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AN APPRAISAL OF GROUND WZTER
FOR IRRIGATION IN THE WADENA
AREA, CENTRAL MINNESOTA

By Gerarp F. LiNnpHOLM

ABSTRACT

The Wadena area is part of a large sandy plain in central Minnesota whose
soils have low water-holding capacity. Drought conditions which adversely affect
plant growth frequently occur in the summer when moisture is most needed. To
reduce the risk of crop failure in the area supplemental irrigation is on the
inerease.

This study was made to evaluate the ground-water resources of the area and
to determine possible effects of development on them. About half the area’s
approximately 102,000 acres is considered irrigable at the present time. In 1967,
about 1,100 acres were under irrigation,

Outwash sand and gravel, which forms the water-table aquifer, is the main
source of water presently known. Saturated thickness ranges from 0 to 70 feet
and averages about 36 feet. Sandy till underlies the outwash., Within the till are
sand and gravel lenses whose distribution and water-yielding characteristics were
not determined.

Average annual precipitation at the U.S, Weather Bureau station in Wadena
from 1934 to 1967 was 26.4 inches, of which about 22.5 inches was lost by evapo-
transpiration, and the balance of 3.9 inches was surface runoff. Even in wet
years, evapotranspiration during the summer months exceeds precipitation, and
a moisture deficiency for optimum plant growth occurs.

In 1967, about 8 inches of the total precipitation of 19.3 inches re~ched the
water table. Recharge to the water table in 1967 was about 70,000 acr~-feet.

Result of field aquifer (pumping) tests were used to estimate transmissivity
values at test-hole sites. Information gained by auger test drilling was the
basis for estimating transmissivity values elsewhere. Transmissivity of the water-
table aquifer in most of the Wadena area ranges from 15,000 to 120,000 gallons
per day per foot. A map was prepared to show the maximum yield, in gallons
per minute, which might be obtained from individual wells completed in the
water-table aquifer. The map indicates that in about 60 percent of the area,
individual wells can be pumped at rates greater than 300 gallons p~r minute
for a 30-day period if drawdown in the pumped well is two-thirds the saturated
thickness after correction for dewatering.

Quality of both ground and surface waters is such that they are well suited
for irrigation. Locally, nitrate concentrations in ground water. in excess of the
U.S. Public Health Service's drinking water standards, might be re'ated to a
local source of organic pollution or to the increased use of fertiliz-rs which
accompanies irrigation.

1



2 GROUND WATER FOR IRRIGATION, WADENA AREA, MINNESOTA

An electric analog model of the water-table aquifer in the Wedena area was
built and used to analyze possible effects of ground-water development on the
hydrologic system. The model was designed to simulate exis‘ing hydrologic
conditions and used to predict changes in the system which might result from
development. The withdrawal of large quantities of ground water would lower
the water table, thereby reducing evapotranspiration losses and making more
water available for beneficial use. Additional water would be salvaged when
normal ground-water discharge to streams is intercepted by pumping from wells.

Analyses were made to determine effects of development on ground-water levels
under different development schemes both after a single irrigation season and
after 5 and 20 successive years of irrigation. Where development is concentrated,
some interference between wells can be expected. Although water levels recover
rapidly when pumps are shut off, recovery will not be complete prior to the
next irrigation season in heavily developed areas. After several years of water-
table lowering, vields from wells will decrease because of deceased saturated
thickness, unless climatic changes result in abnormally high amouts of recharge.

INTRODUCTION

Successful agricultural practices today involve intensified land use,
better seed, more and better fertilizer, improved cultivation, and
increased use of chemicals for weed and pest control. As a result, a
large cash outlay is necessary each year, and because of several limiting
factors which govern field crop development, a satisfactory financial
return is not guaranteed. Water is one of the limiting factors, and it
must be available in adequate amounts when needed. If the amount or
timing of precipitation is not suitable, potential production losses are
great. To eliminate such losses, supplemental irrigation is used increas-
ingly in Minnesota. Areas having sandy soils with low water-holding
capacity have been the first to benefit from irrigation. Some of the
benefits of supplemental irrigation are drought insurance, greater
diversity of crops, increased production, improved quality, and earlier
crop maturity.

Increasing demands for water make necessary an evaluation of the
water resources. Where might water be obtained in the crea of inter-
est? Is there an adequate supply of recoverable water to support irri-
gation? Is the quality of available water suitable for irrigation?
What will be the effects of development on the ground-water system ?
The need for answers to these and other questions concerning the
water resources points out the necessity of a ground-weter study in
the Wadena area.

LOCATION AND EXTENT

The study area, in central Minnesota. includes parts of Otter Tail,
Todd, and Wadena Counties (fig. 1). Because about 87 percent of
the total area is in Wadena County, the entire area of stuc'y is referred
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4 GROUND WATER FOR IRRIGATION, WADENA AREA, MINNESOTA

to in this report as the Wadena area. It 1s approximately 160 square
miles in extent and constitutes a part of a more extensive north-south-
trending outwash body. The Wadena area is a part of the Crow Wing
River watershed unit designated by the State Department of Conserva-
tion (Minn. Div. Waters, 1959). It is not a complete geologic or hydro-
logic unit but was selected on the basis of droughty soil types, interest
in irrigation in the area, and local recognition of the need for a
ground-water study.

PURPOSE OF INVESTIGATION

This report describes the occurrence, availability, and quality of
ground-water resources in the Wadena area and probeble effects of
their development on the hydrologic system. Emphasis is directed
toward the increasing use of water for irrigation. Recent increases in
both the number of irrigators and in total pumping of water for
irrigation are shown graphically in figure 2. Irrigation pumping
centers, as of 1967 when approximately 1,100 acres were irrigated,
are shown in figure 3. To date (1967), most of the water for irrigation
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FicUure 2—Rate of increase in number of irrigators and in pumping of water
for irrigation.
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has been obtained from shallow outwash sand and gravel deposits
that are generally less than 75 feet thick. This report primarily con-
cerns the water-table aquifer, and only brief reference is made to
deeper aquifers. Results of this investigation are intended to provide
a basis for future management of water resources in the Wadena area.

PREVIOUS INVESTIGATIONS

Winchel and Upham (1888) summarized the geology and natural
history of central Minnesota, including the study area. Leverett
(1932), in the first comprehensive report on the glacial geology,
mentioned the drumlins that are the most distinctive geomorphic
feature in the Wadena area. Wright (1954) delineated and applied
the designation Wadena drumlin field to the drumlin complex. Addi-
tional studies by Wright (1956, 1957, 1962), which emphesize the
drumlin complex, resulted in some reinterpretation and modification
of Leverett’s earlier interpretation of the area’s glacial history.

Schneider (1961) described in considerable detail stratigravhic and
geomorphic relations in central Minnesota and their significance in
interpreting late Wisconsin glacial history.
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FicUre 3.—Irrigation pumping centers as of 1967.
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Little detailed work has been done to evaluate the area’s water
resources. Cursory mention of water resources was made by Winchell
and Upham (1888). In a report by Allison (1932), some v-ell informa-
tion is given in addition to selected data on water quality. As part of
a statewide study of major watershed units being conducted by the
U.S. Geological Survey in cooperation with the Minnesota Depart-
ment of Conservation, Division of Waters, Soils and Minerals, a hydro-
logic atlas has been completed on the Crow Wing River watershed
Lindholm and others, 1970). The atlas gives reconnaissance-type infor-
mation on the geology and hydrology of the area but in less detail
than this report.

METHODS OF PRESENT INVESTIGATION

The present investigation was begun in the summer of 1966 and
completed in 1968.

Test drilling, using both power-auger and hydraulic-rotary meth-
ods, provided much of the information used in compiling this report.
Augering was used to obtain information on shallow outwash deposits,
whereas rotary methods were necessary to obtain information below
100 feet. Test-hole information was supplemented with information
from local drillers, municipal officials, and private well owners. Four
pumping tests were made to determine hydraulic coefficients.

An observation-well network, consisting of wells installed by the
U.S. Geological Survey and existing irrigation wells, was established.
Water-level data were obtained from continuous reccrders or by
periodic taping of wells. Streamflow data on major perennial streams
were obtained. Increase or loss of streamflow along major streams
was determined during two seepage runs. Water samples were taken
at selected sites for quality determinations.

Effects of past, present, and hypothetical future development on the
ground-water system were determined by use of an electric analog
model of the area.

WELL AND TEST-HOLE NUMBERING SYSTEM

The system of numbering wells and test holes in Minnesota is based
on the U.S. Bureau of Land Management's system of subdivision of
public lands. The Wadena area is in the fifth principal meridian and
base-line system. The first segment of a well or test-hole number indi-
cates the township north of the base line; the second, the range west.
of the principal meridian; and the third, the section in which the
well or test hole is located. The lowercase letters, a, b, ¢, and d, follow-
ing the section number, locate the well within the section. The first
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letter denotes the 160-acre tract, the second the 40-acre tract, and the
third the 10-acre tract as shown in figure 4. The letters are assigned
in a counterclockwise direction beginning in the northeast quarter.
Within one 10-acre tract, successive well numbers, beginning with 1,
are added as suftixes. Figure 4 illustrates the method of numbering
a well or test hole. The number 133.35.2¢bbl indicates the first well or
test hole located in the NW1,NW1,3W1/, sec. 2, T. 133 N, R. 35 W.
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tion, Division of Waters, Soils and Minerals. It resulted from co-
ordinating efforts by the Resource Conservation and Development
Project Committee whose objectives include the assessment of natural
resources and the development of ways and means to best utilize and
conserve them.

Well drillers and owners, village and county officials, and many
others provided data used in the preparation of this report. To them
the author expresses his appreciation. Special appreciation is extended
to those irrigators who permitted use of their wells and equipment
for pumping tests.

GEOLOGY

Basic to an understanding of the hydrologic system is a knowledge
of the geologic framework in which it operates. Geologic parameters
that control water occurrence, distribution, and movement include
topography, distribution of rock types, and porosity and hydraulic
characteristics of those rocks. These parameters must be considered
before the hydrologic system can be defined.

PHYSIOGRAPHY AND GLACIAL HISTORY

Continental glaciation during the Pleistocene Epoch v-as important
i forming the present landscape of much of Minnesota, including
the Wadena area. Although multiple stages of glaciation occurred, the
most recent ice advances, during the late Wisconsin Glaciation, were
the primary architects of today’s topography. Figure 5 (modified
from Wright and Ruhe, 1965) outlines the major glacial features
in and surrounding the Wadena area and shows the direction
of ice advances which produced them. As interpreted by Wright
and Ruhe (1965, p. 33), ice of the Hewitt phase of the Wadena
lobe originated in southeastern Manitoba. It flowed southeastward
into Minnesota until it was diverted by the contemporaneous
Rainy lobe advancing from the northeast. Ice of the Wadena lobe
thus flowed southwestward as it crossed the Wadena area. This
interpretation is based on the orientation and fan-shaped distribution
of drumlins, the inclusion of Paleozoic carbonates, and the absence of
Cretaccous shale in the Wadena till. The eastern limit of the Wadena
drumlin field is the St. Croix moraine, which is composed of younger
drift from the Lake Superior basin. On the west and south, the
drumlin field is bounded by drift of the Alexandria morainal complex.
On the north, the drumlin field is buried or partially buried by out-
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wash deposits frontal to the Itasca moraine, which represents a later
(Itasca) phase of the Wadena lobe.

As a result of glacial activity, three major geomorphic features are
predominant in the region: drumlins, outwash plains, and moraines.
Only the drumlins and the outwash plains and the materials consti-
tuting them will be considered in detail in thisreport.

TILL (DRUMLINS)

Virtually all till in the Wadena area, including that forming the
drumlins, is sandy and calcareous. It is yellowish brown when oxidized
and commonly dark greenish gray when unoxidized. Unoxidized
Wadena till was frequently found at depth in drill holes, and it forms
the aquiclude beneath outwash deposits throughout the area. In the
subsurface, the first several feet of Wadena till are very sandy with
few exceptions. Beneath the sandy zone, a variety of textural types
occur. In several widely scattered test holes, the upper few feet of
the aquiclude is a smooth tight gray clay. Gravel, in which the coarse
fraction is predominantly carbonates, is found in many places and
at various depths within the till. It occurs as probable Tenses which
are commonly less than 5 feet thick. In several areas, clean sand and
gravel, tens of feet thick, are found beneath the till.

In a rotary test hole at 134.33.18daal, yellowish-brow= till at 157
feet grades to medium-grayish-brown till below that depth. This may
be indicative of a pre-Wadena lobe ice advance.

OUTWASH (OUTWASH PLAIN)

Outwash deposits in the study area are part of a more extensive
outwash plain (Leverett, 1932).

The nature and distribution of outwash deposits in the study area
were determined by auger test drilling. Outwash is thickest in the
swales between drumlins and thinnest where it overlies buried drum-
lins. Stratigraphic relationships between till (drumlins) and out-
wash deposits are shown diagrammatically in figure 6. Figure 6 also
demonstrates the influence of drumlins on the deposition and distribu-
tion of outwash deposits.

The outwash is composed of glaciofluvial sand and gravel. Texture
of the outwash, as determined by sieve analysis, is predominantly sand
and lesser amounts of gravel and clay. The median grain size of most
of the materials sampled is medium to coarse sand. Arerl variations
in texture are shown by particle-size distribution curves on plate 1.
The slope of each curve is indicative of the size range of component
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12 GROUND WATER FOR IRRIGATION, WADENA AREA, MINNESOTA

materials and the degree of sorting; the more nearly vertical the curve,
the more uniform the material. The outwash materials are well sorted,
having an average sorting coefficient (the square root of the ratio of the
T5-percent-finer size to the 25-percent-finer size) of 1.8 for 36 random
samples. Both lateral and vertical textural changes commonly occur
within short distances and are difficult to predict locally. Regionally,
however, distinet textural types can be mapped with reasonable
reliability.

The coarsest outwash occurs within former drainage courses and is
most common in the western and southern parts of the study area.
This supports the theory that melt waters from the Alerandria morai-
nal complex spread outwash fans over the outer part of the Wadena
drumlin field (Wright, 1962, p. 96). Coarse alluvial deposits con-
stitute the broad flood plain of the Leaf River. Although the outwash
and the alluvium are not stratigraphic time equivalents, their similar
stratigraphic position and similar composition make it possible to con-
sider them as a single hydrologic unit. Areas of fine-grained sand are
scattered throughout the Wadena area. Fine- to medium-grained sands
predominate south of the Partridge River between Aldrich and Staples
and north of the Partridge River to the Leaf River flood plain. Car-
bonate rock fragments predominate in the coarse fraction, and a variety
of igneous rock types and quartz constitute most of the remainder.

BEDROCK

Little information is available concerning the bedrock in the Wadena
area. Cretaceous or “Cretaceous-like” sediment has been reported in
several localities (Allison, 1932, p. 231). Varicolored clays, lignite,
pyrite, and sand, characteristic of Cretaceous sediments in central
Minnesota, have been reported in the Wadena area. Precambrian
slates occur beneath the drift in the vicinity of Staples. and granites
occur elsewhere. Drift thickness, or depth to bedrock, is variable (fig.
7). Granite is reported at less than 100 feet in the vicinity of Aldrich,
whereas more than 250 feet of drift is reported in the western part of
the study area. Rotary test holes at 134.33.18daal and 134.35.15ddal,
having total depths of 194 and 202 feet, respectively, failed to reach
bedrock and bottomed in glacial drift.

GROUND-WATER HYDROLOGY

Most ground water in the Wadena area occurs in pores or openings
between rock particles in the glacial drift. The quantity of water con-
tained therein is a function of the rocks’ porosity. Water moves
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through the ground-water reservoir at a relatively slow rate from
areas of recharge to areas of discharge. The ability of water to move
through the reservoir is dependent upon the hydraulic conductivity of
the enclosing rock. Water quality is dependent upon a number of
solutional and decompositional processes which occur as water moves
through the hydrologic cycle.

OCCURRENCE AND MOVEMENT

In this report, the part of the ground-water reservoir examined in
some detail is the water-table aquifer which consists of outw=sh sand
and gravel overlying till. Although other water-bearing zone: may be
present below the water-table aquifer, little is known about them.

Depth to the water table in the outwash area is dependent upon
location and time, and varies from 0 to 25 feet (fig. 8). T e water
table is generally 10 to 20 feet below land surface in upland (buried
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drumlin?) areas. In former drainage ways, in swales between buried
or partially buried drumlins, and in the flood plain of the Leaf River,
the water table is shallower, generally from 0 to 10 feet below land
surface. Areas of high water table generally coincide with areas of
organic soil (pl. 2). Depth to water is greatest in upland areas near
major streams where dissection of the outwash plain is the greatest.

The shape of the water table is shown on plate 2. Because water
moves from higher to lower head, the general horizontal direction of
ground-water movement can be determined from the water-table map.
In areas of fairly uniform lithology, ground-water flow paths are
approximately at right angles to the water-table contours. Regionally,
water movement south of the Leaf River is north-northeastward
toward the Leaf and Crow Wing Rivers. Locally, water movement is
toward tributaries to these rivers or toward local depressions. North
of the Leaf River, water moves southeastward toward tl= river.

In areas of surficial till and beneath outwash areas, water available
to wells occurs in sand and gravel lenses within the till. The level
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to which water will rise in a pipe open to such a lens is dependent
upon the position of that lens in the ground-water flow system.
Although the range of pressure heads from artesian aquifers in the
Wadena area is great, water in wells open to artesian aquifers com-
monly rises to within 30 to 50 feet of the land surface.

WATER-LEVEL FLUCTUATIONS

Ground-water levels fluctuate naturallly in response to a sequence
of climatic events and to constraints imposed by hydrogeologi~ param-
eters. In the spring, after the ground thaws, water levels in the out-
wash aquifer rise rapidly owing to recharge from snowrelt and
spring rains. In the summer, when evaporation and transpiration
rates exceed available moisture from precipitation, recharge to the
water table is negligible and water levels decline. In the fell, when
evaporation and transpiration losses decrease, water levels may rise
slightly in response to rainfall. A gradual decline of the water table
occurs in the winter when the soil is frozen and precipitation is stored
on the land surface as ice and snow. Water levels typically reach an
annual low just prior to the spring thaw.

Water-level fluctuations are not uniform throughout the Wadena
area. They are dependent not only on climatic conditions but also on
varying physical characteristics of the soil and the unsaturated zone,
on depth of the water table, on morphology of the surrounding area,
and on proximity of points of recharge and discharge.

Variations in the pattern of water-level fluctuations are shown
by selected hydrographs on plate 3. The range of fluctuations is
greatest and most directly related to rainfall in areas of high water
table on the flood plain of the Leaf River and in old drainag> courses.
These areas also contain the coarsest aquifer materials, as shown by
particle-size distribution curves (pl. 1). The range of water-level
fluctuations is smallest and least directly related to rainfall where
depth to water is greatest, where finer sands predominate, and where
dissection of the outwash plain is greatest. Because water-level records
are available for only a 2-year period, the range of water-level fluctua-
tions for any single year may be greater or less than those shown on
plate 3.

Knowing the amount of water-level fluctuation is important not
only for pump settings but also because of the change in the amount
of water in storage. To determine changes in the amount of water in
storage, it is necessary to know the specific yield of the materials
in which the water level fluctuates. Specific yield is definod as the
volume of water involved in the gravity drainage or refilling divided
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by the volume of the zone through which the water table moves
(Ferris and others, 1962, p. 76). Specific yields were determined in
the laboratory on selected samples taken during test drilling. The
amount of water-table fluctuation multiplied by the specific yield of
the material through which it fluctuates determines the net effective
recharge, as illustrated in figure 9. Figure 10 shows areal variations
in net effective recharge to the water-table aquifer in 1967, as deter-
mined by the above method. Total recharge to the water-table aquifer
over the entire study area in 1967 was approximately 70,000 acre-feet
of water, as determined from data in figure 10.

AQUIFER DISTRIBUTION

The areal distribution of outwash sand and gravel was mapped
using data obtained by auger test drilling and from well logs. Data
from 152 auger test holes show that the sand and gravel range in
thickness from 0 to 70 feet and average 36 feet. These deposits con-
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stitute the water-table aquifer, the major known source of ground
water in the Wadena area. Although hydraulic conductivity differences
do occur, saturated thickness is one of the main factors governing
the amount of water available to wells. The distribution of saturated
outwash above the first massive clay (greater than 5 ft thick) is shown
on plate 4. It is this part of the outwash which is analyzed in the
present study as to its water-yielding potential. Variations in thick-
ness of outwash reflect the occurrence of buried or partially buried
drumlins.

Superimposed on the saturated-thickness map of the water-table
aquifer (pl. 4) are areas of known artesian aquifers. Although excep-
tions do occur, it seems probable that an artesian aquifer may te found
at some depth within the glacial drift in much of the study area. It is
not known if the water-yielding potential of artesian aquifers is suffi-
cient for irrigation because evaluation of these aquifers was beyond
the scope of this investigation.
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Ficure 10—Areal variations in net effective recharge to the water-table aquifer
in 1967.
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HYDRAULIC CHARACTERISTICS OF AQUIFERS

The capacity of an aquifer to transmit water to wells is a function
of the aquifer’s hydraulic conductivity and transmissivity. Hydraulic
conductivity (coefficient of permeability), &, is defined as the rate of
flow of water, in gallons per day, through a cross-sectional area of 1
square foot under a hydraulic gradient of 1 foot per foot at a tem-
perature of 60° F (Ferris and others, 1962, p. 72). Trans-
missivity 1s used in field practice as a means of ex»ressing flow
rates through the entire saturated zone of an aquifer and is equal to
the hydraulic conductivity multiplied by the saturated thickness. It
is a regional spatial average and may not be representative of any
particular section of material. Transmissivity (coefficient of trans-
missibility), 7. is defined as the rate of flow of water, in gallons per
day, at the prevailing water temperature, through a vertical strip of
the aquifer 1 foot wide extending the full saturated height of the
aquifer, under a hydraulic gradient of 100 percent (Ferris and others,
1962, p. 73). Total storage within an aquifer varies as the water level
fluctuates. The storage coeflicient, &, of an aquifer is c'efined as the
volume of water the aquifer releases from, or takes into, storage per
unit surface area of the aquifer per unit change in component of head
normal to that surface (Ferris and others, 1962, p. 74).

Although a number of methods are available to determine these
characteristics, in this study, field pumping tests were considered the
most accurate. Four pumping tests were conducted—three in the water-
table aquifer and one in a leaky artesian aquifer. Analysis was by the
type-curve method for water-table aquifers (Boulton, 1963). Correc-
tions were made when necessary to allow for dewatering of the aquifer
and partial penetration. Results obtained from field aquifer tests are
summarized in table 1.

TaBLE 1.—Resulls of field aquifer tests in the Wadena crea
"[gpm, gallons per minute; gpd per sq ft, gallons per day per square fcot]

Transmissivity
Satu- Draw- (gpd per ft) Average
rated  Pump- Length downin ——————————— hydrau- Storage
Well aquifer ingrate oftest pumped Specific Esti- Com- licecon-  coeffi-
thick-  (gpm) (hr) well (ft) capacity mated puted ductivity -cient
ness (ft) from by type- (gpd per

specific  curve sq ft)
capacity method

Water-table
aquifer
134 .34.12bad2. .. 34 370 12 16.3
134.34.19abdl____ 45 400 24 15.5
134.34.32dcb1.__._ 37 580 12 14.6
Leaky artesian
aquifer

134.36.2dcel. ... 46 450 24 9.5 47.4 80,000 117,000 2550 .014

82,000 2400 0.18
66,000 1780 T16

KRR

oot
~ o>




GROUND-WATER HYDROLOGY 19

Theis (Theis and others, 1963, p. 331-340) devised a mothod of
estimating 7' values by using specific-capacity data from pumped
wells. Specific capacity of a well is the yield, in gallons per minute
per foot of drawdown, for a selected period of continuous pumping.
Transmissivity values thus obtained cannot be considered exact be-
cause other factors such as well diameter, type and length of screen,
amount of aquifer open to the well, and degree of development must
be considered. Because of these factors, 7' values estimated from spe-
cific-capacity data are usually minimum values.

Hydraulic conductivity and transmissivity were determined at
aquifer test sites. Because of the similarity of outwash materials else-
where in the area to those at test sites, A and 7' were estimated for sites
where data were obtained from wells and test holes only. Hydraulic-
conductivity values were estimated for different lithologies on the
basis of sample examination during test drilling, aquifer test results,
laboratory analyses, and published data. Based on these criteria, the
following A values were used as a guideline for estimating the & of

outwash materials in the Wadena area :
Hstimated hydraulic

conductivity

Wentworth sive classification (gpd per sq ft)
Olay 0-100
Sand, very fine__ 100-300
Sand, fine_ 300-600
Sand, mediom-_________ 600-900
Sand, coarse__ e 900-1, 200
Sand, very coarse_— . ___ 1, 200-1, 500
Sand and gravel . ____ . e 1. 500-3, 000

Hydraulic-conductivity values, intermediate to those listed, were
assumed for mixtures of materials (taking into account sor‘ing and
packing as well as grain size).

On the basis of the saturated thickness and assumed & values for the
saturated zone, 7" values were estimated for each logged well and test
hole. Transmissivity values of the water-table aquifer in most of the
Wadena area range from 15,000 to 120,000 gpd per ft (gallons per
day per foot). (See pl. 5.)

To relate transmissivity to yield and to determine effects of pumping
on water levels, a series of theoretical time and distance drawdown
curves were computed (figs. 11, 12, 13). Transmissivity vaues were
varied on each set, with § (storage coeflicient) and @ (rate of dis-
charge, in gallons per minute) being held constant. By knowing 7', S,
and @, it is possible, with certain exceptions, to estimate from the
drawdown curves future water levels at any time after pumping began
and at any distance from the pumped well. Because dewatering of

372-258 O - 71 - 4
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a water-table aquifer occurs within the cone of depression created by
the pumped well, drawdown is not directly proportional to vield near
the well, as is true for an artesian aquifer. Away from the immediate
vicinity of the pumped well, dewatering effects decrease. When the
ratio of dewatered aquifer to original total saturated thickness becomes
small (less than about 10 percent), for practical purposes, it can be
assumed that drawdown is essentially proportional to yield. Data
collected during aquifer tests indicate that this generally occurs when
distance from the pumped well is greater than about 100 feet and when
period of pumping does not exceed 30 days. It is therefore assumed
that estimates of minimum drawdown at different pumping rates can
be made from the included drawdown curves at distances greater than
100 feet from the pumped well. For example, where 7" is 30,000 gpd
per ft and m (saturated thickness) is 30 feet, after 1 day’s pumping
at 300 gpm (gallons per minute), the theoretical drawdowr 100 feet
from the pumped well is 2.1 feet, as shown in figure 11. If the yield,
is doubled (@=600 gpm) and drawdown is proportional to yield,
the theoretical drawdown would be 4.2 feet. The theoretical drawdown
at 600 gpm is greater than 10 percent of the original saturated
thickness and therefore may be invalid. If, in the example given, the
original saturated thickness were greater than 42 feet, drawdown
for up to 9 days of continuous pumping would not exceed 10 percent,
and drawdown predictions might be considered valid. Because dewater-
ing occurs when pumping from a water-table aquifer, saturated thick-
ness 1s very important in determining an area’s water-yielding poten-
tial. Where saturated thickness is small, caution must be exercised so
that yield limitations resulting from dewatering are not exce~ded.

Boundary conditions were not accounted for in computing theoreti-
cal drawdowns. Recharge boundaries, such as streams or swamps, will
tend to decrease water-level declines if intercepted by the ccne of de-
pression. Impermeable boundaries such as till adjacent to outwash
will result in increased water-level declines if intercepted by the cone
of depression.

AVAILABILITY

The main purpose of this study is to describe the availebility of
ground water from the water-table aquifer in the Wadena area. For
practical uses by potential irrigators, a map was derived which in-
dicates the probable yield that might be obtained from large-diameter
(15 in.) wells. The following assumptions and corrections weve made:

1. Saturated thickness and transmissivity data as mapped r~gionally
on plates 4 and 5 fit each local situation.
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2. Optimum well yield is obtained when allowable drawdown is two-
thirds of the saturated thickness of the aquifer after adjusting
for dewatering.

3. Perlod of pumping was set at 30 days continuous pumping to place
an extreme stress upon the system. Except under prolonged
drought conditions, it is doubtful that pumping periods will ap-
proach this extreme.

Plate 6 is the resultant estimated maximum-yield map. If 100 gpm
from a single well is assumed to be the minimum economic pumping
rate, the water-yielding potential of the water-table aquifer in about
15 percent of the study area may be inadequate for irrigation. In such
areas, another water source, possibly a deeper artesian cquifer, could
be developed for successful irrigation.

In about 25 percent of the area, yields of 100 to 300 gpm might be
obtained. Although a single well may yield an inadequate supply,
more than one well might be developed to meet minimal irrigation
requirements. In such areas, deeper aquifers should be considered as
a possible water source.

In about 60 percent of the study area, the water-yielding potential
of the water-table aquifer is in excess of 300 gpm from a single well
and appears favorable for supplemental irrigation. The maximum
yield in 40 percent of the area is estimated to be from 307 to 600 gpm,
in 10 percent of the area from 600 to 900 gpm, and in 10 percent of
the area in excess of 900 gpm.

Estimated maximum yields shown on plate 6 are for single wells
only. Total ground water in storage is greater in all areas, but some
means other than single wells must be used to extract that water.
Withdrawal at the estimated yields would impose an extreme stress
upon the ground-water system. In actual practice, such stress is highly
improbable. Instead of 30 days continuous pumping for any one
irrigation season, cyclic pumping is practiced over about a 90-day
period. After a period of pumping, water levels commonly recover to
within a small fraction of prepumping levels before irrigation might
again be necessary.

RELATION OF SURFACE WATER TO GROUND WATER

Almost all surface water in the Wadena area occurs as streamflow.
Impounded water (lakes and ponds) occupies less than 1 percent of
the total area. All streams in the study area are gaining streams—that
is, they receive ground-water discharge. During periods of sustained
dry weather, streamflow approaches a minimum and consists largely
of ground-water discharge. Low flow generally occurs during the late
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summer when evaporation and transpiration are at a maximum and
during the winter when precipitation is stored as snow and ice. In
1967, two seepage runs were made to determine the amount of ground-
water discharge to streams. Discharges were determined on selected
streams at 2 to 3 mile intervals. The first was made on the Wing and
Partridge Rivers on July 17 and 18 when evaporation, transpiration,
and ground-water withdrawal approached a maximum. A second,
more complete series of discharge measurements was made October
16-18 on all streams of significance in the study area. At that time,
transpiration losses were at a minimum, evaporation losses were small,
and there was no withdrawal for irrigation. Precipitation during the
last half of 1967 was below normal, and therefore it was assumed that
all flow in the streams represented ground-water discharge. A com-
parison of discharge measurements made in July and Octob=r shows
that the ratio of pickup along selected short reaches of the Wing and
Partridge Rivers to total pickup along the entire stream was similar
both times. Higher discharges were recorded in July when water
levels in wells were also higher. Under the present stage of develop-
ment, there is no discernible decrease in streamflow due to the inter-
ception of ground water by irrigation wells.

Relative amounts of discharge, measured during the October 1967
seepage run, are shown by width of flow bands on plate 7. Significant
amounts of ground-water pickup were recorded within the outwash
area; whereas, pickup was considerably less in surrounding till areas.
This is substantiated by comparing instantaneous yields from outwash
with yields from till in the Wing and Partridge River drainage basins.
An instantaneous yield of 0.43 cfs per sq. mi. (cubic feet per second
per square mile), from the outwash of the Wing River basin, compares
with a yield of 0.33 cfs per sq mi, from the outwash of the Fartridge
River basin. The lower yield from the Partridge River basin is pro-
bably due to the presence of finer grained sands which have a lower
capacity for transmitting water. In contrast to the high yields from
outwash areas, an instantaneous yield of 0.08 cfs per sq mi was deter-
mined from the till of the Wing River drainage basin and 0.01 cfs per
sq mi from the till of the Partridge River basin. The higher yield from
the Wing River basin is probably due to considerable amounts of
water draining from outwash in its headwaters area.

WATER QUALITY

The chemical quality of ground water is related to the composition
of the geologic formations through which the water moves, the rate
at which the water moves, and the total contact time of the water with
surrounding rock types.
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Water to be used for irrigation must be of such a quality that it
does not impair plant growth or alter soil characteristics. Among the
factors to be considered are total dissolved solids, relative proportions
of certain ions, and concentration of certain individual constituents.
The significance of each of these varies from area to area, and there-
fore the determined chemical quality must be considerec in the light
of other known factors such as soil and subsoil characteristics, climate,
irrigation water requirements, method of water application, and kind
of crops grown.

Table 2 and plate 8 show chemical characteristics of water obtained
from various glacial-drift aquifers in and surrounding the study area.
On the basis of the most abundant cation and anion, respectively,
ground water in the Wadena area can be classified as being of the
calcium bicarbonate type. It is characteristically very hard; total
hardness for each sample was in excess of 180 mg/1 (milligrams per
liter). The hardness of the water can be attributed to ths abundance

TaBLE 2.—Chemical analyses of

{Analytical results in milligrams per liter, except temperature, sodium-adsorption-ratio, specific
U.S. Geological

Well Sample
cl
Aquifer type and °_ k) =
. Composition (all are 5% | Analysis | o Q
) glacial drift) Dateof | 85 by RN 2 | 7
Location = collection | §3 z2 = g g
b= 20 I3 ~ 53 2
[ gv 8 =] g 2
@ o — 1<} <
=} & @ ] = O
133.33.12bab_. .. 73! Artesian, gravel __.___ 6-22-64 11 USGS.... 21| 2.6] 0.26 88
133.35.2cab__._. 16, Water table, sand.. _._ 4-14-67 9 USGS.._. 12 .01 .01 57
133.35.15¢cdd .| 150 Arvtesian, sand._ ... .. { ... ___|--o-__ MDH.____.|...._. L7 .04 88
134.33.23bee_ . - 13| Water table, sand.._._ USGS.... 171 .03 .39 97
134.33.3¢baa_. .. 81 Artesian, sand._._..__. USGS.... 24| .88 .17 55
134.34.12bad ... 28| Water table, sand and USGS..._. 16 1.8 .31 75
134.34.19abd .. .. USGS.... 17 .32 .03 96
134.34.30aab. ... . 731 .23 100
134.34.32dcb____ 4.5 .77 93
134.34.35bdd ... .48 .02 60
134.35.5¢¢C. -~ - - 30| Water table, sand and 14 .02| 116
gravel.
134.35.7bcb___ . 227) Artesian,sand..____.. 1. 40 .02 64
134.35.10cdc- - - 12; Water table, sand_____ 8-6 7 - 130 .11 54
134.36.2dcc. - .- 80 Art»eia{l, sand and 11-21-67 7] USGS.._.| 15.2] .05 .07 67
gravel.
134.36.11bba__ .. 30{ Water table,sand____. 5- 867 8| USGS___. 19) .06 .02 98
134.36.36aab____ 20 ___ do__...__ ... 4-14-67 7| USGS__.. 14, .02] .33 75
135.33.30dcd - - . 50| Artesian, sand_..._ - 5-15-67|- ... USGS.... 16, .02 .00 72
135.34.16dbe - - - 60 Water titble, sand an 4-13-67 7| USGS.._. 7] .51 .09 53
gravel.
135.35.9¢cca2___ . 141{ Artesian, gravel..._.__ 9-13-65 7| USGS.._[--.._. 14 96
135.35.27dad.. - . 14| Water t%lxble, sand and 4-14-67 6| USGS__.. 18 2.1 .72 97
gravel.
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of carbonate rock fragments that are present both in the outv-ash sand
and gravel and in the till.

A relationship exists between the total dissolved-solids concentra-
tion and the electrical conductivity of a solution. Figure 14 is a plot
of that relationship determined for ground and surface waters in the
Wadena area. It can be used to estimate the total dissolved solids in
a water sample once the easily obtained specific conductance has been
determined.

The sodium-adsorption-ratio is a means of evaluating the risk in-
volved when using water containing sodium for irrigation (U.S. Sa-
linity Lab., 1954). If sodium is present in large amounts, it may be
exchanged for calcium and magnesium in the soil with possible dele-
terious changes in soil structure. Both ground and surface water from
the Wadena area have a low sodium hazard as shown in figure 15. The
salinity hazard shown in figure 15 is medium to high. This indicated
hazard will not be a problem in the Wadena area because good drain-

ground water from the Wadena area

gonduc%anoe, pH, and color. Agency making analysis: MDH, Minnesota Department of Hea'th; USGS,
urvey

3 $ | Hard- & |8
= O - SO | ness ..3 §
= Q E - g Ezco CaCOs3 a é‘;
~ I < = —~ ]
2205|838 S8 2 ga5s [ 3 EE Use
= = ~ ~ 3 2 v S~
7 = Q %’ -8 @ ~ ;?-c g [ (]
S50 75 5|25 E|elgEs g liniaty) |
218 8|85 | 2|8 |8 |5|288 58 |88382 358 |3
= |la| s (A @ §) > Z | /AR = |z & |a a | O
16(25 1.9 252 96 23 0.10] O |0.24| 425! 284| 770.6 639! 7.4| 5| Municipal.
15/ 1.3, 1.3 240, 8.5 18 .1 6.5 223 204 70.0 382 8.0 4 Domestic.
37/32 1,0, 451] 55 1.8 .26 7.9 - 610, 350/_.._) .88/ 760; 7.3|--._| Municipal (fire
{ protection).
26| 4.2 1.4' 329 16 16 .1| 58 02| 407} 349| 79| .1 659' 7.8/ 4' Stock.
16| 5.7 1.6/ 265/ 5.8 174 .2 1} .01 234) 203/ 0 .2 385 8.2/ 2, Domestiec.
211 29[ L0 278 14 6.7 .1 7.8/ 2| Irrigation.
28|13 1,5 296| 37 25 .1 7.8 2 Do.
24{15 4,0 392, 57 15 . 18] 6.9|-...| Municipal.
23( 3.6/ 1.3 366 18 6.0 .2 7.6/ 44 Irrigation.
24| 5.6/ 1.0, 415 6.1 10 .35 7.3|-..._| Creamery.
5|28 1.0} 293( 54 52 .05 7.5.-..| Municipal
(backwash).
24|27 1.0] 368 6 4.3 .31 3 . . 7.5/....| Municipal.
12] L.9[ 0.4 204| 14 3.6/ .2 .7 .01 212 184' 170.0 343 7.7, 4 Domestic.
20| 2.5 1.5 251 17 51 .2 | 30.5 .02 200 249, 44| .07| 481| 7.9 2, Irrigation.
290 3.5 1.2| 261 27 13 .2 1138 | .02) 493| 364| 150{ .10 712| 7.8] 2| Domestic.
19] 9.6] 9.8} 315 20 7.9 .2| 14 02| 330 265 7.2 551) 7.7) 5| Stock.
19} 2.6 1.0, 246 12 3.9 .4 54 |.01 306 2581 56| .1 491 7.7 2 Do.
20 5.3‘ 1.4 258! 12 1.6 .1 0 .02 236] 214 2.2 405/ 8.0 1| Domestic.
32 9.7 469 3.2 23] .2 L7/.._.| 397) 372 0] .22 664 8.2|-.._| Municipal
Na+K (military).
25! 5.2| 1.5) 410/ 8.5 6.0 .2 1| .04] 377 345 9| .1 614) 7.9) 6/ Domestic.
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F1eure 14.—Relationship of specific conductance to total dissolved solids for
water from various sources.

age characteristics of soils in the area permit a flushing or leaching of
the root zone, and potentially hazardous accumulations of salt will not
materialize as they would in an arid region.

Boron was present in small amounts in all waters analyzed, and the
maximum concentration of 0.24 mg/1 is well below the toxic level even
for boron-sensitive plants.

Nitrate concentrations in ground water from the Wadena area are
highly variable: determined values range from 0 to 138 mg/l. The
local presence of large amounts of nitrate in water can usually be
related to activities of man or animals. High concentrations of nitrate
often occur in water from shallow water-table aquifers which are sub-
ject to pollution from barnyards, septic-tank effluent, or similar sources.
Another source of nitrate is agricultural fertilizers, the use of which
increases with irrigation. As a result, a nitrate buildup may occur in
the ground water in heavily irrigated areas. Caution must be exercised
in the use of water for domestic purposes in these areas because a
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Frecure 15.—Suitability of ground and surface water for irrigation in terms of
sodium-adsorption-ratio and conductivity.

definite link has been determined between nitrate in water and methe-
meglobinemia in infants, the so-called “blue-baby” disease. Although
infants react differently to nitrate poisoning, the U.S. Public Health
Service (1962, p. 50) recommends a concentration of 45 mg/1 of nitrate
as a limit which should not be exceeded.

Locally, dissolved iron and manganese are present in the water in
amounts which exceed the U7.S. Public Health Service’s (1962, p. 43,
47) recommended drinking-water standards of 0.3 mg/1 and 0.05 mg/1,
respectively, When present in excess, both iron and manganese are ob-
jectionable for either domestic or industrial use, but there are no
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apparent harmful effects on plants if waters containing them are used
for irrigation.

Except for generally lower total dissolved solids, surface water
in the Wadena area is of the calcium bicarbonate type, and is similar
in quality to ground water (table 3 and pl. 8). Surface-water samples
listed were collected at near base-flow conditions in October 1967, when
nearly all streamflow consisted of ground-water effluent. A decrease in
total dissolved solids can be expected at higher discharges.

THE HYDROLOGIC SYSTEM

Continuously operating on and in the geologic framework is the
hydrologic cycle. The hydrologic cycle (fig. 16) is the rovement of
water from the atmosphere to the earth and the ultimate return of
water to the atmosphere. Water is thus constantly in motion, although
in different forms and at different rates. Over a long period of time, a
hydrologic balance is achieved, and inflow to the hydrologic system
must be equal to outflow from the system. For any single year, positive
or negative changes in the amount of water in storage may occur.
‘When considered over a long period of time, storage geins are bal-
anced by storage losses, and the net change is assumed to be zero.

Tt is the potential effect of pumping on the natural svstem which
necessitates the present study. Possible changes in the hydrologic sys-
tem which might result from development are considered later in this
report.

INFLOW TO THE SYSTEM

Inflow to the hydrologic system consists of precipitation, streamflow,
and underflow. The contribution of each was approximated for 1967
to aid in evaluating the total system.

TaBLE 3.—Chemical analyses of
[Analysis by U.S. Geological Survey. Analytical results in milligramr< per liter, except

Station a
2
3
o Date of | ~ [ =
Site location collec- | <& @ =
tion = 5 = g
Identification 2|52 1|8
number Name & 2 s | g
= =1 3 s
28|88
a = ) e
052452A A P:iﬁgiq,gﬁ River near 134.33.15¢cbb 10-17-67 | 5.1 8| 9.8| 0.4
rich.
052452AB Redeye River near Aldrich__| 135.34.13ddc 10-17-67 | 22.6 7 13 4
052452AC Wing River near Verndale_._| 134.34.8baa 10-16-67 | 22.2 8 14 5
052452AD Leaf River near Verndale.___| 135.34.19daa 10-17-67 | 44.5 5| 87 7
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PRECIPITATION

Precipitation is the largest source of inflow to the hydrologic system
in the Wadena area. A frequency-distribution curve of annual preecip-
itation at the U.S. Weather Bureau station in Wadena indicates the
recurrence intervals of the amounts of precipitation received in years
antecedent. to and coincident with the period of study (fig. 17). Specific
years shown represent above-normal (1965), near-normal (1966), and
below-normal (1967) precipitation. Average annual precipitation for
the period of record was 26.4 inches, of which 67 percent occurred
during the growing season (May-September). The amount of precip-
itation during the growing season is highly variable, ranging from
45 to 87 percent of the yearly total. Precipitation in the nongrowing

RECURRENCE INTERVAL, IN YEARS
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Fi1curg 17.—Precipitation-frequency curve based on data from the United States
‘Weather Bureau Station in Wadena.
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season falls mainly as snow and is available for recharge in the spring
when thawing occurs. Precipitation values plotted as totals for 5-day
intervals are shown with ground-water hydrographs on plate 3. The
local nature and the timing of summer thunderstorms and the wide
range in total rainfall during the growing season point out the un-
reliability of natural precipitation as the only source of water for
crop production.

In 1967, precipitation falling on the Wadena area accounted for
approximately 163,000 acre-feet of water.

STREAMFLOW

‘Water in streams entering the study area is potentially aveilable for
use within the area. Streamflow entering the area during October 16—
18, a period of low flow, was about 41 cfs, as shown on plate 7. In the
spring and early summer, considerably larger flows can be expected.
Provisional records from a gaging station on the Crow Wing River at
Nimrod (10 miles north of the study area) indicate that discharge at
that station during October 16-18, 1967, was about 360 cfs, or 60 per-
cent of the 1967 average discharge. If flow characteristics of streams in
tlhe Wadena are comparable to those of the Crow Wing River, total
inflow as streamflow into the Wadena area in 1967 was approximately
50,000 acre-feet. A flow duration curve for the Crow Wing River at
Nimrod (fig. 18) indicates that the discharge during Octoher 16-18,
1967, 1s exceeded about 50 percent of the time. If similar flow character-
istics are assumed for streams in the Wadena area, about half of the
time inflow as streamflow can be expected to exceed that determined in
October, 1967.

UNDERFLOW

The study area is in part bounded by relatively imperreable till
through which underflow is minimum (fig. 5). Where permeable out-
wash deposits extend beyond the study area, underflow is consider-
ably greater. Preliminary calculations indicate that the cmount of
water entering the study area as underflow in 1967 was about 1,000
acre-feet. Most of the underflow enters the study area along the south-
western extension of the outwash deposits.

OUTFLOW FROM THE SYSTEM

Outflow from the hydrologic system consists of evaporation, trans-
piration, streamflow, and underflow. The amount. of water leaving the
Wadena area by each of the processes was approximated for 1967.
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F1e¢Uure 18.—Flow duration curve for the Crow Wing River at I"imrod.

EVAPORATION AND TRANSPIRATION

Water losses to the atmosphere, by evaporation from land and water
surfaces and by transpiration from plauts, are large in the Wadena
area. They are, in large part, a function of temperature and time of
precipitation; therefore they vary considerably throughout the year.
An empirical method for calculating the combined v-ater losses
through evapotranspiration (evaporation and transpiration) was
developed by Thoruthwaite and Mather (1957). To demonstrate differ-
ences in evapotrauspiration during dissimilar climatic years, calcula-
tions of evapotranspiration were made for 1965, a wet year, 1966, a
near normal precipitation year, and 1967, a dry year (fig. 19).

Late winter snows followed by excessive spring rainfall produced
a large moisture surplus in the first half of 1965. In spite of this, low
precipitation during the summer resulted in a period of moisture defi-
ciency at a time wheun moisture was needed most for plant growth. Pre-
cipitation was better distributed in 1966, and moisture conditions for
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plant growth were more favorable. Even then, some moistur~ deficien-
cies did occur in the early summer and fall. Climatic conditions dur-
ing the following winter and spring were such that there was little
moisture surplus in the first half of 1967, and abnormally low precipi-
tation in the last half of the year resulted in extreme moistur-~ deficien-
cies. Each year, periods of insufficient moisture for optimum plant
growth occurred during the growing season, when the potential for
evapotranspiration exceeded the available soil moisture. Precipitation
which falls during the growing season is in large part lost as evapo-
transpiration or is utilized by plants and is not available for recharge
to the water table.

The Thornthwaite diagram for 1934-67 shows that, on the average,
moisture deficiencies are greatest during June, July, and August. Be-
cause the time of moisture deficiencies coincides with the prime grow-
ing season, supplemental irrigation is needed.

Development of the ground-water supply will result in increased
evapotranspiration losses in irrigated areas, where more water is made
available to plants and to the land surface. By the same token, the
withdrawal of large quantities of ground water produces a lowering
of the water table and a resultant decrese in evapotranspiration losses
in areas of high water table. As water levels drop, evaporation losses
decrease in areas of open water or high water table; transpiration losses
from water-wasting plants which grow in these areas also decrease.
A controlled lowering of the water table may therefore be desirable so
that a larger part of the total water available can be put to beneficial
use. Calculations by the Thornthwaite method indicate that approxi-
mately 143,000 acre-feet of water was available for evapotrarspiration
in 1967.

STREAMFLOW

Streamflow losses from the area include direct overland ranoff and
that part of the total flow which originated as ground-water discharge.
Based on comparative records from the Nimrod gaging station, total
streamflow from the Wadena area in 1967 was approximately 115,000
acre-feet. The difference between streamflow leaving and streamflow
entering (total streamflow pickup) was about 65,000 acre-feet.

UNDERFLOW

The amount of water leaving the Wadena area as underflow is small
compared with that leaving as evapotranspiration and streamflow. In
1967, underflow amounted to less than 500 acre-feet, most of which
occurred along the southeastern extension of the outwash deposits.
Changes in the amount of underflow are reflected by head changes as
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indicated by fluctuating ground-water levels. Because water-level
changes are generally small with respect to the total saturated thick-
ness, changes in underflow must be correspondingly small.

WATER BUDGET

A compilation of inflow-outflow items results in the following hydro-
logic budget for the Wadena area in the 1967 calendar year:

Inflow Outflow
(acre-ft (acre-ft
of water) of water)
Precipitation ______________ 163, 000 Evapotranspiration ________ 143, 000
Streamflow ________________ 50, 000 Streamflow ______________.__ 115, 000
Underflow . ________ 1, 000 Underflow _________________ _______
Total o __ 214, 000 Total _______ . __ 258, 000
9
Precip. 38.0" Precip. 28.2" Precip. 19.3”
ET 21.2" ET 21.5" ET 16.5"
8 -

INCHES

M[a]M[JTs]A]s]o[N]D

J[FImM]a]m]a]a]A]s]o]N|D

J[FIM[a[m][s]s]A]s]o]n|D

1965

1966

1967

WET YEAR

NORMAL YEAR

DRY YEAR

FI1Gure 19.—Effects of evapotranspiration

(ET) on

soil-moisture conditions
by the
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Because 1967 was a relatively dry year, negative changes in the
amount of water in storage resulted. For this study, changes in
ground-water storage only were determined ; changes in surface-water
storage and in soil-moisture storage were considered negligible. The
amount of change in ground-water storage was determined from
hydrographs (pl. 3) by multiplying the specific yield of the aquifer
by the net decline of water levels between January 1, 1967, and Jan-
uary 1, 1968 (fig. 9). Total change in ground-water storage over the
entire study area in 1967 was calculated to be about —44,000 acre-feet
of water. This agrees with the amount by which outflov- exceeded
inflow in 1967, as shown above.

Precip. 26.4" EXPLANATION
ET 225"

Soil moisture surplus
Time during which precipitction is in
excess of soil moisture capacity. Stored
7= T as snow and ice during winter

6 —
r_ Soil moisture recharge

Time during which precipitation re-
plenishes soil moisture, except during

5i— winter when soil is frozen
[2}
w
I
@]
z
4 Soil moisture depletior
Time during which actual evapotranspi-
ration erceeds precipitation but there
(s not @« moisture deficiency for plunt
3 growth
2

Soil moisture deficit
Time during which actual epapotranspi-
ration is less than potential evapotran-
spiration.  Period of moisture deficiency
Jor plunt growth

TS

o —§. : / Precipitation
J [FIM[a[M[JTJ[A[s[o[N]D _ R
1934-67 Actual Potential
AVERAGE Evapotranspiration

during dissimilar climatic years compared with long-term averages determined
Thornthwaite method.
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ELECTRIC ANALOG MODEL

Electric analog techniques aid in the understanding of the hydro-
logic system and in the determining of effects of development on that
system. Basic geologic and hydrologic information is represented in
the model by an analogous electrical component. Because of the com-
plexity of most hydrologic systems, generalizations must be made for
modeling purposes. Assumptions made in modeling the aquifer and
its hydrologic characteristics are: (1) The aquifer is ieotropic and
homogeneous; (2) all flow in the aquifer is two dimensional, and no
vertical component is modeled ; and (3) prior to each pumping period,
the hydrologic system is at equilibrium. Although the above generali-
zations do not permit detailed analysis around a single well site,
regional effects of development on water levels can be apnroximated.
Advantages of the electric analog approach include (1) relative sim-
plicity of design of a complex natural system, (2) speed of analysis in
determining long-term effects of pumping from a large ground-water
system, (3) ability to manipulate on the electrical model those variables
whose actual hydrologic equivalent might be difficult to determine,
and (4) availability of the basic model for future analysis when more
hydrologic data becomes available. No attempt will be made to elabo-
rate on the theory of electric analog modeling. Rather, discussion is
directed toward hydrologic principles involved and the predicted
effects of development on the hydrologic system. The theory and instru-
mentation of electric analog modeling have been describ~d in detail
by Skibitzke (1960). Design methods for simulating pumped-well
characteristics have been described by Prickett (1967); such detail
is not necessary for a regional evaluation of the hydrologic system.

PRINCIPLES OF ELECTRIC ANALOG MODELING

The flow of electric current through conducting materials is analo-
gous to the flow of water through porous media. An expansion of this
analogy resulted in the use of electric analog models in water-resources
investigations. The analog model is basically a regular network of
resistors and capacitors which represent a scaled-down version of the
shape, size, and hydrologic characteristics of the aquifer being studied.
Resistors are inversely proportional to transmissivity. They impede
the flow of electricity in a manner similar to the way the aquifer itself
impedes the flow of water. Capacitors are in direct ratio to storage
coefficient. They store electrical energy in a manner similar to the
storage of water in the aquifer. Proportionalities also exist between
hydraulic head and voltage, and between volume rate of ground-water
flow and electrical current flow.
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evapotranspiration could be salvaged for beneficial use. Although
actual amounts of salvagable evapotranspiration are not known, a
maximum of 10 inches over the entire area was assumed. It was further
assumed that salvage begins when lowering of the water table begins
and that it continues until the water table is lowered 5 feet. After a
5-foot lowering of the water table, water losses by evapotranspiration
are minimized, and a maximum amount of potential water loss is
salvaged. On the analog model, salvagable evapotranspiration is rep-
resented by current-limiting field-effect diodes. Although excessive
lowering of the water table is to be avoided, a controlled lowering may
be desirable because more water is made available for boneficial use.

STREAMS

All streams in the study area are gaining streams—that is, they
receive ground-water discharge. Because of this, water which might
be available for beneficial use within the study area flows out of the
area. Some of that water might be salvaged by pumping from the
water-table aquifer, thereby intercepting ground water which would
otherwise reach the stream. If a stream originates outeide the study
area, only that part of the discharge which originates within the study
area was assumed to be available to wells. As modeled, total
recoverable streamflow during any single year is about 55,000 acre-
feet, which is about 85 percent of the average annual streamflow
pickup in the Wadena area. On the analog model, streams were
modeled as 2- to 3-mile scaled segments along which base-flow pickup
was designated as determined in the field.

BOUNDARIES

The study area is part of a larger outwash body and does not repre-
sent a distinet geologic or hydrologic unit. Conditions surrounding the
study area must be considered because water and its movement have
no respect for arbitrary study-area boundaries.

Boundary conditions as modeled are shown in figure 22. Where the
outwash deposits extend beyond the limits of the study area, the
model was also extended to simulate underflow. Where bounded by a
perennial stream, a constant-head boundary was assumed. For prac-
tical purposes, till boundaries were modeled as being impermeable.

ANALYSIS

To simulate pumping stresses which might be applied to the hy-
drologic system, electric current pulses were applied to the analog
mode] by electronic function generators. Voltage changes across the
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F1aURE 22.—Modeled boundary conditions.

resistor-capacitor network were measured with an oscillos~ope and
converted to equivalent water-level changes. Applied stresses represent
ground water pumped from a selected pattern of development for a
selected period of time. Assumptions made concerning simuleted wells
and effects of pumping them are:

1. All wells fully penetrate the water-table aquifer.

. All wells have a large radius, and water-level change predictions
cannot. be made closer to the well than the simulated well radius.
However, the model was designed so that pumping at rates indi-
cated on plate 6 will result in a drawdown of two-thirds the
saturated thickness in an actual well having a radius of 7.5 inches.

3. The decrease in saturated thickness and the resultant change in

transmissivity, which oceurs when an unconfined aquifer is
stressed, was compensated for by theoretically decreasing the
available saturated thickness.

Lo

Some comments relative to the effect of each of the above assumptions
are necessary.

In actual practice, most irrigation wells in the area are fully pene-
trating; therefore, partial-penetration effects require nc further
discussion.
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By use of a method derived by Prickett (1967, p. 39-41), it can
be shown that the wells simulated on the Wadena model have a radius
of about 550 feet. This is many times larger than the radius of any
wells which might actually be used. Because of this, water-level
changes at a pumped-well junction actually represent changes which
might occur 550 feet from the center of the well. Water-level changes
closer than 550 feet from a pumped well will be in excess of those
determined from the model. Although Prickett (1967, p. 41-42) has
shown that a well with any given radius can be simulated, for the
purposes of this regional evaluation, such detail was not considered
necessary.

Saturated thickness of the surficial outwash aquifer is highly vari-
able in the Wadena area (pl. +). Where the aquifer is thin, desired
large yields may be unobtainable from a single well. In such areas,
several properly spaced wells of lower yield might be the most prac-
tical way to obtain the desired yield without adversely causing dewater-
ing of the aquifer.

The answers to two specific questions were sought by use of the
analog model: (1) what are the effects of pumping cn the ground-
water system under various plans of development during a single
irrigation season, and (2) what are the cumulative eflects of pump-
ing on recovery water levels under various plans of development after
5 and 20 successive years of pumping? Because pumring effects are
dependent upon both the degree of development and the period of
pumping, analyses were made at the single-well rate for present devel-
opment, for a hypothetical 5-year development plan, and for a hypo-
thetical 10-year development plan. The 5-year and 10-year develop-
ment plans include existing irrigation wells plus wells arbitrarily
located in areas favorable for irrigation where future development is
most likely to occur (personal communication with farmers, U.S.
Department of Agriculture, and County Extension Service personnel).
Hypothetical wells were not placed in areas where ground-water poten-
tial of the water-table aquifer does not appear to be adequate for
irrigation.

In some areas, because of existing topographic, hydrologic, or soil
conditions, supplemental irrigation is not feasible at the present time.
Hypothetical wells were not placed in such areas under the 5-year and
10-year development plans. To evaluate the potential of the water-
table aquifer throughout the entire study area a regional analysis was
made with uniformly spaced pumping centers. A single pumping
center was assumed for each section (1 sq mi, or 640 acres). Analysis
was made to determine water-level changes when pumping at a rate
equivalent to two wells per pumping center.
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On the basis of past irrigation practices and with allowance for
possible extreme drought conditions, the maximum total pumping time
for any one irrigation season was assumed to be 30 days. This would
represent an extreme stress which might be appiled to the ground-
water system. Shorter pumping periods would have correspondingly
less effect on the system.

PRESENT DEVELOPMENT

During 1967, water for supplemental irrigation was withdrawn
from the water-table aquifer at 16 pumping centers. One of the pump-
ing centers on the analog model represents the village of Verndale’s
public-supply well which is completed in the water-table aquifer.
Pumping centers shown may or may not coincide with actual well
sites. Locations depend upon the scale of the analog model and the
mesh size of the resistor-capacitor network. Quantities of water with-
drawn were 1967 actual pumping totals for each existing pumping
center. Declines in pumping water levels just prior to the end of the
irrigation season are shown on plate 9. Declines shown are the result
of pumping only and do not include normal seasonal fluctuations.
They are regional approximations and are not indicative of what
might happen in proximity to the pumped well. Water-level declines
in the immediate vicinity of the pumped well will at all times be
in excess of those shown.

Under the present pattern of development, water-level c'aclines as
a result of pumping for 30 days are less than 2 feet, with a single
exception. The exception oecurs in section 22, T. 134 N, R. 33 W,
where the pumping is from a dug pit at a rate in excess of that which
might be obtained from a well.

Within 2 weeks after simulated pumps were turned off at the end
of the irrigation season, water levels recovered to essentially the level
they would have attained had there been no pumping. Total pumpage
from the water-table aquifer for irrigation in 1967 was about 625
acre-feet.

HYPOTHETICAL 5-YEAR DEVELOPMENT PLAN

Fifty-one pumping centers are represented on the hypothetical
5-year development plan. They represent the 17 existing centers, as
of 1967, plus an additional 34 hypothetical pumping centers. For
uniformity and ease of analysis, pumping rates of 300, 690, or 900
gpm were applied as indicated. Plate 6 was used as a guide for assign-
ing hypothetical pumping rates for each well for this and the 10-year
development plan.
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Plate 10 shows the resultant pumping water-level decline just prior
to the end of a single irrigation season of 30 days. Where development
is spotty, water-level declines are negligible. Where wells are grouped,
the effects of interference between wells become apparent. The largest
concentration of wells is in the vicinity of Verndale, where, despite
relatively high ground-water potential (pl. 5), considerable water-
level declines occur. Large declines in the vicinity of s>ctions 1 and 2,
T. 134 N,, R. 3¢ W., can be related to highly variable geologic and
hydrologic conditions where average ground-water potential is rela-
tively low. When simulated pumping was terminatec at the end of
the irrigation season, recovery was rapid and essentially ¢omplete in
all areas prior to the start of the next irrigation season. Cumulative
residual drawdown of water-level (change in water-level due to in-
complete recovery after pumping) after 5 and 20 successive years of
cyclic pumping was determined. Although water-level recovery is not
complete locally, in no area is the residual drawdown in excess of 1
foot prior to the start of the next irrigation season. Figure 23 is a
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time-volume graph indicating the relative amounts of water with-
drawn from each modeled component of the hydrologic system for
the 5-year development plan.

At any selected time, total cumulative withdrawal can be estimated
by summing all of the modeled components. For example, after pump-
mg wells comprising the 5-year development plan for 5 years, total
withdrawal is about 20,000 acre-feet of water, or 4,000 acre-feet per
year. Of the 20,000 acre-feet total, 8,800 acre-feet is salvaged evapo-
transportation losses, 8,200 acre-feet is salvaged streamflow, 2,500 acre-
feet is from storage, and 500 acre-feet is from the constant-head stream
boundary.
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HYPOTHETICAL 10-YEAR DEVELOPMENT PLAN

The addition of 46 pumping centers to the hypothetical 5-year
development plan comprises the hypothetical 10-year plan. Just prior
to the end of a single irrigation season, the pumping water-level de-
lnes shown on plate 11 might be anticipated. With increasing devel-
opment, the amount of lowering of the water table as a result of
pumping increases. In some areas, the regional decreace in saturated
thickness may result in decreased discharge at the well, thereby neces-
sitating the drilling of additional wells to meet water requirements.
Water-level recovery after a single irrigation season is essentially
complete prior to the beginning of the next irrigation season. After 5
successive years of cyclic pumping, cumulative residual drawdown
exceeds 1 foot in several areas, as shown on plate 11. Total residual
drawdown after 20 successive years of cyclic pumping is essentially
the same as after 5 years. This indicates that after 5 years of pump-
ing, a pseudo-equilibrium is reached each year during the recovery
period and prior to the next pumping cycle. The proximity of pumping
centers to impermeable boundaries along the southern edge of the
study area results in accentuated water-level declines. Figure 24 is a
time-volume graph indicating the relative amounts of water with-
drawn from each modeled component of the hydrologic system for the
10-year development plan.

Total withdrawal after 5 years of pumping (determined by sum-
ming all of the modeled components) is about 40,000 acre-feet of water,
or 8,000 acre-feet per year.

HYPOTHETICAL MAXIMUM DEVELOPMENT FTLAN

To determine the maximum ground-water potential of the water-
table aquifer, hypothetical pumping centers were uniformly spaced at
1-mile intervals throughout the area of study. A total of 150 such
pumping centers are represented in the selected hypothetical maximum
development plan. The pumping rate for each discharge site is based
on the average hydrologic characteristics for that section (1 sq mi)
in which the discharge site is centered. It was assumed that one well
pumping at the selected rate would not exceed aquifer potential;
therefore analysis was made at pumping rates equivalent to two wells
per pumping center (at rates of 600, 1,200, and 1,800 gpm). With-
drawal at these rates may not be possible from a single well. Instead,
several wells, properly spaced, might be necessary to obtain the
designated yields.

To avoid mapping excessively large drawdowns near pumping
centers if the model is stressed at rates greater than that for a single
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well, the model was probed at grid junctions greater than one grid
interval (half a mile) from pumping centers. By analyzing in this
manner, only theoretical regional water-level declines were determined.
Water-level declines in the vicinity of each simulated pumping well
will always be greater. The resultant regional residual drawdown of
water-level after 20 successive years of cyclic pumping is shown on
plate 12. Declines shown are essentially the same as those obtained
after 5 years of cyclic pumping, which indicates that a pseudo-
equilibrium is reached each year during the recovery period and prior
to the next pumping cycle. Figure 25 is a time-volume graph indicat-
ing the relative amounts of water withdrawn from each modeled com-
ponent of the hydrologic system when withdrawal is at rates equivalent
to two wells per section. Total withdrawal after 5 years of pumping,
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determined by summing all of the modeled components, is about
115,000 acre-feet of water, or 23,000 acre-feet per year.

In each development plan, streams contribute the largest, or nearly
the largest, amount of water. Because of this, some of the smaller
tributary streams which originate in the study area would probably
be dry each year during the pumping period, even before development
nears a hypothetical maximum. Larger perennial streams such as the
Leaf and Wing Rivers will continue to flow, but flow may be limited
to the amount of water that they carry into the study area. For the 5-
year and 10-year development plans, nearly equal awounts of water
are withdrawn from streams and salvaged evapotranspiration. The
percentage of water withdrawn from storage decreases rapidly after
the first several years when changes in the hydrologic system result
in greater contribution from the other components.

In the 5-year, 10-year, and maximum development plans, applied
pumping rates are hypothetical. Because of this, ccution must be
used in interpreting the water-level-decline maps. Where small or no
water-level declines are shown, applied pumping rates may be mini-
mum approximations, and the area’s ground-water potential may be
greater than anticipated. Conversely, where large watev-level declines
occur, applied pumping rates may be greater than those which the
area might safely support. It follows that changing the pumping
rates would increase or decrease the resultant water-level declines. With
this in mind, the water-level-decline maps based on deta obtained by
electric analog analysis can be used to estimate practical pumping rates
for any selected area.

CONCLUSIONS

The water-table aquifer is the most readily available source of
large quantities of good quality ground water in the Wadena area.
The aquifer is composed of well-sorted outwash sand and gravel and
has a low clay content. Ground-water availability, wlich is not uni-
form throughout the area, is dependent upon texture and saturated
thickness of the aquifer materials. The distribution of outwash sand
and gravel is in large part dependent upon position with respect to
buried or partially buried drumlins. Outwash materials are thickest
in swales between drumlins and thinnest on the crests of buried drum-
lins. Depth to water is greatest in upland areas near major streams,
where the water table may be 20 feet below land surface; and it is
least in former drainage courses and flood-plain areas, where it is
commonly less than 5 feet below land surface.

Ground-water availability is greatest in alluvial deposits on the
flood plain of the Leaf River. In the eastern quarter of the study
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area, water-yielding capacity of the water-table aquifer is less because
of the fine texture and umeven distribution of outwash materials.
Transmissivity of the water-table aquifer in most of the study area
ranges from 15,000 to 120,000 gpd per ft. In approximately 60 per-
cent of the area, the water-table aquifer should be capable of supply-
ing more than 300 gpm to a well for an assumed pumping period of
30 days if drawdown in the pumped well is two-thirds the saturated
thickness after correction for dewatering.

Recharge to the water-table aquifer is not uniform in all areas, as
evidenced by variations in the pattern of water-level fluctustions. In
1967, recharge to the surficial aquifer averaged 8 inches of water, or
40 percent of the total precipitation for that year.

Ground and surface water are closely interrelated in the Wadena
area. Induced changes in one will result in changes in the other. The
withdrawal of large quantities of ground water will decrease ground-
water discharge to streams. If it is desirable that some minimum base
flow be maintained in larger streams, the amount of ground-water
withdrawal near these streams may have to be regulated.

Water quality in the Wadena areas is generally good for irrigation
purposes. Large amounts of carbonate rock fragments in the glacial
drift result in very hard water and correspondingly high total dis-
solved solids. Because of the excellent drainage characteristics of soils
in the area, there is little danger of harmful salt accumulations in
the soil as a result of irrigation. Locally, nitrate concentrations, poten-
tially harmful to infants, occur in the ground water because of con-
tamination from barnyard or sewage effluent or owing to the in-
creased use of fertilizers in irrigated areas.

Calculations based on 1934-67 climatic records indicate that about
85 percent of the area’s average annual precipitation of 2€.4 inches
leaves the area by evapotranspiration. A reduction of evapotranspira-
tion losses would make more water available for beneficial use. This
could be accomplished by a controlled lowering of the water table by
ground-water withdrawal. At the same time, ground-water discharge
to streams would be diminished and additional water would be sal-
vaged for use in the area.

An electric analog model of the water-table aquifer in the Wadena
area was built to determine effects of different plans of development
on the ground-water system. Under present development and actual
pumping rates, ground-water withdrawal for irrigation has little dis-
cernible effect on the regional water table. When pumping is terminated
at the end of an irrigation season, water levels recover rapidly to near
the level they would have attained had there been no pumping. On
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all hypothetical development plans, pumping rates of 300, 600, or
900 gpm were applied, on the basis of existing hydrologic conditions.
Where development is concentrated, interference can be expected
between wells, resulting in an accentuated lowering of the water table.

Several hypothetical development plans were analyzed with the
analog model to estimate total cumulative pumpage for any selected
number of years and what part of that total is derived from each
component of the modeled hydrologic system.

A hypothetical maximum development plan was analyzed to deter-
mine the degree of development which the water-table aquifer in the
entire area of study might support. Analysis indicated that as much
as 23,000 acre-feet of water might be withdrawn during a single irriga-
tion season without seriously lowering water levels. However, it is
highly improbable that such a degree of development will ever be
reached; even if it is reached, total ground-water withdrawal for a
single pumping season would be only a third of the recharge to the
water-table aquifer, as determined for 1967. Such a rate of withdrawal
is impractical because continued pumping at that rate v-ould lower the
water table and decrease saturated thickness in some areas so that
required ylelds could no longer be attained.

ADDITIONAL DATA NEEDS

Although much was learned about water resources in the Wadena
area during this study, many questions remain unanswered. Some of
the answers can be obtained by more detailed local investigations,
whereas others are time-dependent, and only the type of data needed
can be indicated.

The purpose of this study was to provide a regional interpretation
of the hydrologic system and to show possible effects of development
on that system. The definition of local variations requires more detailed
investigations. Test drilling pointed out the difficulties of predicting
aquifer characteristics in glacial deposits. The need for test drilling
to evaluate each local situation is emphasized.

Field aquifer tests are needed to determine water-yielding char-
acteristics of the water-table aquifer in areas of fine-textured outwash.
Where the water-yielding potential of the water-table aquifer is not
adequate for irrigation supply, deeper drilling and testing is needed
to determine the extent and potential of artesian aquifers.

Additional water-level records are needed to determine variations
in water-level fluctuations during different climatic conditions and to
monitor water-level changes which might result as increasing stresses
are applied to the hydrologic system.
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Additional streamflow data are needed to determine seasonal dis-
charge variations and to establish a rating curve for the major streams
in the study area.

Locally, water is of such a quality that it might be inadequate for all
types of use. Periodic sampling is needed to check for possible
deterioration of water quality where concentrations of people or live-
stock occur and where large amounts of agricultural fertilizer are
used.

MINNESOTA WATER LAW

Since 1937, Minnesota has operated under the permit svstem for
regulating large water users, as required by Minnesota statutes, chap-
ter 105 (Nohre and Raup, 1961, p. 6). Permits are granted through
the Department of Conservation, Division of Waters, Sails and
Minerals. For agricultural use of water, a permit is required if more
than 5 acres are to be irrigated. An appropriation of half an acre-foot
of water per acre per year is allowed. If ground water is to be with-
drawn from a well, a permit may be granted for any land which might
be irrigated. If surface water is to be used, permits for irrigation are
granted only for those 40-acre tracts or Government lots which are
adjacent to the surface-water source. Annual pumping records are
submitted to the Division of Waters, Soils and Minerals. Although
rigid enforcement of the State’s water laws pertaining to irrigation
has not been necessary in the past, increased future demands may result
in more stringent controls.
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