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Effects of Ground-Water Withdrawals on Flow 
in the Sauk River Valley Aquifer and on 
Streamflow in the Cold Spring Area, 
Minnesota
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ABSTRACT
The U. S. Geological Survey, in cooperation with the 

city of Cold Spring, Minnesota conducted a study during 
1998-99 to: (1) determine the contributing areas of ground-
water flow to high-capacity wells, (2) delineate the 10-,  
20-, and 30-year time-of-travel zones to high-capacity 
wells, and (3) determine changes in streamflow in the Sauk 
River due to ground-water withdrawals. Surficial aquifers 
underlie a portion of the uplands in the north-central part of 
the study area and the Sauk River Valley. The upland surfi-
cial aquifer is unconfined, with saturated thicknesses rang-
ing from 6 to 37 feet. The Sauk River Valley aquifer 
consists of hydraulically connected sand and gravel units: 
(1) the generally continuous surficial unconfined unit 
underlying the Sauk River Valley and (2) buried confined 
units that are overlain by till or lake clays in the upland 
areas. Maximum saturated thickness of the Sauk River Val-
ley aquifer is about 50 feet. Thicknesses of the buried units 
are generally 10 to 20 feet.

Ground-water flow in the upland surficial aquifer is (1) 
to the south and southeast toward the margins of the aquifer 
and (2) toward an unnamed creek valley in the northwest-
ern part of the study area. Ground-water flow in the Sauk 
River Valley aquifer is from upland areas toward the Sauk 
River and the connected chain of lakes. Based on 
hydrograph analysis, ground-water recharge rates to the 
aquifers during 1999 ranged from 5.3 to 8.6 inches per 
year, with an average value of 7.0 inches per year. 

Streamflow measurements indicated net gains of 44.8 
and 25.8 cubic feet per second for the Sauk River from 
Cold Spring to Rockville during October 1998 and August 
1999, respectively. In general, the Sauk River probably is a 
gaining stream in all reaches, except for the reach adjacent 

to the Gold’n Plump Poultry Processing Plant well field. 
Ground-water withdrawals from the well field induce infil
tration of water from the Sauk River to the underlying aq
fer. The measured gains in streamflow for Brewery Cree
were 2.75 and 2.25 cubic feet per second during Octobe
1998 and August 1999, respectively.     

A numerical ground-water-flow model was constructe
and calibrated for steady-state conditions. Based on the
ibrated model, areal recharge accounts for 51.5 percent
the sources of water to the aquifers in the Cold Spring a
and inflow through constant-head boundaries contribute
45.8 percent. The largest discharges from the aquifers a
leakage from the Sauk River Valley aquifer to the Sauk 
River and Brewery Creek (53.7 percent) and outflow 
through constant-head boundaries (33.1 percent). 

The simulated contributing areas for selected water-
supply wells in the Cold Spring area generally extend to
and possibly beyond the model boundaries to the north a
to the southeast. The contributing areas for the Gold’n 
Plump Poultry Processing Plant supply wells extend: (1)
the Sauk River, (2) to the north to and possibly beyond t
the northern model boundary, and (3) to the southeast to
and possibly beyond the southeastern model boundary. 
primary effects of projected increased ground-water with
drawals of 0.23 cubic feet per second (7.5 percent increa
were to: (1) decrease outflow from the Sauk River Valley
aquifer through constant-head boundaries and (2) decre
leakage from the valley unit of the Sauk River Valley aqu
fer to the streams. No appreciable differences were disc
ible between the simulated steady-state contributing are
to wells with 1998 pumpage and those with the projected
pumpage. 
1
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INTRODUCTION
Increased demand for ground 

water in the Cold Spring area in cen-
tral Minnesota has resulted in the 
increased development of glacially-
deposited aquifers, hereinafter termed 
glacial aquifers. These aquifers, com-
posed of surficial and buried sand and 
gravel, underlie the Sauk River Valley 
in the Cold Spring area and are uti-
lized as sources of water supply. The 
Minnesota Department of Health 
(MDH) and public and private water 
suppliers are concerned about the 
effects of ground-water withdrawals 
from high-capacity wells on water 
levels in the aquifers, streamflow in 
the Sauk River, and potential sources 
of contamination to water-supply 
wells. Potential sources of contami-
nated water to high-capacity water-
supply wells in the Cold Spring area, 
some of which are located near the 
Sauk River, include both contami-
nated ground water and the Sauk 
River. Areas contributing ground-
water to high-capacity wells need to 
be delineated so that land use within 
the contributing areas can be managed 
to reduce the risk of water-quality 
degradation. Of particular concern to 
the MDH and water managers is the 
extent and sources of nitrate contami-
nation in the aquifers and the Sauk 
River. A better understanding of 
ground-water flowpaths and ground-
water travel times in the Cold Spring 
area and the extent of contributing 
areas to public supply wells is needed 
to manage the water supplies and pre-
vent contamination of public water-
supply wells. Changes in contributing 
areas and time-of-travel zones as a 
result of anticipated development also 
need to be assessed. 

During August 1996, nitrate con-
centrations exceeded the maximum 
contaminant level of 10 milligrams 
per liter as nitrogen (mg/L as N) set 
by the U.S. Environmental Protection 

Agency (USEPA) (1996) in water 
sampled from Cold Spring municipal 
well CS1 (Minnesota Department of 
Health, 1999). Cold Spring municipal 
well CS2 also has shown elevated 
concentrations of nitrate, ranging 
from 7 to 8 mg/L as N (Minnesota 
Department of Health, 1999). These 
two wells make up the city’s primary 
well field. In addition, sampling of 
other public and private wells by local 
well drillers, Stearns County Environ-
mental Services Department, and the 
Minnesota Department of Agriculture 
(MDA) points to a number of other 
areas around the community where 
local ground water has nitrate concen-
trations approaching or exceeding the 
maximum contaminant level of 
10 mg/L as N. During October 1996, 
monitoring of eight private wells 
located in the vicinity of the proposed 
new well site for Cold Spring munici-
pal well CS4 indicated nitrate concen-
trations ranging from <1.0 to 
6.2 mg/L as N. Pesticide monitoring 
indicated low concentrations of atra-
zine in the Cold Spring water system. 
During 1991, MDH monitoring indi-
cated low concentrations of volatile 
organic compounds in two private 
water supply systems (Gold’n Plump 
Poultry Processing Plant and Cold 
Spring Granite Company).

The Wellhead Protection (WHP) 
Program is a provision in the 1986 
Amendments to the Safe Drinking 
Water Act designed to assist State 
agencies in protecting areas surround-
ing wells against infiltration, percola-
tion, and transport of contaminants 
that may have adverse effects on 
human health. The USEPA prepared a 
guidebook (U.S. Environmental Pro-
tection Agency, 1987) to provide 
technical guidance on the hydrologic 
aspects of WHP in the United States. 
For the purposes of WHP, three types 
of recharge areas have been defined: 
the zone of transport, the zone of con-

tribution, and the zone of influence 
(U.S. Environmental Protection 
Agency, 1987). The time required for
a contaminant to travel between 
points in an aquifer can be identified 
using maps showing lines of equal 
advective travel time. A zone of trans
port (time-of-travel zone), therefore, 
is defined by the area around a 
pumped well bounded by lines of 
equal travel time. The zone of contri-
bution (contributing area) for a high-
capacity well (greater than 
200 gal/min (0.44 ft3/s)) is defined as 
that part of a ground-water-flow sys-
tem supplying water to a well. The 
contributing area could be thought of
as a time-of-travel zone for infinite 
travel time. The zone of influence is 
the area of declines in hydraulic head
resulting from the withdrawal of 
water from a well. 

To address these needs and con
cerns, and to further the understand-
ing of stream-aquifer systems, the 
U.S. Geological Survey (USGS), in 
cooperation with the City of Cold 
Spring, conducted a study during 
1998-99. The objectives of this study
were to: (1) determine the contribut-
ing area of ground-water flow to high
capacity wells under current and pro-
jected development conditions, (2) 
delineate the 20-year time-of-travel 
zones to high-capacity wells under 
current and projected development 
conditions, and (3) aid in understand
ing the interaction between the Sauk
River Valley aquifer and the Sauk 
River and Brewery Creek. This repor
describes the results of field data col
lection during 1998-99, the sources 
and types of data used in constructin
a steady-state numerical ground-
water-flow model, the model calibra-
tion process, and the results of mode
simulations. 
2
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Description of Study Area
      The study area covers about 

55 mi2 in southeastern Stearns County 
in central Minnesota (fig. 1). The city 
of Cold Spring, with a population of 
approximately 4,000, is located near 
the center of the study area. The study 
area is drained by the Sauk River, 
which flows from west to east across 
the study area and whose confluence 
with the Mississippi River is about 
15 mi northeast of the study area. 
Average annual precipitation in the 
study area is 27 in. (Baker and Kueh-
nast, 1978). Of this amount, about 
4.5 in. leaves the Sauk River Basin as 
runoff (Baker and others, 1979). The 
nearest USGS streamflow-gaging sta-
tion on the Sauk River (station num-
ber 05270500) is located about 8 mi 
downstream of Cold Spring. The 
average annual flow in the Sauk River 
at this point is 305 ft3/s (Mitton and 
others, 1999). The minimum recorded 
discharge is 0.3 ft3/s and the maxi-
mum discharge is 9,100 ft3/s. Brewery 
Creek, a tributary to the Sauk River, 
flows to the southeast through Cold 
Spring. A chain of lakes extending 
from Knaus Lake on the east to 
Horseshoe Lake on the west is located 
in the southwestern part of the study 
area. The Sauk River flows into the 
chain of lakes near the western bound-
ary of the study area and flows out of 
Knaus Lake south of Cold Spring 
(fig. 1). 

Topography is rolling to undulat-
ing in upland areas and steep near 
streams and drainageways. The 
topography is relatively flat along the 
Sauk River Valley. In the study area, 
the valley is much wider on the north-
west side of the river than on the 
southeast side. Relatively steep bluffs 
(an escarpment with about 70 ft 
change in altitude) dip down to the 
Sauk River Valley about 1 mile north-
west of the downtown area of Cold 
Spring and along the southeast side of 

the Sauk River. There is a lower river 
terrace (about 20 ft above river level) 
immediately north of Cold Spring. 
Land use in the Cold Spring area is 
evenly divided between developed 
and undeveloped land. About 25 per-
cent of the area is used for agriculture. 
Undeveloped land other than agricul-
ture includes forest, wetlands, and 
surface-water bodies.    

Methods of Investigation

Existing data on the hydrogeol-
ogy and hydraulic properties of the 
ground-water system in the study area 
were compiled from a variety of 
sources including test-hole and water-
well logs, geologic maps, State and 
Federal data bases, and published 
reports. New data collected for this 
study includes test drilling and well 
installation, water levels, and stream 
discharge. A numerical ground-water-
flow model was constructed using 
information from test-hole logs, 
water-well logs, and geologic maps.

Test-hole and water-well logs 
were obtained from the Minnesota 
Geological Survey’s County Well 
Index for Stearns County, the USGS 
Ground Water Site Inventory data 
base, consulting reports, and the 
MDH. Twenty-one 2-inch-diameter 
observation wells were installed for 
this study. All but one of the observa-
tion wells were screened in surficial 
sand and gravel deposits. A pair of 
nested wells was installed near the 
Sauk River at the Gold’n Plump Poul-
try Processing Plant site and a set of 
three nested wells was installed near 
Cold Spring municipal wells CS1 and 
CS2 (fig. 1a). The deeper well of the 
pair of nested wells at the Gold’n 
Plump Poultry Processing Plant site 
was screened in a lower-permeability 
deposit underlying the surficial sand 

and gravel deposits and overlying gra
nitic bedrock.     

Water levels were measured 
monthly during November 1998 
through October 1999 in the 21 obse
vation wells installed for this study 
and in 7 observation wells screened i
surficial sand and gravel deposits tha
had been installed prior to this study 
(fig. 1). Water levels were measured 
twice during October 1998 through 
February 1999 in 31 domestic and 
commercial wells (fig. 1). Eight of the 
31 domestic and commercial wells ar
screened in surficial sand and gravel
deposits in the north-central part of 
the study area, 19 are screened in su
ficial sand and gravel deposits in the
Sauk River Valley and buried sand 
and gravel deposits in the adjacent 
uplands, and 4 are open to the granit
bedrock. Water levels measured in th
28 observation wells and 24 of the 
domestic and commercial wells were
used to calibrate the numerical 
ground-water-flow model. 

Stream- or lake-stage measure-
ments were made monthly during 
November 1998 through October 
1999 (if open-water conditions 
existed) at 5 sites on the Sauk River, 
sites on the chain of lakes, and 2 site
on Brewery Creek (fig. 1). One of the
sites on the Sauk River was at Rock-
ville, located about 1 mi east of the 
study area. 

The altitudes of all water-level 
measurement points were determine
by surveying from nearby bench-
marks by the USGS (Greg Payne, 
written commun., 1999). Altitudes of 
measuring points were measured wit
a precision of 0.1 ft. 

Synoptic sets of low-flow mea-
surements were made to quantify 
streamflow gains and losses for 
reaches of the Sauk River and Brew-
ery Creek. Streamflow measurement
were made at nine sites on the Sauk
3



4

p

1

1 1

16

6 6

6

31363136

T
123
N

R 31 W R 30 W R 29 W

Sauk
River

Brewery
Creek

23

23

22

50

50
2

2

71

49

Jacobs Prairie

Cold Spring
Richmond

Lake
Schneiders

Thein
Lake

B
ye

r 
La

ke

NorthernGreat

Lake

Krays

L
ake

East Lake

Knaus
Lake

Koetter Lake Lake
Zumwalles

Lake

Horseshoe Park
Lake

Bolfing LakeCedar Island Lake

Mud Lake

Fink
Lake

45°25'

45°27'30"

45°30'
94°30' 94°27'30" 94°25' 94°22'30"

B

B

B

B

23

2

2

3

SW1

SW8

SW9

I

G

G
G

2

2

2

2

2

CS#4

CSG
CSG

SEE
FIGURE 1a

0 1 2 3 MILES

0 1 2 3 KILOMETERS

Location of study area, wells, and streamflow and stream-stage measurement sites, Cold Spring area, Minnesota.

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

Location Map

MINNESOTA

Study
Area

Figure 1.

Area where valley unit of Sauk river Valley aquifer is present

Domestic or commercial well (B indicates well open
to Precambrian bedrock)

Observation well (number indicates nested wells)

WHP partnership water-supply well (Number indicates multiple
wells at a site. CSG indicates Cold Spring Granite Company
supply well. CS indicates Cold Spring municipal well)

Irrigation well

Golf course or landscape well

Industrial well

Streamflow measurement site (with site identifier)

Stream- or lake-stage measurement site

Both streamflow and stream-stage measurement site
(with site identifier)

2

I

2

G

SW8

SW1

EXPLANATION

CS



5

23

14

22

15

24

13

T
123
N

R 30 W

Sauk

River

Brewery

C
reek

23

50

2

2

Cold Spring

Knaus Lake

45°27'

45°28'

94°26' 94°25' 94°24'

0 1 MILE

0 1 KILOMETER

Location of wells, and streamflow and stream-stage measurement sites near Cold Spring and Gold'n Plump Poultry

Processing Plant, Cold Spring area, Minnesota.

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

Gold'n Plump
Poultry

Processing
Plant

SW2

CSD

SW4

Domestic or commercial well (B indicates well open
to precambrian bedrock)

Observation well (number indicates nested wells)

WHP partnership water-supply well
GL indicates Gluek Brewing Company supply well
CS indicates Cold Spring municipal well
TE indicates Town's Edge Mobile Home Park supply well
GPP indicates Gold'n Plump Poultry supply well
CSA indicates Cold Spring Alano Society supply well

Irrigation well

Golf course or landscape well

2

I

G

EXPLANATION

Industrial well

Streamflow measurement site
(with site identifier)

Stream- or lake-stage measurement site

Both streamflow and stream-stage measurement site
(with site identifier)

Discharge site
CSD indicates Cold Spring Wastewater Plant discharge site
GPD indicates Gold'n Plump Poultry Plant discharge site

BB

CS

Figure 1a.

CSD

GPD

B

B

B

2

3

SW2

SW3

SW4

SW5

SW6

SW7

SW10

SW11
SW12

I

G

G

G

CS#3
CS#1 CS#2

GLGL

CSA

CSA

GPP

GPP

TETE



e 

d 
 
k 

, 
l 
. 
-
 

n 

 

 

 
 
l 

 
 

r 
River and at three sites on Brewery 
Creek during October 1998 and 
August 1999 (fig. 1). The estimated 
accuracy of individual current-meter 
streamflow measurements was 5 per-
cent for measurements rated good and 
8 percent for measurements rated fair 
(Pelletier, 1988). The measured 
streamflow gains and losses were 
used in the calibration of the numeri-
cal ground-water-flow model.   

A numerical ground-water-flow 
model was constructed and calibrated 
for steady-state conditions to achieve 
project objectives. The numerical 
model used was the USGS modular 
three-dimensional, finite-difference 
ground-water-flow model (MOD-
FLOW) developed by McDonald and 
Harbaugh (1988). The model was cal-
ibrated using water levels and stream 
stages measured in 52 observation, 
domestic, and commercial wells and 
at 12 stream sites, respectively. Two 
synoptic sets of low-flow streamflow 
measurements made on the Sauk 
River and Brewery Creek at 11 sites 
were also used to calibrate the model. 
VISUAL MODFLOW was used as a 
pre-processor to input the data, to run 
the MODFLOW simulations, and as a 
post-processor to visualize and ana-
lyze the results of the simulations 
(Guiguer and Franz, 1999). 

The particle-tracking post-pro-
cessing package MODPATH (Pollock, 
1989) was used to compute ground-
water flow path lines based on output 
from the calibrated steady-state simu-
lation obtained with MODFLOW. In 
addition to three-dimensional path 
lines, MODPATH computes the posi-
tion of particles at specified points in 
time and the total time-of-travel for 
each particle. Particle tracking was 
used to determine the contributing 
area of ground-water flow to water-
supply wells and to delineate the 10-, 
20-, and 30-year time-of-travel zones 
to the wells. 
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HYDROGEOLOGIC SETTING

Geologic Deposits

Precambrian igneous and meta-
morphic rocks underlie the glacial 
deposits in the study area (Helgesen 
and others, 1975). Sedimentary rocks 
of Late Cretaceous age once extended 
across most of the area (Meyer and 
Swanson, 1996). Today remnants of 
these strata less than 25 ft thick, con-
sisting chiefly of soft shale, claystone, 
and silty fine sandstone, overlie the 
Precambrian rocks in some areas 
(fig. 2). 

Surficial deposits in the Cold 
Spring area (fig. 2) consist mainly of 
late-Wisconsin glacial till and out-
wash sands and gravels associated 
with the Des Moines and Superior 
lobes (Meyer and Knaeble, 1995; 
Meyer and Swanson, 1996). Outwash 
sands and gravels from the Des 
Moines lobe fill most of the Sauk 
River Valley. Outcrops of igneous and 
metamorphic rocks, marl, peat, till, 

and alluvium also are present in the 
Sauk River Valley. 

The distribution of Quaternary 
deposits is represented in figure 3. 
The glacial deposits in the uplands ar
composed of impermeable till, but 
have randomly distributed buried san
and gravel lenses throughout. Where
the deposits are thinner in the bedroc
valley of the Sauk River, continuous 
surficial alluvial deposits of highly 
permeable sand and gravel are 
present. The glacial deposits here 
were eroded by the Sauk River, with 
subsequent deposition of alluvium.

The Quaternary deposits in the 
study area include: (1) till with few, if 
any, buried sand and gravel lenses 
(fig. 3, zone A), (2) complex till and 
ice-contact stratified deposits that 
may include surficial or buried sand, 
sand and gravel lenses, or both (fig. 3
zones B and C), and (3) thick surficia
sand and gravel outwash deposits (fig
3, zones D and E). The glacial depos
its become thicker with distance from
the Sauk River (Setterholm, 1995), 
which is incised into the glacial 
deposits and down to the Precambria
bedrock in some reaches. Glacial 
deposits with thicknesses of as much
as 50 ft are present along the river, 
whereas thicknesses of as much as 
250 ft occur in the uplands northwest
and southwest of Cold Spring. 

Hydrogeologic Units

The areal extent of the surficial 
aquifer underlying the uplands in the
north-central part of the study area is
hereinafter termed the upland surficia
aquifer (fig. 4). The eastern part of 
upland surficial aquifer includes the 
areas of Superior lobe ice contact ice
contact deposits, which comprise the
sand and gravel area of the aquifer. 
The western part of the aquifer con-
sists of predominantly sandy Superio
lobe till, with isolated surficial sand 
6
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Mostly till of the Des Moines or Superior lobes.  Sand beds thicker
than 10 feet may be present at depth, especially where depth to
bedrock exceeds 100 feet.  Sand beds are discontinuous and
absent in many areas.

Complex deposits include till and ice-contract stratified deposits
of either or both the Des Moines lobe and Superior or Rainy lobes.
Includes areas of thick surficial sand, thick sand below thin or thick
till(s), and, especially in areas where depth to bedrock is less than
150 feet, thick till(s) with thin or no sand beds.

Less than 50 feet of sand or gravel over one or more beds of till or
clayey lake sediment.  One or more sand beds exceeding 10 feet in
thickness may underlie beds of till or clayey lake sediment.

Primarily sand and gravel of the Des Moines lobe outwash over
till or over bedrock; sand and gravel of Superior lobe outwash may
be present in places at depth.  Bedrock is near the surface in a few
places.  The underlying till, where present, commonly is of the Des
Moines lobe in the western part of the study area and of the
Superior lobe in the eastern part.  In some areas the sand is
seperated from bedrock by clayey lake sediment.

Greater than 50 feet of sand or gravel over mostly Superior lobe or
older till, or lake sediment.  Beds of sand generally less than 10
feet thick are present between the till and bedrock in places; till
is very thin or absent in some areas.
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and gravel deposits. The upland surfi-
cial aquifer is unconfined with satu-
rated thicknesses ranging from 6 to 
37 ft. 

The Sauk River Valley aquifer 
consists of hydraulically connected 
sand and gravel units in different 
hydrogeologic settings: (1) the gener-
ally continuous surficial unconfined 
unit underlying the Sauk River Valley 
(valley unit) and (2) buried, confined 
units that are overlain by till or lake 
clays in the upland areas. The areal 
extent of the aquifer (figs. 5 and 5a) 
includes zones B, C, D, and E shown 
in figure 3. The valley unit is com-
posed of outwash deposits of sand, 
gravelly sand, and cobbly gravel 
interbedded with layers of till and gla-
cial lake sediments in some areas. 
South of the Sauk River in the eastern 
part of the study area the aquifer 
extends to bluffs to the south where it 
thins to less than 20 ft thick. Wells 
dug into the side of the bluff reveal a 
more stratified character with layers 
of impermeable clay or till between 
the thinning sand and gravel layers. 
Back from the edges of the bluff away 
from the valley, well logs show the 
continuous, thick till deposit with iso-
lated sand and gravel lenses. These 
lenses are probably not continuous 
and probably do not extend directly 
down into the sand and gravel in the 
Sauk River Valley. However, the Sauk 
River Valley may, to some extent, act 
as a drain for the uplands and receive 
some amount of ground-water flow 
from the uplands. Maximum saturated 
thickness of the valley unit is about 
50 ft and well yields are greater than 
1,000 gal/min (2.22 ft3/s) where suffi-
cient saturated thickness is penetrated. 
Buried units of the aquifer that are in 
hydraulic connection with the valley 
unit are present in the north-central 
and northwestern parts of the study 
area. The continuity of these buried 
units and the degree of hydraulic con-

nection between them is uncertain. 
Thicknesses of the buried units are 
generally 10 to 20 ft in these areas. 

Hydraulic Properties 
Hydraulic properties of the glacial 

deposits are variable. Consequently, 
glacial deposits can be either an aqui-
fer or a confining unit. Movement of 
water in the deposits is primarily 
intergranular. Hydraulic conductivity 
is the capacity of porous material to 
transmit water under pressure. Hori-
zontal hydraulic conductivities for 
glacial aquifers typically range from 
101 to 104 ft/d (Freeze and Cherry, 
1979, p. 29). Lindholm (1980) 
reported that hydraulic conductivities 
of glacial deposits in central Minne-
sota, including Stearns County, range 
from 10 ft/d for clay or silt to 700 ft/d 
for gravel. Delin (1988) reported hori-
zontal hydraulic conductivities rang-
ing from 10 to 750 ft/d, with average 
values of 125 to 180 ft/d, for confined 
glacial sand and gravel aquifers in 
west-central Minnesota. A mean hori-
zontal hydraulic conductivity value of 
1.4x10-1 ft/d was calculated for till in 
west-central Minnesota, based on the 
results from eight slug tests (Delin, 
1988). The vertical hydraulic conduc-
tivity of till typically ranges from 10-6 
to 1 ft/d (Freeze and Cherry, 1979, 
p. 29). Delin (1988) reported that the 
vertical hydraulic conductivity of till 
in west-central Minnesota, based on 
analysis of four aquifer tests, ranged 
from 8.6x10-6 to 1.8 ft/d, with a mean 
value of 4.0x10-1 ft/d. Miller (1982) 
reported a value of 1.8x10-2 ft/d for 
the vertical hydraulic conductivity of 
till in western Minnesota. 

Prior to this study, aquifer tests 
were conducted for the Sauk River 
Valley aquifer in the Cold Spring area 
at two sites. During November 1993, 
a 24-hour aquifer test was conducted 
at the Gold’n Plump Poultry Process-
ing Plant site. A transmissivity (the 

product of horizontal hydraulic con-
ductivity and saturated thickness) of 
11,000 ft2/d was estimated for the 
aquifer from the aquifer-test results, 
with a corresponding horizontal 
hydraulic conductivity of 250 ft/d 
(HDR Engineering, Inc., 1995). In 
October 1997, a 24-hour pumping an
recovery aquifer test was conducted a
the site of Cold Spring municipal 
wells CS1 and CS2. A transmissivity
of 23,000 ft2/d was estimated for the 
aquifer from the aquifer-test results, 
with a corresponding horizontal 
hydraulic conductivity of 350 ft/d 
(Gail Haglund, Minnesota Depart-
ment of Health, written commun., 
1999).       

Ground-water flow, sources, 
and discharge

Ground water flows from areas of
high hydraulic head toward areas of 
low hydraulic head (perpendicular to 
potentiometric contours). The direc-
tion of movement is related to loca-
tions of recharge to and discharge 
from the ground-water system. The 
rate of movement is related to the 
hydraulic conductivity of aquifer 
material and to the hydraulic gradient
Aquifers are less resistant to the hori
zontal flow of ground water than con-
fining units because the hydraulic 
conductivity of aquifers is much 
greater than that of confining units. 
Flow in aquifers is predominantly 
horizontal, whereas flow in confining 
units is predominantly vertical. 

Ground-water flow in the upland 
surficial aquifer is (1) to the south and
southeast toward the margins of the 
aquifer, and (2) from the uplands 
toward an unnamed creek valley in 
the central part of the aquifer (fig. 4).
The water table is the surface in an 
unconfined aquifer at which the wate
pressure is atmospheric and general
coincides with the potentiometric sur
face (fig. 4). A broad, poorly defined 
10
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regional potentiometric high occurs in 
the water-table surface in the vicinity 
of Big Fish Lake located about 1 mile 
north of the study area. Ground water 
flows to the south, east, and west 
away from this high (fig. 4). Sources 
of water to the upland surficial aquifer 
are (1) infiltration of precipitation to 
the saturated zone (areal recharge) 
and (2) some ground-water flow 
through the northern boundary due to 
the potentiometric  high located north 
of the study area. Discharge from the 
aquifer is by (1) withdrawals from 
domestic and irrigation wells, (2) 
ground-water evapotranspiration in 
areas where the water table is within 
about 5 ft of land surface (approxi-
mate depth of root zones), and (3) 
leakage downward through a till and 
clay confining unit to the buried units 
of the Sauk River Valley aquifer. 
Hydraulic heads in the upland surfi-
cial aquifer are about 30 to 40 ft 
higher than in the underlying Sauk 
River Valley aquifer. Locally, ground 
water also discharges to small streams 
and lakes.    

Ground-water flow in the Sauk 
River Valley aquifer is from upland 
areas toward the Sauk River and the 
connected chain of lakes (fig. 5). Near 
the west-central boundary of the study 
area, ground-water flow is from east 
to west toward the Sauk River, located 
just west of the boundary. The flow of 
ground water is restricted and altered 
in some areas due to the presence of 
bedrock and low permeability till. The 
aquifer is under unconfined condi-
tions throughout most of its areal 
extent, but is under confined condi-
tions where it is buried by till and clay 
in the northwestern part of the study 
area. The mound in the potentiometric 
surface of the aquifer west of Cold 
Spring (fig. 5) is due to the presence 
of thick till and clay overlying the 
buried aquifer and the transition from 
confined to unconfined conditions. 

The aquifer includes surficial sand 
and gravel deposits in the north-cen-
tral part of the study area that are in 
hydraulic connection with the sand 
and gravel deposits at lower altitudes 
closer to the Sauk River. These 
higher-altitude sand and gravel depos-
its continue to the north and allow 
ground-water flow to enter the study 
area from the north. As for the water-
table surface, a broad, poorly defined 
regional potentiometric high occurs in 
the vicinity of Big Fish Lake located 
about 1 mile north of the study area. 
In general, the depth to the water table 
in the Sauk River Valley increases 
with increasing distance from the 
Sauk River. The water table near the 
river is about 5 ft below land surface 
and north of Cold Spring near munici-
pal well CS4 is about 40 ft below land 
surface. 

Sources of water to the Sauk 
River Valley aquifer in the study area 
are (1) infiltration of precipitation to 
the saturated zone (areal recharge) in 
areas where the aquifer is unconfined, 
(2) ground-water flow through the 
northern boundary, (3) leakage of 
water through overlying till and clay 
for buried units of the aquifer, and (4) 
probably ground-water flow from the 
undifferentiated glacial deposits in the 
southeastern part of the study area. 
Discharge from the aquifer is (1) by 
withdrawals from wells, (2) by 
ground-water evapotranspiration in 
areas where the water table is within 
about 5–10 ft of land surface (approx-
imate depth of root zones), and (3) to 
the Sauk River, the chain of lakes, and 
Brewery Creek. Locally, ground water 
also discharges to smaller streams and 
lakes. Ground-water withdrawals and 
stream-aquifer leakage are discussed 
further in the following sections.

Water levels in the Sauk River 
Valley aquifer fluctuate in response to 
seasonal variations in recharge and 
discharge. Ground-water levels com-

monly rise in spring, when areal 
recharge is generally greatest becau
of snowmelt, spring rain, and minimal
evapotranspiration losses. Conversel
ground-water levels generally decline
in summer because discharge by 
evapotranspiration,  ground-water 
withdrawals by wells, and discharge 
to streams and lakes exceed recharg
Net recharge to the aquifer also occur
in the fall most years, due to rainfall 
and low evapotranspiration losses. 
Ground-water recharge rates to the 
aquifer for 1999 were estimated from
monthly water-level measurements 
for the 21 observation wells installed 
for this study and the 7 existing obse
vation wells. Recharge rates were 
estimated using the method of 
hydrograph analysis described by 
Rasmussen and Andreasen (1959). 
The method assumes that all water-
level rises in a well result from areal 
recharge. The estimated ground-wate
recharge rates to the aquifer ranged 
from 5.3 to 8.6 in./yr, with an average
value of 7.0 in./yr. 

Ground-Water Withdrawals

Ground water provides the pri-
mary source of drinking water for the
Cold Spring area. There are about 25
public water-supply wells and 200–
300 private water-supply wells in the 
study area (Minnesota Department o
Health, 1999). All of the public sup-
ply wells are screened in the valley 
unit of the Sauk River Valley aquifer. 
Many of the private water-supply 
wells in the northwestern part of the 
study area are screened in buried uni
of the aquifer. A few private water-
supply wells are open to Precambria
bedrock in areas where glacial aqui-
fers are lacking and the bedrock is 
within about 100 ft of land surface. 
Ground water is also the primary 
source of water for irrigation, golf 
course, and landscape wells in the 
study area. The total pumpage in the
study area during 1998 from 15 irriga
13
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tion wells was 204.8 million gallons 
(27.37 million ft3). An additional 56.9 
million gallons (7.60 million ft3) was 
withdrawn during 1998 from five golf 
course and landscape wells.      

During June 1995, the city of 
Cold Spring initiated the development 
of a WHP plan. During September 
1997, the city invited local water sup-
pliers to form a partnership to develop 
a joint WHP management plan. The 
resulting public-private partnership, 
consisting of six public and private 
water suppliers, began to develop a 
single WHP management plan to 
address and manage land-use activi-
ties for the combined areas. A total of 
18 wells, screened in the Sauk River 
Valley aquifer comprise the well 
fields of the six water suppliers.

The City of Cold Spring currently 
has four municipal wells and is plan-
ning to install a fifth well near munic-
ipal well CS4 (Ray Koppy, City of 
Cold Spring, oral commun., 1999). 
Three of the wells are located within 
the city limits (Cold Spring municipal 
wells CS1, CS2, and CS3) and the 
fourth is located in T123N,R30W, 
section 11 about 1 mile north of the 
City (Cold Spring municipal well 
CS4) (figs. 1 and 1a). The wells are 
screened at depths ranging from 51 to 
100 ft. During August 1996, nitrate 
levels exceeded 10 mg/L as N in 
water sampled from Cold Spring 
municipal well CS1 (Minnesota 
Department of Health, 1999). The 
well has not been used for public sup-
ply since that time.   Withdrawals of 
water from Cold Spring municipal 
well CS4 began during November 
1999. The total pumpage for the Cold 
Spring municipal wells during 1998 
was 140.8 million gallons (18.82 mil-
lion ft3) (Verena Weber, City of Cold 
Spring, written commun., 1999). 

The Gold’n Plump Poultry Pro-
cessing Plant is located about 1 mile 

east of Cold Spring (fig. 1a) and cur-
rently operates six production wells 
within their property. The well field is 
almost parallel to the Sauk River at an 
average distance of 300 ft from the 
river. The upland bluffs south of the 
plant site are about 2,000 ft away 
from the well field. The wells are 
screened at depths ranging from 37 to 
47 ft. The total pumpage for the 
Gold’n Plump Poultry Processing 
Plant wells during 1998 was 281.6 
million gallons (37.64 million ft3) 
(Clay Watson, Gold ‘n Plump Poultry, 
written commun., 1999). 

The Gluek Brewing Company 
(fig.1a) and Cold Spring Granite 
Company (fig. 1) utilize ground water 
in their product processing operations. 
The Gluek Brewery has two wells 
located within 500 ft of Cold Spring 
municipal wells CS1 and CS2. The 
wells pumped 10.0 million gallons 
(1.33 million ft3) of water during 
1998 (Mike Kneip, Gluek  Brewing 
Company, written commun., 1999). 
Cold Spring Granite Company also 
has two wells within their property 
located about 1.5 miles west of Cold 
Spring. The wells pumped an esti-
mated 1.0 million gallons (0.13 mil-
lion ft3) of water during 1998 
(reported pumpage amounts were not 
available) (Gail Haglund, Minnesota 
Department of Health, written com-
mun., 1999). The two remaining 
members of the partnership are 
Town’s Edge Mobile Home Park, 
located about 0.5 mile southeast of 
Cold Spring, and Cold Spring Alano 
Society, located about 1 mile north-
east of the city (fig.1a). Town’s Edge 
Mobile Home Park withdrew 8.7 mil-
lion gallons (1.16 million ft3) of water 
during 1998 from two wells screened 
at depths of 60 and 97 ft (Gene Hesse, 
Town’s Edge Homes Incorporated, 
written commun., 1999). The Cold 
Spring Alano Society withdrew an 
estimated 1.0 million gallons (0.13 

million ft3) of water during 1998 from 
two wells (reported pumpage amount
were not available) (Gail Haglund, 
Minnesota Department of Health, 
written commun., 1999). 

Stream-Aquifer Leakage
Stream-aquifer leakage refers to 

the movement of water between a 
stream and the underlying aquifer. 
Leakage may occur from the aquifer 
to the stream, resulting in an increas
in streamflow (gaining stream or 
reach), or leakage may occur from th
stream to the aquifer, resulting in a 
decrease in streamflow (losing stream
or reach). Streams may be gaining 
water in some reaches and losing 
water in others. The rate of stream-
aquifer leakage depends on the: (1) 
thickness of the streambed material, 
(2) vertical hydraulic conductivity of 
the streambed material, (3) hydraulic
conductivity of the aquifer near the 
stream, and (4) hydraulic-head differ-
ences between the aquifer and the 
stream. Ground water generally repre
sents most of streamflow during peri-
ods of low flow rates. Ground-water 
leakage to streams in the Cold Sprin
area is generally greater than leakag
from streams to the underlying aqui-
fer, and the streams are therefore gai
ing streams overall.

Synoptic sets of low-flow mea-
surements were made to determine 
gaining and losing reaches of the 
Sauk River and Brewery Creek and to
quantify streamflow gains and losses
Streamflow measurements were mad
at nine sites on the Sauk River and a
three sites on Brewery Creek during 
October 1998 and August 1999 (table
1; figs. 1a and 1). The measurement
indicated net gains of 44.8 (SW5–
SW9) and 25.8 (SW4 –SW9) ft3/s for 
the Sauk River from Cold Spring to 
Rockville, located about 1 mile east o
the study area, during October 1998 
and August 1999, respectively. The 
net gains were 15 and 13 percent of 
14
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Table 1. Stream discharge and measured and simulated stream-aquifer leakage under low-flow conditions during 1998-99, Cold Spring area, Minnesota 
 [--, no discharge measurement or stream reach gain or loss calculation; ft3/s, cubic feet per second; >, greater than. Number in parentheses is for August measurements, if different from value for October 1998 

measurements. UN indicates that a stream reach gain or loss was not calculated due to unreliable discharge measurements. NC indicates that no comparison was possible between measured and simulated stream 
reach gain or loss]

Site location
Site identifier 

(shown in figure 1)

Discharge 
October 1998 

(ft3/s)

Discharge 
August 1999 

(ft3/s)

Discharge 
measurement 
uncertainty 
(percent)

Stream reach
Stream reach or 
loss (-) October 

1998 (ft3/s)

Stream reach 
(-) August 

1999

 (ft3/s)

Model 
simulated 

stream reach 
gain or loss (-) 

(ft3/s)

Sauk River

T123N, R30W, section27BBBA SW1 1229 1222 >8

SW1 - SW2 UN UN NC

T123N, R30W, section22DABA SW2 1248 1140 >8

SW2 - SW3 UN -- NC

T123N, R 30W, section23BBBA SW3 1274 -- 5

SW2 - SW4 -- UN NC

T123N, R 30W, section14CCDC Brewery Creek (SW12) 2.9 2.3 5

T123N, R 30W, section14CDCC SW4 -- 169 5 SW3 - SW5 UN -- NC

SW4 - SW5 -- 9.0 1.6

T123N, R30W, section14CBDD SW5 242 178 5

T123N, R30W, section14CDBB Cold Spring Wastewater Plant 0.7 0.7 -- SW5 - SW6 1.3 11.3 5.9

T123N, R30W, section14ADBD SW6 244 190 5 (8)

SW6 - SW7 -4.0 -16.0 -0.10

T123N, R30W, section13CBBB SW7 240 174 5

T123N, R30W, section13CBBA Gold’n Plump Poultry Plant 1.5 1.5 -- SW7 - SW8 -2.5 9.5 4.3

T123N, R29W, section18CBBB SW8 239 185 5

SW8 - SW9 50 12 4.0

T123N, R29W,  section09CCCC SW9 289 197 5 (8)

SW5 - SW9 44.8 16.8 14.1

SW4 - SW9 -- 25.8 15.7

Brewery Creek

T123, N30W15, section15DCBD SW10 0.15 0.04 8

SW10 - SW11 1.75 1.5 1.8

T123N, R30W, section15DDBD SW11 1.9 1.54 5

SW11 - SW12 1.0 0.75 0.90

T123N, R30W, section14CCDC SW12 2.9 2.3 5

SW10 - SW12 2.75 2.25 2.70

1Discharge measurements are not reliable due to channel structure and flow conditions 
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are closest together. Small cells actu-
ally extend across the model grid, 
although they are shown only along 
the edges of the grid in figure 6, for 
clarity. Hydraulic properties assigned 
to the cells towards the model area 
boundaries are averaged over larger 
areas than for cells near the well 
fields. The area modeled was 
extended away from the supply wells 
sufficient distances to be located 
beyond the cones of depression 
caused by current or projected 
ground-water withdrawal rates. 

     The ground-water system in 
the model area was subdivided verti-
cally into four layers, corresponding 

to generally horizontal hydrogeologic 
units. The altitudes of the layer tops 
and layer bottoms were specified for 
each model cell for the four layers. 
The thickness associated with a cell 
representing a hydrogeologic unit is 
incorporated in the transmissivity 
term for the cell. Simulation of leak-
age of water between model layers is 
dependent on the thicknesses and ver-
tical hydraulic conductivities between 
adjacent layers. A more detailed dis-
cussion of leakage of water between 
model layers can be found in 
McDonald and Harbaugh (1988). 

The hydrogeologic units repre-
sented in the ground-water-flow 

model are, in descending order (figs.
7–10): (1) the upland surficial aquifer
(layer 1), (2) the confining unit under-
lying the upland surficial aquifer 
(layer 2), (3) the valley and buried 
units of the Sauk River Valley aquifer
and laterally adjacent clay and till 
above an altitude of 1,035 ft (layer 3)
and (4) the deeply buried part of the 
Sauk River Valley aquifer below an 
altitude of 1,035 ft (deeply buried 
unit) (layer 4). In the upland areas in 
the northwestern part of the study are
where the buried units of the Sauk 
River Valley aquifer are present, cells
in model layers 3 and 4 were assigne
the hydraulic properties of the aquifer
17
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Where the buried units are absent, 
cells in model layers 3 and 4 were 
assigned the hydraulic properties of 
clay and till. 

The transmissivities associated 
with the model cells representing the 
upland surficial aquifer (layer 1) vary 
as the saturated thicknesses vary. The 
transmissivities assigned to the model 
cells representing the confining unit 

underlying the upland surficial aquifer 
(layer 2) and the deeply buried unit of 
Sauk River Valley aquifer (layer 4) 
are constant in time. The Sauk River 
Valley aquifer (layer 3) is unconfined 
and confined in different parts of the 
modeled area. The transmissivities of 
cells representing the aquifer, there-
fore, vary where the aquifer is under 
unconfined conditions and are con-

stant in time where it is under con-
fined conditions. The aquifer is under
unconfined conditions in the Sauk 
River Valley and is under confined 
conditions in the upland areas in the 
northwestern part of the study area   

Ideally, all model boundaries 
should be located at the physical lim-
its of the aquifer system or at other 
hydrologic boundaries, such as a 
18
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l 
major river. Practical considerations, 
such as limitations concerning the size 
of the area modeled may necessitate 
the use of arbitrarily imposed model 
boundaries where the natural hydro-
logic boundaries lie outside the model 
area. The northern boundaries for lay-
ers 1 and 3, and the northwestern 
boundary for layer 4, are arbitrarily 
imposed boundaries placed at the 
northern and northwestern township 

line of Wakefield Township (T123N, 
R30W), respectively.

The southern and eastern bound-
aries for layer 1 (upland surficial aqui-
fer), the southeastern and parts of the 
south-central boundary for layer 3 
(Sauk River Valley aquifer), and all 
but the northwestern and western 
boundaries for layer 4 (deeply buried 
unit of the Sauk River Valley aquifer) 

are located at the physical limits of 
the hydrogeologic units; therefore, 
no-flow boundaries were used. The 
northwestern and eastern boundaries
for layer 3 and the western boundary
for layer 4 are no-flow boundaries 
because the potentiometric surfaces 
for the aquifers indicate that ground-
water flow near these boundaries is 
predominantly north to south (paralle
to the boundaries) toward the Sauk 
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River and the chain of lakes. The 
potentiometric surface of surficial 
aquifers near the south-central bound-
ary for layer 3 indicates that ground-
water flow near this boundary is also 
predominantly parallel to the bound-
ary (east-west, from potentiometric 

surface highs toward an unnamed 
creek) and a no-flow boundary was 
used. The boundaries for layer 2, rep-
resenting the confining unit, were 
imposed to coincide with the bound-
aries for layer 1. Because ground-
water flow in confining units is pre-

dominantly vertical, no-flow bound-
ary conditions were used for all 
boundaries for layer 2. The western 
boundary for layer 1, portions of the 
northern boundaries for layers 1 and
3, portions of the southeastern and 
south-central boundaries for layer 3, 
20
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and the northwestern and western 
boundaries for layer 4 are no-flow 
boundaries. The hydrogeologic units 
in these areas consist of clay and till, 
with predominantly vertical ground-
water flow. 

Constant-head cells were used for 
portions of the northern boundaries 
for layers 1 (upland surficial aquifer) 
and 3 (Sauk River Valley aquifer) and 

for the southwestern and a portion of 
the southeastern boundary for layer 3 
(figs. 7 and 9). Constant heads were 
used for the southwestern boundary of 
layer 3 because it coincides with the 
chain of lakes. The stage altitudes for 
the lakes are relatively constant in 
time, with minimal seasonal and 
annual changes. The northern and 
southeastern constant-head bound-

aries are downgradient from broad, 
poorly-defined highs in the potentio-
metric surfaces of the aquifers. Thes
constant-head boundaries simulate 
inflow of ground water to the study 
area from sources of water beyond th
study-area boundaries. 

A specified-flux boundary was 
used to represent areal recharge to th
upland surficial aquifer (layer 1) and 
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to the valley unit of the Sauk River 
Valley aquifer (layer 3) where it is the 
uppermost active model layer. Areal 
recharge to the aquifer represents the 
net difference between precipitation 
and evapotranspiration losses occur-
ring above the water table. Areal 
recharge was applied to the highest 
active layer in each model cell. 

Stream-aquifer leakage between 
the Sauk River and Brewery Creek 
and the valley unit of the Sauk River 
Valley aquifer (model layer 3) was 
simulated with head-dependent flux 
nodes (McDonald and Harbaugh, 
1988, chapter 6). The streams were 
divided into reaches, each of which is 
completely contained in a single cell. 
Stream-aquifer leakage through reach 
of streambed is approximated by 
Darcy’s Law as

QRIV = (KLW/M) (HRIV-HAQ)

where

QRIV = stream-aquifer leakage 
through the reach of the streambed 
(L3/T), 

K = vertical hydraulic conductiv-
ity of the streambed (L/T), 

L = length of the reach (L), 

W = width of the stream (L), 

M = thickness of the streambed 
(L), 

HRIV = head in the stream (L), 
and

HAQ = head in the aquifer (L). 

The length of the streambed in 
each river cell was measured from 
USGS 7.5-minute-quadrangle topo-
graphic maps. The average width of 
the Sauk River streambed, estimated 
at stream stage and discharge mea-
surement sites within the model area, 
is about 100 ft. Average streambed 
width for Brewery Creek is about 
10 ft. The average streambed widths 
were used for every reach of the Sauk 
River and Brewery Creek. The thick-

ness of the Sauk River and Brewery 
Creek streambeds was assumed to be 
1 ft for the model, as for other studies 
with numerical ground-water-flow 
models that simulated stream-aquifer 
leakage (Yager, 1993; Lindgren, 
1990). The lower limit of the stream-
beds is poorly defined and not easily 
measurable. The initial value for ver-
tical hydraulic conductivity of the 
streambed for the Sauk River and 
Brewey Creek was 1.0 ft/d. Published 
values for vertical hydraulic conduc-
tivity of riverbed material for streams 
in glacial terrain commonly range 
from 0.1 to 10 ft/d (Norris and Fidler, 
1969;  Jorgensen and Ackroyd, 1973, 
Prince and others, 1987;  Delin, 1990; 
Lindgren and Landon, 2000). Stream 
stage for each river cell was linearly 
interpolated between measured stream 
stage sites.

Discharge by ground-water 
evapotranspiration may occur from 
the shallow, unconfined portions of 
the aquifers (layers 1 and 3). The 
model simulates evapotranspiration 
from the saturated zone only. The ini-
tial maximum ground-water evapo-
transpiration rate specified in the 
model was 29 in./yr, which corre-
sponds to the estimated average 
annual lake-evaporation rate in the 
model area (Baker and others, 1979). 
The ground-water evapotranspiration 
rate in the model decreases linearly 
with depth below land surface and 
becomes zero at the extinction depth. 
The extinction depth corresponds to a 
depth below land surface minimally 
greater than the rooting depth of the 
plants present. The plausible range for 
evapotranspiration extinction depth 
was assumed to be from 5 to 10 ft, 
with an initial uniform average value 
of 7 ft specified in the model. The alti-
tude of the land surface for each cell 

was determined from USGS 7.5-
minute-quadrangle topographic maps

Ground water is withdrawn by 
high-capacity water-supply wells 
from the upland surficial aquifer 
(layer 1) and valley unit of the Sauk 
River Valley aquifer (layer 3). 
Ground-water withdrawal rates for 
1998 were obtained from the records
of the Minnesota Department of 
Health and local water suppliers. 
Total annual ground-water withdrawa
rates from the upland surficial aquifer
were 0.23 ft3/s and from the valley 
unit of the Sauk River Valley aquifer 
were 2.83 ft3/s. 

The initial and final calibrated 
values of hydraulic properties repre-
sented in the model are listed in table
2. Initial values for hydraulic conduc-
tivity for each hydrogeologic unit 
were based on the results of aquifer 
tests conducted in the study area and
published values for similar hydro-
geologic materials in the literature. 
Porosity values were derived from 
published values for similar hydro-
geologic materials in the literature. 
The initial value for areal recharge 
was 7.0 in./yr, the average rate for 
1999 estimated from hydrograph ana
ysis. The ground-water evapotranspi
ration rate and extinction depth were
assigned as explained above. 

Different hydraulic conductivity 
values were assigned to each model
layer within zones of differing geo-
logic materials. Initially, layer 1, rep-
resenting the upland surficial aquifer,
included two hydraulic conductivity 
zones (table 2), based predominantly
on the surficial geology shown in fig-
ure 3. Layer 2, representing the con-
fining unit, was assigned uniform 
horizontal and vertical hydraulic con-
ductivity values. The hydraulic con-
ductivity zones for layers 3 and 4, 
representing the Sauk River Valley 
aquifer and its deeply buried unit, 
23
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Table 2. Initial and final calibrated values of hydraulic properties used in ground-water flow model of aquifer system, Cold Spring area, Minnesota
 [ft/d, feet per day]

Hydrogeologic unit Model layer

Horizontal hydraulic conductivity

 3,4(ft/d)

Vertical hydraulic conductivity

 3,4(ft/d) 
3,5Porosity 
(percent)

Initial Calibrated Initial Calibrated

Upland surficial aquifer 1

   Sand and gravel area1 200 100, 300 20 10, 30 40

   Sandy till area1 1.0 50 0.0005 0.01 35

Confining unit 2 1.0 1.0 0.00005 0.00005 - 0.01 35

Sauk River Valley aquifer 3

   Zone A2 1.0 1.0 - 100 0.0005 0.05 - 10 35

   Zone B2 100 100 10 10 40

   Zone C2 6300 100 - 350 30 20 - 35 40

   Zone D2 7200 200 - 300 20 20 - 30 40

   Zone E2 200 200 - 300 20 20 - 30 40

Deeply buried unit of Sauk River Valley aquifer 4

   Zone A2 1.0 25 - 50 0.0005 2.5 - 5.0 35

   Zone B2 100 50 10 5.0 40

   Zone C2 100 1.0, 50 10 0.01, 5.0 40

   Zone D2 200 300 20 30 40

   Zone E2 100 50 10 5.0 40

1See figure 4
2See figure 2
3Freeze and Cherry (1979)
4Delin (1991)
5Morris and Johnson (1967) 
6Aquifer test at Cold Spring municipal well CS4
7Aquifer test at Gold’n Plump Poultry water-supply wells







Table 3. Simulated water budgets from ground-water-flow model of aquifer system with 1998 and projected pumpage conditions, 
Cold Spring area, Minnesota

 [Percent is percentage of total sources or of total discharges; ft3/s, cubic feet per second]

Source 

1998 pumpage conditions Projected pumpage conditions

Budget component and model layer Rate (ft3/s) Percent Rate (ft3/s) Percent

Areal recharge

   Layer 1 (Upland surficial aquifer) 5.57 13.3 5.57 13.2

   Layer 3 (Valley unit of Sauk River Valley aquifer) 16.04 38.2 16.04 38.1

   Subtotal 21.61 51.5 21.61 51.3

Stream-aquifer leakage

   Layer 3 (Valley unit of Sauk River Valley aquifer) 1.13 2.7 1.09 2.6

   Subtotal 1.13 2.7 1.09 2.6

Inflow through constant-head boundary

   Layer 1 (Upland surficial aquifer) 2.59 6.2 2.60 6.2

   Layer 3 (Sauk River Valley aquifer) 16.63 39.6 16.65 39.9

   Subtotal 19.22 45.8 19.25 46.1

Total 41.96 100.0 41.95 100.0

Discharge

1998 pumpage conditions Projected pumpage conditions 

Budget component and model layer Rate (ft3/s) Percent Rate (ft3/s) Percent

Pumpage

   Layer 1 (Upland surficial aquifer) 0.23 0.6 0.23 0.5

   Layer 3 (Sauk River Valley aquifer) 2.83 6.7 3.06 7.3

   Subtotal 3.06 7.3 3.29 7.8

Stream-aquifer leakage

   Layer 3 (Valley unit of Sauk River Valley aquifer) 22.55 53.7 22.42 53.3

   Subtotal 22.55 53.7 22.42 53.3

Outflow through constant-head boundary

   Layer 1 (Upland surficial aquifer) 0.80 1.9 0.81 1.9

   Layer 3 (Sauk River Valley aquifer) 13.08 31.2 12.96 30.8

   Subtotal 13.88 33.1 13.77 32.7

Ground-water evapotranspiration

   Layer 1 (Upland surficial aquifer) 2.47 5.9 2.47 6.2

   Subtotal 2.47 5.9 2.47 6.2

Total 41.96 100.0 41.95 100.0
the Sauk River (72 percent). Twenty-
eight percent of the outflow is to the 
chain of lakes. The other discharges 

from the aquifers are withdrawals by 
wells (7.3 percent) and ground-water 
evapotranspiration (5.9 percent). Most 

of the withdrawals by wells are from 
the valley unit of the Sauk River Val-
ley aquifer (92 percent). Ground-
27
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the Cold Spring Alano Society and 
Gluek Brewing Company supply 
wells and Cold Spring municipal 
wells CS1 and CS2 from the northern 
model boundary is about 15 years. 
The simulated time-of-travel for water 
to reach the Town’s Edge Mobile 
Home Park and Gold’n Plump Poultry 
Processing Plant supply wells from 
the southeastern model boundary is 
about 75 years. The time-of-travel for 

water to reach the Town’s Edge 
Mobile Home Park and Gold’n Plump 
Poultry Processing Plant supply wells 
is much greater over a shorter distance 
than for the Cold Spring Alano Soci-
ety wells, Gluek Brewing Company 
wells, and Cold Spring municipal 
wells CS1 and CS2 because their 
time-of-travel zones include areas of 
low hydraulic conductivities (1 and 
25 ft/d) (figs. 8-9a). The simulated 

time-of-travel for water to reach the 
two Cold Spring Granite Company 
supply wells and Cold Spring munici-
pal well CS3 from highs in the poten-
tiometric surface of the Sauk River 
Valley aquifer (layer 3) in the area of 
low hydraulic conductivities to the 
north and northwest of the wells is 
also 50 to 75 years. Water from the 
northern model boundary reaches th
Gold’n Plump Poultry Processing 
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transpiration in areas where the water table is within 5–
10 ft of land surface. Discharge from the upland surficial 
aquifer is also by leakage downward through a till and clay 
confining unit to the buried units of the Sauk River Valley 
aquifer. Discharge from the Sauk River Valley aquifer to 
surface water is to the Sauk River, chain of lakes, and 
Brewery Creek. 

   Streamflow measurements indicated net gains of 44.8 
and 25.8 ft3/s for the Sauk River from Cold Spring to Rock-
ville, located about one mile east of the study area, during 
October 1998 and August 1999, respectively. In general, 
the Sauk River probably is a gaining stream in all reaches, 
except for the reach adjacent to the Gold’n Plump Poultry 
Processing Plant well field. Ground-water withdrawals 
from the well field result in declines in the potentiometric 
surface of the aquifer near the supply wells, thereby induc-
ing infiltration of water from the Sauk River to the underly-
ing aquifer. The streamflow gains in the river reaches 
downstream from Brewey Creek, other than the reach adja-
cent to the Gold’n Plump Poultry Processing Plant well 
field, during August 1999 ranged from 9.0 to 12 ft3/s. The 
measured gains in streamflow for Brewery Creek were 2.75 
and 2.25 ft3/s during October 1998 and August 1999, 
respectively.     

A numerical ground-water-flow model was constructed 
and calibrated for steady-state conditions. The match 
between measured and simulated hydraulic heads and 
stream-aquifer leakage was improved by increasing areal 
recharge from 7.0 in./yr, the initial value based on  
hydrograph analysis, to 8.0 in./yr. Areal recharge accounts 
for 51.5 percent of the sources of water to the aquifers in 
the Cold Spring area and inflow through constant-head 
boundaries contributes 45.8 percent. The remaining 2.7 
percent comes from leakage from the streams to the valley 
unit of the Sauk River Valley aquifer. Most of the areal 
recharge occurs to the valley unit of the Sauk River Valley 
aquifer (74 percent). Eighty-six percent of the inflow 
through constant-head boundaries occurs to the Sauk River 
Valley aquifer. Ninety-three percent of the inflow through 
constant-head boundaries to the Sauk River Valley aquifer 
occurs through the northern model boundary. 

The largest discharges from the aquifers in the Cold 
Spring area are leakage from the valley unit of the Sauk 
River Valley aquifer to the Sauk River and Brewery Creek 
(53.7 percent) and outflow through constant-head bound-
aries (33.1 percent). All but a minor amount of the outflow 
through constant-head boundaries occurs from the Sauk 
River Valley aquifer (94 percent). The other discharges 
from the aquifers are withdrawals by wells (7.3 percent) 

and ground-water evapotranspiration (5.9 percent). The 
stream-aquifer leakage is 21.42 ft3/s from the valley unit of 
the Sauk River Valley aquifer to the Sauk River and Brew
ery Creek. This net discharge from the aquifer to the 
streams represents 52 percent of the sources of water to
aquifers (areal recharge and inflow through constant-hea
boundaries). 

The simulated steady-state contributing areas (time-
travel zones for infinite travel time) for the WHP partner-
ship water-supply wells in the Cold Spring area may exte
beyond the model boundaries to the north and to the sou
east near the broad, poorly defined highs in the potentio
metric surfaces of the aquifers. The contributing areas fo
the Gold’n Plump Poultry Processing Plant supply wells 
extend: (1) to the Sauk River, (2) to the north to and pos
bly beyond the northern model boundary, and (3) to the 
southeast to and possibly beyond the southeastern mod
boundary. The contributing area extends to the north pa
the Sauk River where the pumped supply wells create a
cone of depression that lowers ground-water levels at th
river below the altitude of river stage. The simulated time
of-travel for water to reach the Cold Spring Alano Societ
Gluek Brewing Company, and Gold’n Plump Poultry Pro
cessing Plant supply wells and Cold Spring municipal we
CS1 and CS2 from the northern model boundary is abou
10 to 15 years. The simulated time-of-travel for water to 
reach the Town’s Edge Mobile Home Park and Gold’n 
Plump Poultry Processing Plant supply wells from the 
southeastern model boundary is about 75 years. The sim
lated time-of-travel for water to reach the Gold’n Plump 
Poultry Processing Plant supply wells from the Sauk Riv
ranges from less than 1 year for the river reach near the
supply wells where induced infiltration of river water 
occurs to about 5 years for the reaches to the northwest 
west of the wells. 

The response of the stream-aquifer system in the mo
area to projected increases in ground-water withdrawals
0.23 ft3/s, an increase of 7.5 percent, was evaluated. The
primary effects of the projected increased ground-water 
withdrawals were to: (1) decrease outflow from the Sauk
River Valley aquifer through constant-head boundaries a
(2) decrease leakage from the valley unit of the Sauk Riv
Valley aquifer to the streams. No appreciable differences
are discernible between the simulated steady-state pote
metric surfaces and contributing areas to wells with 1998
pumpage and those with the projected pumpage. The 20
year time-of-travel zones reach either the model-area 
boundaries or predominantly clay and till areas for the Sa
River Valley aquifer.
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