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7,000 mg/L, the numerical value is the same as for concentrations in parts per million.

Multiply By To obtain

Length
inch (in.) 25.4 millimeter (mm)

foot (ft)  0.3048 meter (m)

mile (mi)  1.609 kilometer (km)

Area
acre 4,047 square meter (m2)

square foot (ft2)  0.09290 square meter (m2)

square mile (mi2)  2.590 square kilometer (km2)

Volume
gallon (gal)  0.003785 cubic meter (m3)

million gallons (Mgal)   3,785 cubic meter (m3)

billion gallons (bgal) 3,785,000 cubic meter (m3)

Flow rate
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)

cubic foot per second (ft3/s) 28.32 liter per second (L/s)

foot squared per day (ft2/d) 0.09290 meter squared per day (m2/d)

gallon per minute (gal/min)  0.06309 liter per second (L/s)

million gallons per year (Mgal/yr) 3,785 cubic meter per year (m3/yr)

billion gallons per year (bgal/yr) 3,785,000 cubic meter per year (m3/yr)
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Ground-Water Availability from Surficial Aquifers in the 
Red River of the North Basin, Minnesota

By Thomas H.C. Reppe

Abstract

Population growth and commercial and industrial develop-
ment in the Red River of the North Basin in Minnesota, North 
Dakota, and South Dakota have prompted the Bureau of Recla-
mation, U.S. Department of the Interior, to evaluate sources of 
water to sustain this growth.  Nine surficial-glacial (surficial) 
aquifers (Buffalo, Middle River, Two Rivers, Beach Ridges, 
Pelican River, Otter Tail, Wadena, Pineland Sands, and 
Bemidji-Bagley) within the Minnesota part of the basin were 
identified and evaluated for their ground-water resources.  
Information was compiled and summarized from published 
studies to evaluate the availability of ground water.  Published 
information reviewed for each of the aquifers included location 
and extent, physical characteristics, hydraulic properties, 
ground-water and surface-water interactions, estimates of water 
budgets (sources of recharge and discharge) and aquifer stor-
age, theoretical well yields and actual ground-water pumping 
data, recent (2003) ground-water use data, and baseline ground-
water-quality data.  

Water-budget estimates for the aquifers were compiled 
from steady-state aquifer simulations, precipitation data and 
hydrograph analysis, and recharge and discharge information.  
Major sources of recharge to the aquifers are areal recharge, 
flow from surface water, and flow across aquifer boundaries 
from adjacent geologic units.  Losses of water from the aquifers 
include evapotranspiration, flow to surface water, flow across 
aquifer boundaries, and withdrawals by pumping wells.  The 
Bemidji-Bagley, Otter Tail, Pineland Sands, and Wadena surfi-
cial aquifers have the highest rates of water inflow and outflow 
of the nine aquifers in the study area, and the Middle River surf-
icial aquifer has the lowest rates of total water inflow and out-
flow.

Maximum storage volumes of five of the surficial aquifers 
were calculated using areal extent and published saturated 
thickness and porosity data.  Storage estimates from published 
studies were included for three of the surficial aquifers.  

Maximum theoretical well yields for the aquifers generally 
occur in areas with more abundant, well-sorted, coarse-grained 
sediment.  In 2003, 28 billion gallons of ground water were 
withdrawn from the aquifers, not including water used for pri-
vate supply.  In 2003, the largest volume of ground water was 
withdrawn from the Otter Tail surficial aquifer, and the smallest 
volume was withdrawn from the the Middle River surficial 
aquifer.  Agricultural irrigation and public supply totaled 

95 percent of the volume of ground water withdrawn from the 
aquifers in 2003.  

Ground-water-quality data indicate that the Buffalo aqui-
fer contained the largest specific conductance and concentra-
tions of dissolved solids, calcium, magnesium, sodium, sulfate, 
and iron.  Ground water from the Bemidji-Bagley, Otter Tail, 
Pineland Sands, and Wadena surficial aquifers contained the 
largest concentrations of nitrate (as nitrogen).  In general, the 
nine aquifers are hydraulically connected to local surface water.  
Simulations of ground-water development for some of the aqui-
fers describe correlations between increased ground-water 
withdrawals and declining lake levels and streamflows, lower 
water-table altitudes, and variations in ground-water quality.  

On the basis of data and methods presented to evaluate 
ground-water availability, the Otter Tail and Pineland Sands 
surficial aquifers and Pelican River sand-plain aquifer have the 
greatest potential for additional development of ground-water 
resources in the study area.  

Introduction

Increases in population, commerce, and industry in the 
Red River of the North Basin (hereinafter, the basin) in Minne-
sota, North Dakota, and South Dakota (fig. 1) during recent 
decades has led the Bureau of Reclamation (Reclamation), U.S. 
Department of the Interior, to evaluate sources of water to sus-
tain the growth.  One source of water supply under consider-
ation by Reclamation is a diversion of surface water from the 
Missouri River Basin to the Fargo-Moorhead area through the 
Garrison Diversion-Sheyenne River project (U.S. Department 
of the Interior, Bureau of Reclamation, 2005).  Prior to the allo-
cation of resources to the Garrison Diversion project, an assess-
ment of water supplies, including ground-water resources, was 
needed to fully describe and develop the project. 

Water-supply alternatives in the area include additional 
surface-water and ground-water resources in and adjacent to the 
basin.  In North Dakota, much of the work needed to complete 
an evaluation of ground water from surficial aquifers has been 
completed by State and Federal agencies.  However, similar 
evaluations of surficial aquifers and ground-water resources in 
the Minnesota part of the basin have not been completed.  

The U.S. Geological Survey (USGS), in cooperation with 
the Minnesota Geological Survey (MGS) and Reclamation, 
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Figure 1.  Location of Red River of the North Basin, major physiographic areas, and beach ridge deposits.

compiled data from nine selected surficial-glacial (surficial) 
aquifers located throughout and (or) adjacent to the Minnesota 
part of the basin.  The selected aquifers are the Buffalo aquifer, 
Beach Ridge aquifers, Middle River surficial aquifer, Two 
Rivers surficial aquifer, Pelican River sand-plain aquifer, Otter 
Tail surficial aquifer, Wadena surficial aquifer, Pineland Sands 
surficial aquifer, and Bemidji-Bagley surficial aquifer.  The 
information was compiled to assess the availability of ground-
water resources in the Red River of the North Basin for the Red 
River Valley Water-Supply Project of Reclamation and the 
Garrison Diversion Conservancy District.

The relation between net ground-water recharge (and 
natural discharge) and aquifer storage, safe yield, and 

sustainability is important in evaluating and understanding the 
availability of ground water. Withdrawals of ground water from 
pumping wells change natural flow conditions in aquifers.  The 
source of water withdrawn from wells comes from a combina-
tion of increased ground-water recharge, increased inflow from 
other sources (such as rivers and streams), decreased natural 
discharge, or a reduction of ground-water storage.  Responses 
to pumping are temporary and occur as the aquifer readjusts to 
pumping stress and the changes in storage, recharge, and dis-
charge.  As an aquifer establishes equilibrium, changes in stor-
age diminish to zero (at a new, reduced level), and total ground-
water inflows balance outflows.  Thus, the long-term source of 
water to pumping wells comes from variations in the amount of 
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water entering or leaving the aquifer system.  The time required 
for an aquifer to establish a new equilibrium is a function of the 
characteristics of the aquifer and the placement and pumping 
rates of wells.

A common misperception is that ground-water pumping is 
"safe" when mean pumping rates do not exceed net mean 
recharge.  Also, natural net ground-water recharge is sometimes 
erroneously assumed to be equivalent to an aquifer's sustainable 
yield (Bredehoeft, 1997).  Sometimes, an additional misinter-
pretation is that pumping rates less than recharge rates will not 
cause water-level declines and decreases in ground-water stor-
age.  Any amount of ground-water pumping will affect the stor-
age and (or) recharge to and natural discharge from an aquifer 
to some extent.  The negative effects of pumping are the most 
important issues that need to be considered in defining safe 
yield and sustainability.  However, determining these effects 
and their relation to safe ground-water yield and sustainability 
were beyond the scope of this study.  

Ground-water sustainability is a policy issue as well as a 
technical subject.  Many factors, including hydrogeologic, 
hydraulic, environmental, economic, and social issues, need to 
be balanced when determining ground-water sustainability.  
The Minnesota Department of Natural Resources (MDNR) con-
siders sustainable use of ground water as the use of water that 
provides for the current and future needs of society without 
unacceptable social, economic, or environmental consequences 
(Minnesota Department of Natural Resources, 2005). 

Estimates of ground-water recharge, discharge, and aqui-
fer storage cannot be used alone to determine the amount of 
ground water that can be withdrawn on a sustained basis.  The 
amount of water available for use depends on how the changes 
in flow resulting from pumping affect the aquifer and the sur-
rounding environment, as well as the acceptable tradeoffs 
between ground-water use and these changes (Alley and others, 
1999; Alley and Leake, 2004). 

Purpose and Scope

This report describes some of the hydrologic characteris-
tics of the surficial aquifers in the Minnesota part of the Red 
River of the North Basin by using data compiled in a consistent 
manner from readily available, published information. Compi-
lation of these data was needed as a first step in evaluating the 
sustainable use of ground water from the aquifers located in the 
study area. The report summarizes and describes existing infor-
mation published between 1960 and 2002 about: (1) the physi-
cal and hydrogeologic characteristics of nine selected surficial 
aquifers including location, areal extent and thickness, hydrau-
lic properties, ground-water flow direction, and ground-water 
surface-water interactions; (2) the availability of ground water 

in the surficial aquifers and existing information about the 
effects of pumping on water levels; and (3) baseline water qual-
ity of samples collected from the aquifers. 

Methods of Study

The availability of ground water in the surficial aquifers in 
the Minnesota part of the basin was evaluated by compiling and 
summarizing the physical characteristics, hydraulic properties, 
estimates of water budgets and aquifer storage, theoretical well 
yields and ground-water pumping data, ground-water use esti-
mates and types, and ground-water-quality data.  Aquifer 
characteristics and properties included estimates of horizontal 
and vertical extent, saturated thickness, transmissivity, hydrau-
lic conductivity, storativity, porosity, specific yield, and theo-
retical well yields (table 1).  The data were compiled from stud-
ies previously published by MDNR, USGS, and other sources.  

Throughout this report, the nine selected surficial aquifers 
of the Red River of the North Basin are presented and discussed 
in order from those nearest the Red River (west), to the aquifers 
located farthest from the river (east) (figs. 1 and 2).  The pur-
pose of presenting the aquifers in the selected order is three-
fold: (1) the surficial aquifers are generally located distinctly 
within one of the three physiographic areas of the basin (Red 
River Valley Lake Plain, Lake-Washed Till Plain, and Moraine) 
(fig. 1), (2) the availability of ground water from each aquifer 
also is presented and evaluated with respect to distance from the 
major areas of increasing water-supply need (the Fargo-Moor-
head and Grand Forks areas), and (3) trends in ground-water-
quality data demonstrate that concentrations of selected constit-
uents are substantially different in water samples collected from 
surficial aquifers located nearest the Red River (westernmost 
aquifers) than those located on the eastern side of the basin.  

Although the study areas and aquifer extents defined by 
previous studies were similar, they were not always identical or 
contiguous.  As a result, in some cases, the compiled maps 
showing aquifer extent, water-table surface, and saturated 
thickness overlap and (or) contain areas of missing data.  
Although the compilation of data from numerous studies pro-
duced discrepancies in the maps, the most recent and compre-
hensive information is presented as published without 
modifications and (or) interpretations.  For example, some of 
the aquifers' water-table contours contain gaps and overlaps 
produced by compiling two or more sets of contour lines.  

The values of maximum and mean slopes of the water 
tables in the selected aquifers were estimated by measuring the 
vertical difference between two water-table contour lines along 
a ground-water flow path (in feet) and dividing by the total 
length of the flow path line (in miles).  Maximum water-table 
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1Estimated from the aquifer’s extent, saturated thickness, and porosity (except where noted). 2Estimated by Wolf (1981).
3Estimated by Maclay and others (1965). 4Prorated using data determined by Schiner (1963).

Table 1.  Aquifer characteristics of surficial aquifers in Red River of the North Basin, Minnesota.

[mi2, square miles; ft, feet; ft2/d, square feet per day; ft/d, feet per day; gal/min, gallons per minute; bgal, billions of gallons; max, maximum; min, minimum; >, greater than; --, data not available/not applicable]

Aquifer name
(reference)

Areal 
extent 
(mi2)

Aquifer 
thick-

ness (ft) 
max

Saturated 
thickness (ft)

Transmissivity (ft2/d)
Hydraulic 

conductivity (ft/d)

Stora-
tivity 

(dimen-
sionless)

Porosity 
(dimen-

sionless)

Specific 
yield 

(dimen-
sionless)

Theoretical well yield 
(gal/min) Maxi-

mum 
volume of 

water 
capable 
of being 
stored1 
(bgal)

Per-
centage 
of total 
maxi-
mum 

volume 
stored in 

eight 
surficial 
aquifers

max mean max min mean max min max min mean

Buffalo aquifer  
(Wolf, 1981; Schoenberg, 1998)

66 220    200 90   70,000     2,500 -- 500       20 3E-05–
3.2E-02

0.30 0.20 10,000 200  --  2270                                         9.4

Beach Ridge aquifers
(Stoner and others, 1993)

-- >150  >150 --     2,400 -- -- -- -- .17  -- -- 500 10  --   --  -- 

Middle River surficial aquifer
(Maclay and others, 1965)

22 60      -- --     1,069      134      267 -- -- .10  -- -- 50 5  --   34.6  .2

Two Rivers surficial aquifer
(Maclay and others, 1965, 1967)

146 280  >150 --   13,370      670 -- -- -- 0.1–0.2  -- --  >1,000 50  --   4400 13.9

Pelican River sand-plain aqufier
(Anderson, 1980; Miller, 1982)

195 140  >100 60   12,500      100 5,000 210     130 --  .20 0.17–0.29 1,200 40 600 300 10.4

Otter Tail surficial aquifer
(Winter and others, 1969; Reeder, 1972)

510 100 >100 50 26,800 6,700 14,500 410 86 0.1–0.2 -- .12 1,500 200 -- 500 17.4

Wadena surficial aquifer
(Lindholm, 1970; Lindgren, 2002)

397 70 70 36 16,080 2,010 -- 321 193 0.11–0.18 -- .25 >900 <100 300 150 5.2

Pineland Sands surficial aquifer
(Helgesen, 1977; Stark and others, 1994)

996 135 130 40 36,800 8,700 -- 630 320 0.18–0.25 -- .20 4,000 <100 500 1,000 34.8

Bemidji-Bagley surficial aquifer
(Stark and others, 1991)

630 <100 >80 -- 8,900 70 -- 750 250 .20 -- .20 300 10 -- 250 8.7

Maximum -- -- 200 90 70,000 8,700 14,500 250 320 .20 .30 .25 10,000 200 600 1,000 --
Minimum -- -- 70 36 1,069 70 267 210 20 .10 .20 .12 50 5 300 4.6 --
Mean -- -- 133 55 20,880 2,611 6,589 470 167 .16 .25 .19 2,507 74 467 359 --
Median -- -- 130 50 13,370 1,340 5,000 455 162 .17 .25 .20 1,200 40 500 285 --
Total -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 2,875 --
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slopes were estimated to provide an approximation of the steep-
est part of the water table, and mean slopes were measured to 
represent the general conditions of the water table during that 
measurement period.  Mean slopes were determined by measur-
ing the water-table slope in numerous places of the aquifer, 
including steep and gentle sloping areas.  The number of mea-
surements used to estimate mean slopes varied according to the 
size (aquifer extent) and characteristics (gradient and direction) 
of the water table, and in general ranged from 6 to 10 measure-
ments per aquifer.  The estimated maximum and mean water-
table slopes are provided for relative comparison of the surficial 
aquifers in the study area.  Because the maximum and mean 
slopes were estimated from water-table contours, the slopes 
represent the interpreted conditions of the aquifer at the time of 
measurement and, in many cases, represent regional water-table 
altitudes.

Saturated thickness data were compiled using published 
saturated thickness maps and data when available.  Because the 
extent of saturated thickness data for some of the aquifers was 
not as large as the aquifers' extent, large parts of the aquifers do 
not have saturated thickness data.  However, those parts of the 
aquifers are not necessarily unsaturated and may indicate only 
that data were not available.  Exceptions are parts of the 
Bemidji-Bagley and Otter Tail surficial aquifers, which are 
known to be unsaturated and noted as such on the accompany-
ing maps.  

The volume of water in storage in each surficial aquifer 
was either compiled from specific aquifer studies (Buffalo aqui-
fer and Middle River surficial aquifer), prorated for the most 
recently mapped aquifer extent on the basis of a published stor-
age value calculated for a smaller subpart of the aquifer (Two 
Rivers surficial aquifer), or estimated from available aquifer 
areas, saturated thickness contour maps, and porosity data (Pel-
ican River sand-plain aquifer, and the Otter Tail, Wadena, 
Pinelands Sands, and Bemidji-Bagley surficial aquifers).  

The volume of water capable of being stored in the Two 
Rivers surficial aquifer was estimated from hydrologic proper-
ties determined by Schiner (1963) for a 24-mi2 study area 
located in the Halma-Lake Bronson area of the aquifer.  Assum-
ing a mean storage coefficient of 0.10 and a mean saturated 
thickness of 130 ft, Schiner (1963) estimated that approxi-
mately 65 bgal of ground water could be stored within that part 
of the aquifer.  Using the mean storage coefficient and saturated 
thickness data from Schiner (1963) and the most recently deter-
mined area of the aquifer (146 mi2), the storage of the Two Riv-
ers surficial aquifer was estimated.  Although determining the 
storage of the aquifer using this method assumed that the mean 
storage coefficient and saturated thickness data were represen-
tative of the entire aquifer, it provided an estimate of ground-
water storage on the basis of available hydrologic data.  

Storage of some of the surficial aquifers was estimated 
from aquifer area, saturated thickness, and porosity data by 
(1) calculating saturated thickness areas (defined by contour 
lines) using geographic information system (GIS) methods; 
(2) assigning the median saturated thickness (for the interval 
defined by the contour lines) to each of the saturated thickness 

areas; (3) multiplying the calculated area from step 1 by the 
median saturated thickness from step 2, to determine a saturated 
volume for that area; (4) multiplying the saturated volumes 
from step 3 by either a known porosity, or an assumed value of 
0.20 when porosity was unknown; and (5) summing all poros-
ity-adjusted saturated volumes within the surficial aquifer.  
Aquifer storage volumes estimated using this method only rep-
resent that part of the surficial aquifer for which saturated thick-
ness data were available.  As a result, aquifers with an areal 
extent larger than the extent of the available saturated thickness 
data may contain greater estimates of stored ground water than 
those presented.  

The method of approximating aquifer storage using aqui-
fer area, saturated thickness, and porosity data is based on sev-
eral assumptions.  Some of the assumptions include homoge-
neous lithology (texture, sorting, and porosity) of the aquifer; 
median saturated thickness in the contour interval-derived areas 
(and a normal distribution of saturated thickness across each 
area); saturated thicknesses have not changed since the data 
were published; volumes represent storage in the part of the 
aquifer where saturated thickness data were available and do 
not include water potentially stored in areas where saturated 
thickness data were not available; and estimated volumes do not 
represent actual, available volumes of ground water that can be 
pumped from the surficial aquifers.  Studies in North Dakota 
suggest that from 1 to 8 percent of stored ground water can be 
made available for pumping without substantial adverse effects 
to streamflow or lake levels (D. Ripley, North Dakota State 
Water Commission, written commun., 2005).  Each of the surf-
icial aquifers discussed in this report is unique, and the actual 
volume of ground water that can be pumped without adverse 
effects is likely to be a small percentage of the aquifer volumes 
estimated in this study. 

Water-budget estimates for each of the surficial aquifers 
were compiled from data presented in individual studies.  Three 
methods were utilized to estimate the water budgets and (or) the 
specific components, including (1) results from published, 
steady-state aquifer simulations; (2) published water-budget 
estimates that were based on precipitation data, hydrograph 
analysis, and infiltration capacities of soils; and (3) published 
recharge and discharge components.  Generally, there are more 
data available regarding the sources of water inflow to the surf-
icial aquifers than outflow (discharge) of water from the aqui-
fers because inflow (recharge) is more easily measured or esti-
mated.  For most of the aquifer studies reviewed and 
summarized, only some of the water-budget components were 
known with precision.

In compiling and summarizing the water budgets for the 
aquifers, the major sources of water, determined on the basis of 
published methods, included (1) infiltration of precipitation to 
the water table (areal recharge); (2) flow from surface water 
(rivers, streams, lakes, and wetlands); and (3) flow from other 
geologic units across aquifer boundaries, including adjacent 
and confined aquifers, and confining units.  

Major losses of water from the surficial aquifers typically 
occur through (1) evapotranspiration directly from the water 
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table; (2) outflow to surface water; (3) flow across aquifer and 
confined boundaries; and (4) withdrawal of ground water by 
pumping wells.  In general, the rate of ground-water evapo-
transpiration is greatest in those parts of the surficial aquifers 
where the water table is near land surface.  Ground-water flow 
from, or to, the surficial aquifers to (from) surface water is 
dependent on (1) the thickness of the sediments in the surface-
water bed; (2) the hydraulic conductivity of the material; and 
(3) the hydraulic-head difference between the potentiometric 
surface of the aquifer and the elevation of the surface water.  

For the purposes of comparison, the water-budget data 
were converted to millions of gallons per year (Mgal/yr).  As a 
result, estimates of mean net areal recharge from hydrograph 
analysis and infiltration capacity of soils may differ from values 
reported in previously published studies.  Many of the water-
budget components for the aquifers were not previously deter-
mined or available.  Additional information regarding sources 
of recharge to and discharge from the surficial aquifers may 
exist that are not presented in this report.  

The theoretical well yields reported for the surficial aqui-
fers are intended to represent general conditions and relative 
differences in the water-yielding capabilities of the aquifers, 
and are limited by various assumptions inherent to the methods 
of estimation.  In general, maximum well yields of the aquifers, 
summarized from published studies, were determined by quan-
titative analysis of hydraulic properties using the Theis (1935) 
equation (Helgesen, 1977; Miller, 1982; Reeder, 1972; Wolf, 
1981).  Theoretical well yields in the Bemidji-Bagley and Otter 
Tail surficial aquifers were calculated by multiplying the spe-
cific capacity (pumping rate divided by drawdown) by the 
available drawdown (Stark and others, 1991; Reeder, 1972).  
Well yields for individual wells in the Pineland Sands surficial 
aquifer and Pelican River sand-plain aquifer were obtained by 
plotting saturated thickness (in feet) in relation to transmissivity 
(in feet squared per day) (Helgesen, 1977; Miller, 1982).  Tran-
missivity values were estimated using specific capacity data, 
obtained by pumping a well at a known constant rate and mea-
suring ground-water levels in the well after a period of time 
(Miller, 1982).  

Some of the assumptions in estimating theoretical well 
yields reported by Reeder (1972), Helgesen (1977), Wolf 
(1981), Miller (1982), and Stark and others (1991) included 
(1) that the aquifers were homogeneous, isotropic, and infinite 
in areal extent; (2) wells were screened through the entire thick-
ness of the aquifers, were 100-percent efficient, and had a spec-
ified (study-dependent) diameter; (3) the effects of other pump-
ing wells and hydrologic boundaries were negligible; (4) the 
storage coefficient was equal to 0.20; and (5) ground-water 
pumping was continuous for 30 days, with drawdown limited to 
two-thirds the initial saturated thickness of the aquifer (Reeder, 
1972; Helgesen, 1977; Wolf, 1981; Miller, 1982) or until 
steady-state conditions occurred (Stark and others, 1991).  

The water-quality data in this report represent a brief sum-
mary of the general quality of ground water within each aquifer 
and serve as a means of comparison to the other aquifers.  The 
inclusion of all water-quality data collected within the basin is 
beyond the scope of this study.  Data sets collected from the 

same aquifer were distinguished by citing the individual studies 
in which they were published.  More detailed discussions and 
presentations of water-quality data from the aquifers and the 
basin can be reviewed in the published studies cited in 
this report.  

Description of Study Area

The Red River of the North Basin, located in eastern North 
Dakota, northeastern South Dakota, northwestern Minnesota, 
and southern Manitoba, Canada (figs. 1 and 2), is covered by 
sediment that was formed by glacial erosion and deposition and 
ranges in thickness from 150 to 300 ft (Minnesota Geological 
Survey, 1995; Minnesota Department of Natural Resources, 
2000).  Three distinct physiographic areas are recognized in the 
Minnesota part of the basin:  (1) Red River Valley Lake Plain, 
(2) Lake-Washed Till Plain, and (3) Moraine (fig. 1).  A fourth 
physiographic area, the Drift Prairie, is located predominantly 
in North Dakota, with smaller parts in Manitoba, South Dakota, 
and Minnesota (fig. 1) (Stoner and others, 1993; Lorenz and 
Stoner, 1996).  However, because surficial aquifers were not 
identified in the Minnesota part of the Drift Prairie, further dis-
cussion of the area has not been included. 

Clay-rich sediment was deposited by Glacial Lake Agassiz 
in the Red River Valley Lake Plain along the axis of the present 
Red River of the North and in the Lake-Washed Till Plain 
(fig. 1).  The Red River Valley Lake Plain is relatively flat, 
sloping approximately 1 ft/mi along the axis of the river and 
approximately 5 ft/mi perpendicular to the river.  The Lake-
Washed Till Plain is characterized by extensive wetlands and a 
relatively flat surface with few small ridges (Lorenz and Stoner, 
1996).  Glacial Lake Agassiz sediment in the Red River Valley 
Lake Plain and the Lake-Washed Till Plain includes (1) ancient 
and modern river overbank and flood-plain deposits of sand, 
silt, and clay; (2) offshore lake deposits of thin, flat-bedded clay 
and silt; (3) nearshore lake deposits of flat- to cross-bedded 
sand, silt, and clay; (4) thin lake sediment of flat- to cross-
bedded sand, silt, and clay deposited in shallow water over sand 
and gravel, and offshore bars and beaches; and (5) lake wave-
eroded glacial deposits of gravel, pebbly sand, silt, and clay 
deposited along the shoreline and on eroded till surfaces (Min-
nesota Geological Survey, 1995).

The land surface of the east-central and southeastern parts 
of the Red River Valley Lake Plain rises into the upland hills of 
the Moraine (fig. 1).  The Moraine was formed by multiple gla-
cial advances and recessions across the area (Lorenz and Stoner, 
1996) and consists of unsorted and unstratified mixtures of clay, 
silt, sand, gravel, and boulders, commonly referred to as till 
(Minnesota Geological Survey, 1995).  The till varies from low-
relief, flat-lying layers, to high-relief surfaces with undulations 
and hummocks (Minnesota Geological Survey, 1995) and is 
characterized by numerous lakes and wetlands (Lorenz and 
Stoner, 1996).  

Along the western and eastern boundaries of the Red River 
Valley Lake Plain and within the Lake-Washed Till Plain, 
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elongated deposits of sand and gravel were laid down by gla-
cial-drift filling of bedrock valleys, streams adjacent to glacial 
ice, and (or) as beach ridges formed by waves of Glacial Lake 
Agassiz (Lorenz and Stoner, 1996).  The beach ridges (Beach 
Ridge aquifers when saturated and water bearing) (figs. 1 and 2) 
consist of shoreline and offshore deposits of sand, silt, and 
gravel, and are characterized by planar and cross-beds 
(Minnesota Geological Survey, 1995).  

The aquifers discussed in this report comprise the principal 
surficial aquifers in and adjacent to the Minnesota part of the 
basin.  Excluding the Beach Ridge aquifers, the eight surficial 
aquifers are associated with late Wisconsin-age glaciation and 
were likely deposited by meltwater located beneath, along, and 
in front of glaciers that were active across the region.  Gener-
ally, the aquifers are isolated deposits of sorted and stratified 
sand and gravel located at the land surface or partially buried by 
overlying Glacial Lake Agassiz sediment or glacial till (fig. 2).  
The surficial aquifers are found as narrow, linear alluvium, ter-
race and tunnel valley deposits, thin, broad outwash plains, del-
tas, and beaches (Minnesota Department of Natural 
Resources, 2000).  

Aquifer Extent and Hydrogeologic 
Characteristics

The nine selected surficial aquifers (fig. 2) have been 
mapped and evaluated in previous reports.  Excluding the Beach 
Ridge aquifers, the surficial aquifers range in size from 22 mi2 
(Middle River surficial aquifer) to 996 mi2 (Pineland Sands 
surficial aquifer).  The maximum saturated thickness of the nine 
surficial aquifers ranges from 70 ft (Wadena surficial aquifer) 
to 200 ft (Buffalo aquifer) (table 1).  Although this study 
focused on the ground-water resources of these nine aquifers, 
additional minor surficial aquifers may exist and could provide 
additional sources of ground water.  The ground-water 
resources within other minor surficial aquifers are considered to 
be negligible compared to the nine aquifers summarized in this 
study.  A detailed summary of each of the nine selected surficial 
aquifers, in order from nearest the Red River (west) to farthest 
from the river (east), follows.

Buffalo Aquifer

The Buffalo aquifer is a narrow, elongate sand and gravel 
deposit located in the Red River Valley Lake Plain area (fig. 2).  
The aquifer is 1 to 2 mi wide in the northern part of Clay 
County, extends southward about 36 mi, and is as wide as 9 mi 
in northern Wilkin County (fig. 3).  The Buffalo aquifer is 
66 mi2 in area (table 1).  

The Buffalo aquifer is a complex, heterogeneous channel-
fill deposit of fine- to coarse-grained sand, cobbly gravel, silt, 
and clay, incised into the bed of Glacial Lake Agassiz and 
underlying glacial sediment.  The aquifer likely was deposited 

in a tunnel valley by discharged meltwater beneath the terminus 
of a glacier (Minnesota Department of Natural Resources, 
2000).  

In the northern part, the aquifer is diamond-shaped in cross 
section, with a narrow, deep trough oriented along a north-south 
trending axis (Wolf, 1981).  In the southern part of the aquifer, 
the tunnel valley likely discharged water and sediment into an 
ice-marginal lake, forming the large, flat-lying part of the aqui-
fer located in northern Wilkin County (fig. 3) (Minnesota 
Department of Natural Resources, 2000).  Across the broad 
southern part of the aquifer, where grain size increases with 
depth from fine- to coarse-grained sand, the aquifer is only 10 ft 
thick and pinches out to the south (Wolf, 1981).  In addition to 
lateral meandering, the aquifer undulates vertically, suggesting 
that numerous, large-scale discharges of water occurred in the 
tunnel valley (Minnesota Department of Natural Resources, 
2000).  

Grain size is increasingly finer east and west of the aqui-
fer's north-south axis, grading from silty fine- to medium-
grained sand near the axis, to very fine-grained sand, silt, and 
clay at the eastern and western edges.  The northern part of the 
aquifer consists of three distinct vertical horizons:  (1) an upper 
layer of silty fine- to coarse-grained sand, interlayered with 
sandy clay; (2) a middle layer of sand and clay; and (3) a lower 
layer of cobbly gravel with medium- to coarse-grained sand 
(Schoenberg, 1998).  

The Buffalo aquifer has unconfined and confined areas 
(Wolf, 1981).  Although the aquifer is overlain by a confining 
layer of Glacial Lake Agassiz sediment, 25 mi2 of the aquifer 
are unconfined along its north-south axis.  In other areas, the 
overlying glacial sediment confines the aquifer completely 
(Schoenberg, 1998).  The entire aquifer is underlain by a con-
fining unit of till, which is underlain by Cretaceous sedimentary 
rocks or Precambrian crystalline bedrock (Wolf, 1981; Schoen-
berg, 1998).  

The water table of the Buffalo aquifer is 5 to 15 ft below 
land surface along its north-south trending axis and 30 to 40 ft 
below land surface in the southwestern part of the aquifer 
(Schoenberg, 1998).  Aquifer and saturated thicknesses of the 
Buffalo aquifer are summarized in table 1.  

Ground-water flow in the Buffalo aquifer is to the west, 
possibly indicating that recharge from glacial till occurs along 
the aquifer's eastern margin and discharges along the western 
edge into the adjacent till (fig. 3).  In parts of Wilkin County 
(fig. 3) ground-water flow in the aquifer is to the northwest and 
southwest.  The water table in the aquifer has a maximum slope 
of approximately 5 ft/mi and a mean slope of approximately 
1 ft/mi (Wolf, 1981).  Characteristics of the aquifer are summa-
rized in table 1.  

Beach Ridge Aquifers

Discontinuous beach ridge deposits of very fine- to 
medium-grained sand, with lenses of fine- to medium-grained 
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gravel (referred to as Beach Ridge aquifers, when saturated and 
water bearing) are located throughout the Red River of the 
North Basin along the former shores of Glacial Lake Agassiz 
(figs. 1 and 2).  The horizontal and vertical extents of the aqui-
fers are highly variable.  The deposits are poorly to well sorted 
(Stoner and others, 1993).  

The Beach Ridge aquifers range in length from one to tens 
of miles and range from a few hundred feet in width for a single 
ridge to several miles wide where numerous ridges coalesce 
(Stoner and others, 1993).  The depth to ground water in the 
aquifers may be as shallow as 2 to 3 ft below land surface and 
is highly variable as a result of local topography (T.K. Cow-
dery, U.S. Geological Survey, oral commun., 2004).  Character-
istics of the Beach Ridge aquifers are summarized in table 1.

Middle River Surficial Aquifer

The Middle River surficial aquifer is approximately 22 mi2 
in area and is located in Marshall County (fig. 2).  The aquifer 
is an alluvial and lake bar deposit located along the Middle 
River and extending 5 mi north-northwest of Argyle (fig. 4) and 
10 mi southeast and east of Argyle, Minnesota (Maclay and 
others, 1965).  

The Middle River surficial aquifer consists primarily of 
sand and silt, with lenses of gravel.  The eastern part of the aqui-
fer is predominantly fine-grained sand and silt, with substantial 
amounts of clay.  The central part of the aquifer, southeast of 
Argyle, Minnesota, consists of fine-grained sand and lenses of 
coarse-grained sand, gravel, and silt.  The northwestern part of 
the aquifer is predominantly fine- to medium-grained sand, silt, 
and clay (Maclay and others, 1965).  Ground-water flow in the 
aquifer is generally to the west (fig. 4) (Maclay and others, 
1965).  The water table is 5 to 10 ft below land surface, and the 
aquifer is primarily unconfined except in the northwest where it 
is commonly covered with thin deposits of clay.  The water 
table in the aquifer has a maximum slope of approximately 
20 ft/mi and a mean slope of 7 ft/mi (Maclay and others, 1965).  
Characteristics of the aquifer are summarized in table 1.

Two Rivers Surficial Aquifer

The Two Rivers surficial aquifer is 146 mi2 in area (table 
1) and located in Kittson and Marshall Counties (figs. 2 and 5).  
The outwash aquifer trends north-northwest and extends as a 4- 
to 5-mi-wide belt from northern Marshall County to the  
Minnesota-Manitoba, Canada border (fig. 5) (Maclay and 
others, 1967). 

The northern part of the aquifer consists of lenticularly 
bedded deposits of sand, gravel, silt, and clay (Maclay and oth-
ers, 1967).  Sand and medium-grained gravel are most abundant 
in the middle of this river channel deposit in the central part near 
Lake Bronson and Halma, Minnesota (fig. 5) (Schiner, 1963).  
The coarser grained sand and gravel parts of the aquifer also 
include beds of cobbles and boulders that occur in the thicker 
sections of the deposit (Maclay and others, 1965).  Along the 
margins of the aquifer, the channel deposit predominantly 

consists of thin layers of silt and clay.  The aquifer is uncon-
fined, excluding the western margin where it is confined by 
heterogeneous glacial till consisting mainly of sandy clay 
(Maclay and others, 1967).  

The water table in the aquifer is generally less than 5 ft 
below land surface, and the aquifer is entirely saturated in topo-
graphically low-lying areas.  Ground-water flow is to the west-
southwest (fig. 5) (Maclay and others, 1967).  Ground-water 
residence times within the aquifer are short due to the proximity 
of the water table to sources of recharge and ground-water 
movement within the upper parts of the aquifer to local streams, 
lakes, and wetlands (Maclay and others, 1967).  The maximum 
and mean slopes of the water table are approximately 15 and 
8.8 ft/mi, respectively (Maclay and others, 1965, 1967).  Char-
acteristics of the aquifer, including thickness and saturated 
thickness, are summarized in table 1.

Pelican River Sand-Plain Aquifer

The Pelican River sand-plain aquifer is 195 mi2 in area and 
is located in parts of Becker, Clay, and Otter Tail Counties 
(figs. 2 and 6).  The aquifer is elongate in shape and generally 
is oriented north-south and extends from approximately 8 mi 
north of Detroit Lakes, Minnesota, to the south to Long Lake 
approximately 10 mi south of Pelican Rapids, Minnesota 
(fig. 6) (Miller, 1982; Minnesota Department of Natural 
Resources, 2000, 2002).  

The lithology of the aquifer ranges from fine- to coarse-
grained sand.  The aquifer is bounded laterally by relatively het-
erogeneous glacial till, with low permeability and consists of 
clay, silt, sand, and gravel underlain by a gray, silty till (Miller, 
1982).  The northwestern part of the aquifer is covered by till 
deposits, and the southern part pinches out at the surface.  
Gravel pits located south of the aquifer may indicate that buried 
remnants are continuous to the south and southwest (Anderson, 
1980).  Aquifer and saturated thicknesses are summarized in 
table 1.  

Ground-water flow in the northern part of the Pelican 
River sand-plain aquifer is to the south-southeast toward the 
Pelican River, Detroit and Pelican Lakes, and Lakes Melissa 
and Sallie, and to the west and southwest in the southern part of 
the aquifer and along the eastern boundary (fig. 6).  The water 
table has a maximum slope of approximately 25 ft/mi and a 
mean slope of 13 ft/mi (Minnesota Department of Natural 
Resources, 2000, 2002).  Characteristics of the aquifer are sum-
marized in table 1.

Otter Tail Surficial Aquifer

Although the extent of the Otter Tail surficial aquifer was 
initially estimated to be approximately 350 mi2 (Reeder, 1972), 
recent studies indicate that the aquifer covers 510 mi2 in Becker 
and Otter Tail Counties (fig. 2, table 1) (Minnesota Department 
of Natural Resources, 2002).  The aquifer extends across the 
central part of Otter Tail County, into southern Becker County,
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where it abuts the Pelican River sand-plain aquifer to the north-
west (figs. 2 and 7) (Minnesota Department of Natural 
Resources, 2002).  

The Otter Tail surficial aquifer consists of ice-contact and 
outwash deposits, primarily well-sorted sand with varying gra-
dations of fine- to coarse-grained sand and gravel and lenses of 
clay (Reeder, 1972; Anderson, 1980).  Although bedrock is 
200 ft below land surface near Perham, Minnesota, and Big 
Pine Lake (fig. 7) (Reeder, 1972), north and northwest of Little 
Pine Lake (fig. 7) bedrock is more than 400 ft below land sur-
face (Winter and others, 1969).  The aquifer is predominantly 
unconfined although some parts may be confined locally by 
clay lenses (Anderson, 1980).  The depth to the aquifer's water 
table ranges from 0 to 70 ft below land surface depending on 
local topography (Reeder, 1972).  The aquifer has a saturated 
thickness of at least 20 ft across 95 mi2 and varies up to 5 ft with 
fluctuations in the water table.  Aquifer and saturated thick-
nesses are summarized in table 1.  

Ground-water flow in the aquifer is towards the Otter Tail 
River (fig. 7) (and the lakes along the river) and south and west 
along the axis of the river.  In the southern one-third of the aqui-
fer, ground water flows north-northwest toward the Otter Tail 
and Leaf Rivers (fig. 7) (Reeder, 1972).  The water table has a 
maximum slope of approximately 25 ft/mi and a mean slope of 
9 ft/mi (Minnesota Department of Natural Resources, 2000, 
2002).  Aquifer characteristics are summarized in table 1.

Wadena Surficial Aquifer

The Wadena surficial aquifer, located in Douglas, Otter 
Tail, Todd, and Wadena Counties, is the fourth-largest surficial 
aquifer (397 mi2) within the study area (table 1).  Although the 
aquifer is contiguous with and part of the larger more extensive 
north-south trending Pineland Sands surficial aquifer (figs. 2, 8, 
and 9) (Lindholm, 1970), the two aquifers are considered and 
discussed separately in this report.  

The Wadena surficial aquifer consists of well-sorted, gla-
ciofluvial, outwash sand with minor amounts of gravel and clay.  
The median grain size of the aquifer is medium- to coarse-
grained sand.  Calcareous, sandy till underlies the aquifer, and 
most of the Wadena area also is underlain by at least one con-
fined aquifer consisting of lenses of sand and gravel within and 
beneath the till (Lindholm, 1970; Lindgren, 2002).  

Although regional textural variations have been mapped in 
the Wadena surficial aquifer, lateral and vertical variations also 
are common across relatively short distances (Lindholm, 1970).  
Coarse-grained sediment generally occurs within former drain-
ages and is most common in the western and southern parts of 
the aquifer.  The coarse fraction is predominantly carbonate 
rock fragments, with minor amounts of quartz and various igne-
ous rocks.  Fine- to medium-grained sand is found predomi-
nately in the eastern and southeastern parts of the aquifer 
between the Partridge River and the Leaf River, and southeast 
of the Partridge River, respectively (fig. 8) (Lindholm, 1970).  

Depth to bedrock varies across the extent of the aquifer.  
Granite is less than 100 ft from land surface in the southeast part 
of the aquifer.  However, greater than 250 ft of glacial till are 
reported in the western part (Lindholm, 1970).  The Wadena 
surficial aquifer is thickest in topographically low areas and 
thinnest across the tops of buried drumlins (Lindholm, 1970).  
Aquifer and saturated thicknesses are summarized in table 1.  

Depth to ground water in the aquifer is dependent on sea-
sonal variations in recharge and discharge (Lindgren, 2002) and 
varies from 0 to 25 ft (Lindholm, 1970).  In upland areas the 
water table generally is 10 to 20 ft below land surface and 
between 0 and 10 ft in low-lying areas.  Regional ground-water 
flow is north-northeast toward the Leaf and Crow Wing Rivers.  
North of the Leaf River, ground water flows toward the river.  
Local ground-water flow is toward local depressions and major 
rivers, streams, and tributaries (fig. 8).  The mean gradient of 
the aquifer's water table is 8 ft/mi, with a maximum gradient of 
approximately 25 ft/mi (Lindholm, 1970).  Characteristics of 
the aquifer are summarized in table 1.

Pineland Sands Surficial Aquifer

The Pineland Sands surficial aquifer is the largest surficial 
aquifer located in the study area and covers 996 mi2 in Becker, 
Cass, Hubbard, Todd, and Wadena Counties (figs. 2 and 9).  
The aquifer likely was deposited by meltwater during three sep-
arate periods of glacial recession and is surrounded by surface 
deposits of glacial till (Wright, 1962; Helgesen, 1977).  Poorly 
sorted, clay-rich till also underlies most of the surficial outwash 
aquifer and forms isolated surface deposits throughout the 
southern part of the aquifer and in southwestern Hubbard 
County (Helgesen, 1977).  The aquifer consists of very fine-
grained sand to fine gravel and generally increases in grain size 
from south to north.  Along the northwestern part of the aquifer, 
cobbles and boulders are common (Helgesen, 1977).  

In the Straight River Basin area (fig. 9), the aquifer con-
sists of transmissive, coarse-grained sand and gravel deposits in 
the north and fine-grained sand and gravel in the south (Stark 
and others, 1994).  The aquifer is underlain by till, which con-
sists of unsorted clay, silt, sand, gravel, and boulders, and trans-
mits only minor amounts of water (Stark and others, 1994).  In 
the Straight River Basin area, the aquifer is unconfined except 
in locations where thin deposits of clay, silt, and (or) peat form 
local confining layers (Stark and others, 1994).  

The Pineland Sands surficial aquifer is thickest in the 
northern one-half of the aquifer and thins towards the outer 
boundaries.  Isolated areas of outwash extend beyond the north-
ern boundary of the aquifer (Helgesen, 1977).  Aquifer and sat-
urated thicknesses are summarized in table 1.  

Ground-water flow in the Pineland Sands surficial aquifer 
is generally to the south and mimics topographic relief (fig. 9) 
(Helgesen, 1977).  Ground-water flow direction within the 
Straight River Basin area is to the east-southeast and southeast 
(fig. 9) (Stark and others, 1994).  Flow paths in the aquifer gen-
erally are short due to discharge to streams, lakes, and wetlands.  



Aquifer Extent and Hydrogeologic Characteristics  15

T.
139
N.

T.
137
N.

T.
135
N.

T.
133
N.

T.
131
N.

R. 41 W. R. 39 W. R. 37 W.

Otter
Tail

R
.

R
iv

er

River

R
.

O
tte

r
Ta

il
R

iv
er

R.

Otter Tail

R.

O
tte

r
Ta

il
Rive

r

To
ad

Leaf

Pe
lic

an

Pelican

Detroit

Sallie

Melissa

Rose

Long Lake L. Pine 
Lake Big Pine Lake

Lake 
Lida

Marion Lake

Star
Lake

Rush Lake

Lake

East
Leaf Lake

West 
Leaf Lake

Otter T
ail L

ake

East
Battle
Lake

West B
attle Lake

Clitherall
Lake

Stalker Lake

Lake Christina

Lake
Lake

Lake

Lake

Dea
d 

BECKER

OTTER TAIL

GRANT DOUGLAS

235

228

108

108

210

210

87

34

78

78

78

52

Detroit Lakes

Perham

New
York
Mills

Henning

Battle Lake
1200
1200
1200

12
50

12
50

12
50

130013001300

132513251325

13
50

13
50

13
50

1400
1400
1400

1450
1450
1450

150015001500

155015501550

1600
1600
1600

1200
1200
1200

1250
1250
1250

13
00

13
00

13
00

132513251325

13
50

13
50

13
50

140014001400

145014501450

15
00

15
00

15
00

125012501250

13
25

13
25

13
25

1350
1350
1350

1400
1400
1400

1450
1450
1450

1500
1500
1500

132513251325

135013501350

135013501350

1350
1350
1350

135013501350

1350
1350
1350

14
00

14
00

14
00

1400
1400
1400

140014001400

1450
1450
1450

145014501450

46º15'

30'

46º45'

95º45' 95º30'

Pelican Pelican 
RiverRiver

sand-plain sand-plain 
aquiferaquifer

Pelican 
River

sand-plain 
aquifer

2 4 6 8 10   MILES

2 4 6 8 10  KILOMETERS0

0

Base from U.S. Geological Survey
Digital data, 1:100,000, 1993
U.S. Albers projection

Water-table contours and aquifer boundaries from 
Minnesota Department of Natural Resources (2002). 
Saturated thickness from Reeder (1972). 

Areal extent of aquifer where 
   saturated thickness data were 
   not available

Areal extent of unsaturated
   part of aquifer

Water-table contour—Shows 
   altitude of water table, 2002. 
   Contour interval 50 feet. Datum 
   is NAVD 88

Generalized direction of ground-
   water flow

EXPLANATION

140014001400

Saturated thickness, 1972 

Greater than 0 feet and less 
   than 20 feet

Equal to 20 feet and less 
   than 40 feet

Equal to 40 feet and less 
   than 60 feet

Equal to 60 feet and less 
   than 80 feet

Equal to 80 feet and less 
   than100 feet

Equal to 100 feet and less 
   than 120 feet

W
ad

en
a 

su
rfi

ci
al

 a
qu

ife
r

W
ad

en
a 

su
rfi

ci
al

 a
qu

ife
r

Figure 7.  Generalized extent, saturated thickness, altitude of regional water table, and generalized direction of ground-water flow of 
Otter Tail surficial aquifer.



16  Ground-Water Availability from Surficial Aquifers in the Red River of the North Basin, Minnesota

T.
34
N.

T.
36
N.

T.
32
N.

T.
30
N.

R. 32 W.R. 34 W.R. 36 W.R. 38 W.

Leaf River
C

row

Wing

R
iver

Wing

Rive
r

Pa
rt

ri
dg

e
Ri

ve
r

L
on

g

Pra
iri

e

Rive
r

 Lake

W. Leaf 
Lake

Lake Miltona

Rush

WADENA
CASS

OTTER  TAIL

TODD

DOUGLAS

210210

108

106

106

235

29

10

10

WadenaWadenaWadena

VerndaleVerndaleVerndale

StaplesStaplesStaples

HenningHenningHenning

Eagle BendEagle BendEagle Bend
Parkers Parkers 
PrairiePrairie
Parkers 
Prairie

ClarissaClarissaClarissa

130013001300
132513251325

140014001400

140014001400

14
00

14
00

14
00

14
50

14
50

14
50

150015001500

132513251325 1350
1350
1350

140014001400

1450
1450
1450

1325
1325
1325

132513251325

135013501350

14
00

14
00

14
00

145014501450

132513251325

13501350135013
50

13
50

13
50

135013501350 135013501350

135013501350

E. Leaf 
Lake

46º15'

46º30'

95º30' 15' 95º 94º45'

Bo
un

da
ry

 o
f M

in
ne

so
ta

 D
ep

ar
tm

en
t 

Bo
un

da
ry

 o
f M

in
ne

so
ta

 D
ep

ar
tm

en
t 

of
 N

at
ur

al
 R

es
ou

rc
es

, (
20

02
) 

of
 N

at
ur

al
 R

es
ou

rc
es

, (
20

02
) 

Bo
un

da
ry

 o
f M

in
ne

so
ta

 D
ep

ar
tm

en
t 

of
 N

at
ur

al
 R

es
ou

rc
es

 (2
00

2)

2 4 6 8 10   MILES

2 4 6 8 10  KILOMETERS0

0Base from U.S. Geological Survey
Digital data, 1:100,000, 1993
U.S. Albers projection

Water-table contours from Minnesota 
Department of Natural Resources (2002). 
Saturated thickness from Lindholm (1970). 
Aquifer boundaries modified from Lindholm (1970),
Hobbs and Goebel (1982), and Minnesota 
Department of Natural Resources (2002). 

Areal extent of aquifer where saturated 
   thickness data were not available

Water-table contour—Shows altitude of 
   water table, 2002. Contour interval 
   varies. Datum is NAVD 88

Generalized direction of ground-water flow

EXPLANATION

140014001400

Saturated thickness, 1970 

Greater than 0 feet and less than 10 feet

Equal to 10 feet and less than 30 feet

Equal to 30 feet and less than 50 feet

Equal to 50 feet and less than 70 feet

Pineland SandsPineland Sands
surficial aquifersurficial aquifer
Pineland Sands
surficial aquifer

Otter Tail Otter Tail 
surficial surficial 
aquiferaquifer

Otter Tail 
surficial 
aquifer

Figure 8.  Generalized extent, saturated thickness, altitude of regional water table, and generalized direction of ground-water 
flow of Wadena surficial aquifer.



Aquifer Extent and Hydrogeologic Characteristics  17

T.
142
N.

T.
140
N.

T.
138
N.

T.
136
N.

T.
134
N.

R. 32 W.R. 34 W.R. 36 W.R. 38 W.

Leaf

River

Redeye

River

C
ro

w

W
in

g

Rive
r

Shell
R.

Walker Bay

Potato Lake Big Sand Lake

Fishhook Lake

Shell Lake

Long 
Lake

To
ad

 La
ke

Wolf 
Lake

Big 
Pine 
Lake

Rush Lake

Lake
Belle
Taine

12

3

4

5
6

7

8

9

10

Crow W
ing Lakes

 (1
-10)

BECKER

HUBBARD

CLEARWATER

OTTER  TAIL
WADENA

CASS

TODD

87

87

87

210

34

34

64

64

64

10

10

10

WalkerWalkerWalker

AragoAragoArago

Park RapidsPark RapidsPark Rapids

MenahgaMenahgaMenahga

SebekaSebekaSebeka

New York MillsNew York MillsNew York Mills

StaplesStaplesStaples

WadenaWadenaWadena

12
60

12
60

12
60

128012801280

130013001300

1320
1320
1320

13
40

13
40

13
40

13
60

13
60

13
60

13
80

13
80

13
80

14
00

14
00

14
0014
20

14
20

14
20

144014401440

14
60

14
60

14
60

148014801480

15
00

15
00

15
00152015201520

1540
1540
1540

15
60

15
60

15
60

15
80

15
80

15
80

138013801380
13

80
13

80
13

80
14

00
14

00
14

00

142014201420

144014401440

1240
1240
1240

1260
1260
1260

122012201220

1260
1260
1260

1280
1280
1280

1300
1300
1300

1320
1320
1320

134013401340

136013601360
138013801380

13
80

13
80

13
80

14
00

14
00

14
00

14
00

14
00

14
00

140014001400

14
20

14
20

14
20

14
20

14
20

14
20

142014201420

46º30'

45'

47º

95º30' 15' 95º 94º45'

Bo
un

da
ry

 o
f M

in
ne

so
ta

 D
ep

ar
tm

en
t 

Bo
un

da
ry

 o
f M

in
ne

so
ta

 D
ep

ar
tm

en
t 

of
 N

at
ur

al
 R

es
ou

rc
es

 (2
00

2)
 

of
 N

at
ur

al
 R

es
ou

rc
es

 (2
00

2)
 

Bo
un

da
ry

 o
f M

in
ne

so
ta

 D
ep

ar
tm

en
t 

of
 N

at
ur

al
 R

es
ou

rc
es

 (2
00

2)

St
ra

ig
ht

 R
iv

er
 B

as
in

 a
re

a 
St

ra
ig

ht
 R

iv
er

 B
as

in
 a

re
a 

de
fin

ed
 b

y 
St

ar
k 

an
d 

ot
he

rs
 (1

99
4)

de
fin

ed
 b

y 
St

ar
k 

an
d 

ot
he

rs
 (1

99
4)

St
ra

ig
ht

 R
iv

er
 B

as
in

 a
re

a 
de

fin
ed

 b
y 

St
ar

k 
an

d 
ot

he
rs

 (1
99

4)

2 4 6 8 10   MILES

2 4 6 8 10  KILOMETERS0

0Base from U.S. Geological Survey
Digital data, 1:100,000, 1993
U.S. Albers projection

Water-table contours and saturated 
thickness from Helgesen (1977).  
Aquifer boundaries modified from 
Helgesen (1977), Hobbs and Goebel (1982), 
and Minnesota Department of Natural 
Resources (2002).

Areal extent of aquifer where saturated
   thickness data were not available

Water-table contour—Shows altitude of 
   water table, 1977.Contour interval 
   20 feet. Datum is NAVD 88

Generalized direction of ground-water flow

EXPLANATION

140014001400

Saturated thickness, 1977 

Greater than 0 feet and less than 20 feet

Equal to 20 feet and less than 40 feet

Equal to 40 feet and less than 60 feet

Equal to 60 feet and less than 80 feet

Equal to 80 feet and less than 100 feet

Equal to 100 feet and less than 120 feet

Equal to 120 feet and less than 140 feet

Otter Tail Otter Tail 
surficial surficial 
aquiferaquifer

Otter Tail 
surficial 
aquifer Wadena surficialWadena surficial

aquiferaquifer
Wadena surficial

aquifer

Straight

Straight

Straight Straight 
LakeLake

Straight

Straight 
Lake

Shell
Shell
Shell

River
River
River

RiverRiverRiver

River
River
River

Fishhook
Fishhook
Fishhook

Figure 9.  Generalized extent, saturated thickness, altitude of water table, and generalized direction of ground-water 
flow of Pineland Sands surficial aquifer.



18 Ground-Water Availability from Surficial Aquifers in the Red River of the North Basin, Minnesota

Most of the land is agricultural fields or forest and is character-
ized by flat to gently rolling topography (Helgesen, 1977).  In 
the Straight River Basin area, the water table slopes to the south-
east at approximately 10 ft/mi, toward the Straight, Fishhook, 
and Shell Rivers, and locally towards adjacent surface water and 
pumping wells.  Depth to the water table ranges between 0 and 
30 ft (Stark and others, 1994).  Characteristics of the Pineland 
Sands surficial aquifer are summarized in table 1.

Bemidji-Bagley Surficial Aquifer

The primary source of ground water in Beltrami, Cass, 
Clearwater, and Hubbard Counties is the unconfined and upper-
most-confined Bemidji-Bagley aquifers (Stark and others, 
1991).  The unconfined aquifer is hydraulically separated from 
the uppermost-confined aquifer by a fine-grained, confining 
unit of till or lake deposits (Stark and others, 1991).  For the pur-
poses of assessing the ground-water resources, only the 
Bemidji-Bagley surficial aquifer (the unconfined part of the 
aquifer) is discussed in this report (figs. 2 and 10).  

The total area of the Bemidji-Bagley surficial aquifer is 
630 mi2 (table 1).  The aquifer generally consists of glacial out-
wash and lake sediment deposits of coarse-grained sand and 
gravel in the north and finer grained sand and gravel to the south 
(Stark and others, 1991).  Aquifer and saturated thicknesses are 
summarized in table 1.  

Ground-water flow in the Bemidji-Bagley surficial aquifer 
is generally northeast and east towards the Mississippi and 
Clearwater Rivers (fig. 10).  Maximum and mean slopes of the 
water table in the surficial aquifer are approximately 50 and 
7 ft/mi, respectively (Stark and others, 1991).  Characteristics 
of the aquifer are summarized in table 1.

Ground-Water Availability

Knowledge of ground-water recharge, discharge, and stor-
age is fundamental to understanding the availability of ground 
water.  For the purposes of this study, ground-water availability 
in the surficial aquifers was evaluated primarily on the basis of 
the rate of ground-water inflow (the total sources of water to an 
aquifer) and the maximum volume of ground water capable of 
being stored in an aquifer.  Additional means of evaluating 
ground-water availability included comparing theoretical and 
actual rates of ground-water pumping and uses of ground water 
withdrawn from the aquifers.  

Under natural conditions, the volume of stored ground 
water in an aquifer is in long-term equilibrium (steady-state), 
and total ground-water recharge is approximately equal to total 
discharge.  The balance (water budget) between the sources and 
losses controls ground-water levels and storage volumes.  
Therefore, stored ground water acts as a reservoir, stabilizing an 
aquifer's water budget and minimizing fluctuations caused dur-
ing periods of increased water inflow and outflow.  When aqui-
fer recharge exceeds discharge, ground-water levels and storage 

increase.  Conversely, ground-water levels and storage decline 
during periods when discharge exceeds recharge.  

The pumping of ground water from wells changes natural 
flow conditions in aquifers.  Water withdrawn from wells is 
provided by a combination of increased ground-water recharge, 
increased inflow from other sources (such as rivers and 
streams), decreased natural discharge, or reduction of ground-
water storage.  Responses to pumping are temporary and occur 
as the aquifer readjusts to pumping stress and the changes in 
storage, recharge, and discharge.  As an aquifer re-establishes 
equilibrium, changes in storage diminish to zero, and total 
ground-water inflows balance outflows.  Thus, long-term 
sources of water to pumping wells come from variations in the 
amount of water entering or leaving the aquifer system.  The 
time required for an aquifer to establish a new equilibrium is a 
function of the characteristics of the aquifer and the placement 
and pumping rates of wells.

Water-Budget Estimates

For the purposes of estimating water budgets and evaluat-
ing the availability of ground water for the surficial aquifers, a 
schematic diagram of a surficial aquifer system showing poten-
tial sources and losses of water is displayed in figure 11.  
Although figure 11 is a simplified cross section of a surficial 
aquifer and its major sources and losses of ground water, much 
of an aquifer's inflow and outflow of water are influenced by 
and related to complex surficial and sub-surficial processes.  
For that reason, all of the sources and losses of water in each of 
the surficial aquifers are not determined and (or) known; quan-
tifying specific inflows and outflows for local parts of each 
aquifer was beyond the scope of this study.  

The general sources of water to the surficial aquifers (and 
inflow components in the water-budget estimations) include 
(1) infiltration of precipitation to the water-table (referred to as 
areal recharge in general and as net areal recharge when the loss 
of water by evapotranspiration is not included as a separate 
component of the water budget); (2) flow from surface water 
(rivers, streams, lakes, and wetlands); and (3) flow into the 
aquifers across their boundaries from adjacent geologic units, 
including confined aquifers and confining units (table 2).  In 
general, net areal recharge is greatest in the unconfined parts of 
the aquifers.  Losses of water from the surficial aquifers are the 
result of (1) evapotranspiration directly from the water table; 
(2) flow to surface water; (3) ground-water flow across the 
aquifers' boundaries to adjacent geologic units (including aqui-
fers and confining units); and (4) withdrawals of ground water 
by pumping wells (table 2).  

The surficial aquifers in the study area are regarded as 
steady-state systems, where variations in the ground-water table 
and storage volume are minimal over time and sources of water 
to the aquifers will be equal to losses.  Although each of the 
surficial aquifers discussed in this study may not contain all of 
the sources and losses of water included in figure 11, the sche-
matic diagram provides a conceptual model for the surficial 
aquifers.
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Figure 10.  Generalized extent, saturated thickness, altitude of regional water table, and generalized direction of ground-water flow 
of Bemidji-Bagley surficial aquifer.
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Figure 11.  Schematic diagram of a surficial aquifer system showing potential sources and losses of water.

Water budgets of the surficial aquifers are summarized on 
the basis of the assumption of steady-state conditions (where 
sources equal losses). However, only total sources of water were 
available for some of the aquifers, and water-budget losses 
(when known) are reported as percentages of the total sources. 
As a result, sources and losses of water in many of the aquifers’ 
water budgets are not equal but represent steady state.

Buffalo Aquifer

On the basis of long-term climatic records, normal mean 
annual precipitation in the area of the Buffalo aquifer is approx-
imately 20 in. (23,000 Mgal/yr) (Baker and Kuehnast, 1978).  
The sources and losses of water for the Buffalo aquifer are 
described in the following sections and were determined by 
Schoenberg (1998) and summarized in tables 2 and 3.  How-
ever, the water budget does not represent steady-state condi-
tions.  On the basis of water-budget components defined by 
Schoenberg (1998), the total flow through the aquifer was 
estimated to be 3,707 Mgal/yr (table 2).

Sources of Water

Measurements collected from three water-table wells by 
Schoenberg (1998) estimated a mean net areal recharge rate of 
4.8 in/yr.  Schoenberg (1998, table 3) estimated that the annual 
volume of water recharging the unconfined part of the Buffalo 

aquifer (25 mi2) was 407 Mgal/yr, accounting for 11 percent of 
the sources of water to the aquifer (table 3). 

Additional ground-water flow to the aquifer occurred as 
inflow from the Buffalo River and its tributaries.  From Febru-
ary to December 1993, flow to the aquifer from the river and its 
tributaries was estimated to be as much as 3,300 Mgal/yr 
(Schoenberg, 1998; table 3) or 89 percent of the aquifer's total 
water sources (table 3).  Although inflow to the aquifer across 
its boundaries (from adjacent and overlying Glacial Lake Agas-
siz sediment and underlying till layers) is considered negligible 
(Schoenberg, 1998; table 3), the total volume of water flowing 
to the aquifer from adjacent units across its entire extent may be 
substantial (Wolf, 1981).  

Losses of Water

The Buffalo aquifer discharges primarily into the Buffalo 
River and its South Branch and as outflow across the boundaries 
of the aquifer.  Although not measured, it is believed that sub-
stantial volumes of ground water flow from the aquifer through 
the confining glacial sediment to surface water laterally into 
Glacial Lake Agassiz sediment and (or) vertically into underly-
ing glacial till (Wolf, 1981).  Ground-water evapotranspiration 
from the aquifer itself is negligible, except from local gravel 
pits that intersect the water table (Wolf, 1981).  Additional 
losses of water occur from ground-water pumping.  Substantial 
ground-water withdrawals began in 1948, and from 1951–60, 
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Table 2. Water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name
(reference) Method of determination

Maximum 
aquifer 

storage1 
(Mgal)

Area of 
aquifer 

(mi2)

Year of 
areal 

recharge 
data2 

(dimension-
less)

Mean areal 
recharge 

rate2 [range] 
(in/yr)

Percentage of 
mean areal 
recharge to 

mean annual 
precipitation3

Sources of water to aquifer Total 
sources 

(inflows) of 
water to the 

aquifer 
(Mgal/yr)

Mean areal 
recharge4 

(area x 
rate) 

(Mgal/yr)

Flow from 
surface 
water4

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Buffalo aquifer
(Schoenberg, 1998)

hydrograph 
analysis

 270,000  25 1993 4.8
[3.6–5.5]

 23  407  3,300 --  3,707 

Beach Ridge aquifers --  --  -- -- --  --  --  --  --  -- 

Middle River surficial aquifer
(Maclay and others, 1965)

infiltration
capacity of soils

 4,600  22 1962 3
[2–4]

 16  1,100  --  27  1,130

Two Rivers surficial aquifer
(Maclay and others, 1965, 1967)

infiltration
capacity of soils

400,000  146 1962 2.5
[1–4]

 11  6,300  --  200  6,500 

Pelican River sand-plain aquifer
(Miller, 1982)

steady-state
"Detroit Lakes" simulation

 300,000  195 1979–80 4.7
[4.5–4.9]

 --  5,500  1,900  1,500  8,900 

steady-state
"Scrambler" simulation

 300,000  195 1979–80 4.7
[4.5–4.97]

 --  3,800  1,100  --  4,900 

Otter Tail surficial aquifer
(Reeder, 1972)

hydrograph 
analysis

 500,000  510 1969 5.5
[3–6]

 27  49,000 --  2,000  51,000 

Wadena surficial aquifer
(Lindgren, 2002)

numerical (regional)
steady-state simulation

 150,000  397 1998–99 12.7
[11.5–13.9]

 --  67,000  1,000  24,000  92,000 

Pineland Sands surficial aquifer
(Helgesen, 1977)

steady-state simulation  1,000,000  996 1971–76 5.1  --  58,000  6,000  6,000  70,000 

Bemidji-Bagley surficial aquifer
(Stark and others, 1991)

hydrograph 
analysis

 250,000  630 1986–87 4
[4–8]

 20  44,000  --  --  44,000 
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Table 2. Water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference) Method of determination

Losses of water from aquifer
Total losses 
(outflows) of 
water from 

aquifer 
(Mgal/yr)

Differences 
between 

sources and 
losses of 
water in 
aquifer 

(Mgal/yr)

Explanation of estimated water budget
Evapo-
trans-

piration4 
(Mgal/yr)

Flow to 
surface 
water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Withdrawals 
by pumping 

wells2 
(Mgal/yr)

Buffalo aquifer
(Schoenberg, 1998)

hydrograph analysis  --  --  --  408  408  3,299 Losses include withdrawals by wells 
(Minnesota Department of Natural 
Resources, 2003) and exclude flow across 
boundaries (to Glacial Lake Agassiz 
sediment and confined till).

Beach Ridge aquifers --  --  --  --  --  --  -- No water-budget data available.

Middle River surficial aquifer
(Maclay and others, 1965)

infiltration capacity of soils  --  --  --  26  26  1,101 Sources include areal recharge and flow 
across boundaries; losses include 
withdrawals by wells (Minnesota 
Department of Natural Resources, 2003).

Two Rivers surficial aquifer
(Maclay and others, 1965, 1967)

infiltration capacity of soils  --  --  --  440  440  6,060 Sources include areal recharge and flow 
across boundaries; losses include 
withdrawals by wells (Minnesota 
Department of Natural Resources, 2003).

Pelican River sand-plain aquifer
(Miller, 1982)

steady-state "Detroit 
Lakes" simulation

 5,000  3,900  --  --  8,900 0 Steady-state simulation.

steady-state  1,900  2,900  100  --  4,900 0 Steady-state simulation.

"Scrambler" simulation

Otter Tail surficial aquifer
(Reeder, 1972)

hydrograph 
analysis

 --  --  2,000  --  2,000  49,000 Includes only sources of water and losses of 
water across boundaries to adjacent 
aquifers.

Wadena surficial aquifer
(Lindgren, 2002)

numerical (regional)
steady-state simulation

 32,000  42,000  16,000  2,000  92,000 0 Surficial aquifer system only; simulated 
pumping of 6.45 ft3/s in 1997–98; 
negligible flow across boundaries to/from 
the adjacent (confined) aquifer.
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1Aquifer storage from published information or estimated from saturated thickness data and aquifer extent (see table 1).
2Values reported directly from cited reference; except where withdrawals by wells in 2003 are reported by the Minnesota Department of Natural Resources.
3Mean annual precipitation data from 2003 for county/area from www.climate.umn.edu.
4Values calculated (converted to similar units) from data reported in cited reference.

Pineland Sands surficial aquifer
(Helgesen, 1977)

steady-state simulation  5,000  65,000  --  --  70,000 0 Steady-state simulation; excludes 
withdrawals by wells.

Bemidji-Bagley surficial aquifer
(Stark and others, 1991)

hydrograph analysis  --  --  --  --  --  44,000 Sources include areal recharge; losses 
unknown.

Table 2. Water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference) Method of determination

Losses of water from aquifer
Total losses 
(outflows) of 
water from 

aquifer 
(Mgal/yr)

Differences 
between 

sources and 
losses of 
water in 
aquifer 

(Mgal/yr)

Explanation of estimated water budget
Evapo-
trans-

piration4 
(Mgal/yr)

Flow to 
surface 
water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Withdrawals 
by pumping 

wells2 
(Mgal/yr)
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ground water was pumped from the aquifer at an almost con-
stant mean rate of 386 Mgal/yr (Schoenberg, 1998).  In 2003, 
ground-water pumping accounted for 408 Mgal/yr of discharge 
from the aquifer (Schoenberg, 1998), equivalent to 11 percent 
of the assumed total ground-water losses when losses equal 
inflows under steady-state conditions.  

Beach Ridge Aquifers

Due to the variable grain size and sorting, geographic dis-
tribution, and hydraulic connectivity of the Beach Ridge aqui-
fers throughout the Red River of the North Basin, the sources of 
ground-water recharge and discharge and a generalized water 
budget could not be determined.  

Middle River Surficial Aquifer

Mean annual precipitation at Argyle, Minnesota, near 
the center of the Middle River surficial aquifer (fig. 4), was 
19.06 in. (approximately 7,300 Mgal/yr) for a 42-year period 
(Maclay and others, 1965).  Components of the aquifer's water 
budget were estimated by Maclay and others (1965) (tables 2 
and 4) and are described in the following sections.  The total 
flow of water through the ground-water system was estimated 
to be approximately 1,130 Mgal/yr (table 2) (Maclay and 
others, 1965).

Sources of Water

Net areal recharge and ground-water flow across the 
boundaries of the aquifer are the primary sources of water to the 
Middle River surficial aquifer (Maclay and others, 1965).  
Mean net areal recharge was estimated from the infiltration 
capacity of soils to be 3 in/yr, accounting for 98 percent of the 
flow of water into the aquifer (table 4) (Maclay and others, 
1965).  On the basis of estimated transmissivity values, Maclay 
and others (1965) determined that ground-water flow to the 

aquifer across its boundaries was approximately 30 Mgal/yr or 
2 percent of the aquifer's total sources of water (table 4).

Losses of Water

Losses of water from the Middle River surficial aquifer 
occur by evapotranspiration of ground water, outflow across the 
aquifer's boundaries, flow to surface water, and withdrawals by 
pumping wells (Maclay and others, 1965).  Although outflow 
across the boundaries and to surface water was not 
estimated, ground-water pumping from the aquifer totaled 
26 Mgal/yr in 2003, accounting for approximately 2 percent of 
the aquifer's water-budget losses, which assumes steady-state 
conditions where losses equal sources (table 4).

Two Rivers Surficial Aquifer

On the basis of long-term climatic records, the mean 
annual precipitation was 20.07 in. in the area west of the Two 
Rivers surficial aquifer (Maclay and others, 1967), equivalent 
to 51,000 Mgal/yr across the extent of the aquifer.  Nonsteady-
state water-budget information for the aquifer was determined 
by Maclay and others (1965, 1967) (tables 2 and 5) and are 
described in the following sections.  The total flow of water 
through the aquifer was estimated to be 6,500 Mgal/yr (table 2) 
(Maclay and others, 1965, 1967).

Sources of Water

Sources of water to the Two Rivers surficial aquifer are 
areal recharge and ground-water flow across boundaries of the 
aquifer from adjacent geologic units.  On the basis of the infil-
tration capacity of soils, mean net areal recharge of the aquifer 
was estimated to be 2.5 in/yr (6,300 Mgal/ yr) in 1962, account-
ing for 97 percent of the total water to the aquifer (table 5) 
(Maclay and others, 1965, 1967).  Ground-water flow across the 
aquifer's boundaries was estimated to be about 200 Mgal/yr or 
3 percent of the aquifer's sources of water (table 5) (Maclay and 
others, 1965, 1967). 

Table 3.  Nonsteady-state water budget for Buffalo aquifer  
in Red River of the North Basin, Minnesota, 1993.

[Values are percentage of known sources or losses of water.  NA,  
not applicable]

Component Ground-water 
sources

Ground-
water losses

Net areal recharge (unconfined part) 11 NA

Evapotranspiration NA incorporated 
in net 

recharge

Flow to (from) surface water 89 unknown

Flow across boundaries 0 unknown

Ground-water pumping NA 11 (2003)

Total 100 11

Table 4.  Nonsteady-state water budget for Middle River surficial 
aquifer in Red River of the North Basin, Minnesota, 1962.

[Values are percentage of known sources or losses of water. NA, not  
applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 98 NA

Evapotranspiration NA incorporated 
in net 

recharge

Flow to (from) surface water unknown unknown

Flow across boundaries 2 unknown

Ground-water pumping NA 2 (2003)

Total 100 2
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Losses of Water

The primary losses of water from the aquifer are evapo-
transpiration, outflow across the aquifer's boundaries, flow to 
surface water, and withdrawal of ground water by wells.  
Ground-water withdrawals from the aquifer totaled 
440 Mgal/yr in 2003 and represented 7 percent of the 
aquifer's total water losses which assumes steady-state condi-
tions where losses equals sources (table 5).  

Pelican River Sand-Plain Aquifer

Mean annual precipitation in the area of the Pelican River 
sand-plain aquifer is 23.57 in. (Miller, 1982).  The long-term, 
mean annual amount of water lost to evapotranspiration was 
estimated to be 22.4 in. (Winter and others, 1969).  Two 
detailed ground-water budgets for parts of the aquifer were 
developed by Miller (1982) using steady-state, ground-water-
flow simulations.  The two numerical models, referred to as the 
"Detroit Lakes model" and the "Scrambler model," were devel-
oped to simulate ground-water flow in the aquifer and to esti-
mate the effects of hypothetical pumping.  The simulations pro-
vided water-budget estimates (Miller, 1982) summarized in 
tables 2, 6, and 7 and described in the following sections.  Total 
flow through the surficial aquifer was estimated by the simula-
tions to range from 4,900 to 8,900 Mgal/yr (table 2) (Miller, 
1982).

Sources of Water

Flow of water to the Pelican River sand-plain aquifer is the 
result of areal recharge, flow across the boundaries of the aqui-
fer (from confining till units and semiconfined outwash that are 
buried by younger till), and flow from surface water (Miller, 
1982).  Mean net areal recharge to the aquifer, estimated from 
ground-water hydrographs by Miller (1982), was 4.9 in/yr in 
1979 and 4.5 in/ yr in 1980.  However, inflow to the aquifer 
across its boundaries was negligible (Miller, 1982).

On the basis of the “Detroit Lakes model” simulation con-
ducted by Miller (1982), sources of water to the surficial aquifer 

included areal recharge (62 percent of the total flow into the 
aquifer), ground-water flow across boundaries from adjacent 
geologic units (17 percent), and flow from surface water 
(21 percent) (table 6).  Using the “Scrambler model” simula-
tion, Miller (1982) determined that the total recharge to the area 
consisted of areal recharge (78 percent) and ground-water flow 
from surface water (22 percent) (table 7).  

Losses of Water

On the basis of the “Detroit Lakes” simulation, total losses from 
the surficial aquifer consisted of evapotranspiration 
(56 percent) and flow to surface water (44 percent) (table 6) 
(Miller, 1982).  Ground-water losses in the “Scrambler” simu-
lation were estimated to be the result of ground-water evapo-
transpiration (39 percent), flow to surface water (59 percent), 
and outflow across the boundaries of the aquifer to adjacent 
geologic units (2 percent) (table 7) (Miller, 1982).  Although 
ground water from the aquifer also is withdrawn by pumping 
wells (Miller, 1982), estimates were not included in the steady-
state simulations.  

Table 5.  Nonsteady-state water budget for Two Rivers surficial 
aquifer in Red River of the North Basin, Minnesota, 1962.

[Values are percentage of known sources or losses of water.  NA, not applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 97 NA

Evapotranspiration NA incorporated in net 
recharge

Flow to (from) surface water unknown unknown

Flow across boundaries 3 unknown

Ground-water pumping NA 7 (2003)

Total 100 7

Table 6.  Steady-state simulated  water budget from "Detroit Lakes  
model" (from Miller, 1982) for Pelican River sand-plain aquifer in  
Red River of the North Basin, Minnesota.

[Values are percentage of known sources or losses of water.  NA, not  
applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 62 NA

Evapdotranspiration NA 56

Flow to (from) surface water 21 44

Flow across boundaries 17 0

Ground-water pumping NA unknown

Total 100 100

Table 7.  Steady-state simulated water budget from "Scrambler  
model" (from Miller, 1982) for Pelican River sand-plain aquifer in  
Red River of the North Basin, Minnesota.

[Values are percentage of known sources or losses of water.  NA, not  
applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 78 NA

Evapotranspiration NA 39

Flow to (from) surface water 22 59

Flow across boundaries NA 2

Ground-water pumping NA unknown

Total 100 100
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Otter Tail Surficial Aquifer

Mean annual precipitation in the area of the Otter Tail surf-
icial aquifer was estimated to be 24 in. (Reeder, 1972).  Water 
sources and losses for the aquifer's nonsteady-state water bud-
get, described in the following sections, were determined by 
Reeder (1972) and are summarized in tables 2 and 8.  On the 
basis of estimated values of water-budget components defined 
by Reeder (1972), the total flow through the aquifer was 
51,000 Mgal/yr (table 2).

Sources of Water

On the basis of analyses of ground-water hydrographs, 
Reeder (1972) estimated that net areal recharge ranged from 
5 to 6 in/yr across most of the Otter Tail surficial aquifer.  How-
ever, mean net areal recharge ranged from 4 to 5 in/yr in parts 
of the aquifer near Perham and from 3 to 4 in/yr east and south 
of Battle Lake (fig. 7) (Reeder, 1972).  

Net areal recharge (mean of 5.5 in/yr) is the primary source 
of recharge to the surficial aquifer (Reeder, 1972), accounting 
for 96 percent of the aquifer's total recharge (table 8).  Ground-
water flow from adjacent aquifers (possibly the Pelican River 
sand-plain aquifer) into the northern part of the Otter Tail surf-
icial aquifer northwest of Little Pine Lake (fig. 7) was estimated 
to be 4 percent of the total source of water to the aquifer 
(table 8) (Reeder, 1972).  Although water from the Otter Tail 
River and numerous smaller streams, lakes, and wetlands 
recharges the surficial aquifer, the volume was not a substantial 
source (table 8) (Reeder, 1972).  

Losses of Water

Water losses from the Otter Tail surficial aquifer are the 
result of evapotranspiration, outflow across the aquifer's bound-
aries, flow to rivers and streams, and ground water withdrawn 
by pumping wells (Reeder, 1972).  Although estimates of flow 
to surface water and ground water discharged to wells were not 
available, ground-water flow to adjacent aquifers in the vicinity 
of the Otter Tail River at the southwest end of Otter Tail Lake

was estimated to be 2,000 Mgal/yr, accounting for 4 percent of 
the estimated water budget (table 8) (Reeder, 1972).  

Wadena Surficial Aquifer

Mean annual precipitation in the Wadena area was esti-
mated to be 26.4 in. on the basis of long-term climatic records 
from 1934 to 1967.  Of this amount, 22.5 in/yr was estimated to 
be lost to evapotranspiration, and 3.9 in/yr was direct runoff to 
surface water (Lindholm, 1970).  A detailed ground-water bud-
get for the Wadena area, including the confined and surficial 
aquifers, was developed by Lindgren (2002) using a steady-
state ground-water-flow simulation.  An  estimate of the water 
budget for the Wadena surficial aquifer from Lindgren's study 
is summarized in tables 2 and 9 and described in the following 
sections.  Total flow through the surficial aquifer was estimated 
to be 92,000 Mgal/yr on the basis of model simulations (table 2) 
(Lindgren, 2002).

Sources of Water

The analyses of ground-water hydrographs by Lindholm 
(1970) determined that the mean net areal recharge to the aqui-
fer was estimated to be 8 in. in 1967.  Lindgren (2002) estimated 
that the net areal recharge to the aquifer ranged from 11.5 in/yr 
in 1999 to 13.9 in/yr in 1998 on the basis of monthly ground-
water-level measurements from 17 observation wells com-
pleted within the unconfined part of the aquifer.  Slightly 
greater net areal recharge was estimated from wells in the Leaf 
River area of the aquifer in 1998–99, ranging from 10.6 to 
23 in/yr, with a mean of 15.5 in/yr (Lindgren, 2002).  

A simulated water budget for the Wadena area, including 
the confined and surficial aquifers, was developed by Lindgren 
(2002) to estimate sources of recharge and discharge to the 
confined/surficial aquifer system.  Recharge to the Wadena 
surficial aquifer occurred by areal recharge and by flow from 
surface water and a confining unit (Lindgren, 2002).  Areal 
recharge of the aquifer accounted for 73 percent of the total 
flow of water to the aquifer, flow across the aquifer's boundaries

Table 8.  Nonsteady-state water budget for Otter Tail surficial aqui-
fer in Red River of the North Basin, Minnesota, 1969.

[Values are percentage of known sources or losses of water.  NA, not applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 96 NA

Evapotranspiration NA incorporated in net 
recharge

Flow to (from) surface water 0 unknown

Flow across boundaries 4 4

Ground-water pumping NA unknown

Total 100 4

Table 9.  Steady-state simulated water budget for Wadena  
surficial aquifer in Red River of the North Basin, Minnesota.

[Values are percentage of known sources or losses of water.  NA,  
not applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 73 NA

Evapotranspiration NA 35

Flow to (from) surface water 1 46

Flow across boundaries 26 17

Ground-water pumping NA 2

Total 100 100



Ground-Water Availability 27

(from the confining unit) was 26 percent, and ground-water 
flow from surface water was estimated to be 1 percent (table 9) 
(Lindgren, 2002).  

Losses of Water

Steady-state simulations conducted by Lindholm (2002) 
indicated that ground-water flow from the Wadena surficial 
aquifer to lakes and streams was 46 percent of the total losses.  
Evapotranspiration from ground water accounted for 35 percent 
of the total losses, ground-water outflow across the boundaries 
of the aquifer was 17 percent, and ground water discharged to 
wells was 2 percent of total losses (table 9) (Lindgren, 2002).  

Pineland Sands Surficial Aquifer

The long-term, mean rate of evapotranspiration during 
May through October was estimated to be 22 in. in the area of 
the Pinelands Sands surficial aquifer.  However, if all of the 
mean precipitation in the area (19 in/yr) is lost to evapotranspi-
ration, the maximum rate of evapotranspiration of ground water 
directly from the aquifer is 3 in/yr (Helgesen, 1977).  A steady-
state simulation of the Pineland Sands surficial aquifer, devel-
oped by Helgesen (1977), estimated that total flow through the 
surficial aquifer was 70,000 Mgal/yr (tables 2 and 10).  An esti-
mation of the water budget for the aquifer made on the basis of 
that study is summarized in tables 2 and 10 and described in the 
following sections. 

Sources of Water

Net areal recharge to the Pineland Sands surficial aquifer 
was estimated by Helgesen (1977) from ground-water-level 
records for 33 wells in 1975–76 and for one well in 1971–76 to 
be 5.1 in/yr.  However, stream base-flow data collected from the 
Straight River Basin area (fig. 9) in 1988 indicated that net areal 
recharge was more than 12 in/yr and was substantially greater 
than estimates of areal recharge in other sand-plain areas of 
Minnesota (Stark and others, 1994), including those for the 
Pineland Sands surficial aquifer (Helgesen, 1977).

Steady-state simulations conducted by Helgesen (1977) 
estimated that areal recharge was 83 percent of the total inflow 
of water to the aquifer.  Flow across the aquifer's boundaries 
from adjacent aquifers was 8.5 percent, and flow from surface 
water was estimated to be 8.5 percent of the total recharge 
(table 10) (Helgesen, 1977).  

Losses of Water

Under steady-state conditions and no withdrawal of 
ground water by pumping wells, 93 percent of the aquifer's dis-
charge was to surface water, and loss of ground water from 
evapotranspiration was 7 percent of the total discharge 
(table 10) (Helgesen, 1977).  However, minor to moderate 
losses of ground-water storage and decreases in surface-water 
elevations were predicted by increasing simulated pumping 
rates from 780 to 28,300 Mgal/yr in three alternate water-bud-
get estimates (Helgesen, 1977).  

Bemidji-Bagley Surficial Aquifer

Total annual precipitation in the Bemidji-Bagley area 
ranges from 24 to 26 in. (Baker and Kuehnast, 1978).  Of this 
amount, the potential evapotranspiration was estimated to be 
22 in/yr, and annual runoff was approximately 2 in. (Baker and 
others, 1979).  

Regional ground-water flow simulations were developed 
by Stark and others (1991) to evaluate flow in the confined and 
surficial Bemidji-Bagley aquifers (a total area of 1,050 mi2) and 
to determine a hypothetical, steady-state water budget for the 
regional aquifer system.  On the basis of these simulations, 
recharge to the regional aquifer system consisted of net areal 
recharge (95 percent) and flow from surface water (5 percent).  
Discharge from the regional system consisted of flow to surface 
water (99 percent) and ground water withdrawn by wells (1 per-
cent) (Stark and others, 1991).  The simulations indicated that 
the confined aquifer was a substantial component of the 
regional ground-water system and that ground-water flow in the 
surficial aquifer was not able to be represented with precision 
due to its discontinuity and thinness, suggesting that it consti-
tuted only a minor part of the regional system (Stark and others, 
1991).

A nonsteady-state water budget for the Bemidji-Bagley 
surficial aquifer, summarized in tables 2 and 11 and described 
in the following sections, was estimated by Stark and others 
(1991).  The total flow through the surficial aquifer was esti-
mated to be about 44,000 Mgal/yr (table 2)

Sources of Water

Inflow of water to the unconfined Bemidji-Bagley surficial 
aquifer is primarily by direct areal recharge.  On the basis of 
hydrograph analysis of an observation well completed in the 
surficial aquifer, the mean net areal recharge was estimated to 
be 4 in/yr in 1986–87; equivalent to 44,000 Mgal/yr (table 11) 
(Stark and others, 1991).  The estimated areal recharge rate is 

Table 10.  Steady-state simulated water budget for Pineland Sands 
surficial aquifer in Red River of the North Basin, Minnesota.

[Values are percentage of known sources or losses of water.  NA, not  
applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 83 NA

Evapotranspiration NA 7

Flow to (from) surface water 8.5 93

Flow across boundaries 8.5 NA

Ground-water pumping NA NA

Total 100 100



28 Ground-Water Availability from Surficial Aquifers in the Red River of the North Basin, Minnesota

consistent with recharge rates estimated 50 mi to the south 
(Helgesen, 1977) and similar to rates (4 to 8 in/yr) that produced 
the best matches between simulated and measured ground-
water levels in the aquifer (Stark and others, 1991).  Although 
less substantial, areal recharge of the surficial aquifer also 
occurs through the overlying glacial till located at land surface.  
However, the rate of recharge through the till to the aquifer is 
dependent on the glacial source and texture of the till and ranged 
from 0 to 8 in/yr (Stark and others, 1991).  

Losses of Water

Ground-water losses from the aquifer consist of flow to 
surface water, evapotranspiration, and ground-water with-
drawal by wells (Stark and others, 1991).  Although flow from 
the aquifer to rivers and streams, estimated in 1988 by measur-
ing base flow in local rivers and their tributaries, was generally 
greater than recharge from surface water, the flow of water lost 
to surface water is unknown (table 11) (Stark and others, 1991).  
Ground-water losses to evapotranspiration are probably the 
most substantial in the eastern part of the aquifer where many 
surface-water bodies are located (fig. 10) and ground water is 
relatively shallow.  Although withdrawals of ground water from 
the confined and surficial aquifers of the Bemidji-Bagley area 
by public, private, and irrigation wells were reported in 1985, 
the volumes were not specific to withdrawals from the surficial 
aquifer (table 11) and represent only a minor percentage of the 
total losses from the aquifer (Stark and others, 1991).  

Estimates of Maximum Aquifer Volume

Ground-water storage in five of the surficial aquifers (Pel-
ican River sand-plain aquifer and Otter Tail, Wadena, Pinelands 
Sands, and Bemidji-Bagley surficial aquifers) was estimated 
using published areal extent, saturated thickness, and porosity 
data.  The volume of water stored in the Two Rivers surficial 
aquifer was estimated by prorating the volume of ground water 
stored in a 24-mi2 area of the aquifer (Schiner, 1963) to the most 

recently determined aquifer area (146 mi2).  Because the stor-
age volumes are approximations for each of the aquifers, the 
values do not represent the actual volume of ground water that 
is available from the aquifers.  In this study, the storage esti-
mates represent the maximum volume of ground water the aqui-
fers are capable of storing.  

The total volume of ground water capable of being stored 
in eight of the surficial aquifers, excluding the Beach Ridge 
aquifers, was estimated to be approximately 2,875 bgal 
(table 1).  The maximum volume of water stored in the individ-
ual aquifers was estimated to range from 4.6 bgal in the Middle 
River surficial aquifer (Maclay and others, 1965) to 1,000 bgal 
in the Pineland Sands surficial aquifer, accounting for approxi-
mately 35 percent of the total volume of potential ground water 
(table 1).  The Otter Tail and Two Rivers surficial aquifers are 
capable of containing the second and third largest volumes of 
ground water, respectively, accounting for approximately  
17 and 14 percent of the total maximum volume of stored 
ground water in the study area.  Although Wolf (1981) esti-
mated that the Buffalo aquifer had a storage volume of 270 bgal 
(table 1), only 120 bgal could be withdrawn from the aquifer.  
Maximum volumes of ground water stored in the surficial 
aquifers are summarized in table 1.  

Theoretical Well Yields and Ground-Water Pumping 
Tests and Simulations

In general, maximum well yields from the nine surficial 
aquifers occur in those parts of the aquifers with more abundant, 
well-sorted, coarse-grained sediment.  Conversely, the smallest 
theoretical yields generally occur along the outermost margins 
of the aquifers where the deposits are thinnest and transmissiv-
ity and (or) hydraulic conductivity values and saturated thick-
ness are smallest. Areas of the surficial aquifers that produced 
the largest theoretical well yields are limited in size and likely 
would not support long-term, high rates of ground-water pump-
ing. Theoretical well yields from the nine surficial aquifers were 
compiled from published aquifer studies and are summarized in 
table 1. 

Buffalo Aquifer

In the Buffalo aquifer, the largest well yields generally 
were located along the deep, narrow trough of the north-south 
trending axis of the aquifer (Wolf, 1981).  The maximum 
estimated well yield from the Buffalo aquifer (as great as 
10,000 gal/min; Wolf, 1981) was the largest theoretical yield 
determined for the nine aquifers in the study area (table 1).  

In 1993, Schoenberg (1998) conducted an aquifer test in 
the northern part of the Buffalo aquifer in which one pumping 
well and three observation wells were used.  Following 10 days 
of pumping at a rate of 1,090 gal/min (573 Mgal/yr), the well 
was allowed to recover for 20 days.  Following recovery, 
ground-water levels at two observation wells indicated no 
response to the pumping (Schoenberg, 1998).  However, an 

Table 11.  Nonsteady-state water budget for Bemidji-Bagley 
surficial aquifer in Red River of the North Basin, Minnesota,  
1986–87.

[Values are percentage of known sources or losses of water.  NA, not  
applicable]

Component Ground-water 
sources

Ground-water 
losses

Net areal recharge 100 NA

Evapotranspiration NA incorporated in 
net recharge

Flow to (from) surface water unknown unknown

Flow across boundaries unknown unknown

Ground-water pumping NA unknown

Total 100 0
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increase in the ground-water pumping rate from approximately 
320 Mgal/yr in 1970–89 to as much as 720 Mgal/yr in 1988–89 
resulted in a decline of the aquifer's water level by about 10 ft 
at one observation well (Schoenberg, 1998).  

Beach Ridge Aquifers

Theoretical well yields from the Beach Ridge aquifers 
generally range from 10 to 500 gal/min (Stoner and others, 
1993).  However due to their variable texture, distribution, and 
hydraulic properties across the Red River of the North Basin, 
well yields from the Beach Ridge aquifers are likely to be 
unpredictable and inconsistent.  

Middle River Surficial Aquifer

Well yields from the Middle River surficial aquifer, rang-
ing from 5 gal/min (in the eastern part) to more than 50 gal/min 
(from the thickest sections of the central and northwest parts of 
the aquifer) (fig. 4) (table 1) (Maclay and others, 1965), are the 
smallest theoretical yields known within the study area.  

Two Rivers Surficial Aquifer

The largest potential well yields (more than 1,000 gal/min; 
table 1) from the Two Rivers surficial aquifer are near Lake 
Bronson (fig. 5) where surface water recharges the aquifer and 
the saturated thickness of coarse-grained sand and gravel is 
greater than 150 ft (Maclay and others, 1967).  Well yields of 
50 to more than 100 gal/min potentially could be developed 
from the sand-rich part of the aquifer near Lancaster, Minnesota 
(fig. 5) (Maclay and others, 1967).  

Pelican River Sand-Plain Aquifer

Maximum well yields from the Pelican River sand-plain 
aquifer were estimated to be as much as 1,200 gal/min (table 1) 
in areas southeast of Detroit Lake, west of Lake Melissa, west 
of Pelican Lake, west-southwest of Big Cormorant Lake, and 
from Prairie Lake to southwest of Pelican Rapids, Minnesota 
(fig. 6) (Miller, 1982).  

Aquifer-testing of the Pelican River sand-plain aquifer 
conducted by Miller (1982) indicated that pumping from one 
local confined aquifer had no effect on ground-water levels in 
the unconfined part of the Pelican River sand-plain aquifer.  
However, analytical simulations suggested that the surficial 
aquifer was hydraulically connected to local surface-water bod-
ies.  It was demonstrated that near the Pelican River (fig. 6) 
pumping wells could induce substantial amounts of recharge to 
the surficial aquifer from the river and that aquifer recharge was 
dependent on the number of pumping wells, pumping rates, 
duration of pumping, and distance of the pumping wells from 
the river (Miller, 1982).  

Steady-state numerical ground-water pumping simulations 
conducted by Miller (1982) showed that drawdown of the water 
table would be greatest in the northern one-half of the aquifer.  
Under normal recharge conditions, a 3-month, long-term pump-
ing period, and constant, maximum theoretical well yields rang-
ing from 300 to 1,200 gal/min, drawdown of the water table in 
the northern part of the aquifer was estimated between 2 and 8 ft 
(Miller, 1982).  In simulations that reduced aquifer recharge to 
one-half that of normal conditions, drawdown of the local water 
table more than doubled in some areas to as much as 10 to 25 ft 
below normal ground-water levels.  However, only minor 
(less than 5 ft) drawdown of the water table was estimated in 
the southern part of the aquifer near Prairie Lake (fig. 6) 
(Miller, 1982).  

The direct correlation between simulated ground-water 
pumping and water-table altitudes conducted by Miller (1982) 
demonstrated the sensitivity of the Pelican River sand-plain 
aquifer to increased ground-water withdrawals.  Assuming nor-
mal recharge of the aquifer, long-term, steady-state ground-
water pumping similar to rates simulated by Miller (1982) 
would likely produce minimal and acceptable drawdown of the 
local water table and surface water.  However, during sustained 
periods of below-normal precipitation and aquifer recharge, and 
(or) increased withdrawal of ground water, it is expected that 
drawdown of the water table would affect surface-water eleva-
tions and the availability of ground water (Miller, 1982).  

Otter Tail Surficial Aquifer

Theoretical well yields in the Otter Tail surficial aquifer 
were similar to those from the Pelican River sand-plain aquifer 
and varied over relatively short distances (Reeder, 1972).  Max-
imum well yields ranging from 1,200 to 1,500 gal/min (Ander-
son, 1980) were the third largest of the nine aquifers located in 
the study area (table 1).  

Wadena Surficial Aquifer

In 10 percent of the Wadena surficial aquifer in locations 
west, southeast, and south-southeast of Wadena, Minnesota, 
and along the Leaf River (fig. 8), maximum theoretical well 
yields were estimated to be more than 900 gal/min.  Yields of 
more than 300 gal/min could be produced from single wells in 
60 percent of the aquifer's extent, and less than 100 gal/min 
were estimated for 15 percent of aquifer in the eastern and 
southeastern parts (Lindholm, 1970).  

Ground-water development simulations were used by 
Lindholm (1970) to determine the greatest potential pumping 
rate that the Wadena surficial aquifer could sustain.  The results 
of the simulations suggested that regional drawdown of the 
water table reached equilibrium each year during a recovery 
period prior to the next pumping cycle.  On the basis of results 
from the simulations, 7.5 bgal/yr of water could be withdrawn 
consistently from the aquifer without substantially decreasing 
the water table (Lindholm, 1970).  However, increased 
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pumping, even at less-than-maximum hypothetical rates, likely 
would cause local tributary streams to become dry and would 
substantially decrease flows in larger perennial streams such as 
the Leaf and Crow Wing Rivers (fig. 8).  Results of the simula-
tions also indicated that continued maximum pumping from the 
aquifer likely would decrease water-table altitudes and the sat-
urated thickness of the surficial aquifer (Lindholm, 1970).

The steady-state ground-water flow simulations developed 
by Lindgren (2002) were used to evaluate the availability of 
ground water in the Wadena area by assessing the potential 
effects of hypothetical conditions on ground-water levels and 
streamflow.  Results of the simulations indicate that historical 
pumping has lowered the regional water table of the surficial 
aquifer by an average of 0.31 ft, with the greatest decline occur-
ring near Wadena (4.0 ft) and Staples (2.5 ft), Minnesota (fig. 8) 
(Lindgren, 2002).  Ground water discharged to rivers and 
streams was reduced by less than 1 percent relative to predevel-
opment levels as a result of pumping (Lindgren, 2002).  The 
simulations suggested that estimated increases in pumping rates 
may only have minor effects on ground-water levels and 
streamflow in the area.  Assuming the projected increase in 
pumping, additional regional drawdown of the Wadena surfi-
cial aquifer was estimated to average 0.03 ft, with maximum 
declines of 0.3 ft near Wadena, Minnesota, and streamflow was 
estimated to only decrease by approximately 0.6 percent of 
1998–99 levels, with minor decreases in ground-water evapo-
transpiration (Lindgren, 2002).  

The results of Lindgren's (2002) steady-state ground-water 
flow simulations also indicated that anticipated increases in 
ground-water withdrawal rates during drought periods may 
decrease regional ground-water levels by 2 to 4 ft within the 
surficial and confined parts of the Wadena aquifer and reduce 
ground-water discharge to rivers and streams by as much as 
23 percent relative to conditions in 1998–99.  Localized 
decreases in the surficial aquifer's water table could be as great 
as 6 ft near Wadena, Minnesota (fig. 8), and the central part of 
the aquifer (Lindgren, 2002).  However, during periods of nor-
mal precipitation (and aquifer recharge) and increased ground-
water pumping, the simulations suggested only minimal effects 
on ground-water levels and streamflow (Lindgren, 2002).  

Pineland Sands Surficial Aquifer

Maximum theoretical well yields, estimated to range from 
2,000 to 4,000 gal/min in isolated parts of the Pineland Sands 
surficial aquifer (table 1) (Helgesen, 1977), were the second 
largest estimated yields from the nine surficial aquifers.  Single 
well yields of 500 gal/min were obtainable throughout most of 
the aquifer, and yields of at least 1,000 gal/min were determined 
for 15 percent of its extent.  However, well yields less than 
100 gal/min were estimated for 30 percent of the aquifer (Hel-
gesen, 1977).  

Ground-water numerical simulation analyses by Helgesen 
(1977) demonstrated that much of the Pineland Sands surficial 
aquifer could support long-term, large-scale withdrawals.  The 

results showed that ground-water withdrawals of about 
780 Mgal/yr did not substantially affect the aquifer.  The simu-
lations indicated that ground-water withdrawals of 14,000 and 
28,000 Mgal/yr resulted in substantial declines in the water 
table, as much as 12 ft at some locations, and likely would result 
in decreased streamflow and lower lake elevations in areas of 
intensive ground-water development (Helgesen, 1977).

On the basis of the ground-water simulations conducted by 
Helgesen (1977), long-term withdrawal rates similar to those in 
2003 (8,179 Mgal/yr; table 12) are likely to affect the availabil-
ity of ground water in localized areas of the aquifer.  Although 
the withdrawal rate of water from the aquifer in 2003 was less 
than the simulated withdrawals calculated by Helgesen (1977), 
the 2003 pumping data do not include withdrawals from private 
supply wells.  The 2003 pumping data also demonstrate the 
increase in development of the aquifer from 1977 (780 Mgal/yr; 
Helgesen, 1977) to 2003. Continued development of the Pine-
land Sands surficial aquifer at rates similar to the recently 
observed trend of ground-water withdrawals likely will result in 
substantial declines of water-table altitudes and aquifer satu-
rated thickness, resulting in varying ground-water quality and 
reductions in surface-water elevations and streamflow.  

Bemidji-Bagley Surficial Aquifer

Well yields of several hundred gallons per minute are 
achievable in isolated parts of the Bemidji-Bagley surficial 
aquifer.  In general, well yields in the aquifer range from 10 to 
300 gal/min (table 1) (Stark and others, 1991).  However, the 
discontinuity of the saturated parts of the aquifer (fig. 10) and 
its thinness limit the potential productivity of the aquifer (Stark 
and others, 1991).  Although hydraulic conductivity estimates 
for the aquifer are relatively large, transmissivity and theoreti-
cal well yields are small because large areas of the aquifer are 
thinly saturated or completely unsaturated (fig. 10).  Therefore, 
the availability of ground water across the extent of the aquifer 
may not be consistent.  

Recent Ground-Water Withdrawals and Uses

In 2003, approximately 28 bgal of ground water were with-
drawn from eight surficial aquifers (excluding the Beach Ridge 
aquifers) in the Minnesota part of the Red River of the North 
Basin, not including water used for private supply (table 12) 
(Minnesota Department of Natural Resources, written com-
mun., 2004).  Withdrawals from the Otter Tail surficial aquifer 
were the most, totaling 9,173 Mgal, and ground water with-
drawn from the Otter Tail, Pineland Sands, and Wadena surfi-
cial aquifers totaled 87 percent of the ground-water resources 
withdrawn in 2003.  Water withdrawn from the Middle River 
surficial aquifer (26 Mgal) accounted for the smallest volume 
withdrawn from the eight surficial aquifers (Minnesota Depart-
ment of Natural Resources, written commun., 2004).  The vol-
umes of ground water withdrawn from the aquifers in 2003 and 
the uses of the water are summarized in table 12. 
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Table 12.  Ground-water withdrawals from selected surficial aquifers in Red River of the North Basin, Minnesota, 20031.

[Ground-water withdrawals obtained from the Minnesota Department of Natural Resources (written commun., 2004).  Mgal, millions of gallons; --, data not available]

12003 ground-water withdrawal data do not include withdrawals for private domestic (self-supply) use.

Aquifer name

Water use

Total water 
withdrawals 

by aquifer 
(Mgal)

Percentage of 
total 

withdrawals 
from eight 
surficial 

aquifers by 
aquifer

Aquacul-
ture

(Mgal)

Commer-
cial

(Mgal)

Golf 
irrigation 

(Mgal)

Industrial 
(Mgal)

Agricul-
tural 

irrigation 
(Mgal)

Livestock 
(Mgal)

Mining 
(Mgal)

Public 
supply 
(Mgal)

Thermo-
electric 
(Mgal)

Buffalo aquifer      --          -- -- --        334.6 -- --      73.3 --        408           1.5

Beach Ridge aquifers      --          -- -- -- -- -- -- -- -- -- --

Middle River surficial aquifer      --          -- -- -- -- -- --      25.8 --          26             .1

Two Rivers surficial aquifer      --          -- -- --        261.4 --     21.1    156.2 --       440           1.6

Pelican River sand-plain aqufier     1.0         3.5      93.6 --        989.5 --     67.8    716.9 --     1,872           6.7

Otter Tail surficial aquifer      --       49.1    131.5      12.9     8,556 6.3 --    417.2 --     9,173         32.9

Wadena surficial aquifer   10.2          --      28.5 --     6,473 -- --    289.6 --     6,802         24.4

Pineland Sands surficial aquifer      --          --      78.9    556.2     7,211 --     21.0    312.4 --     8,179         29.3

Bemidji-Bagley surficial aquifer     2.8       72.0      46.4      48.3          49.5 -- --    691.9 82.9        994           3.6

Total water withdrawals by type   14.0     124.6    378.9    617.4   23,880 6.3   109.9  2,683 82.9 27,900

Percentage of total withdrawals by type       .05           .4        1.4        2.2          85.6          .02         .4        9.6          .3
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The pumping data from 2003 indicate that ground water 
withdrawn for agricultural irrigation and golf irrigation totaled 
87 percent of all ground water withdrawn from the study area 
(table 12) (Minnesota Department of Natural Resources, writ-
ten commun., 2004).  Public supply (9.6 percent) was the 
second greatest use of ground water in 2003.  Other uses of 
ground water pumped from the aquifers, in order by the volume 
withdrawn, included industrial, commercial, mining, thermo-
electric energy, aquaculture, and livestock (table 12) (Minne-
sota Department of Natural Resources, written commun., 
2004).  

Water from the Buffalo aquifer is used for municipal and 
domestic supplies, and agricultural processing and irrigation 
(Schoenberg, 1998).  The aquifer is the primary water source for 
the towns of Glyndon and Sabin, Minnesota (fig. 3), and a sec-
ondary source of water for the city of Moorhead, Minnesota 
(fig. 3) (Minnesota Department of Natural Resources, 2000).  In 
2003, excluding water withdrawn for private supply, 408 Mgal 
of ground water were removed from the aquifer (table 12).  
Eighty-two percent of the ground water was used for agricul-
tural irrigation in 2003.  Relative to ground-water withdrawal 
rates from the Buffalo aquifer in 1988–89 (720 Mgal/yr) that 
produced marked declines in water-table levels (Schoenberg, 
1998), the 2003 pumping rate is likely to create minimal to 
moderate drawdown.  Ground-water withdrawals for 2003 from 
the Buffalo aquifer are summarized in table 12.  

Although the municipal water supply wells for Crookston, 
Minnesota, are located within the Beach Ridge aquifers, ground 
water from the deposits is used more commonly for private 
water supply (T.K. Cowdery, U.S. Geological Survey, oral 
commun., 2004).  The quantity of usable ground water in the 
Beach Ridge aquifers generally increases to the south where the 
deposits are closer together and often contiguous with one 
another and, therefore, able to store larger volumes of ground 
water.  In addition to providing local private water supply, the 
beach ridge deposits commonly are used for sand-and-gravel 
mining operations (T.K. Cowdery, U.S. Geological Survey, oral 
commun., 2004).  Due to the variable distribution and nonuni-
form aquifer characteristics of the Beach Ridge aquifers, stor-
age volumes and uses of ground water in 2003 could not be 
estimated. 

Ground water from the Middle River surficial aquifer is 
used for public supply, industrial, commercial, and agricultural 
purposes (Maclay and others, 1965).  In 1965, ground-water use 
totaled 12.5 Mgal/yr, including domestic and municipal supply, 
industrial and commercial uses, and agricultural activities 
(Maclay and others, 1965).  On the basis of estimated recharge 
to the aquifer, more than twice the 1965 annual pumping rate 
could be developed without a substantial decline in the water 
table (Maclay and others, 1965).  In 2003, about 26 Mgal of 
withdrawals were reported from the aquifer, all of which were 
used for public supply (table 12).  Due to its substantial satu-
rated thickness, the most favorable area of the aquifer for devel-
opment is the central part, east of Argyle, Minnesota (fig. 4) 
(Maclay and others, 1965).  It was estimated by Maclay and oth-
ers (1965) that the aquifer may be capable of storing 4.6 bgal of 

water (table 1); however, only a small part of that volume was 
economically viable.  Ground-water withdrawals from the aqui-
fer are summarized in table 12.  

The Two Rivers surficial aquifer is the largest potential 
source of ground water within the Middle River and Two Rivers 
watersheds (Maclay and others, 1965, 1967).  Although the 
surficial aquifer could be capable of providing substantial 
ground-water resources in the area, it was estimated that Lake 
Bronson contains 1.2 bgal of water and could provide consider-
able water supply (Maclay and others, 1965, 1967).  In 1967, it 
was estimated that 1.1 Mgal of ground water were used within 
the northern two-thirds of the aquifer (Maclay and others, 
1967), and in 1965, approximately 3.1 Mgal were withdrawn 
from the southern part for domestic and municipal supplies and 
agricultural use (Maclay and others, 1965).  In 2003, the volume 
of ground water withdrawn (440 Mgal) was more than 
100 times greater than withdrawals for 1965 and 1967.  
Ground-water withdrawals from the aquifer in 2003 are sum-
marized in table 12.  

Ground water from the Pelican River sand-plain aquifer is 
suitable for irrigation, municipal, and other uses (Anderson, 
1980).  In 2003, the primary uses of water withdrawn from the 
aquifer were agricultural irrigation (53 percent) and public sup-
ply (38 percent) (table 12).  Fifty-nine percent of all ground 
water withdrawn from the aquifer in 1976 was used for agricul-
tural and golf course irrigation (Anderson, 1980).  Ground-
water withdrawals in 2003 are summarized in table 12.  

Agricultural irrigation was the primary use (93 percent) of 
water from the Otter Tail surficial aquifer in 2003 (table 12).  
During 1976, irrigation was the largest use of ground water in 
Becker and Otter Tail Counties, accounting for 64 percent of the 
total ground water withdrawn.  Municipal use of ground water 
accounted for 12 percent in 1976, a part of which was from bed-
rock or buried outwash aquifers (Anderson, 1980).  Although 
the Otter Tail surficial aquifer is a substantial source of ground 
water, depending on the location of pumping centers, increased 
development may cause declines in local lake elevations, 
streamflow, and the aquifer water table and saturated thickness, 
and may result in changes in ground-water quality.  Ground-
water withdrawals from the aquifer in 2003 are summarized in 
table 12.  

Not including water withdrawn by private water-supply 
wells, 6,802 Mgal of ground water were pumped from the 
Wadena surficial aquifer in 2003 (table 12).  Agricultural irriga-
tion accounted for 95 percent of the total volume of ground 
water withdrawn from the aquifer.  Ground-water withdrawals 
from the aquifer totaled 1.2 bgal in 1997 and increased approx-
imately 63 percent in 1998 to 1.9 bgal (Lindgren, 2002).  During 
1997 and 1998, the volume of water pumped from irrigation, 
municipal, and commercial wells within the aquifer totaled 
72 and 77 percent of total withdrawals, respectively (Lindgren, 
2002).  

Ground water from the Pineland Sands surficial aquifer is 
acceptable for irrigation purposes (Helgesen, 1977), and water 
from the part of the aquifer located in the Straight River Basin 
area (fig. 9) is suitable for aquatic life, agriculture, wildlife, and 



Ground-Water Quality 33

domestic consumption (Stark and others, 1994).  The total vol-
ume of ground water pumped from the aquifer in 2003, exclud-
ing water withdrawn by private supply wells, was 8,179 Mgal.  
The primary uses of ground water pumped from the aquifer 
were agricultural irrigation (88 percent) and industrial (7 per-
cent) (table 12).  Ground-water withdrawals from the aquifer in 
2003 are summarized in table 12.  

The main use of ground water during 1985 from the 
Bemidji-Bagley area (from the unconfined and uppermost-
confined aquifers) was for municipal (Bemidji, Bagley, and 
Cass Lake, Minnesota) (fig. 10) and private water supply, and 
for agricultural irrigation (Stark and others, 1991).  During 
2003, the primary use of ground water from the Bemidji-Bagley 
surficial aquifer was for public supply, totaling 70 percent of the 
ground-water withdrawals (table 12).  Ground-water withdraw-
als from the aquifer in 2003 are summarized in table 12.  

Ground-Water Quality

Concentrations of selected constituents in samples from 
the surficial aquifers in the study area were compiled from pre-
vious studies and are summarized in table 13 and illustrated in 
figure 12. Sufficient ground-water-quality data were not avail-
able for evaluation in this report from the Beach Ridge aquifers 
and Middle River (excluding chloride data) and Two Rivers 
surficial aquifers.  Maximum, minimum, and median concen-
trations for selected constituents in the aquifers also were com-
pared to median concentrations (when available) of samples 
collected for the Red River of the North National Water-Quality 
Assessment (NAWQA) study conducted by USGS and reported 
by Cowdery (1998).  Samples for the NAWQA study were col-
lected from surficial aquifers located within two of the phys-
iographic areas (Red River Valley Lake Plain and Moraine) 
located in the Minnesota part of the basin (Cowdery, 1998).

Because the water-quality data were compiled from 
numerous, individual studies, the laboratory reporting limits for 
the data were different.  In addition, concentrations of zero (0) 
were reported in many of the previous aquifer studies but could 
not be accurately displayed on the logarithmic scales in 
figure 12.  To represent the various reporting limits and the 
zero-value data as accurately as possible, current laboratory 
reporting limits (0.06 μg/L, 2002, and 0.006 mg/L, 2004) are 
included on the nitrate (as nitrogen) and iron plots, respectively, 
in figure 12.  

Water samples from the surficial aquifers in the basin gen-
erally contained small concentrations of dissolved solids and 
were of good drinking-water quality (Cowdery, 1998).  Maxi-
mum, minimum, and median concentrations of specific conduc-
tance, dissolved solids, calcium, magnesium, sodium, sulfate, 
and iron were largest in samples collected from the Buffalo 
aquifer (Wolf, 1981) and from the Red River Valley Lake Plain 
physiographic area (table 13 and fig. 12).  However, the quality 
of ground water in the aquifers varied with physiographic area 
(Cowdery, 1998).  Samples collected from the Otter Tail surfi-
cial aquifer (Moraine physiographic area) and from the aquifers 

in the eastern part of the basin (Wadena, Pineland Sands, and 
Bemidji-Bagley surficial aquifers) contained larger median 
concentrations of nitrate (as nitrogen) than samples from the 
Buffalo aquifer (Red River Valley Lake Plain physiographic 
area) and the Pelican River sand-plain aquifer (all concentra-
tions less than the laboratory reporting limit of 0.06 mg/L).  
Median nitrate (as nitrogen) concentrations were largest in sam-
ples from the Otter Tail surficial aquifer (1964–68) (19 mg/L), 
and a sample from the Wadena surficial aquifer (1964–67) con-
tained the largest nitrate (as nitrogen) concentration (138 mg/L) 
within the study area (table 13 and fig. 12).  

Median concentrations of dissolved solids and sulfate from 
the two physiographic areas (Red River Valley Lake Plain and 
Moraine) are similar to median concentrations reported for the 
aquifers within those areas (fig. 12).  However, nitrate (as nitro-
gen) concentrations in samples collected from the Red River 
Valley Lake Plain and Moraine physiographic areas were less 
than those from all of the surficial aquifers excluding the Buf-
falo aquifer and Pelican River sand-plain aquifer (fig. 12).  
Median concentrations of iron from the Red River Valley Lake 
Plain and Moraine areas were also different than concentrations 
from the aquifers within those areas (fig. 12).  The median iron 
concentration from the Red River Valley Lake Plain physio-
graphic area was less than concentrations from the Buffalo 
aquifer, and the median iron concentration from the Moraine 
physiographic area was substantially larger than median con-
centrations from the Pelican River sand-plain aquifer and the 
Otter Tail surficial aquifer (fig. 12).  

Ground water from the Buffalo aquifer is very hard and 
calcium bicarbonate type.  The water has a low sodium hazard 
and a medium-to-high salinity hazard.  However, flushing of the 
aquifer prevents the accumulation of salts and associated salin-
ity hazards (Wolf, 1981).  The long-term quality of ground 
water in the Buffalo aquifer was evaluated by Wolf (1981) by 
using analytical results from 46 samples collected in 1957 and 
20 samples collected in 1978.  Although the water samples were 
not collected from the same wells, both sets of samples were 
collected from across the same general extent of the aquifer 
(Wolf, 1981).  In general, the two sets of data indicate changes 
in the quality of the water with time.  Wolf (1981) reported that 
the samples collected in 1978 contained larger mean, median, 
and maximum concentrations of specific conductance, tem-
perature, color, hardness, dissolved solids, calcium, magne-
sium, sulfate, and iron than samples collected in 1957.  Water 
samples from 1978 also generally contained less sodium, potas-
sium, and silica, and smaller pH values, sodium percentages, 
and sodium-adsorption ratios than in 1957 (Wolf, 1981).  
Selected water-quality data from the Buffalo aquifer are sum-
marized in table 13 and figure 12.  

Due to the discontinuous and variable nature of the Beach 
Ridge aquifers, the quality of ground water from the deposits 
varies greatly within the basin and within the individual sand 
deposits (Stoner and others, 1993).  Water-quality data for the 
Beach Ridge aquifers were not available.  

Ground water from the Middle River surficial aquifer is 
hard with large concentrations of dissolved iron.  The 
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Table 13.  Concentrations of selected water-quality constituents in surficial aquifers in Red River of the North Basin, Minnesota.

[µS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; max, maximum; med, median value; >, greater than; <, less than; --, data not available]

Aquifer name
Date of 
sample 

collection

Specific 
conductance 

(μS/cm)

Dissolved 
solids
(mg/L)

Calcium 
(mg/L)

Magnesium 
(mg/L)

Sodium
(mg/L)

Sulfate
(mg/L)

Chloride 
(mg/L)

Nitrate 
(as nitrogen) 

(mg/L)

Iron
(mg/L)

max med max med max med max med max med max med max med max med max med

Buffalo aquifer 1957   1,500 789   1,190 490 181     84     83 33    159    21     545    108     39    3.5    --    --     4.6     0.73

1978   2,250 828   1,990 604 260   110   230 40    140    10  1,100    190     54    4.4   10   0   45    7.4

Beach Ridge 
aquifers

--       -- --       -- -- --      --      -- -- --       --       --       --     --      --    --    --      --      --

Middle River 
surficial aquifer

1965       -- --       -- -- --      --      -- -- --       --       --       -- >600      --    --    --      --      --

Two Rivers 
surficial aquifer

1969       -- --    <500 -- --      --      -- -- --       --       --       --     --      --    --    --      --      --

Pelican River  
sand-plain 
aquifer

1965–73   1,270 542      708 298 93     75     28 23    140      2.7       32      17   170 5.7       .02     .02     1.7      .05

Otter Tail surficial 
aquifer

1965–68   1,020 436      655 272 150     50     42 25      19      3.3       37      20.5     42    3.9   24   3.8       .22      .22

1964–68      570 354      680 238 108     47     31 22        9.6      2.8       51      16     14    2.7   80 19     5.9      .07

Wadena surficial 
aquifer

1970      950 585      730 371 116     81.5     37 22      32      5.3       96      15     52    6 138   7.2     4.5      .5

1979      867 460      520 280 110     61     31 16      50      3.4       39      10     41    4.3   23     .34     5.5      .13

Pineland Sands 
surficial aquifer

1975–76      661 420      359 245 110     62     21 15      12      2.9       35        5.9     22    2.5   20     .95   13      .75

1988–89      790 390      330 252 120     66     34 20      18      3.7       34        6.4     57    4.8   35   3.5      --      --

Bemidji-Bagley 
surficial aquifer

1987–88   1,800 460   1,020 281 190     70     64 17    230      3.4       25        9.3   380    4.5     7.8   1.4   20      .02

Maximum 
concentration

  2,250 828   1,990 604 260   110   230 40    230    21  1,100    190   380    6.0 138 19   45    7.4

Minimum 
concentration

     570 354      330 238 93     47     21 15        9.6      2.7       25        5.9     14    2.5       .02   0       .22      .02

Mean 
concentration

  1,168 526      818 333 144     71     60 23      81      5.9     199      40     87    4.2   38   4.0   11    1.1

Median 
concentration

     985 460      694 281 118     68     36 22      41      3.4       38      16     47    4.4   23   1.4     5.5      .22
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Figure 12.  Concentrations of (A) dissolved solids, (B) sulfate, (C) nitrate (as nitrogen), and (D) iron in water from selected surficial 
aquifers and physiographic areas.
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concentrations of chloride ranged from 50 mg/L in the eastern 
part of the aquifer to more than 600 mg/L in the northwestern 
part (table 13) (Maclay and others, 1965).  Water-quality data 
available for the Middle River surficial aquifer are summarized 
in table 13.  

The Two Rivers surficial aquifer contains bicarbonate type 
water that is very hard.  In general, the water has large carbonate 
concentrations and as much as 5 to 9 mg/L of iron (Maclay and 
others, 1967).  Water pumped from deeper wells within the 
aquifer may contain concentrations of hydrogen sulfide gas 
(Maclay and others, 1967).  The relatively small concentrations 
of dissolved solids in water from the aquifer, generally less than 
500 mg/L (table 13), indicate a relatively short time period that 
the ground water was in contact with aquifer material (Maclay 
and others, 1967).  Available water-quality data for the Two 
Rivers surficial aquifer are summarized in table 13. 

Ground water in the Pelican River sand-plain aquifer is 
calcium magnesium bicarbonate type and is very hard (Ander-
son, 1980; Miller, 1982).  Ground water from the aquifer has a 
low sodium hazard and does not pose risks for irrigation pur-
poses.  However, increased pumping for irrigation could cause 
the build-up of salts (Miller, 1982).  Concentrations of iron and 
manganese in ground water generally exceeded standards of 
0.3 and 0.05 mg/L, respectively, recommended by the U.S. 
Environmental Protection Agency (1986).  Selected water-
quality data from the Pelican River sand-plain aquifer are sum-
marized in table 13 and figure 12.  

The Otter Tail surficial aquifer contains water that is cal-
cium bicarbonate type and generally has a hardness greater than 
200 mg/L.  Water from the aquifer has a low sodium hazard and 
a medium salinity hazard (Winter and others, 1969).  Water 
hardness and dissolved concentrations of chloride, nitrate, iron, 
and (or) manganese vary depending on location and land-use 
practices across the aquifer (Winter and others, 1969; Reeder, 
1972).  Nitrate concentrations exceeded U.S. Environmental 
Protection Agency (1986) recommended drinking-water stan-
dard of 10 mg/L in two of the six samples collected by Ander-
son (1980).  Selected water-quality data from the Otter Tail 
surficial aquifer are presented in table 13 and figure 12.  

Water in the Wadena surficial aquifer is calcium bicarbon-
ate type and very hard.  Hardness is attributed to the dissolution 
of a large percentage of the carbonate rock fragments present 
within the outwash sand and gravel and the underlying till.  The 
water has a low sodium hazard and a medium to high salinity 
hazard (Lindholm, 1970).  Locally large concentrations of 
nitrate were measured in shallow ground-water samples and 
attributed to human and agricultural activities, including septic 
tank effluent, fertilization, and livestock (Lindholm, 1970).  
Selected water-quality data from the Wadena surficial aquifer 
are summarized in table 13 and figure 12.  

The Pineland Sands surficial aquifer contains calcium 
bicarbonate water that is moderately hard to very hard.  Miner-
alization and hardness typically are greater in the northwestern 
one-half of the aquifer as a result of geographic variation in 
mineral solubility and longer contact time between soluble min-
erals and ground water (Helgesen, 1977).  Analyses of ground 

water from the aquifer indicated a low sodium hazard and low 
to medium salinity hazard (Helgesen, 1977).  Nitrate con-
centrations in shallow parts of the aquifer near the Straight 
River exceeded U.S. Environmental Protection Agency (1986) 
drinking-water standard of 10 mg/L and generally were larger 
in samples collected near the water table.  However, nitrate con-
centrations in water collected from deeper wells were less than 
1.0 mg/L (Stark and others, 1994).  Selected water-quality data 
from the Pineland Sands surficial aquifer are summarized in 
table 13 and figure 12.  

Ground water from the Bemidji-Bagley surficial aquifer is 
very hard and a calcium bicarbonate type.  The water has a low 
sodium hazard and a medium to high salinity hazard (Stark and 
others, 1991).  The concentrations of dissolved solids locally 
exceeded Minnesota Pollution Control Agency (1988) recom-
mended standards for agricultural and wildlife use and fre-
quently exceeded recommended levels for domestic use (Stark 
and others, 1991).  Elevated concentrations of cations and 
anions were likely related to local land use (Stark and others, 
1991).  The effects of these practices were more pronounced in 
the quality of the water in the surficial aquifer than in the con-
fined aquifer (Stark and others, 1991).  Mean concentrations of 
specific conductance, temperature, dissolved solids, calcium, 
sodium, potassium, sulfate, chloride, silica, ammonia plus 
organic nitrogen, and phosphorus were larger and more variable 
in water from wells within the surficial aquifer located in com-
mercial and residential land-use areas than in wells located in 
agricultural and forested areas.  Mean concentrations of magne-
sium, fluoride, and ammonia nitrogen generally were larger in 
water from wells within commercial land-use areas than in 
wells within forested and agricultural areas, and the mean 
nitrate (as nitrogen) concentration was larger in water from res-
idential land-use area wells than from wells in forested and agri-
cultural areas (Stark and others, 1991).  It also is likely that the 
variable concentrations detected in the surficial aquifer indi-
cated mixing with water from the confined aquifer (Stark and 
others, 1991).  Selected water-quality data from the Bemidji-
Bagley surficial aquifer are presented in table 13 and figure 12.  

Implications of Study

Evaluating the availability of ground water in the surficial 
aquifers of the study area is an initial step for water managers in 
determining the long-term, sustainable use of ground water in 
the Red River of the North Basin.  Hydrogeologic and hydraulic 
characteristics and properties, sources and losses of water in an 
aquifer, and ground-water storage are essential to understand-
ing and describing an aquifer system.  Well yields, ground-
water pumping and use, water quality, and the interactions of 
ground water with surface water (during periods of pumping 
and recovery) also provide valuable information in assessing 
the availability of ground water.  

The availability of ground water from an aquifer is based 
on the effects of ground-water pumping on the aquifer and the 
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surrounding environment and the relevance of these effects, 
either positive or negative, with respect to ground-water needs 
and uses.  This report provides an evaluation of the availability 
of ground water in the study area; however, the conclusions 
regarding availability of water do not imply the sustainable uses 
(or quantities) of ground water from the aquifers.  Although 
hydrologic properties and scientific methods provide a founda-
tion of information about an aquifer, the availability of ground 
water from an aquifer, and therefore, the sustainability also 
need to be evaluated by water managers with respect to eco-
nomic and social policies and planning.  

Water budgets, either derived from measured or hypothet-
ical values, provide estimates of the sources and losses of water 
and the total volume of ground water available in each aquifer.  
The inflow of water to an aquifer (total recharge) is an impor-
tant component of the water budget, as the difference between 
inflows and losses (discharge) of water affects ground-water 
levels and storage.  Greater rates of inflow imply greater poten-
tial availability of ground water.  Therefore, understanding and 
estimating the sources of inflow provide vital information for 
assessing ground-water availability.  Water-budget estimates 
summarized in this report suggest that total recharge rates are 
greatest in the Otter Tail, Wadena, Pineland Sands, and 
Bemidji-Bagley surficial aquifers and least in the Middle River 
surficial aquifer.  

Estimates of ground-water storage in the aquifers, calcu-
lated or summarized from published reports, represent the max-
imum volume of ground water that is capable of being stored in 
an aquifer and are not the actual, available volumes of ground 
water.  Because the aquifers are considered to have long-term, 
steady-state conditions, sources of water are approximately 
equal to losses, and water in storage minimizes fluctuations in 
the water budget.  The Pelican River sand-plain aquifer and 
Otter Tail, Pineland Sands, and Two Rivers surficial aquifers 
are capable of storing the largest volumes of ground water in the 
study area.  The Middle River surficial aquifer has the least 
potential volume for storing ground water.  

Theoretical well yields in the study area are greatest in the 
Buffalo aquifer, Pelican River sand-plain aquifer, and Otter Tail 
and Pineland Sands surficial aquifers.  The majority of ground-
water pumped from the aquifers in 2003 was from the Otter 
Tail, Pineland Sands, and Wadena surficial aquifers.  In addi-
tion to having the smallest theoretical well yields, the volume of 
ground water withdrawn from the Middle River surficial aqui-
fer was the smallest in the study area.  

On the basis of available water-quality data, in general the 
Buffalo aquifer contained the largest concentrations of constit-
uents, including specific conductance, dissolved solids, cal-
cium, magnesium, sulfate, and iron (table 13 and figure 12).  
Concentrations of selected constituents were smallest in the 
Pelican River sand-plain aquifer and Otter Tail and Pineland 
Sands surficial aquifers relative to the other aquifers in the study 
area. On the basis of characteristics and hydraulic properties, 
estimated water budgets, theoretical well yields, ground-water 
storage and use, and water quality, the Otter Tail and Pineland 
Sands surficial aquifers and the Pelican River sand-plain 

aquifer have the greatest potential for additional development 
of ground-water resources within the study area. 

Summary and Conclusions

The assessment of ground-water availability from the nine 
surficial aquifers within the Minnesota part of the Red River of 
the North Basin (Buffalo, Beach Ridge, Middle River, Two 
Rivers, Pelican River, Otter Tail, Wadena, Pineland Sands, and 
Bemidji-Bagley) requires an understanding and evaluation of 
numerous aquifer characteristics, including (1) location and 
extent; (2) physical characteristics and hydraulic properties; 
(3) the volume of water within the aquifer determined on the 
basis of sources and losses to and from the aquifer and the max-
imum amount of water capable of being stored in the aquifer; 
(4) the ability (or inability) to withdraw ground water from the 
aquifer (that is, theoretical well yields and ground-water pump-
ing data); (5) the intended uses of the ground water and the nec-
essary quality of the water for the intended uses; and (6) the 
hydraulic connection between the aquifer and surrounding sur-
face water.  Information regarding the availability of ground 
water from the aquifers in the study area was compiled and 
summarized from previously published studies. 

Water-budget estimates for selected aquifers in the study 
area were compiled from published information, including 
steady-state aquifer simulations; precipitation data, hydrograph 
analysis, and infiltration capacities of soils; and recharge and 
discharge components determined for the aquifer.  The water 
budgets provided a method of comparing the sources and losses 
of water and the volume of ground water available within each 
of the aquifers.  The major sources of recharge to the surficial 
aquifers include areal recharge, primarily from the infiltration 
of precipitation; flow from surface water; and flow across aqui-
fer boundaries from adjacent geologic units.  Losses of water 
from the aquifers are the result of evapotranspiration, flow to 
surface water, flow across aquifer boundaries to adjacent geo-
logic units, and ground-water withdrawals by pumping wells.  

On the basis of water-budget estimates for the aquifers 
summarized in this report, the Bemidji-Bagley, Otter Tail, Pine-
land Sands, and Wadena surficial aquifers have the 
highest rates of total water inflow (and outflow), ranging from 
44,000 to 92,000 Mgal/yr, of the nine aquifers located within 
the study area.  Conversely, water-budget information 
indicates that the Middle River surficial aquifer has the 
lowest rate (approximately 1,100 Mgal/yr) of total water inflow 
and outflow. 

The maximum volume of ground water that is capable of 
being stored in the surficial aquifers was estimated using areal 
extent and published saturated thickness and porosity data (Pel-
ican River sand-plain aquifer and Bemidji-Bagley, Otter Tail, 
Pinelands Sands, and Wadena surficial aquifers) or prorated 
using published estimates of ground-water storage volumes 
(Two Rivers surficial aquifer).  Ground-water storage estimates 
were summarized for the Buffalo aquifer and Middle River 
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surficial aquifer from published studies.  The volume of ground 
water capable of being stored in each of the aquifers ranged 
from 4.6 bgal in the Middle River surficial aquifer to 1,000 bgal 
in the Pineland Sands surficial aquifer.  The Otter Tail and Two 
Rivers surficial aquifers and Pelican River sand-plain aquifer 
are capable of storing relatively large volumes of ground water, 
ranging from 300 to 500 bgal.  The total volume of ground 
water that is capable of being stored within the eight surficial 
aquifers, excluding the Beach Ridge aquifers, was estimated to 
be approximately 2,875 bgal.  Due to the variable and limited 
extent and the absence of hydrologic and hydraulic data, 
ground-water storage estimates were not determined or avail-
able for the Beach Ridge aquifers.

Maximum theoretical well yields for the aquifers generally 
occur in areas with abundant, well-sorted, coarse-grained sedi-
ment.  Specific areas of the Buffalo aquifer have the greatest 
potential to yield ground water to pumping wells.  Maximum 
well yields in the nine aquifers range from 10,000 gal/min in the 
Buffalo aquifer to 50 gal/min in the Middle River surficial aqui-
fer.  Relatively large well yields also were determined for the 
Otter Tail and Pineland Sands surficial aquifers and the Pelican 
River sand-plain aquifer. Areas of the surficial aquifers that pro-
duced the largest theoretical well yields are limited in size and 
likely would not support long-term high rates of ground-water 
pumping.

In 2003, 28 bgal of ground water were withdrawn from the 
nine aquifers, not including water used for private supply.  The 
largest volume of ground water was pumped from the Otter Tail 
surficial aquifer (9,173 Mgal), and the smallest volume 
(26 Mgal) was pumped from the Middle River surficial aquifer. 
Ground water from the Otter Tail, Pineland Sands, and Wadena 
surficial aquifers represented 87 percent of the ground-water 
resources withdrawn in the study area in 2003.  Agricultural 
irrigation and public supply were the largest uses of ground 
water withdrawn from the aquifers in 2003, totaling about 
95 percent of the total volume withdrawn.  

Information on ground-water quality through analysis of 
selected constituents in the surficial aquifers was compiled and 
summarized from previously conducted studies.  Water-quality 
data were not available for the Beach Ridge aquifers and Middle 
River and Two Rivers surficial aquifers.  Water samples from 
the remaining aquifers generally contained small concentra-
tions of dissolved solids and were of good drinking-water qual-
ity.  In general, concentrations of specific conductance, dis-
solved solids, calcium, magnesium, sodium, sulfate, and iron 
were largest in the Buffalo aquifer.  Ground water from the 
Bemidji-Bagley, Otter Tail, Pineland Sands, and Wadena surfi-
cial aquifers contained larger concentrations of nitrate (as nitro-
gen) than the other aquifers.  

Although information regarding ground-water develop-
ment and the effects on local surface-water bodies is limited and 
specific to each hydrologic system, in general the data indicate 
that each of the nine surficial aquifer systems are hydraulically 
connected to local surface water.  Ground-water development 
simulations conducted for some of the aquifers describe 
correlations between increased ground-water withdrawals and 

declining lake elevations and streamflows, declining ground-
water levels, and (or) variations in the quality of ground-water 
resources.  

The relation between net ground-water sources and losses, 
aquifer storage, use and safe yield, and water quality are impor-
tant in evaluating the availability of ground water.  On the basis 
of characteristics and hydraulic properties, estimated water 
budgets, theoretical well yields, ground-water storage and use, 
and water quality, the Otter Tail and Pineland Sands surficial 
aquifers and the Pelican River sand-plain aquifer have the great-
est potential for additional development of ground-water 
resources within the study area.  However, estimates of ground-
water recharge, discharge, and storage cannot exclusively be 
used to determine the amount of ground water that can be with-
drawn on a sustained basis.  The sustainability (and therefore, 
availability) of ground water also is dependent on changes in the 
flow of water and the effects on the aquifer and the surrounding 
environment as a result of pumping and the acceptable tradeoffs 
between ground-water use and these changes.  This report is 
intended to describe and evaluate some of the hydrologic char-
acteristics necessary as a first step for water managers in deter-
mining the sustainable use of ground water from the surficial 
aquifers in the study area. 
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Appendix

The information summarized in this report was compiled 
from numerous studies, reports, fact sheets, maps, hydrologic 
atlases, and abstracts.  Although all of the selected references 
have provided valuable information regarding general geology 
and hydrogeology of the Red River of the North Basin, particu-
lar resources provided pertinent information that was specific to 
the individual, nine surficial aquifers that are the focus of this 
report.  Tables A1 and A2 are included to assist others in obtain-
ing additional information related to this study and for future 
ground-water and hydrogeology studies conducted within the 
Red River of the North Basin.  Tables A1 and A2 are summary 
matrices of the particular references cited for the nine selected 
surficial aquifers (table A1) and general references for the Red 
River of the North Basin (table A2).  Although the references 
listed in tables A1 and A2 will provide the information com-
piled for this report, the tables and the cited references are not 
comprehensive lists of all of the sources of information pertain-
ing to the selected surficial aquifers and the hydrogeology of the 
Red River of the North Basin.

References listed in table A1 for each of the surficial aqui-
fers were divided (and noted as such) into two categories, pri-
mary and secondary.  In general, the primary references con-
tained the most recently published and (or) most comprehensive 
information.  Secondary references provided important histori-
cal data, regional-based information not specific to a particular 
aquifer, and minor or less detailed information.  The 12 column 
headings of tables A1 and A2 (for example, Aquifer extent, 
Geologic description, and so forth) were selected to most 
accurately characterize and describe the aquifers and water 

resources within the Red River of the North Basin and used to 
identify the information contained within the cited references.  

Although estimates of the surficial aquifer's water budgets 
used to evaluate the availability of ground water are presented 
in table 2, table A3 is a more extensive list of available water-
budget information.  Water-budget estimates in table A3, com-
piled from individual studies, were produced by (1) steady-state 
aquifer simulations; (2) water budgets that were based on pre-
cipitation data, hydrograph analysis, and infiltration capacities 
of soils; and (3) known recharge and discharge components.  
When available and applicable, multiple water budgets have 
been included and cited in table A3 for the surficial aquifers by 
the various methods used and (or) by authors.  The objective of 
including the multiple estimates is to provide a comparative 
assessment of the estimation methods used for each aquifer and 
for comparison to the other surficial aquifers included in this 
study.  

Similar to water budgets in table 2, water-budget estimates 
in table A3 have been converted to millions of gallons per year 
(Mgal/yr) for comparative purposes.  Estimates of mean net 
areal recharge from hydrograph analysis and infiltration capac-
ity of soils may differ from values reported in the original stud-
ies.  Many of the water-budget components for the aquifers 
were not determined or were not available.  Additional informa-
tion regarding the surficial aquifers' sources and losses of water 
may exist that were not presented in table A3.  If specific infor-
mation regarding an aquifer's water budget and the methods of 
determination are necessary, the reader is encouraged to review 
the cited studies.
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Table A1.  Specific references cited for selected surficial aquifers in Red River of the North Basin, Minnesota.

[x, primary reference; •, secondary reference; --, information not available]

Reference

Type of information

Aquifer 
extent

Geologic 
descrip-

tion

Aquifer 
pro-

perties

Water-
quality 

data

Ground-
water 

storage

Ground/
surface-

water 
inter-

actions

Stream 
discharge 
measure-

ments

Ground-
water 
flow 

simula-
tions

Recharge/
discharge 
sources

Water-
budget 
data/

simula-
tions

Historical 
ground-

water use 

Theoretical 
well yields

Buffalo aquifer

Minnesota Department of Natural Resources, 2000 x x -- x -- -- -- -- -- -- -- --
Minnesota Geological Survey, 1995 -- x -- -- -- -- -- -- -- -- -- --
Schoenberg, 1998 x x x -- x x x x x -- x --
Wolf, 1981 x x x x x x x x x -- x x

Maclay and others, 1969 • • -- • • • • -- • • • •
Maclay and others, 1972 • • • • -- • • -- • • • --
Ulteig Engineers, Inc., 1987 • • • -- -- -- -- -- -- -- -- --

Beach Ridge aquifers

Lorenz and Stoner, 1996 x -- -- x -- -- -- -- -- -- -- --
Stoner and others, 1993 x x x x -- -- -- -- -- -- -- x

Lindgren, 1996 • • • • -- -- -- • • • -- •
Minnesota Department of Natural Resources, 2000 • • -- • -- -- -- -- -- -- -- --
Minnesota Geological Survey, 1995 -- • -- -- -- -- -- -- -- -- -- --

Middle River surficial aquifer

Lorenz and Stoner, 1996 x -- -- x -- -- -- -- -- -- -- --
Maclay and others, 1965 x x x x x x x -- x x x x

Lindgren, 1996 • • • • -- -- -- • • • -- •
Maclay, 1963 -- • • • -- -- -- -- -- -- -- •
Maclay and others, 1972 • • • • -- • • -- • • • --

Two Rivers surficial aquifer

Lorenz and Stoner, 1996 x -- -- x -- -- -- -- -- -- -- --
Maclay and others, 1965 x x x x x x x -- x x x x
Maclay and others, 1967 x x x x x x x -- x x x x

Lindgren, 1996 • • • • -- -- -- • • • -- •
Maclay and others, 1972 • • • • -- • • -- • • • --
Schiner, 1960 -- • • • • -- -- -- • -- -- •
Schiner, 1963 -- • • • • -- -- -- • -- -- •
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Table A1.  Specific references cited for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[x, primary reference; •, secondary reference; --, information not available]

Reference

Type of information

Aquifer 
extent

Geologic 
descrip-

tion

Aquifer 
pro-

perties

Water-
quality 

data

Ground-
water 

storage

Ground/
surface-

water 
inter-

actions

Stream 
discharge 
measure-

ments

Ground-
water 
flow 

simula-
tions

Recharge/
discharge 
sources

Water-
budget 
data/

simula-
tions

Historical 
ground-

water use 

Theoretical 
well yields

Pelican River sand-plain aquifer

Anderson, 1980 x x -- x -- -- -- -- -- -- x x
Miller, 1982 x x x x -- -- -- x x x -- x
Minnesota Department of Natural Resources, 2000 x x -- x -- -- -- -- -- -- -- --
Minnesota Department of Natural Resources, 2002 x x -- x -- x -- -- x -- -- --
Minnesota Geological Survey, 1995 -- x -- -- -- -- -- -- -- -- -- --
Minnesota Geological Survey, 1999 -- x -- -- -- -- -- -- -- -- -- --

Hobbs and Goebel, 1982 • -- -- -- -- -- -- -- -- -- -- --
Miller, 1981 • • • • -- -- -- -- • -- -- --

Otter Tail surficial aquifer

Anderson, 1980 x x -- x -- -- -- -- -- -- x x
Minnesota Department of Natural Resources, 2002 x x -- x -- x -- -- x -- -- --
Minnesota Geological Survey, 1999 -- x -- -- -- -- -- -- -- -- -- --
Reeder, 1972 x x x x -- -- -- x x -- -- x

Hobbs and Goebel, 1982 • -- -- -- -- -- -- -- -- -- -- --
Reeder, 1969 • • • • -- -- -- • • -- -- •
Ruhl, 1997 • -- -- • -- -- -- -- -- -- -- --
Winter and others, 1969 • • • • -- • • -- • • • •

Wadena surficial aquifer

Lindgren, 2002 x x x -- x x x x x x x x
Lindholm, 1970 x x x x -- x -- x x x x x
Minnesota Department of Natural Resources, 2002 x x -- x -- x -- -- x -- -- --
Minnesota Geological Survey, 1999 -- x -- -- -- -- -- -- -- -- -- --
Myette, 1984 x x x x -- -- -- -- -- -- -- --

Hobbs and Goebel, 1982 • -- -- -- -- -- -- -- -- -- -- --
Myette, 1982 -- -- -- • -- -- -- -- -- -- -- --
Wright, 1962 -- • -- -- -- -- -- -- -- -- -- --
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Pineland Sands surficial aquifer

Helgesen, 1977 x x x x -- x -- x x x -- x
Minnesota Department of Natural Resources, 2002 x x -- x -- x -- -- x -- -- --
Minnesota Geological Survey, 1999 -- x -- -- -- -- -- -- -- -- -- --
Stark and others, 1994 x x -- x -- x x x x -- -- --

Hobbs and Goebel, 1982 • -- -- -- -- -- -- -- -- -- -- --
Ruhl, 1995 • -- -- • -- -- -- -- -- -- -- --

Bemidji-Bagley surficial aquifer

Stark and others, 1991 x x x x -- x -- x x x x x

Baker and Kuehnast, 1978 -- -- -- -- -- -- -- -- • -- -- --
Baker and others, 1979 -- -- -- -- -- -- -- -- • -- -- --
Hobbs and Goebel, 1982 • -- -- -- -- -- -- -- -- -- -- --

Table A1.  Specific references cited for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[x, primary reference; •, secondary reference; --, information not available]

Reference

Type of information

Aquifer 
extent

Geologic 
descrip-

tion

Aquifer 
pro-

perties

Water-
quality 

data

Ground-
water 

storage

Ground/
surface-

water 
inter-

actions

Stream 
discharge 
measure-

ments

Ground-
water 
flow 

simula-
tions

Recharge/
discharge 
sources

Water-
budget 
data/

simula-
tions

Historical 
ground-

water use 

Theoretical 
well yields
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Table A2.  General references cited for Red River of the North Basin, Minnesota.

[x, information available; --, information not available]

Reference

Type of information

Aquifer 
extent

Geologic 
description

Aquifer 
properties

Water-
quality 

data

Ground 
water 

storage

Ground-/ 
surface-water 

interactions

Stream 
discharge 
measure-

ments

Ground-
water flow 
simulations

Recharge/
discharge 
sources

Water-
budget 

data/simu-
lations

Historical 
ground-

water use 

Theoretical 
well yields

Anderson and Stoner, 1989 -- -- x x -- x -- -- x -- -- --
Bidwell and others, 1970 x x x x -- x x -- x x x x
Cotter and Bidwell, 1966 x x x x -- x x -- x x x x
Cotter and others, 1966 x x x x -- x x -- x x x x
Cowdery, 1995 -- -- -- x -- -- -- -- -- -- -- --

Cowdery, 1997 x x -- x -- -- -- -- -- -- -- --
Cowdery, 1998 x x -- x -- x x -- x -- -- --
Delin, 1986 x x x x -- x -- x x x x x
Delin, 1995 x x x -- -- -- -- -- -- -- -- --
Larson and others, 1975 x x x -- -- x -- x x x -- --

Lindholm, 1980 x x x x -- x x x x -- -- x
Lindholm and Norvitch, 
1976

x x -- x -- -- -- -- -- -- x x

Lindholm and others, 1972 x x x x -- x x -- x x x x
Lorenz, 1992 x -- -- -- -- -- -- -- x -- -- --
Lorenz and Stoner, 1996 x -- -- x -- -- -- -- -- -- -- --

Maclay and others, 1968 x x x x -- x x -- x x x x
Magner and others, 1997 x x x -- -- -- -- -- -- -- --
Puckett and Cowdery, 2002 x x -- x -- -- -- -- -- -- -- --
Puckett and others, 1999 x x -- x -- -- -- -- -- -- -- --
Ruhl, 1996 -- -- -- x -- -- -- -- -- -- -- --

Stoner, 1991 x x -- x -- x -- -- x -- x --
Stoner and others, 1993 x x x x -- -- -- -- -- -- -- x
Stoner and others, 1997 x -- -- x -- -- -- x x -- -- --
Stoner and others, 1998 x -- -- x -- x x -- x -- -- --
Theis, 1935 -- -- x -- x -- -- -- -- -- -- x

Winter and others, 1967 x x x x -- x x -- x x x x
Winter and others, 1970 x x x x -- x x -- x x x x
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Table A3. Comprehensive list of estimated water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference)

Method of 
determination

Maximum 
aquifer 

storage1 
(Mgal)

Area of 
aquifer 

(mi2)

Year of areal 
recharge 

data2 

(dimension-
less)

Mean areal 
recharge 

rate2 
[range] 
(in/yr)

Percentage 
of mean 

areal 
recharge to 

mean 
annual 
precipi-
tation3

Sources of water to aquifer

Mean areal 
recharge4 

(area x rate) 
(Mgal/yr)

Flow from 
surface water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Total 
sources 

(inflows) of 
water to 

the aquifer 
(Mgal/yr)

Buffalo aquifer
(Wolf, 1981)

hydrograph 
analysis

270,000 66 1977–78 4.1
[2.4–8.8]

20 4,700 -- -- 4,700

Buffalo aquifer
(Schoenberg, 1998)

hydrograph 
analysis

270,000 25 1993 4.8
[3.6–5.5]

23 407 3,300 0 3,707

Beach Ridge aquifers -- -- -- -- -- -- -- -- -- --

Middle River surficial aquifer
(Maclay and others, 1965)

infiltration
capacity of soils

4,600 22 1962 3
[2–4]

16 1,100 -- 27.0 1,127

Two Rivers surficial aquifer
(Maclay and others, 1965, 1967)

infiltration
capacity of soils

400,000 146 1962 2.5
[1–4]

11 6,300 -- 200 6,500

Pelican River sand-plain aquifer
(Miller, 1982)

hydrograph 
analysis

300,000 195 1979 4.9
[3.7–6.1]

22 17,000 -- 0 17,000

hydrograph 
analysis

300,000 195 1980 4.5
[3.1–5.9]

20 15,000 -- 0 15,000

steady-state
"Detroit Lakes" 
simulation

300,000 195 -- -- -- 5,500 1,900 1,500 8,900

steady-state
"Scrambler" simulation

300,000 195 -- -- -- 3,800 1,100 -- 4,900

Otter Tail surficial aquifer
(Reeder, 1972)

hydrograph 
analysis

500,000 510 1969 5.5
[3–6]

27 49,000 0 2,000 51,000
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Table A3. Comprehensive list of estimated water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference)

Method of 
determination

Maximum 
aquifer 

storage1 
(Mgal)

Area of 
aquifer 

(mi2)

Year of areal 
recharge 

data2 

(dimension-
less)

Mean areal 
recharge 

rate2 
[range] 
(in/yr)

Percentage 
of mean 

areal 
recharge to 

mean 
annual 
precipi-
tation3

Sources of water to aquifer

Mean areal 
recharge4 

(area x rate) 
(Mgal/yr)

Flow from 
surface water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Total 
sources 

(inflows) of 
water to 

the aquifer 
(Mgal/yr)

Wadena surficial aquifer
(Lindholm, 1970)

hydrograph 
analysis

150,000 397 1967 8 38 55,000 -- -- 55,000

regional precipitation
data and hydrograph

60,453 160 1934–67 -- -- 53,000 16,000 300 69,300

Wadena surficial aquifer
(Lindgren, 2002)

hydrograph 
analysis

150,000 397 1998 13.9
[6–23]

65 96,000 -- -- 96,000

hydrograph 
analysis

150,000 397 1999 11.5
[6.2–17.3]

54 79,000 -- -- 79,000

numerical (regional)
steady-state simulation

150,000 397 -- -- -- 67,000 1,000 24,000 92,000

Leaf River area
 (Wadena surficial aquifer–
Lindgren, 2002)

hydrograph 
analysis

150,000 397 1998–99 15.5
[10.6–23]

73 107,000 -- -- 107,000

Pineland Sands surficial aquifer
(Helgesen, 1977)

hydrograph 
analysis

1,000,000 996 1971–76 5.1 26 88,000 -- 11,000 99,000

steady-state simulation 1,000,000 996 -- -- -- 58,000 6,000 6,000 70,000

steady-state simulation 1,000,000 996 -- -- -- 58,000 6,000 6,000 70,000

steady-state simulation 1,000,000 996 -- -- -- 58,000 6,000 6,000 70,000

steady-state simulation 1,000,000 996 -- -- -- 58,000 6,000 6,000 70,000
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Straight River Basin area
(Pineland Sands surficial 
aquifer—Stark and others, 1994)

numerical (summer)
steady-state simulation

82,932 82.6 1988 12.5 55 17,000 3,000 2,000 22,000

Bemidji-Bagley surficial aquifer
(Stark and others, 1991)

hydrograph 
analysis

250,000 630 1986–87 4
[4–8]

20 44,000 -- -- 44,000

Bemidji-Bagley regional system
(confined / unconfined 
aquifers—Stark and others, 1991)

numerical (regional)
steady-state simulation 

416,667 1,050 -- -- -- 5,900,000 310,000 -- 6,210,000

Table A3. Comprehensive list of estimated water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference)

Method of 
determination

Maximum 
aquifer 

storage1 
(Mgal)

Area of 
aquifer 

(mi2)

Year of areal 
recharge 

data2 

(dimension-
less)

Mean areal 
recharge 

rate2 
[range] 
(in/yr)

Percentage 
of mean 

areal 
recharge to 

mean 
annual 
precipi-
tation3

Sources of water to aquifer

Mean areal 
recharge4 

(area x rate) 
(Mgal/yr)

Flow from 
surface water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Total 
sources 

(inflows) of 
water to 

the aquifer 
(Mgal/yr)
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Table A3. Comprehensive list of estimated water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference)

Method of 
determination

Losses of water from aquifer Total losses 
(outflows) of 
water from 

aquifer 
(Mgal/yr)

Differences 
between 

sources and 
losses of water 

in aquifer 
(Mgal/yr)

Explanation of estimated water budgetEvapotrans-
piration4 
(Mgal/yr)

Flow to surface 
water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Withdrawals 
by pumping 

wells2 
(Mgal/yr)

Buffalo aquifer
(Wolf, 1981)

hydrograph 
analysis

0 -- -- 408 408 4,292 Includes only net areal recharge and discharge 
by wells (Minnesota Department of Natural 
Resources, 2003).

Buffalo aquifer
(Schoenberg, 1998)

hydrograph 
analysis

0 -- -- 408 408 3,299 Losses include withdrawals by wells (Minnesota 
Department of Natural Resources, 2003) and 
exclude flow across boundaries (to Glacial Lake 
Agassiz sediment and confined till).

Beach Ridge 
aquifers

-- -- -- -- -- -- -- No water-budget data available.

Middle River 
surficial aquifer
(Maclay and others, 
1965)

infiltration
capacity of soils

0 -- -- 26 26 1,101 Sources include areal recharge and flow across 
boundaries; losses include withdrawals by wells 
(Minnesota Department of Natural Resources, 
2003).

Two Rivers 
surficial aquifer
(Maclay and others, 
1965, 1967)

infiltration
capacity of soils

0 -- -- 440 440 6,060 Sources include areal recharge and flow across 
boundaries; losses include withdrawals by wells 
(Minnesota Department of Natural Resources, 
2003).

Pelican River sand-
plain aquifer
(Miller, 1982)

hydrograph 
analysis

0 -- -- -- 0 17,000 Includes only recharge sources.

hydrograph 
analysis

0 -- -- -- 0 15,000 Includes only recharge sources.

steady-state
"Detroit Lakes" 
simulation

5,000 3,900 -- -- 8,900 0 Steady-state simulation.
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Pelican River sand-
plain aquifer— 
Continued

steady-state
"Scrambler" 
simulation

1,900 2,900 100 -- 4,900 0 Steady-state simulation.

Otter Tail surficial 
aquifer
(Reeder, 1972)

hydrograph 
analysis

0 -- 2,000 -- 2,000 49,000 Includes only sources of water and losses of 
water across boundaries to adjacent aquifers.

Wadena surficial 
aquifer
(Lindholm, 1970)

hydrograph 
analysis

0 -- -- -- 0 55,000 Includes only net areal recharge.

regional 
precipitation
data and 
hydrograph

47,000 37,000 200 -- 84,200 -14,900 14,900 Mgal/yr loss of aquifer storage.

Wadena surficial 
aquifer
(Lindgren, 2002)

hydrograph 
analysis

0 -- -- 2,000 2,000 94,000 Includes only net areal recharge and actual 
discharge to pumping wells of 2,000 Mgal/yr in 
1998.

hydrograph 
analysis

0 -- -- 2,000 2,000 77,000 Includes only net areal recharge and actual 
discharge to pumping wells of 2,000 Mgal/yr in 
1998.

numerical 
(regional)
steady-state 
simulation

32,000 42,000 16,000 2,000 92,000 0 Surficial aquifer system only; simulated 
pumping of 6.45 ft3/s in 1997–98; negligible 
flow across boundaries to/from the adjacent 
(confined) aquifer.

Table A3. Comprehensive list of estimated water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference)

Method of 
determination

Losses of water from aquifer Total losses 
(outflows) of 
water from 

aquifer 
(Mgal/yr)

Differences 
between 

sources and 
losses of water 

in aquifer 
(Mgal/yr)

Explanation of estimated water budgetEvapotrans-
piration4 
(Mgal/yr)

Flow to surface 
water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Withdrawals 
by pumping 

wells2 
(Mgal/yr)
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Leaf River area
 (Wadena surficial 
aquifer—Lindgren, 
2002)

hydrograph 
analysis

0 -- -- 2,000 2,000 105,000 Assumed greater areal recharge rate in Leaf 
River area; includes only net areal recharge and 
discharge to pumping wells of 2,000 Mgal/yr in 
1998.

Pineland Sands 
surficial aquifer
(Helgesen, 1977)

hydrograph 
analysis

0 -- -- -- 0 99,000 Includes only recharge sources.

steady-state 
simulation

5,000 65,000 -- 0 70,000 0 Steady-state simulation; excludes withdrawals 
by wells.

steady-state 
simulation

5,000 65,000 -- 800 70,800 -800 Minor loss of aquifer storage; minimal recharge 
from irrigation; simulated pumping of 3.3 ft3/s 
(800 Mgal/yr).

steady-state 
simulation

5,000 65,000 -- 14,000 84,000 -14,000 Moderate loss of aquifer storage and surface 
water; minimal recharge from irrigation; 
simulated pumping of 60 ft3/s (14,000 Mgal/yr).

steady-state 
simulation

5,000 65,000 -- 28,000 98,000 -28,000 Moderate loss of aquifer storage and surface 
water; minimal recharge from irrigation; 
simulated pumping of 120 ft3/s 
(28,000 Mgal/yr).

Straight River 
Basin area
(Pineland Sands 
surficial aquifer— 
Stark and others, 
1994)

numerical 
(summer)
steady-state 
simulation

-- 15,000 -- 6,700 21,700 300 Greater rate of areal recharge per area 
characteristics; steady-state system; simulated 
pumping of 28.4 ft3/s (6,700 Mgal/yr).

Table A3. Comprehensive list of estimated water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference)

Method of 
determination

Losses of water from aquifer Total losses 
(outflows) of 
water from 

aquifer 
(Mgal/yr)

Differences 
between 

sources and 
losses of water 

in aquifer 
(Mgal/yr)

Explanation of estimated water budgetEvapotrans-
piration4 
(Mgal/yr)

Flow to surface 
water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Withdrawals 
by pumping 

wells2 
(Mgal/yr)
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1Aquifer storage from published information or estimated from saturated thickness data and aquifer extent (see table 1).
2Values reported directly from cited reference; except where withdrawals by wells in 2003 are reported by the Minnesota Department of Natural Resources.
3Mean annual precipitation data from 2003 for county/area from www.climate.umn.edu.
4Values calculated (converted to similar units) from data reported in cited reference.

Bemidji-Bagley 
surficial aquifer
(Stark and others, 
1991)

hydrograph 
analysis

0 -- -- -- 0 44,000 Sources include areal recharge; losses unknown.

Bemidji-Bagley 
regional system
(confined / 
unconfined 
aquifers—Stark and 
others, 1991)

numerical 
(regional)
steady-state 
simulation 

0 6,100,000 -- 47,000 6,147,000 63,000 Confined and unconfined aquifer systems; 
excludes flow to/from aquifers/confined units.

Table A3. Comprehensive list of estimated water budgets for selected surficial aquifers in Red River of the North Basin, Minnesota.—Continued

[Mgal, millions of gallons; mi2, square miles; in/yr, inches per year; Mgal/yr, millions of gallons per year; --, data not available; ft3/s, cubic feet per second]

Aquifer name 
(reference)

Method of 
determination

Losses of water from aquifer Total losses 
(outflows) of 
water from 

aquifer 
(Mgal/yr)

Differences 
between 

sources and 
losses of water 

in aquifer 
(Mgal/yr)

Explanation of estimated water budgetEvapotrans-
piration4 
(Mgal/yr)

Flow to surface 
water4 

(Mgal/yr)

Flow across 
boundaries4 

(Mgal/yr)

Withdrawals 
by pumping 

wells2 
(Mgal/yr)
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