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Abstract

The Geochemical Evolution of Groundwater and Surface

Water in a Small Glaciated Basin Involving Effluents from

Iran Mining: Hydrologic and Geochemical Constraints

BY

Eric Allyn Roth

The impact of iron mining on the Sands Plain aquifer in

Marquette County, Michigan allows for a unique opportunity to

study the geochemical evolution of a groundwater-streamflow

system in a small glaciated basin. Groundwater and surface

water chemistry and numerical flow modeling techniques indicate

that effluent water from mining operations affect surface water

and groundwater in the northwestern portion of the study area.

Groundwater and surface water indicate elevated concentrations

of calcium, magnesium, sulfate, iron and manganese, which may

result from dolomite and gypsum dissolution, and pyrite

oxidation. Water chemistries observed in the northern portion of

the study area indicate a shallow component of groundwater flow

exists. Water chemistry in the southern portion of the study area

results from feldspar, dolomite, and calcite dissolution and

kaolinite precipitation, and has not been impacted by effluent

water.
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Introduction

Purpose and Scope

The Sands Plain aquifer of Marquette County in the Upper

Peninsula of Michigan represents a freshwater resource that

displays a similar sequence of glacial deposits observed in many

parts of the Great Lakes basin. The impact of iron mining on this

small glaciated basin allows for a unique opportunity to study the

geochemical evolution of a groundwater-Streamflow system,

because of its well constrained hydrogeologic setting, geochemical

variability and the existence of a historical data base (see Figure 1)

(Wiitala, 1969; Grannemann, 1979, 1984; Doonan and VanAlstine,

1982). The first objective of this study is to characterize the

hydrogeologic setting of the Sands Plain region, and the distribution

and composition of shallow groundwater and stream water within it.

The construction of a finite difference flow model for the Sands

Plain area proposed by Grannemann (1984) and modified for this

study is used to display the potentiometric surface, groundwater

flow path direction and travel time information, as well as a

quantitative volumetric water budget data. Water samples from

twenty two wells and fifteen stream sites were taken over a large

portion of the region to define the chemical composition of these

waters. Water samples were analyzed for Ca, Mg, Na, K, HC03, 504,

CI, Si, Al, Ba, Cu, Fe(ll), Fe (III), Mn, Sr, and Zn, and used in

conjunction with precipitation chemistry (NADP/NTN, 1992), and

Lake Superior water chemistry (Water-Resource Data, 1980).

The second objective of this study is to investigate the

factors which control the distribution and composition of these

dilute waters. This is accomplished by relating hydrologic flow

modeling, water composition data, equilibrium modeling with aid of

WATEQ4F (Ball, 1991), and clay mineralogy information by X-ray

diffraction.
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Previous Investigations

Combining physical flow information, aqueous chemistry, and

mineralogic information is essential to the understanding of the

chemical evolution of water in the hydrologic cycle. Previous

studies that investigate aqueous chemistry and/or hydrogeologic

models of small glaciated systems include: Newbury et al. (1971);

Cherry (1972); Sklash et al. (1975); Grisak (1976); Desaulniers,

Cherry and Fritz (1980); Wallick (1981); Bradbury (1984); Bottomley

and Johnston (1986); Hendry et al. (1986); Anderson (1989); Ophori

and Toth (1989); Kenoyer and Bowser (1992).

Early studies by Wallick (1981) and Cherry (1972) were able to

characterize the chemical evolution of groundwater in glaciated

drainage basins by observing the influence of water-rock

interactions on major ions in groundwater. Wallick (1981)

attributed a Ca-Mg-HC03 type water in the recharge area of a

glacial-drift aquifer to the dissolution of calcite and dolomite by

carbonic acid formed by atmospheric C02 in the soil zone. He also

attributed a Ca-Mg-SO4 type water to the dissolution and

precipitation of gypsum in the presence of calcite and/or dolomite

under conditions of partial saturation. In addition, he attributed a

Na-HC03 type water from bedrock aquifers to result from the

consumption of H+ by the chemical weathering of feldspars and the

dissolution of calcite and siderite minerals.

The degree to which alumina-silicate and clay minerals

control groundwater chemistry is not well understood. Nordstrom et

al. (1990) observe that mineral groups such as illites, smectites,

and micas have never been shown to be the dominant control of

water composition. This is reflected by a constant ion activity

product (IAP) for a known silicate mineral composition in an aquifer

where the water compositions of that aquifer varies (Nordstrom et

al.,1990). The alteration of these minerals may still affect the

composition of natural waters as observed by Kenoyer and Bowser

(1992b), Jackson and Patterson (1982), and Garrels and Mackenzie

(1969). Kenoyer and Bowser (1992) indicated that changes in

groundwater chemistry along a flow path in a glacial drift aquifer

which lacked carbonate minerals could be explained through the
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dissolution of feldspars and clay minerals with the aid of the

reaction-path model PHREEQE (Parkhurst, Thorstenson and Plummer,

1980).

Velocity and direction of groundwater flow are important

factors in controlling the pattern of chemical evolution of natural

waters, because they determine the sequence and duration of

spatially distributed chemical and biologic processes (Schwartz and

Domenico, 1973). Flow modeling requires determination of hydraulic

parameters and boundary conditions, and the use of calibration

techniques. Anderson (1989) proposed methods to adapt glacial and

glacialfluvial sedimentological facies models for conceptualizing

large scale hydrogeologic trends and delineating hydraulic

conductivity for use in numerical models.

Oxidation and reduction reactions may also have an important

role in dictating water chemistry in glaciated systems. Hendry et

al. (1986) indicated that high sulfate concentrations in fractured

weathered till in Alberta was mainly due the oxidation of organic

sulfur by bacteria, along with the dissolution of minor amounts of

sulfate-rich bedrock materials. Hendry (1986) was able disprove

the hypothesis of glacial-load squeezing of sulfate-rich brines

proposed by Cherry (1972) for the origin of sulfate-rich waters

through the use of 6180 and 6345 data, and through geochemical

modeling with aid of PHREEQE (Parkhurst, Thorstenson and Plummer,

1980). Hendry et al. concluded that concentrations of Ca+2 and Na+

were due to cation-exchange and gypsum precipitation, and that

these processes were in turn governed by $04-2 concentration and

charge balance of the solution.

Stable and radioactive isotopes with major and trace

groundwater species have been used effectively in delineating zones

of recharge and discharge, as well as the effects of mixing between

two or more water bodies. The age and origin of groundwater and

hydraulic characteristics and porosity of nonfractured clayey till in

the St. Clairs Basin, Ontario was determined by Desaulnier et al.

(1980). The groundwater of this region was characterized by a fresh

water source and displayed no evaporation as indicated by the

meteoric water line plot of 6130 versus 82H. Groundwater
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movement and age were derived by 6130 and Cl- relationships, and

tritium and 14C water content, respectively.

The interaction between groundwater and streamflow in

glaciated systems is described by Newbury et al. (1969), Finder and

Jones (1969), and Sklash et al. (1975, 1979) . The water carried by

streamflow at a given instant consists of three components: direct

runoff, interflow and baseflow. The relative proportions of these

components largely determine the composition of streamflow

(Stumm and Morgan, 1981). The concentration of dissolved solids in

each is influenced in turn by the interactions of precipitation with

minerals and vegetation, and by evapotranspiration.

The contributions of the groundwater component to the total

streamflow have been approached by means of graphical separation

of hydrographs as seen in Chow (1964). This method of separation is

considered to be some what arbitrary. Finder and Jones (1969) and

Newbury et al. (1969) used groundwater chemistry to investigate the

variations in composition and to determined the groundwater

component of streamflow in small glaciated basins in Nova Scotia,

and in Manitoba, Ontario, respectively. Both of these studies found a

much higher contribution to streamflow by groundwater (over 9096)

during storm events than previously calculated by stream hydrograph

separation. Newbury et al. (1969) indicated that baseflow

contributions to streams could be separated into transient and long-

term groundwater types during a storm event.

Sklash (1975, 1979) refined the use of water chemistry in

delineating groundwater contributions to streamflow in a glaciated

system with the aid of 180 isotopes. The use of these techniques

offer advantages over those of Finder and Jones (1969) and

Newburry et al. (1969) because the content of 180 isotopes is

considered to be a conservative property and is not affected by

chemical or biological reactions in water. The content of oxygen-18

in water can only be altered by the mixing of two or more

isotopically different waters. A disadvantage to this method of

streamflow separation occurs when the isotopic signature of both

groundwater and surface water do not differ significantly from one

another.
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Historical development of water resources in Sands Plain

As the name suggests the Sands Plain is a fairly flat lying

sandy plain, but the area received its name from Jacob Sands who

settled in the Marquette County in 1850's. The development of

natural resources in the Marquette County began with the discovery

of iron ore near Lake Teal in 1884 by W.A. Burt while surveying and

mapping the region (Wiitala, 1967). By the year 1886 mining for

high grade are deposits had started at the Jackson mine near

Negaunee. Mining production surged in this area until the early

1930's, and then declined as high grade are deposits were exhausted.

In the early 1950's mining production resurged owing to the

development of new beneficiation processes to concentrate low

grade ores deposits, and because of the development of new mining

techniques. -

In 1977 iron mining in Marquette County produced almost 20

percent of iron ore in the United States (Grannemann, 1979). Two

mines are currently (1992) operating. These are the Empire and the

Tilden mines which lie to the west of the Sands Plain region.

Water is an essential resource to the iron are industry. In

1965 the mining industry consumed over 31.5 million gallons of

water per day (Wiitala, 1967). The mining of iron ore itself places

only slight demands upon water resources. Beneficiation and

pelletization processes place larger demands on water resources.

Local streams and lakes are targeted for these processes because of

their accessibility and low operational pumping cost. Water is used

primarily in these processes to aid in the grinding of ore rock

material for iron ore concentration, and as a medium for

transporting iron ore throughout plant facilities (Wiitala, 1967).

Waste rock from concentration processes is made into a slurry and

transported to large settling basins. These large basins are

composed of a series of smaller basins in which the effluent is

continually pended. Solids contained in the effluent are allowed to

settle out of suspension over time. Clay materials are flocculated

out of solution by the addition of Alum, an aluminium potassium

sulfate clarifier. Excess water used in the clarifying process is
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finally discharged into streams. Wiitala (1967) indicates that the

overall usage of water in the clarifier process is high, but the actual

consumption of water is low. Effluent is presently being discharged

by the Empire mine to Warner and Schewietezer Creeks and by the

Tilden mine to Goose Lake and Goose Lake Outlet.

Other natural resources developed in Marquette County include

sand, gravel and dolomite, along with the production of lumber for

pulpwood. Water resources are utilized by these industries, as well

as for the generation of hydroelectric power and reservoir storage.

Topography

The Sands Plain region of lower Marquette county has an area

of approximately 40 square miles. The western section of the study

area is composed of hills and ridges of the Marquette Iron Range

with an average elevation of 1,500 feet above sea level. The

Marquette Iron Range (Wewe hills) lying in the western portion of

the study area forms a distinct topographic high. The highest point

in Marquette county is Summit Mountain 3 miles south of Negaunee.

The west central section is relatively flat-lying with a mean

elevation of 1,220 feet. The eastern section of the study area is

composed of northwest trending moraines that display a hummocky

topography. The elevation of this area decreases steadily to the

east from 1200 feet to less than 700 feet.

Geology of Sands Plain area

The Marquette Iron range is underlain by Precambrian gneiss

and middle Precambrian metasedimentary and metaintrusive rocks

which are located in the western portion of the study area (see

Figure 2). A summary of the Iithologic units in the study are

presented in Table 1. The major structural/stratigraphic features

of the area are: 1) The Marquette synclinorium, which trends and

plunges to the west and consists of the Marquette Supergroup

(middle Precambrian) (Gair, 1975); 2) The Palmer basin which

borders the synclinorium to the south (Gair, 1975); 3) The Palmer

fault which is associated with the Marquette synclinorium, and
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bounds the Palmer basin to the north (Gair, 1975); and 4) Two major

and several minor buried valleys in the Sands Plain area which were

carved by streams and glacial ice activity (Huges, 1978) (see Figure

3). One major buried valley trends to the northeast towards Lake

Superior paralleling the Palmer fault. The second buried valley

trends to northeast following Big Creek (Grannemann, 1984).

Lower Precambrian rocks of this area are comprised of the

Mona Schist and the Compeau Creek Gneiss. The Mona Schist is

composed of massive mafic metavolcanics and greenstones and is

intruded by the Compeau Creek Gneiss (Gair and Thaden, 1968).

Unconformably overlying the Compeau Creek Gneiss is the

Marquette Supergroup which is composed of the Chocolay group,

Menominee group, and Baraga group, respectively. Formations of the

Chocolay group consist of the Enchantment Lake Formation, the

Mesnard Quartzite, the Kona Dolomite, and the Wewe Slate. The

Enchantment Lake Formation is composed of a basal conglomerate

and fine grained graywacke. The Kona dolomite is composed of a

thinly bedded dolomite and quartzose dolomite, and containing

copper bearing minerals (Gair, 1968); (Grannemann, 1984).

The Menominee group is separated from the Chocolay group by

an unconformity, and consists of the Goodrich Quartzite, Ajibik

Quartzite, Siamo Slate, and the Negaunee Iron Formation. Negaunee

Iron Formation is composed of siderite, hematite, magnetite, pyrite,

chert, K-feldspar, quartz and chlorite, and varies in mineralogy and

mineral composition (Gair, 1975).

To the east of the Marquette Supergroup is the Jacobsville

Sandstone which is late Precambrian. The Jacobsville is a reddish

to light gray Ienticular sandstone composed of quartz and variable

amounts of feldspar, and is intercalated with gray conglomerate and

reddish shale (Gair and Thaden, 1968).

Proterozoic deposits are in turn overlain by Pleistocene

glacial deposits which cover most of the Sands Plain area (see

Figure 4). The glacial history of the Sands Plain area has been

described by Hughes (1978), and is briefly summarized: During the
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Tobi a i Stratigraphic Column

Age Geologic Unit Litholocll

Till is a poorly sorted, rionstratified mixture of send,

0 E" 3 Glacial deposits; till silt, clay, grevel,end boulders. Outwesh and drainage

T 8 § outwash and drainage channel deposits are composed of well-sorted, stratified

g :3 5 “mm, and lecustrine send and gravel with some silt. Lecustrine deposits are

0 «3 g a “Poem stratified mixtures of send, silt, end clay with some

E a gravel. Maximum known thickness of glacial deposits in

E the study area is 459 feet.

2 Trempealeeu
o. 3 5 Formstion Dolomltic limestone. Maximum thickness is about 300 feet.

g E g Unit consist of a Deal conglomerate overlain by a well-

3 5 "WWW sorted, medium-grained competent sandstone and an upper

300M000 poorly sorted, friable sandstone. Maximum thickness is

about 100 feet.

A mottled red or reddish-brown feidspatic sandstone

Jacobsville containing lenses of red or gray conglomerate and some red

Sandstone shale. Four lithologic units are recognind: a basal

as conglomerate, a Ienticular sandstone, a mive sandstone,

i and an upper red siltstone. Thickness varies from I to 100

35 feet.

Intrusive l‘iostly diabase di kes. Massive, dark gray, medium to fl ne

g rock grained; In places extensively argllltzad.

3 Mostly metediabese dikes. Ranges from thin, fine-grained .

e I‘M-WWW intrusions that may be greatly altered to thick, coarse

a 01k”W 9"“ grained intrusions that are rslstivslorssistsnt to

alteration; variable in appearance and composition.

Negaunee Iron rich metasedimentary rock in places extensively

._, Iron Formation oxidized. Near Palmer, thickness ranges from 450 to

'5 1,300 feet.

.3

Metesadl mentery Includes Goodrich Quartzite, Siamo Slate, Aji bik Quartzite,

rocks, Wewe Slate, Kone Dolomite, Mesnard Quartzite, and

uwfl’ennfiom Enchantment L.” Formation.

Compeauka Mostly gneiss composed of lightly colored, quartzite feldspar

E Gneiss with some pegmatite, and locally, some layered rock.

3 Mostly medi um grained chlorite-guartz-muscovite schist,

“ 2:3",mm“ guartz-plagioclese-chlorite schist, and actinolite schist
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last Wisconsinan stage, ice advanced from the northeast along

valleys covering a large portion of the Sands Plain area with ice. Ice

advancement was hindered by elevation and resistant rock allowing

for the formation of a till ridge known as the Outer Marquette

Moraine. The Outer Marquette Moraine is composed of basal till

deposits containing a mixed assortment of boulders, gravel, sand,

silt, and clay. Deposits both underlying and to the rear of the Outer

Marquette Moraine are composed of ablation till. Abalation till is

composed of coarse grained to fine grained sand with lesser amounts

of clay (approximately 11%) and is roughly 175 feet thick

(Grannemann, 1984). Outwash is deposited in front of this morainal

lobe to the south and to the west by stream systems associated with

melt water. These outwash deposits are composed mainly of coarse

to medium sand and gravel and range from 0 to 150 feet in thickness.

Transitional till deposits also occur between the Outer Marquette

Moraine and outwash deposits. These deposits represent the

transition between unstratified ablation till and stratified outwash

deposits (Grannemann, 1984).

Glacial ice readvancement from the northeast generated a

second ridge of till, the Inner Marquette Moraine. Outwash was again

deposited in a narrow plain between the inner and outer moraines by

melt water. Ancestral lakes produced during the final glacial ice

recession deposited lacustrine sediments in the northeastern

section of the study area. Lacustrine deposits consist of silt, fine

sand and clay (up to 17%) (Grannemann, 1984). In total, glacial

deposits range roughly from 0 to 450 ft, and are thickest along

buried valleys as observed in Figure 5.
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Hydrology of the Sands Plain area

Water in the Sands Plain area is derived almost exclusively by

precipitation, which is stored temporarily in streams, lakes and

groundwater (Grannemann, 1984). The Sands Plain area is drained

primarily by the Chocolay River basin. This basin is surrounded to

the north by the Carp River basin, and to the south and west by the

Escanaba River basin (see Figure 6).

Surface Water

The Sands Plain area contains three major rivers, the

Chocolay, the Carp, and the East Branch Escanaba. The Carp and the

Chocolay Rivers flow eastward and northeastward, respectively, and

discharge to Lake Superior. The East Branch Escanaba River joins

with the Middle Branch Escanaba River at the town of Gwin, to

become the Escanaba River which flows south into Lake Michigan.

Tributaries of the Chocolay River are Big Creek, Silver Creek,

Cherry Creek, and Cedar Creek. Headwaters of Big Creek originate in

the Outer Marquette Moraine. Headwaters of Silver, Cherry and Cedar

Creeks originate from springs in the outwash plain associated with

the Inner Marquette Moraine (Grannemann, 1984). The Carp River

directly feeds Deer Lake Reservoir and is utilized for hydroelectric

power near Harvey. Tributaries of the East Branch Escanaba River

are Warner Creek, Goose Lake Outlet, Powell Lake Outlet, and

Schweitzer Creek. Goose Lake Outlet and its tributaries drain the

area surrounding Gribben tailings basin.

Since precipitation is the main source of recharge for the

Sands Plain area, seasonal variations in rate and volume of

precipitation due to climatic changes have marked effects on stream

discharge. Grannemann (1984) indicates that the Chocolay River as

well as Cherry and Cedar Creek have only slight stage fluctuations

over one seasonal cycle. Small stage fluctuations in these streams

are attributed to highly permeable stream beds, and a relatively
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constant baseflow influx. This can be observed in the flow duration

curve Figure 7, where the recurrence interval of equal stream

discharge in one annual cycle is plotted versus discharge in cubic

feet for Cherry Creek. The relatively flat slepe of this curve

indicates a steady baseflow component for Cherry Creek. This figure

can also be used as an indicator of Cherry Creek's low-flow capacity

at approximately the 90 percentile level. High flow capacity

volumes indicated at the 10 and 25 percentiles for the Cherry Creek

duration curve are only slightly greater than low flow capacity

volumes at the 90 percentile, suggesting that runoff during flood

intervals is rapidly dissipated.

Big Creek and Silver Creek have greater seasonal variability in

flow than Cedar and Cherry Creeks. Variability in flow for Big Creek

and Silver Creek is due to higher amounts of silt and clay in outwash

or till material making up the streambed which reduce the rate of

infiltration by precipitation and promotes greater stream discharge

during storm events. This can be observed in the flow duration curve

for Big Creek (Figure 8). The relatively steep slope of this curve

indicates the creek has a higher degree of variability due to the

larger component of runoff. High flow capacity volumes indicated at

the 10 and 25 percentiles for the Big Creek duration curve are only

slightly greater then low flow capacity volumes at the 90

percentile, suggesting once again that runoff during flood intervals

is rapidly dissipated. Goose Lake Outlet has a similar seasonal

variability as observed for Big and Silver Creek, but has a much

higher rate of discharge (see Figure 9).

As a result of the nearly constant baseflow influx into Big

Creek, Cherry Creek and Cedar Creek, discharge rates increase down

stream (Grannemann, 1984). Not all streams in the Sands Plain

region are effluent. Grannemann (1984) indicates that Silver Creek

loses water to groundwater from gaging stations 18 to 23

downstream at rates that ranging from 0.1 to 1.2 ,cubic feet/second.

Goose Lake Outlet loses approximately 10.3 cubic feet/second in a

three-mile reach from Goose Lake to gaging site 33 (see Figure 6)

(Wiitala, 1967); (Grannemann, 1984).
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r n w r

The movement and storage of groundwater in the lower

Precambrian igneous and metasedimentary units are considered to be

minimal compared to those of Pleistocene glacial deposits in the

Sands Plain area. Hydrologic characteristics of igneous and

metasedimentary units depend almost entirely on the fractures and

joints in the rock (Grannemann, 1979). Upper Precambrian

Jacobsville Sandstone, which covers the eastern portion of Sands

Plain area, is also considered to be a poor aquifer; hydraulic

conductivity values are on the order of 1 foot/day (Doonan and Van

Alstine, 1982). The Munising Sandstone and the Tremaeleau

Formation have higher hydraulic conductivities (on the order of 8 to

10 feet/day), but are not areally extensive (Grannemann, 1979).

Bedrock units composed of low permeability materials bound the

Sands Plain area to the north and west creating the basin-like

structure which has an outlet towards Lake Superior;

Glacial deposits lying in this basin-like structure make up the

primary aquifer material. These deposits have hydraulic

conductivity (K) values ranging from 30 to 180 feet/day

(Grannemann, 1984). Hydraulic conductivity values were determined

by various pumping tests throughout the Sands Plain area by Wiitala

(1967). Storage coefficients (5) determined by pumping tests

ranged from 0.01 to 0.0001. This range in storage coefficients

indicates that the Sands Plain aquifer is mainly unconfined, but may

be locally confined or semiconfined in morainal areas with abundant

amounts of clay and/or silt.

Groundwater contained in glacial deposits receives minimal

interbasin flow from the Carp River Basin and is bounded to the

south by the Silver Lead Creek and Chocolay River drainage divide.

Groundwater is recharged directly by precipitation, and by a three

mile stretch along Goose Lake Outlet. Groundwater is discharged to

creeks and lakes contained in the Sands Plain area and to Lake

Superior. Thus the hydrologic conditions of the Sands Plain area

indicates a fairly isolated system which is well constrained, and

thus ideal for this study.



Hydrologic Simulation of the Sands Plain Region

Sands Plain Model

A numerical model simulating steady-state hydrologic

conditions in the Sands Plain area was developed to quantify water

inflows and outflows, to test hypotheses involving stream and

aquifer interactions, and to generate flow path direction and travel

time information to help interpret concentration distribution for

dissolved constituents. The Sands Plain numerical models

integrates broad conceptual ideas about the aquifer's hydraulics

with geologic and hydrologic data established by field measurement

and observations. Aquifer characteristics and concepts are then

discretized in time and space and entered into governing flow

equations to which computer solution techniques are applied.

The numerical model used for the Sands Plain area is based on

a previous model developed and calibrated by Grannemann (1984).

The Sands Plain model presented by Grannemann (1984) was used to

investigate hydrologic and geochemical effects of the Gribben

Tailings Basin and hypothetical tailings basins to the Sands Plain

aquifer. Modifications made to this model were primarily in

updating its capability to graphically display input parameters, the

potentiometric surface, and cell-by-cell flow data generated by the

model. Only minor changes were made to initial input data. Post-

processing techniques such as particle tracking and zone budget

analysis were also linked to the Sands Plain model.

22
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Conceptual Model

A conceptual model of the Sands Plain aquifer system is based

on the geologic setting, and hydrologic parameters discussed

previously. Basic assumptions of the conceptual flow model include

boundary conditions, hydrologic properties, and stresses to the

system which are summarized below:

1. Precambrian deposits composed of igneous and metamorphic rock

types are considered to have poor conductivities for flow and little

to no storage capacity, although various degrees of fracturing may

occur in them. Precambrian and Paleozoic sandstones are considered

to have low conductivities and/or are areally insignificant to the

modeled study area.

2. Rock types ascribing the hydrologic characteristics stated above

are assigned a Type 2 impermeable no-flow boundary condition. A

Type 2 boundary (Neumann type) assumes that flux across the

impermeable boundary is negligible (McDonald and Harbaugh, 1988;

Kinzelbach, 1986). This assumption is justified by hydraulic

conductivities values that are two orders of magnitude lower for

these rock units than for that of the modeled system (Anderson and

Woessner, 1991). Type 2 boundaries are assigned to bedrock units

underlying the Sands Plain glacial package and to the Marquette Iron

Range lying to the northwest.

3. A Type 1 prescribed head boundary is assigned to Lake Superior in

the northeast section of the study area, to the West Branch of the

Chocolay River, and to the Chocolay River in the south, south eastern

section of the modeled area. A Type 1 boundary (Dirichlet type)

specifies a constant head (equipotential line) and is necessary to

guarantee the uniqueness of the solution (McDonald and Harbaugh,

1988; Kinzelbach, 1986; Schwartz and Domenico, 1990).

4. lnterbasin flow from areas outside of the defined boundaries is

negligible.

5. Proterozoic glacial deposits make up the principal

hydrostratigraphic unit for the Sands Plain area.

6. Hydraulic conductivity values assigned to glacial deposits are

isotropic, vertically averaged over depth, and are based on the

material type and its thickness. Hydraulic conductivity values are
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distributed spatially in Sands Plain area according to the glacial

depositional environments described by Hughes (1978).

7. The Sands Plain aquifer is unconfined. Although this assumption

seems valid, perched water tables and leaky confining layers may be

present in some localities.

8. The head values can be calculated from Dupuit's flow

assumptions, which states that flow lines are horizontal and

equipotential lines are vertical, and that the hydraulic gradient is

equal to the slope of the free surface and is invariant with depth

(Freeze and Cherry, 1979; Kinzelbach, 1986; Anderson and Woessner,

1991).

9. Water levels in all streams are considered to be constant. This

assumption is considered valid because the greatest measured

difference in gage height over a year period at designated gaging

stations on tributaries of the Chocolay River and for Goose Lake

Outlet are approximately 2 feet and 4.5 feet, respectively,

(Grannemann, 1984). These differences are insignificant compared

to a total head difference of about 600 feet between Goose Lake

Outlet and Lake Superior (Grannemann, 1984).

10. The Sands Plain area is recharged directly by precipitation,

runoff from Marquette Iron Range, and by losing reaches of Goose

Lake Outlet.

11. Groundwater is discharged from the Sands Plain area by leakage

to Lake Superior and to tributary streams of the Chocolay River.

12. The water consumption in the Sands Plain area by domestic and

industrial use is minimal.
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Mathematical Basis

A two-dimensional groundwater flow equation describing the

conservation of mass is given by,

PVx + PVy = PVx - a/ax (pVx) + PVy - 6/6y(pVy) (1)

were Vx and Vy are the specific discharge in the x and y direction,

respectively, and p is the density (Kinzelbach, 1986; Freeze and

Cherry, 1979). The conservation of mass requires that the rate of

fluid mass flow into an elemental control area is equal to the rate

of the fluid mass flow out. For steady state flow with a constant

fluid density the equation for flow translates into,

awn/ax + 0(vy)/ay = o (2)

Substitution of Darcy's Law (V=Kah/ax) for Vx and Vy into equation

(2) gives

a/ax(l<,, all/6x) + a/6x(Ky ah/ay)=o (3)

for steady state flow through an anisotropic saturated porous media.

The flow equation for an isotropic steady state unconfined aquifer

can be described by

(Kxb aZh/axZ) + (Kyb aZh/ay2)=0 (4)

where b is the saturated thickness of the aquifer and Kx = Ky = C

where is a C=constant. The equation for a isotropic steady state

unconfined aquifer is used for the Sands Plain modeled area.
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Numerical Model Design

The Sands Plain model is defined by a one layer grid having

dimensions of 74 columns by 64 rows (see Figure Grid). Each grid-

cell face has a length of 1000 feet, with the total area of the model

to covering approximately 160 sq. miles. The grid was oriented 40°

counter clockwise from the lower left hand origin and roughly aligns

the principal directions of the hydraulic conductivity with the x and

y coordinate axes. Prescribed head boundary cells were positioned

such that their nodal centers lay along the boundaries, and

impermeable no-flow boundaries cells were positioned such that

their cell face(s) lay along the boundary (see Figure 10). The

distribution of hydraulic conductivity values for grid-cells range in

values from 0 to 120 feet/day.

The position of the top and the bottom of the glacial

hydrostratigraphic unit is referenced to a sea level datum and

entered into model grid-cell locations by use of computer program

GRID.F77 (Swain, 1974). This program utilizes the spline fit method

of data point interpolation to discretize topographic and bedrock top

surfaces into 74x64 gridded area. Thickness data of glacial deposits

for each grid-cell could then be derived by subtracting gridded

glacial top data from gridded glacial bottom data.

Groundwater flow between the Sands Plain aquifer and

overlying streams and lakes was simulated by the use of the River

(RIV) package (McDonald and Harbaugh, 1988) (see leaky layers in

Figure Grid). Streambeds and lake bottoms are assigned conductance

values (CRIV). Conductance values are calculated by multiplying the

vertical conductivity values (Kr) for stream sediments by the length

(L) and width (W) of the stream channel and dividing by the thickness

(M) of the streambed sediments, where

CR|V=KrL-W/M (5)

These values generally range from 0.36 to 1.68 square feet/day in

the Sands Plain area. The rate of water leakage (QRIV) is calculated

by multiplying the streambed conductance by the difference between

the stream head (HRIV) and the aquifer head (h), where
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QRIV=CRIV(HRIV-h) (6)

Losing reaches of streams are simulated when QRIV is a positive

number and gaining reaches are simulated when QRIV is negative

number.

The recharge (RCH) package is used to simulate precipitation

percolating into the groundwater system (McDonald and Harbaugh,

1988). The recharge rate (QRi,j) is specified as the rate of flux (lid)

applied to the top cell face DELRj- DELCi, where

QRiJ = IiJ -DELRj-DELCi (7)

Recharge is distributed areally over the whole grid and is

approximately 15.0 inches/year (Grannemann, 1984).

The well package is used to simulate pumpage from three

wells having withdraw rates of approximately 1 cubic foot/sec from

the southwestern region of the study area. The pumping or injection

rates (Qi.j.k) for each layer can be approximately calculated by

Qi,j,k = Ti,j,k(QW‘r/S Ti,j,k) (8)

where QWT is the total pumping or injection rates for the well, Tad-,k

is the transmissivity of a layer and 8 T5,” is the sum of the

transmissivities of all layers penetrated by the well (McDonald and

Harbaugh, 1988).

The evapotranspiration package was not included in the flow

model because no confirmed estimates for the rates of

evapotranspiration could be obtained.
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Model Calibration

The ability of the Sands Plain model to simulate field

measured head and flow values is demonstrated through the

calibration process. The calibration process is accomplished

indirectly by a series of trial and error adjustments of the model

parameters. In each simulation, modeled head and flow values were

compared to field measurements. In areas where poor matches

between modeled and measured head existed, hydraulic conductivity

values, river conductance and/or recharge values where changed

until the difference between modeled and measured head values

averaged no more that 1.4 feet.

The model shows no apparent bias for head values (Holtschlag,

oral communication). Table 2 indicates the differences in modeled

and measured head values for each well location. Differences in

head values ranged from 6.0 feet in Well 21 to -5.3 feet in Well 5.

The standard deviation between measured and modeled head values

is 3.2 feet; the mean difference between measured and modeled head

values is 1.35 feet.

The model shows no apparent bias for flow values (Holtschlag,

oral communication). Measured baseflow values from gaging

stations were compared to modeled stream flow values (see Table

3). Simulated flow velocities (leakage) were calculated by summing

grid-cell flow values along stream reaches. Negative leakage values

indicate that the stream is effluent (gaining water from baseflow),

and positive leakage values indicate the stream is influent (losing

water to the groundwater system). In areas where poor matches

between observed and measured stream flow existed, conductance in

the River Package was changed until the average difference was -

1.05 cubic feet/second. The standard deviation between measured

and modeled flow was 1.91 cubic feet/second; the mean difference

between measured and modeled flow was 1.05 cubic feet/second.



Table 2

ngl #

34

33

3o

29

26

23

21

19

15

14

11

10

8

7

6

5

1

P4

P1

* I and J values define grid-cell locations with respect to the

lower left comer of the model grid

1

43

56

52

42

52

44

52

60

55

54

25

29

36

37

34

39

42

48

51

.l

32

23

16

17

21

22

30

26

36

42

21

24

24

34

39

37

56

35

37

30

Head in feet

Modeled W

1024.4 1045.6

1176.9 1179.6

1194.0 1198.4

1198.0 1199.0

1182.5 1182.7

1141.5 1144.1

1101.4 1107.4

1185.3 1188.9

1058.4 1061.6

998.9 994.2

1148.3 1147.7

1130.0 1132.9

1125.1 1127.0

1022.8 1025.2

939.5 953.3

963.1 957.8

634.8 638.2

1047.5 1049.2

1035.8 1038.0

Measured and Modeled Head Values

Difference

3.2

0.3

4.4

1.0

0.2

2.6

6.0

3.6

3.2

-4.7

-0.6

2.9

1.9

2.4

-2.3

-5.3

3.4

1.7

2.2



T
a
b
l
e

3

M
e
a
s
u
r
e
d
a
n
d
S
i
m
u
l
a
t
e
d
S
t
r
e
a
m
F
l
o
w
R
a
t
e
s

L
m
a
t
i
g
n

S
i
l
v
e
r

C
r
e
e
k

C
h
e
r
r
y

C
r
e
e
k

C
e
d
a
r
C
r
e
e
k

U
p
p
e
r
R
e
a
c
h

o
f

G
o
o
s
e
L
a
k
e
O
u
t
l
e
t

L
o
w
e
r

R
e
a
c
h

o
f

G
o
o
s
e
L
a
k
e
O
u
t
l
e
t

S
t
r
a
w
b
e
r
r
y

L
a
k
e

B
i
g
C
r
e
e
k

L
e
a
k
a
g
e

i
n
c
u
b
i
c
f
e
e
t
p
e
r
s
e
c
o
n
d

i
o
n

S
i
m
u
l
a
t
e
d

2
2

-
6
.
8
5
1

1
6

-
1
8
.
4
8
1

1
1

-
1
0
.
7
4
2

 

1
0
.
8
4
1

0
.
0
4
0

-
9
.
7
0
8

7
-
3
0
.
2
8
5

O
b
s
e
r
v
e
d

-
9
.
2

-
1
9
.
2

-
1
2
.
8

-
2
9
.
3

D
i
f
f
e
r
e
n
c
e

-
2
.
3

-
0
.
7

-
2
.
1

0
.
9

31



32

Sensitivity Analysis

Sensitivity analysis is performed to understand how changes

in parameter values effects the model's solution. Grannemann

(1984) analyzed the sensitivity of the Sands Plain model to changes

in three sets of interrelated parameters: hydraulic conductivity,

recharge, and stream conductance. Grannemann (1984) indicates

that estimates to recharge are consistent with baseflow

measurements Given this recharge information, variation in

hydraulic conductivity caused greater variation in head and flow

values than similar variations in stream conductance.

Potentiometric Surface

Simulated potentiometric surface for the Sands Plain aquifer

is displayed graphically in Figure 11. The potentiometric surface

was contour at 20 feet interval. Hydraulic-heads range from 1200

feet in the west portion of the modeled area to 610 feet near Lake

Superior. The potentiometric surface in Figure 11 indicates that

flow is towards Lake Superior (northeast), and that hydraulic

gradients are generally highest in the central portion of the modeled

area. Figure 11 also indicates discharge to groundwater from Goose

Lake Outlet near Goose Lake, and that tributaries of the Chocolay

River receive recharge from groundwater.
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MODPATH Simulation

Mathematical Basis

Head output from the calibrated Sands Plain model are linked

to the post-processing particle tracking package MODPATH and

MODPATH-PLOT (Pollock, 1989) to determine path directions and

residence times for solutes in the system. MODPATH utilizes

advective flow transport to simulate the movement of dissolved

constituents in groundwater.

Although modeling solely with advective transport does not

account for effects of dispersion and chemical reactions along flow

path, it provides a good first order approximation because of the

uncertainties in assigning parameters for these variables.

Estimates of particle-travel time in the Sands Plain region thus

represent the fastest rate of particle movement along a flow line.

These estimates assume that groundwater volumetric flow rates do

not fluctuate rapidly over time.

MODPATH solves the advective component of transport

equation by calculating average linear velocity. The average linear

velocity across a face in a grid-cell is obtained by dividing the

volumetric flow rate (Qx) across the face by the cross sectional area

of the face (Dx Dy) and the effective porosity (n) of the porous media

as given by,

Vx1= Qx1/(n.Dx Dy) (9)

in the x-direction. Effective porosity was estimated from tables in

Freeze and Cherry (1979) and assigned a value of 0.20 corresponding

to medium size sands.

MODPATH calculates groundwater velocity vectors by simple

linear interpolation. Simple linear interpolation assumes that a

component of velocity varies linearly along a principle axis

direction, and that these variations are independent of the other

velocity components which vary linearly along their associated

principle axis. Linear interpolation for the x-direction is described

by

Vx2=Ax(AX)+Vx1 (1 O)
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where Ax is a constant that corresponds to the component of the

velocity gradient inside the grid-cell (Pollock, 1988). Equation (10)

can be rearranged into

Ax=(VxZ'Vx1)/AX 0r Ax=de/dx (1 1 )

The rate of change in the particles velocity through the grid-cell is

given by,

(de/dt)p = (de/dX)(dX/dt)p (12)

where the term (dx/dt)p=vxp is the change in the particle's x-

location with respect to time. Substituting into equation (12) gives,

(de/dt)p=Axpr 0r (1 Ipr)dep=Axdt (1 3)

MODPATH uses a semianalytical method to solve the integration of

equation (13) directly to give,

In[pr(tz)/pr(t1)]=AxAt where At=t2-t1 (14)

Equation (14) finally rearranges into,

Xp(t2)=X1 'l'(1/Ax)[vxp(t‘l )eXp(AxAt)'Vx1 ] (1 5)

which determines the particle's new coordinate location in the x-

direction at a specified time interval.

MODPATH has the ability to track particles backward in time

by multiplying the velocity component by -1. This feature is useful

in delineating recharge sources in the Sands Plain area by tracking

particles backward from discharge sinks.

The initial starting location for particles in the grid-cell at

t1--0 can also be varied by MODPATH. Starting locations of particles

can be generated inside a grid-cell (internally), or can be generated

on a grid-cell face(s). The Sands Plain model described here utilizes

this feature to reflect differences between particles which

originated at streams sites and are then tracked backwards to a
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groundwater source, and particles which originated at a well

location and are tracked forwards to a stream sink. Particles

generated at a stream or surface water site are initiated on the top

face of the grid cell, while particles generated at well locations are

initiated internally.

Flow System Analysis

Particle tracking techniques were first performed from select

well locations to delineate their sources of recharge. Figure 12 was

constructed by the backward tracking of four particles at each well

location over an 80 year period. Four particles were used in tracking

simulations because this number of particles could accurately

depict individual flow paths while retaining the clarity of the

simulation. Flow paths in Figure 12 are represented by dashes and

can be traced backwards towards their recharge source. Time series

data is represented as colored circles lying along a flow path, and

have a constant time step of 10 years. Figure 12 indicates that flow

paths traced from wells 21, 19, 1S, 8. McDonald, P4, and P1 in the

northern region of the modeled area derive a proportion of their

recharge directly from the upper reaches of Goose Lake Outlet. Time

series data show that it takes a period of 10 to 30 years for a

particle of water to reach these wells from their respective

recharge sources. Flow paths traced from wells 34, 30, 29, 26, and

23 located in the west central part of the modeled area derive a

proportion of their recharge indirectly from Goose Lake Outlet. Time

series data indicates that it takes a period of 10 to 30 years for a

particle of water to reach these wells from their respective

recharge sources. Flow paths for wells 7, 6, and 5 located in the

central region of the modeled area derive their recharge primarily

from precipitation, and require a time period of 40 to 50 years.

Flow paths traced from wells 8, 10, D. McDonald and 11 derive their

recharge primarily from precipitation, but only in a period of 10

years or less. Well 1 located near Lake Superior derives a proportion

of recharge from both the upper reaches of Goose Lake Outlet in the

north and from a groundwater source in the western central region
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of the modeled area. Time series data indicate that it takes a period

of 50 and 80 years for a particle of water to reach these wells from

these recharge sources, respectively.

Particle tracking techniques were then performed from well

locations to delineate their points of discharge in the modeled area.

Figure 13 was constructed by the forward tracking of four particles

at each well location over a 80-year period. Figure 13 indicates

that flow paths traced from wells 33, 19, 15, 14, P4, P1 and

Heidtman discharge into the upper and lower reaches of Silver Creek

and Cherry Creek. Time series data for these wells indicate that

water is discharged to Silver Creek and Cherry Creek in a period of

20 to 50 years. Flow paths can be traced from wells 34, 30, 29, 26,

and 23 in Figure 13 to the headwaters of Cedar Creek in a period of

10 to 30 years. Flow paths observed for wells 8, 7, 6, and 5 can be

traced into the lower reaches of Cherry Creek and Cedar Creek in a

period of 30 to 80 years. Flow paths traced from wells 11, 10, 6,

and D. McDonald discharge into Big Creek in a period of 30 to 70

years.

Particle tracking techniques were performed from stream

sample site locations to delineate their sources of recharge in the

modeled area. Figure 14 was constructed by the backward tracking

of four particles at each well location over a 40-year period. Figure

14 indicates that flow path traced from Silver Creek headwaters

derive a proportion of their recharge indirectly from Goose Lake

Outlet in a period of 20 years. Flow path for Cedar Creek trace its

source of recharge to a groundwater source in the western central

region of the modeled area. Time series data indicate that it takes a

40-year period for a particle of water to recharge Cedar Creek from

its source area. Flow path traced backwards from Big Creek indicate

a southern groundwater source which recharge Big Creek over a 40-

year period. Other stream site locations in Figure 14 are strong

sinks and have no single source area in which they are recharged.
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Volumetric Water Budget

The volumetric groundwater budget for the Sands Plain area is

the summary of all inflows and outflows of water to the modeled

area contributed by each flow component package. The difference

between these inflows and outflows should equal zero for a balanced

volumetric water budget. The volumetric budget for the Sands Plain

area indicates that the total inflow rate of water to the modeled

area is 171.77 cubic feet/second, and the total outflow rate of

water from the modeled area is 171.78 cubic feet/second, giving a

difference of approximately -0.007 cubic feet/second.

Inflows of water to the Sands Plain area are composed of

recharge from precipitation, specified head boundaries, and leakage

from streams. The volumetric inflow rates are 10.2 cubic

feet/second from specified head boundaries, 142.31 cubic

feet/second from precipitation, and 19.3 cubic feet/second from

river leakage. Although their is some amount inflow into specified

head, it occurs primarily near the southern boundary of the modeled

area and does not effect simulated head results. Recharge is fairly

uniformly distributed throughout the modeled area and is the

greatest contributor of water to the Sands Plain area. Outflows of

water from the Sands Plain area are composed of pumping wells,

specified head boundaries, and leakage to streams. The volumetric

outflow rates are 48.9 cubic feet/second to constant head, 3.3 cubic

feet/second to pumping wells, and 119.5 cubic feet/second to river

leakage. Leakage of water to streams are the greatest means of

water discharge from the modeled area.

Zone Budget

Figure 15 displays a series of ten zones which divide the Sands

Plain area into distinct hydrologic areas. These zones are used to

isolate individual groundwater-streamflow systems and to evaluate

the interflow rates of groundwater from one zone of the modeled

area to another. The boundaries of these zones are constructed along

groundwater drainage divides by a series of trial and error

adjustments in which head distribution, stream orientation, and
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groundwater flow paths generated by MODPATH (Pollock, 1989) were

observed.

Cell by cell interflow datum is used by the post processing

package Zonebudget (Harbaugh, 1990) to calculate groundwater

interflow rates between zones. Table 4 summaries interflow rates

between one particular zone, and those zones and/or to specified

head boundaries which surrounding it.

Zone Goose Lake in Figure 15 represents a groundwater

recharge area in which Goose Lake and the upper portion of Goose

Lake Outlet discharge water into the system. Surrounding zone

Goose Lake are zone Silver/Cherry Creek and zone Goose Lake Outlet.

The boundaries of zone Silver/Cherry Creek were constructed to

isolate a subregion of groundwater which is thought to be the source

of recharge to the upper reaches of Silver and Cherry Creeks. The

boundaries surrounding zone Goose Lake Outlet isolate an area which

contains the lower reaches of Goose Lake Outlet and a portion of the

Middle Branch of the Escanaba River. Table 4 indicates that their is

no interflow from zone Silver/Cherry Creek to zone Goose Lake, and

that only a small rate of interflow (1.1 cubic feet/second) from zone

Goose Lake Outlet enters zone Goose Lake. Table 4 also indicates

that a large rate of interflow (13.9 cubic feet/second) occurs from

zone Goose Lake to zone Silver/Cherry Creek, and that only a small

rate of interflow (0.17 cubic feet/second) occurs from zone Goose

Lake to zone Goose Lake Outlet. This data suggests that groundwater

in zone Goose Lake which is recharged from leakage by Goose Lake

and Goose Lake Outlet will eventually act as a source of recharge for

groundwater in zone Silver/Cherry Creek.

The boundaries surrounding zone Cedar Creek were constructed

to isolate an area containing [lthe headwaters of Cedar Creek. The

boundaries surrounding zone Big Creek were constructed to isolate

an area containing the headwaters of Big Creek and its tributaries.

Only a small rate of interflow occurs between zone Goose Lake

Outlet and zones Silver/Cherry, Cedar, and Big Creeks as indicated

by Table 4.

A significant rate of interflow occurs between zone

Silver/Cherry Creek and zone Cedar Creek. Attempts to redraw
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Table 4

Zone Budget

Interflow rates in cubic feet per second

zone 1= zone Chocolay River zone 6= zone Goose Lake Outlet

zone 2= zone Silver/Cherry Creek zone 7 = zone Escanaba

zone 3= zone Cedar Creek zone 8 = zone Goose Lake

zone 4 = zone Big Creek zone 9 = zone Pleisser Lake

zone 5 = zone West Branch of the zone 10 = lnterrnediate zone

of Chocolay zone 12 = Intermediate zone

Flow Bedget for zene 1

In: Out:

Constant Head =4.96 Constant Head = 17.20

Zone 2 to 1 = 7.67 Zone 1 to 2 = 6.07

Zone 4 to1 = 0.86 Zone 1 to 4 = 0.99

Zone 5 to1 = 0.65 Zone 1 to 5 = 0.45

Zone 9 to 1 = 2.98 Zone 1 to 9 = 0.00

Zone10to1 = 1.98 Zone 1 to10 = 0.03

Zone12to1 = 1.84 Zone1t012 = 1.07

Total in =20.94 Total out = 25.81

In - Out = -4.87

Flew Budget fer Zene 2

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone 1 to 2 = 6.07 Zone 2 to1 = 7.67

Zone 3 to 2 = 5.97 Zone 2 to 3 =10.20

Zone6t02 = 1.15 Zone2t06 = 0.00

Zone 8 to 2 =13.98 Zone 2 to 8 = 0.00

Zone 9 to 2 = 7.73 Zone 2 to 9 = 6.73

Zone10t02 = 0.10 Zone2to10 = 0.00

Total in = 35.00 Total out = 24.60

ln-Out =10.40
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Table 4 (cont'd)

Fl w 8 f r 2 n

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone 2 to 3 =10.21 Zone 3 to 2 = 5.97

Zone 4 to 3 = 0.68 Zone 3 to 4 = 0.89

Zone 6 to 3 = 0.33 Zone 3 to 6 = 0.00

Zone 10 to 3 = 1.88 Zone 3 to 10 = 3.22

Total in =13.10 Total out = 10.08

In-Out =3.02

Fl w 8 f r 2 n 4

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone 1 to 4 = 0.99 Zone 4 to 1 = 0.86

Zone 3 to 4 = 0.88 Zone 4 to 3 = 0.68

Zone 5 to 4 = 1.61 Zone 4 to 5 = 0.93

Zone 6 to 4 = 0.72 Zone 4 to 6 = 0.08

Zone 7 to 4 = 1.66 Zone 4 to 7 = 1.49

Zone10to4 = 0.08 Zone4to10 = 1.22

Zone12to4 =2.10 Zone4to12 = 1.14

Total in = 7.98 Total out = 6.40

lh-Out =1.49

Fl w 8 f r 2 n

In: Out:

Constant Head =0.99 Constant Head = 9.81

Zone 1 to 5 = 0.45 Zone 5 to 1 = 0.64

Zone 4 to 5 = 0.92 Zone 5 to 4 = 1.61

Zone 7 to 5 = 0.66 Zone 5 to 7 = 0.65

Zone 12 to 5 = 0.53 Zone 5 to 12 = 0.61

Total in = 3.55 Total out = 13.32

In-Out =-9.77
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Table 4 (cont'd)

Flew Budget fer Zene 6

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone 2 to 6 = 0.00 Zone 6 to 2 = 1.10

Zone 3 to 6 = 0.00 Zone 6 to 3 = 0.33

Zone 4 to 6 = 0.00 Zone 6 to 4 = 0.72

Zone 7 to 6 = 0.20 Zone 6 to 7 = 0.74

Zone8to6 = 0.17 Zone6t08 = 1.10

Total in = 0.37 Total out = 3.99

In—Out =-3.6Z

Flew Budget fer Zene 7

In: Out:

Constant Head =0.25 Constant Head = 18.24

Zone 4 to 7 = 1.49 Zone 7 to 3 = 1.66

Zone 5 to 7 = 0.65 Zone 7 to 5 = 0.66

Zone 6 to 7 = 0.74 Zone 7 to 6 = 0.20

Total in = 3.13 Total out = 20.76

In-Out =-17.63

Fl w 8 f r 2 n

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone 2 to 8 = 0.00 Zone 8 to 2 =13.94

Zone6t08 = 1.10 Zone8to6 = 0.17

Total in = 1.10 Total out =14.11

Ill-Out =-13.01
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Table 4 (cont'd)

Fleu fan

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone 1 to 9 = 0.00 Zone 9 to 1 = 2.98

Zone 2 to 9 = 6.73 Zone 9 to 2 = 7.74

Total in = 6.73 Total out =10.72

In-Out =-3.99

Flow Bugget fer Zene 10

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone1t010 = 0.04 Zone10to1 - 1.98

Zone Zto 10 = 0.00 Zone 10toZ = 0.10

Zone3t010 = 3.22 Zone10t03 = 1.88

Zone4to10 = 1.22 Zone10to4 = 0.08

Total in = 4.48 Total out = 4.04

ln-Out = 0.44

FI w 8 f r 2 n 12

In: Out:

Constant Head =0.00 Constant Head = 0.00

Zone1to12 =1.07 Zone12 to1 = 1.84

Zone4to12 =1.14 Zone12 to4 = 2.10

ZoneStoIZ = 0.61 Zone12 toS = 0.53

Total in = 2.82 Total out = 4.47

In—Out =-1.65
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these boundary lines to reduce the rate of interflow between these

two zones failed, and suggest that these two zones could not be

hydrologically separated. Small rates of interflow exist between

zone Cedar Creek and zone Big Creek, allowing zone Silver/Cherry

Creek and zone Cedar Creek to be partially hydrologically separated

from zone Big Creek (see Figure 15). This suggests that groundwater

recharged from Goose Lake lying in the northern region of the

modeled area in zones Silver/Cherry and Cedar Creeks is

hydrologically distinct from groundwater in the southern region of

the modeled area in zone Big Creek.

The boundaries surrounding zone Chocolay were constructefld to

isolate an area of groundwater discharge, and area where stream

water tributaries converge on the Chocolay River. The boundaries

surrounding zone Pleisser were constructed to isolate the Pleisser

Lake area. Zones Chocolay, Silver/Cherry Creek and Pleisser display

high rates of interflow between each other, suggesting that

groundwater in this area may be mixing.



Groundwater and Surface Water Chemistry

METHODS SECTION

Groundwater Sampling

Groundwater samples were collected from twenty-two

shallow water wells distributed throughout the Sands Plain area in

September, 1990 (see Figure 16). These wells consisted of fifteen

U.S.G.S installed 4" monitoring wells, five domestic wells, and two

irrigation wells. Water levels and total depth were measured and

recorded at each monitoring well with a water level indicator.

Monitoring wells were then purged for half an hour to forty-five

minutes with a Grumpus 4" submersible pump rated at 10 gal/min,

or for forty-five minutes to one hour with a Keck 2" submersible

pump rated at 2 gal/min. Because of its size and mobility the Keck

2" submersible pump was prefered over the Grumpus 4" submersible

pump, but was limited in use because of its low pumping rate, and

periodic clogging due to silt and sand. Domestic wells were purged

for over one hour to clear their twenty gallon storage tanks, with

resident pumps that were rated between 25 to 60 gal/min.

Irrigation wells discharged water continuously at high outputs of

100 to 250 gal/min and could be sampled directly.

When purge time for each well was completed, an in-line 45

micron filter pack was attached to the submersible pump outlet

nozzle to remove silt and clay size particles from the discharging

well water. The filter pack was allowed to discharge water for a

few minutes before water samples were collected.

Surface water samples were taken in August 1991, from

creeks, rivers, and a lake. Water samples were initially collected in

a 500 ml Nalgene beaker a few feet from the waters edge at depths

of approximately half a foot. Water samples were then filtered

through a 45 micron filter pack with the aid of a peristaltic pump.

After filtering was completed calcium, magnesium,

potassium, and sodium samples were collected in a 125 ml Nalgene

bottles and acidified with 2 ml of analytical grade nitric acid.

Samples for sulfate analysis were collected in 250 ml Nalgene

49
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bottles and were preserved with 2 ml of formaldehyde. Samples for

silica and chloride analyses were collected in 125 ml Nalgene

bottles with no preservative. Samples for trace metals and

aluminum analyses were collected in 50 ml Nalgene bottles and

acidified with 1 ml of distilled Ultrex nitric acid.

Samples for isotopic analyses of 18O, 160, hydrogen and

deuterium were collected with no filtering device and were stored

in 1 Liter glass bottles and sealed with tape.

Monomeric aluminum was extracted through a procedure

modified from Barnes (1976). Well water was prefiltered through a

45 micron filter. This water was then refiltered through an acid

rinsed 0.2 micron polycarbonate filter into an acid rinsed 200 ml

Erlenmeyer flask with the aid of a peristaltic pump. A 50 ml sample

volume was then collected using an acid rinsed pipet and dispensed

into an acid rinsed 200 ml beaker. An additional 50 ml of distilled

deionized water was added to the beaker and the two aliquots mixed.

To this was added 2 ml of 8-hydroxyquinoline solution, followed by

5 ml of an ammonium hydroxide buffer. This produced a solution

having a pH of 8.3. The water solution was then transfered to an

acid rinsed 250 ml volumetric flask. 10 ml of methyl isobutyl

ketone (MIBK) was then pipeted into the volumetric flask and mixed

for exactly 10 seconds. At the end of the 10 second time period two

immiscible layers formed. The upper MIBK layer containing the

monomeric aluminum species was then extracted by carefully adding

distilled deionized water into the volumetric flask until the MIBK

layer moved up the neck of the volumetric flask. The MIBK layer

could then be removed using an acid rinsed 1 ml Eppendorf pipet and

stored in a 30 ml Nalgene bottle.

All water samples were iced down and stored in a coolers

after field collection. Samples were then transfered and stored at

4°C
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Sediment Collection

Sediment samples for clay analysis were collected at each

creek, lake, and river locality where water samples were collected.

Sediment samples were stored in freezer bags and kept on ice in

coolers in the field and were then later dried in preparation for clay

analysis.

Field Analysis

Field analysis consisted of pH, alkalinity, temperature and

reduced iron measurements. Water temperature was measured using

a standard mercury laboratory thermometer. pH was measured with

an Orion model 399A pH meter equipped with an Orion 91-05

combination electrode. Reference standards of pH 7 and 10 were

brought to the same temperature as the water sample by placing

them in the discharge bucket during the purging process or stream

collection. This allowed the reference standards to equilibrate to

the temperature of the discharging well water. The pH meter was

then calibrated with these reference standards. Unfiltered water

samples were collected in a beaker and measured for pH.

Alkalinity measurements were performed by placing 2 ml of

unfiltered water into a glass vessel equipped with magnetic stir bar.

Water samples were then titrated using a Brinkman micropipet

filled with 0.01639N Sulfuric acid solution following a procedure

similar to that of U.S.G.S method I-2030-85 (1989). Sulfuric acid

solutions were standardized against a 1000 mg/L Na2C03 solution

daily before field measurements began.

Reduced iron species were measured using a method similar to

that described by Muray and Gill (1978). Water samples were

filtered with a 45 micron filter pack and were discharged into a 125

ml Nalgene bottle that was placed inside a 500 ml Nalgene beaker.

The 125. ml Nalgene bottle was then allowed to overflow into the

500 ml Nalgene beaker, which in turn was allowed to overflow.

Using this procedure the water sample being collected inside the

125 ml Nalgene bottle was completely cut off from contact with

ambient air. After letting the containers overflow for a few
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minutes, a 1 ml Ependorf pipet was inserted into the 125 ml Nalgene

bottle. A 2 ml of sample was then extracted from the container and

pipeted into a glass couvet. 2 ml of 0.05 ug/L, 1.0 ug/L and 2.0 ug/L

iron standards and a blank were in turn pipeted into individual

couvets. Two ml of ferrozine was then pipeted into each couvet. A

light purple color quickly developed in samples and standards

bearing reduced iron. Absorbance was measured within 30 seconds

using a Bausch and Lomb 121 spectrophotmeter at a wavelength of

562 nm.

Analytical Methods

Cation concentrations in the collected groundwater and

surface water samples were measured by atomic absorption and

graphite furnace atomic absorption spectroscopy using a Perkin-

Elmer 5100 A.A.S instrument with a HGA 5100 Controller and AS

Autosampler. Standards for cation analysis were made by the

dilution of 1000 mg/L stock solutions. Anion concentrations were

measured through colorimetric and turbidimetric techniques using a

Milton Roy 5000 spectrophotometer.

geleium and Magnesium

Groundwater and surface water samples were analyzed for

calcium and magnesium (in mg/L) using the methods for

determination described in U.S.G.S (1989) method l-1152-85 and I-

1447-85, respectively, and Perkin-Elmer (1982). To suppress

phosphate, sulfate, or aluminum interference, 0.2 ml of LaC13 was

added to standards and samples. Water samples outside the

recommended linear range were diluted 1:25, 2:25, or 5:25

depending on the initial concentrations of these cations.
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Sedium and Peteseigm

Ground water and surface water samples were analyzed for

sodium and potassium (in mg/L) using the methods for determination

described in U.S.G.S (1989) method l-1735-85 and l-1630-85 ,

respectively, and Perkin-Elmer (1982). Water samples outside the

recommended linear range were diluted 1:25, 2:25, or 5:25,

depending on the initial concentrations.

theride

Chloride was measured in (mg/L) using a ferric thiocyanate

colorimetric, automated-discrete method of determination (U.S.G.S

I-2188-85, 1985). This method has a detection range from 0.10 to

500.00 mg/L, and indicates that the sample retains a constant

absorbance reading for over an 1 hour. The absorbance

measurements for standards and samples, although initially stable

for the first few minutes of analysis, declined over time. To

achieve reproducible, accurate, results chloride measurements on

standards and samples were performed on three separate runs.

Since absorbance through time for each run varied, an average

absorbance for the three runs was taken at the end of the first

minute of analysis. A calibration curve of concentration versus

absorbance was constructed and sample concentrations were

determined correcting for the time variation.

Smite

Sulfate was measured (in mg/L) using the barium sulfate

turbidimetric method outlined in Standard Methods for the

Examination of Water and Waste Water (1971).

Silica

Silica was measured (in mg/L) using the molybdosilicate

colorimetric method outlined in Standard Methods for the

Examination of Water and Waste Water (1971 ).
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Traee Metale

Iron, manganese, nickel, copper, zinc, barium, and strontium

were measured in concentrations of ug/L by methods outlined in

Perkin-Elmer (1985) using a HGA Zeeman/SOOO Graphite Furnace and

AS Autosampler. Iron, manganese and zinc were measured using

recommended HGA conditions by the atomization of sample solutions

off a L'vov Platform in a pyrolytically coated tube, with a Mg(N03)2

matrix modifier. Water samples were diluted using an AS-40

autosampler or using acid washed volumetric flasks depending on

the samples concentration. Ramping time and temperature were

altered in pretreatment and atomization steps to optimize

absorbance.

Copper and nickel were measured using methods similar to

that outlined above but with no addition of a matrix modifier.

Barium and strontium were analyzed by the atomization of sample

solution off the wall of a pyrolytic tube, with no addition of a

matrix modifier.

Pre-treatment for Clay Mineralogy Analysis

Sediment samples were prepared for clay determination using

procedures outlined by Jackson (1969) with modifications described

by S. Anderson (oral communication). Carbonates and soluble salts

were first removed from sediment samples. Sediment samples were

placed in a Pyrex beaker, wetted with distilled water and heated to

750C. To this was added a 1 molar sodium acetate solution, adjusted

to a pH of 5.0 with acetic acid was added until effervescing ceased.

Supernate was then siphoned off and discarded.

Organic matter was removed by the addition of approximately

30 ml of hydrogen peroxide over a 5 day period while sediment

samples were maintained at 750C. Clay was then separated from the

sediment sample by allowing the sand and silt size particles to

settle out from flocculatent material through the addition of water
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and NaCl in 5 liter beakers over time periods based on Stokes' Law.

Supernate was then siphoned off and discarded.

The clay samples were then divided into two subsets and

saturated with potassium chloride and magnesium chloride,

respectively. In addition to this division, clay samples from Goose

Lake Inlet, Goose Lake Outlet, Goose Lake Tel, and Warner Creek were

further split into two other subsets for iron oxide removal. Iron

oxides were removed using the sodium dithionite-citrate-

bicarbonate to allow for better clay orientation during preparation

of slide mount (Aguilera and Jackson, 1953). After iron was

removed, the clay samples were then divide into another set of sub

samples and saturated with potassium chloride and magnesium

chloride. Chloride was then removed from all clay samples through a

series of washes with ethanol. Glycol was added to magnesium

saturated samples which were then heated at 80°C in an oven

overnight. Clay fractions were mounted on glass slides with pasture

pipets.

X-Ray Analysis

Determination of clays were made using a Philips 3100 X-Ray

Generator with copper tube. Goniometer measurements were made

at scanning speed of 5° / 5.00 seconds, rotating from 20 to 300 (2(2).

Potassium saturated slides were analyzed in a series of 25°C,

1000C, 3000C and 550°C heat treatments. Magnesium glycol

saturated slides were analyzed at 25°C.



Groundwater and Surface Water Chemistry

Groundwater analyses for major and trace elements, and

additional monitoring well data from William and Works (1988) are

presented in Tables 5 and Table 6. Analyses of surface water,

precipitation (NAPD/NTN, 1992), and Lake Superior (Water-Resource

Data, 1980) for major elements are presented in Table 7. Surface

water analyses for trace elements are presented in Table 8.

Groundwater lsogram Maps

The spatial distribution of groundwater constituents in the

Sands Plain study area is displayed by a series of isogram maps. The

Sands Plain study area is defined by sample site location, and

differs from the Sands Plain modeled area which was defined by the

model-grid. lsogram maps display lines of equal concentration for

individual ion species and/or concentrations of dissolved solids, in

the glacial aquifer. These maps assume homogeneity in the

composition of groundwater in the vertical direction. Two wells

(MQT dump and Gravel Well) in the northern section of the study area

are shown on the isogram map series but do not reflect water of the

glacial aquifer. These wells are completed in Siamo Slate and Kona

Dolomite, respectively, and are included in the map series to

characterize water quality in the north where uncertainty remains

in the hydraulic interconnections between fractured bedrock

associated with the Palmer fault and glacial deposits.

An isogram map of total dissolved solids is displayed in Figure

17. Total dissolved solids concentrations above 150 mg/L for water

from wells 19, ETW-2, 21, 15, and Gravel are observed to form an

elliptical pattern in the north west section of the modeled area.

Total dissolved solids less than 150 mg/L but greater than 100 mg/L

encircle this area of elevated concentrations to the south and east.

Total dissolved solids less than 100 mg/L are observed in the

remaining wells and surround both these areas to the south and east.

Well 11 (the southern most well) displays a concentrations slightly

above 100 mg/L
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US. Geological Survey Observation Wells

installed in 1979

A Williams and Works Observation Wells
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Figure 17 Distribution of Total Dissolved Solids in mg/L
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Similar trends in cation distribution for the Sands Plain study

area are observed. Figure 18 displays the distribution of calcium in

mg/L in the Sands Plain area. Calcium concentrations above 35 mg/L

occur in wells 19, 21, 15, ETW-Z, and Gravel, and form a elliptical

pattern near Goose Lake Outlet in the northwestern section of the

study area. Concentration of calcium between 35 mg/L and 15 mg/L

encircle this area of elevated concentrations to the south and east.

Calcium concentrations less than 15 mg/L form a broad band in the

southern most region of the modeled area. Well 11 (the southern

most well) displays a concentration slightly above 15 mg/L.

Figure 19 displays the distribution of magnesium in mg/L.

Magnesium concentrations above 7 mg/l occur near Goose Lake

Outlet in wells 19, 21, 15, ETW-3, and Gravel. Concentrations for

magnesium are less than 7 mg/L in the remaining wells.

Figure 20 displays the distribution of sodium and potassium in

mg/L. Sodium and potassium concentrations above 3 mg/L occur in

wells 19, 21, 15, ETW-Z, and Gravel near Goose Lake Outlet.

Concentrations lower than 3 mg/L characterize the remaining wells

of the modeled area.

The distribution of anions in the modeled area is spatially

similar to that of cations. Figure 21 displays the distribution of

bicarbonate in mg/L. Wells 15 and Gravel have concentrations of

bicarbonate greater than 200 mg/L. Lower concentrations of

bicarbonate occur in a broad band lying south of these wells ranging

between 200 and 50 mg/L. The lowest concentrations of bicarbonate

(50 mg/L) occur to the south. Well 11 (the southern most well)

displays a~concentration slightly above 50 mg/L.

Figure 22 displays the distribution of sulfate in mg/L as a

bull's eye pattern. Sulfate concentrations greater than 20 mg/L

occur in wells 19, ETW-2, and 21 near Goose Lake outlet. Lower

concentrations from 20 to 5 mg/L occur surrounding this area
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of elevated concentrations to the south and east. Concentrations of

sulfate less than 5 mg/L occur to around both these areas.

Figure 23 displays the distribution of chloride in mg/L.

Chloride concentrations above 5 mg/L occur in the western section

of the study area. Concentrations of chloride less than 5 mg/L occur

to the south and east.

Trace elements in the Sands Plain area have distributions that

are either similar to that of cations, or display no distribution

trends at all. Figure 24 displays the distribution of barium in ug/L.

Barium concentrations above 50 ug/L occur in wells 19, ETW-Z, 21,

15 and Gravel near Goose Lake Outlet. Concentration less than 50

ug/L occur in the remaining wells surrounding this area of elevated

concentrations.

The distribution of manganese in ug/L is displayed in Figure

25. Manganese concentrations above 10 ug/L occur in wells 19,

El'W-Z, 21, and 26 near Goose Lake Outlet. Well 7 also shows

elevated concentrations of manganese above 10 ug/L.

Concentrations less than 10 ug/L are observed in the remaining

wells in the study area.

Figure 26 displays the distribution of strontium in ug/L.

Concentration of strontium above 60 ug/L occur in wells 19, ETW-Z,

21, 15 and Gravel near Goose Lake Outlet. Concentrations of

strontium less than 60 ug/L occur in remaining wells surrounding

this area of elevated concentrations.

lsogram maps indicate an area of relatively high

concentrations of dissolved constituents near Goose Lake in the

northern portion of Sands Plain study area. lsogram maps also

indicate that the southern region of the Sands Plain study area has

relatively low concentrations of dissolved constituents.

Distribution of water chemistries presented in isogram maps are

consistent with hydrologic zone information, in which flow the

northern portion of the Sands Plain area can be distinguished from

flow in the southern portion.
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Piper Diagrams

Piper diagrams (Piper, 1944) are used to display major-ion

composition for groundwater, streamflow, Lake Superior water and

precipitation data for the Sands Plain study area. These diagrams

are constructed by plotting the relative abundance of cations (Ca+2,

Mg+2, Na++ K+ ) in 96meq/L and anions (HCOB‘, 504'2 and Cl' ) in

%meq/L on to cation and anion triangles, respectively. Straight

lines are then projected from both cation and anion triangles on to a

quadrilateral field to represent the overall major-ion composition

of a single water sample.

Figure 27 displays the major-ion composition of groundwater

observed in the Sands Plain area. The cation triangle in the lower

left of this figure indicates that all groundwater samples have

approximately the same percentage ratio 65: 35: 5 of Ca: Mg: Na+K,

respectively.

The anion triangle in the lower right of Figure 27 indicates

that the bicarbonate anion is over 50% of the total anion

composition for all groundwater samples. A closer look at the anion

triangle displays a "V" shaped distribution in anion abundance. The

apex of this "V" shaped distribution is centered near the 9096

bicarbonate mark with the limbs of the "V" extending towards the

sulfate and chloride boundaries. Groundwaters which have high

sulfate abundance and plot along the outer portion of the sulfate

limb are from wells 19, 21, and Heidtman. These wells are located

in the northern section of the study area and are down flow of Goose

Lake Outlet (see Figure 16). Groundwaters which have a higher

chloride abundance and plot along the outer portion of the chloride

limb are from wells 30, 29, and 23. These wells are located to the

south of Goose Lake Outlet in the western portion of the study area.

Groundwater samples plotted in the quadrilateral field fall

into a general Ca-Mg—HC03 facies category described by Back (1961).

Groundwater samples are located along a narrow compositional band

in the quadrilateral field, with those samples plotting on the outer

portion of the sulfate and chloride limbs at one end of the band and

those samples plotting near the apex at the other.
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Major-ion compositions for surface water samples, Lake

Superior (Water-Resource Data, 1980) and precipitation (NAPD/NTN,

1992) are plotted in Figure 28. The cation triangle in the lower left

of this figure displays three populations of cation abundances.

Samples plotting in the center of the triangle are Goose Lake Inlet,

Goose Lake Outlet, Warner Creek, Carp River and Goose Lake Tel.

These samples represent surface waters that are located outside of

or along the boundaries of the Sands Plain study area. Lake Superior

water and surface water samples inside the study area have

approximately the same cation percentage ratio 65: 35: 5 of Ca: Mg:

Na+K. It should be noted that the cation abundance ratios for both

streamflow water found inside the study area and for groundwater

samples are similar. Precipitation data for the Sands Plain has

approximately a cation percentage ratio 75: 25: 10 of Ca: Mg: Na+K,

respectively. _

The anion triangle in the lower right of Figure 28 displays two

populations. Lake Superior water and almost all of the surface

water samples have over 72% HCOB' as their total anion

composition. The second population observed in this figure is made

up of precipitation and Goose Lake Outlet which have higher

abundances of sulfate.

Surface water samples plotted in the quadrilateral field fall

into a general Ca-Mg-HC03 facies category described by Back (1961).

Lake Superior, precipitation and surface water samples located

inside the Sands Plain study area plot along a narrow band similar to

that observed for groundwater. Surface water samples located

outside or along the northern boundaries of the study area fall

outside this narrow band.

Surface water from lakes and streams, and groundwater from a

bedrock well previously sampled by Grannemann (1979, 1984) are

displayed in Figure 29. The cation triangle in this figure shows a

cation ratio of 65: 35: 5 for Ca: Mg: Na+K similar to that of surface

and groundwater described above. Groundwater from bedrock well

14 and surface water samples from Harvey Lake and Pleisser Lakes

fall outside this composition range. The anion triangle in the lower
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right of Figure 29 indicates that the bicarbonate anion is over 8096

of the total anion composition for almost all surface water samples,

except for Goose Lake Inlet and Goose Lake Outlet. Goose Lake Inlet

and Outlet have higher sulfate compositions and plot along a similar

sulfate limb as describe above. Water compositions plotted on the

quadrilateral field are again located along a narrow composition

band and range from calcium-bicarbonate to calcium-sulfate ion

dominant waters.

Minerals and Clay Minerals

Clay mineralogy was determined at stream sampling sites (see

Figure 16) to produce a set of plausible phases which are

encountered by stream water in the Sands Plain modeled area. Clay

minerals from stream sediments were identified by their

characteristic basal reflections from various chemical and thermal

treatments, as described previously. Relative abundances of clay

minerals were not determined, but are only a small percentage of

the bulk sediment sample. Clay minerals identified from different

stream site locations include chlorite, illite, and kaolinite. Other

minerals in the sediment sample include calcite, quartz, iron oxides

and manganese oxides which were identified qualitatively during

clay preparation. The presence of calcite was indicated by its

reaction to a pH 5 sodium acetate solution, and was observed in all

sediment samples. Iron and manganese oxides were identified by the

apparent color of the sediment sample before and after the addition

of sodium dithionite-citrate-bicarbonate. Iron and manganese

oxides occur in sediment samples of Goose Lake Inlet, Goose Lake

Outlet and Warner Creek. Figure 30 and 31 show typical X-ray

diffraction traces for stream sediment samples. X-ray traces

displaying poor peak heights are related to the clay thickness

covering a sample slide.



82

Cedar Creek Headwaters 33,4

14.0 7.13 I

= l i WW Mg-saturated/611;.

‘3me
‘

425 3.18

l ''

ism-aw“ 550°C

k\.M/Wvé‘lh— l 00°C

357

10.0 476 '

‘1. I 5 .0ll

. 1.;'1.in . .
a: .5 ,1 W Air-dned

‘4' V . .m

0 5 10 15 20 25 3O 35

Degrees 2 6

Silver Creek Headwaters

4.26 3.34

3.50' 324
10.0 I 4.74 l I

'1. . I i =1J-
~....°-., ,W “—- Mg-soturated/Gl u.

---- - 3"»- 550°C

14.1 7.14

 

\wa'fll'w2'..."- 3O0oc

- * "4- ‘33“- 100°C

'\ 3'-

‘wi-AW‘K. K-saturated
' I ' I ' I ' I Y I v I v j

0 5 10 15 20 25 30 35

Degrees 29

q

Figure 30 Cedar Creek and Silver Creek Headwaters



83

Goose Lake Outlet 3.34

7.15 4.73 354132414.1

W321

I 1'0-0 I 50' 427 .

.. gMVP-s. Flo-saturated/Glu.

""""_" Iron removal

'\._A# __. -- - ~~“‘5"-- 550°Clronremoval

\ MU“. 300°C Iron removal
\w.J

.WWK-soturated Iron remove

l'_'—'l'_"_1'_'_l'—

0 5 10 15 20 25 3O 35

 

 

Degree: 2 8

Warner Creek

122 4.27

3.58

7.10 473 I 334

14.4l 101 I“ .l 1.0 I '3'0

I o

I - ....=..S - '

swat-u" wk,“ m--881111'818d/Gl U.

M Iron removal

Mai-u ___- - -- ~- *—‘— 550°Clronremoval

Xanaw300°C Iron removal

K-saturated Iron remova'
\flb-

0 51015 20 25 30 35

Deorceaze

 

Goose Lake Outlet and Warner CreekFigure 31

with Iron oxide removal



84

Kalolinite Kalolinite was identified from first and second order

basal reflections at 7.15 A and 3.58 A for K-saturated treatment at

25°C. First and second order kaolinite peaks lose their pronounced

basal reflections at temperatures of 550°C or greater, and are

distinguished from second and third order chlorite peaks by heating

samples to 550°C for an 8 hour period. Kaolinite occurs in all

stream samples.

Mg lllite was identified from the first, second, and third order

basal reflections at 10.00 A, 5.00 A, and 3.33 A, for K-saturation

treatments at 25°C. lllite interlayers do not contract or swell with

Mg-saturated/ glycerol treatment, and are not affected by 550°C

heat treatment. lllite occurs in all stream samples.

thgritg Chlorite was identified by from the first, second, third,

and fourth order basal reflections at 14.2 A, 7.12 A, 4.74 A, and 3.52

A, respectively. Chlorite interlayers do not contract or swell with

Mg-saturated /g|ycerol treatment, and do not dehydrate at

temperatures equal to or greater than 550°C. Chlorite is

distinguished from vermiculite and kaolinite by heating samples for

an 8 hour period. Basal reflections at the 12.0 A, 6.0 A, and 3.0 A

peaks correspond to dissolution of chlorite interlayers from iron

removal treatments and do not represent mixed-interlayer clays (S.

Anderson, oral communication). Chlorite occurs in all stream

samples.



Chemical Modeling with WATEQ4F

Water chemistries of the Sands Plain area were chemical

modeling with the aid of the computer program WATEQ4F (Ball,

1991). This modeling assists in the identification of possible

mineral dissolution and precipitation reactions that naturally occur

in groundwater and surface water in the southern portion of the

study area. It also helps characterize the effects of effluent water

from Goose Lake on the equilibria of groundwater and stream water

in the northern portion of the study area.

The computer program WATEQ4F (Ball, 1991) uses water

analysis (temperature, pH, pe, and concentrations of dissolved

species) for the calculation of elemental speciation, activities and

activity coefficients of dissolved species, and saturation indices

with respect to a mineral phase. WATEQ4F (Ball, 1991) achieves

this by iteratively solving a series of simultaneous equations which

determine equilibrium constants, and mass balance equations for

each component in the system.

For a given reaction, such as

aA+bB=cC+dD (16)

the activity product (AP) is defined

AP = [A]3 [B]b / [Clc [01d (17)

where [ ] is the activity or the effective molality of that species. If

the reaction is in equilibrium then

Keq = [A]al [B]b / [C]c [D]d (18)

where Keq is equal to AP. A equilibrium constant can be determined

thermodynamically over range of temperature conditions by the van't

Hoff equation

dln Keq / 0T= -DH° / RT?- (19)
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where DH° the change in standard enthalpy of reaction, R is the gas

constant (8.314 J/ 0K mol) and T is the temperature in degrees

Kelvin.

Once the activity product and equilibrium constant are defined

by WATEQ4F the saturation index (SI) can then be calculated by

Sl = log AP/ Keq (20)

Tables 9 display saturation indices (SI) for groundwater and

surface water samples with respect to selected mineral phases

which are present or are thought to be present in Sands Plain study

area. A saturation indice having a value equal to or near zero

indicates that the solution is in equilibrium with respect to the

specific mineral phase. A saturation indice having a negative value

indicates that the solution is undersaturated with respect to the

specific mineral phase. A solution which is undersaturated with

respect to a specific mineral phase suggests that the mineral phase

is either is not present, or will undergo dissolution under these

present conditions, unless the reaction is inhibited by kinetic

effects. A saturation indice having a positive value indicates that

the solution is supersaturated with respect to the specific mineral

phase. A solution which is supersaturated with respect to a specific

mineral phase suggests that this mineral phase will precipitate

under these conditions unless the reaction is inhibited by kinetic

effects.

Two problems are associated with chemical modeling with

WATEQ4F. The first stems from the fact that water chemistries are

entered into the WATEQ4F program as molalities and not as

activities. Molalities can be related to activities by

ai='Yimi (21)

where a: is the activity of species (i), mi is the molality of species

(i), and vi is the activity coefficient of species (i). The activity
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coefficient is the ratio of activity of a species to is molality, and

nears unity as the solution approach infinite dilution. The activity

coefficient is calculated by WATEQ4F by the extended Debye-Huckel

equation, given as

log y = (-A |z+=2'l l'é ) / (1 + B a) l'é) (22)

where A and B are constants and characteristics of the solvent

(water) and the temperature, a' is the hydrated size of the ion, 24-

and z- are the ionic charge of the species, and l is the ionic strength

of a solution defined by

l= '28 mi 2: (23)

The extended Debye-Huckel can be effectively used for solutions

with ionic strength less than 0.1 . Waters modeled in the Sands

Plain study have ionic strength up to 0.087 and can be accurately

modeled by WATEQ4F.

The second problem is attributed to the lack of an accurate and

an consistent thermodynamic data base for the use in computer

models of this type. The most complete and consistent data base

available is presented by Nordstrom et al. (1990). Equilibrium

constants and enthalpy values selected from Nordstrum et. al were

used in WATEQ4F and are presented in Table 10. Values for certain

clay minerals (illite and chlorites) are not presented in this table

because the chemical composition of clays in the Sands Plain study

area are unknown, and the thermodynamic data base needed to model

these clay types is far from complete.

Table 9 indicates that all water samples are undersaturated

with respect to feldspars minerals which are presented as albite

and anorthite. Feldspar minerals are known to compose a relatively

small percentage of the sediments found in the Sands Plain area, but

the relative amount and compositions of these minerals are

unknown. Quartz is saturated with respect to all mineral

compositions, and is the primary mineral composing sediments in

the Sands Plain area.
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All solutions are slightly undersaturated to undersaturated

with respect calcite in the Sands Plain area except Big Creek, Goose

Lake Inlet, and Goose Lake Outlet. All solutions are slightly

undersaturated to undersaturated with respect to dolomite except

Goose Lake Inlet and Goose Lake Outlet. All solutions are slightly

undersaturated to undersaturated with respect barite. Groundwater

samples which were analyzed for Fe (II) and Fe (III) are

undersaturated with respect to siderite.

All solutions are supersaturated with respect to kaolinite and

Belle Fourche montmorillonite. Kaolinite is known to occur in this

area, where as smectites have never been documented.

Chemical modeling suggests that groundwaters composition in

the southern portion of the study area may be attributed to feldspar

and carbonate mineral dissolution and kaolinite precipitation. Clay

minerals such as illite, chlorite and smectites may also affect

water composition, but to what degree is uncertain. Modeling also

suggests that effluent water derived from Goose Lake does not

promote the precipitation or the dissolution of selected mineral

phases relative to waters that receive recharge from this area.

Goose Lake Inlet and Outlet are undersaturated with respect to

gypsum, which would promotes gypsum dissolution and may account

for the relatively high sulfate concentrations observed. Since

sulfide concentrations were not measured saturation indices for

solutions with respect to pyrite could not be evaluated.



Groundwater-Streamflow System

Chemical data for groundwater, surface water, Lake Superior

water (Water-Resource Data, 1980), and precipitation (NADP/NTN,

1992) were plotted in a series of x-y diagrams, to observe

composition trends and/or possible effects of mineral

precipitation-dissolution in groundwater and surface water from the

Sands Plain area. Lake Superior and precipitation waters are not

included in trace elemental diagrams since no data could be obtained

for them at this present time (1992).

In Figure 32 calcium in mg/L is plotted versus magnesium in

mg/L. The dissolution of pure dolomite (CaMg(CO3)z)in pure water

produces a 1:1 stoichiometric ratio of calcium to magnesium. This

relationship is displayed in Figure 32 as the dolomite line. Outcrops

of Kona Dolomite are observed throughout the Goose Lake area, and

chemical modeling indicates that most of groundwater and surface

water are undersaturated with respect to dolomite. Figure 32

indicates that a water compositions from Sands Plain plot below the

dolomite line along a linear trend having a positive slope. This

linear trend exists between calcium and magnesium for water

compositions ranging from 0 to 32 mg/L and from 0 to 7 mg/L,

respectively. Along this linear trend, precipitation composes a

lower endmember composition, and groundwater from well 19 and

surface water from Goose Lake Outlet compose an upper endmember

composition. Precipitation is chosen as a lower endmember

composition because it constitutes a dilute source of water which

recharges the study area. Water from Goose Lake Outlet and from

well 19 are chosen as an upper endmember composition because they

reflect the composition of effluent water being recharged into the

system from Goose Lake. The compositions of this upper endmember

should influence the composition of other waters which also receive

recharge from Goose Lake.

Plotted above the precipitation endmember are groundwater

from wells 8, 10, 23, 30 and D.McDonald, and surface water from

Strawberry Lake. These wells are located in the southern region of

the study area.
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Above these waters and roughly at the midway point along this

trend line are groundwaters from wells 1, 7, 26, 29, and

Fairgrounds, and surface water from Lake Superior. It should be

noted that water from well 1 and Lake Superior have similar

calcium and magnesium concentrations, and that well 1 represents

the closest groundwater observation to Lake Superior. Groundwaters

from wells 5, P4, B.McDonald, and Heidtman plot above the midway

point at approximately 21 mg/L calcium and 5 mg/L magnesium.

Plotted between this compositional point and the upper endmember

composition are samples of stream water from the Chocolay River

and its tributaries. Stream water from Silver Creek has the highest

concentrations of calcium and magnesium observed; stream water

from Cedar Creek has the lowest. Stream waters from Cherry Creek,

Big Creek, and Chocolay River, have concentrations of calcium and

magnesium which fall in between Cedar and Silver Creeks. Calcium

and magnesium concentrations decrease from tributaries in the

northern region to those in the southern region.

Groundwater from well 15 also follows this linear trend, but

has relatively high concentrations of calcium and magnesium and

exceeds the upper endmember composition. High calcium and

magnesium concentrations indicated by groundwater from well 15

may be due to the presence of Kona Dolomite near the well location

although it does not plot near the dolomite line. Explanation of why

this linear relation exists for calcium and magnesium

concentrations from groundwater and surface water samples can not

be provided at this point in time.

Surface water from Goose Lake Inlet has the highest

concentrations of calcium and magnesium observed and does not

follow this linear trend. Calcium and magnesium concentrations

from Goose Lake Inlet plot on the dolomite line, and suggest that

this water is related to dolomite dissolution. Chemical modeling

also indicates that surface water from Goose Lake Inlet is saturated

with respect to dolomite. High concentrations of calcium and

magnesium observed in surface water from Goose Lake Inlet are

dramatically reduced in Goose Lake before being discharged to Goose

Lake Outlet.
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In Figure 33 calcium in mg/L is plotted versus sulfate in mg/L.

The dissolution of pure gypsum (C8504)in pure water has a 1:1

stoichiometric ratio of calcium to sulfate. This relationship is

displayed in Figure 33 as the gypsum line. Gypsum deposits were

observed in soft ore deposits at Tracy mine (Palmer) by Wiittala

(1967) and Gair (1975). Mine water from Tracy mine is discharged

into Partridge Creek, a tributary of Goose Lake Inlet. This figure

again displays a range of calcium concentrations for the majority of

water samples, but shows little variation in sulfate concentrations.

All water compositions plot below the gypsum line. Most water

samples have a sulfate concentration between 0 and 15 mg/L.

Surface waters from the Chocolay tributaries and groundwater from

wells located in the northern portion of the study area are observed

to have sulfate concentrations that are slightly higher than

groundwaters from wells located in the southern portion of the

study area. Water from well 1 indicates a relatively lower sulfate

concentration compared to that observed from Lake Superior. Water

containing higher concentrations of sulfate occurs in well 19, Goose

Lake Outlet and Goose Lake Inlet. The presence of elevated sulfate

concentrations by these waters may be due to the oxidation of pyrite

during iron ore benification processing and/or hydrogen sulfide gas.

Hydrogen sulfide gas is detected at Schweitzer Creek Reservoir and

at the ore processing plant at Empire mine and are thought to be

generated by sulfur bacteria acting on sulfurous material under

anaerobic conditions (Wiitala, 1967).

In Figure 34 calcium in mg/L is plotted versus bicarbonate in

mg/L. The dissolution of pure calcite (CaCOg) in pure water has a

1:1 stoichiometric ratio of calcium to carbonate. This relationship

is displayed in Figure 34 as the calcite line. The presence of calcite

was observed in sediment samples, and chemical modeling indicates

that groundwater and surface water are saturated to slightly

undersaturated with respect to calcite. Figure 34 indicates that a

water compositions from Sands Plain plot just above the calcite line
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along a linear trend having a positive slope. This figure indicates

that water compositions range from 0 to 32 mg/L and from 0 to 125

mg/L, respectively. Figure 34 displays a similar order in sample

site location along this linear trend as those observed in Figures 32.

This linear relationship displays precipitation constituting a lower

endmember composition, and surface water from Goose Lake Outlet

constituting an upper endmember composition. Groundwater from

well 19 has a lower concentration of bicarbonate than Goose Lake

Outlet and plots directly underneath the linear trend. Groundwater

from well 19 plots on the calcite line, and suggests that this water

is related to calcite dissolution.

A lower bicarbonate concentration indicated by groundwater may

be due to decreasing partial pressure of C02 with depth.

Groundwater from well 15 also follows this linear trend, but has a

higher concentration of calcium and bicarbonate than the upper

endmenber composition. Surface water from Goose Lake Inlet has

higher concentrations of calcium and bicarbonate than the other

water samples and does not follow this linear trend.

In Figure 35. calcium in mg/L is plotted versus total dissolved

solids (TDS) in mg/L. This figure indicates that a linear trend

having a positive slope exists between calcium and TDS, for water

compositions ranging from 0 to 32 mg/L and from 0 to 175 mg/L,

respectively. This linear relationship again displays precipitation

constituting a lower endmember composition, and groundwater from

well 19 constituting the upper endmember composition. Figure 35

displays a similar order in water sample locations plotted along this

trend line, as was observed along the linear trends in Figures 32 and

34. Surface water from Goose Lake Outlet has a higher TDS

concentration than groundwater from well 19, and plots to the right

of it. Groundwater from well 15 also follows this linear trend, but

plots above the upper endmember composition. Surface water from

Goose Lake Inlet indicates concentrations high in both calcium and

TDS and does not follow this linear trend.

In Figure 36 calcium in mg/L is plotted versus strontium in

ug/L. The majority of water samples displayed in this figure show

little variation in strontium concentrations. Groundwater obtained
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from well 19 has a slightly higher concentration of strontium.

Surface waters from Goose Lake Inlet and Goose Lake Outlet have

relatively high concentrations of strontium. It is interesting to note

that even though calcium and strontium have similar ionic radius and

charge that no trends exists between elemental concentrations and

sample site locations.

In Figure 37 bicarbonate in mg/L is plotted versus sulfate in

mg/L. The majority of water samples displayed in this figure range

from 0 and 120 mg/L bicarbonate and from 0 and 15 mg/L sulfate.

Water samples plotted outside of these ranges are groundwater from

wells 19 and 15, and surface water from Goose Lake Inlet and Outlet.

Groundwater from well 19 and surface water from Goose Lake Outlet

have bicarbonate concentrations that fall inside the range for the

majority of water samples, but have concentrations which are

higher in sulfate. Groundwater from well 15 has a similar range in

sulfate concentration as observed in the majority of water samples,

but higher bicarbonate concentrations. Surface water from Goose

Lake Outlet has relatively high concentrations of both sulfate and

bicarbonate.

In Figure 38 chloride in mg/L is plotted versus sodium in mg/L.

The dissolution of pure halite (NaCl) in pure water has a 1:1

stoichiometric ratio of sodium to chloride. This relationship is

displayed in Figure 38 as the Halite line. This figure displays a

range in chloride concentrations from 0 to 12 mg/L and sodium

concentrations from 0 to 5 mg/L for the majority of water samples.

Groundwater from well 15 ,and surface water from Goose Lake Inlet

and Outlet have a relatively high concentration of chloride and

sodium. Water from from well 15, Goose Lake Inlet, and Outlet do

not plot along the halite line, this suggests that road salt is not a

likely source for the elevated chloride concentrations in

groundwater.
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Discussion

The Sands Plain area offers a unique opportunity to study the

geochemical evolution of a groundwater-streamflow system in a

glaciated environment because of its well constrained hydrogeologic

setting and geochemical variability in both surface water and

groundwater. A numerical model that simulates the Sands Plain

hydrologic system is based on geologic setting, field measurements,

and assumptions about boundary conditions, hydrologic parameters,

and stresses on the system. The Sands Plain numerical model is

useful for understanding groundwater flow-path direction and for

estimating travel time information. The model also delineates areas

of recharge and discharge, and was used to calculate volumetric

inflow and outflow budgets. Samples of groundwater and surface

water in the Sands Plain area were collected to characterize

compositional inputs and outputs to the system, and to observe

variations in water chemistry along flow paths. Water chemistry of

these samples reflect physical, chemical and biological processes

which have occurred. Numerical flow modeling was used in

conjunction with water chemistry to understand the geochemical

evolution of the Sands Plain system.

The Sands Plain model was divided into three main zones

consisting of Goose Lake, Silver/Cherry Creek, and Big Creek. These

zones were constructed to isolate and evaluate the major

groundwater-streamflow systems. Volumetric budget information

indicates that the Goose Lake zone discharges almost exclusively to

the Silver/Cherry Creek zone, and the rate of interflow between

these two zones is relatively high. Volumetric budgets also indicate

that the Big Creek zone in the southern portion of the study area

could be hydrologically separated from the two other zones in the

northern portion of the study area. Hydrologic separation among

these zones is probably due to the range and distribution of

hydraulic conductivity values, and the location of the streams. High

hydraulic conductivity values observed in the Sands Plain study area

may allow the rate of advective flow in the longitudinal direction to

be much greater than the rate of advective flow in the transverse
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direction, and allow little interaction between northern and

southern regions.

Groundwater chemistry displayed by isogram maps and in x-y

plots also indicates that these zones are hydrologically separate.

Water in the northern portion of the study area (including Lake

Superior) displays higher concentrations of major ions than water in

the southern portion of the study area. Water chemistries observed

in the southern portion are thought to result from interaction

between precipitation and mineral phases composing these glacial

deposits. Glacial deposits are primarily composed of quartz, but are

known to contain feldspar minerals, carbonates, opaque minerals,

and clay minerals such as illite, chlorite, and kaolinite. Saturation

indices calculated through chemical modeling suggest that

groundwater in the southern portion of the study area is

undersaturated with respect to feldspar minerals and calcite, and

supersaturated with respect kaolinite.

Water chemistry information is consistent with groundwater

and surface water flow data in the northwestern portion of the

study area. Effluent waters having relatively high concentrations of

dissolved constituents are discharged at Goose Lake Inlet, and then

discharged to Goose Lake Outlet. Concentrations of major and trace

elements, with the exception of sulfate, are observed to be generally

higher in Goose Lake Inlet than in Goose Lake Outlet, which suggest

that Goose Lake must be a sink for these constituents. Gypsum

deposits occur in soft iron ore at Tracy mine which lies north of

Goose Lake, and may be the source of sulfate.

Streamflow measurements indicate that a 3-mile reach of

Goose Lake Outlet loses water at a rate if approximately 10 cubic

feet per second. Water from well 19, located near Goose Lake, has

similar concentrations of calcium, magnesium, sodium, potassium

and chloride as Goose Lake Outlet, but has a lower concentration of

sulfate. Concentrations of major and trace elements in groundwater

generally decrease along flow paths from well 19 towards Lake

Superior. Model simulations with particle tracking indicate that it

takes approximately 50 years for groundwater to travel from Goose

Lake to Lake Superior. Wiitala (1967) indicated that effluent water
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from iron ore beneficiation processes and underground mine pumpage

was initially discharged to Goose Lake Inlet and Partridge Creek in

the 1950's. No estimates on the quantity and compositions of these

effluent waters over this time period can be given at the present

(1992), but flow data suggest that water initially entering the

system at Goose Lake in the 1950's should now be reaching a

position near Lake Superior.

Well 1 represents the furthest groundwater observation along

a flow path which originates near Goose Lake. Water from well 1

has similar concentrations of calcium, magnesium, sodium,

potassium and chloride to that of Lake Superior, but indicates a

lower concentration of sulfate. Higher concentrations of sulfate in

water from Lake Superior might be due to the discharge of. stream

and River water into Lake Superior and/or the influence of air

pollution. Grannemann (1984) documents concentrations of mean

sulfate fallout from rain and snow on the order of 17.4 lb/acre/year.

Correlation between water chemistry from well 1 and Lake Superior

and the proximity of their sample sites suggest that waters from

well 1 and from Lake Superior are directly related. If these two

water types are related then it is evident that effluent water from

Goose Lake has not influenced the chemistry of water from well 1

which is approximately 160 feet deep. This implies that if flow

path direction and travel time information from particle tracking

techniques are accurate, most water that originates from Goose

Lake remains in the upper part of the aquifer and discharges to

tributaries streams of the Chocolay River.

This argument is reinforced by the observation that stream

waters from the tributaries of the Chocolay River generally have

higher concentrations of major dissolved species than groundwater

samples in the northern portion of the study area, excluding water

from well 19. Stream hydrographs indicate that baseflow to Cedar,

Cherry and Silver Creeks is over 90% and water samples from these

creeks should generally reflect groundwater compositions. Plots of

calcium versus magnesium; bicarbonate; and total dissolved solids

display a positive linear relationship for groundwater and stream

water samples where upper and lower endmember compositions
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were defined by water from well 19 and precipitation, respectively.

Stream water composition for the tributaries of the Chocolay River

consistently plot underneath upper endmember compositions along

these linear trends.

Thus a higher rate of horizontal flow compared to vertical

flow for groundwater receiving recharge from Goose Lake would

produce a higher concentration of dissolved species in shallow

groundwaters and streams down the flow path gradient compared to

deeper groundwaters in the northern section of the Sands Plain area.



Conclusions

1. The Sands Plain area represents a well constrained hydrologic

system, with glacial deposits composing the primary

hydrostratigraphic unit. Groundwater is recharged mainly by

precipitation but also receives recharge from surface water at

Goose Lake and Goose Lake Outlet. Groundwater discharges mainly to

Lake Superior and to tributary streams of the Chocolay River.

Numerical flow modeling indicates that groundwater flows under a

high hydraulic gradient towards the northeast, and that the northern

portion of Sands Plain area can be hydrologically separated the

southern portion. Particle tracking techniques indicate residence

time (for a particle of water to enter and leave the system) is

approximately 50 to 80 years.

2. Water chemistry in the northern region of the Sands Plain

study area is impacted by a relatively high concentration of sulfate,

iron and manganese from effluent water discharged to Goose Lake

Inlet and Partridge Creek. Effluent waters result from iron ore and

beneficiation and pelletization processes, and underground mine

drainage. Groundwater chemistries in the northern portion of the

study area may be attributed to gypsum, and dolomite dissolution,

and pyrite oxidation.

3. Distribution of water chemistry in the Sands Plain area

reinforces hydrologic flow modeling information and indicates that

groundwater flow regimes in the northern region of the Sands Plain

study area are distinct from those in the southern. Groundwater

chemistries in the southern portion of the study area are relatively

dilute and may be attributed to feldspar, dolomite and calcite

dissolution, and kaolinite precipitation.
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4. Waters from Silver, Cherry and Cedar Creeks are composed of a

high percentage of baseflow and are thought to reflect groundwater

compositions. Surface water chemistries from Silver, Cherry and

Cedar Creeks display concentrations of dissolved constituents that

are generally higher than those observed for the majority of

groundwater in the northern portion of the study area.

5. Water chemistries observed for both surface water and

groundwater down flow path from Goose Lake to Lake Superior

indicate that a shallow component of groundwater flow exists.
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