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GROUND-WATER CONTRIBUTION 

TO STREAMFLOW AND ITS RELATION 

TO BASIN CHARACTERISTICS 

IN MINNESOTA 

E. A. Ackroyd, W. C. Walton and D. L. Hills 

ABSTRACT 

Estimates of annual ground-water contribution to stream
flow in 38 drainage basins of Minnesota by use of standard 
streamflowhydrograph separationmethods permit determi
nation of relations between ground-water runoff and such ba
sin characteristics as geologic environment, precipitation and 
temperature, and percentage of lake and wetland cover. 

Generalized conclusions derived from analysis of the data 
are that ground-water runoff is (1) least from glaciated basins 
that have surficial lake bed sediments or gray-drift gromd mor
aine immediately underlain by relatively iInpe=eable bedrock 
and (2) greatestfrom glaciated basins that have surficial depo
s its immediately underlain by permeable bedrock or that have 
thick surficialloes s deposits immediately underlain bypermea
ble bedrock. Ground-water runoff is much greater from gla
ciated basins having red drift than from basins having gray 
drift. The rate of ground-water increases as annualprecipi
tation increases. Lakes and wetlands sustain and regulate 
streamflow during rainles s periods; if they were absent sus
tained streamflow from northern parts of the state would be 
greatly reduced. 

Recharge to aquifers in the state is difficult to ascertain. 
Because many aquifers are deeply buried by glacial materials 
of varying characteristics, not all ground-water runoff can be 
diverted into cones of depression, for there is some lateral 
as well as vertical movement of water in surficial deposits. 
Data on ground-water runoff can be useful in estimating the 
rate of recharge to aquifers and in evaluating the potential 
yields of ground-water res ervoirs. However, no simple re-
1ation exists between ground-water runoff and ground-water 
recharge or the potential yields of aquifers. 

Studies of basin characteristics were handicapped because 
of a lack of detailed geologic information. Collection and study 
of data intended to describe the dimensions and water -yielding 
properties of unconsolidated deposits in the basins of the state 
are urgently needed to support hydrologic studies involving 
ground-water development and management decisions. 
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INTRODUCTION 

As the greater part of Mi=esota I s water supply comes from streams, 
the study of streamflow is an important aspect of water resources research. 
A thorough search of the literature reveals very little quantitative informa
tion in the state on ground-water contribution to streamflow, and even less 
on the influence of geology and other drainage basin characteristics on stream
flow. 

Research described in this report was intended to increase understanding 
of the extent to which geology affects streamflow and, therefore, the water 
resources of Minnesota. Such an understanding is important for predicting 
the yields from drainage basins and for planning water development and 
management procedures. The results include useful information on rain
fall-runoff relations for project design and operation, and on the profound 
influence of lakes and wetlands on streamflow. Less detailed studies were 
made on the relation of ground-water contribution to streamflow and ground
water recharge rates. 

The ground-water reservoir, and therefore geology, plays an important 
role in the hydrologic cycle. Some precipitation reaches the water table and 
is stored temporarily in water - bearing materials. Alar ge part of stream
flow is derived from ground-water storage, and ground water is discharged 
into the atmosphere by the processes of evapotranspiration. Variations in 
the annual streamflow from a given basin depend on subsurface underflow 
past gaging stations and changes in soil moisture and ground-water storage, 
in addition to the amount and distribution of precipitation. In this investi
gation, ground-water runoff from various basins was determined for years 
during which the effects of changes in soil moisture and ground-water stor
age were at a minimum. Accuracy in estimates of annual ground-water con
tributions to streamflow was severely limited because (1) it was impos sible 
to evaluate subsurface underflow past gaging stations, (2) boundaries of bas ins 
are not always congruous with ground-water divides, and (3) ground-water 
runoff under flood hydrographs is difficult to estimate. However, the es
timated annual ground-water runoffs are meaningful with regard to the effects 
of the gross characteristics of basins on streamflow. 

The research described in this report was done in fis cal year 1965. 
Ackroyd devoted half-time to the study and is mainly responsible for the con
clusions given herein. Walton suggested the study, and advised Ackroyd and 
Hills throughout the duration of the project. The authors acknowledge the 
assistance of other staff members of the Minnesota Geological Survey, es
pecially Sarah Tufford, who provided us with geologic data, and R. K. 
Hogberg, who assisted in preparing the illustrations. John E. Stone re
viewed the manuscript. The Departments of Geology and Geophysics, Soils, 
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and Forestry at the University of Minnesota supplied background infor
mation. The Surface Branch of the U. S. Geological Survey, st. Paul, 
Minnesota furnished published and unpublished streamflow records. 

ESTIMATING GROUND-WATER RUNOFF 

Streamflow consists of surface runoff and ground-water runoff. Sur
face runoff is here defined as precipitation that finds its way into the 
stream channel without infiltrating into the soil to the water table. Ground
water runoff is precipitation that infiltrates into the soil to the water table 
and then percolates into the stream channel. Ground-water runoff includes 
interflow and bank storage. 

Streamflow data in the Water-Supply Papers published by the U. S. 
Geological Survey were used to estimate annual ground-water runoff from 
the 38 drainage basins within Minnesota (fig. 1). Data for several streams 
were not processed because the records were of short duration and the 
streamflow was affected by artificial controls and large discharges of sew
age. A total of about 500 hydrographs were drawn for this study. Stream
flow data for years of near, below, and above normal precipitation in each 
basin were evaluated. Years of below- and above-normal precipitation 
selected for analysis were not generally years of extreme precipitation con
ditions but were years of commonly occurring precipitation conditions. Daily 
mean streamflow at the 38 selected gaging stations during years of near, be
low, and above normal precipitation were plotted on semilogarithmic hydro
graph paper. Hydrographs were divided into two components, surface run
off and ground-water runoff, by means of the streamflow hydrograph sep
aration methods outlined by Linsley, Kohler, and Paulhus (1958). 

Principles for separating the streamflow hydrograph into its two major 
components are not well developed. Ground-water runoff several days after 
precipitation ceases is readily determined; however, ground-water runoff 
under flood hydrographs is the subject of much discussion (Wisler and Brater, 
1959). Ground-water runoff under flood hydrographs was estimated in the 
following manner: a straigh~ line was drawn from the point of rise to the 
hydrograph N days after the peak; N, defined as the time after the peak of the 
streamflow hydro graph at which surface runoff terminates, was approximated 
by N = A 0.2, where A is the drainage basin area in square miles. Another 
line was constructed by projecting the recession of the streamflow after the 
storm beneath the hydrograph to a point under the inflection point of the 
falling limb; an arbitrary rising limb was sketched from the point of rise of 
the hydrograph to connect with the projected streamflow recession. Ground
water runoff was estimated as the average of these two lines. Frozen ground 
and fluctuations of water levels in nearby wells are other factors to be con-
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sidered (Straka and Schneider, 1957; Straka and Miller, 1963). On 
the basis of studies made by Schicht and Walton (1961), it is believed that 
the procedures described above give reasonably accurate estimates of 
ground-water runoff under flood hydrographs even though they do not de
scribe the time sequence of events occurring during periods of flood. 

Annual ground-water runoff estimates during years of near, below, 
and above normal precipitation are listed in table 1 for the 38 drainage basins. 
Distributions of ground-w~ter runoff in Minnesota are shown in figures 2, 
3, and 4. 

BASIN CHARACTERISTICS 

The basin characteristics that greatly influence ground-water runoff 
are type of bedrock, lithology of glacial deposits, drainage, area of lakes 
and wetlands, topography, amount and type of forest cover, and climate. 
These characteristics were determined from information given by Allison 
(1932), Anonymous (1959), Hall and others (1911), Leverett (1932), Schwartz 
and Thiel (1963), Sloan (1964), and Thiel (1944, 1947). 

A generalized geologic column for Minnesota is given in table 2; the 
distribution of the major bedrock units is shown in figure 5. Precambrian 
rocks directly underlie the glacial drift in most of the northern and central 
part~ of the state, and in scattered areas in the southwestern part. Paleo
zoic rocks underlie glacial drift and loess in the southeastern part of the 
state. Cretaceous rocks, which generally dip westward, underlie the drift 
and overlie Precambrian rocks in west-central and the extreme western part 
of the state (Sloan, 1964). Bedrock exposures are confined chiefly to the 
northeastern and southeastern parts of the state, the Minnesota River valley, 
and the lower parts of the Mississippi and St. Croix River valleys. 

The Mesozoic, Paleozoic, and younger Precambrian (Keweenawan) sed
imentary rocks are classified as limestone, dolomite, sandstone, or shale. 
The Paleozoic and younger Precambrian rocks include most of the highly 
productive bedrock aquifers. In this report, many of these rocks, as well 
as the Cretaceous sandstones, are classified as permeable bedrock. Most 
Precambrian metamorphic and igneous rocks and the Cretaceous shales yield 
only small scattered supplies of ground water, and herein are classified as 
relatively impermeable bedrock. Thin beds of sand, not highly productive, 
are included within the otherwise fine-grained and unproductive Cretaceous 
shales. Dolomites and limestones of Paleozoic age yield ground water 
freely, as do sandstones of Paleozoic, Cretaceous, and Keweenawan age. 



Table 1 .--Annual ground-water runoff from 38 drainage basins 

Degrees Annual ground-water 

Basin Location of gaging station North runoff (cfs / s q mil 

number Latitude near...!! below_Y a boveJ/ 

170 Embarrass River at Embarrass 47 ° 39'24" 0.42 0.55 0.55 
° 300 Otter Tail River near Detroit Lakes 46 ° 50' 0.21 O. 12 0.23 

405 Pelican River near Fergus Falls 46 20'10" 0.15 0.07 O. 15 
° 460 Otter Tail River near Fergus Falls 46 12'35" 0.20 O. 10 0.21 

620 Buffalo River near Dilworth 46°57'40" O. 06 0.02 O. 10 

625 Wild Rice River at Twin Valley 47 ° 16'00" 0.11 0.26 0.05 

640 Wild Rice River at Hendrum 47° 16'05" 0.08 O. 08 O. 12 

760 Thief River near Thief River Falls 48 ° 11' 0.17 0.02 0.28 
° 

785 Clearwater River at Red Lake Falls 47 53'15" O. 14 0.26 0.27 

790 Red Lake River at Crookston 47°46'32" O. 10 0.04 O. 19 

875 Middle River at Argyle 48 ° 20'27" 0.16 0.03 0.24 

1045 Roseau River near Malung 48°37'30" 0.07 0.07 0.49 

1290 Vermilion River near Tower 47°57'31" 0.43 0.43 0.49 

1305 Sturgeon River near Chisholm 47° 40'25" 0.47 0.44 0.52 
° 

1315 Little Fork River at Little Fork 48 24' 0.37 0.45 0.60 

1320 ° 12' 0.27 Big Fork River at Big Falls 48 0.34 0.55 

1395 Warroad River near Warroad 48:52'00" o. 15 0.06 0.43 

2440 Crow Wing River at Nilurod 46 39' 0.40 0.38 0.45 

2750 Elk River near Big Lake 45°20' 0.30 0.25 0.49 
° 

2780 Middle Fork Crow River near Spicer 45 15'45" O. 18 O. 05 0.52 

2785 South Fork Crow River at Cosmos 44°56'05" 0.06 O. 01 0.32 
° 

2790 South Fork Crow River near Mayer 44 54'20" 0.03 O. 07 0.29 

2/J Basin 
Ratio_ area 

Q25 /C 75 H'(sq mil 

- -- 94 
2.37 270 
2.22 482 
2.36 1830 
2.58 1040 
2.46 888 
2.78 1600 
- -- 959 
2. 10 1370 
2.26 5280 
2.08 265 
3.70 573 
- -- 483 
2. 16 187 
- -- 1730 
2.40 1460 

- -- 110 
1. 40 1010 

- -- 615 
4.74 179 

- -- 221 
5.80 1170 
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(table 1 continued) 

2800 Crow River at Rockford 45° 05'15" O. 05 O. 10 O. 34 2.68 
° 2860 Rwn River near St. Francis 45 19'40" 0.35 0.38 0.56 ---

2940 POITune de Terre River at Appleton 45° 12'10" 0.05 0.03 O. 17 2.27 

3045 Chippewa River near Milan 45°06'39" O. 08 0.02 0.21 3. 13 

3135 Yellow Medicine River near Granite 

Falls 44 ° 43' 0.04 0.02 0.30 3.33 
° 3150 Redwood River at Marshall 44 27' O. 03 0.09 0.21 3. 16 

3165 Redwood River near Redwood Falls 44° 31'25" 0.06 O. 03 0.31 3.74 

3170 Cottonwood River near New Ulm 44° 17'40" 0.09 0.04 0.37 - --
3180 Blue Earth River near Bricelyn 43° 37'50" O. 16 0.04 0.37 - --

° 
3205 LeSueur River near Rapidan 44 06'40" O. 31 0.09 0.59 3.57 

3400 Sunrise River near Stacey 45° 24'30" 0.21 0.26 0.51 - --
° 3740 Zmnbro River at Zumbro Falls 44 17'12" 0.46 O. 31 0.67 ---

3840 Root River near Lanesboro 43° 44'58" 0.22 0.28 0.51 - --
3850 Root River near Houston 43° 46'05" 0.42 0.35 0.49 - --
4570 Cedar River near Austin 43° 38'10" O. 33 0.26 O. 82 - --
4760 Des Moines River at Jackson 43° 37'10" O. 14 O. 04 O. 34 - --

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

..!/lndicates data for years of near, below, and above normal precipitation 

]:1 Ratio (Q25) 1. is used as an index to the flow duration curve. 
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Map showing distribution of annual ground-water runoff 
during a year of above normal precipitation 
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As most streams in Mi=esota cut downward into materials deposited 
during the episode of Pleistocene glaciation, the nature of the glacial de
posits is an important characteristic of the basins. Because modern de
tailed work on these deposits was available only locally, the earlier data 
or Leverett (1932) was used in this report. Except for the extreme south
eastern corner, the state is mantled by unconsolidated glacial deposits. 
The deposits now exposed at the surface are of Wisconsin age except in 
the southwestern and a part of the southeastern extremities of the state 
where pre-Wisconsin deposits, covered at most places by loess, occur 
at the surface. Probably the pre-Wisconsin deposits also are widespread 
beneath the younger Wisconsin deposits, especially in buried bedrock 
valleys. The total thickness of the drift exceeds 200 feet in a large part 
of the state and is 400 to 500 feet in the south-central and at certain local
ities in the western part (fig. 6). In general, the drift is thicker in the 
southwestern and thinner in the southeastern parts of the state. 

The distribution of Wisconsin moraines and the extent of the gray and 
Patrician red drift deposits are shown in figure 7. Moraines are prominent 
features of the surface deposits in central and south-central Mi=esota. Their 
principal constituent is till which is a heterogeneous unsorted mixture of par
ticles ranging in size from boulders to fine clay and which contains a high 
percentage of silt and clay and has a low permeability. Sand and gravel is 
more commonly interbedded with till in end moraines than in ground moraines. 

The Patrician red drift in the northeastern and east-central parts of the 
state (see fig. 7) is sandy and gravelly. It contrasts with the gray drift, 
which covers much of the state and is generally silty or clayey and highly 
calcareous because of high content of limestone fragments. 

The major glacial lakes in the state are shown in figure 8. Commonly the 
sediments formed in these lakes vary in lithology, ranging from Hearly clean 
sands along the outer edges through sandy silts to fine textured clays in the 
central part. The largest area of lakebed deposits is associated with Glacial 
Lake Agassiz in northwestern Minnesota. At one time this lake covered an 
area of 110,000 square miles in northwestern Minnesota, northeastern 
South Dakota, eastern North Dakota, western Ontario, and southern Manitoba. 
The sediments deposited in Glacial Lake Agassiz now cover about 5, 000 
square miles in northwestern Mi=esota and are as much as 100 feet thick. 

Outwash sands and gravels commonly lie in front of end moraines. The 
major outwash plains in the state are shown in figure 9. Typically, the 
coarsest sand and gravel and the thickest deposits occur immediately in 
front of end moraines; the grain size and thickness generally decrease at 
successively greater distances from the moraines. Some outwash deposits 
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Table 2.--Gene~aLized composite st~atig~aphic column of Minnesota 
(modified f~om Schhla~tz and Thiel, Z963 and Sloan, 1964) 

Alluvial and lacustrine 

Cenozoic Quaternary Recent deposits O-zOO gravels, 8 ands, 8 ilts 
and clays 

Glacial drift 0-500+ Unsorted sands, silts -
and clays 

Mesozoic Cretaceous Undifferentiated O-ZOO~ Dominantly shale and 
sandstone 

+ 
Devonian Cedar Valley 130- Limestone and dolomite 

Maquoketa 70! Shaly dolomite. shale 
and limestone 

Dubuque 
+ 

35- Limestone and shale 

Galena 170- Limestone and shale 

Decorah 20-80 Shale 

Ordovician 
30:-Platteville Dolomite 

Paleozoic 
Glenwood 1-16 Sandy shale 

St. Peter 150~ Sandstone 

Prairie du Chien 130-290 Dolomite and sandstone 

Jordan 20-150 Sandstone 

St. Lawrence 15-150 Dolomite 
Cambrian 

Franconia ZOO~ Siltstone and sandstone 

Dresbach 300- Sandstone and shale 

+ 
Hinckley 50- Sandstone 

Keweenawan Red sandstones and shales 
Unnamed Group 5000~ in part equivalent to the 

Precam- Fond du Lac Formation 
brian 

Pre-Kewee- Sedimentary, metamor-
nawan Not known phic and igneous rocks 

RI6 
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pass into valley train deposits of sand and gravel along major stream 
valleys. 

Minnesota has several continental divides within its boundaries which 
separate water that flows northward in the Red River of the North into 
Hudson Bay from that which flows southward in the Minnesota and Missis
sippi rivers into the Gulf of Mexico and eastward in the St. Louis River 
into and through the Great Lakes to the Atlantic Ocean. 

Of the 84,068 square miles in Minnesota, about 4,059 square miles 
are covered by lakes, excluding Lake Superior. Most of the more than 
15,000 lakes in the state having dimensions greater than 10 acres were 
formed by the glaciers that traversed the state. The lakes are not dis
tributed evenly; they are sparse in southeastern and northwestern counties 
and are abundant in other parts. 

Minnesota has a larger area of wetlands--swamps, bogs, and other 
marshes - -than any other state within the conterminous United States. 
Wetlands originally covered about 14 percent of the state. They are mainly 

in the northern part, and typically are overgrown by sphagnum moss, low 
bushes, and evergreens. Those in the southern part lack typical sphagnum 
moss; instead, they contain sedges and grasses. In central Minnesota, 
many swamps exist that have open grassy marshes or clear lakes or ponds at 
their centers. The Mississippi River heads in north-central Minnesota and 
extends nearly across the state from north to south; its major tributary, the 
Minnesota River, crosses the state from west to east. The river systems, 
shown in figure 10, are constantly draining water away from Minnesota, 
yet much remains in the thousands of lakes. 

The topography of Minnesota is moderately flat, with the highest and 
lowest points being in the northeastern part. The lowest point, the surface 
of Lake Superior, has an altitude of 602 feet above mean sea level, and the 
highest point, which is a few miles inland and northwest of the lake, has an 
altitude of 2,031 feet. Most of the state lies between altitudes of 1,000 and 
1,500 feet above sea level, and is level to gently rolling prairie or forest 
land locally having glacial end moraines which rise from 50 to 300 feet 
above the surrounding land. Altitudes above 1,500 feet are present in the 
northeastern and southwestern corners of the state and adjacent to the head
waters of the Mississippi River. The upper surface of the plateau that ex
tends from southwestern Minnesota into the Dakotas and into Iowa is 700 to 
800 feet above the smoother glacial plains of the central part of the state. 
The major areas below 1,000 feet are in the Red River Valley region on 
the west, the Mississippi River valley on the east, and the Minnesota River 
valley across south-central Minnesota. The most rugged parts of the state 
are north oi Lake Superior and in the southeastern counties. 
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Sandstone and shale 

(Coleraine Formation northern 
Minnesota; Windrow Formation 

southern Minnesota) 

~ 
Cedar Valley Formation 

(Dolomite and limestone) 

~ 
Dolomite, sandstone and shale 

(Prairie du Chien Group, Platte
ville Formation. Decorah Shale, 
Galena Formation, Dubuque 
Formation, Maquoketa Forma
tion-oldest to youngest) 

Sandstone and minor shale 

( Dresbach Formation, Fran
conia Formation, St. Lawrence 
Formation and Jordan Sandstone
oldest to youngest) 

~ 
Sandstone and shale 

(Fond du Lac Formation 
and Hinckley Sandstone) 

~ 
Duluth Gabbro Complex 

(Multiple intrusions of gabbro, 
anorthosite and granophyre; 

age is 1. 1 billion years) 

.North Short:: Vulcanic Group 

(Dominantly basaltic lava flows) 

EXPLANATION 

" r .~ 

~ 
~ 
" Z " !l. ::; 
" '" 3 " :;; 0 

« -1 

U 
Cl 

s: 

~ 
Sioux Quartzite 

(Dominantly quartzite with thin 
beds of argillite or Plp(~<;l()ne) 

~ 
Penokean intrusive rocks 

(Quartz diorite, quartz rnonzonite, 
granodiorite, and granite; age is 
1. 7 billion years) 

~ 
Argillite and graywackE' 

~Virginia Argillite, Thomson Slate 
and Rove Argillite) 

Iron-formation 

(Biwabik Iron-formation of Mesabi 
range and Tron,rnald Formation oj 

Cuyuna distt"ict) 

Undifferentiated I1lctarnorphic and 
intrusive rocks 

(Includes Ely Green::itone, K.11if..: 
Lake Group, Giants Range Granit<' 
and Vt.'rm.ilion Granite of northern 
A:finncsota; Soudan Iron-Iormation 
is interbedded in th.:: Ely Green

stone; and gneisses and intrusive 
igneous rocks of the Minnesota 
River Valley) 
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Figure 8. Map showing major gl acial la~es an d rivers 
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Figure 10. ~ap of major drainage basins 
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Minnesota is largely in the Western Lake section of the Central 
Lowland physiographic province. The southwestern corner and most of 
the southeastern corner is in the Dissected Till Plains section of the 
Central Lowland, and a small area along the Mississippi River in the 
extreme southeast is in the so-called Wisconsin Driftless area. The 
northeastern part of the state is in the Superior Upland province. 

21 

At the time white man first settled Minnesota, approximately 31. 5 
million acres or 61 percent of the state's land was covered by forest. By 
1953 this acreage had been reduced to 19. 3 million acres, or 38 percent of 
the state's land area. Approximately 80 percent of the present-day forest 
land is in the 16 northeastern counties (fig. 11). Although wood-lands and 
tree crops are important in the counties bordering this 16 -county area 
and in all the southeastern part, they are not as significant a resource as 
in the 16 northeastern counties (see Cunningham and others, 1958). 

Minnesota is largely subhumid and, although the rate of runoff is not 
high, it has a total water supply that is moderately large because of the 
cool climate. The state has a marked continental climate, characterized 
by wide and rapid variations in temperature, scanty winter precipitation, 
and normally ample summer rainfall. The average annual precipitation 
is about 19 inches at the west-central edge, 20 inches at the northwestern 
corner, and 25 inches at the southwestern corner (fig. 12). Precipitation 
increases generally eastward and southeastward to about 32 inches at the 
southeastern corner; it averages about 25 or 26 inches. Extremes of 
annual precipitation range from 10 to 50 inches. More than half of the year's 
total precipitation normally falls in the four months of the growing season. 
The runoff is about an inch along the western edge, and ranges from a 
little less than an inch at the northwestern corner to a little more than an 
inch at the southwestern corner. It is 2.5 to 5 inches in the middle of the 
state and increases to about 12 inches in the northeastern corner and to 7 
or 8 inches in the southeastern corner. The average runoff is about 2.6 
inches, which is less than half that of the conterminous-state average. 

The average mean temperatures in the four seasons - -12.4 degrees in 
winter, 41. 6 degrees in spring, 67.5 degrees in summer, and 45.0 degrees 
in fall--are indicative of the considerable range in temperature (see fig. 13). 
The average date of the last killing frost in spring varies from May 5 in the 
southeast to May 30 in the north. The average date of the first fall frost is 
from September 1 in the northwest to October 5 in the southeast. A growing 
season of 90 to 110 days prevails in the northeast and along the Canadian bor
der' but ranges from 130 to 160 days elsewhere. 
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RELATION BETWEEN GROUND-WATER RUNOFF 
AND BASIN CHARACTERISTICS 

RI6 

The contribution of ground water to streamflow in the drainage 
basins of the state varies significantly from basin to basin, depending 
mainly on the geologic environment, precipitation and temperature, 
topography, lake and wetland cover, and forest cover. The effects 
of geology are exceedingly significant, and are emphasized in this 
study. 

An index of the effects of geology on streamflow is the shape of flow
duration curves. Flow duration curves, which are useful for making 
comparisons of the flow characteristics of streams (Cros s and Hedges, 
1959), are cumulative frequency curves of a continuous time series of 
mean daily discharges that show relative duration of various magnitudes 
of streamflow. The shape of the curve is governed in part by the water
yielding properties and the areal extent of the unconsolidated and con
solidated deposits within a drainage basin. The more nearly horizontal 
the curve, the greater are the values of the water-yielding properties 
and/or the areal extent of deposits. 

Another indication of the water -yielding properties of deposits is given 
by the shape of grain-size frequency-distribution curves (Dapples, 1959). 
The slope of the curve is a measure of the degree to which all the grains 
approach one size, that is, the degree of sorting. One parameter of sorting 
is obtained by the ratio (D25/D75) he (Pettijohn, 1949), where DZS 
is the size that has 25 percent larger and 75 percent smaller grains in the 
distribution and D75 is the size that has 75 percent larger and 25 percent 
smaller grains in the distribution. 

Because geology and therefore grain-size frequency distribution affects 
streamflow to a considerable degree, the parameter selected to describe 
the slope of the flow-duration curve is the ratio (Q25/Q 75) oJ? , where Q25 
is the streamflow equalled or exceeded 25 percent of the time and Q75 is 
the streamflow equalled or exceeded 75 percent of the time. Ratios for 
the 38 drainage basins based on flow-duration curves are given in table 1. 

The characteristics of the 38 drainage basins were determined by 
superimposing figure lover the maps shown in figures 5 to 12, and are 
summarized in table 3. The relations between ground-water runoff during 
years of near, below, and above normal precipitation, the ratios (Q25/ Q75) oJ? 

and the basin characteristics listed in table 3 were studied qualitatively. 
Basins were separated into categories depending upon their gross char
acteristics. Tt was found that most could be classified into one of the 8 
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Tahle 3.--Basin craracteristics 

Category Characteristics 

1- -- Surface deposits are pr edominantl y ground moraine. 

2--- Surface deposits are predominantly lake bed sediments. 

3--- Outwash-plain surface deposits are present. 

4--- Relatively impermeable bedrock directly underlies unconsol-
idated deposits. 

5- -- Permeable bedrock directly underlies unconsolidated deposits. 

6--- Basin is glaciated. 

7 --- Basin has thick loes s cover. 

8-- - Basin is in gray drift area. 

9-- - Basin is in Patrician red drift area. 

10- -- Unconsolidated deposits are thick (commonly exceed 50 feet). 

11- -- Lakes and wetlands cover more than 5 percent of basin. 

12--- Lakes and wetlands cover less than 5 percent of basin. 

13--- Topography is slight. 

14--- Topography is moderate. 

15--- Forests cover more than 15 percent of basin. 

16--- Forests cover less than 15 percent of basin. 

17- -- Average annual precipitation is more than 25 inches. 

18--- Average annual precipitation is less than 25 inches. 

19--- Growing season is more than 130 days. 

20--- Growing season is less than 130 days. 



26 MINNESOTA GEOLOGICAL SURVEY RI6 

multiple-basin-characteristic categories listed in table 4. The range 
and average of ground-water runoffs and the ratio (Q25 /Q75) ~ were 
determined for each of the categories and are given in table 5. 

Ground-water runoff is greatest from basins in categories 1, 5, 7, 
and 8 (table 4); it is least from basins in categories 2, 3, 4, and 6. In 
general, ground-water runoff is increased by the presence of lakes and 
wetlands, outwash deposits, Patrician red drift deposits, loess deposits, 
and permeable bedrock; ground-water runoff increases with increases in 
annual precipitation. 
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Table 4.--SeZected basin categories 

Category Basin characteristics (see table 3) 

1--- I, 4, 6, B, 10, 11, 14, IS, IB, and 20 

2--- I, 4, 6, B, 10, 12, 14, IS, IB, and 20 

3--- I, 4, 6, B, 10, 12, 14, IS, 17, and 19 

4--- I, 4, 6, B, la, 11, 14, 16, 1"B, and 20 

5 - -- I, 3, 4, 6, B, la, 11, 14, 15, 17, and 20 

6--- 2, 4, 6, B, la, 12, 13, IS, IB, and 20 

7--- I, 4, 6, 9, la, 12, 14, IS, 17, and 20 

B--- 5, 7, 12, 14, 15, 17, and 20 

A comparison of ground-water runoffs from basins in categories 1 
and 2 suggests that, at least in the northern part of the state, annual 
ground-water runoff during years of near and below normal precipitation 
is greatly affected by the degree of lake and wetland cover. Basins 
having lake and wetland covers in excess of five percent of their areas 
have more than twice as much annual ground water runoff as basins with 
lesser lake and wetland covers. However, during years of above normal 
precipitation lake and wetland cover has a relatively small effect on 
ground-water runoff. The ratios (Q2S/ Q 7S) ~ for basins with small and 
large lake and wetland cover do not differ appreciably, lending support 
to the conclusion that the degree of lake and wetland cover and not the 
water -yielding properties and/ or the areal extent of deposits is respon
sible for the great difference in ground-water runoffs from basins in 
categories 1 and 2. Thus, more than half of the apparent ground-water 
runoff basins in category 1 during years of near and below normal pre
cipitation is not ground-water runoff as defined earlier in this report, but 
instead is water slowly released from storage within lakes and wetlands. 
In general, lakes and wetlands seem to act as natural reservoirs which 
sustain and regulate streamflow during rainless periods. 



Basin 
Category 

1---

2---

3---

4---

Table S.--AnnuaZ ground-water runoff and basin aharaateristias 

Annual ground-water runoff (cis / sq mil 
near].! below-.!/ above-Y 

Ratio 
(Q25/Q 75) l;- Major basin 

range average range average range average range average characteristics 

O. 15 0.21 0.07 0.18 0.15 0.31 2.22 2.33 Glaciated, ground moraine, gray 

to to to to drift, relatively impermeable bed-
0.27 0.34 0.55 2.40 rock, thick drift (commonly ex-

ceeding 50 feet), moderate topo-
graphy, lakes and wetlands cover 
more than 5 percent of basin, 
forests cover more than 15 per-
cent of basin, annual precipitation 
les s than 25 inches, growing 
season less than 130 days. 

0.03 0.07 0.05 0.07 0.21 0.24 2.46 2.86 Same as category 1 except lakes 

to to to to and wetlands cover less than 5 

0.11 0.09 0.26 3.16 percent of basin. 

0.04 O. 10 0.02 0.03 0.30 0.34 3.33 3.54 Same as category 1 except lakes 

to to to to and wetlands cover less than 5 

O. 16 0.04 0.37 3.74 percent of basin, forests cover 
less than 15 percent of basin, 
annual precipitation greater than 
25 inches, growing season 
greater than 130 days. 

0.05 0.07 0.02 0.03 0.17 0.19 2.27 2.70 Same as category 1 except forests 

to to to to cover less than 15 percent of 

0.08 0.03 0.21 3.13 basin, and growing season 
greater than 130 days. 
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(table 5 continued) 

5--- 0.21 0.32 0.25 0.29 0.45 0.50 1. 40 
to to to 

0.40 0.38 0.56 

6--- 0.06 0.12 0.02 0.04 0.10 0.27 2.08 
to to to to 

O. 17 0.08 0.43 3.70 

7--- 0.30 0.36 0.25 0.35 0.49 0.51 
to to to 

0.43 0.43 0.56 

8--- 0.31 0.42 0.09 0.26 0.29 0.57 3.57 
to to to 

0.59 0.35 0.82 

._- ---- - -----

1/ 
- Indicate data for years of near, below, and above normal precipitation. 

1. 40 Same as category 1 except has 
some outwash deposits, and 
annual precipitation greater 
than 25 inches. 

2.43 Same as category 1 except has 
lakebed sedim.ents, lakes, and 
wetlands cover less than 5 per-
cent of basin.and topography is 
subdued. 

Same as category 1 except has 
red drift, lakes and wetlands 
cover less than 5 percent of 
basin, and annual precipitation 
is greater than 25 inches. 

3.57 Thick loess cover, perIneable 
bedrock, moderate topography, 
lakes and wetlands cover les s 
than 5 percent of basin, forests 
cover more than 15 percent of 
basin, precipitation more than 
25 inches and growing season 
greater than 130 days. 
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Examination of categories 2 and 3 shows that ground-water runoff 
from basins having average annual precipitation rates less than 25 inches 
is significantly greater during years of near and above normal precip
itation, but much less during years of below normal precipitation than 
it is from similar basins having average annual precipitation rates 
greater than 25 inches. The data for categories 1, 2, and 4 suggest that 
recharge to ground-water reservoirs increases consistently with in
creases in precipitation, but in the southern parts of the state higher 
temperatures result in large evapotranspiration rates and decreased 
ground-water runoffs. Thus, the annual rate of precipitation and the 
temperatures have profound and counteracting influences on ground-
water runoff. Ground-water runoff data and ratios (Q25/Q 7 ) Jp for 
basins in categories 1, 2, and 4 suggest that the presence ot lakes and 
wetlands increase streamflow in about the same proportion as evapo
transpiration decreases streamflow. Streamflow from northern parts 
of the state during extended rainless periods of years of near and below 
normal precipitation would be less than half as much as it is if lakes and 
wetlands were not widespread or if the average temperature in the northern 
part of the state was comparable to that in the southern parts of the state. 

Ground-water runoff data from basins in categories 1, 3, and 5 indicate 
that ground-water runoff increases appreciably as the amount of surficial 
sand and gravel increases. The presence of deposits of surficial sand 
and gravel also reduces the ratio (Q25/ Q 75) Jp. Ground-water runoff in
creases directly with an increase in the amount of sand and gravel, and 
the differences in runoff between wet a,nd dry periods is decreased as the 
quantity of sand and gravel increases. 

The data for categories 2 and 6 and 3, 5, and 7 suggest that gray drift 
deposits do not yield appreciably more water to streams than do lakebed 
sediments, and ground-water runoff from Patrician red drift is about the 
same as from gray drift that contains outwash deposits and much greater than 
from lakebed sediments and gray drift. Patricial red drift is more per
meable than gray drift, which may have a slightly higher average permea
bility than lakebed sediments. The lakebed sediments probably include 
substantial amounts of surficial sand and sandy silt. Highest ground-water 
runoffs are from basins in southeastern parts of the state that have a thick 
loess cover and are directly underlain by permeable bedrock, as shown by 
the data for category 8. 

A study of ground-water runoff in Illinois (Walton, 1965) revealed that 
major buried valleys containing greater thicknesses of drift than the inter
valley areas tend to increase ground-water runoff slightly during of below 
normal precipitation. Thick layers of till of low permeability in buried 
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bedrock valleys greatly retard the upward vertical movement of water 
towards streams that penetrate only a short distance into the drift. Ver
tical upward movement of water towards streams is at a maximum during 
dry periods, when the difference between the water table and the piezo
metric surface of deeply buried deposits is at a maximum. Unfortunately 
in Minnesota, the bedrock surface and buried valleys have not been mapped 
in detail and it was not possible in this study to determine the effects that 
buried valleys have on ground-water runoff. 

A comparison of ground-water runoffs and ratios (Q25/ Q 75) 1? from 
basins in Minnesota with basins having similar characteristics in Illinois 
(Walton, 1965) is given in table 6. Ground-water runoff from basins 
containing ground-moraine deposits (see category 1) is much less in 
Minnesota than in Illinois, even though the ratios (Q25/Q 75) ~ are about 
the same for both states. Probably, ground-water runoff from ground 
moraine is less in Minnesota than in Illinois because the precipitation 
is much less. Ground-water runoff apparently increases from north to 
south in the state because of increased precipitation, despite the fact 
that evapotranspiration also increases from north to south. It is also 
possible that on a gross basis the ground moraine composed of gray 
drift in Minnesota is less permeable than the ground moraine in Illinois. 

Ground-water runoff from basins having lakebed sediments (see 
category 2) is about the same in both states, despite the fact that pre
cipitation is much less in Minnesota. However, the ratios (Q25/ Q 75 'P 
for basins in Minnesota are much less than those for basins in Illinois. 
The surficial lake bed sediments have much higher contents of sand and 
sandy silt (for example, extensive beach ridges) in Minnesota than in 
Illinois. Ground-water runoff from lakebed sediments in Minnesota 
probably would be much less--perhaps 50 percent less--if sand and 
sandy silts were not so widely spread. 

Probably other important relations between ground-water runoff and 
basin characteristics exist in addition to those determined during the 
present study. For example, it was not possible to determine from avail
able data the relationship between the degree of forest cover and ground
water runoff. The profound influences of geology, lake and wetland 
cover, and precipitation on ground-water runoff, however, are apparent. 

Estimates of annual ground-water runoff from ungaged basins may be 
made with reasonable accuracy from the data given in table 4 and from 
information on the characteristics of the basins given on figures 5 
through 12 of this report. To make the estimates, list the general basin 
characteristics in the manner of table 3, then assign the basin to one of 
the categories given in table 4. Next, note the range and average 



Category 

1---

1---

2 ---

2---

II 

Table 6.--compapisons of annual gpound-watep punoff fpom 
basins in Minnesota and IZlinois having simi lap chapactepistics 

State 

Minnesota 

Illinois 

Minnesota 

Illinois 

Average 
annual ground-water 

rwoff (ds I,q mil 
near"! below..! above..!1 

0.10 0.03 0.34 

0.20 0.08 0.41 

0.30 O. 13 0.45 

O. 12 0.04 0.27 

0.11 0.04 0.24 

Average 
Ratio 

(Q25 /Q7/f 

3.54 

3.20 

3.40 

2.43 

6.50 

Basin 
characteristics 

Glaciated, ground moraine, relatively 
impermeable bedrock, thick drift, 
lakes cover less than 5 percent of basin, 
forests cover less than 15 percent of 
basin, moderate topography, average 
precipitation less than 32 inches 
annually and growing season less than 
160 days. 

Same as Minn. except precipitation 
is greater than 32 inches and growing 
season greater than 160 days. 

Same as Minn. except precipitation 
is greater than 38 inches and growing 
season greater than 180 days. 

Same as category 1 except lakebed 
sediments, average precipitation 
less than 25 inches annually. 

Same as Minn. except average pre
cipitation greater than 38 inches 
annually. 

- Indicate data for years of near, below, and above normal precipitation. 
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ground-water runoff for basins of the category assigned to the basin 
and then estimate the annual ground-water runoff from table 5. 

GROUND-WATER RUNOFF AND POTENTIAL YIELDS OF AQUIFERS 

As large areas in the state are covered by glacial drift more than 50 
feet thick, many sand and gravel aquifers and the bedrock aquifers are 
deeply buried, and recharge to the aquifers is derived from vertical 
leakage through thick layers of till having a low permeability. Vertical 
leakage with maximum vertical hydraulic gradients commonly is much 
les s than rechar ge to surface depos its. As a result of the aquifers 
being deeply buried, not all ground-water runoff can be diverted into 
cones of depreSSion. Even under heavy pumping conditions, there is 
some lateral as well as vertical movement of water in the surface de
posits. Also, some ground-water runoff is bank storage and interflow 
which cannot be entirely diverted into cones of depression at some dis
tance from streams. 

Precipitation and, therefore, ground-water runoff and recharge are 
unevenly distributed throughout the year. There are periods of time 
during the wet spring months when the rate of recharge to surface de
posits greatly exceeds, at least temporarily, maximum rates of ver
tical leakage of water to cones of depression in deeply buried aquifers. 
If rechar ge by induced infiltration of surface water is excluded, re
charge to most deeply buried aquifers will be less than ground-water 
runoff under natural conditions. 

Cursory consideration may suggest that a map showing the distribu
tion of ground-water runoff could be used directly to evaluate the poten
tial yields of ground-water reservoirs. However, runoffs are not nec
essarily areas of high or low potential yield. Ground-water runoff may 
be high largely because of the presence of surficial sand and gravel 
deposits. But, because of their limited areal extent and thickness, the 
surficial sand and gravel deposits may be capable of yielding only small 
amounts of water to wells and well fields. Also, ground-water runoff 
can be low because of the lack of surficial sand and gravel and the 
presence of lakebed sediments. However, deeply buried sand and 
gravel deposits or bedrock aquifers, extending beyond basin boundaries, 
may be capable of yielding moderate amounts of water to wells and well 
fields. Thus, a map showing the distribution of ground-water runoff 
can be misleading if used directly to delineate favorable areas for 
development of ground-water resources. It is apparent that no simple 
relation exists between the amount of ground-water runoff and the 
potential yields of aquifer s. 
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