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CONVERSION FACTORS AND ABBREVIATIONS

For the convenience of readers who may prefer to use metric (International
System) units rather than the inch pound units used in this report, values may
be converted by using the following factors:

Multiply By
acre 0.4047
foot (ft) 0.3048
foot per second (ft/s) 0.3048
foot per day 0.3048
foot squared per day (ft2/d) 0.09290
cubic foot per second (ft3/s) 0.02832
cubic foot per second per mile 0.04557
(£t3/s°mi)
gallon (gal) 3.785
gallon per minute (gal/min) 0.06308
million gallons per year 3,785 ‘
(Mgal/yr)
billion gallons per year 3,785,011
(Bgal/yr)
inech (in.) 25.4
inch per year (in./yr) 25 .4
mile (mi) 1.609
square mile (mi?) 2.590

vi

To obtain
hectare (ha)
meter (m)
meter per second (m/s)
meter per day (m/d)
meter squared per day (m?/d)
cubic meter per second (m3/s)

cubic meter per second per
kilometer (m3/s‘km)

liter (L)
liter per second (L/s)

cubic meters per year (m3/yr)
cubic meters per year (m3/yr)

millimeter (mm)
millimeter per year (mm/yr)
kilometer (km)

square kilometer (kmz)



HYDROGEOLOGY OF SAND-PLAIN AQUIFERS IN CARLTON, KANABEC,
AND PINE COUNTIES, EAST-CENTRAL MINNESOTA

By C. F. Myette

ABSTRACT

Sand-plain aquifers in parts of Carlton, Kanabec, and Pine Counties in
east-central Minnesota constitute a major aquifer system. They consist pre-
dominantly of fine to medium outwash sand with a combined areal extent of
nearly 500 square miles. Saturated thickness in localized areas is as much as
90 feet. Depth to water generally is less than 20 feet. Transmissivities
range from about 100 to 25,000 feet squared per day. Yields to properly con-
structed wells locally may exceed 2,000 gallons per minute. A reconnaissance
of sandstone units underlying the outwash indicates that transmissivities of
. the sandstone aquifers range from 1,850 to 2,200 feet squared per day, and
specific capacities range from 9 to 12 gallons per minute per foot of drawdown.
Locally, wells may be capable of supplying several hundred gallons per minute.
Regionally, the'sand-plain and sandstone aquifers are poorly connected hyd-
raulically at all locations tested except in a small localized area near Quamba
in Kanabec County. ' '

Ground water in the sand-plain aquifers can be classified chemically,
based on predominant ions, as a calcium bicarbonate type that is moderately
hard. Concentrations of dissolved solids range from 30 to 610 milligrams per
liter. Except for locally high concentrations of iron and manganese, the
quality of water is within State drinking-water standards and is suitable for
most uses. There are no major differences between the quality of water in the
sand-plain and sandstone aquifers.-

Ground-water flow, aquifer response, aquifer development, and drought
conditions were simulated for sand-plain aquifers areally extensive enough to
be hydrologically significant. Simulation of expanded ground-water development
and drought in northern Pine County indicates that regional ground-water levels
may be lowered as much as 12 feet and ground-water discharge to streams may be
reduced as much as 42 percent. Simulation of expanded development and drought
in southern Pine County indicates that regional ground-water levels may be
lowered as much as 25 feet and ground-water discharge to streams may be reduced
as much as 65 percent. The simulations also indicate that each area,
especially the northern Pine County area, will support substantial additional
development without dewatering the aquifer or reducing streamflow
significantly.



INTRODUCTION

Rapid urban, industrial, and agricultural development in Carlton, Kanabeec,
and Pine Counties has led to questions about ground-water availability and
protection from contamination caused by improper land-use practices. Although
many wells had been completed in the sand-plain and sandstone aquifers, little
quantitative hydrogeologic data was available to guide development and manage-
ment of water supplies. The Onanegozie Resource Conservation and Development
Commission and the Minnesota Department of Natural Resources, realizing this
need, requested the U.S. Geological Survey to conduct a water-resources study
of the area.

Purpose and Scope

This report presents the results of a study to evaluate the hydrogeology
and water quality of the major sand-plain aquifers in Carlton, Kanabec, and
Pine Counties and to provide reconnaissance-~level information on hydraulic
characteristics and water quality of the sandstone aquifers in the area.

Specific objectives of the report are to (1) define the areal extent and
saturated thickness of the sand-plain aquifers, (2) determine the availability
and chemical quality of water from the sand-plain aquifers, (3) determine the
potential effects of ground-water development on regional water levels and the
effect on streams draining the sand plains, and (4) conduct a reconnaissance of
the hydraulic characteristics and chemical quality of water from wells in the
sandstone aquifers.

The study was limited in scope to an evaluation of major sand-plain aqui-
fers and a reconnaissance of sandstone aquifers within the three-county area.
Adequate supplies of water also may be obtained from wells completed in sand
and gravel deposits buried within the drift and in fractures in basement rock.
However, study of buried drift and basement-rock aquifers is beyond the scope
of this investigation.

Simulations of ground-water flow are limited to sand-plain aquifers that
have hydraulic properties and sufficient areal extent to be capable of
supplying large quantities of water. Sandstone aquifers were not modeled
because of the limited hydrogeologic data available.

Location and Description of the Study Area

The study area comprises Carlton, Pine, and Kanabec Counties in east-
central Minnesota (fig. 1). It is drained by the St. Louis, Kettle, Snake, and
St. Croix Rivers. Mean annual precipitation ranges from 27.5 in. near Cloquet
to 28.9 in. near Mora and Pine City. Evapotranspiration rates range from 17.8
in. near Cloquet to 20.4 in. near Mora and Pine City (Helgesen and others,
1973; Lindholm and others, 1974, 1979; Olcott and others, 1978). Total areal
extent of the sand-plain aquifers within the three counties is about 500 mi2.
The sandstone aquifers subcrop in an elongate shape that trends northeast-
southwest and covers approximately 900 miZ2,
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Previous Investigations

The earliest account of hydrogeologic investigations was by Winchell and
others (1899) in which they describe the geology and drainage in the Carlton
County area. Leverett and Sardeson (1917) described principal surficial
features and general climatic conditions in northeastern Minnesota. Principal
geologic structure was described by Leverett (1932), Thiel (1947), and Sims and
Morey (1972). Principal glacial features were described by Leverett (1932),
Wright (1956), Wright and Frey (1965), Wright and Ruhe (1965), Wright and
others (1970), Sims and Morey (1972), and Wright (1973). The earliest
“reference to ground-water resources was by Thiel (1947) in which he discusses

regional aquifers and municipal water supplies and chemical analysis of
selected wells in each county. More detailed studies of hydrogeology and local
well yields were done by Akin and Jones (1951) near Cloquet in Carlton County.
Some of the latest studies that make generalizations about the climate, geology
and water resources by drainage basin were part of the State "Hydrologic Atlas"
series by Helgesen and others (1973), Lindholm and others (1974, 1979), and
Olcott and others (1978). Within each of the atlases, the authors describe the
major aquifers and their hydraulic characteristics, drainage areas and stream-
flow characteristics, the hydrologic budget, and chemical analyses of surface
and ground water.

Methods of Investigation

Data for this report were collected and compiled from October 1979 to
September 1982. Hydrogeologic maps were prepared from local soils maps,
several hundred driller's logs, aerial photographs, and lithologic descriptions
of about 750 augered test holes.

Sixty-seven of the test holes were completed with steel casings and
screens and used to establish a regional observation-well network. Water-table
maps were constructed based on water-level data obtained from logs of augered
test holes and from observation wells. Hydrographs for each of the observation
wells were based on periodic measurements and used to estimate seasonal and
annual ground-water recharge, discharge, and storage characteristics of the
aquifers. Water-quality samples were taken from each of the 67 wells in sand-
plain aquifers and from 3 wells completed in sandstone aquifers. The data were
used to establish regional baseline water quality for the sand-plain agquifers
and, to a limited extent, the sandstone aquifers.

Hydraulic conductivities and transmissivities were estimated for each test
hole based on sieve analyses and visual observations of grain size. To further
aid in understanding the hydraulic properties of the aquifers, six aquifer
tests were performed and analyzed to determine transmissivities and storage
coefficients, which were used as a guide for estimating hydraulic properties of
similar geologic materials.

Flow data were collected and compiled for the major streams. Frequency
curves and low-flow data were used to evaluate the degree of hydraulic
connection between the ground-water and surface-water systems.



Finite-difference, numerical models, based on a computer program by
Trescott and others (1976), were constructed for parts of Pine County to
simulate ground-water flow in the sand-plain aquifers and the hydraulie
response of the system to withdrawals of ground water and to climatic changes.

Test-Hole and Well-Numbering System

Wells are identified by a unique 15-digit station number. The first 13
digits are based on the latitude and longitude coordinates and the last two
digits are sequential numbers used to differentiate between stations having the
same latitude and longitude. Wells and test holes also can be located by a
local system of numbers and letters that represent the township, range,
section, three letters designating quarter-quarter-quarter sections, and a two-
digit sequential number that differentiates between stations having the same
quarter-quarter-quarter section. The examgle in figure 2 shows site
040N18 W18DBCO1 (Pine County) to be in SW!/4NW!/4SE1/4, sec. 18, T. 40 N., R.
18 W. The sequence number shows it to be the first well in the 10-acre
quarter-quarter-quarter section.
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HYDROGEOLOGY

Bedrock in the study area is composed of dense, poorly fractured, meta-
morphosed granite, interlayered volcanics and basalts, metasediments, and
highly fractured and loosely cemented sandstones. These rocks are covered by
glacial deposits that range from 0 to 400 ft thick (Helgesen and others, 1973;
Lindholm and others, 1974, 1979; Olcott and others, 1978).

Crystalline bedrock generally occurs within 300 ft of the land surface and
crops out locally throughout the three-county area (Thiel, 1947). Micaceous
schist of the Thomson Formation is exposed near Barnum (Carlton County) and
metasedimentary rocks can be observed near Denham (Pine County). Basic
volcanic basalts underlie the area from southeastern Carlton County southward
to the southern Pine County border with outcrops near Pine City and Cross Lake
(Thiel, 1947). The Thomson Formation (slate) underlies most of Carlton County
and parts of northwest Pine County. Typically, the crystalline bedrock
formations are dense, with fractures providing the only storage of water.
Yields to individual wells rarely exceed 10 gal/min.
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Precambrian sandstone of the Hinckley and Fond du Lac Formation underlie
part of each county in a band trending northeast to southwest. The Fond du Lac
Formation crops out in Carlton County near Cloquet and Fond du Lac. Outcrops
of the Hinckley Sandstone can be found near Sandstone, Askov, and Holyoke
(Thiel, 1947). Depth to the sandstone formations generally ranges from 0 to
100 ft below land surface; they may be several thousand feet in thickness
(Thiel, 1947). The sandstones generally are highly fractured and loosely
cemented, providing for storage of large quantities of water. Yields to
individual wells may exceed several hundred gal/min.

The Mount Simon Sandstone of Cambrian age underlies part of southeastern
Pine County and crops out along the Snake River valley. In parts of the
county, the Mount Simon Sandstone overlies the Hinckley Sandstone and in other
areas lies directly over the igneous rocks (Thiel, 1947). Yields to individual
wells locally may be large. Approximate boundaries of bedrock are shown in
figure 3.

A complex series of glaciation has left virtually the entire study area
covered by unconsolidated glacial drift deposits of Pleistocene age. The
deposits consist mainly of till, lake deposits, stratified outwash, and ice-
contact deposits. Most of the study area is covered by red drift from the
Superior ice lobe. The extreme southwest corner of Pine County, however, is
covered by gray drift from the Grantsberg ice sublobe. Approximate areal extent
of the surficial deposits is shown in figure 4.

Till is an unsorted mixture of rock, silt, and clay, while lake deposits
are sorted mixtures of silt and clay. Both till and lake deposits have low
hydraulic conductivity and yield little water to wells.

The sand-plain aquifers are composed of outwash, well-sorted sand and
gravel deposited during retreat of the glaciers. Outwash, consisting of very
fine sand to coarse gravel, ranges in thickness from a featheredge near till
boundaries to about 120 ft. Yields to wells completed in the sand-plain
aquifers range from less than 10 to more than 2,000 gal/min. These sand and
gravel deposits have the greatest potential for development of ground-water
supplies within the drift because they generally have a high hydraulic conduc-
tivity.

In parts of the study area, sand, gravel, and till deposited by melting .
ice blocks form small, discontinuous, irregularly shaped topographic features,
such as ice-contact ridges and valleys. These features, because of their
composition and small size, have unpredictable water-yielding characteristies.
In general, the deposits are not a large source of water and have not been
investigated for this study.

Aquifer Distribution

The aquifers within the study area best suited for ground-water
development are the sand-plains aquifers. Plate 1 shows the areal extent of
the sand-plain aquifers. The aquifers trend from the northeastern corner of
Carlton County southwest to the southwestern corner of Kanabec County. They
also extend from southwestern Kanabec County to southeastern Pine County.
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Extensive sand-plain aquifers in northern Carlton County, northern and southern
Pine County, and southern Kanabec County are connected by elongate outwash-
filled valleys eroded in the till.

Test drilling indicated that sand-plain aquifers overlie the sandstone
aquifers in several areas (fig. 1). In almost every location, however, the
aquifers are separated by a confining layer of till. 1In small 1- or 2-square-
mile areas between Finlayson and Hinckley in Pine County and near Quamba in
Kanabee County (pl. 1), test drilling indicates that no confining layer
separates the aquifers. Outwash also may be in direet contact with sandstone
aquifers near outcrops of the sandstone.

Aquifer Characteristics

The saturated thickness of the sand-plain aquifers was calculated by
subtracting the altitude of the bottom of the aquifer (top of confining layer)
from the altitude of the water table at each of the 67 observation wells and
750 test holes (lithologic logs for the test holes and observation wells are
available for inspection in the files of the U.S. Geological Survey, St. Paul,
Minn,). Saturated thickness in the three-county area averaged about 30 ft and
ranged from 0 to 90 ft (pl. 1).

Hydraulic conductivity is a measure of the volume of water that will move
in unit time under a unit hydraulic gradient through a unit area of an aquifer
measured at right angles to the direction of flow. Hydraulic conductivity of
the sand-plain aquifers was determined by aquifer tests and comparison of
augered material with known grain-size analyses. Sieve analyses of
representative samples from 38 test holes were made in the laboratory to
determine particle-size distribution. Aquifer material in the study area ranges
in size from clay and silt to coarse gravel (fig. 5). The bulk of the sand
ranges in size from fine to very coarse. About 50 percent of the sand samples
analyzed are medium sand. Larson (1976) established a relationship between
relative grain size (based on the Wentworth scale) and estimated hydraulic
conductivity (table 1). These values are similar to ones used by Helgesen and
others (1977), Lindholm (1980), Miller (1982), and Myette (1983). Hydraulic
conductivities also are affected by the degree of sorting of aquifer material.
Lower hydraulic conductivities were assigned to poorly sorted materials and
higher values to well-sorted materials. Estimated hydraulic conductivity
values were assigned to each lithologic unit at each test-hole and observation-
well site.

Transmissivity of the sand-plain aquifers was calculated at each test hole
and observation well by summing the products of the saturated thickness of each
lithologic unit below the water table and the hydraulic conductivity of the
unit. Plate 2 shows the distribution of transmissivity. Transmissivity values
in the sand and gravel areas generally range from less than 1,000 to 10,000
ft2/d; however, about 15 percent of the area has transmissivities between
10,000 and 25,000 ft2/d. The aquifer in these areas is most suitable for
development of high-capacity wells for irrigation or industrial supplies.

10
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Table 1.--Hydraulic conductivity of sand-plain
aquifer materials (from Larson, 1976)

[mm, millimeters; ft/d, feet per day; >, greater than]

Estimated
Predominant grain size hydraulic conduectivity

(Wentworth scale) (ft/d)

Sand, very fine (0.0625-0.125 mm) | 10-50
Sand, fine (0.125-0.250 mm) 50-100
Sand, medium (0.250-0.5 mm) 100-300
Sand, medium with gravel (0.250-72.0 mm) 200-400
Sand, coarse to very coarse (0.5-2.0 mm) 300-500

Sand, coarse to very coarse with gravel

(0.5-72.0 mm) 400-600
Gravel (>2.0 mm) 500-700

¢

Six aquifer tests in the three-~county area, three in the sand-plain aquifer
and three in the sandstone, provided data from which transmissivity and storage
coefficient, specific yield, or specific storage were calculated. The storage
coefficient of an unconfined aquifer is virtually equal to the specific yield of
a well. The tests varied in duration from 24 to 48 hours. Transmissivities and
storage coefficients of the unconfined sand-plain aquifers ranged from 8,300 to
12,000 £t2/d and 1.3x10~1 to 3.3x10-1, respectively. Transmissivities and
storage coefficients of the confined sandstone aquifer ranged from 1,850 to
2,200 ft2/d and 2.2 to 6.4x10-3, respectively. Methods used to calculate the
transmissivity and storage-coefficient values for the aquifers are described by
Boulton (1963), Stallman (1965), and Lohman (1972). Aquifer-test results are
site specific and represent values only at the test locations. They may,
however, be used to approximate hydraulic properties in areas where the
lithology is similar to the test site. Table 2 provides the results of the
aquifer tests.

For the three tests of the sandstone aquifer, observation wells also were
installed in the overlying sand-plain aquifer. At two of the three sites, the
aquifers were separated by a thin (1 to 3 ft) confining layer of silty sand with
clay lenses. At the Hinckley and Finlayson sites, at the end of the 48-hour
test, there were no noticeable effects on the hydraulic head in the overlying
unconfined sand-plain aquifer. However, increased pumping rates and duration of
the test may result in leakage through the confining bed. At the third site
near Quamba (Kanabec County), the aquifers are separated by a thin (1 ft)

12
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slightly silty sand lens. Drawdowns in well nests screened in the sand-plain
aquifer and sandstone equidistant from the pumped well were approximately
equal, suggesting that the aquifers are hydraulically connected. Additionally,
prepumping heads were slightly lower in wells completed in the sandstone
(vertical downward gradient of 0.004 ft/ft), which indicates vertical movement
of water from the sand-plain aquifer to the sandstone aquifer.

Transmissivity values at each of the sandstone-aquifer-test sites are
fairly similar; however, hydraulic conductivity values differ considerably.
Variability within the sandstone aquifers probably is due largely to secondary
permeability characteristics such as degree of cementation, weathering, and
amount of fracturing. Each of these characteristics is site specific and highly
variable regionally. (See plate 1 for location of aquifer tests.)

Ground-Water Flow and Water-Level Changes

Ground water moves from recharge areas of high hydraulic head to discharge
areas of low head along flow lines generally perpendicular to the water-table
contours. The configuration of the water table for the sand-plain aquifers (pl.
3) was based on water levels measured in augered test holes and in observation
wells during September 1981. The September levels probably are fairly
representative of average aquifer conditions because precipitation for the year
was near normal and the cumulative departure from normal was very small.
Regional ground-water flow in northern Carlton County generally is west to east;
discharge is to the St. Louis River. Water-table elevations range from about
1,300 ft in the west to about 1,100 ft at the St. Louis River. In southern
Carlton County, ground-water flow is predominantly north to south with discharge
to the Moose and Moose Horn Rivers.

5,

In northern Pine County, ground-water flow is north to south, and drainage
is to the Grindstone, Kettle, and Moose Rivers. In southern Pine County,
ground-water flow is north to south with drainage to the St. Croix River. Along
the Snake River, flow is west to east and discharge is to the Snake River.
Water-table elevations range from 1,100 ft in the north to about 800 ft in the
south along the St. Croix River.

Ground-water flow in Kanabec County is predominantly north to south,
draining to the Ann, Groundhouse, Knife, and Snake Rivers. In the southern part
of the county, flow is generally west to east following the Groundhouse and
Snake River valleys. Water-table elevations range from about 1,100 ft in
western Kanabec County to 950 ft in the east along the Snake River.

In areas where sand-plain aquifers overlie sandstone aquifers, water-level
data generally indicate higher hydraulic heads in the outwash than in the
sandstone, suggesting downward movement of water and recharge to the underlying
sandstone aquifers.

To document fluctuations of ground-water levels in the sand-plain aquifers,
periodic measurements were made in 67 observation wells during 1980-81. Since
1981, water levels have been measured periodically in 13 representative wells by
the U.S. Geological Survey as part of the statewide ground-water observation-
well network.

14



Water levels in the sand-plain aquifers reflect a dynamic ground-water
system that is influenced by recharge to and discharge from the aquifers.
Water-level fluctuations depend on changes in hydrologic stress. The magnitude
of water-=level fluctuations is not uniform areally because of local differences
in precipitation, evapotranspiration, soil type, aquifer characteristics, and
hydraulic connection to lakes and streams. During 1981, for example, the range
in fluctuation of water levels was less than 1 ft in well 039N24W20DDD (Kanabec
County) to greater than 5 ft in well O46N19WIODDA (Pine County). Average water-
level fluctuations during 1981 were about 2 ft as shown on figure 6. Because
of seasonal and annual variations in climatic conditions, water-level
fluctuations in other years probably will differ. Most recharge peaks occur
during spring and late fall when precipitation is greatest and evapotranspira-
tion lowest. The amount of fluctuation, because of specific yield, generally is
greatest in uniform fine-grained material and least in uniform coarse-grained
material., Water-level data for each of the observation wells can be obtained
from the files of the U.S. Geological Survey, St. Paul, Minnesota.

Depth to water in the sand-plain aquifers varies with location because of
changes in altitude of land surfaces, depth to the confining layer, and
seasonal recharge. Most water levels in the study area are less than 20 ft
below land surface, but they range from 0 to 50 ft. Depth to water usually is
greater in areas of higher altitude, and water levels are at or near land
surface in most of the stream valleys.

Aquifer Recharge

Infiltration of precipitation and snowmelt is the primary source of
recharge to the sand-plain aquifers. The amount of recharge depends on several
factors that include soil type, vegetative cover, antecedent soil moisture, and
seasonal temperature variation; consequently, ground-water recharge often does
not correlate well with the amount of precipitation and is difficult to predict
on the basis of precipitation alone. Figure 7 illustrates the relationship
between precipitation and ground-water levels at a representative site near
Cloquet. At this location, ground-water levels and cumulative departure from
average precipitation correlate reasonably well; a relationship that, although
not perfect, provides insight into long-term aquifer recharge. Unfortunately,
the observation well at the site was destroyed, making it impossible to extend
the graph past 19T4.

Recharge can be estimated from the change in ground-water level by multi-
plying that change by the specific yield of the aquifer at that point. Figure 8
illustrates the method (Lindholm, 1970) used to determine net effective recharge
and annual residual change in storage in the aquifer in 1981 at well
038N23W06ABB (Kanabec County). Specific yield in the study area ranged from
0.13 to 0.33. For observation-well locations at which specific-yield data are
not available, specific yields were estimated based on predominant grain size of
the aquifer material at that point. Figure 9 shows the relationship of specific
yield to grain size used by Todd (1959, p. 24). Average annual recharge to the
sand-plain aquifers, based on 56 hydrographs developed for 1981, was 5.9 in.
Average recharge, based on wells with at least 10 years of record at Willow
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River in Pine County and at Cloquet in Carlton County, was 4.5 and 12.7 in.,
respectively. Estimates of recharge also were made based on base flow of the
Kettle River from Sturgeon Lake to Sandstone and of the Blackhoof River near
Holyoke. In these areas, net base-flow gains were both 0.54 ft3/sec.mi or the
equivalent of 7.3 in./yr. These recharge rates compare favorably with estimates
of recharge in areas of similar geology obtained by Larson (1976), Helgesen and
others (1977), Lindholm (1980), and Myette (1983).

The water-table configuration (pl. 3) indicates locally that some water may
be recharging the sand-plain aquifers from the adjacent till. However-s becaus
the saturated thickness and the hydraulic conductivity of the till (1072 to 10~
ft/d; Siegel and Ericson, 1980, p. 7) is very low in comparison to the sand and
gravel aquifer (10 to 250 ft/d), leakage across the boundary is not a signif-
icant percentage of the total amount of recharge to the aquifer.

Additionally, as much as 10 to 15 percent of the water applied for
irrigation returns to the aquifer through infiltration (G. F. Lindholm, U.S.
Geological Survey, oral commun., 1982). The quantity of water returned depends
on the rates of application and evapotranspiration at time of application.
Presently, because the amount of water used for irrigation is insignificant, the
return flow is not significant.

Aquifer Discharge

Ground-water discharges from the sand-plain aquifers primarily through
evapotranspiration, leakage to streams, and pumpage. The potential evapo-
transpiration rates for the study area were calculated by Helgesen and others
(1973) and Lindholm and others (1974, 1979) using the method of Thornthwaite and
Mather (1957). Potential evapotranspiration ranges from 17.8 in. annually in
the northern part of the study area (Lindholm and others, 1979) to 20.4 in,
annually in the southern part (Lindholm and others, 1974). Potential evapo-
transpiration is equivalent to about 65 or 70 percent of the average annual
precipitation in the respective areas, thus reducing the potential for ground-
water recharge. Evapotranspiration occurs largely in areas where ground-water
levels are less than 5 ft below land surface; it may be a significant percentage
of ground-water discharge in areas of lakes and swamps.

Ground water also discharges as leakage to streams. Flow-duration curves
of representative streams within the study area (fig. 10) indicate the signifi-
cance of base flow. The curves were prepared by the total-period method based
on average daily discharge. Searcy (1959) suggests that a steeply sloping
duration curve denotes highly variable flow derived largely from surface run-
off, while a flatter slope denotes fairly constant flow derived largely from
surface-~ or ground-water storage. Curves for rivers throughout the study area
generally have moderate slopes with flattened tails that do not drop of f to
zero, which indicates that leakage from the aquifer storage sustains flow
during dry periods. The amount of leakage to or from the stream depends on the
difference in heads and the hydraulic connection between the aguifer and stream
and, therefore, will vary locally. Aquifer discharge to streams equals about 2
to 3 in. annually and is a relatively small part of the total hydrologic
budget. It is, however, equivalent to about 30 to 35 percent of ground water
that discharges from the aquifer. Most of the remainder discharges by
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evapotranspiration. Drainage basins underlain by outwash (sand-plain aquifers)
yield more ground-water discharge per square mile than basins underlain by till
or fine-grained lake deposits (Helgesen and others, 1973).

Reported pumpage of wells completed in sand-plain aquifers during 1980 was
about 70 Mgal/yr in Carlton County, about 70 Mgal/yr in northern Pine, and 26
Mgal/yr in southern Pine County. No pumpage was reported in Kanabec County
(Bibbs, T., Department of Natural Resources, St. Paul, written commun., 1982).
This pumpage is equivalent to only 0.7 ft3/s within the three-county area and
is only locally significant. Water-use records obtained from the Minnesota
Department of Natural Resources (1980, most current data) show that there are
fewer than 10 large-capacity water users pumping from the sand-plain aquifers
within the study area. Actual water use for these three counties, however,
probably is considerably greater than reported pumpage because most of the
municipalities use water from either buried sand and gravel or bedrock
aquifers, which is not included in these figures.

In localized areas, the sand-plain aquifer discharges to the sandstone

aquifer by vertical leakage. Test drilling and observation-well data show that
direct hydraulic connection between the aquifers is limited to small areas
about 1 to 2 mi2 in size. In addition, slight differences in hydraulic head
(vertical gradient of 0.004 ft/ft) are observed in those areas. Consequently,
leakage from the sand-plain aquifer to the sandstone aquifer is a small part of
the total hydrologic budget of the sand-plain aquifer.

POTENTIAL YIELD OF WELLS

Potential yields of wells in the sand-plain aquifers can be estimated from
transmissivity and saturated-thickness data. The method for calculation of
potential yield is based on the Theis (1935) equation as modified by Jacob
(1944), which accounts for dewatering and consequent reduction of trans-
missivity of an unconfined aquifer near a pumping well. Figure 11 illustrates
the analytical technique used to estimate potential yield in the three-county
area. Estimates of potential yield are subject to the following assumptions:

1. Wells tapping the aquifer are open to the full saturated thickness,
are 100 percent efficient, and are at least 12 in. in diameter;

2. Drawdown after 30 days of pumping is equal to two thirds the original
saturated thickness;

3. Interference from other pumping wells and effects of hydrologic
boundaries are negligible;

4, Specific yield of the aquifer is 0.20.
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Plate 4 shows areas in which estimated potential yields to wells completed
in sand-plain aquifers are in excess of 100 gal/min. In some localized areas,
properly constructed wells can yield 2,000 gal/min, but well yields greater
than 100 gal/min are available from only about 20 percent of the aquifer area.

Actual yields to individual wells may differ from the estimated values
shown on plate 4 because of proximity to pumping wells, hydrologic boundaries,
and wells located in areas where there is substantial variation in hydraulic
conductivity. Withdrawals in areas of marginal potential may be increased by
use of infiltration ponds or by connecting several wells together to supply one
system.

¥Well Interference

Withdrawal of water from a well causes drawdown of water levels around the
well creating a cone of influence. The size of the cone depends on the volume
and rate at which the well is pumped and on the hydraulic properties of the
aquifer. When a pumping well is in close proximity to another pumping well or
a hydrologic boundary, the cones of influence overlap or the boundary is
intercepted, which affects drawdowns.

Well interference is a normal consequence of aquifer development and
should be expected as ground-water pumpage increases. Figure 12 shows three
possible effects that hydrologic boundaries and other pumping wells can have on
a cone of influence. The effects of a well pumping near an impermeable till
boundary is illustrated on the left of figure 12. Drawdown is greater between
the well and boundary because of lack of ground-water flow from the boundary.
The effect of a stream or lake boundary is illustrated in the middle of the
figure. Drawdowns are less between the well and the boundary because addi-
tional water is being induced from the stream or lake to the aquifer. A stream
or lake boundary, however, can act as a recharge source only as long as
induction to the aquifer is less than stream or lake storage, or rate of
replenishment. The effect of nearby pumping wells is illustrated on the right
of figure 12. Drawdown is greater between the two pumping wells and is approx-
imately equal to the sum of the drawdowns that would result at that point if
each well was pumped singly.

The method used to determine the cone of influence (drawdown) is an
analytical technique based on the Theis (1935) nonequilibrium equation.
Figure 13 illustrates the theoretical relationship of drawdown to various
distances from a pumped well and for various values of aquifer transmissivity.
The curves were developed using a pumping rate of 300 gal/min, however, the
graph can be used with other pumping rates because the drawdown is essentially
directly proportional to the pumping rate. For example, if drawdown for a well
pumping 600 gal/min were to be calculated, it would be approximately twice that
shown in figure 13.

Under the water-table conditions present in the sand-plain aquifers, - the
curves in figure 13 cannot be applied directly. In addition, one must account
for dewatering of the aquifer in the vieinity of the well (fig. 14; Jacob,
1944),

24



(pejieA 028 "9/6 ‘uosieq]
woij) eduenjjuj jJo seU0d UOo Sjjem Bujdwnd Aqieeu pue sejiepunoq
o9jBojoeBoIpAy jo s3208 50 Bujjeiisnyy] uoj3d20s d|B6ojoIpAYy djjeWOYdS--"2] ©4nB|d

uMopMme.up umopmeup
peseeidul peseeidop sSOsned UMOPMEIP POSBOIDUI
sesned @)e| pue WeeJ}s wouy sesned Aiepunoq
90US818j103U} ||IOM UOIIBII|IJUI pPeDNpU| e|qeowJiodw|

— 1 M) )

Buidwnd ejjym
|9A8] JO)EBM o|qe} 19318 M eoejins pue’ Hem

25



(62°d ‘2/61 ‘1epooy woij; pojjjpow) jjoem peduind ® woiy eduev}s|p
pue 19j1nbe ue jO AJjAISSjWwsSURI] O] UMOPpMPRID JO djysuojiejel jedjl0I008Yl--"EL 0InB|4

1334 NI ‘773M a3dANNd WOH4 3ONVLSIA

000‘0L 000S 0001 00S 001 0§ ol S
l_______ | [TTTTTT 1 | L L I [TTTTTT T 7
b— \\J\
B §)

— ‘19jinbe ey} jo Gujiejemep 10} xoo
— peisnipe jou eJe (,8) sumopme.q zoo
| ‘sAep pg=6ujdwund jo swi] oo
| ojnujw ied suojjeb gpg=03184 Bujdwng o«é
= ‘02°0=juejoijje0o obwviols ooo
- >
B ‘Aep i10d peoienbs 3990} 00008 20
0} 00S2 (1) AjA|ssiusuBiy] (SE6L) +
— siey)l 30 uojienbe wnjiqjjinbesuou uo
— poesBq S6AIND UMOpMEBIp-8OUB]SIQ @wv
| OOO
- uoo«
- A ]
o ge°
o
B e?
— =)
N 0o o'
e1en w1 ° §1=
- ep J° 5Jenps yoo} 00 =1
| 19 5jenbs 1° }

_:___uv

jod poienbs }

|

i

11

8o} 000 0€=1

S¢

o¢c

S

ot

1334 NI “(,8) NMOAMVHQ

26



(oe -d ‘2161 ‘1epeey woij pejjipow) qodepr Aq pojjjpow se uojijenbe
sjoyl oyj BuiIsn poindwod UMOPMBIP JO juowisn[pe 10 $SOAIND [BD]j0i00YL--"¥| ©INB|d

1334 NI ‘() NMOAMVvHa a3isnray

0oct (1] 98 001 06 08 0L 09 0s or 0o¢ 0¢ (1] § 0
| | | T | | | | | | ] | | | | | | | | | \_0« 0
>,
| Jejnb® peupjuooun jo $SOUNOIY} POIRINIBS=W aoﬂmow _
UMOPMBIP 82110100y} poisnfpeun=,s 100} 0=
B Bujsojemep 0} enp ~w —01
S$SOUNOIY} POIRINIES poseoIdOp 10} polsnipe 100} 0F
— 19jinb® POUIUOOUN U] UMOPMBIP |8D]10100Yy} =8 " —
| (v¥61) qooer AQ PeAjiep m_m«. -s=,s WoJ} peyjoid 100) OV oz
100} 05="
1003 09=YW
— —0¢
je0) 0L=YW
100} 08=W
- —10¥
1003 06=4W
e} 00V="
- 1094 og
N 100} Oi=w |
=W
109y 03} T RN NN NN NN NN NN (NN NN NSNS M SR NN N N BN

09

1334 NI °(,8) NMOQMVHEA @3LSNravNn

27



If drawdown between two pumping wells is to be calculated, drawdowns must
be calculated for each well using figure 13 and the resultant summed. If
water-table conditions exist after the drawdowns for each well are summed, the
combined drawdown must be adjusted for dewatering (fig. 14).

The analytical techniques for calculating drawdowns are approximations and
should not be used when drawdowns due to interference exceed 25 percent of the
original saturated thickness. Actual drawdowns also will differ if they are
affected by hydrologic boundaries.

QUALITY OF GROUND WATER

The chemical composition of ground water depends both upon the chemical
composition of the water recharging the aquifer and the aquifer material
through which it moves, Residence time, rate of flow, physical and chemical
composition of the aquifer material, and some chemical reactions due to oxida-
tion, pH, and temperature determine the degree of influence of the aquifer
material on the quality of ground water.

Intended use often determines if the quality of water is acceptable. 1In
Minnesota, for example, the most stringent water-quality standards are applied
to water used for domestic consumption or food processing. Standards have also
been established for other uses such as fisheries and recreation, industrial
and agricultural, and wildlife. A complete set of water-quality standards are
available from the MPCA (Minnesota Pollution Control Agency, 1978).

Water samples were taken from each of the 67 observation wells in the
study area to establish baseline water quality. Most of the wells sampled (65)
are completed in the sand-plain aquifers. Water from 34 of the wells was
analyzed for field values of temperature, pH, and specific conductance; in
addition to field values, water from the other 33 wells was analyzed for common
major inorganic constituents and nutrients. Well locations were chosen to
provide representative areal distribution. All wells were developed several
weeks prior to the date of the sampling. Each well also was pumped prior to
sampling until field values of pH, specific conductance, and temperature
stabilized. Water samples were collected and analyzed following techniques
outlined by Skougstad and others (1979). All samples were filtered and
preserved as appropriate and shipped to the U.S. Geological Survey Central
Laboratory in Atlanta, Ga., for analysis. Table 3 lists the laboratory results
for the 33 water samples with most complete analyses. The field values deter-
mined for water from the additional 34 wells are not included in this report
but were within the range of values measured for water from the 33 wells.
Locations of wells sampled for chemical analyses are shown on plate 3. Table 4
is a statistical summary of results for common major constituents in samples
collected during 1981 from the representative wells in Carlton, Kanabec, and
Pine Counties.

The water is a calcium bicarbonate type and generally is moderately hard.
Hardness (as CaC03) ranges from 5 to 420 mg/L (very hard).
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