al, 1977). This is probably a high estimate. Because of the impervious sur—
faces, outflow should be entirely due to surface runoff, and seepage to ground-

water should be zero,

Open Pit--A schematic diagram of the open pit is shown in Figure 33. Water
inputs to the open pit include precipitation, seepage from the bedrock, and
seepage from the surficial materials around the pit. Most of the bedrock in the
Study Area is massive crystalline rock which oontains water only in fractures.
Since these fractures amount to only a few percent by wvolume of the rock and are
somewhat dicontinuwous (Siegel and Ericson 1979), seepage from bedrock has been
éssumed to be negliqgible. This might not be the case if the mine intersects
leached zones in the Biwabik Iron formation (Siegel and Ericson 1979). Within

the Study Area, unconsolidated materials overlying bedrock are generally
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Table 42,

Environmentally significant properties of flow paths in stockpiles.

GABBRO TIME LOCATION TIME
SURFACE AREA IN CQONTACT OXYGEN WET/DRY OF DISTRIBUTION
FLOW PATH CONTACTED “WITH GABBRO = AVAILABILITY TEMPERATURE CYCLING OUTPUT OF OUTPUT
Surface small very short high variable yes surface short, sharp
runoff water peaks
Interflow large short high variable ves surface short, sharp
water peaks
Base flow 1large to long restricted, low limited, surface steady flow
very large depends on depends water over long
wet/dry on fluc- periods
cycling tuations
of water
table
Seepage large 1 1 1 1 groundwater 1
into
material
below
pile

1-If the lower part of the pile is unsaturated, water seeping out of the pile will have undergone
conditions in the pile similar to those for interflow, while if the lower part is saturated, seepage into
the material below the pile will have undergone conditions like those for base flow.
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saturated through at least part of their thickness. Once a pit>is opened through
these materials, groundwater will flow into the pit. Flow depends strongly on
the permeability and saturated thickness of the surficial materials. On the
basis of a one-dimensional application of Darcy's Law, Siegel and Ericson (1979)
estimated that inflow to open pits in the Study Area could range from less than
100 to several thousand gallons per minute. Values used in the water balance
were either zero or 870 ft3 per year per foot of pit circumference. The latter
number is a moderate value which gives roughly 200 gpm or 300 ac ft/yr for the
523 acre pit associated with a 20 X 106 mtpy mine. Since most of the Study
Area is till, it is reasonable to expect flows no more than 100 to 200 gpm.
However, if a mine is located in sand and gravel or is in hydraulic contact with

a major stream, flows ocould be an order of magnitude qreater.

Figure 33

Output from the open pit includes evaporation and pumpage. INCO's (1975, Ul—l-

33) estimate of 55 percent evaporative losses is the only available information,

and was used for average ye’ars. In a dry year, evaporation from the pit can

exceed precipitation, since seepage makes additional water available for

evaporation,

Underground Mine—The only source of water within an underground mine is seepaqé

from bedrock. Because fractures in the bedrock are discontinuwous and sparse,
seepage is expected to be less than 25 gpm or 40 ac ft/yr (Siegel and Ericson
1979). Larger flows oould occur if the 'mine encounters leached zones in the
Biwabik Iron Formation or if fractures are in hydraulic continuity with surficial

aquifers or surface water bodies. For example, the Shebandowan mine in Ontario
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has collected 650 gpm (1,050 ac ft/yr), probably from an overlying lake. In the

models, values of 0, 40 and 1050 ac ft/yr have been used.

Undisturbed Watershed Area--This area consists of the border zones between and

around various mine elements. Average annual runoff from these areas was assumed
to be 12 inches, or 43 percent of precipitation, based on data for watersheds in
the Superior National PForest (Garn 1975). Other estimates of average annual
runoff for the Study Area are 0.72 cfs/mi2 or 9.8 inches (Bowers 1977) and 0.79
cfs/miZ2 or 10.7 inches (Siegel and Fricson 1979). Seepage to groundwater was
assumed to be zero, implying that any water which seeps into the aground re-
emerges within the controlled area and can be ollected. In areas where the

surficial materials are shallow, this is likely to be the case; in other areas it

must be viewed as a simplifying assumption.

Overburden Piles--Overburden piles were assumed to be intermediate in character

and hence in behavior between undisturbed watershed areas and waste rock and lean
ore stockpiles. They are unvegetated but are comprised of local soil materials.
Average annual runoff was assumed to be 10 inches, or roughly 64 percent of

precipitation. Iosses to groundwater were again assumed to be zero.

4.4.1.2 Subsystem B, Subsystem B (Figure 34) includes the mill and associated
tailing basin and reservoirs. Input to and output from the mill are determined
by ore processing needs. Precipitation, evaporation, and seepage in the tailings

basin also affect the overall water balance for this subsystem.

Figure 34

Model mill water requirements total 650 gallons for each metric ton of crude ore
processed (Volume 2-Chapter 3). Much of this water is continually recycled.
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FIGURE 32 FLOW DIAGRAM FOR THE MINE/MILL WATER SYSTEM
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Make-up water to replace that lost in the system can come from precipitation on
the tailing basin, appropriation from lakes, streams, or groundwater, or use of
the ruroff from subsystem A. Iosses from the mill system are mainly spills and
evaporative losses around the buildAinqs, and range from 2.6 to 4.2 percent of the
total water required. Water is used to transport concentrate at 65 percent
solids to the smelter (142 gal/mt oconcentrate) and to transport tailing material
to the basin at 29 percent solids (649 gal/mt tailing). In the model tailing
disposal system, unthickened tailings are pumped a distance of one mile to the
basin. An alternative approach would be to thicken the tailing to 60 percent
solids before pumping them to the basin, reducing the water needs to 176 gal/mt
tailing., This approach would be used when pumping distances of 5 miles (Volume

2=Chapter 3).

Potable water requirements for the entire ocomplex average 9 gpm for each million
mtpy capacity. Potable water is required for sanitary facilities and for some
specialized cooling requirements in the smelter-refinery complex. Sanitary water

will be treated before discharge.

The minimum amount of water that must be stored in the tailing basin for proper
mill operation is a 5 day supply, or roughly 15 acres of pond for each thousand
metric tons of tailing discharged per day (Volume 2-Chapter 3). This retention
allows the tailing slimes to settle, clarifying the recycle water. ‘ Based on
standard tailing basin practices, it is estimated that 80 percent of the basin
will be oovered by water for dust control and water management, which would

supply many times the minimum pond area required for proper mill operation

(Volume 2~Chapter 3).
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The tailing basin is shown in Figure 35. Input to the tailing basin includes
tailing water and precipitation. Some water is retained in interstices between
the tailing solids and is not available for recycling or outflow. Outputs ocon—
sist of recycle water, surface outflow, seepage losses, and evaporation. With
standing water oontinually' available over 80 percent of the area, evaporative .
losses will be substantial. Iosses from the ponded area were estimated to be the
same as those from ponds and small lakes, while losses from the uncovered area
were arbitrarily assumed to be half as great. Surface outflow can occur, but it
is expected that such outflow would be prevented during operation by regulating

water levels in the basin.

Figure 35

Two seepage losses are possible; one through the basin floor into the underlying
surficial material and the other through the toe of the tailing dam. MNo
realistic estimate of seepage through the dams can be made without detailed
information on dam length and construction. The model assumes that a seepage
collection system surrounds the dams and allows water to be returned to the plant
during operation. With such a collection system, dam seepage is wlzollf
controlled until the post-operational phase. Seepage from the base of the
tailing basin can'vary considerably depending on the nature of the underlying
material. lder Associates (1978) estimated that tailing slimes lining the |
basin would have a hydraulic conductivity of 2 X 106 cm/sec. If the basin is
sited on material at least as permeable as this, water will seep out of the basin
vertically at 2 X 10~6 cm/sec, or 2.1 ft3 per year per ft2 of base area.

' Materials at least this permeable in the Study Area include Rainy Iobe till, some

105




FIGURE 35

SCHEMATIC DIAGRAM OF TAILING BASIN
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Des Moines lobe till, alluvium, and glaciofluvial deposits. Much of this seepage
oould be recaptured by a system of oollection trenches or wells. If the basin is
on impermeable material, such as bedrock or compressed peat, seepage losses will
be negligible. On materials of intermediate permeability, such as some Des
Moines lobe till, seepagé would perhaps be an order of magnitude less than the
maximum., All three cases are included in the models, and the variation among

them has a significant effect on the overall water balance (Volume 2-Chapter 3).

All tailing basin input and output calculations are based on the area of the
basin at the end of the operating life. Building the basin in stages may signi-

ficantly affect the water balance (Volume 2-Chapter 3).

The model annual water balances for subsystem B do not include oconsideration of a
storage reservoir separate from the tailing basin. Analysis of multiple year dry
periods which have occurred in the Study Area indicates that such a reserwoir

would be a valuable part of an overall water management system (section 4.5).

Water requirements for the milling operations are discussed in detail in Volume ‘
2-Chapter 3 of the Mineral Processing report. Unit water ihputs &nd outputs for

subsystem B are summarized in Table 43 and Figure 36.

Table 43, Figure 36

4.4.1.3 Subsystem C—Snelter/Refinery water system. Water requirements in an
integrated smelter/refinery complex can be broken into two basic categories:
ocontact water and ron-contact water (Figure 37). The distinction is based on thé
function performed by the water. Contact or process water includes all water

which actually oomes into contact with the various materials being processed in
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Table 43. Subsystem B: model water requirements and losses.

ITEM FLOW CHART# GAL/MT CRUDE ORE
. Ore moisture B6 3
Total mill need ' B8 650
B Misc. mill losses B16 17
’ Concentrate water B15 ' 5
j Tailing water B9 628
Retained in tails . B10 83

SOURCE: Veith (1978).

.




FIGURE 36 |
TAILING BASIN: UNIT WATER INPUTS AND OUTPUTS
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the plant. This watér is susceptible to contamination and may require
purification before being discharged to the environment. Non-contact water, on
the other hand, flows in closed, controlled systems and performs only the func-
tion of removing heat. This ron-contact cooling function increases the tem-
perature of the water being used, but does rot expose it to contamination by
substances in the smelter/refinery complex. Bacteriacides, algacides, or fungi-
cides may be introduced to keep the cooling tower clean, and corrosion and scale

inhibitors may be used to keep fhe oondensor and piping clean.

Figure 37

Contact Water--Uses of contact water in a smelter/refinery complex include:

scrubbing of aases going to the acid plant; direct ocooling of anodes, cathodes,
and other products after casting; granulation of molten slag by water immersion;
and, electrolytic solution, scrape anode rinsing, and other miscellaneous uses

(Volume 2-Chapter 4).

Depending on the specific operations chosen and the degree of internal recycling
employed, the total contact water requirements carg vary considerably. Tables 44
and 45 show ranges of amounts, Based on an operation producing about 85,000 mtpy
of copper and 15,000 mtpy of nickel, estimates of appropriation requirements
range from a low of about 700 gpm to a high of about 4,500 gpm. About 500 gpm
are actually consumed, primarily through evaporation during contact cooling and
as a raw material consumed in the production of sulfuric acid. In addition, the
water which enters the smelter/refinery complex with the concentrate is lost to
evaporation in the dryer before the concentrate is smelted. These losses are

independent of the amount of recycling.
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FIGURE 37

FLOW DIAGRAM FOR THE SMELTER/REFINERY WATER SYSTEM
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Tables 44 and 45

In order to estimate the minimum water requirements necessary to operate the
smelter/refinery complex, maximum internal recycling of water is assumed. Using
the values from the technical assessment models, the operation would need to
appropriate 695 gpm, of which 494 gpm is lost in the plant. The remainder, 201
gpm, must be discharged or treated before re-use in order to prevent the buildup

of undesirable constituents in recycle water systems.

Non~Contact Water—Non-contact water is required for: ooling of furnace walls

and doors and other refractory equipment; oondensing of steam from waste heat

turbines; cooling of bearings; and, ooling of the acid plant.

Cooling water flows through sealed heat exchangers which protect it from con-
tamination. For a model smelter/refinery, the heat exchangers require a total

flow of 44,500 gpm which is heated 8.9° C during the heat—exchange process

(Volume 2-Chapter 4).

The heated water leaving the heat exchange system can be managed in a variety of
ways. If allowed by applicable thermal discharge standards, it may be discharged
directly to a receiving body of water. Such once-through cooling would require

continwus appropriation of water at 44,500 gpm (99 cfs). The large discharge

" could raise the temperature of receiving waters considerably. Another

alternative is to send it to a cooling pond or cooling tower tO be cooled by
evaporation and then recycled. Heated water will tend to return to its original
temperature by dissipating heat thmﬁgh evaporation, diffusion, or convection.

To estimate the consumptive use of water in this process, it was assumed that all
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Table 44. TItemized water losses and discharges from the model smelter/

refinery 100,000 mtpy capacity (all numbers in gal/min).

PROCESS WATER LOSSES

Smelter A
Anode casting 33
Slag granulation 220
Acid plant blowdown 47
Potable water 0
Cu refinery 33
Ni refinery 161
TOTAL 494
PROCESS WATER DISCHARGE
Smelter
Arode casting 0-275
Slég granulation 0—2,600;
Acid plant blowdown 0-770
Potable water 0-30
Cu refinery 71-260
Ni refinery B 130
TOTAL 201-4,065

COOLING WATER LOSSES

Smelter

Process cooling

0-154

Turbine condenser cooling 0-161

Acid plant ocooling 0-190
Cu refinery 0
Ni refinery 0-125
TOTAL 0-630 .
COOLING WATER DISCHARGE
Smelter

Process cooling 616-10,201

Turbine condenser cocoling 644-10,864

Acid plant cooling

Cu refinery

Ni refinery

TOTAL

760-15,000

0

2,087-44,500

_67-84435

SOURCE: Volume 2—Chapter 4,

Snelting and Refining.,

=+ |




Table 45, Apprmoriations and discharges for the model smelter/refinery,
100,000 mtpy capacity (all numbers in gal/min).

FLOW MAXIMUM MINIMUM
ITEM CHART# RECYCLING RECYCLING
Plant needs 49,059 49,059
Process make-up C4 695 4,559
Process losses Cc5 494 494
Process discharge Cé 201 4,065
Cooling make-up C9 2,717 44,500
Cooling losses Cl1 630 0
Cooling discharge Cl4 2,087 44,500

SOURCE: Volume 2-Chapter 4, Smelting and Refining.



excess heat is dissipated by evaporation. For the model, this results in an

evaporative loss of 630 gpm.

Streams and lakes which may supply oooling water ocontain non-wolatile dissolved
solids which do mot leave the system with the evaporated water, and tend to
increase in ooncentration if a closed-cycle ocooling system is used. When oon-
centrations reach saturation, solids precipitate out of the water to clog the
cooling system. To prevent this, a certain amount of water, termed "blowdown, "
is periodically discharged from the cooling system and replaced by fresh water.
This water can be ocooled to the same temperature as the fresh makeup wafer ’ and)
contains the same constituents as are naturally present in the intake water,
although concentrations are elevafed by roughly 30 percent. The model blowdown‘

| volume of 2,087 gpm will only be required if the make-up water has high levels of
dissolved solids. If the make-up water is of high quality, which is the case for

 many lakes and streams in the Study Area, the blowdown requirement may be as low

as 60 gpm.

Table 46 summarizes the contact and non-contact water systems in a 100,000 mtpy
smelter/refinery complex assuming maximum recycling. The model requires a total
appropriation of 3,412 gpm, of which 1,124 gpm is consumed primarily by evapora-
tion. The remaining 2,288 gpm is not chsumed and could be tfeated and -

discharged. If the smelter/refinery complex is located close to the mill, this

discharge may be used to meet part of the mill water makeup requirements.

Table 46
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Table 46. Subsystem C: model water appropriation, discharge,
and losses, gpm.

CONTACT NON-CONTACT TOTAL

Appropriation 695 2,717 3,412
Discharge 201 2,087 2,288
Losses 494 630 1,124*

SOURCE: Volume 2-Chapter 4, Smelting and Refining.

*Excludes oconcentrate drying losses = 179 gpm.




4.,4.2 Production Phase Water Balance-Results and Discussion

4.4,2.1 Subsystem A, Annual output from subsystem A for four different mine
models under average, wet, and dry conditions is presented in Table 47 and

summarized in Tables 48 to 51.

Tables 47, 48, 49, 50, and 51

Because precipitation exceeds evaporation (Watson 1178), there will be runoff
from the mine site in an average year. Precipitation moving through the area
comes into ocontact with materials which are potential sources of _heax.zy metals and
other contaminants. If the runoff from these eléments is mot oontrplled and

treated, environmmental damage may result (see sections 4.6 and 4.7).

The hydrologic models indicate the pathways water follows through the system,
amounts of runoff from each element, and distribution of output‘ to surface water
or groundwater. The hydrological models can be combined with chemical models to
assess potential impacts. Ieachate from lean ore and waste rock piles is
expected t provide the greatest mass of oohtaminants (section 4.6). Mine dewa-
tering discharges may alsg be of poor quality (section 4.6). Discharge wolumes
from these elements can be compared with flows from potential receiving waters,

as discussed in section 4.5.

Five to ten thousand acres of land may be occupied by the stockpiles, open pit,
and other elements associated with a single operation (Volume 2-Chapter 5). If
runoff from these elements is controlled and collected, this land is effectively
removed from the natural watershed(s), which will lower stream flows and possibly

lake levels (see section 4.5).
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Table 47. Subsystem A: annual outputs in acre feet (wet year and dry year estimates by method I).

20 X 106 mtpy op 12.35 X 108 mtpy we
Ave, - Wet , Dry Ave, Wet Dry
Surface Runoff
A2 plant 710 1110 240 460 720 160
A4 open pit 620-920 1240~-1540 0-170 — - —
A6 overburden piles 150 350 0 —_— _— —_—
A8 & Al0 waste rock
and lean ore piles 1420-1140 3740-3000 0 70-50 180-140 0
Al2 undisturbed 1
watershed area 3070 6320 0 1500 3100 0
Al4 underground mine — — — 1050,40,0 1050,40,0 1050,40,0
Al5 total surface runoff )
Case 1 5970 12750 240 3090 5050 1210

2 5530 12000 240 2080 4040 200

3 6270 13050 410 2040 4000 160

4 5830 12300 410 3070 5010 1210

5 2060 4000 200

6 ] 2020 3960 160

Typical Value 5900 12530 330 2070 4020 200

Seepage to Groundwater
A7 & A9 waste rock

and lean ore piles 0-280 0-750 0 © 0-20 0-40 0




Table 47 continued.

11.33 X 106 mtpy op

5.33 X 106 mtpy UG

Ave. Wet Dry Ave. Wet Dry
Surface Runoff
A2 plant 430 660 150 210 330 70
A4 open pit 480-780 950-1250 210 — — —
A6 overburden piles 120 280 0 —-— —-— —
A8 & Al0 waste rock ,
and lean ore piles 800-640 2110-1690 0 40-30 100-80 0
Al2 undisturbed
watershed area 1790 3690 0 670 1380 0
Al4 underground mine — —_— — 1050,40,0 .1050,40,0 1050,40,0
Al5 total surface runoff
Case 1 3620 7690 150 1970 2860 1120
2 3460 7270 150 960 1850 110
3 3930 8000 350 920 1810 70
a 3770 7580 350 1960 2840 1120
5 950 1830 110
6 © 910 1790 70
Typical Value 3700 7640 250 1950 1840 110
Seepage to Groundwater
A7 & A9 waste rock
0-160 0-420 0 0-10 0-20 0

and lean ore piles




Table 47 continued.

Notes:

For open pit mines

Case Seepage into Pit Seepage out of Stockpile
1 none none
2 rone max
3 max none
4 max max

; For underground mines

B Case Seepage into Mine Seepage out of Stockpile
- 1 max A none
2 typ none
. 3 min none
4 max ’ max
5 typ ' max
6 min ' max




Table 48. 20 X 106 mtpy mine/mill water balance, open pit mine (all figures in acre-ft/yr).

KEY TO CASES 1 2 3 4

5 6 7 8 9 10 11 12
Material under tailing basin
permeable X X X X
semipermeable . X X X X
impermeable X X X X
Seepage into pit
zZero X X : X X X X
300 acft/yr * X X X X X X
Material under stockpiles .
permeable : X X X X : X
impermeable X ‘X ' X X X X
CALCULATED VALUES
Average Year Flow chart#
Runoff from subsystem A AlS 6,000 5,500 6,300 5,800 6,000 5,500 6,300 5,800 6,000 ‘ 5,500 6,300 5,800
Uncontrolled seepage from A : 0 280 0 280 0 280 0’ 280 0 280 0 280
Uncontrolled seepage from tails B13 8,300 8,300 8,300 8,300 830 830 830 830 0 0 0 0
B make-up needs . B5 11,000 11,000 11,000 11,000 3,200 3,200 3,200 3,2000 2,300 2,300 2,300 2,300
B excess BS _— —-— —_— —_— === — — — — — -— —
Net makéup needs BS-Al15 4,700 5,100 4,400 4,800 — — — — — — —
Net excess ' Al5-B5 — — — - 2,800 2,400 3,100 2,700 3,600 3,200 4,000 3,600
' Sanitary discharge B19 310 310 210 30 316 310 310 310 310 310 310 310




Table 48 continued.

1 2 3 4 5 6 7 8 9 10 11 12
Wet Year
Ruoff from subsystem A 215 13,000 12,000 13,000 12,000 13,000 12,000 13,000 12,000 13 ,000 12,000 13,000 12,000
Uncontrolled seepagé from A 0 700 0 700 0 700 0 700 0 700 0 700
Unéont:olled seepage from tails 5Bi3 8,300 8,300 8,300 8,300 830 830 830 830 0 0 0 0
. B make-up needs 35 6,200 6,200 6,200 6,200 -—-. —— — _— — —_— — _—
B excess B5 — -—_ — . -— 1,300 1,300 1,300 1,300 2,200 2,200 2,200 2,200
Net make-up needs B5~Al1S5 B — _— _— —— — — — _— — — —
Net excess - Al5-35 6,600 5,800 6,900 6,100 14,000 13,000 14,000 14,000 15,000 14,000 15,000 14,000
Sanitary discharge P19 | 310 310 ‘310 310 310 310 | 310 310 310 310 310 310
Dry Year
Runoff from subsystem A » 15 240 240 410 410. 240 240 410 410 240 240 410 410
Uncontrolled seepage from A 0 0 0 0 0 0 0 0 0 0 0 0
Uncontrolled seepage from tails B13 8,300 8,300 8,300 8,300 850 830 830 830 0. 0 0 0
B make-up.needs ' 85 16,000 16,000 16,000 16,000 8,600 8,600 8,600 8,600 7,800 7,800 7,800 7,800
B excess 3 35 —_— — — —_— — — — — -— — _— ==
Net make-up needs . B5-A15 16,000 16,000 1.6,0v00 16,000 8,400  ,8,400 8,400 8,400 7,500 7,500 7,500 7,500
Neé excess | ' Al5-B5 —-— -— — — — — —-— — - — — _—
Sanitary discharge b9 310 310 310 310 310 310 310 310 310 310 310 310




Table 49, 12,35 X 105_ mtpy mine/mill water balance, underground mine (all figures in acre-ft/yr).

- KEY TO CASES 1 2 .3 . & 5 6 7 8 9 10 11 12

Material under tailing basin
permeable X X X X
semipermeable ’ ' X
impermeable :

Seepage into mine .
40 acft/yr ) X X X X
1050 acft/yr . X X X

Material under stockpiles
permeable - ) X X
impermeable X X X

CALCULATED VALUES

Average Year : Flow chart$

Runoff from subsystem A Al5 2,100 2,100 3,100 3,00 2,100 2,100 3,100 3,100 2,160 2,100 3,100 3,100

., Unoontrolled seepage from A 0 - 14’ 0 14 0 14 0 14 0 14 0 14

. Uncontrolled seepage from tails Bl13 4,800 4,800 4,800 4,800 480 480 480 480 0 0 0

B make-up needs " BS 6,400 6,400 6,400 6,400 2,100 2,100 2,100 2,100 1,600 1,600 1,600 1,600

. B excess BS — — —

Net make-up needs B5-A15 4,300 4,300 3,30C 2,200 10 24 —

Net excess . ‘ Al5-B5 . = — f—— — _— — l,QOO 980 470 460 1,500 1,500

Sanitary discharge Bl9 170 170 70 170 170 170 170 170 170 170 170 170

Ve




:
Table 49 continued.
1 2 3 .4 5 6 7 8 ‘9 10 11 12

Wet Year |

Runoff from subsysi:em A Al5 4,000 4,000 ‘ 5,000 5,000 4,000 4,000 5,000 5,000 4,000 4,000 5,000 5,000

Uncontrolled seepage from A 0 -36 0 36 0 36 ' 0 36 0 36 0. 36

Uncontmll’edv seepage from tails BI13 4,800 4,800 4,800 %4,800 480 480 480 480 0 0 0 0

B make-up needs B5 3,800 3,800 3,800 3,800 — — — —-— —— — — —-—

B excess BC — — —— — 510 510 510 510 990 990 990 990

Net make-up bneeds B5=~Al5 — e — _— — — J— — — _— _ —

Net excess Al5-B5 250 210 1,300 -1,200 4,500 4,500 5,600 5,500 5,000 5,000 6,000 6,000

Sanitary discharge BLS 170 170 170 ' 170 170 170 170 170 170 170 170 170

Dry Year

Ruoff from subsystem A Al5 200 200 1,200 1,200 200 200 1,200 1,200 - 200 200 1,200 1,200
‘ Unoontrolled seepaqe’ftom A 0 0 0 0 0 0 0 0 0 . 0 0 0
| Uncontrolled seepage from tails BI1R 4,800 4,800 4,800 4,800 480 480 480 480 0 0 0 0
‘ B make-up needs ' . B5 9,500 9,500 9,500 9,500 5,200 5,200 5,200 5,200 4,700 4,700 4,700 4,700
‘ B excess . BS — — — — — — —— — —— -_— -— —

Net make-up needs : BE";-AlS 9,300 9,300 8,300 8,300 5,000 5,000 4,000 .4,000 4,500 4,500 3,500 3,500
Net excess ' . Al5-B5 — — — — — — —_ — — — — —
, Sanitary discharge ' B19 10 w0 170 170 170 170 170 170 170 170 170

170




Table 50. 11,33 X 106 mtpy mine/mill water balance, open pit mine (all fiqures in acre-ft/yr),

KEY TO CASES

10

11

12

Material under tailing basin
permeable
semipermeable
impermeable

Seepage into pit
zZero
300 acft/yr

Material under stockpile
permeable :
impermeable

CALCULATED VALUES

Average Year
Ruroff from subsystem A P25

Uncontrolled seepage from A

' Unoontrolled seepage from tails B13

B make-up needs . 185
B excess ) | ) ns
Net make-up needs B5=-A15
Net excess Al5-85

Sanitary discharge ‘0

Flow chart#

3,600 3,500
0 160
4,900 4,900

6,100 6,100

2,500 # 2,700

160 160

3,800

160
4,900
5,100

2,300

160

3,600

490

1,700

. 1,900

160

3,500
160
490

1,700

1,700
160

3,900

490

1,700

2,200
160

3,800
160
490

1,700

2,000
160

el

e

3,600

2,400
160

3,500

160

1,300

2,200
160

3,900

2,700

160

3,800

160

1,300

2,500
160
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Table 50 continued,

7y

S
'

6 7 8 9 10 11 12

Wet Year ‘

Ruroff from subs?stein A al5 ) '7,700 7,300 8,000 7,600 7,700 7,300 8,000 7,600 -7,700 7,300 8,000 7,600
Uncontrolled seepage from A . 0 420 0 5420 0 420 0 420 0 420 0 420
Unoontrolled seepage from tails B13 4,900 4,900 4,900 4 ;900 490 490 490 490 0 0 0 0
B make-up needs BS 3,500 3,500 3,500 3,500 — —-— — -— —_— —— — _—
B excess BS -— — — — 900 900 900 900 1,400 1,400 1,400 1,400
Net make-up needs BS -Al5 —_— — — — — — _— — _— —_— — —
Net excess Al5-B5 - 4,200 3,800 4,500 4,100 8,600 8,200 8,900 8,500 9,100 8,700 9,400 . 9,000
Sanitary discharge Bl19 160 160 160 160 160 160 160 160 160 160 160 160
Dry Year '
Runoff from subsystem A AlS 150 150 350 . 350 I 150 150 . 350 350 150 150 350 350
Uncontrolled seepage from A 0 0 0 0 0 0 0 0 0 0 0 0
Unoontrolled seepage from tails Bl13 4,900 4,900 4,900 4,900 490 490 490 490 0 0 0 0
B make-up needs B5 9,300 9,300 9,300 9,300 4,900 4,900 4,900 4,900 4,400 4,400 4,400 4,400
B excess BS -—_ _— —— — — — —_ — — —— -— ——
Net make-up needs . B5-Al5 9,100 9,100 4,500 4,500 4,800 4,800 4,600 4,600 -4,30'0 4,300 4,100 4,100
Net excess Al5-B5 — | — ——— — — _— — — —— ——— — -—
Sanitary discharge ‘B19 160 160 160 . 160 160 160 160 . ‘160 160 160 160 160




Table 51, 5.35 X 106 mtpy mine/mill water balance, underground mine {all fiqures in acre-ft/yr).

1 2 3 4 5 6 7 8 9 10 11 12

Material under tailing basin

permeable X X X X .

semipermeable , ’ X X X X

impermeable X X X X
Seepage into mine : _ ’

40 acft/yr . X b X X "X X

1050 acft/yr X X X X X X
Material under stockpiles

permeable . X X X X X

impermeable X . X X X X X
CALCULATED VALUES _
Averaqé Year o Flow chart#
Runoff from subsystem A rs 960 950 1,970 1,960 960 950 1,970 1,960 960 950 1,970 1,960
Uncontrolled seepage from A 0 7 o 7 0. 7 0 7 0 7 0 7
Uncontrolled seepage from tails Bi3 2,200 .2,200 2,200. 2,200 220 220 220 220 0o 0 0 0
B make-up needs . 35 2,800 2,800 2,800 2,80()' 850 850 850 850 630 630 630 630
B excess 85 - — —— -— -— o — — -— — -— —
Mok Sl orents B5-Al5 1,90 1,900 900 900 @ — - — e o .
Net excess . 4 ‘ Al5-85 — — — —— 110 929 820 1,100 330 320 1,300 1,300
Sanitary dischiacye Al on R0 80 80 80 80 80 80 = 80 80 80 80
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Table 51 continued.
1 2 3 4 5 6 7 8 9 10 11 12
Wet Year ,
. Runoff from subsystém A AlS l,800 1,800 2,900 2,800 1,800 1,800 2,900 2,80 1,800 1,800 2,900 2,800
Uncontrolled seepage from A 0. 19 0 19 0 19 0 19 0 19 0 19
Uncontrolled seepaqé from tails B13 2,200 2,200 ' 2,200 1,200, 220 220 220 220 0 0 0 0
B make~-up needs BS 1,600 1,600 1,600 1,600. — — — — — — —-— -
B excess BS — -— —_— — 350 350 350 350 570 570 570 570
Net make-up needs '~ B5-Al5 —_ _— — —_— —_— _— — —_— — — — _—
Net excess Al5-B5 210 190 1,200 i,200 2,200 2,200 3,200 3,200 2,400 2,400 3,400 3,400
Sanitary discharge B B19 80 80 80 80 80 - 80 80 80 80 80 80 80
Dry Year
Ruroff from subsystem A (Al5 110 110 1,100 1,100 110 110 1,100 l‘,100 110 110 1,100 1,100
Uncontrolled seepage from A 0 0 0 0 0 0 0 0 0 0 0 0
_Unoontrolled seepage from tail= BI13 2,200 2,200 2,200 2,200 220 226 220 220 0 0 0 0
B make~up needs ' B5 4,300 4,300 4,300 4,300 2,300 2,300 2,300 2,300 2,100 2,100 2,100 2,100
B excess B5 — _— —— — — - —— — — — - —
Net make-up needs 35~A15 4,200 4,200 3,200 ) 3,200 2,200 2,200 1,200 1,200 2,000 _2,000 950 950
Net excess A\15-B5 —— -— e —— -— — —— —— — -— -— —
Sanitary discharge . B19 80 80 80 80 80 80 80 80 807 .80 80 80



Surface outflow from subsystem A could be used as make-up water for the milling
process. The amounts available from subsystem A can be compared with the make-up
needs for subsystem B. If the make-up need is less than the runo “f, it may be
possible to segregate the runoff from subsystem A, o that the worst quality

water is used in the milling operation, and the best is discharged to the

environment.

4.4.2.2 Subsystem B. Annual balances for subsystem B are presented in Table 52.

Table 52

In an average year, water gained from rainfall on tre tailings basin and ore
moisture is less than water lost as oQncentrate water, tailings retention,
tailings basin evaporation and seepage, and miscellaneous plant. losses. Hence,

even though the process water is recycled, fresh make-up water is needed.

Make-up water oould be appropriated from streams or lakes in tr2 area. The
suitability of a given stream or lake as a source and the seric 1sness of impacts
from appropriation depend strongly on how appropriations are me Je. A reservoir
in the operation can smooth out the effecﬁs of seasonal variations in water
availability and of extremely dry or wet years. This makes it possible to rely
on smaller drainacje areas than would be needed if storage were rot available. 1In
a system with reservoir storage it may be possibie to appropriat : watef at a rate
proportional to streamflow or to appropriate spring peak flows. Without
significant storage, water must be appropriated at a onstant ré e or on an "as

needed" basis. These methods of appropriation will have differing impacts on

stream systems (section 4.5).
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Table 52, Subsystem B:

annual balance in acre feet (wet year and dry year runoff by

S

method I).
FLOW 20 X 106 mtpy op 12.35 X 106 mtpy UG

ITEM CHART# Ave, Wet Dry Ave, Wet Dty
Ore moisture B6 160 160 160 110 110 110
Plant needs B8 39,900 39,900 39,900 24,640 24,640 24,640
Misc. plant losses Bl6 1040 1040 1040 640 "~ 640 640
Concentrate water B15 310 310 310 190 190 190
Tailings water B9 38,550 38,550 38,550 23,800 23,800 23,800
Retained in tails B10 5,090 5,090 5,090 3,150 3,150 3,150
Tailings basin precip Bll 9,560 13,050 5,360 5,500 7,500 3,080
Tailings basin evap Bl12 5,630 4,610 6,870 3,240 2,650 3,950
Tailings basin seepage B13

impermeable base 0 0 0 0 0 0

semipermeable base 830 830 830 480 480 480

permeable base 8,310 8,310 8,310 4,780 4,780 4,780
Recycle water Bl4

impermeable base 37,390 43,400 34,230 22,910 25,510 19,790

semipermeable base 36,560 42,570 33,400 22,430 . 25,030 19,310

permeable base 29,070 35,090 25,920 18,130 20,730 15,010
Make-up needs B5 _

impermeable base 2,290 -2,190* 7,740 1,610 -990* 4,740

semipermeable base 3,130 -1,360* 8,570 2,090 -510* 5,220

permeable base 10,610 6,130 16,050 6,390 3,790 9,520
Potable water needs Bl7 310 310 310 170 170

170



Table 52 continued,

FLOW 11.33 X 10% mtpy op 5.33 X 100 mtpy UG

ITEM CHART# Ave. Wet Dry Ave, Wet Dry
Ore moisture B6 100 100 100 50 50 50
Plant needs B8 22,620 22,620 22,620 10,660 10,660 10,660
Misc. plant losses Bl6 590 590 590 280 280 280
Coricentrate water B15 170 170 170 80 80 80
Tailings water B9 21,850 21,850 21,850 10,300 10,300 10,300
Retained in tails B10 2,890 2,890 2,890 1,360 1,360 1,360
Tailings basin precip Bll 5,590 7,630 3,130 2,540 3,470 1,420
Tailings basin evap B12 3,290 2,690 4,020 1,500 1,220 1,830
Tailings basin seepage B13

impermeable base 0 0 0 0 0 0

semipermeable base 490 490 490 220 220 220

permeable base 4,860 4,860 4,860 2,210 2,210 2,210
Recycle water B14

impermeable base 21,260 23,900 18,080 9,980 11,180 8,540

semipermeable base 20,780 23,420 17,600 9,760 10,960 8,320

permeable base 16,400 19,040 13,220 7,770 8,980 : 6,330
Make-up needs B5 '

impermeable base 1,250 -1,390* 4,440 630 -570* 2,080

semipermeable base 1,740 -900* 4,920 850 -350* 2,300

permeable base 6,110 3,470 9,300 2,840 1,640 4,280
Potable water needs 160 160 160 70 70 70

- B17

*Negative value indicates excess or discharge.

ke



Runoff from subsystem A can be used to meet the make-up needs for subsystem B,
Tables 48-51 give the net make-up need or net surpius that results from combining
balances for subsystems A and B. For example, Table 48 gives the results for the
20 X 106 mtpy operation. The top third of the table deals with an average

year. If the tailings basin is on a permeable base, runoff from subsystem A does
not provide emough water to meet the make-up needs of subsystem B in an average
year. A net demand of 4,600 to 5,100 acre feet is still réquired. If the
tailing basin is on a semipermeable or impermeable base, the make-up need in an
average year is small enough to be met by using runoff from subsystem A, and a
net excess of 2,400 to 4,000 acre feet of water from subsystem A remains to be
discharged. Most of this discharge (3,700 acre feet) could cmme from undisturbed
watershed areas and the plant site, which have comparatively high quality runoff.
However, the undisturbed watershed areas consist of buffer zones around the
various mining elements, and it may rmot be economically feasible to separate

runoff from this area from the rest of the site ruroff.

Variations in the wolume of seepage from the tailing basin have a large effect on
the overall water balance for the mining and milling operation, and hence deserve
attention in any site specific study. The water lost also constitutes a large
uncontrolled discharge to the groundwater system, and its quality must be
oconsidered. Water 1ost by tailings basin seepage can be retrieved using trenches

or oollection wells.

4.4.2.3 Subsystem C. The annual balance for the smelter/refinery is shown in
Table 53. Only the 100,000 mtpy metals capacity model is evaluated. The numbers

in Table 53 assume maximum recycling of both process water and moling water.

Table 53
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Table 53. Subsystem C:

arnual balance in acre feet.*

ANNUAL AMOUNT

ITEM FLOW CHARTY

Water in ooncentrate Cl - 280
Iogses in dryer C2 280
Contact Water

Process make-up c4 1,080
Iosses in processing 5 . 760
Process discharge cé6 310
bbn—Coﬁtact Water

Cooling make-up 9 4,200
Evaporative losses Cll 970
Cooling blowdown Cl4 3,230
TOTAL

Appropfiat ion_ 5, 280:
Iosses 1,740
Discharge 3,540

*Smelter/refinery with 100,000 mtpy metal capacity assuming
maximum internal recycling of water.




Consumptive uses of water in the smelter/refinery are small. Fresh water must be
ocontinually appropriated for both processing and cooling, but most of it moves

through the plant for ooling purposes and is discharged.

A minimum of 1075 acre ft/yr must be appropriated for processing. Seven hundred
sixty-four acre feet of this are lost in consumptive uses. Buildup of unde-
sirable chemicals in the remaining 311 acre feet requires that it be treated

before being reused by the smelter/refinery or released to the environment.

Cooling can require up to 99 cfs if once-through ocooling is used, and thermal
impacts oould be severe. Recyclihg through ocooling towers or ponds can reduce
cooling appropriations and discharges by at least an order of magnitude. The
minimum appropriation for cooling water make-up is 4,200 acre ft/yr, of which 974
acre feet are. lost evaporatiqn in oooling, and 3228 acre feet must be used as

blowdown to prevent precipitation of chemicals in the ooling towers.

The total annual appropriation need is 5,278 acre feet. This water must be low
in particulates and dissolved ions, so recycled water from the smelter/refinery
system or from the mill would rot be suitable without treatment. This demand can
be compared with streamflows or with the seasonal input into lakes in the area

(see section 4.5).

Minimum smelter/refinery discharges include 311 acre ft/yr of contact water and
3,228 acrevft/yr of cooling water. If this water is returned to the same source
from which it was appropriated,' the net quantitative impacts are lessened.
However, both contact and ron-contact discharges will ocontain oonstituents
detrimental to water quality. Discharge volumes and concentrations have to be

compared with the volume of receiving waters to estimate quality impacts.
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If the smelter/refinery complex is located away from the mining and milling
complex (i.e. an "offsite" location such as Duluth) some form of water treatment
or purification will be necessary prior to any process water discharge. If the
smelter/refinery is located near the mining and milling operation, its discharges
can be used without treatment as make-up water for the milling process. Table 54 .
shows some possible combinations of the model smelter/refinery with 20 X 105

mtpy mine model under average meteorological conditions.

Table 54

Example 1 considers a mine/mill si_te with a tailincs basin on a permeable base.
The make-up need for subsystem B is partially met by subsystem A and C
discharges. The remaining 831 acre feet required hy subsystem B and the 5,278
acre feet needed by subsystem C must come from outside the system. The only
discharge is tailings basin seepage, which >is expected to be of fairly cood

quality,

Example 2 has a tailing basin on a semipermeable base. The mill make-up need is
smaller, and one management option is to meet that need with the poorest quality
discharges, which could be detrimental if releaséd to the enviromment. The
example assumes that the worst quality water will oome from stockpiles, the open
pit, and smelter/refinery process water. These three todgether supply all but 509
acre feet of subsystem B's need, and this i; met with suodsystem C .oooling water.
The net appropriation from outside the systom is 5,278 acre feet for
smelter/refinery make-up. Surpluses includ:: uncontrolled site runoff , tailing
‘basin seepage and cooling water blowdown, and total 7,479 acre feet. Most of

this water is fairly clean. FExample 2 is i. lustrated in Fiqure 38.
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Table 54, Examples of annual water balance for total integrated mine,'mill, and smelter/refinery system.
(20 X 106 mtpy open pit mine model; 100,000 mtpy smelter/refinery model.
assume particular seepage conditions and manaqgement options,

EXAMPLE 1

Tailings basin on permeable

base, subsystem A and C

output used for B make-up

Internal Cycling:
subsystem B make-up
subsystem A runoff
subsystem C discharge

Net subsystem B make-up

Net Appropriations:
subsystem B make-up
subsystem C make-up

Total

Net Discharges:*

subsystem A

subsystem B (tailings
seepage)

subsystem C

Total

EXAMPLE 2

Tailings basin on semipermeable
base, subsystem A waste rock and
lean ore runoff, open pit runoff
discharges, subsystem C contact
discharges & some rnon—contact
discharge used for B make-up

Internal Cycling:

10,640 subsystem B make-up 3,160
6,270 waste rock & lean ore runoff 1,420
3,539 open pit runoff 920

contact water discharge 311
831 part of non-contact discharge 509
Net subsystem B make-up 0
831
5,278 Net Appropriations:
subsystem B make-up 0
6,109 subsystem C make-up 5,278
Total ' 5,278
0 -
Net Discharges:*
8,310 subsystem A 3,930
0 subsystem B (tailings
seepaqge) 830
8,310 subsystem C ron-contact 2,719
Total 7,479

Examples

All wlumes are in acre-ft/yr.)

EXAMPLE 3

Tailings basin on impermeable base,
subsystem A waste rock and lean
ore runoff, subsystem C contact
discharge, and some ron—-contact

discharge used for B make-up

Internal Cycling:
subsystem B make-up

waste rock & lean ore rumoff

oontact water discharge

non-contact water discharge

Net subsystem B make-up

Net Appropriations:
subsystem B make-up
subsystem C make-up

Total

Net Discharges:*

subsystem A

subsystem B (tailings
seepage)

subsystem C non-contact

Total

2,320
1,420
311
589

4,850

2,639

7,489

*Excludes sanitary discharge of 310 ac ft.



Figure 38

Example 3 is similar to example 2, but the tailing hasin is on an impermeable

base.

4.4,3 Multiple Year Water Balance

The annual model predicts a net balance for the 20 X 106 mtpy mine/mill system
ranging from a 5,100 acre foot deficit to a 4,000 acre foot excess. If the
tailing basin is on semipermeable or impermeable material, or if most of the
seepage loss to a permeable material is recovered by wells or trenches, then the
mine/mill area collects enmough water in an average year to meet its processing
needs. Milling operations :generally store at least one year's supply of water in
their tailing basins (Volume 2-Chapter 3) so that a single dry year or a single
wet year can be handled readily. However, if a series of dry or wet. years
occurs, the‘operation ocould be forced to appropriate or discharae large amounts
of water, even thoggh it is close to self-contained on an average basis. Such
appropriations or discharges would be likely to have an impact on water
resources. Multiple year water balances are useful in assessing the extent of

this impact and oconsidering vpo‘ssible water management measures.

A five year design period was chosen to assess the mine/mill operation's deficit
under the worst conditions of record. Water balances were calculated for the 3,
5, 6, and 10-year dry periods of record. For example, the 5-year drought of
record is defined as the driest 5-year period observed to date., For the Study
Area this is the period from June, 1921 to 1925, during which precipitation at

Babbitt totaled 106.65". A five-year water balance was calculated using this
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value for precipitation and assuming average evaporation rates throughout the
period. A similar procedure was followed for the 3, 6, and 1l0-year droughts of
record., As shown in Figure 39, the total expected deficit increases as the water
budgeting period is increased | from 1 to 5 years. FPor periods longer than five
years, dry years tend to he offset by average and above averaa= years, and the

total expected deficit for the period declines.

Figure 39

Tables 55 and 56 and Figure 40 show five-year water balances for the 2O X 106
mtpy and 12.35 X 106 mtpy operations. FPFor a 20 X 106 mtpy operation with the
tailings basin on a semipermeable base, recurrence of a drought like the 5-year
droilght of record would cause a water deficit of 16,200 acre fe:t. The annual
excess of 2,400 to 3,100 acre feet in average years would have to be collected
over a 5 to 7-year period to have enough water in reserve for this event. Stored
in the tailing basin, this much water would cover bthe entire basin to a depth of
4 feet. If the deficit were appropriated from some external source throughout

the 5-year drought, the constant rate of withdrawal would be 4.5 cfs.

Tables 55 and 56, Figure 40

For the 5-year wet period of record, a 20 X 106 mtpy operation w.th a tailings
basin on a sefnipermeablé base would generate 27,000 acre feet of excess water
(Table 57, Figure 40). This wouid fill the entire tailings basin to a depth of -
6.7 feet, or could be discharged at a oonstantirate of 7.5 cfs during the S;year
period. The 5-year wet period balance for a 12.35 X 106 mtpy operation: is given

in Table 58,
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Table 55. Five year drought balance, 20 X 106 mtpy mine/mill,

SUBSYS'i‘EM A precip = 106.65"
| Five Year r"
Drought Five Years of Predicted Five ’ ¢y
of Record Average Evap, Year Drought

Element Precip, ac~-ft ac-ft : Runoff, ac-ft ' 7
Plant | 3,560 1,190 2,370
Open Pit 5,000 3,620 1,390 8
Overburden piles 1,540 1,300 240 1

| Stockpiles 17,670 16,50 1,120
: Undisturbed area 26,000 19,500 _6,500 7™
TOTAL 11,620 -
(groundwater seepage into pit oould increase total by 1,500) ~i
SUBSYSTEM B : | -
tailing basin precip-evap for 5-year drought pe:riod - 7,580 ac ft =
Five Year "3
Drought Net vake-u», : ¥
Make-up Subsystems A & B .
Tailings Base: | @;
impermeable 23,690 12,070 ’ =
semipermeable 27,840 16,220 W
permeable 65,250 153,630 “
't

I
g o
=
2o




Table 56. Five year drought balance, 12.35 X 106 mtpy mine/mill system,

SUBSYSTEM A precip = 106.65"
! Five Year
Drought Five Years of Predicted Five
of Record Average Evap, Year Drought
2 Element Precip, ac-ft - ac-ft Runoff, ac-ft
Plant 2,310 770 1,540
! Stockpiles 850 800 | 50
Undisturbed 12,760 9,570 3,190
é Mine — . 40
- TOTAL | 4,820
SUBSYSTEM B

tailing basin precip-evap for 5-year dry period = 4,360 ac ft

- Five Year
' Prought Net Make-up,
Make—-up Subsystems A & B

Tailings Base:
impermeable 14,970 - 10,150
semipermeable 17,370 12,550

permeable 38,870 34,050
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Tables 57 and 58

A more complete assessment of the implications of dry and wet periods is pre-

sented in section 4.5,

4.4.4 Post-Production Water Balance

‘The water balance following the close of the mining/milling operation is ocon-

siderably different from the production phase balance. In the post~production
phase the mine/mill and smelter/refinery areas have two principal effects on

water resources:

1) They ocontinue to yield water of degraded quality.

2) They differ from natural areas in terms of annual outflow, proportions of
surface runoff, interflow and baseflow, and timing of flow.

The quality, timing, and volume of outflow from these areas must be compared with
the flow properties of receiving waters to assess the nature of long-term impacts

and the possibilities for mitigation.

4.4.4.1 Subsystem A, Runoff from the plant site stays the same as during the
production phase. Precipitation and groundwater seepage will continue to g into
the open pit, bqt will not be discharged by pumping. For the 20_ X 106 mtpy
mine, precipitation minus evaporation plus groundwater inflow will fill the pit
in about 340 years. Without groundwater inflow, 500 vears are required. The pit
walls will contain some fractures through which water can seep out. The amunt
of seepage would probably be small, and the distance it would travel would

probably be short. Once the water in the pit rises to the level of the
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Table 57. Five year wet period balance, 20 X 106 mtpy mine/mill.

"SUBSYSTEM A precip = 157.92"

Five Year

Wet Period Five Years of Five Year

of Record Average Evap, Wet Period
Element Precip, ac-ft ac-ft Runoff, ac-ft
Plant 5,260 1,190 4,070
Open Pit ' 7,410 3,620 3,800
Overburden piles 2,280 1,300 980
Stockpiles 26,160 16,550 - 9,610
Undisturbed area 38,510 19,500 19,010
TOTAL 37,470

(groundwater seepage into pit could increase total by 1,500)
(groundwater seepage from stockpiles could decrease it by 5,000)

SUBSYSTEM B

tailing basin precip-evap for 5-year wet period = 24,700 ac ft

Five Year
Make-Up Net Make-up,
ac-ft Subsystems A & B
Tailings Base:
impermeable ‘ 6,500 -30,900%
semipermeable 10,720 -26,750
permeable - 48,130 10,660

*Negative makeup derotes a discharge.
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Table 58. Five year wet period balance, 12.35 X 106 mtpy mine/mill system.

SUBSYSTEM A

Five Year

Wet Period Five Years of Five Year

- of Record - Average Evap Wet Period

Element Precip, ac-ft ac-ft : Runoff, ac-ft
Plant 3,420 770 2,650
Stockpiles 1,260 800 460
Undisturbed 18,900 9,570 10,230
Mine _— — 40
TOTAL 13,380
SUBSYSTEM B

tailing basin precip—evap for 5-year wet period = 14,220 ac ft

Five Year
Wet Period Net Make-up,
Make-up Subgsystems A & B
Tailings Base:
impermeable 5,110 -8,270*
semipermeable 7,510 -5,870
permeable 29,010 15,630

*Negative makeup denotes a discharge.



surmundinq‘surficial materials,‘it can migrate into surficial agquifers and
eventually to surface waters. Overburden piles may be spread as cover material
over other parts of the site. Waste rock and lean ore piles will continue to
function-as they did in the production phase although covering and revegetation
could reduce runoff somewhat. The undisturbed watershed area will operate as it
did during production. The underground mine wouid be sealed and will not

contribute water. Subsystem A post-production runoff is summarized in Table 59.

Table 59

4,4.4.2 Subsystem B. Only tailings basin precipitation, evaporation, and

seepage need to be considered in the subsystem B post-production water balance.

The runoff to be expected is difficult to predict, since it will depend on the
properties of the tails and the nature of the revegetation and econtouring
program. In an average year runoff will probably be 30-5 percent of precipita-
tion. Runoff can leave the tailings basin by surface flo7s, seepage through the
bordering dikes to surface waters, vertical seepage to th: groundwater system, or
a combination of these. The amount of direct surface runcff will be oohtrolled
by final contouring of the basin and the properties of the tailings. Water which
infiltrates will be split between dike seepage and verticel seepage depending on
the permeability of the surficial .materials on which the hasin is located. If
the base is impermeable, alll the infiltration will leave through the dikes. If
it is permeable or semipermeable infiltration will leave by some combination of

the two. Tailing basin output is given in Table 59,

4,4,4,3 Subsystem C. Runoff from the smelter/refinery site and slag piles has

been igrored in the production phase balance and is mot included in the post-
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Table 59. Model post production water balances.

AVERAGE YEAR QUTPUT, AC FT

ELEMENT 20 X 106 mtpy 12.35 X 106 mtpy
Plant 710 460
Open Pit 0 —
Overburden Piles - —_—
Waste Rock and

Lean Ore Piles 1,420*@ 70**a
Undisturbed Area 3,070 1,500
Underground Mine —_— 0

Tailing Basin

2,810-4,690P

1,620-2,6900

TOTAL OUTPUT TO
SURFACE AND
GROUNDWATERS

8,010-9,890

3,650-4,720

*Up to 280 ac ft to groundwater, the rest to surface runoff.
**Up to 20 ac ft to groundwater, the rest to surface runoff.

80ould be much greater if surface drainageways are blocked by

stockpiles,

Divided among seepage through basin floor, seepage through

dikes and direct runoff, as discussed in text.



production balances. The smelter/refinery runoff coefficient would be about the
same as that for the milling plant. The hydrologic behavior of slag piles is
probably similar to that of waste rock and overburden piles, although slag is
quite inert and is mot expected to produce runoffb with elevated chemical con-

centrations (Volume 2-Chapter 4). : .
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4,5 HYDROLOGY IMPACTS

Copper-nickel mining, processing, and refinina will change the hydrology of the

Copper-Nickel Study Area (Study Area). Hydroloqgic chanades oould be caused by:

' ——direct appropriation of water from streams or lakes;
—--indirect appropriation by control of runoff from a watershed, or;
-—discharge of water to lakes, streams or agroundwater, either from
point sources or ron-point sources mine site runoff or tailing basin
seepage.
Appropriation of streamflow and oollection of runoff may compete with other users
of the water resource. Reductions in low flow of streams decrease the available
habitat for aquétic organisms, while the reduction of flooding at spring may
eliminate valuable spawning areas. Changes in streamflow or lake levels may be

aesthetically undesirable and could decrease the recreational value of the

resource.

Discharages to streams oould cause soouring and. bhank erosion or create current
vélocities re’e) .hiqh for existing aguatic communities. Discharae quality may be
poor, exceeding tolérance limits for aquatic organisms and standards for drinking
water, Various factofs, both natural and those related to a copper-nickel mining
operat.ion, influénce the naturé and extent of impacts. The factors in effect

during the operational phase would bhe:

1) Climatic conditions. Althouah the water requirements for milling or
smelting/refinina are relatively constant, water availability varies each year in
response to precipitation, evaporation, and the resulting runoff in the lake or

stream watershed. Larger streams and lakes will be required to provide suf-
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ficient water for operation during dry years without major adverse impacts to
!

aquatic communities and other water users,

2) Processing and cooling water requirements. The major factor governing annual
water use in milling is the tonnage of ore processed per year. Since an open pit
mine in the Study Area must produce approximately 1.6 times as much ore as an

underground mine to obtain the same tonnage of metals, water use also depends on
the type of mining operation, Other factors of lesser i:ﬁportance may include the
volumes of water retained by tailings and used in the concentration of ore. The
extent of internal recycling of water is the mpst important factor governing

water needs for the smelter/refinery.

3) Storage. Use of a reservoir, allows storage of water during wet years for
use in dry years, lessening wet and dry year impacts and reducing the size of the
stream that can provide sufficient water or receive discharges. Storage can be
provided by lakes, on-channel reservoirs, or reservoirs located from the water

source,

4) Iand area from whi‘ch runoff is oollected, Site runoff can be oontained and
used to supply water needs. The larger the containment area, the larger the
amount of runoff collected. Models developed by the (opper-Nickel Study indicate
that collection of all mine site and tailing basin runoff would provide more
water than needed in the milling operations in an average year. An open pit mine
would yield more runoff than an underground mine capable of producmq the same

amount of metals, bec-ause the open pit mine site is larger.

5) Seepage control and s0il permeability. The wolume of seepage from the

tailing basin to groundwater depends on the permeability of the material on which
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the pile is sited. If mot controlled and collected, seepade can substantially

increase losses and increase appropriation requirements.,

6) Timing of appropriation or discharge. Timing affects the impact of water
appropriation and discharge. Appropriation at a constant rate places a great
stress on the water source during low flow periods. If appropriation occurs only
during sprinq floodina, a smaller stream can be used. However, the loss of flow
may be detrimental to spawning. Appropriation proportional to streamflow
generally minimizes adverse hydrologic impacts, since the amount appropriated
depends on available stream flow. The last two appropriation/discharge modes
require storage reservoirs, since little or no water will be appropriated at

certain times.

The timing of discharges also affects impacts. Discharae proporti.onal to
streamflow provides high dilution throughout the year. Discharge only during
spring runoff eliminates discharge cduring much of the year;however, aquatic
organisms in the Study Area are nost susceptible to stress in the spring (Volume
4-Chapter 1, section 1.4.4.4). Constant discharge leads to varying dilution
which is especially poor during periods of low streamflow. Although of short
duration, these periods of low dilution can have sianificant effects on aquatic

communities.

In the post-operational phase, different factors will determine impacts thén
during the operational phase. The size and nature of the area disturbed by
copper-nickel development will govern total annual runoff, timing of runoff and
distribution among surface runoff, in_terflow, and baseflow. Residual effects

from the operational phase may be in evidence as streams recover from siltation,
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bank and bed erosion, or other changes in morphology and aguatic communities can

be re-established. Reclamation of the disturbed areas can minimize post-

operational impacts.

4,5.1 Methodology

This section assesses the ability of water sources in the Study Area to supply
water for copper-nickel development, and analyzes hydrologic impacts with respect
to natural hydrologic variation, aquatic organisms, and current water users. The
models used in this analysis were developed by the Regional Copper-Nickel Study
(Volume 2-Chapters 2-5; and section 4.4). They were chosen to illustrate the

expected range of hydrologic conditions. The models include:

--mill without storage, dry year and wet year

--mill with storage, average year, three appropriation modes
--mine/mill without storage, dry year and wet year
——mine/mill with storage, average year, three discharge nodes

—-smelter/refinery without storage, dry year, maximum and minimum
recycling : '

——smelter/refinery with storage, average .year, appropriation propbrtional
to flow and omnstant discharge, maximum and minimum recycling.

Both the 20 X 106 mtpy open pit mine/mill and the 12.35 X 106 mtpy underaround
mine/mill area analyzed. The 100,000 mtpy smelter/refinery model is used. The
open pi}t/mill models occupy more area than the underground mine/mill models
(Table 37) and cause larger impacts; thus, discussion focuses on the former, with
reference to the latter for comparison. The smelter/refinery would probably not
be permitted to use minimum recycling under Miﬁnesota's thermal discharq'e

requlations, so the model using maximum recycling is given more emphasis.
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The following assumptions were made:
--models for the mill assume only the oollection of tailina basin
runoff, unless otherwise stated
--mine/mill models assume collection of runoff from the.entire mine site
--models assume a semi-permeable base to the tailinag basin (seepage
rate of 0.2 ft/yr), which is oonsidered more likely to occur than
a permeable or impermeable base. |
Much of the analysis is based on e(juations relating streamflow and lake discharage
to watershed area (Tables 5 and 60) rather than on data from specific streams and
lakes, in order to direct attention to the relationship between s’caie of
watershed and sianificance of impacts. Because streams in the Study Area are
better characterized than lakes, the analysis emphasizes impacts on streams.
Impacts on 1ak;=_-s can be equally or more siqgnificant than impacts on rivers, but
more information on seasonal and annual variations in lake inflow and outflow is

needed to address them fully,

Table 60

Additional analysis has been done on certain streams which are large emough to be
considered as possible sources of appropriation or receiving waters for discharge
and are in or adjacent to the development zones (Fiqure 1). These streams are
the South Kawishiwi, Dunka, Stony, Partridae, and St. Louis rivers (Figure 41).
The Shagawa, Bear Island, and Fmbarrass rivers were not considered, since other
major streams are between them and the mineralized zone. The Isabella River is
within the Boundary Waters Canoe Area, a federally protected Wilderness Area,
prohibiting its use for these purposes. The Whiteface River and Water Hen Creek

were mQt considered, since very little of their watersheds lie within the
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Table 60.

development zones.

WATERSHEDS
Unnamed Creek at BB~1
Filson Creek at F-1
Keeley Creek at KC-1
Second Creek at SC-1
Waterhen Creek at W-1
Whiteface River at WF-2
.Dunka River at D-1
Bear Island River at BI-1
Embarrass River at E-1
Shagawa River at Sh-1
Partridge River at P-1
Stony River at SR-1
St. Ipuis River at SIL~1
Isabella River at I-1

Kawishiwi River at K-1

Areas of watersheds in the vicinity of copper-nickel

AREA (miZ2)

4.2
10.4
11.2
26.6
45.6
47.9
49.4
68.5
88.3
99.0

129.3
244.0
277.
341,

1347

SOURCE: USGS (1979).
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development area. The option of using several small streams for appropriation or

discharge has nmot been considered here.

Figure 41

Groundwater is not discussed, since it is mot a likely appropriation source. The

Embarrass-Dunka Rivers Sand Plain area is the only large area with well yields

consistently qgreater than 100 gpm (0.22 cfs) (Siegel and Ericson 1979). This
yield is well below model appropriation needs. Yields as high as 1,000 gpm occur

only locally in the Study Area (Siegel and Ericson 1979).

4.5.2 Criteria for Assessing Significance of Hydrologic Impacts

There are no standard criteria cited iﬁ the literature for assessing the signi-
ficance of hydrologic impacts. The effects.of hydroloqic changes depend upon the
morphometry and morphology of individual lakes and streams and on the sensitivity
of aQuatic species in the water source to the particular chande. 1In this
section, thé following criteria hé&e been used as quides for determining

significance of hydroloaic changes resulting from copper-nickel development.

1) OComparison of probable induced changes in streamflow and lake levels withi
nétural'variatiéns; inﬁsrmation on streamflows in the Research Area has been
coﬁpiled (USGS‘1976,»1977,11978) and statistically analyzed for flow duration and
flqw frequency. (Siegel and Ericson 1979). Small changes in stream flow or 1éke
levels would pmobablyfnot qreatly affec£ stream norphology, lake worphometry, or
aquatic species. Changes in the same order of magnitude as natural variations
may have impacts immediately or after several years, depending on the severity of

the change. Large changes would have immediate impacts.
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FIGURE 41
SURFACE DRAINAGE IN THE WATER QUALITY RESEARCH AREA
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For this discussion, a large change in streamflow is defined as one which would
change flows by 50 percent or more. A small change is one which would affect
streamflow by 5 percent or less. A moderate change is between these limits.
Levels of significance cannot be associated with these changes without site spe-

cific studies of stream characteristics and aquatic species.

Key streamflow parameters were selected to assess the magnitude of streamflow
changes. For models without storage, modeled appropriation and discharge needs
are nost severe durina extreme climatic conditions. The key parameters for these
models were the 30-day 20-year low flow for dry conditions, and the 30-day 100-
yéar hiqh flow for wet conditions. Models with storage can assume storage of
water during wet conditions for use during dry conditions, so average
apropriations and discharges during average conditions are ’oonsidered. Key
parameters for these models were the average annual streamflow, for models using
appropriation or discharge proportional to flow; the 7-day 2-year low flow
(averaae low flow), for models using constant appropriation; and the average
April-May flow, for models using appropriation only dur;inq spring runoff. The 7-
day 2—yéar low flow rather than annual flow is used for oconstant appropriation
models since flow changes will be larger (and presumably have more severe

impacts) during recurring low flow periods.

1) Ibufyh ocomparisons of lake level changes to natural variation were made.
Lakes with predicted 30-day 20-year low flows are greater than appropriation |
needs during the 100-year dry year are mot expected to experience changes in
level. Other lakes will experience some chanaes in levels, if used as a com-
bination of water source and natural storage reserwir. Lakes with an average
annual inflow less than the average demand are ot considered suitable for long-
term water sources.
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2) Assessment of possible competition for water resources between existing users

and ocopper-nickel development, by ocomparing the combined demand with streamflows.

3) Assessment of impacts on aquatic organisms by considering the maqnitude and
timing of flow changes. Small changes in flow would probably not greatly affect '
aquatic communities. If changes are of the. same order of magnitude as natural
variations, effects may occur immediately or after several yars. For example, an
appropriation could reduce the average flow bf a stream to a level which occurred
naturally only once in 5 years. The ‘impact would rot be visible immediately,
since the stream system would already be adjusted to periodic incidents of this
level of flow. Over a number of years, however, the decreased flow ocould céuse

. gradual changes in stream morphology or aquatic communities. If flows were
reduced to a level which occurred naturally only once in 25 years, fairly rapid

measurable physical and biological changes oould result.,

The pérsistence of stress on an aquatic community, from either the operational or
post—operatior;al phase of copper-nickel development, may determine the signi-
ficance of the impact. A stress that occurs often, such as during the average
low flow of a stream, may not allow the community to recover betweén episodes.
The effects of various discharges and appropriations on the 7-day 2-year low flow
are examined in this section for' this reason., A community would probably recover

between stress episodes if the episodes occurred only during the 7-day 25-year

low flow,

4.,5,3 Mitigation Measures

This report discusses several measures that would minimize the hydrologic impacts

of ocopper-nickel mining. For the operational phase, measures include: selection
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of water sources with sufficient water to meet needs with little flow change;
type of mine; type of appropriation or discharge; maximum recycling of water for
the smelter/refinery; use of site runoff to minimize withdrawal; release of
excess water to the watershed in which the site is located; énd phased
construction of tailing basins and stockpiles. For the post-operational phase,
the major mitigative measure is recontqurinq and revegetation of the disturbed

area.

4.5.4 Model Results—Operational Phase

The major hydroloaic impacts during the operational phase result from water
appropriations and discharges. llection of site runoff reduces appropriation

needs.

4.5.4.1 Mine/Mill System. Process water needs for the mine/mill depend on type

of mine. The 20 X 106 mtpy open pit model uses nore process water than the 12.35
X 106 mtpy underground hodel (Table 61). Only the open pit mine model is A
discussed in this section; the underground model is included in:tables and
figures for comparison. Assuming oollection of tailing basin runoff, the open
pit mine/mill méel system would require 3,180 acre-feet in an average year,v
8,620 acre-feet in a dry year, and have an excess of 1,330 acre-feet in a wet
year (Table 61). With oollection of all mine site runoff, the fiqures arer an
excess of 2,820 acre~feet, a need of 8,380 acre-—feet, and an excess of 14,300

acre-feet, respectively (Tableb 61).

Table 61

Mine/Mill System Without Storage—The annual water balance of a mine/mill opera-
tion is dependent on climatic conditions. Water deficits or excesses can occur
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Table 61.. Subsystems A and B appropriations and discharges,

acre-feet per year)

20 X 106 mtpy open pit

tailing basin on semipermeable base (all wolumes in

12,35 X 106 mtpy underground

Average Year

Wet Year

Dry Year

Average Year

Wet Year

Dry Year

subtotals totals

subtotals™ totals

subtotals totals

subtotals totals

subtotals totals

subtotals totals

A, Oonsumptive Use
Plant loss
Concentrate water
Tailing basin

retention

B. Ore Misture

C. Tailing Basin Ruroff
Precipitation
Evaporation

D, Tailing Basin
Seepage

E. Subsystem B Make-up
Need (A~B~-C+D)

F. Subsystem B Excess
{B+C~A~D)

G, Rumff From
Mine Site

Net Make-Up Need
( appropriation) (E=G)

Net Excess (discharge):
(F+G or G-E)

1,040

310
5,090

9,560

5,630

6,440
160

3,930

" 830

3,180

6,000

2,820

1,040
310

5,090

13,050
4,610

6,440
160

8,440

- 830

1,330

13,000

‘14,330

1,040
310

5,090

5,360
6,870

6,440
160
-1,510
830

8,620

240

8,380

640
190

3,150

5,500
3,240

3,980
110

2,260

480

2,090

2,100

10

640
190
3,150 3,980
110
9,500
2,650 4,850
480
500
4,000
4,500

640
190

3,150

3,080
3,950

3,980
110
-870
480

5,220

200

5,020

SOURCE: Section 4.4,
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in extreme years, even if the operation is almost self-sufficient in an average
year (Table 61). Assessing impacts for a system without storage requires com—

parison of extreme wet and dry year conditions.

Extreme Dry Year——The mine/mill water balance for the 100-year dry year is used

to assess the hydrologic impacts of an extreme dry year. The calculated deficit
for this case is 8,380 acre-feet (11.6 cfs) for the 20 X 106 mtpy open pit'mine

model (Table 61).

The 30-day 20-year low flow was used in determining the adequacy of streams as
appropriation sources for the 20 X 10® mtpy open pit mine model. It was assumed
that the mill would shut down or use stored water for low flow periods of less
than 30 days. The 20 year recurrence interval was selected because statistics
for the 100-year recurrence interval oould rot be developed with the available
data. This procedure results in generous estimates of a stream's ability to
suply the needed water during an extreme event, since 100-year low flows will be
smallér than 20-year low flows. Iow flows experienced in 1976 are listed in

Table 7.

Comparisons of the draft rate with streamflows shows that streams in watersheds
of less than about 270 miZ would mot be able to meetbthe appropriation need for
the iarqe open pit model (Figure 42). The St. Iouis River at SI~-1 (watefshed
area of 277 mi2) has an estimated 30-day 20-year low flow juSt large enough to
meet the appropriation need (Table 62). The largest river in the Study Area, the
Kawishiwi at K-1 (watershed area of 1,347 mi2), has an estimated 30-day 20-year

low flow of about 80 cfs, or about 7 times the appropriation need (Table 7).

Fiqure 42, Table 62
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FIGURE 42

DRY YEAR APPROPRIATION FOR MILL
AND MINE/MILL WITHOUT STORAGE
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Table 62. Effect of dry year appropriation on streamflow for 20 X 106 mtpy
mine/mill without storage.® Example showing use of Figure 42,

30-day, 20-yr 100-yr Dry Year . Iow Flow % Reduction

Iow FlowP Appropriation® Appropriation in Flow
Kawishiwi River
at K-1
(A = 1,347 mi2) 79.4 11.6 67.8 15
St. Iouis River
at SL~1
(A = 277 mi2) 12.4 11.6 0.8 93

Aassumes tailing basin on semipermeable base; ocollection of runoff.
PBrooks and White (1978).
CBased on Table 61.




Appropriation for the mine/miil model without stofaqe would be 8,380 acre-feet or
2,700 million gallons of water during the 100-year dry year. This would be the
second largest consumptive appropriation in the Study Area, exceeded only by Erie
. Mining Company's process water requirement of 5,900 million gallons per year

(Table 10).

The mine/mill water need is émall compared with use for fnower generation and
would probably not interfere significantly with this use if the same streams were
used. Oompetition with municipal supply systems is possible, though avoidable.
As shown in Figure 42, the 30-day 20-year low flow of the Partridge River is less
than the drought demand rate. Competition for water with the Village of Hoyt
Lakes would be likely during low flow periods if the river were used as a make-up
source. Aurora and Babbitt use droundwater, which is mot likely to be used as a
milling make-up source. Winton withdraws frorn the Kawishiwi River near K-1,

where flows are high enough to make conflict unlikely.

Hickok (1977) has-‘suqggested that dewatering discharges from existing taconite
mines ocould be used to meet oopper-nickel mine/mill water needs. Reservé Mihinq
Company's Peter Mitchell Mine or Frie Mining Company's combined mings provide
adequate flows for this purpose, even in dry years (Table 10). Most pit water is
curreﬁtly discharqéd to Unnamed Creek and the Dunka River, or to the Partridge
River and Second Creek. Appropriating pit water for consumptive use would reduce
the flows of these streams, especially during low flow periods (Siegel and
Ericson 1979). This may be preferable to appropriating from streams whiclg are
not already impacted. However, process water is appropriated from the Partridge
River by the Frie Mining Company. Use of pit water for amother mining operation

would cause a conflict with Erie's use of the Partridge River flow.
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100-Year Wet Year——Discharges for the mine/mill model during the 100-year wet

year are 14,330 acre-feet (19.8 cfs) for the 20 X 10° mtpy open pit mine model

(Table 61).

If released proportional toi streamflow, discharge from the 20 X 106 mtpy model
would approximately double the flows in streams with watersheds of 10 mi2 (Figure
43). Significant scouring and bank erosion omuld occur in streams of this size.
For streams with watersheds larger than about 150 miZ2 , the dischérqe would
increase high flows by 10 percent or less and would probably mot have significant

effects on stream morphology.

Figure 43

Mine/Mill With Storage—Collection of Tailing Basin Runoff Only--Water excesses

and deficits can be reduced by the use of stored water. Excess water in wet
years can be stored to prevent a deficit in dry years, thus reducing
appropriations and discharges in extreme conditions. Therefore, only impacts of

appropriation during average flow conditions are considered in this section.

The average annual appropriation need for the 20 X 106 mtpy mill with the tailing
basin is 3,180 acre-feet; this figure assumes collection of tailinq basin runoff
(Table 61). The effect of an appropriation of this size on streams in the Study

Area depends on the type and timing of appropriation.

A stream with a watershed of at least 10 mi2 could meet the average annual need
of this model if the entire flow of the stream were appropriated. One way to
meet the. apprqpfi,atibn»need would be to oconstruct a storage reservoir with a

catchment area of 10 mi2. The impacts on the host watershed would be signifi-
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FIGURE 43

WET YEAR DISCHARGE FOR MILL ALONE
AND MINE/MILL WITHOUT STORAGE
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cant. Above the dam, an artificial laké with fluctuating water levels would
replace the stream network. Immediately below the dammed area streamflows would

drop to near zero because most runoff would be controlled.

A second alternative would be t withdraw water from a stream in a larger
watershed for storage in an off-channel reservoir. Three types of appropriation
could be used: appropriation proportional to flow, appropriation from spring

runoff, and oonstant appropriation.

In streams with watersheds over 100 miZ area, reductions in annual flow caused by
appropriation proportional to flow would be small compared with natural
variations, and probably would rnot cause measureable impacts on stream morphology
or aquatic communities. For streams with watersheds of 10 to 100 mi2, the
changes in flow could be large to noderate. Streams in smaller watersheds in
this range would show the effects of appropriation immediately, whereas larger
streams may exhibit measurable impacts only afﬁer several years of appropriation.
Fiqure 44 and Table 63 show how this appropriation would affect the average
annual flow of streams. This method would cause the smallest flow reduction on

the Dunka River (Table 63).

Figure 44 and Table 63

Appropriation from spring runoff would require the entire flow of a stream with a
watershed area of about 15 mi2 (Figqure 45). Small watersheds may experience
moderate to large flow reductions. For example, the average April-May flow of
Dunka River (watershed area of 49.4 mi2) would be reduced about 27 percent (Table

63). Impacts on the morphology of streams this size may be visible after several
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FIGURE 44

APPROPRIATION PROPORTIONAL TO FLOW
FOR MILL WITH STORAGE.
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Table 63. Effect of appropriation on streamflow—20 X 106 mtpy mill with
storage, with tailing basin or semipermeable base. Example showing use
of Figqures 44, 45, and 46. ‘

Dunka River
Appropriation Streamflow Flow at D~-1 Average Year = Streamflow % Reduction
Mode Parameter (A = 494mi2) Apropriation = Appropriation in Flow
proportional average
to flow annual )
yield®  28,255€ 3,200€ 25,055€ 11

with spring Ppril & '
runoff ~May flow€ 11,726€ 3,200¢€ 8,526€ 27
constant rate . 7—déy, 2-yr

| low flowd 3.53f 4.42f —_ over 100

aSee Table 61.

Psiegel and Ericson (1979).

CCalculated as 41.5% of annual flow from Siegel and Fricson (1979).
dprtoks and White (1978).

€Acre-feet.

foubic feet per second.




years of spring withdrawal. The model predicts appropriation of about 5 percent
of the April-May flow of rivers with watershed areas of 250-300 miZ2 would be
required (e.g. the Stony and St. Ipuis rivers). This appropriation might mot

have a measurable effect on stream morphology or aquatic communities.

Fiqure 45

Appropriation at a constant rate requires streams with larger watershed areas.
The draft rate for constant appropriation is approximately equal to the 7-day 2-
year low flow of a stream with a watershed of 60 to 90 mi2 (Figure 46 and Table
63). The Dunka Riv_er oould rot supply the needed water (Table 63).
Appropriation would cause a large change in low flows of streams in watersheds up
 to about 200 mi2 in area. Changes would be small only for streams in watersheds
of at least 500 or 600 mi2, Appropriation at a constant rate can be avoided if

storage is used.

Figure 46

Lakes may also be used as water sources for a copper-nickel milling operatipn.
Many lakes in the Study Area are on the channel of rivers; they receive
significant inflow and have significant discharges. Data on seasonal inflow and
outflow of lakes in the Study Areé are rot generally available. However, it is
assumed that discharges from lakes are reiatively ocomparable to stream flow.'
Using the equation developed by Ramquist (Table 8) for the mean annual discharge
from lakes, it is estimated that discharqge from a lake with a drainage area of
about 10 mi2 would be sufficient for the appropriation need of a mine/mill with

storage. If such a lake also served as the storage reservoir, lake levels oould.
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FIGURE 45

APPROPRIATION FROM SPRING RUNOFF
FOR MILL WITH 'STORAGE '
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HGURE46

CONSTANT APPROPRIATION FOR MILL WITH STORAGE
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be expected to fluctuate in an average year (Honetschlager and Hewett 1979). If
a separate reservoir were used, withdrawals synchronous with the natural pattern

of outflow from the lake would reduce the effects of withdrawal on lake levels.

Based on analoay with streamflows, on-channel lakes with drainage areas less than
about 270 mi2 probably have 30-day low inflows smaller than the dry year demand
rate for a mine/mill without storage. If these lakes were used as appropriation
sources and natural storage reserwirs, additional lowerina of lake levels would
occur during dry periods because of evaporation. Only six lakes in the Study
Area have drainaace areas exceeding 300 mi2 (Table 64). All are in the Kawishiwi
River Watershed. Bald Eagle and Gabbro Lakes, which receive the flow of the
Isabella River, would mot be suitable water sources, since they are located in
the BWCA., Birch, White Iron, Farm and Fall lakeé are all on the channel of the
Kawishiwi River and drain 980 to 1,350 mi2, However, only Birch is within a

copper-nickel development zone.

Table 64

The 30-day low inflow of record to Birch Lake, which is the lake closest to the
mineralized zone, has been estimated at 55.7 cfs (Bowers 1977). This is larger
than appropriation needs for models without storage. Monthly evaporation can
exceed precipitation by 83 mm or more in dry years, causing a loss of 2.9 cfs per
square mile of lake surface (Honetschlager and Hewett 1979). For Birch ILake,
with a surface érea of 11.6 mi2, the net evaporative loss in a dry summer month

could be as much as 33.6 cfs, reducing discharge considerably.

It oould he possible to use several small lakes as sources, rather than one large

lake.
134




"

Table 64. Lakes in the Study Area with drainage areas exceeding 300 mi2,

DRAINAGE
LAKE ARFA (mi?) NOTES
Bald Eagle 340-400 receives flow of Isabella River .
Gabbro 399 receives flow from Bald Eagle
: Lake ' ‘
Birch 980 : receives flow of So. Kawishiwi s
River, unka River and Stony
River -
White Iron 1,073 .on channel of South Kawishiwi -
‘ River below Birch Lake .
Farm . 1,070 receives flow of South Kawishiwi L
River below White Iron Lake
and flow of Kawishiwi River T
Fall 1,347 receives flow of Kawishiwi River
below Farm Lake and of Shagawa o
River : 9]
SOURCE: Table 8. i
=




Selected pit dewatering discharges would be adequate to meet the make-up need for
the mill with storade. This would have an impact on the water resources of the
Study Area, since pit dewaterina discharqes currently help sustain flows to Birch

Lake and the Partridge River.

Evaluation of the other criteria for significance shows that the mill alone with
storage has little adverse impact. The appropriation needs for this model are
much less than any other current water use (Table 10). Competition with other
users would be unlikely. For example, the combined demand of municipal users and
the nmodel mill with storage falls well below the annual flow of the streams used

as appropriation sources (Table 65).

Table 65

Water seeps from the tailing basin to groundwater at a fairly constant rate of
1.15 cfs, or 830 acre-feet/year in the mill model. This would double the 7-day
2-year low flow in watersheds of 20 mi2, Such increases in low flow would be
beneficial t aquatic organisms, provided that the quality or temperature of the

water were mot detrimental.

Mine and Mill With Storage--Collection of All Mine Site Runoff--If part of a

watershed is used by a copper-nickel operation, and the runoff from the area is
collected instead of being allowed to join a stream, the streamflow in the
watershed will be reduced. A copper-nickel milling operation could use this
collected water to help meet make-up needs, thereby reducing appropriation needs.
Containment of the entire mine site would yield about 6,000 acre-feet in an

average year, This is 2,820 acre-feet more than is needed to meet the deficit
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Table 65. Comparison of current water demands and model mill demand with
the flow of source streams,

Annual Use , Annual Flow
User 106 gal Stream Source 106 gal@

Municipal Supply Systems

Winton 8.8b Kawishiwi at K-3 242,000

Ely 409,40 Shagawa at Sh-1 23,000

Hoyt Lakes 149.2b Partridge at P-1 24,800
Mine Processing

Erie Mining Company 5,900P Partridge at P-1 24,800
Model (opper-Nickel Mill 1,020¢

aysGs (1978).

bSiegel and Ericson_(1979).

Cgee Table 52

]
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for the mill (Table 61). FEither the excess water must be discharged, or a

smaller area should be oontained.

This water management plan would have the followinag effects on water resources:

1) Contaimment of site runoff would reduce the flow of the host watershed. The
entire model mine/mill occupies a 16 miZ2 gite (Table 37). Assuming the effects
of containment of site runoff on streamflow are directly proportional to area,
containment of the site runoff could significantly decrease streamflows in much
larger watersheds (Figures 47 and 48). Changes are likely to be small in streams
with watersheds of 300 miZ2 or more, and effects on stream morphology and agquatic
organisms would vrobably mot be measureable. If the mine/mill site occupied bogs
or lakes which previously sustained low flows and damped flood flows in the
watrshed, or if the open pit diverted flow from the stream, changes in flow
could be greater than predicted. Table 66 indicates that site containment would

cause a sidnificant decrease (24-41 percent) in Dunka River flows.

Figures 47 and 48, Table 66

2} Discharges, if released to a watershed other than the one in which the mine-
site was loéated, would increase flow of the receiving watershed. The layout of
the site relative to watershed boundaries could result in discharge to a
watershed other than the one in vwhich the runoff was ollected. This would
decrease streamflow in the host watershed and increase streameaW in the

recelving watershed,

Figures. 49, 50, and 51 compare the mine/mill model discharqge (2,820 acre-feet) to

streamflows in the Study Area. Excess water is variously assumed to be
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FIGURE 47

#EFFECT OF CONTAINMENT OF SITE RUNOFF ON
ANNUAL STREAMFLOW AND SPRING RUNOFF
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FIGURE 48

EFFECT OF CONTAINMENT OF SITE RUNOFF ON
LOW FLOWS OF STREAMS |
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Table 66. Oontainment of site runoff: effect on streamflows. Example showing use of Figures 48 and 49,

. _ Dunka R. 20 X 106 punka~- -  Percent 12.35 X 106 Punka- Percent
Streamflow Parameter at D-1  mtpy OP 20 X 106 OP  Decrease mtpy UG 12.35 X 106 UG Decrease
Area, mi< Units 49,4 16.0 : 33.4 in Flow 7.85 41.6 in Flow
7-day 2-year low flow .
log Q = ~1,62 + 1.28 log A2 cfs 3.53 .83 2.1-2.7® 24-41€ .34 2.83-3,19¢ 10~20¢ -
7-day 20-year low flow . :
log Q = =1.7336 + 1.1951 log AP ~ cfs 1.23 «32 J7-.91€ 26-37¢ .14 1.00-1,09¢ 11-19¢
Average annual yield acre- : . :
Q = 572 a° feet 28,300 9,200 19,100 . 33 4,500 23,800 : 16
April and May runoff acre- ' '
Q=237 ad feet 11,700 3,800 7,900 32 1,900 9,800 16

ACalculated from Brooks and White (1978).

bprom Brooks and White (1978).

CFrom Siegel and Ericson (1979).

dcalculated as 41.5 percent of annual yield from Siegel and Ericson (1979).

€High estimate subtracts mine site flow fmm river flow; low estimate is the flow of watershed

area minus mine site area.



discharged proportional to flow, during spring runoff, or at a constant rate. .
All discharge methods would cause larade changes in flow in streams with
watersheds of 20—30 mi2 or less. Impacts on stream morphology and aquatic com-
munities in these streams might well be significant. PFor streams drainina 100
mi2 or more, the change in flow is small for discharqe proportional to flow. For
streams draining 200 mi2 or more, chanqe would be small if discharge occurs
durina spring runoff, and probably would not have a measurable impact on stream

morphology or aguatic organisms.

Figures 49, 50, and 51

Constant discharge affects streamflows most during low flow periods. The model
discharge would approximately double the 7-day 2-year low flow of a stream
draining 50-70 mi2. This would help stabilize the wolume and velocity of the

stream and may be beneficial to aquatic organisms, quality considerations aside.

The model discharge is much larger than current mine processing discharges in the
Study Area, and is of the same order of magnitude as existing mine pit dewatering
discharges (Table 10). Discharge to Unnamed Creek from the Dunka Pit fluctuates
widely. This fluctuation may be detrimental to aquatic organisms (Volume 4-

Chapter 1).

3) Discharges, if released to the same watershed from which runoff is ocollected
would partially mitigate flow reductions due to contaimment. Flow reductions can
also be mitigated by reduéinq the size of the area from which runoff is
collected., Undisturbed areas within the model mine site account for 40 percent

of the land area and about 3,070 acre~feet of runoff (Table 47) in an average
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FIGURE 49
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FIGURE 50
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FIGURE 51
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year. If it is possible to separate this runoff from that coming from other
sources, the discharqge can be completely eliminated in an average year.
Construction of tailing areas or stockpiles in cells, followed by effective
reclamation, and higher stockpiles with smaller base areas could also reduce the

area oontributing ruroff at any given time (section 4.4).

4) Discharges could be of poor quality, requiring dilution. Discharge water can
have high concentrations of heavy metals, suspended solids, process chemicals,
and other pollutants which may be harmful to aguatic organisms or render the

receiving waters unfit for drinking, fishing, or other human uses.

Discharge proportional to streamflow throuaghout the year provides a oonstant and
relatively high dilution ratio (Table 67). Discharge only during spring runoff
would eliminate discharge during much of the year, although the dilution ratio is
dat as qod. Aquatic organisms in the Study Area are nost susceptable to stress
in the spring (Volume 4-Chapter 1, section 1l.4.4.4). nstant discharge leads to
a varying dilution ratio which is especially poor during periods of low
streamflow (Table 67). Although of short duration, these low dilution periods
can have significant effects on aquatic communities. If harmful levels are
reached during 7-day 2-year low flows, aguatic communities probably will not be
able to recover completely before the next such period, and will show»the effects
of the recurring stress at least for the life of the operation (Volume 4-Chapter
1, section 1.,4.4.4). Any discharge would have to meet Minnesota water quality

standards.

‘Table 67
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Table 67. Dilution of mine/mill discharges and effect of discharges on streamflow; 20 X 106 mtpy
mine/mill with storage; tailing basin on semipermeable base.
/ Example showing use of Fiqures 49, 50, and 51.

; } ’ NDunka River

Streamflow : Flow at D-]1 Average Year Flowt+ Dilution % Increase
Discharge Mode Parameter Units  (A=49.4 mi2) Discharge Discharqe Ratio (B/C) in Flow
Proportional Average . l
to Flow Annual acre~- .
Yieldb feet 28,300 2,800 31,100 .09 10
With Spring April & May acre~ )
Ruroff Flow® feet 11,700 2,800 14,500 .19 24
(onstant Rate 7-day, 2-yr ) :
low flowd cfs 3.53 3.87 7.40 .52 110
agee Table 61,
bsleqel and Ericson (1979).
Ccalculated as 41.5% of annual flow fmm Siegel and Ericson (1979).
dprooks and white (1978).
\
1]
kg . %‘ ~ { - } ‘L ! ¢ y £ ' j f ] e 2 s ) o = ¥ 1



Models of the quality of mine site runoff suggest that runoff from waste rock and
lean ore stockpiles and mine dewatering discharges will require oollection and
treatment (section 4.7). If the mine site is adjacent to the mill, usina this
water for milling is a cost-effective technique to reduce low quality discharqge

during the operational phase (section 4.4). These two sources yield about 2,000

acre-feet/year in an averaade year. This would reduce direct appropriation needs
from 3,200 acre-feet/year to 1,200 acre-feet/year on the average (Table 47) and

leave only relatively clean sources of site runoff (section 4.4).

4.5.4.2 Snelter/Refinery System. Water use in the 100,000 mtpy smelter/refinery

models is largely nonconsumptive. The rate of appropriation and discharge
depends areatly on the extent of internal recycling of process and cooling water
(Table 68). With maximum recycling, one-third of the total appropriation is
consumed, and the rest discharged, with minimum recycling, which uses once-
through oolina, only one percent of the water appropriated is consumed.
Appropriation needs would be 7.3 cfs using maximum recycling of 104.8 cfs using

minimum recycling.

Table 68

Once-through cooling is mot considered to be a viable water management option for
a smelter/refinery in Minnesota, because applicable thermal discharge standards

could rot be met. onsequently, it is ot discussed in detail in this analysis.

The models assume that water needs will be met by appropriation, since the
smelter/refinery requires water low in particulates and dissolved ions (section -

4.4),
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Table 68. Appropriations and discharges for the model smelter/refinery .
of 100,000 mtpy capacity. ‘

MAXTMUM MINIMOM

TTEM RECYCLING RECYCLING
Jac ft/yr cfs ac ft/yr cfs
Process make-up? 1,070 1.50 7,050 9.8
Process lossesP 770 1.05 770 1.05 |
Process discharge 310 .43 6,290 © 8.69
Cooling make—up? 4,200 5.80 68,800 95
Cooling JossesbP | 980 1.34 0 0 | L
Cooling discharge 3,230 4.46 68,800 95 0
SOURCE: Section 4.4.A _

Numbers may not balance due to independent rounding.

aTotal need.
boonsumptive use. ‘ -




L

The water requirements for the smelter/refinery are constant, but the availabi-
lity of water from streams and lakes in the Study Area varies from year to year.
If storage is mot provided, a given stream will be a suitable source only if it
can meet the make-up need under dry conditions. If storage is provided, average

streamflow conditions can be used in assessing suitability.

Smelter/Refinery Without Storage~-Streams which drain about 200 mi2 or more would

be able to meet the combined process and cooling water needs for a
smelter/refinery with maximum internal recycling even during the 30-day, 20-year
low flow (Figure 52). The decrease in flow due to such an appropriation would be
moderate to high in streams draining less than about 2,000 mi2., All Study Area
watersheds are less than 2,000 mi2. Iakes with watersheds of several hundred

square miles ocould probably provide sufficient water.

Figure 52

No single stream in the Study Area could fneet the demand for the model
smelter/refinery with minimum internal recycling during the 30-day 20-year low
flow (Figure 52), The ocombined process and cooling draft rate exceeds the com—
bined 30-day 20-year low flows of the three largest rivers, the Kawishiwi,
Isabella, and St. Ipuis (Table 7). A minimum recycling smelter/refinery without
storage is probably rot a practical option in the Study Area, even if it oould

meet thermal discharge standards.

Smelter/Refinery With Storage—If storage is provided, the drainage area required

to meet the maximum recycling smelter/refinery water needs using appropriation

proportional to flow is reduced to 10 to 15 mi2 (Fiqure 53). The water demands
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for the model with minimum recycling would require the entire annual stream flow

from a drainaqge area of 150 mi2, using appropriation proportional to flow.

Figure 53

Several design options could be used to meet the appropriation need of the maxi-
mum recycling model. One alternative would be to use an existing lake as a
storage reservior. ILakes having drainage areas of less than about 200 to 300
mi2 have 30-day 20-year low inflows smaller than the model draft rate, based on
analogy with streamflows. Since lake evaporation and seepage to groundwater
further reduce the total amwunt of water available in storage, an even larger
watershed area would be required to assure that the net inflow rate to the lake
always exceeded the draft rate. If discharge water is not returned to the lake,
fluctuations in lake levels would be induced for lakes with watershed areas less

than several hundred square miles,

Another optLoﬁ wuld be to onstruct an on-channel reservoir located to collect
the flow of a 10 to 15 mi2 area. A third alternative would be to provide an off-
channel reservoir and fill it by appropriation from a large stream or lake.
Whether the reserwoir was located on-channel or off-channel, the extent of impact
on streamflow would be qoverned by the relative timing of appropriation and

discharqge.

Smelter/refinery discharge would normally occur at approximately a constant rate.
Appropriation proportional to flow coupled with constant discharge would have the
net effect of increasing base flows and decreasing peak flows (Figure 54). 1In a

15 mi2 watershed, the spring flow would be substantially reduced, while winter
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FIGURE 53
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flows would be doubled. These chandes in flow patterns could eliminate spawning
areas, change the stream morpholoqy, create open water in areas previously frozen
over, or have other effects on the stream system. For streams in watersheds over

100 to 150 mi2, effects on flow and consequent impacts would probably be small.

Figure 54

Using holding ponds, discharge oould be timed to follow the same patterns as
appropriation. For appropriation and discharge proportional to flow, cnsumptive
use would decrease streamflow by less than 5 percent for watersheds over about 70

miZ,

Dilution of discharge from the smelter/refinery would vary depending on the
management of discharaes and time of the year, as for the mine/mill. Fiqure 55
shows how the dilution ratio would vary over a year using appropriation propor-—

tional to flow and constant discharge.

Figure 55

With maximum internal recycling, smelter/refinery consumes 570 million gallons
annually. This is about one tenth as large as consumptive use by FErie Mining
Company's taoonite processing plant, but larger than any other consumptive use in

the area.

Summary of Streamflow Impacts During Operation Phase—Fiqure 56 and 57 summarize

the impacts of the appropriations and discharges on streamflow. The probability

of a large change in the key streamflow parameter is indicated for each model.

The probabilities are qualitative assessments made by (opper-Nickel Study staff.
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FIGURE 54.
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DILUTION RATIO

FIGURE 55
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The models with storage which use appropriation or discharge proportional to flow

appear to have the least likelihood of causing large changes in streamflow.

. Figures 56 and 57

4,5.5 Model Results—Post-Operational Phase

The abandoned mine site will mot have the same hydrologic behavior as the pre-
mining undisturbed watershed. The two principal changes will be runoff of
degraded quality and different patterns of annual outflow, timing of flow and

proportions of surface runoff, interflow and baseflow,

\

Post-operational impacts on hydrology will depend on the nature and size of the
disturbed afea, residual effects of the operational phase, and the extent and
type of reclamation. Table 69 summarizes the expected hydrologic behavior of
unreclaimed mined land oompared with the behavior of undisturbed areas. The net
hydrologic impact is difficult to determine, since: a) the behavior of any
mining element listed in Table 69 will depend on its size and on site
characteristics; b) the effects of one element may offset the effects of another
element: and c) the elements may be in different watersheds. The followina

discussion is based on section 4.4 and Honetschlager and Hewett (1979).

»

Table 69

Ebr an open pit mine and mill in the same watershed, the total annual runoff -
after abandonment is likely to decrease. Although total runoff from the stock-
piles and plant site is higher than from undisturbed watersheds, -the open pit

mine contributes o ruroff, and in fact may capture local groundwater flow.. The
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Table 69,
northern Minnesota,

Estimated hydrologic behavior of uwnreclaimed mined land oompared with behavior of

i
.
Ea
=

%,

undisturbed areas in

Element Average Annual Rurcff Surface Runoff Interflow Baseflow Rate of Runoff
Open Pit Output is approximately reduced to reduced to Possibly minor not applicable
zero until filled, The Zero zero seepage © qround- o
pit is likely o capture water through bed-
groundwater flow from rock
nearby areas
Overburden probably similar ? ? ? ?
piles :
Waste rock & increased reduced to increased Groundwater storage slower
lean ore piles zero within piles may be
substantial, especially
if they block natural
drainage ways. Baseflows
may be higher than from
natural areas.
Undisturbed same same same same same
watershed area
Plant site increased increased reduced to reduced to faster
zZero zero
Tailing Depends on tailing Nepends on final Water which infiltrates amerges Depends on division
Basin infiltration rates ocontouring and on  through tailing dams (interflow between surface
and extent of ponding tailing infiltra- or baseflow) or through the runoff, dam seepage,
tion rates. basin floor (bascflow). and flow secpaqe.
Division between the two depends
on the permeability of the material
underlying the basin and of the
tailing dams, and on layering
within the tailings.
Smelter/ increased increased reduced to reduced to faster
Refinery Site Zero Zero
Slag Piles ? ? ? ? ?

SOURCE: Section 4.4,




open pit and stockpiles contribute no surface runoff, but this may be more than
offset if the tailing basin is recontoured to allow surface runoff. Baseflows
could increase if seepage from stockpiles and tailing basin is high, but if the

mine site occupies the site of a former boq or lake, flow would probably

decrease.

The underground mine and related development would have a lesser effect, since
they occupy less space. Average annual runoff from the site may increase, since
the high plant site ruroff and stockpile runoff are not offset by an open pit.
Changes in annual yield, sufface runoff, and baseflow would depend primarily on

the tailing basin, since the ébockpiles associated with underground mining are

small in area.

Recontouring and revegetation may help restore the disturbed area to more nearly

natural hydrologic behavior (see Volume 2-Chapter 2).

The effects:of thé disturbed area on streamflow would be proqressively less per-
ceptible moving downstream from the site. (onsidering the natural variations in
streamflow in the'Study Area, changes in the hydrologic behavior of the minesite
probably would not be significant beyond a point when the ratio of undisturbéd

area is about 10 to 1.

The quality of ruﬁoff from the abandoned site oould be a serious problem. Levels
of both dissolved solids and suspended sediments may be elevated (sections 4.6
and 4.7). Dilution would vary depending on streamflows at the point of interest.

Post-operational water quality impacts are discussed in sections 4.6 and 4.7.
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4.5.6 Water Supply in Copper-Nickel Development Zones

4.5.6.1 General Discussion. The seven development zones have different limita-

tions for water use (Table 70). The adequacy and availability of water supply

for copper-nickel development have been determined for each zone.

Table 70

The development models used in this analysisvare the 20 X 106 mtpy open pit model
(maximum recycling, tailing basin on semipermeable base) and the 106,000 mtpy
capacity smelter/refinery (maximum recycling). Water needs for the models are
from Tables 61 and 68. Stream flow values have been determined by equations

- listed in Table 7. The criteria for assessing water adequacy are: for cases

5 . without storage, the 30-day 20-vear low flow is compared to appropriation needs

i during the 100-year dry year and, ﬁar_cases with storage, either the average
annual flow or the average low flow is compared to averade year appropriation

needs. (It is assumed stored water will be used during dry years.,)

For this analysis, water source is considered adequate if the specified flow

exceeds the appropriation need, as calculated in Table 71. Extreme flow reduc—
tion would occur in some cases. These may rot be allowed under present requla-

7 tions. Cases of small flow reduction (5 percent or less) are circled on Table

71.

Table 71

- The smelter/refinery total appropriation need is the largest water requirement in

Table 70. Only three zones have an adequate water supply for this operation if

o
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Table 70. Adequacy?® of water source for copper-nickel operations by

development zone.

ZONE

Adequate? water source for mine/mill or
mill only without storage in dry year

Natural storage available

Adequate?@ water source for mill only
with storage-constant appropriation
during average year

Adequate? water source for mill only
with storage-proportional appropriation
during average year

Adequate?@ water source for mine/mill
with storage in average year

Adequate?@ water source for smelter/
refinery (total appropriation need)
with maximum recycling and without
storage in dry year

Adequate .water source for smelter/
refinery (consumptive use only) with
maximum recycling and with storage-
constant appropriation during
average year

Adequate water source for smelter/
refinery (consumptive use only) with
maximum recycling and with storage—
appropriation proportional to flow
during average year

Lack of conflict with current
municipal water users

Lack of‘,‘qonflict with current
industrial water usersb

anpjequate" water source is one that can meet the appropriation need;

however, extreme flow reduction may result.

in text for magnitude of flow reduction.

See developmérit zone discussion

bLack of oonflict with recreational water users has ot be oonsidered.,

= yes; O = no; ? = unknown because of lack of streamflow data.
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Table 71. Water source by development zone——adequacy for copper-nickel operations (volumes in cfs),

M/M w/storage

M appropriation need in average year

Zone 1 Zone 28 zone 3P
: % Birch % %
Approp. Flow K-7 Flow- . Reduction SR-1 Flow- % Lake Flow- Reduction D-1 Flow- FReduction
Case Need Param, Flow Approp. in Flow Flow BApprop. Change Flow BApprop. in Flow Flow Approp. in Flow
- 569 244 49.4
M/M or M w/out 1.6~ 30dd, 1641 g 43.8-
storage-dry yr ~  11.9  20yr 28,00 16.4 41-43  .10.06 — — 55.7f  46.8 21 1.46  -— -—
M w/storage-~ 744, }
_constant approp. 4.42 2yr 80.66  76.24: @ 27.28  22.86 16 1119 107 @ 3.53 - —
M w/storage- ‘
proportional - ave.® :
approp. 4,42 annual 450 446 6] 13 . 189 (@ - eoh 597 ') 39 35 1
S/R max recycling .
w/o storage, 3084, -
dry yr 7.3 20yr ~ 28.00 20.7 26 10.06 2.8 73 55.7€ 48,4 13 1.46 _— ——
S/R max recycling
w/storage~ . 744,
constant approp. 2.4 yr  80.66  78.3 G® 2128 20 9 1119 109 ® 3.53 1.1 68
S/R max recycling ) .
w/storage~ ave.® . :
prop. approp. 2.4 annual 450 448 @ 193 191 @ 601h  599. 0.4 39 37 6



_ ~
Table 71 continued, -

Zone 4 Zone 5C Zone 6 Zone 7
: o7 T BTs T o 3 _ *
_ Approp.  Flow D-2 - Flow- Reduction . P-5 Flow- $ . P2 Flow- Reduction SL~2 . Flow- Reduction
Case Need . . Param. . Flow Approp. in Flow Flow Approp. . Change Flow Approp. ‘in Flow Flow 2Approp. in Flow
17.0 30.9 9%6_ 99,0
M/M or M w/out 1.6~ 304%, ' _
storage-dry yr ;. 11.9 20yr <40 —_— —— W71 — — 3.23 —_— — 3.17 — ——
M w/storage- 79d, 3
constant approp. 4.42 2yr .90 — — - 1.60 — — 8.27 . 3.85 53 8.02 3.60 55
M w/storage~ '
proportional ave.®
approp. 4.42 annal  13.4 9.0 33 24.4 ‘20.0 8 76 72 6 74 70 6
S/R max recycling )
w/o storage, 3049, . .
dry yr 7.3 20yr .40 — — 71 — —_ 3,2 —_ . — 3.17 _— _—
S/R max recycling ) N
w/storage- _ 744, .
constant approp. 2.4 2y .90 —_— — 1.60 — —— 8.27 5.9 29 8.02 5.9 30
S/R max recycling . :
w/storage- ave,® :
Prop. approp. 2.4 annual 13,4 11.0 18 24.4 . 22,0 10 76 74 @ 4 72 @
. .H/M,w/storage No appropriation need in average year

2Zone 2 may also use K-7 flow as source.
bzone 3 may also use SR-1 or Birch Lake flow as source. '

Cmotal flow available in Zone 5 would be greater than the combined flows of P-4 and P-5, but less than the P-2 flow,
. * dFrom Brooks and white (1978%. v
©From Siegel and Ericson (1979).
fpriest month of record gaged inflow (Bowers 1977).
9cCalculated from Bowers (1977),
From Bowers (1977). -

Circled mmbers indicate flow reductions less than § percent,
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mo storage is used. The mine/mill without storage would also be restricted to

the same three zones.

The number of development zones with adequate water increases if storéqe is
available, either natural or man-made, and if the timing of appropriation is
varied. If stofaqe is available, the mill or the smelter/refinery could be
supplied by water reservoirs in five or six of the zones if constant
appropriation were employed, or in all of the zones using appropriation propor—
tional to flow. The combined mine/mill with storage ould be located in any of

the zones, since it has an excess of water in an average year.

Table 70 also lists possible obstacles to use of water from each zone. Possible
conflicts with current appropriations were determined from Table 65. Only two
zones (5 and 6) may have conflicts with current municipal and industrial uses.

Five zones do rmot have natural storage.

4.5.6.2 Water Adequacy in Each Zone. The laraest source of water in Zone 1 is

the South Kawishiwi River. Gabbro Lake, at the mouth of the Isabella River,
camét be used as a water source or storage reservior because it is located
within the BAWCA. The South Kawishiwi River at K-7 could supply water fof éll
four cases using storage, with small flow reductions (Table 71). At K-7, the 30-
day 20-year flows are adequate to supply the two cases without storage, although
major flow reductions would occur: 41 to 43 percent for the mine/mill, and 26

percent for the smelter/refinery.

Possible water sources in Zone 2, besides the South Kawishiwi River, are the
Stony River at SR-1 and Birch ILake. All cases with storage oould bevsupplied by

the Stony River and Birch Lake with only small flow reductions in most cases.

146




The mine/mill without storage exceeds the 30-day 20-year low flow of the Stony
River. The smelter/refinery without storage could be supplied by the Stony
River, although a 73 percent reduction in the 30-day 20-year flow would result.
Inflow to Birch Lake exceeds the need for both cases without storage; flow

reductions would be moderate. Birch Lake could also be used as a natural storage

resewir.

opper-nickel development in Zone 3 ocould also use Birch Lake and the Stony River
as a water source and Birch Lake as a natural reservior. The Dunka River at D-1
could mot supply three cases—both cases without storage and the mill with
storage using constant appropriation. A 68 percent flow reduction would occur
for the case of the smelter/refinery with storage using constant appropriation.,

Moderate flow reductions occur with the remaining two cases.

Most of Zone 4 is located in the watershed of the Dunka River, the laraest water
source in the zone. The Dunka River at D-2 cannot supply the water ;1eeds of any
case without storage. There are no lakes in Zone 4 that oould provide natural
storage. If man-made storage were provided, proportional apémpriation for the
mliAll_ or smelter/refinery would be possible; however this appropriation would
reduce averade annual flows by about 33 percent. The two cases with storage and

using constant appropriation could not be supplied at D-2.

Zones 5 and 6 afe located in the Partridge River Watershed. The Partridge River
flow is mot large emough to supply any system without storage. If appropriation
is proportional to flow and storage is provided, the mill or the smelter/refinery
could be ‘supplied in most cases; for the smelter/refinery in Zone 6, the flow

reduction would be small. Zone 5 may be able to supply a mill or the
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smelter/refinery with storage if constant appropriation is uséd. A mill with
storage using constant appropriation could be supplied in Zone 6, although 53
percent of the low flow at P-2 would be appropriated; a smelter/refinery using
storage in Zone 6 would reduce low flows by 27 percent. No natural storage is

available in either zone.

Copper-nickel development in Zones 5 and 6 could encounter conflicts with other
users of water in the Partridge River Watershed. FErie Mining Company, which
appropriates water for its taconite operation, experienced water supply problems
duriﬁg the 1976 drought. The company has proposed building a water storage
reservoir to provide drought protection for its present plant and provide storage

for possible future expansion (Hickok 1977).

The Village of Hoyt Lakes takes water from the Partridge River for its municipal
water supply. A copper-nickel operation which appropriated from the Partridge

River would not have priority over municipal water needs if a conflict arose.

The largest water sources in Zone 7 is the St.‘ Iouis River. A system without
storage could not be supplied by this river at SI~2. Cases using storage. could
be supplied, but oconstant appropriation would reduce the low flow by 55 percent
for a mill and by 30 percent for a smelter/refinery. Appropriation proportional
to flow would cause only a small flow reduction for the smelter/refinery and a

moderate reduction for the mill. There is no natural storage in Zone 7.

From a standpoint of water supply, zones 2 and 3 would be the best areas in which
to locate a copper-nickel operation. The South Kawishiwi River, Birch Lake, and
the Stony River would be adequate water sources, even without storage, and Birch
Lake oould be used as a natural storage reservoir. Zone 1 also appears to
contain adequate water with little flow reduction for cases with storage.
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7ones 4, 5 and 6 appear to be the most poorly suited to support 'oopper—nickel
development. The small flow of the Dunka River in Zone 4 oould restrict deve-

lopment. In Zones 5 and 6, the small flow of the upper Partridge River and com-

peting current water users pose limitations to' development.

4.6 WATER QUALITY SOURCE MODELS

The water quality characterization section (4.3) presented evidence which indi-
cates that water quality of some streams in the Study Area is currently affected
by taconite mining. In these streams, specific conductance, calcium, magnesium,

and total dissolved solids were most affected. -

Impacts of oopper-nickel development on water quality are expected to be greater
than those experienced with taconite development. Historically, the major
problem associated with metal sulfide mining has been the prbduction and release
of highly contaminated leachates (Hawley 1972, Eisenreich et al. 1976). In
general, this leachate tends to be acidic and contains high leveis of toxic trace
elements. Leaching has been documented in tailing basins, stockpiles, and mines.
There‘. is a significant potential for léachinq wherever the oxidation of metal
sulfides is likely to occur in the presence of water. Elevated levels of toxic

"metals have been reported to influence aguatic ecosystems (see Volume 4-Chapter

1).

To evaluate potential environmental concerns, the (opper-Nickel Study developed
water quality source models for discharges that might occur from copper-nickel
dévelopment. These models are comprised of four mine elements (mines, stock-
piles, tailinq basins, and smelter/refinery). Discharges during the operational

and post-operational phases are considered. The water quality parameters pre-

149

L

=

ki)




sented in these models are based upon field and laboratory studies conducted by

the USGS, Amax Exploration, Erie Mining Company, and the Regional (opper-Nickel

Study.

Although the models presented here are based on actual measurements, the

discussions that follow are based on a single oonceptual framework. In each

case, the development element (mine, stockpile, tailing basin, or smelter) is
k viewed as a reactor. Within this reactor the water cuality of input waters is
: physically or chemically altered to that of the output water (see Figure 58).
The relative importance of the input and reactor components in determining the
quality of output waters varies with the models. For example, reactor stage

contributions are expected to be greatest in the case of the smelter and lean ore

2 stockpiles.

Figure 58

Further details of the theoretical and experimental basis for the conceptual

discussions of the models are presented in Eger and Lapakko (1979).

4.6.1 General Discussion of ILeaching

Whenever Water ocomes in contact with minerals there is a potential for pH"chanqes
and for chemical reactions that will release metals or other chemicals into

~ solution. This potential exists in all phases of mining development. Therefore, . -
a primary concern of environmental analyses of copper-nickel mining was the

guality and environmental impacts of the output waters from various development

components.

150




FIGURE 58 S

CONCEPTUAL FRAMEWORK FOR WATER | QUALITY, MODELS

INPUT _— REACTOR —| OUTPUT

PRECIPITATION MINES DISCHARGE
Runoff and Groundwater . |
. STOCKPILES RUNOFF
APPROPRIATED WATER
| . | | TAILINGS SEEPAGE
RECYCLED WATERS
SMELTER




S

Leachate production depends on three factors: the water ontacting the ninerals
(the aqueous phase), the minerals themselves (the s0lid phase), and the reaction
environment in which the water and minerals interact. This section discusses

these factors in light of theoretical and laboratory findings, and summarizes

them in Table 72.

Table 72

The laboratory set-ups are shown schematically in Figure 59.

Figure 59

4.6.1.1 Factors Relating to the Aqueous Phase. The water discussed here may be

rainfall, groundwater, mill water, or whatever other liquid is in ocontact with
minerals on the site. FPor trace metals of special environmental interest,
leaching inwolves two opposing effects: their release into solution and
transport to locations where they may adversely affect the environment; and their
removal from solution by chemical precipitation. For instance, copper may be
released to solution by the dissolution of copper sulfide, but be removed from
solution (i.e. the leachate) bv precipitation as a non-soluble copper hydroxide

or carbonate—depending on aqueous chemical conditions.

Aqueous phase conditions affecting leaching include pH, ionic strenath and the
presence of dissolved oxygen, or dissolved oraanics. The pH is a measure of the
activity of hydrogen ions in solution, and low pH indicates acidic conditions.
Variation in pH can affect mineral dissolution, agueous phase complexation, oxi=-

dation potential, chemical precipitation, and adsorption. onversely, solid
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Table 72. Ieaching summary.

How Increase in Parameter Affects

Parameter Trace Metal Concentration in Leachate
pH | decrease
Temperature increase
Dissolved Oxygen increase
Stockpile Gomposition

(i.e. sulfide content) increase
Alkalinity decrease
Organic Ligands increase
Ionic Strength of Solution increase
Surface Area increase
Rainfall increase




Figure 59
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phase dissolution may increase or decrease pH, depending on the minerals that are

present.

Acidic oconditions will increase the solubility of metal hydroxides and carbonate
minerals, thus retaining higher ooncentratioﬁs in solution. Since leaching
involves the net effect of dissolution (release) and precipitation (removal), a
reduction in pH may be expected to lower water quality (i.e. higher metal

concentrations).

Iow pH increases metal sulfide dissolution, as Figure 60 from a batch reactor
test shows. The higher sulfate concentrations associated with lower pH indicate

that more metal sulfide dissolution and oxidation occurred at the lower P

values.

Fiqure 60

As pH varies, different sulfide minerals behave differently, due to different
rates of sulfide dissolution and differing aqueous mobilities of their metal
components. For instance, nickel is more mobile than copper because it is less

likely to precipitate out of solution once dissolved.

The. H effects on different metals were ohserved in batch reactor experiments on
gabbro. Nickel ooncentrations rose to levels well over 1,000 ug/l at a pH of 6
(Fiqure 61). Observec} copper concentrations on the other hand, were generally
less than 10 ug/1l at pH values greater than 6, and only increased significantly
‘as the pH was lowered to less than 6. Therefore, if waters contacting the gabbro
are mot acidic, nickel leaching will be wore predominant than copper leaching.

The incréasinq acidity of the precipitation in the Study Area may tend to
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Figure 60
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increase the relative importance of copper leaching and the release of heavy

metals generally, insofar as this acidity is not buffered by the native rock.

Fiqgure 61

Dissolved oxygen concentration also affects leaching. It can directly affect
metal éulfide dissolution and indirectly affect silicate mineral dissolution, the
latter by enhancing the thermodynamic stability of sulfate over sulfide. Oxygen

in solution increases the rate of sulfide oxidation, reduces pH, and enhances

silicate dissolution.

Batch reactor experiments using mineralized gabbro consistently showed that
higher dissolved oxygen concentrations yielded solutions of lower pH. Increased
concentrations of cations derived from silicate minerals and metals were also
observed in waters with more dissolved oxyaden. Nickel releése was depéndent on
dissolved oxygen only in the range of 1 t 9.3 mg per liter of dissolved oxygen,
whereas copper release varied directly with d}ssolved oxydgen up to 40 mg/1, with

a dramatic increase in copper concentration at the maximum level of dissolved

oxygen (Eger and Lapakko 1979.)

Increasing ionic strength generally increases solubility, thereby enhancing

dissolution reactions and inhibiting the precipitation of metals. Batch reactor
experiments illustrated these‘relationships; the higher the sodium chloride con~
centrations, the greater the release of calcium, Observed sulfate ooncentrations
increased slightly with increasing ionic strength, sugaesting a slight increase

in metal sulfide dissolution.

The leaching of nickel as well as calcium was enhanced by increased ionic
‘strength, but cpper leaching was not detectably affected. Overall, ionic
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Figure 61
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strength is a factor of secondary importance.

Organic acids affect leaching, depending on the aqueous chemistry of the organic

ligand and the metal being leached. Such acids may enhance leaching or may tem-
porarily bind metals into organometallic complexes and transport them over
greater distances than would occur in their absence. Subsequent breakdown of the

complexes may release toxic metals into environments far from the source of

contamination.

The results bf batch reactor leaching experiments using citrate and phthallic
acid provide insight into the relative effects of these two organic acids on
leaching. Citrate has the greater effect. At pH 7 both nickel and copper con-
centrations increased with increasing citrate while in the abseﬁce of citrate
most copper released to solution precipitated. Citrate also enhanced iron mobi-
lity. Phthallic acid has a less pronounced effect. Calcium release was slightly
enhanced, while metal sulfide dissolution decreased slightly with increasing .

phthallic acid concentration.

The enhancement of leaching by organic acids may occur if mine components come in
contact with surface waters containing them, and may be reduced by sitina of
stockpiles and other components away from boqg waters or by stockpile emplacement

on clay pads that isolate the base of the stockpiles from waters rich in organic

compounds .

4.6.1.2 Factors Relating to the Solid Phase. These factors include the solids

loading, the rock composition, and the particle size of the exposed minerals.

"Solids loading" is the amount of rock surface area available for leaching,

expressed as the amount of exposed surface area per unit volume of water. The
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rock composition pertains primarily to the deqree of wineralization of the rock,

that is, its percentage composition of sulfide minerals. "Unmineralized" qabbro

has lower proportions of sulfide minerals.

The effects of solids loading and rock composition were tested in laboratory
batch reactors and leaching oolumns (Eqger and Lapakko 1979), and are summarized
here. Actual field data relating leachate water quality to rock composition—-

specifically of tailings—-are discussed in the tailings section (Volume 2-Chapter

3).

In the batch reactor, increased solids loading of unmineralized gabbro raised the
pH, which had the expected effect (section 4.6.1.1) of decreasing sulfide-related
metal release. Increased loading had the opposite effect with mineralized
qabbro. Smaller particles, which have qreater available areas for leaching,
resulted in lower pHs. Greater nickel release was also noted, apparently due in

part to the effect of a greater surface reactive area.

These results are in agreement with theory, which suggests that mineralized
gabbro, with its higher proportion of sulfide minerals, results in increased
sulfide oxiﬂation and lower pH. The pH effect is related to the iron sulfide
oxidation. In unmineralized gabbro the pH increases because silicate dissolution
predominates. The worst case leaching situation occurs when there is high
sulfide content and high loadina, because the possibility of both low pH and high

surface availability of trace metals exists.

Column leaching experiments were also performed on mineralized and unmineralized
gabbro, but failed to yield the pH effects observed in the batch reactor.

Tncreased sulfide mineralization did not result in significant pH depressions,
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but did increase metal sulfide'dissolut'ion, especially of nickel and cobalt--more
so than chemical composition might have suggested. This may relate to surface
availability of pentlandite, a mineral in the gabbro containing nickel and
cobalt. Goppér leaching rates were obseryed to be less influenced by increased

mineralization.

It should be noted that these lab experiments are mot totally representative of
what might occur in the field. For example, in the batch reactor all évailable
gabbro surface is exposed to leaching. 1In field situations, the interior of
stockpiles may not be entirely exposed to -leaching oonditions or to water to
carry off trace metals., Still the results of batch reactor experiments are use-

ful in understanding the qualitative effects of s0lids loading.

4.6.1.3. Factors Relating to Reaction Enviromment. Four factors involving the

reaction environment are: temperature, wet-dry cycling, freeze-thaw cycling and
length of exposure; Every_lOO C temperature increase qenerally doubles the rates
of chemical reaction, so leaching rates will likely vary with temperature. Wet-—
dry cycling is used in mining for metal recovery from sulfide minerals, and
continual exposure of open pits and stockpiles to wet and dry cycling may
increase metal release. Freeze-thaw cycles indirectly affect leaching by
enhancing mechanical weathering, by expoSing new surfaces to chemical reactions.
The influence of these three factors on leaching of Duluth gabbro has not yet

been investigated in a laboratory situation.

The effects of extended periods of exposure on Duluth gabbro leaching are also
not known. Stockpiles observed at the Frie Mining Dunka site are chemically

reactive after over ten years, but ocontinued water quality monitoring will be
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required to determine whether leaching of toxic oontaminants will increase,

decrease, or remain constant over longer periods.

4.6.2 Mine Water

Mine water is defined as any water discharged from an underaround or open pit
mine. This section presents water quality models for mines during both opera-

tional and post operational phases.

Many site-specific factors influence mine water quality, and cannot be determined
with the available data, so additional research and site-specific information is
required to improve the accuracy of predictions. Still, it does appear that mine

water will be of lower quality than natural surface water in the Study Area.

The quality of mine water is discussed in reference to the schematic presented in
Figure 58. The inputs are discussed and chemical reactions and oonsiderations
summarized. Detailed information on the chemical reactions and factors affecting
them_is presented in the leaching section (4.6.1). Additional information
describing mining operations is available in the Technical Assessment volume

¥

(Volume 2-Chapters 1-5).

4.6.2.1 Conceptual Discussion. The quality of mine waters is dependent upon the

quality of water entering the mine and chemical reactions that occur therein.
Figure 62 presents a schematic model of mine water flow and the factors affecting
water quality. The type and scale of mininq operations will also affect the.
water quality. The mine water discussed here is the water collected and pumped
from the sumps, either to be recycled or discharged (see Fiqure 33 for a

schematic of an open pit mine).
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Figure 62

Inputs——Water may enter mines from natural sources such as seepage from bedrock,
seepage from surficial materials, and precipitation. Appropriation of make-up
water for mining procedures such as drilling and dust suppression may also be

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

Bedrock Seepage-~Aquifers are rock formations containing recoverable quantities

of water. Bedrock aquifers occur in joints, fractures, leached zones, and iso-
lated pockets (Siegel and Ericson 1979). There will be little flow unless one or
more of these oconditions exists. Preliminary mapping of the major fractures and
joint systems in the region indicate that fractures are more extensive in the
upper 200-300 feet, but s:)mé probably extend to considerable depths (Siegel and
Ericson 1979). Bedrock aquifers near the ground surface generally are connected
to water table aquifers in surficial materials, whereas deeper aquifers are

generally unconnected.

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

In general; the bedrock water yield in the study area is low, the one exception
being the Biwabik Iron Formation, which supplies water for municipal and
industrial use. Iarge quantities of water occur in this formation and the
leached zone can provide secondary porosity (throudh cracks and fissures) as high
as 50 percent. Prediction of seepage at a particular location is rot possible
due to the large variabiiity in secondary porosity. Little is known about the
permeability of the Biwabik Iron Formation where it underlies the Duiuth aabbro,

and it is possible that large quantities of hedrock water may be encountered by
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Figure 62
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mines that intersect it.

Table 73

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

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

area.

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

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

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

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

Seepage From Surficial Materials—The unconsolidated materials overlying bedrock

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

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

Area,

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

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

fractured mnes near its upper
surface.



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

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

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

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

Lapakko 1979).

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

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

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

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

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

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

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

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

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

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

factors discussed in the following sections.

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

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

ticles, thus increasing the available surface area.

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

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

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

ducts.

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

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

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

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

L

4.6.2.2 Mine Water Quality Models. Although the proceeding qualitative

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

been generated on the basis of analogous mine situations.

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

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

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

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

Table 74

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

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

shoved significant zinc release.

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

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

Table 75
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Table 74. Underground mine water quality model.

pH , ; 7.9

Alkalinity (ing/1 as CaCO3) 44

Specific Conductance (mg/l as Ca) 4700

Sulfate mg/1 59 :

Chloride mg/1 1575 : :

Copper mg/1 .012 , o

Nickel mg/1 .068

Cobalt mg/1 .003

zinc mg/1 ’ .034

Nitrate-N mg/1 . .31

Ammonia-N mg/1 9.8 b

0il mg/1 1 ,

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

Arsenic ug/1 7

Silver ug/1 ‘ .25 %

Chromium ug/1 8.0 : ' i

Mercury w/1 _ .15 :

Selenium ug/1 1 -




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

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

7 arapakko (1979)
Pooncentrations after filtration.




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

exist at water oollecting sumps in open pits. o -

Table 76, Figure 63

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

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

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

pit walls is not known.

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

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

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

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

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

Parameter Concentration (mg/1)

Copper 21

Nickel 25

Cobalt 0.62
Zinc 0.22

Sulfate (SO4) 438

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

section 4.4).

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

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

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

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

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

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

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

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

& Table 77

L see 1

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

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

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

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

[omcn

rock.
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Table 78.

Stockpile mass.

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

Eger and Lapakko (1979).

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

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

Figure 64

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

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

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

4.6.1, but a few mints havelspecial relevance tolstockpiles.

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

f

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

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

1

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

so stockpile design should encourage runoff rather than infiltration.

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

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

observed from EM-8 and Seeps 1 and 3.

Tables 79 and 80

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

greater than average.

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

of long-term effects. For example, recent data at EM-8 show that metal con-

168



Table 79. Stockpile size and ocomposition.

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

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

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

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

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

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

SOURCE: Eger and Lapakko (1979).




7Y

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

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

'SOURCE: Eger and Lapakko (1979).




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

7.1 mg/1 during July-September, 1978.

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

cause of the pH reduction is not known.

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

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

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

al. 1979).

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

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

Fiqure 65

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

believe that leaching is only a short term problem.

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

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

contained metal is assumed o leach at the current rate.

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

ces for many years.

4.6.4 Tailing Basin Water

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

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

mining operations cease.

170



"Figure 65

LABORATORY AND FIELD RELEASE RATE

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

of water from other parts of the mining operation.

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

and seepage modes by which water can leave the basin.

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

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

management plan for that operation.

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

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

basin-mill system.

Fiqure 66

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

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

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

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

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

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

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

Table 81

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

mill, if recycling is used (section 4.6.4).

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

applied if an acceptable concentration level is exceeded.

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

VOLUME*

SOURCE 1 (yrhx 10-6

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

SOURCE: Section 4.4.
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lean ore (Model II) stockpile runoff. Data on overburden pile runoff are limited
and plant runoff data for the type of operation that might occur in Minnesota do

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

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

water impacts of copper-nickel mining.

Table 82

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

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

between Models A and B, and Model C.

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

pH as moted in the leaching section (4.6.1).

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

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

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

SOURCE: Lapakko (1979).



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

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

mineral fibers (Stevenson 1978).

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

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

from solution (Eger and Lapakko 1979).

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

on the order of 1-5 ma/l.

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

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

Eveleth Taconite Shebandowan

TR

| —

Phosphorus

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

— 0.01-0.29 N/A

SOURCE: Eger and Lapakko (1979).

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

denotes number of samples.

Impacted runoff was rnot oollected.

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

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

The nickel reading was based on

The iron, ocopper, zinc, and nitrite

42, 0.23, 0.17, and 0.28.

CTailings were leached with groundwater and with bog water.

dN/A means o data available.



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

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

impacts of oopper-nickel mining.

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

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

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

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

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

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

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

concentrations in the tailing basins themselves (Table 83).

Table 83

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

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

magnitude as Model C.

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

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

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

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

of biological concern (Eger and Lapakko 1979).

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

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

higher residual sulfide concentration in the tailngs ocould enhance acid

production.

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

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

seepage as well as additional chemical reactions influencing water quality.

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

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

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

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

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

gimilar to the basin concentrations.

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

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

or return to the basin.

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

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

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

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

the limiting permeability (section 4.4.1.2).

4.6.5 Smelter/Refinery Waters

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

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

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

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

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

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

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

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

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

tion.

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

summarized in Table 82.

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

considered in the smelter/refinery water quality model.

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

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

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

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

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

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

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

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

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

the leachate model was used.

Table 84

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

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

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

water flow 7 64 19 6 3

SOURCE: Volume 2-Chapter 4.

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



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

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

specific refinery installation is proposed.,

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

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

acidification of the overall process effluent stream.

Tables 85 and 86
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Table 85.

process water effluent stream.

Integrated water quality model for a smelter/refinery

a

PARAMETER MODELED VALUE
Flow (gpm) 4,065

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

As (ma/l) 3.0¢
cd (mg/1) 2.3

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

Fe (mg/l) 17.2

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

SOURCE: Volume 2-Chapter 4.

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




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

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

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

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

mining related impacts on natural waters (section 4.3).

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

(Volume 4-Chapter 1),

4,7.1 Chenmical Parameters of Concern

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

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

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

their very low concentration in Duluth gabbro.

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

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

Table 87

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

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

Table 88

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

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

Study Area
Current Streams

MPCA EPA Cu-Ni (undisturbed) Composite

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

Mineral Fibers

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

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

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

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




Table 87 continued.

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

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

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

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

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

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

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

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

Volume 4-Chapter 1.




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

already there.

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

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

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

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

impacts. The ranges are summarized below.

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

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

600 definite acute effects

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

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

1.

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

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

individually.

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

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

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

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

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

are rot expected to affect sulfate concentrations.

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

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

sumption.

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

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

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

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

water appropriation needs would increase.

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

unfeasible (EPA 1975).

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

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

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

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

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

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

maintained at or below 20 ma/1.

4.7.1.5 Chemical Reagents. Chemical reagents are utilized in the flotation

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

break down in a tailings area.

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

organism tolerance information (EPA 1975).

Table 89

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

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

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

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

would be used in a Minnesota copper-nickel operation.

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

be due to reagent decomposition prior to recycling.

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

The flocculant also appears to pose no problem.

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

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

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

stream using recognized waste treatment technology.

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

that will sianificantly increase hardness or total dissolved solids content

should also be avoided.

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

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

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

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

measurements should be considered order of magnitude estimates.

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

basin water.

Settling and decanting experiments performed on tailing material suagest that

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

control practices cease.

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

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

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

water supply.

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

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

4.,7.2 Method of Evaluating Stream Impacts

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

the only mitigative technique.

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

87).

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

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



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

other mitigative techniques fail.

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

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

two or nore different flows are combined.

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

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

where: Cf

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

Cy =

QM - flow rate of discharge (cfs)

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

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

flow needed.

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

discharge and receiving water flow. The mass conservation assumption assumes

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

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

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

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

system has not been quantified.

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

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

vative mass assumption is more valid for it.

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

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

point of discharge, considerable variability in concentration may occur.

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

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

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

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

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

operation (section 4.4).

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

require much less dilution to achieve the sulfate criteria.

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

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

worst case.

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

dilutional flow available in the receiving waters.

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

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

be a factor in the water quality of the region.

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

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

identify watershed areas that would generate such a flow.

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

function of watershed area:

Oavr = 0.790 A (Siegel and Ericson, 1979)

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

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

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

required to dilute a discharge to the composite standard.

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

particular stream at any particular time.

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

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

adverse impacts during low flow periods.

Watershed Area

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

’

4,7.3 Stream Results

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

watershed areas required to achieve water quality criteria.

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

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

period. Similar calculations can be performed for other watersheds.

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

OPERATIONAL PHASE N POST-OPERATIONAL PHASE

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

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

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




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

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

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

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

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

years.,

Tables 91 and 92

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

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

Dilutional Average 7-day, 2- 4

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

P-3 S C 2.1 1.66 0.06 ‘

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

anorth or south of Laurentian Divide. -

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

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

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

A's in square miles.

numbers
8, where O's are in cfs ard




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

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

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




4.7.3.2 Mitigating Effect of Discharges Proportional to Flow. As section

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

phase when the discharge rate can be more readily controlled.

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

and control various discharge components).

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

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

4.7.3.3 Dilutional Watershed Requirements for Various Models. Calculations were

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

discharge is varied proportionally with fluctuations in stream flow.

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

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

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

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

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

all but the three smallest creeks listed in Table 91.

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

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

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

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

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

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

reduce the ooncentration to 34 ug/l CEU.

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

they be predicted with certainty.

4,7.4 Lake Results

This section discusses impacts on lakes from mining discharges occurring anywhere

upstrean -from a lake, including on feeder streams.

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

equation is used again, and complete mixing is assumed. Oy is again taken to be

204

T




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

total unimpacted runoff from the rest of its watershed.

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

0 = 0.960 A0.9504

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

of stream. This yields:

Ct=G1OM*+ RO = SuOm

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

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

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

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

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

not been developed quantiﬁatively for this presentation.

Figures 67 and 68

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

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

discharges have ceased.

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

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

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

CONCENTRATION DISTRIBUTION SHORTLY
~ AFTER INITIATION OF MINING DISCHARGE

OUTFLOW

ELEVATED CONCENTRATION
NEAR POINT OF DISCHARGE

< MINING DISCHARGE

* CONCENTRATION DECREASES
WITH INCREASING DISTANGE |
FROM POINT OF DISCHARGE e e



FIGURE 68
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4.7.4.2 Lake Impacts. Table 93 provides information on nonitored lakes in the

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

stratify.

Table 93

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

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

Table 94

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

upstream mining operation.

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

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

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

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

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

B
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Table 93 continued.

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

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

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



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

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

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

Tofte » 2200 640 54 320 8300 =




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

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

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



4.7.5 Impacts on BWCA Surface Waters

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

(Figure 4).

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

the St. Iouis River.

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

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

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

boundaries of the BWCA.

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

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

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

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

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

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

flow condition.

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

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

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

Chapter 3).
4.7.7 Mitigation

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

Natural Resources (MINR) and others.

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

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

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

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

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

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

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

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

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

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

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

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

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

. . discussed in the aforementioned sources. .

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

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

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

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

industry (EPA 1975).

Metal Concentration (mg/1)
Cu 0.03
Ni 0.05

7n 0.15

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

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

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

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

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

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

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

respectively to 0.050 mg/1 (Gott 1978).

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

significantly reduced by metal-xanthate precipitation.

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

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