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INTRODUCTION 

A common perception is that Minnesota is very rich in water resources. The 
image is valid in both a relative and an absolute sense, and the signs of plenty are 
everywhere -- on road maps, well logs, park brochures, photographs, real-estate 
advertisements, boat ownership figures, even on license plates. A resource of such 
a bundance is easy to take for granted, making it vulnerable to abuse. Exceptions to 
the generally low level of concern usually are related to drought, when it threatens 
crops, gardens, lawns, water supplies, and navigation, or to pollution, if it endangers 
the well being of those dependent on the contaminated water supply. 

Those who depend on water resources know too well that the signs of 
abundance can be misleading. Indeed, Minnesota does have problems related to the 
quantity of water -- times of excess or of insufficiency . We do not have absolute 
control over our water resources, because we share the legal rights to use them with 
many other states, several Canadian provinces, and the Federal Government. 
Internally, we have regional differences in the amounts of water available from 
various sources and in the times of surplus and shortage. The patterns of use in 
time and space are not uniform, nor are the problems with the quality of that 
resource. Finally, even our knowledge about key aspects of the resource IS 

geographically uneven. 

What we know about Minnesota's water resources is gleaned from a variety of 
historical records: measurements of flows, levels, qualities, and other aspects of 
hydrologic systems that are continually undergoing change. The environmental 
conditions under which the historical record was written will not remain the same, 
and therefore the past is often a shaky foundation for predictions about the future. 
We must find new ways to peer into the future, in order to predict changes in water 
resources and the conditions that affect them. Successful prediction requires two 
things: good data and valid mathematical models that can use this information to 
simulate the effects of environmental changes on the water resources of Minnesota. 

To be useful, data must be at an appropriate geographical and time scale. 
For most water problems, this means that information must be gathered locally, 
usually from direct measurements, air photographs, and large-scale maps. Data 
obtained from measurement stations in other regions or from generalized graphs or 
maps are not appropriate for solving a local problem, though they can help to put a 
local measurement into perspective. 

This summary of Minnesota's water resources has three parts. The first two 
deal with geographic and historical variations in water availability and in patterns 
of water use. The final section presents a variety of water problems and issues that 
affect resource users at various locations and at various times in the state. 

The maps in this summary are based on the historical record and thus should 
be interpreted in the light of the qualifications described above. The picture is not 
complete, and it is emphatically not drawn at an appropriate scale for assessing the 
water resources of a specific site. The scale limitation is not the only problem; the 
data are subject to the innate limitations of any historical record. The averages and. 
variability that characterize this record are not necessarily what will occur at some 
future time, because the historical record does not take into account possible future 
changes in climate, land use, or other conditions that may alter the way the 
resources of an area are divided into separate flows or storage areas. 
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WATER A V AILABILITY 


The Hydrologic Cycle 

The water resources of Minnesota -- our rivers, lakes, groundwater deposits, 
even annual snowfall -- are really parts of a grand system called the hydrologic 
cycle. Like any analytical system, the hydrologic cycle is an arbitrary but 
reasonable partitioning of the world into storage areas, where water can stay for 
awhile, and flow pathways, where water moves from one storage area to another. 
The principal storage areas for the hydrologic system of the state are the 
atmosphere, clouds, soil pores, groundwater aquifers, ponds, lakes, and, ultimately, 
the ocean. The major flow pathways include condensation (from air to cloud), 
precipitation (from cloud to surface), evaporation (from surface to air), infiltration 
(from surface into soil), transpiration (from soil through plants to air), percolation 
(from soil to groundwater), runoff (from surface to river or lake), and a number of 
"artificial" flows such as groundwater pumping or surface water diversion. 

The logical outline of the hydrologic cycle is easy to understand, but the real 
world has a seemingly infinite array of variations on the basic structure of the 
cycle. Many of these variations can be analyzed in terms of an accounting system or 
water budget, which is basically a summary of differences in the rates of water 
"income" and "outgo" from the various storage areas in the cycle. These flow 
differences are caused by dissimilarities in weather patterns, soil types, geologic 
structures, slopes, land uses, or other traits of the local environment. 

Maps of regional water budgets within the state show some significant 
geographic differences in the amount of water brought by precipitation, and even 
more striking differences in the fraction of that precipitation that runs off as 
stream flow. The former are related primarily to large-scale movements of airmasses 
and fronts, whereas the latter seem to respond mainly to local soil and terrain 
conditions. For example, the steep slopes around the Rainy Lake River and the 
Root River support thin soils that reach saturation quickly and then behave as 
impermeable surfaces, causing much of the incoming precipitation to run off to 
nearby rivers and lakes. By contrast, the coarse soils of the Anoka Sand Plain can 
absorb most of the rain that falls. When you look at the world in terms of water 
budgets, it becomes apparent that the hydrologic cycle of a place is intimately 
connected with a host of other environmental traits, and therefore any change in 
those related conditions can have an impact on the water resources of the area. 

Surface Water Resources 

Minnesota sits astride the continental divide that separates the surface water 
flowing toward Hudson Bay (via the Red and Rainy River systems), toward the 
Atlantic Ocean (through the Great Lakes), and toward the Gulf of Mexico (via the 
Missouri and Mississippi Rivers). These rivers drain areas of very different sizes, 
yet it is obvious that a bigger watershed does not necessarily cause more water to 
flow in a river: the Red River at Grand Forks has already drained 30,100 square 
miles of land, yet the river is about the same size as the St. Louis River at Scanlon, 
with a watershed of only 3430 square miles. The marked differences in the size of 
drainage area needed to achieve the same amount of runoff is an impressive 
testimony to the effect of differences in the water budgets of these areas. 
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The number of lakes in Minnesota depends on the size criteria used to define 
a lake. The total is over 12,000 if we include any water body over 10 acres in water 
area. These lakes vary greatly in depth, size, condition, and geographic distribution, 
but they are generally larger, deeper, and more abundant in the northeastern part of 
the state (page 8). This spatial bias is partly due to the pattern of glacial scour and 
deposition, but it has been accentuated by human activities, especially drainage and 
cultivation. The erosion that occurs from agricultural fields can fill nearby lakes 
with sediment. On the other hand, humans have also created or enlarged lakes by 
damming to raise wa ter levels or by exca va tion of pi ts . 

Groundwater Resources 

Minnesota's most abundant water resource lies beneath the surface. The maps 
on page 9 show that the distribution of groundwater is not uniform. Little water 
can be stored in the shallow and rocky soils of the northeastern third of the state, 
though this lack of subsurface water is partly offset by the local abundance of lakes 
and high stream flows. Most groundwater occurs in two very different storage 
areas: thick beds of consolidated sandstone laid down about half a billion years ago, 
and shallow layers of loose sand and gravel left by meltwater streams flowing from 
the glaciers that disappeared from the area a mere 14,000 to 10,000 years ago. 

The major problem with the groundwa ter resource is the balance between 
rates of use and replenishment. We do not have an accurate assessment of the 
recharge rates, but we do know that drainage ditches, cropped fields, sewers, and 
paved surfaces have reduced them significantly. Meanwhile, we have accelerated 
our withdrawal of groundwater for irrigation, industry, and domestic use. The 
small scale of the maps in this primer can give only a general picture of the 
groundwater patterns; evaluation of the resource at a specific site requires a level of 
detail that is available only in maps of a much larger scale. 

Variations in Precipitation and Stream Flow 

Long-term variations in precipitation are generally well reflected in long
term river flow patterns (page 10). The low precipitation of the 1930s was a state
wide phenomenon, well reflected in recorded stream flows in all regions. The late 
1950s were also a time of generally low rainfall, but the shortfalls were much less 
pronounced in parts of Minnesota than elsewhere in the United States. Maps of 
average precIpItation or average streamflow do not show the extent of ': his year-to
year variability. They also fail to show how flow or precipitation are distributed 
throughout the year. 

The rivers in western Minnesota show marked seasonal flows that are 
dominated by spring runoff of water from melting snow. Their response to intense 
summer thunderstorms is muted by the ability of the soil to absorb the rainfall and 
hold it for use by crops and native plants. Small rivers in the hill country of 
southeastern or northeastern Minnesota, on the other hand, often flood after summer 
rainstorms because the steep land and shallow soils cannot hold the water. The maps 
on page 11 show the contrast in response to extreme late-summer rainfalls in the 
Kawishiwi and Root Rivers of eastern Minnesota and the Roseau, Buffalo, and 
Cottonwood Rivers in the western part of the state. It should be emphasized that 
the 1980 record shows only one year, not the average magnitudes of events. Even 
for basins this small (about 1200 square miles), there is a lag between average 
monthly income (rainfall) and outgo (runoff). 
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Minnesota's water is constantly in motion through an endless cycle of flows . 
Precipitation is the most obvious flow, but evapotranspiration and runoff are also 
important parts of the cycle . Precipitation delivers water in the form of rain or 
snow to the surface of the earth, but storage there is usually temporary. In the 
example diagrammed above, the width of each arrow depicts the flows measured in 
the Root River watershed of southeastern Minnesota. Evaporation from the surface 
and transpiration by plants together take more than three quarters of the incoming 
precipitation and transfer it back to the atmosphere as water vapor. Runoff 
(streamflow) removes about one quarter of the precipitation. Some surface water 
seeps downward and is temporarily stored within the soil and porous rock layers, 
but this subsurface water (groundwater) is eventually taken by plants, seeps out in 
the form of springs, or flows into river channels. Minnesotans withdraw water from 
both surface and subsurface storage areas. Sources: pfannkuch and Saint; Leopold; 
U.S.G.S . Hydrologic Investigations Atlas 
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Geographic Differences in Water Budgets 


+ 
Precipitation Evapotranspiratio n 

The total precipitation "income" of a watershed is "spent" for two major purposes: 
evapotranspiration and runoff. For example, in the dry grassland of the Buffalo 
River watershed in west-central Minnesota, evapotranspiration takes 17.3 inches, or 
92% of the total precipitation of 18.7 inches, leaving only 1.4 inches for runoff. As 
the map below shows, other Minnesota watersheds have quite different budgets. 
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The color shades on this map give a general picture of average annual runoff in 
Minnesota. Runoff is a basic resource because it replenishes lakes, rivers, and 
artificial reservoirs. Alongside the map, pie charts for five watersheds illustrate 
geographic differences in water budgets. Circle diameters are proportional to 
precipitation, and inner slices show the relative amounts of evapotranspiration and 
runoff. Runoff slices are large in places with some combination of high 
precipitation, thin soils, steep slopes, few lakes, or low temperature and evaporation 
rates. Source: U.S.G.S. Hydrologic Investigations Atlases. 
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Even though it is technically water on its way out of the state, runoff in river 
channels is a resource that can be used in a variety of ways. Minnesota is a riparian 
state, which means that its legal doctrine stipulates that the owner of the adjacent 
land also owns the legal right to use the water in a stream. This legal doctrine has 
its origins in English common law, and it works reasonably well in a region with a 
considerable surplus of water. States with a water shortage, however, have had to 
develop a completely different legal doctrine, the prior appropriation rule, which 
holds that the first person to file a legal claim to a water source is entitled to use it 
regardless of whose land the water may happen to flow past. This map illustrates 
the dilemma facing water planners in Minnesota, which is a transitional state 
between the well-watered East and the water-short West; we have had to modify the 
riparian doctrine by adding a state permit system. Source: Borchert and Gustafson. 
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Because of the small 
scale of these maps, 
they can show only 
broad general patterns. 
The bedrock and 
Quaternary deposi ts of 
the sta te are complex, 
and local exceptions to 
these general patterns 
are very common. 
Sources: Borchert and 
Gustafson; Kanivetsky; 
National Water Summary 

Quaternary age sources 
Groundwater 

Resources 

Groundwater aquifers are deposits 
or rock formations that can store 
wa ter in interconnected pores and 
cracks. The yield of an aquifer is 
the rate at which water can be 
pumped out continuously without 
depleting the supply. The top map 
depicts geologically young glacial 
and floodplain aquifers. Highest 
yields come from alluvial deposits 
along major river valleys; yields 
from sand and gravel on glacial 
outwash plains are usually good. 
The bottom map shows the location 
of bedrock aquifers. Southeastern 
Minnesota has several geologically 
old sedimentary rock formations 
with high groundwater yields. 

Bedrock sources 
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Variation In Precipitation and Stream Flow 
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The blue graphs show precipitation for half a 
century at five weather stations. Paired with them 
are gray graphs of streamflow for five rivers with 
wa tersheds of similar size. The vertical bars depict 
data for individual years, which can diverge widely 
from the long-term average, shown by the horizontal 
line , or the 10-year moving average, drawn as an 
undulating line. Precipitation and runoff are quite 
irregular through time, but some general patterns 
are apparent. Generally low precipitation and 
streamflow in the 1930s and late 1950s are evident 
as clusters of short annual bars and as "valleys" in 
the mov ing-a verage profiles. Comparison of 
different graphs can show the geographic extent of 
drought or flood in a given year. Source: Zandlo 
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Seasonal Variation in Precipitation and Stream Flow, 1980 
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Most rivers fluctuate greatly in the amount of water they carry during a particular 
time of the year. The timing and size of extreme flow is a geographic variable that 
depends on the pattern of precipitation income and the local characteristics of 
wa tersheds in different regions. These graphs show average streamflow and total 
precipitation for each month in 1980. The three rivers in western Minnesota had 
peak flows in March despite low precipitation in that month, because springtime 
evaporation was minimal and snowmelt was contributing water that had been 
"stored" on the surface through the winter. The Cottonwood River had a second 
flood peak in June, following May rainfall that did not fall on the northern 
watersheds. Flow in all three rivers then declined through the summer, even though 
nearby weather stations showed a dramatic increase in precipitation, because 
evapotranspiration removed the water from the system. By contrast, the two eastern 
rivers have more precipitation and streamflow, and the streamflow peaks occur in 
summer as well as spring. In summary, the graphs on both of these pages show how 
much detail is masked by the simple color map of average rainfall that is used as 
the base. Source: Zandlo. 
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WATER USE 

Water Uses and Trends 

Water use is difficult to assess in Minnesota. The sum of the parts is greater 
than the whole, because much of the wa ter is reused, often several times, before it 
leaves the state. Thermoelectric generating plants, for example, take vast quantities 
of water and then return much of it to nearby streams, where it becomes available 
for downstream users. By contrast, most of the water used for irrigation is taken up 
by green plants and transpired through their leaves to the atmosphere. This process 
essentially removes the water from the local hydrologic cycle. Public water supplies 
fall between those two extremes -- in some areas, most of the wa ter is returned to 
surface water systems as treated sewage, whereas in other places the water is 
disposed of through private septic systems. That water may eventually find its way 
into the groundwater system, or it may be taken up by plants and transferred to the 
atmosphere. Rural self-supply forms a host of unique local systems, with different 
proportions of water evaporating into the air, running off into nearby streams, or 
returning to the land through septic tanks, feedlot lagoons, or anyone of a dozen 
other local "disposal" systems. 

Despite these difficulties in accounting, we can still make some valid 
generalizations about geographical patterns and historical trends in water use in 
Minnesota . As expected, the use of water for public water supply has increased with 
population growth and a rising standard of living. Use for irrigation water has 
shown a sharp increase that was prompted by the interaction of three factors: the 
1976 drought, the high grain prices following huge grain sales to the Soviet Union, 
and a tax structure that allowed farmers to to reduce their taxes with investment 
credits for equipment purchases. Industrial self supply, on the other hand, has 
shown a substantial drop since the peak of the mid 1960s. As in the case of 
irrigation, this trend is really the result of a complex mix of several factors, 
including improved efficiency of use, increased recycling, and a regional decline in 
the importance of some industries that used a great deal of water. The bulk of the 
decline in use of industrial self-supplied water has been in surface water. 

Geographic Patterns of Use 

Minnesota has a complex geography of water use, with different sources of 
water used by different categories of users in different regions of the state. As 
could be predicted from the maps of groundwater resources, all major uses of water 
in the northeastern part of the state depend mainly upon surface water. Many 
communities throughout the western and southern part of the state, by contrast, 
have no access to surface water and must get water from municipal or private wells . 
The Twin Cities are underlain by several major groundwater aquifers (see also page 
22), but like several other mid-sized cities they must also use surface water to satisfy 
their demand for water. 

Mining and electricity generation depend almost entirely on surface water 
even where groundwater is relatively abundant. The high cost of groundwater 
pumping and the lower quality requirements of some industrial users make surface 
water a more cost-effective source for very high-volume uses. Strict limits for 
withdrawal of surface water and the small number of farmers with riparian access 
to surface water combine to explain the reliance on groundwater for irrigation. 
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Minnesotans withdraw large quantItIes of water -- the Department of Natural 
Resources has estimated the withdrawal of more than a trillion gallons of water in 
1980. The table and large circle graph show the estimated daily withdrawals by five 
major categories of water users. Thermoelectric power plants and industries that 
supply their own water use large amounts of surface water. By contrast, public 
supply (i.e. municipal water utilities) withdraw nearly equal amounts of surface and 
ground water, whereas rural and irrigation users rely mainly on groundwater. The 
small circle graph highlights the significance of groundwater as a source for 
drinking water, the use that demands the highest degree of purity. Sources: U.S.G.S. 
Circular 1001; Adelsman; Minnesota Pollution Control Agency. 
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Regional Variation In Water Use, 1983 
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Municipal use of ground water is important in 85 of the 87 counties in the state. By 
contrast, only 11 counties use surface water for municipal supply. Counties in the 
Twin Cities Metropolitan area make the largest withdrawals from both sources. 

Industrial use 

Ground waler Su rface waler 
33,000 million gallons 31,000 milli on gallons 

Use of ground water for industrial purposes is less widespread than for muni c ipal 
water supply. Fifteen counties show industrial use of surface water, including some 
large Quantities used by paper mills in northern Minnesota. 
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Withdrawal of ground water for irrigation is widespread in central Minnesota, 
whereas surface water is used more intensively to the north. Mining companies are 
the largest users in northeastern Minnesota, where surface water is the main source. 

Mining use Used by fossil fuel plants to produce electricity 
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Surface water 
603 ,000 million gallons 

Thermoelectric power plants in 16 counties withdraw enormous quantities of water, 
but 98% of that water can be returned to the stream for further use. Source for all 
maps on these pages: Young. 
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Irrigation expanded gradually until the middle 1970s, when a combination of severe 
drought, high grain prices, and tax incentives prompted many farmers to obtain 
irrigation permits. The sandy soils of central Minnesota are the most heavily 
irrigated, yet those deep sand and gravel aquifers are also the most favorable 
reSOurces for future irrigation development. 
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Groundwater has become the predominant source of irrigation water. In 1951,90% 
of irrigation water came from surface streams and lakes. Sherburne, Meeker, 
Wright, and Hennepin were the only counties in which wells were the major source 
for irrigation water. By 1985 the pattern had changed dramatically - on-farm well s 
served almost 90% of the irrigated acreage. Sources: Minnesota Department of 
Natural Resources, State Planning Agency, and Agriculture Statistics Service. 
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Trends in Water Use, 1955-1980 1400 

900 

-

800 

-

700 

-

-600 

-

;;;:: 
ro 

-0 500 -
W 
0
V> 
c: 

52 
-

0> 
OJ 

a 
V> 
c: 
~ 400 -I 
E 
V> 

OJ 
S 
ro 
-0 
-s 
. ~ 

300 
Q) 

;;; 
os 

-

200 

1il0 

/I 1200 

Industrial 
self-supply 

I 


Public supply 

Rural self-supply 

Irrigation 

-

1955 65 75 1955 1960 70 80 

Surtace water B 
Groundwater . 

65 ·75 1955 65 75 
No data lor 1955 

Four categories of water users show very different trends of use between 1955 and 
1980. Public water supply in cities and towns is increasing steadily, while rural 
water supply has shown some fluctuations within its upward trend . Irrigation is up 
sharply, but industrial self-supply has dropped by more than half, although its 1980 
withdrawal is still the largest of the four use categories. Source: U.S.G.S. Circulars. 
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WATER RESOURCE PROBLEMS 

A detailed analysis of water resource problems in Minnesota is far beyond 
the scope of this primer, but a brief discussion of few of the major problems can 
illustrate the interconnections between resources, uses, and problems. Pollution of 
rivers and lakes is a well-known problem that potentially affects millions of people . 
Groundwater contamination has recently become a topic of considerable public 
concern, as evidenced by the sharp upward trend in newspaper space devoted to the 
issue. The hydrologic impact of acid rain, snow, 
and dust also deserves some consideration here. Newspaper articles on ground water 

Flooding is a complex problem, because it can be 
caused by many processes, including torrential 40U 

rains, watershed changes, stream channel shifts, 
or rising lake levels. 

It is not possible at this time to weigh the 
severity of these problems against each other, u 

because we lack both the necessary data and a 
.~ 

common measurement system that would allow 
such analysis. A comparative look at problems, 
however, will help us search for solutions, 
because the hydrologic systems of the state are so 
connected tha t an obvious solution to one problem 
may make another one worse. 

Year 

River Water Quality 

River quality monitoring in the Twin Cities area is the most intensive in the 
state. The Metropolitan Waste Control Commission has a monitoring network that 
covers the area between Anoka and Red Wing. The graphs on the facing page show 
data for several stations on the Mississippi River and its major tributaries, the 
Minnesota and St. Croix Rivers. The wa ter in the Mississippi River is of generally 
good quality as it enters the Twin Cities area, but it undergoes a marked decline by 
the time it reaches Saint Paul. Part of that drop is caused by the inflow of 
Minnesota River water, with its high sediment and nitrate loadings. The good 
quality of the St. Croix water then contributes to a substantial improvement in the 
general quality of the Mississippi wa ter just below the confluence. 

The biological communities present in these rivers suggest a diverse ecosystem 
under moderate stress. The three rivers are quite different: the St. Croix enjoys 
uniform good to excellen t quality, the Mississippi falls into the "good" range in most 
years, but the Minnesota River a t Jordan has been in the "medium" range since 1979. 
Biological water quality at St. Paul (as indicated by fecal coliform levels) has at 
times been rated as "poor ." This situa tion is usually the result of overflows of the 
combined sewer system. Below St. Paul, the influx of higher quality water from the 
St. Croix and other streams and the sedimentation of larger particles in Lake Pepin 
help restore Mississippi River quality. 

Seasonal fluctuations in quality are evident ia all the graphs. Two trends are 
apparent: high flows in spring sometimes are associated with a temporary rise in 
water quality, due to dilution, but in other instances seem to precede periods of 
diminished wa ter quality. The latter effect may be explained by sewer overflows 
and increased soil erosion during times of high flow. 
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River Water Quality
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The Water Quality Index is a single number that summarizes data for nine water 
quality parameters: dissolved oxygen, fecal coliform density, pH, biochemical oxygen 
demand, nitrates, phosphates, temperature, turbidity, and total solids. These nine 
numbers are weighted according to relative significance, and the composite index 
adjusted so that its value ranges from 0% (poorest quality) up to 100% (best quality) . 
The index provides a way to compare conditions at different places and to monitor 
trends at one place. The graphs indicate a general deterioration in water quality in 
the Mississippi River as it flows through the Twin Cities, with some improvement 
evident at Red Wing. Variable inflows of low-quality water from the Minnesota 
river (with its high sediment and nitrate loadings) and high-quality water from th e 
St. Croix River make it difficult to assess the impact of discharges from the 
Metropolitan area. Source: Metropolitan Waste Control Commission. 
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Atmospheric Deposition 

Atmospheric deposition is a term used to describe any substances that fall 
from the atmosphere, sometimes as dry dust but more often accompanied by rain or 
snow. Public concern over acid deposition is very high, but not all atmospheric 
deposition is acidic in nature; some is in fact alkaline. It is the recent trend toward 
increased acidity that has many people worried about the eventual impact on the 
lakes and forests of Minnesota. The direct acidification of lakes is of some concern, 
but damage to forests may produce an even greater secondary impact on water 
quality. In some areas the increasing acidity of rain or snow is offset by the 
abundance of soluble bases (mostly in the form of limestone particles) in the glacial 
deposits that cover the surface. As a result some lakes are less vulnerable to acid 
deposition than others. 

Maps of Minnesota show some significant geographic differences in the 
acidity of precipitation and the general pattern of the sensitivity of lakes to acidity . 
The natural vegetation and crops that protect the surface from erosion do not share 
the benefit of buffering, because the acid is deposited directly on the foliage. The 
loss of vigor (or even death) of vegetation may affect water quality by exposing the 
surface to erosion and thus causing more sediment to be carried to the streams. 

Between 20 and 30 percent of Minnesota lakes have been identified as 
sensi ti ve or poten tiall y sensi ti ve to acid ic deposi tion. Recen tl y glacia ted area s of 
exposed granitic bedrock and thin, noncalcareous soil, characteristic of large parts 
of northeastern and central Minnesota, are deemed most vulnerable. Lakes in these 
environments tend to have limited buffering capacity against any acidic inflows. 
Despi te this sensi ti v i ty, none of more than 500 la kes for which his tor ical da ta ex ist 
have been found to be either acidic (totally without buffering capacity) or acidified. 
However, this is also the part of the state that has experienced the most pronounced 
precipita tion acidity. 

Nonsensitive landscapes include outwash plains, lacustrine plains, and 
drumlin fields. Cultivated soils are considered insensitive because farmers usually 
add lime, which serves as a powerful buffering compound. Groundwater contact is 
an important key to lake water chemistry and buffering capacity. Lakes that 
receive significant amounts of groundwater flow are usually well buffered, whereas 
lakes that lose water to the groundwater table are often more sensitive to acid 
deposition. Lakes elevated above the regional groundwater table -- a frequent 
occurrence in morainal areas -- are cut off from the local groundwater system and 
therefore tend to have low alkalinity. When water percolates down through the soil 
or flows through crevices in limestone or shale bedrock, it becomes enriched in 
carbonates and bicarbonates. The longer this water remains underground, the more 
alkaline it is likely to become. Lakes in outwash plains, ground moraines, lacustrine 
plains, and flood plains tend to have gentle water table slopes and groundwater 
contact. Thus these types of lakes, which predominate in western and central 
Minnesota, tend to be less sensitive to acidic deposition. 

Acid deposition can cause changes in population structure, growth, and 
reproduction of fish or in the mix of species present in a lake. These trends are 

identified through long-term monitoring of the biological as well as the 
chemical components of a lake. 
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Atmospheric Deposition in Lakes 

Generalized precipitation pH 

-Monito ri ng sit e for precipitation pH 

Lake sensitivity to acidic deposition 
.., 

Counties containing : 

Extremely to moderately sensitive lakes 

Potentially sensitive lakes 

No known sensitive lakes 

Nearly a quarter of the lakes in Minnesota 
are sensitive to acidic deposition. Lakes in 
regions of exposed granite or sandstone 
bedrock and thin, noncalcareous soil are 
most vulnerable, because they have low 
buffering capacity against acidic inflows. 
These conditions are characteristic of large 
areas in the northeastern and central parts 
of the state, but no Minnesota lake has yet 
been measured as acidified. Superimposed 

on this map are lines showing the average acidity of precipitation. This acid is 
partially neutralized by windblown particles of calcareous dust in the agricultural 
south and west. Higher inherent acidity and less neutralization are the reasons why 
northeastern lakes are most at risk, should rates of atmospheric deposition increase. 

Leached 
zone 

[»<1Calcareous D Ground water 
";,:" glacial ti ll zone 

Direction of 

~ water movem ent 


Profile of several lakes in a moraine, Groundwater contact is the key to lake water 
chemistry and buffering capacity. Lakes elevated above the regional groundwater 
table receive limited amounts of water from the local groundwater system and tend 
to have low alkalinity. The pathway water takes to a lake determines its buffering 
capacity. When water percolates down through the soil and along aquifers it 
becomes enriched in carbonates and bicarbonates, amplifying its alkalinity. 
Sources: MPCA, MDNR, and MDOH, 1982; MPCA and MLMIC, 1984. 
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Groundwater Problems 

The availability of groundwater is often taken for granted by people who 
think that pure water costs no more than the price of a well and pump. The 
diagrams at the bottom of this page show the annual cycles and long-term trends of 
the elevation of the groundwater table at two locations. A pronounced seasonal 
variation in groundwater levels is caused by the tendency for both domestic and 
industrial consumption to increase as temperatures rise. The apparent downward 
trend in the groundwater levels in the southern part of the Twin Cities area is one 
reason for the law requiring a permit before using a well. The balance between 
pumping and recharge is poorly understood in many areas; an expanded program of 
well monitoring is part of the answer to this problem. 

Groundwater contamination is also a critical problem. Of primary concern is 
the impact of hazardous waste on groundwater resources. The problems often go 
undetected for many years, making the cost of cleanup extremely high and the 
assignment of responsibility very difficult. We do not mean to imply that 
contamination is not a problem for surface waters; it is, but the greater ease of 
detection and the lower costs of cleanup make the problem somewhat less acute. 

Contaminated surface water can move into groundwater aquifers through 
improperly sealed wells in the limestone formations characteristic of southeastern 
Minnesota (opposite page). The fractured and jointed rocks transmit water rapidly, 
with little or no filtration. Improperly sealed wells allow contact with the various 
rock strata along the length of the well. Thus, contaminants originating in one 
permeable layer can flow down along the well bore and into another aquifer below. 
In this way, localized contamination can spread unnoticed to distant regions and 
different aquifers. Contamination sources include sewage effluent, dumps, spills, 
landfill leachate, urban and agricultural runoff, and private, municipal, and 
industrial wastes. As a result of these processes, many wells in the southeastern part 
of the state contain coliform bacteria or elevated levels of nitrates. 

The Minnesota State Super Fund Law requires the Minnesota Pollution 
Control Agency (MPCA) to investigate and clean up all hazardous waste disposal 
sites. A number of these sites have proved to be major sources of contamination of 
ground water. As might be expected, many of the sites undergoing investigation are 
in the Twin Cities Area. The cost of this cleanup is very high, but the cost of 
ignoring the problem would be much higher, because the sites lie over important 
aquifers that provide water for hundreds of thousands of people. 
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~ 
' WEST ,
" Aquifers ~ c.:: 

= Confining ~ ~ . ~ 
beds c Q) Vl - ~ g . ~ 

Glacial dol/ g~ .!8 
Decorah- , . . . ~ 

Plall8vllle- ~ I"·::;;;;~~~~~~-=-,,;:;:~r~~Gleowo d ~ 

SL Peler 

Hydrogeologic section through the Twin Cities area in the Jordan sandstone aquifer 
,------,----------------""T 65 

Bloomington well record 68 
m 

71 ~ 
l~ .g 
71 ~ 

s 
80 ~ 

~~~~r-"'mo-~~-.~._~~-~~~3 rurlti97~O_~1~ 1 14 1 97~ 1 78L_~~_~1~98~6097~2L_~~~_ll~fi _~9~ 2 ~ 
New Hope well record 6 ~ 

! 
-= 

68 ~ 

Page 22 Minnesota Water -- Problems 

----~---- - -



Ground Water Contamination 
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Fractured limestones and dolomites transmit water rapidly with little filtration. 
Improperly sealed wells allow contact with the various rock strata all along the well. 
Contaminants originating in jointed, soluble layers of rock (e.g. Platteville limestone) 
can use the well casing as a pathway through a less permeable layer and thus enter 
lower strata. In this way the contamination can spread to other regions and 
aquifers. Source: adapted from Minnesota Department of Health, 1979. 

Sites where ground 
water may be exposed 
to contamination occur 
throughout Minnesota . 
However, the risk is 
magnified in the Twin 
Ci ties a rea, w here a 
grea t concen tra tion of 
varied contaminants 
can endanger several 
important aquifers. 

and cleanup by the 
Minnesota Sta te Super 
Minneapolis Star and 
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Hazardous waste site priorities 

• Site on permanent list of priorities 

*Site recommended for 
perman ent list of priorities 

* 

These waste disposal sites are undergoing investigation 
Minnesota Pollution Control Agency in accordance with the 
Fund Law. Source: Minnesota Pollution Control Agency, 
Tribune, and Minnesota Department of Health. 
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Lake Eutrophication 

Eutrophication is defined as the enrichment of a water body with nutrient 
elements, especially phosphorus and nitrogen. Deterioration of water quality for 
human purposes is the major consequence of this enrichment. Lakes in which the 
nutrient level is particularly high usually have abundant aquatic vegetation along 
their shores, frequent summer stagnation with algae concentrations, absence of cold
water fish species, and, in late stages, presence of mud-dwelling organisms such as 
blood worms and sl udgeworms. 

The process of eutrophication occurs naturally in any lake whose nutrient 
inflow exceeds its outflow. Natural eutrophication is a slow process, often requiring 
thousands of years for completion. Most of the lakes in Minnesota were created 
during the most recent glacial advances, and many ha ve not yet had enough time for 
eutrophication to occur. The environmental history and geography of Minnesota 
have interacted to produce regional concentrations of lakes in various trophic states. 
Examples of naturally eutrophic lakes in Minnesota include those lying within the 
prairie regions of western Minnesota, where the lake basins were shallow and soils 
are very fertile. By contrast, many of the cold-water lakes in the glacially scoured 
bedrock basins of northeastern Minnesota are oligotrophic, poor in nutrients, beca use 
their deep basins lie in a forested region with thin and nutrient-poor soils. 

Oligotrophic lakes, those with low nutrient availability and correspondingly 
low levels of algae that depend on nutrients, are easy to identify because their water 
is quite transparent; objects often are visible to depths of twenty feet or more. 
Lakes in a more advanced trophic state generally have cloudy water, which reduces 
the depth of light penetration. Measurements of transparency are made by 
observing the depth at which a white metal or plastic disk (called a Secchi disk) 
disappears from view when lowered into the lake on a bright, sunny day. 

Human activities often accelerate the process of eutrophication. The 
discharge of untreated sewage, agricultural or industrial wastes, or runoff from 
fertilized lawns into lakes can shrink the eutrophication time line from millennia to 
decades. This premature process is called cultural eutrophication in recognition of 
its human origins. The situation tends to perpetuate itself, because the reservoir of 
organic matter accumulated in the bottom muds of a eutrophic lake can support 
many years of high algae populations and high oxygen demands. Fortunately, 
eutrophication is not necessarily irreversible; recent experience in Minnesota and 
elsewhere has shown that cultural eutrophication can be slowed and even turned 
back through severe curtailment of nutrient inflow. Treatment of the symptoms 
(e.g. by adding chemicals to kill algae in a "green" lake) often makes the problem of 
eutrophication even worse, because the dead algae serve as sources of nutrients for 
the next generation of organisms. 

Like most hydrological processes, eutrophication is not easy to assess with a 
single measurement. There are distinct seasonal cycles of algae growth and fish 
activity, which can dramatically change the Secchi transparency of a lake . 
Moreover, year-to-year variations in precipitation, water inflow, or nutrient loading 
can also alter the apparent trophic status of a body of water. The first step in 
solving the problem is to institute a monitoring program that can keep track of the 
condition of a lake for a reasonably long period of time. Fortunately, it may 
become possible to do this job from an airplane or 
expensive system of ground monitors. 

satellite rather than through an 
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Lake Quality 
The eutrophication process 

The natural process of lake aging is a progression from a young (oligotrophic) lake 
with few nutrients through a middle stage (mesotrophic) to advanced age (eutrophic) 
as the basin fills with sediment, nutrient levels increase, and aquatic plants 
(especiall y algae) become more a bundan t. Urban runoff, sewage discharges, and 
accelerated erosion can carry nutrients and sediment to lakes and thus speed up the 
natural process. Source: adapted from the Minnesota Pollution Control Agency, 1980. 

Lake transparency 
A Secchi disk is a device for 
making a visual estimate of the 
clarity of water and the depth of 
light penetration in a lake. 

Mean Secchi reading, 1984 
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Water clarity commonly exceeds twenty feet in northeastern lakes. Southwestern 
lakes often have transparencies of less than three feet. The map shows the general 
distribution of lake types and average Secchi transparency readings by county for 
one summer season (1984). Averages like these should be used with caution. 
Relatively few lakes were sampled, and often the sampling was not sufficiently 
frequent to capture the rapid fluctuation in transparency that can occur. Sources: 
Minnesota Pollution Control Agency, United States Environmental Protection Agency 
STORET database, Water Resources Research Center Public Report 1. 
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Flooding 

At the turn of the century, Minnesotans would likely have called flooding the 
number one water problem in the state. Since that time, restrictions on development 
in flood plains, removal of existing structures, and construction of protective levees 
have reduced the severity of the problem, but it is still with us. 

Formerly flood-safe areas often become flood-prone when upstream areas are 
urbanized, because roads and buildings cannot absorb or evaporate water as well as 
vegetated surfaces. The diagrams on the facing page show how flood flows and 
sediment deposits can change as the environment is progressively altered by 
settlement and economic development. The past record of flow in a river is a poor 
predictor of its future behavior if conditions around it are changed; unfortunately, 
that is just what the development process does. We desperately need to develop 
better models to predict outcomes by simulating different possible futures in order 
to select the "best" alternative. Computer simulations have the potential to do this. 
However, they must have a good local historical record for calibration of the 
simulation equations; thus, neither the historical record nor a computer simulation 
alone can meet the needs of planners and resource managers. 

Two general types of models are used . Fitted models depend on a long record 
of observations of events and responses in similar situations. Most engineering 
analyses at a site scale are of this type. They fit the model to the past record. 
Physical models a re based on known rela tionships among environmen tal variables 
that can modify the processes in a hydrologic system. Thus, they are more adaptable 
to situations beyond the historical record and can be used in a wider range of 
situations than fitted models. Such models could allow legislators, planners, and 
resource managers to test the effects of a particular law or planning decision as it 
plays through a specific Minnesota situation. Unfortunately, most existing models 
will not work in all situations because they have geographic scale constraints or 
their data requirements are individualized to each task and therefore very expensive 
to use. 

The graphs on the facing page are from a simulation of the river hydrograph 
that would result from a typical storm if a small, gently rolling prairie watershed 
were converted to a suburban residential area and shopping center. The simulation 
shows an increase in total flow, a higher flood peak, and a shortening of the lag 
between precipitation event and runoff peak. 

A rise in lake levels above that anticipated by shoreland owners creates 
flooding problems that persist longer than river floods. The map of lakes exhibiting 
this behavior indicates that this problem is widespread in central Minnesota. Aerial 
photographs shows how rising levels have affected Big Marine Lake in Washington 
County. The graph inset on the first photo shows the eleva tiona I history of the lake; 
the aerial photo inset on the next page is an enlargement of one area of homes that 
were severely affected by the high lake level of 1980. Another example of flooding 
on Pulaski Lake in Wright County is shown on the cover. It is a vivid illustration 
that lake water elevation has little meaning except in relation to shore features. 

The color image on the back cover is a satellite view of the Red River Valley 
of northwestern Minnesota. Inundation of cropland by sheet floods in July of 1975 
demonstrates that flooding is not restricted to the valley floors of streams and 
rivers. Fortunately, few places are as flat as the bed of Glacial Lake Agassiz, where 
the lack of topographic relief allows floodwaters to spread over such a large area . 
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The amount of soil lost to erosion 
increases as surface protection is 
reduced. Under native prairie sod, 
sedimen t loss was minimal. As 
farmers progressively broke the sod 
for crop cultivation, the soil surface 
was exposed for prolonged periods, 
increasing erosion. Before urban 
growth into the rural areas, fields 
were often idled for speculative 
reasons. Cultivation decreased and 
erosion declined (top graph). 

With rapid construction after World 
War II, extensive disturbance was 
the rule. Building sites and roads 
were bulldozed clear and basement 
excavation materials stored in steep 
piles. Erosion was enormous until 
the buildings were finished and the 
roads paved; their impermeable 
surfaces then covered much of the 
area, and lawns protected the rest. 
The combination of paved surfaces 
and storm drains increased the 
proportion of rain water that runs 
off (middle graph). Peak flows 
increased and the time lag between 
the rain and flow peaks was 
shortened (bottom graph). 
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l akeFlooding 

Shorelines of Big Marine Lake: 1964 air photo with 1938 shoreline added 
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Flooding along Big Marine lake, 

Washington County, 1980 
 Shorelines of Big Marine lake: 1980 air photo with 1964 shoreline added 
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CONCLUSIONS AND NEEDED RESEARCH 

People can alter their water resources in two ways: directly, by using pipes or 
ditches to move water from one storage area to another in the hydrologic cycle, or 
indirectly, by doing other things that change the rates of infiltration, evaporation, 
or other key aspects of the hydrologic cycle. Proposed projects that may have direct 
or indirect effects on water resources should be compared in terms of their trade
offs and the value of the opportunities seized or missed. To make this comparison, 
we must be able to analyze resource availability, potential uses, hazards, benefits, 
and costs. The planning process requires data, data handling techniques, and data 
analysis methods that are appropriate in scale and precision for the problems we 
need to sol ve. 

Our ability to apply appropriate planning tools to resource data is still 
limited. One might argue that input data are never quite as abundant or as focused 
on the place of concern as we would like, but data limitations are not the major 
factor limits our ability to respond to questions about water resource allocation and 
management in many parts of the United States. Data handling techniques are 
likewise not limiting -- present techniques may not be ideal for all tasks, but 
continual improvements are being made in geographic information systems and data 
base management systems. The real limiting factor currently lies in our methods of 
data analysis. There is no shortage of methods for describing the resources of a 
continent or solving problems at the scale of a building lot, but there is a critical 
lack of techniques that are suitable for analysis of important planning questions at 
the intermediate scale of a county or planning region. 

Ideally, planners should have access to an integrated system to simulate the 
water resources of a county, planning region, or drainage basin or aquifer of a few 
hundred to a few thousand square miles in extent. Most of the resource analysis and 
simulation models that now exist are either global in scope or are targeted for very 
small areas and thus are not appropriate for use at typical planning scales. 
Moreover, most of the existing models are very specialized, single-purpose models 
(such as the Universal Soil Loss Equation, the Stanford Model, or other watershed 
hydrograph and floodwater routing models) that lack integration with other water 
simulation models. All of the water problems we have illustrated are amenable to 
computer simulation, and thus we can test our solutions before implementing them. 

Traditional water resource models, fitted to the historic record, are 
emphatically not appropriate tools for planning in a changing environment. 
Planners should try to persuade users to adopt a more refined way of interpreting 
historic trends in the availability and use of water resources. The kinds of 
questions we need to ask are deceptively simple: Are the available data really 
appropriate within the geographical and historical context of the place we are 
studying (or are we transferring data from different places or past times without 
checking its validity)? Do our data-handling techniques preserve the accuracy of 
the data (or are we introducing error by combining data files of dissimilar spatial 
resolution and mathematical precision)? Do our analytical techniques rest on a firm 
understanding of the physical and biological systems involved (or are we adapting 
models developed for other purposes in other places)? Finally, are the legal, 
economic, social, and political constraints included in the analysis (or are we 
planning in a vacuum)? The answers to these questions, unfortunately, are neither 
easy nor al ways fla ttering. 
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GLOSSARY 


Aquifer - sand, gravel, fractured rock, or other porous material that 
water can flow through 

Biochemical Oxygen Demand - measure of water pollution, expressed in 
terms of the amount of dissolved oxygen needed to clean it 

Confining Bed (Aquiclude) - layer of soil or rock that allows little or 
no water to flow through it 

Dissolved Oxygen - oxygen dissolved in water, available for fish 

Dolomite - rock made of calcium and magnesium carbonate 

Eutrophic Lake - nutrient-rich lake, with murky water, little oxygen 
below the surface, abundant algae, and few or no desirable fish 

Evapotranspiration - movement of water from lakes, rivers, soil, or 
plant leaves to the atmosphere 

Fecal Coliform - bacterial species common in human waste; the 
coliform count is a good indicator of some kinds of pollution 

Hydrograph - graph of stream flow through time 

Hydrologic Cycle - system of flows and storage areas for water 

LANDSAT - satellite designed to monitor and map the environmental 
conditions of the earth surface 

Limestone - rock made of calcium carbonate, often consisting of the 
remains of shellfish and other marine organisms 

Mesotrophic Lake - lake with moderate nutrient content, cloudy water, 
and comparatively high fish populations 

Oligotrophic Lake - nutrient-poor lake, usually clear, rich in oxygen, 
and able to support desirable cold-water fish species 

Precipitation - movement of water from cloud to ground; a general 
word that includes, rain, snow, sleet, hail, dew, etc. 

Sandstone - rock made when sand grains are held together by iron, 
calcium, silica, or other chemical cement 

Secchi Disk - white or black-and-white disk made of plastic or metal, 
which is lowered into a water body to test its transparency 

Shale - rock formed when clay or silt is cemented together 

Simulation - mathematical experiment, in which we try to see what will 
happen if we change part of a system 

Turbidity - wa ter cloudiness due to algae or suspended solids 

Wa ter Budget - accounting of income (e.g. precipitation, ground wa ter 
seepage, stream inflow) and outgo (evaporation, outflow, pumping, 
etc.) from a storage area such as a lake 

Watershed - area drained by a stream and its tributaries; the Rum 
River watershed is part of the much larger Mississippi watershed 
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The satellite image above shows the Red River and its tributaries in flood near 
Fargo-Moorhead. On this "false-color" image, unflooded farmland appears red and 
flooded areas dark blue. Flooding is most extensive in the low, flat lake plain in 
the center of the image, where a group of tributary streams join the main stem of 
the Red River. As the map shows, these tributaries originate in uplands (areas 
above the 1250-foot contour) to the east and west of the Red River Valley. 


