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ABSTRACT 


This report summarizes activities of the University of Minnesota Water 
Resources Research Center for fiscal year 1987, covering the period July 1, 
1987 through June 30, 1988. The report describes results of research 
projects sponsored by the center, its information transfer and coordination 
activities, and its involvement in training water resources scientists and 
engineers. During this period, the Center funded eight proj ects through 
its federal grant program. A wide range of issues and problems were 
addressed by the eight proj ects. Four were concerned with water quality 
aspects of Minnesota lakes, one each with lake-groundwater hydrology, 
wetlands, water quality, and treatment technology. Two lake projects 
developed new and improved methods to assess nutritional and trophic status 
of lakes, and a third project was concerned with assessing trophic state 
changes in prairie lakes of central Minnesota since agricultural activity 
began in the region during the mid 19th century. Another project examined 
historical trends of mercury contamination in lakes of northeastern 
Minnesota in relation to efforts to define the sources of contamination. 

Four of the FY 1987 projects were in their second (and final) year, and 
completion reports are in preparation for publication in late 1988. 
Completion reports for two projects that ended in FY 86 were published 
during the past year. The Center organized and co - sponsored a maj or , 
statewide conference on water resources problems and issues in Minnesota 
called Minnesota Water: 1988, which was held in St. Paul in February 1988 
and attracted over 350 participants. In addition, the Center co-sponsored 
a half-day workshop on nitrate contamination of groundwater that attracted 
over 125 participants. 
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I. WATER PROBLEMS AND ISSUES IN MINNESOTA 


The state of Minnesota is endowed with diverse and generally abundant water 
resources. Source of the Mississippi River, home of many thousands of 
inland lakes, as well as the western arm of the continent's largest lake 
(Superior), Minnesota relies on its surface water resources for its 
important recreational businesses, for transport of goods and commodities, 
for municipal drinking water and cooling water for power plants, and as a 
receptacle for wastewater. The numerous scenic lakes, rivers and streams 
present throughout the state play prominent roles in the leisure activities 
and lifestyles of Minnesotans. Minnesota's plentiful groundwater aquifers 
are by far the most important source of drinking water in rural areas and 
overall are the source of drinking water for about half the state's 
population and over 90% of its municipal water utilities. Groundwater is 
used for irrigation of crops, especially in the western and southern 
regions of the state, but only about 14% of the total groundwater with
drawal in the state is for irrigation purposes l . 

A wide variety of problems and issues confront the managers and users of 
Minnesota's water resources. Water quality issues, especially contamina
tion of groundwater by agricultural and industrial chemicals, have received 
much attention by water management agencies and academic researchers in 
recent years. Karst aquifers in the southeast and sand plain aquifers in 
the center of the state have been the focus of special interest because of 
their vulnerability to contamination by activities at the land surface, but 
other regions of the state, including metropolitan Minneapolis-St. Paul, 
also have sites with contaminated groundwater and are the focus of much 
research and management activity. 

Statewide, the most prominent groundwater contamination issue in Minnesota 
during 1987-88 probably was finding of apparent widespread contamination of 
well water by various pesticides. A report published jointly by the 
Minnesota Departments of Agriculture and Health2. in February 1988 noted 
that measurable levels of pesticides occurred in about 40% of some 500 
wells tested around the state. A related survey3 found volatile organic 
compounds (such as chlorinated solvents) in about 8% of some 1800 community 
water wells, and about 2% of the wells had levels above acceptable drinking 
water guidelines. Nitrate contamination of groundwater, especially shallow 
aquifers used for rural water supplies, continues to receive much 
attention. Only a small number of community wells exceed the drinking water 
standard (10 mg/L as N), but the standard is violated more frequently by 
shallow rural wells used for private supplies. In addition, rural wells 
with moderately elevated levels (> 1 mg/L) are fairly common. These levels 
of nitrate pose no health hazard in themselves, but may be important as 
indicators of groundwater contamination by surface activities. 

In addition, contamination of groundwater by localized sources, such as 
hazardous waste dump sites, spills, leaking tanks, and broken pipes, is a 
serious concern in Minnesota, as it is in many other states. Several 
major sites of contamination resulting from improper disposal of toxic and 
hazardous chemicals have been found in the metropolitan Twin Cities area. 
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Nonpoint source pollution, especially nutrients and herbicides from crop 
land, long has been recognized as a significant cause of degradation for 
lakes and streams in Minnesota, but management and control of this class of 
problems has remained an elusive goal. With the recent awareness that NPS 
pollution affects groundwater quality as well as that of surface waters has 
come renewed interest within the state to control nonpoint sources. 

Eutrophication (over-enrichment of lakes by nutrients, leading to excessive 
growths of algae and aquatic plants) remains a major water quality issue, 
especially in the southern two-thirds of the state, where lakes tend 
naturally to be more productive than in northeastern Minnesota. Recog
nition of this fact has led the Minnesota Pollution Control Agency to 
propose of regionally-based water quality and nutrient loading criteria for 
Minnesota lakes. Separate criteria are developed for various "eco
regions", based on analysis of data to estimate natural (background) levels 
of nutrients in lakes of a given region. In principle, this strategy 
should yield more realistic (and attainable) criteria than an approach that 
assumes all areas of the state had the same background conditions, but 
further efforts are needed to delineate reasonably homogeneous ecoregions. 

Acid rain is still a major concern to Minnesotans. Studies by state and 
federal agencies and researchers from the University of Minnesota over the 
past 5-6 years have shown that the state has almost no acidic lakes and few 
lakes classified as "highly sensitive" to acidification. (This classifica
tion is based on lakewater alkalinity, or acid-neutralizing capacity 
[ANCl.) Aquatic scientists classify lakes with ANC < 40-50 peq/L as highly 
sensitive to acidification, and only a few lakes in northeastern Minnesota 
have been found in this category. In contrast, small but significant 
numbers of lakes in northern Wisconsin and Upper Michigan have been found 
in the acidic and highly sensitive classes, and this west-east trend in 
lake chemistry parallels a trend of increasingly acid deposition toward the 
east. Monitoring of precipitation chemistry in Minnesota has shown that 
acid deposition rates are negligible in the western part of the state and 
near the lower limit of loadings thought to influence the most sensitive 
aquatic systems in the northeastern part of the state. At present, 
attention is focusing on low alkalinity streams in northeastern Minnesota 
and the possible occurrence of episodic depressions of pH. 

In addition, concern is increasing about the occurrence of other toxic sub
stances in precipitation. These include a variety of pesticides; low 
levels of pesticide and PCB contamination in Lake Superior are thought to 
derive primarily from long-range atmospheric transport. Mercury contamina
tion of low alkalinity lakes in northern Minnesota also may be caused by 
atmospheric deposition, and studies are underway to evaluate this hypothe
sis. Body burdens of mercury exceed federal standards in fish from many 
lakes in this region, in spite of the fact that no local sources of 
contamination are apparent. The problem also seems related to acid 
deposition in that body burdens tend to be higher in lakes with lower pH, 
but cause-effect relationships remain to be determined. 

The distribution of water in time and space also causes frequent and 
significant problems within the state. During most of the 1980s, the main 

3 



water quantity problem in eastern Minnesota was excessively high lake 
levels caused by several years of above average precipitation. This caused 
significant shoreline damage along the north shore of Lake Superior and 
considerable property damage to lakefront homes on a number of inland lakes 
that lack surface outlets. Low levels of precipitation during most of 1987 
and a severe drought during spring and summer of 1988 changed the situation 
dramatically. Water levels of inland lakes no longer threaten homes; Lake 
Superior water levels declined rapidly to below average levels; and flow in 
the Mississippi River and other maj or rivers in Minnesota reached record 
lows by mid-summer of 1988. The drought of 1988 caused serious agricul
tural problems nationally, and crop damage was severe in most of Minnesota 
because of the combined effects of above average temperatures and lack of 
rain during critical parts of the growing season. The fact that most 
farmers in the state do not have irrigation capabilities (in contrast to 
farmers in states to the south and west) exacerbated the drought impacts. 

At the height of the drought, flow in the Mississippi River at the Twin 
Cities dropped below 1000 cfs (less than one-sixth the normal flow for that 
time of year), causing water use bans to be invoked and raising serious 
concerns about water supply. The City of Minneapolis relies directly on 
the river as its source of water, and St. Paul uses river water to 
replenish small lakes that it uses as supply reservoirs. Sprinkling and 
other water use bans were established, and the Governor's drought task 
force recommended that extra water be released from some of the lakes in 
the Upper Mississippi River basin. Although there was no serious concern 
that Minneapolis actually would run out of water, there was concern that 
water quality in the river would deteriorate and that fish and other 
aquatic organisms would be killed if flows continued to decline. The 
recommendation to release water from upstream lakes was controversial. 
Although the lakes are reservoirs constructed by the Corps of Engineers for 
flood control purposes in the late 19th and early 20th century, in fact 
they have been used primarily as recreational lakes for many years. Resort 
owners were concerned that low lake levels would be detrimental to their 
businesses and native Americans were concerned that the releases would 
adversely affect wild rice growing along lake shorelines. Heavy rains in 
the northern part of the drainage basin in mid August of 1988 broke the 
extreme drought, and flow rates in the river increased above the critical 
level of 1000 cfs. Long term concerns remain, however, about water supply 
for the Twin Cities area (especially for Minneapolis). A task force has 
been established by the governor to evaluate water supply options for the 
Twin Cities in future periods of drought, and the director of the wRRC is 
participating on the task force. 

Management of Minnesota's water resources is the j oint responsibility of 
several state agencies, most important of which are the Pollution Control 
Agency, Departments of Natural Resources, Health, and Agriculture, and the 
Board of Water and Soil Resources. The Metropolitan Council plays a major 
role in the study, management and planning of water resources within the 
seven-county metropolitan Twin Cities area. A recent development regarding 
the state's strategy for water resources management is the increased 
emphasis on local (i.e. county-level) and regional (i.e. small groups of 
counties) units of government to develop detailed plans for protection, 
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management, and use of local waters. The 1987 Legislature approved a two
year pilot grant to the State Planning Agency to coordinate local water 
planning initiatives in some 54 nonmetropolitan counties. The precise 
relationship between local efforts and state agency responsibilities for 
water planning and management in Minnesota is likely to evolve in coming 
years as local agencies gain experience and expertise and/or find that 
certain issues are better handled by a state-level agency. 

Given the large number of agencies with responsibilities related to 
management of Minnesota's water resources, coordination of efforts and 
information exchange among the agencies are important needs. Similarly, 
because many agencies are involved in collection of water data and develop
ment of data/information bases, there is much interest in coordinating 
these efforts. User-friendly systems that link various data bases together 
are recognized as important information needs for the state water managers. 

The Minnesota Environmental Quality Board (EQB) has overall responsibility 
for coordination of water programs and activities among the several state 
agencies involved in water management. This activity is conducted primar
ily through the Water Resources Committee of the EQB. Technical staff for 
the EQB-WRC are employees of the State Planning Agency, but the EQB-WRC 
itself is an independent body whose members represent the maj or state 
agencies involved in water management, the University of Minnesota, and the 
public. The Water Resources Committee has undertaken an ambitious program 
to define the most important water resources problems in Minnesota and 
develop strategies to deal with these problems. For example, during the 
past year, the committee developed strategies for groundwater protection, 
pesticide and nutrient management, and nonpoint source pollution control. 
When published (in 1988), the documents describing these strategies will 
serve as the basis for state policy and action on these problems. The 
Water Resources Committee also prepares a biennial brochure4 that summar
izes the major water issues in the state and lists recommendations of new 
initiatives (legislation, monitoring and assessment programs, research, and 
educational activities) needed to address these issues. 

References 

1 	 Minnesota Environmental Quality, trends in resource conditions and 
current issues. Environmental Quality Board, St. Paul, August 1988. 

2 	 Pesticides and Groundwater: Surveys of selected Minnesota wells, 
Minnesota Department of Health and Department of Agrticulture, Thomas G. 
Klaseus, Greg C. Buzicky, and Edward C. Schneider, Feb. 1988. 

3 	 Volatile Organic Survey of Community Water Supplies, Minnesota Depart
ment of Health, July 1985. 

4 Protecting Minnesota Waters, An agenda for action in the 1987-89 
biennium. Water Resources Committee, Minnesota Environmental Quality 
Board, 1987. 
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II. PROGRAM GOALS AND PRIORITIES 


The 	principal goals of the Minnesota Water Resources Research Center are: 

1. 	 Stimulate water resources research at academic institutions in Minnesota 


through administration of federal grant funds provided by the Federal 


Water Resources Research Act of 1984. 


2. 	 Promote education in water resources disciplines through coordination of 


course offerings of academic programs and by providing employment for 


students in water-related projects. 


3. 	 Disseminate results of Center-supported projects and results of research 


from the national network of Water Resources Research Institutes. 


4. 	 Coordinate Center programs with those of other water centers, programs 


and laboratories in the University. and with those of local, state and 


federal agencies and private organizations throughout the state. 


5. 	 Provide communication links among water researchers in diverse disci


plines within the University and between University researchers and 


professionals in water-related state and regional agencies by sponsoring 


workshops, conferences, and seminars, and publishing technical reports, 


bulletins, and an informative newsletter. 


6. 	 Promote water resources research in the University of Minnesota by 


soliciting grants from public and private agencies. by mobilizing groups 


of investigators to undertake research, and by using the Center as an 


advocate for the University's competence to conduct water research. 


The primary objective of the Center's research program is to address water 
problems that are important to the state in a sound scientific. manner. The 
program has two primary priority topics: (1) groundwater resource protec
tion, including development of models to understand and predict the 
transport and fate of water and contaminants into and through groundwater 
aquifers; and (2) water quality management of Minnesota lakes, including 
the development of better analytical and management methods and improvement 
in understanding the transport and transformation processes for aquatic 
contaminants. We solicit proposals specifically addressing these topics, 
and the majority of our federal research funds are devoted to projects in 
those areas. The Center also has two secondary priori ties in which it 
funds research when opportunities arise to support innovative and high
quality studies: (1) development of treatment and control methods, espec
ially for toxic and hazardous wastes and (2) wetland water quality. Both 
of these priorities are relevant to state needs. High tech industries in 
the state generate a variety of toxic wastes; hugh areas of Minnesota are 
classified as wetlands (bogs, fens, swamps, marshes). 

The Center also has a more detailed list of issues and water problems in 
Minnesota on which it encourages research. These are given below but are 
not ranked in priority order. 
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A. Problems of Water Quantity and Supply 

1. 	 Determine significance of wetland drainage on groundwater recharge. 

2. 	 Determine effects of peat mining on water storage and water quality. 

3. 	 Assess balance between ground water recharge and ground water use. 

4. 	 Evaluate land-use management measures and physical and legal structures 

needed to control flooding in specific watersheds. 

5. 	 Analyze the long- and medium-term trends in land-locked lake levels. 

Determine legal and physical remedies flooded lakeshore owners have, and 

evaluate legal, economic, and environmental implications of alternative 

lake-level management schemes. 

6. 	 Develop improved techniques to monitor water flow in streams and 

groundwaters. Mathematical simulation of flow in urban watersheds for 

design of storm drainage, storsge ponds and flood forecasting. 

7. 	 Evaluate strategies for slternative water supplies for metropolitsn Twin 

Cities in times of severe drought. 

8. 	 Analyze operational alternatives for regulating flow in Upper Mississ

ippi River during drought and flood periods. 

9. 	 Evaluate effects of climate change on availability of surface water 

supplies in Minnesota. 

B. 	 Water Quality Problems 

1. 	 Develop quantitative relationships to evaluate sensitivity of ground

water aquifers to contamination from surface activities and to predict 

groundwater contamination from land use patterns and geologic factors, 

especially in rural areas. Develop relationships between surface water 

quality and groundwater quality in karst areas. 

2. 	 Evaluate effectiveness of easily measured indicators (surrogates) for 

identifying critical pollution sources and locations. 

3. 	 Improve computer models for contaminant transport from surface into 

groundwater aquifers and for contaminant transformation in soils and 

groundwater. 

4. 	 Evaluate effects of agricultural management practices on loss of 

herbicides and nutrients from soils and their subsequent transport to 

runoff water and/or percolating groundwater. 

5. 	 Develop innovative, cost-effective methods to treat toxic wastewaters, 

including leachate from landfills. 
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6. 	 Develop cost-effective methods to reduce nonpoint source pollution of 

recreational lakes in both urban and rural areas. 

7. 	 Improve understanding of atmospheric sources and aquatic transport and 

transformation processes of trace organic and inorganic pollutants such 

as PCBs, pesticides, dioxins, and mercury in the water, sediment, and 

food chain organisms (including fish) of Minnesota lakes. 

8. 	 Develop quantitative tools (including predictive models) for important 

lake quality problems, including acidification and eutrophication, and 

develop management tools to design cost-effective lake restoration and 

management. 

9. 	 Analyze effectiveness of past legislation and pollution control efforts 

on quality of major surface waters in Minnesota. 

C. Problems of Water Conservation, Water Use Efficiency, and Economics 

1. 	 Evaluate hydrologic, economic, recreational and aesthetic values of 


wetlands. 


2. 	 Develop irrigation methods to maximize productivity per unit of water. 

3. 	 Evaluate the economic returns of irrigation for various crops and 


regions of the state. 


4. 	 Determine water storage and water movement between surface waters 

(including prairie lakes) and groundwaters in fine-textured drift and 

loess. 

5. 	 Quantify extent of water conservation through pricing incentives. 

6. 	 Refine and evaluate methods for conflict resolution on public water 

issues, such as competing uses of streams, lake waters and shorelands. 
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III. RESEARCH PROGRAM 


The Center's FY 1987 research program is summarized in Table 1. Three new 
projects were initiated, and five projects were continued from the previous 
year. Of the latter proj ects, four were completed at the end of FY 1987 
and the fifth is continuing in FY 1988 on state-supported funds only. Of 
the eight active proj ects, four were concerned with lake water quality. 
One each dealt with groundwater modeling, wetlands water quality, lake/ 
groundwater hydrology, and wastewater treatment. The proj ects include 
investigators from the Departments of Geology, Civil and Mineral Engineer
ing, Chemical Engineering, Ecology and Behavioral Biology, and Agricultural 
Engineering, all at the University of Minnesota (Minneapolis and St. Paul 
Campuses). Short progress reports describing each project are given in 
subsequent sections. 

Impact of soil macropores on water and chemical transport to ground water 
through the vadose zone. 

John L. Nieber, and Ian D. Moore, Department of Agricultural Engineering, 
University of Minnesota, St. Paul. 

Starting date: July 1987 
Ending date: June 30, 1989 

Problem and research objectives: 

Non-point source pollution of groundwater supplies is the number one 
groundwater pollution problem in Minnesota. Land application of nitrates 
and pesticides for agricultural production is the most important source of 
these pollutants. Methods predicting the movement of water and chemicals 
from the land surface, through the vadose zone and to the groundwater are 
essential to understand and quantify groundwater contamination. The 
movement of water and pollutants through soil macropores in the vadose zone 
significantly influences the rates of transport of chemicals to groundwater 
and therefore influences the extent of biological and chemical breakdown of 
these pollutants before they enter the ground water system. Present water 
management models do not account for this type of flow and transport. 

The objectives of the research are: 

1. 	 To investigate a methodology for characterizing soil macropore 
morphology. 

2. 	 To develop a model of water and chemical transport in soils 
containing macropores. 

3. 	 To use this model to simulate the movement of surface applied 
chemicals (particularly nitrate and pesticides) to groundwater. 

4. 	 To use the model to evaluate alternative land and contaminant 
management strategies for minimizing groundwater contamination. 
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Table 1. FY 1987 Research Program of Minnesota WRRC 

Project Title 

Determining Lake Trophic Status Through 
Algal Pigment Analysis 

Sulfur Metabolism and Organic Acids: 
Implications for the natural and anthro
pogenic acidification of peatlands and 
colored lakes 

An Innovative Process for Inexpensive 
Cyanide Concentration and Recovery from 
Dilute Wastewaters 

....... 
 Lake and Groundwater Paleohydrology of the 
Mid-Holocene in West-Central Minnesota 

o 

Sources of Mercury Contamination in 
Minnesota Lakes 

Impact of Soil Macropores on Water and 
Chemical Transport to Ground Water 
Through the Vadose Zone 

The Impact of Settlement and Agricul
ture Upon the Evolution of Prairie 
Lakes in Minnesota, with Particular 
Reference to Blooms of Blue-Green Algae 

Development of a Method to Evaluate 
Phosphorus Limitation in Individual 
Algae 

Principal 
Investigator 

E.B. Swain, 
D.R. Engstrom & 
H.E. Wright 

S.J. Eisenreich 

M.J. Semmens & 
E.L. Cussler 

H.E. Wright & 
E.J. Cushing 

P.L. Brezonik 
D.R. Engstrom 

J.L. Nieber & 
1.0. Moore 

E. Gorham 

J. Shapiro 

Affi l iation Status 

Freshwater Biol. Inst. Final year 
Limnol. Res. Ctr. 

Civil &Min. Eng. Final year 

Civil &Min. Eng. Final year 
Chemical Eng. 

Limnol. Res. Ctr. Final year 
Ecol. &Behav. Biol. 

Civil &Min. Eng. 2nd year . continuing 
Limol. Res. Ctr. 

Agricultural Eng. 1st year . continuing 

Ecol. &Behav. Biol. 1st year . continuing 

Limnol. Res. Ctr. 1st year - continuing 



Methods and results obtained for objectives (1) and (4). which were the 
focus of work in year 1 are described below. 

Methodology: 

Objective 1. To date, a major focus of the proposed work has dealt with 
the characterization of macropores in soils. Characterization of 
macropores in soils is a tedious process. It usually involves acquiring a 
large undisturbed soil core from the field and dissection of the core in 
the laboratory following application of a dye to the core. In some 
instances, hardeners are applied to the undisturbed core to provide 
rigidity when it is dissected. We decided to characterize macropores in 
soil columns using a CAT (Computer Aided Tomography) scanner. Individual 
soil cores were acquired in the field in a PVC tube; a 20 cm dia tube 75 cm 
long was selected because it would be large enough to contain a 
distribution of macropores and small enough to facilitate handling. 

Two undisturbed soil t.-ores I 20 cm in diameter and 75 cm in length were 
obtained from the University of Minnesota research plots on the St. Paul 
Campus. One core (Core 2) was obtained from a grassed area, and the other 
core (Core 3) was obtained from a tilled (conventionally tilled continuous 
corn) area within 10 meters of Core 2. 

After acquisition of the soil cores, the ends were sealed and the cores 
were transported to the University of Minnesota Hospital, where the CAT 
scanner is located. Scans were taken at selected increments along each 
core. The increments were 1 cm near the top of the core and increased 
gradually to 5 cm increments toward the bottom of the cores. For each scan 
the output from the scanner was displayed as a black-and-white x-ray image 
on a CRT screen. An x-ray film copy of the image was also obtained. 

In addition, digital data from the individual scans were stored on magnetic 
tape and transferred to an IBM PC/AT computer with high resolution color 
graphics capabilities. A program was written to display the scan data on a 
color CRT, and photographs of these images were taken. This program 
facilitated manipulation of the displayed image to maximize the distinction 
of macropores on the images. 

Quantifying macropores in the digitized images was accomplished by 
manipulating a cursor on the image and counting the number of pixels 
contained in a displayed macropore. Since the physical dimension of pixel 
is known, it is possible to determine the physical dimension of each 
macropore. The distribution of macropore sizes then was determined. In 
addition, it was of interest to determine the correspondence between 
macropores seen on any given scan image and the corresponding physical 
section obtained by dissection. This correspondence was quantified by 
visual comparisons for a number of the scans. 

Objective 2. The second objective of the proposed research is being 
accomplished using mathematical modeling techniques. The model being 
developed simulates movement of water and chemicals in permeable porous 
media containing macropores. The soil is treated as being composed of two 
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distinct pore domains: the soil matrix and the macropores. Differential 
equations describe the movement of water and transport of chemicals in each 
domain, and the equations are coupled to simulate the interaction between 
the two domains. 

Flow of water in the soil matrix is assumed to be governed by the pressure-
based form of the Richards equation with a source term added: 

ah _ aK(h) (1)
C (h) at az [ K(h) ~~] az + S (h) 

where h is the soil water pressure, K(h) is the unsaturated hydraulic 
conductivity, C(h) is the specific water capacity, S(h) is the source/sink 
representing the transfer of water between the soil matrix domain and the 
macropore domain, z is the depth b~low the soil surface, and t is time. 

Flow of water in the macropore domain is assumed to be governed by a 
kinematic wave-form equation: 

(2) 

where W is the volumetric water content in the macropores, V V(W) is the 
velocity fluid will travel in the macropores, and other terms are as 
defined above. This form of equation has been proposed1 for modeling water 
flow in macropores. 

Coupling of the flow in the respective domains of the soil matrix and the 
macropores occurs through the S(h) term appearing in equations (1) and (2). 

Solution of equations (1) and (2) is being accomplished by the finite 
element methodZ of numerical solution, which transforms the differential 
equation into a system of ordinary differential equations in time. These 
equations then are discretized in the time domain using the finite 
difference method to yield systems of algebraic equations. The resulting 
systems of algebraic equations are 

(A] (h}k+1 = [B) (h}k + (f1 ) 

for equation (1) and 

(D](W}k+1 = (E](W}k + (fz) 

for equation (2), where [AJ, [B], [D], and [E) are coefficient matrices, k 
is the index of time level, and ( 1 and (fz) are "force" vectors 
containing boundary condition information and the source/sink term. 

Principal findings and significance: 

Obj ective 1. Scans of the two soil cores yielded images of the bulk 
density distribution of each cross-section scanned and thereby provided 
images of macropore structure at each cross-section. An example scan image 
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along with the corresponding physical soil section are illustrated for Core 
2 in Figure 1. The scan image is a black-and-white copy of the color image 
obtained on the color graphics CRT. 

The results show that CAT is a promising method for characterizing 
macropore distribution in soils3 • Features 1 mm and larger are detectable 
on the images. These features include holes, roots, stones, and cracks. 
It was found that there is a high correlation between the number and size 
of features revealed by the physical sections and those seen on the CAT 
images (see Table 2). On average, fewer than 2.3% of the macropores seen 
on the physical section were missed on the CAT image. Those macropores 
that were missed had a maximum dimension of 3 mm or smaller. 

Table 2. Compilation of results of comparisons between observed 
macropores and macropores displayed on CAT image. 

Total No,pores No.pores Percent1 Percent 1 

no,pore,; on image. on section missed in missed in 
Depth,mm on imai.\e not on section not on imai.\e image section 

2/90 36 9 4 11 25 
2/130 23 4 1 4 17 
2/360 45 14 0 o 31 
2/510 75 24 0 o 32 
3/240 45 12 2 4 27 
3/370 60 23 0 o 38 
3/570 26 8 0 o 31 

Both of the percent missed on section and percent missed on the image 
are based on a total number of pores seen on the image (column 2). 

The distribution of macropores and the amount of air-filled porosity 
represented by the macropores are quantified in Table 3 for Core 2. It is 
seen that there is a large variation with depth in the size distribution, 
total number, and total volume of macropores. Variations in these 
variables have important impacts on the rate at which water will move and 
the rate of chemical transport in a soil profile. 

The CAT approach for characterizing macropores may not become a tool for 
routine use because of the high expense of gaining access to a CAT 
facility. However, as a research tool it does hold promise. Work is 
continuing to further define the capabilities of CAT technology for 
characterizing macropores. 

Objective 2. A computer code for the finite element solution of the 
Richards equation has been completed and tested for numerical accuracy. 
This code is to be used to simulate water flow in the soil matrix. A 
computer code for finite element solution to the kinematic wave equation 
has been complete but needs to be tested for numerical accuracy. This code 
is to be used to stimulate water flow in the macropore domain. Coupling of 
water flow in the soil matrix with water flow in the macropore domain still 
needs to be accomplished. This will be done by merging the two computer 
codes and providing an interaction between them through the source/sink 
term represented in equations (1) and (2). 
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Table 3. Compilation of pore size distribution of macropores with depth 
in Core 2. 

Depth 
mm <1. 1. -3. 3. ·5. 5. - 7. >7. Sum 

mm mm mm mm air-filled 

30 21 58 26 10 5 120 3.6 
40 8 43 27 9 6 93 2.0 
50 6 27 23 8 3 67 1.8 
60 15 28 29 5 2 79 1.7 
70 6 30 27 7 3 73 3.62 
80 9 15 18 8 2 52 2.22 
90 4 14 20 5 3 46 1.1 

100 2 23 19 2 2 48 3.12 
110 3 23 18 1 2 47 0.9 
130 3 11 15 2 1 32 0.6 
150 5 11 18 2 1 37 0.7 
170 3 16 19 4 3 45 1.0 
190 4 17 14 4 0 39 0.7 
210 2 23 15 2 1 43 0.6 
230 2 22 19 3 0 46 1.0 
250 4 22 15 3 1 45 1.0 
270 5 24 15 2 1 47 1.0 
290 4 28 10 3 1 46 2.7 2 

310 10 32 14 4 1 61 0.7 
360 10 40 18 5 2 75 1.1 
410 10 55 36 4 2 107 1.5 
460 12 32 34 3 8 89 2.6 
510 7 55 29 3 8 102 2.9 

1 The values in this column were calculated separately, using individual 
pixel values. 

2 These relatively large values coincided with fauna-cavity locations. 

References cited: 

1 	 Germann, P.F. and K. Beven. 1985. Kinematic wave approximation to 
infiltration into soils with sorbing macropores. Water Resources 
Research, 21(7): 990-996. 

2 	 Segerlind, L.J. 1984. Applied Finite Element Analysis. John Wiley and 
Sons, New York. Second Edition, 427 pp. 

3 Warner, G.S., J.L. Nieber, I.D. Moore, and R.A. Geise. Characterizing 
macropores in soil by computed tomography. Submitted to Soil Science 
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Figure 1. 	 Visual comparison of a soil physical section (left) with the 

CAT scan image (right) of that secion. The soil type is a 

Waukegan Silt loam. The cover type was grass. The dark areas 

of the CAT scan represent air filled macropores and the light 

areas represent soil and stones. 


Lake and groundwater paleohydrology of the Mid-Holocene in west central 
Minnesota 

Herbert E. Wright, Jr., Edward J. Cushing, and James E. Almendinger, 
Limnological Research Center, University of Minnesota, Minneapolis 

Starting date: July 1987 
Ending date: June 1989 

Problem and research objectives: 

Even a small climatic change could have potentially devastating effects on 
agriculture and water supply. General circulation models (GCMs) of the 
earth's atmosphere can be used to try to predict possible future climate; 
for example, GCM results based on increased atmospheric carbon dioxide 
predict a mean global temperature elevation of 1.5 to 4.5 °C l . Such GCMs 
must be calibrated by examining how well they explain past climate. 
Unfortunately, obtaining a clear record of past climate is difficult. 
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Proxy records from ocean and lake sediment cores, glacial ice cores, and 
tree-ring chronologies are applicable over different scales of time and 
space, and such records can give quite different estimates of paleoclimate 
for a given time and place. Still taken together the proxy records are 
providing an increasingly clear view of the climate over the past 10,000 
years viz. the Holocene. 

For continental regions pollen stratigraphies from lake sediments have been 
used extensively to infer past climate. While the underlying assumptions 
and results of pollen analysis appear to be reasonable2 , prudence demands 
that alternative techniques of paleoclimatic inference be developed to 
check, improve, and extend the results of pollen analysis. One alternative 
technique is to use the record of past lake levels as a proxy for past 
climate. The investigation of past levels of closed-basin lakes is a 
relatively new way of exploring past climate, and most studies have 
concentrated on quantifying the relationship between lake level and the 
surficial hydrology of the catchment e -5) . However, many lakes are 
connected to and influenced by a regional water table. The relationship 
between water-table elevation and lake level must be quantified for these 
lakes and included in the algorithm by which paleoclimate is to be inferred 
from past lake levels. 

Our proj ect was designed to investigate both the theoretical and applied 
aspects of lake-groundwater relationships; i.e., what are the theoretical 
controls of groundwater on lake levels, and how well can this theory be 
applied to actual field evidence of lake-level change? The theoretical 
analysis involved manipulation of some simple groundwater equations and 
predicted the patterns of lake-level change to be expected across a region. 
The applied analysis involved extensive field and lab work in collaboration 
with several other researchers; work to date has confirmed the theoretical 
predictions and has several important implications ranging from past 
climate to groundwater availability. 

Methodology: 

Theoretical. The steady state elevation of a water table can be described 
by straightforward mathematical expressions, provided that the geometry of 
the aquifer is simple enough. The complex geometry of most aquifers (along 
with unknown values of many parameters) causes much of the difficulty in 
modeling real groundwater systems. Hence, we chose two systems of 
extremely simple geometry to examine analytically how groundwater controls 
lake levels. 

First, for a strip of land lying between two infinitely long parallel 
rivers or canals, we examined how the water table elevation is sensitive to 
a change in groundwater recharge (the rate at which rainwater percolates 
through the soil column to the water table). Second, for a system of a 
circular lakes lying next to an infinitely long canal, we investigated the 
groundwater controls on the sensitivity of lake level to the rate at which 
water was pumped out of (or into) the lake. In essence, we treated the 
lake as a large circular well that had water being pumped out by 
evaporation and in by rainfall. 
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Applied. We applied the above theory to lake-level changes in the Parkers 
Prairie sandplain in west-central Minnesota. First, the past levels of a 
series of lakes were determined with various stratigraphic analyses of lake 
sediments. For example, for a shallow lake with only a few meters of 
organic sediment, the radiocarbon date of the basal sediment may indicate 
the time at which the water table rose enough to keep the lake basin 
perennially filled with water. Just prior to this time the lake must have 
been essentially dry, and the water table must have been at or below the 
bottom of the mineral basin. A more exact method of finding paleo-lake 
levels was developed by Drs. Gunnar Digerfeldt and Svante Bjorck (Univ. of 
Lund, Sweden), who have collaborated with us on this project. They take 
transects of sediment cores from near-shore to deeper portions of each 
lake; if the lake level were lower in the past, then old shoreline 

6sediments can be followed as distinct strata from core to core . In the 
Parkers Prairie lakes Digerfeldt and Bjorck identified old shorelines from 
sedimentary layers containing mostly sand and bullrush (Scirpus ~.) seeds. 
The lower lake stands can be dated by the radiocarbon content of the 
organic sediment or by comparison of the sedimentary pollen spectrum with 
that from a radiocarbon-dated core from the same region. We used the 
latter approach in this study. 

Once the levels of a series of lakes have been determined for a specific 
time in the past, the next step is to determine a configuration of the past 
water table that matches the pattern indicated by the lake levels. To do 
this, we fit an analytic-element groundwater model 7 to the Parkers Prairie 
sandplain; lakes were included in the model as polygons over which 
atmospheric exchange (evaporation and precipitation) could take place. For 
a given regional geology (aquifer geometry and permeability), the elevation 
of a modeled water table depends primarily on groundwater recharge. 
Closed-basin lake levels also are sensitive to groundwater recharge, 
because they generally get carried along with changes in water-table 
elevation, but lakes also are sensitive to components of their surficial 
hydrology, such as direct precipitation, evaporation, and overland runoff. 
Because of the high infiltration capacity and gentle topography of 
sandplains, we were able to ignore overland runoff and collapsed surficial 
hydrology into a single quantity: evaporation minus precipitation (E - P), 
which we labeled "lake pumping." We manipulated recharge and (E - P), in 
the groundwater model to obtain a best fit of modeled lake levels with the 
past shoreline levels identified by Digerfeldt and Bjorck. 

This project, thus, is unique in the investigation of paleo-lake levels in 
two ways. First, groundwater control, on lake levels were included in the 
analysis. Second, the final model integrated paleo-Iake-Ievel information 
from many lakes simultaneously. Each lake may be thought of as a climatic 
sensor and recorder with a unique set of sensitivities to climatic factors; 
thus, each lake responds somewhat differently to a given climatic change. 
The inclusion of many lakes, each with different sensitivities, in the same 
model run helps constrain model results and helps elucidate the 
complexities of past climate. 
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Principal findings and significance: 

Theoretical. Results of the theoretical analysis of groundwater systems 
with simple geometry may be conveniently telescoped into one conclusion: 
lakes far from rivers experience greater lake-level changes than do lakes 
close to rivers; i.e. rivers act as hinge points that constrain 
fluctuations in the water table. The constraining ability of rivers holds 
true for lake-level changes resulting from a shift in either the regional 
recharge to the water table or the amount of "lake pumping" (E - P) at the 
lake itself. 

Applied. Digerfeldt and Bjorck found that the above theory describes the 
pattern of past lake levels in the Parkers Prairie sandplain. The lowest 
lake levels occurred around 8.5 to 8 ka (thousand years ago), and lakes far 
from rivers had a more severe lake-level drop than did lakes close to 
rivers. 

To decipher the hydrologic causes of the lower lake levels at 8.5 to 8 ka, 
we fit an analytic groundwater model to the Parkers Prairie sandplain 
(Figure 2). The fitting procedure for any groundwater model is somewhat 
subjective, and the model chosen is probably not a unique representation of 
the real system. The primary value of the model is in elucidating the 
sensitivity of the system to different perturbations. We examined the 
model sensitivity to the same factors on which we had performed the simple 
theoretical analyses, namely regional recharge and lake pumping (E - P). 
Lake levels were quite sensitive to a shift in recharge, whereas the high 
permeability of the sandplain made (E - P) a relatively minor cause of 
lake-level change. 

We then manipulated the recharge and (E - P) parameters of the groundwater 
model to obtain a fit of the modeled lake levels with those estimated by 
Digerfeldt and Bjorck's stratigraphic analyses (Figure 3). The model 
results show that lower recharge (compared with the modern value) was the 
primary cause of lower lake levels in the Parkers Prairie sandplain at 8.5 
to 8 ka; a minor roll was played by slightly increased (E - P) values. The 
best fit of the model indicates that the lower lake levels can be explained 
by a reduction in recharge to 40% of its modern value (from about 12.6 cm 

1yr- at present to about 5 cm yr- 1 ) coupled with an increase in (E - P) to 
about 20 to 30 cm yr- 1 (slightly above the modern value). 

Significance. (1) The most significant result of this research is the 
recognition (and demonstration) of how groundwater may control the pattern 
of lake-level sensitivities. Specifically, lakes far from rivers tend to 
be more sensitive than lakes close to rivers, although other factors may 
override this tendency in some situations. 

(2) Increased understanding of past climate is important for calibrating 
the general circulation models (GCMs) used to predict possible future 
climates. The time period covered by the Parkers Prairie study may have 
particular importance for the GCMs used to investigate the "greenhouse 
effect" from elevated atmospheric CO2 concentrations. Current evidence 
from pollen and diatom analysis of lake sediments indicates that the figure 
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climate of the upper Midwest during the early to mid-Holocene (ca. 9 to 6 
ka) was drier, and at times warmer, than at present (8,9,10). Our study 
confirms a climatic dryness that reduced groundwater recharge during this 
time period. It would be imprudent to assume that the mid-Holocene dry 
period is a perfect analog to a warm and dry climate that may be caused by 
the greenhouse effect; nonetheless there may be some similarities between 
the two climates worth exploring. 

(3) The availability of water resources would be an important comparison to 
make between past and future climates. The amount and quality of 
groundwater is directly dependent upon the rate of recharge to the aquifer: 
lower recharge translates into less available groundwater, longer 
groundwater residence times (perhaps causing increased dissolved solid 
content), and a lower resiliency to pollution events (because of the 
decreased flushing of the system). These intertwined problems become 
exacerbated by use of water for crop irrigation, which depends on having 
large amounts of water free from excessive dissolved salts and residues 
from last year's herbicide and pesticide applications. We found that at 
about 8.5 to 8 ka the groundwater recharge to the Parkers Prairie sandplain 
was at least 60% and perhaps 70% lower than the modern value. If repeated 
in the near future, such a drastic reduction in the quantity of available 
groundwater could have a large impact on agricultural practices. 
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Determining lake trophic status through algal pigment analysis 

Edward B. Swain, Daniel R. Engstrom, and Herbert E. Yright, Jr., 
Limno10gica1 Research Center, University of Minnesota, Minneapolis 

Starting date: May 1985 
Ending date: June 1988 

Problem and research objectives: 

Yater quality problems related to excessive concentrations of nutrients in 
recreational lakes remain an important environmental issue in the upper 
Midwest. Given that thousands of lakes were left by the retreating 
glaciers, adequate monitoring of lakes generally is not possible. The 
most common water-quality complaint concerns b1uegreen algal blooms, but 
state agencies usually have negligible information about the dominant algae 
in a given lake. Sampling trips to lakes are expensive, perhaps costing 
more than the water analyses resulting from the trip, and frequent sampling 
visits are needed during the summer to characterize algal type and 
abundance, which can change on a weekly basis. Each state is required by 
federal law to classify its lakes, but the dominant algae are not usually 
identified -- at least in part because it would cost too much. Yet, the 
type of algae in a eutrophic lake determines the magnitude of the nuisance. 
B1uegreen algae, because they often float and may form large colonies, 
generate the most frequent complaints to lake management agencies. Clearly 
there is a need for innovative new ways to measure the trophic state of 
lakes -- especially the quantity of b1uegreen algae. 

The goal of this project was to develop algal pigment analysis for the 
rapid and economical determination of a 1ake/s trophic state, including the 
percentage of b1uegreen algae in the water. The technique developed can be 
used on water samples and also can be extended to the analysis of lake 
sediments. An analysis of the pigments preserved in surficial lake 
sediments can provide an estimate of the average algal population over the 
previous 3 to 5 years, which may be more valuable than the analysis of a 
single water sample. The determination of b1uegreen algal abundance would 
yield a more accurate assessment of a 1ake/s aesthetic quality, which the 
public perceives, than traditional trophic indices like chlorophyll and 
total phosphorus. 
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Methodology: 

Chlorophyll analysis is routinely used to quantify phytoplankton in lakes, 
but it does not supply any information about the type of algae present. 
Chlorophyll is found in all algae, but there are hundreds of different 
carotenoid pigments, some of which are potentially useful for quantifying 
particular groups of algae. 

Typically, a particular carotenoid will be produced by all species within a 
given taxonomic group, so that an association can be made between a 
particular pigment and a particular taxon. For example, myxoxanthophyll is 
produced only by members of the Cyanophyta (bluegreens) and fucoxanthin 
only by the Chrysophyta (diatoms and close relatives). Sometimes the 
association is unique to a particular order, oscillaxanthin is produced 
only by members of the order Oscillatoriales or even to a particular genus 
(aphanizophyll is found only in the genus Aphanizomenon). 

To date the major use of such specific carotenoids has been the 
paleolimnological reconstruction of lake history. Most analytical 
procedures have relied upon chromatography, particularly thin layer 
chromatography (TLC). TLC is time consuming, and quantifying pigments 
separated with TLC is not usually satisfactory. 

One of the original goals of this project was to develop nonchromatographic 
procedures to quantify two of the carotenoids unique to bluegreen algae 
(myxoxanthophyll and oscillaxanthin) in samples of lake water2. We 
evaluated our new nonchromatographic procedures with high performance 
liquid chromatography (HPLC), a chromatographic technique that has largely 
replaced TLC in the past five years. HPLC requires only small samples, can 
be automated, and produces a printout quantifying each pigment present in 
the sample. 

Principal findings and significance: 

We successfully developed a nonchromatographic procedure for pigment 
analysis, a method that we used to evaluate the history of bluegreen algal 
abundance in several lakes3 (Figures 4, 5). The procedure involves 
selective extraction of myxoxanthophyll and oscillaxanthin from 
phytoplankton by mixtures of ethanol and acetone and subsequent 
quantification of the pigment by spectrophotometry. These two pigments can 
be separated from other plant pigments, because their high polarity makes 
them soluble in relatively polar solvents like ethanol and ethanol/acetone 
mixtures. In lakes where large changes in trophic state have occurred, it 
appears that this pigment technique works well. 

In order to evaluate the accuracy of our nonchromatographic techniques for 
myxoxanthophyll and oscillaxanthin, we developed a HPLC pigment procedure 
(Figure 6). We discovered that a small decrease in the water content of 
the pigment extract can cause significant quantities of fucoxanthin to be 
included, which will cause erroneous calculations of bluegreen algal 
pigments. In our simultaneous analysis of pigment samples with 
nonchromatographic and HPLC methods, it became clear that the HPLC is not 
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only more accurate but much less time consuming. We therefore changed our 
principal means of analysis from the nonchromatographic procedures to HPLC. 
A new H-P 1090 delivered to the Limnological Research Center in March 1988 
has the capacity to automatically identify pigments through the use of a 
diode-array specorophotometric detector and a software library developed on 
the attached computer workstation. 

There is a rising interest in pigment analysis among limnologists and 
oceanographers, much of which is a direct result of the increased avail 
ability of HPLC instruments. Before HPLC, pigment analysis was so arduous 
and ambiguous that few researchers pursued it. Now the argument can be 
made that there is little point in producing pigment data without HPLC. 
Although acetone is used almost universally to extract pigments for the 
standard analysis of chlorophyll, there is little published information 
concerning the optimal solvent to use for a broad spectrum of pigments, 
including chlorophyll. Several studies have asserted that methanol is a 
better extractant for chlorophyll than acetone4 ,5. Because we were 
interested in pigment£; in addition to chlorophyll, and few comparative 
studies have been done with HPLC, we performed several experiments to 
determine whether 90% acetone or 90% methanol was a better solvent for 
pigment extraction. 

In general, 90% methanol is better at extracting polar plant pigments, 
including xanthophylls such as myxoxanthophyll, oscillaxanthin, and 
fucoxanthin. In contrast, we found (Figure 7) that 90% methanol is very 
poor at extracting chlorophyll ~; recovery of chlorophyll ~ by this solvent 
was only about 4% of that recovered by acetone, which is a surprising 
result in light of the recommendations for methanol. This result is 
partially understandable in that a few studies found that as little as 10% 
water in absolute methanol can reduce extraction efficiency markedly. 
However, the only published HPLC comparison6 found that both 90% and 100% 
methanol are inferior to acetone in extracting a variety of pigments, 
including chlorophyll~. A 50/50 mixture of 90% acetone and 90% methanol 
proved to be the best extractant for the wide variety of pigments in lakes. 
Traditional spectrophotometric equations are not usable with such solvent 
mixtures, but HPLC can be used with any miscible solvents because solvents 
separate from the pigments during chromatography. 
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The impact of settlement and agriculture upon the evolution of prairie 
lakes in Minnesota, with particular reference to blooms of blue-green 
algae. 

Eville Gorham, Dept. of Ecology & Behavioral Biology, University of 
Minnesota, Minneapolis 

Starting date: July 1987 
Ending date: June 1989 

Problem and research objectives: 

Prairie lakes in Minnesota are currently highly eutrophic and are 
characterized by dense blooms of bluegreen algae. However, because prairie 
lakes in pristine, uncultivated watersheds no longer exist in Minnesota, it 
has not yet been established that they are indeed more eutrophic now than 
before settlement, owing to erosional inputs of silt and to inputs of 
nonpoint-source agricultural runoff of fertilizers and manures. It is of 
considerable importance to investigate this matter because of its 
significance for lake management; if pre-settlement lakes were already 
highly eutrophic because of the high inherent fertility of adjacent prairie 
soils, efforts to control nonpoint-source pollution will have small 
likelihood of reducing nutrient status to the point of preventing nuisance 
algal blooms. 

The objective of this project is to determine whether prairie lakes have 
increased in primary productivity following upon settlement and 
agricultural inputs of nutrients. 

Methodology: 

Short sediment cores (125-150 cm long) were taken in midsummer by piston 
corer from the profundal region near the deepest part of six prairie lakes 
in central Minnesota. Cores were segmented into short vertical intervals 
in the field, stored with ice in a cooler, and then placed in a cold room 
until analysis during fall and winter. Previous experience has shown that 
cold storage in the dark does not lead to pigment degradation, except at 
the surface of the sample, where some oxidation takes place. Where this 
happens there is a distinct color change, so that deeper undegraded 
material can readily be selected for analysis. 

Segments are being analyzed for fossil plant pigments, organic matter, and 
calcium carbonate. Separate samples of the cores are being dated by 210Pb 
techniques so that accumulation rates of pigments, organic matter and other 
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materials can be calculated as a function of time for the past ca. 200 
years. 

This research project is aimed at determining the trophic status -- marked 
by the relative abundance of aquatic plants and in particular bluegreen 
algae -- of prairie lakes in Minnesota before and after human settlement. 
The degree to which erosional inputs of silt increased following settlement 
also is being established. The benefits of this research will come from 
the assistance it provides in managing eutrophic praLrLe lakes, in 
particular by determining whether substantial (and expensive) reductions of 
nonpoint sources of agricultural pollution are likely to prevent or 
substantially reduce nuisance blooms of blue-green algae and thus enhance 
water quality for recreational and other purposes. Information also may be 
gained concerning the effects upon soil erosion of different farming 
practices since the time of settlement. 

In the single core for which results have reached the stage of calculating 
accumulation rates, there is a substantial increase in fossilized pigments 
(Fig. 8), as well as organic matter and calcium carbonate (Fig. 9a and 9b) 
after about 1880. Sedimentation of clastic soil mineral material has also 
increased (Fig. 9a). 

Principal findings and significance: 

Six lakes now have been studied in the region of cultivated praLrLes, 
ranging from Martin County in the extreme south to Clay County in the 
northwest. The lakes thus represent a broad geographic spectrum of praLrLe 
lakes, though with the limitation that they are all greater than 6 m in 
depth, so that summer stratification prevents stirring of the surface 
sediment by winds and hence oxidation of sedimentary pigments. Such lakes, 
unfortunately, have turned out to be uncommon in the Minnesota prairies. 
Studies of sediment cores from the first three lakes sampled in 1987 have 
shown that the settlement horizon lies within a meter of the surface, so 
that the sediment below (in the 1.2 - 1.5 m long cores) is deep enough to 
provide a satisfactory presettlement record. The first three cores were 
subsampled at 5 cm intervals, and analyses were done on every other sample, 
starting at the sediment surface. In 1988, three lakes were sampled at 
every 10 cm down to 60 cm and at 5 cm intervals thereafter, because of the 
high sedimentation rates near the surface (see Figure 8). 

Development of a method to evaluate phosphorus limitation in individual 
algae 

Joseph Shapiro, University of Minnesota, Limnological Research Center, 
Minneapolis 

Problem and research objectives: 

Despite being eclipsed in the public eye by exotic organics and potential 
problems with acid rain, phosphorus still remains one of the most important 
components of our understanding of lakes and of our ability to manipulate 
and restore them. The quantitative relations between phosphorus inputs and 
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Figure 8. Accumulation rates of fossilized plant pigments in the 
sediments of prairie lakes. 
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concentrations and subsequent lake responses have been developed to a high 
degree. However, our understanding of the second, equally important, 
aspect of eutrophication - that of the qualitative response of the lakes
has lagged far behind. 

The purpose of this research is to develop a technique that will help 
elucidate the qualitative aspects of phosphorus-response. Its basis is the 
determination of alkaline phosphatase an enzyme that indicates 
phosphorus limitation in individual algae. Such a technique would 
substitute for the present determination of gross enzyme activity which, 
though valuable, yields no information on differences between algal 
species. Thus, it would be of great potential value in predicting 
qualitative responses of lake algae to phosphorus manipulation. 

Principal findings and significance: 

The approach envisionE'd originally was to coat a layer of algae with a 
layer of gel containing a substrate that would become fluorescent in the 
presence of alkaline phosphatase activity. Then examination with a 
fluorescing microscope would reveal which species had alkaline phosphatase 
activity. Unfortunately the rate of diffusion of the fluorescent materials 
was too high in the gel to allow the site of the phosphatase to be 
localized. Also some cells exhibited autofluorescence in the absence of 
phosphatase. Attempts were made to circumvent these problems by isolating 
individual cells in microdrops of substrate using a spray technique. This 
was partially successful, but bacteria isolated along with the algae appear 
to produce fluorescent material making it difficult to determine whether 
the algae truly had phosphatase activity. 

Considerable effort was then done with a class of compounds known as 
Naphthol AS derivatives. These substances, when suitably applied, yield 
insoluble precipitates with phosphatases, thus allowing localization of the 
phosphatases under the microscope. Furthermore, some yield fluorescent 
precipitates. Unfortunately they suffer from two defects in use. They are 
not highly fluorescent (leading to low sensitivity), and they fluoresce in 
the same spectral region as the autofluorescence of many algae. Various 
optical filters were tried to relieve these problems, but to no avail. 

Attempts were then made to find substrates that would yield highly 
fluorescent insoluble compounds in the presence of alkaline phosphatase. 
During this attempt we were led to a technique that is being used to detect 
a different enzyme -- Beta-galactosidase -- in individual mammalian cells, 
using as substrate fluorescein di-B- galactopyranoside. We have modified 
this technique for algal cells and it seems promising. For now we have 
stopped using diatoms and greens and are testing blue-greens as they have 
no autofluorescence. 'When applied to laboratory-reared algae with high 
phosphatase activity, individual cells and filaments can be made to 
fluoresce, and can be distinguished from similar cells lacking such 
activity. This summer we have taken advantage of the drought and lack of 
runoff in local lakes to test algae in them for alkaline phosphatase 
activity, using this technique. At this time we are using Percoll to 
separate the algal groups from one another for independent larger scale 
verification of alkaline phosphatase activity, or lack of it, in the 
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natural algae. When we have perfected the method for blue greens we shall 
return to the problem of autof1uoresence and try to solve it, using or 
modifying techniques which have been developed by others. 

Sources of mercury contamination in Minnesota lakes. 

Patrick L. Brezonik, Dept. of Civil & Mineral Engineering and Daniel R. 
Engstrom, Limno10gica1 Research Center, University of Minnesota, 
Minneapolis 

Starting date: November 1986 
Ending date: June 1988 

Problem and research objectives: 

Mercury contamination of fish in inland recreational lakes is an increas
ingly serious problem in the upper Midwest. Mercury levels above federal 
guidelines for human consumption have been reported in fish of many lakes 
of northern Minnesota and Wisconsin, and in most cases there is no obvious 
(point) source of contamination in the watershed. This is a problem of 
public health concern, and it also is a potentially serious economic issue 
because of the importance of sport fishing in the region. Both Minnesota 
and Wisconsin have begun to issue annual fish advisories, warning about 
elevated mercury levels in fish from various lakes; negative publicity 
associated with these advisories may cause local (if not regional) impacts 
on sport fishing activity. 

The principal objectives of the project are: 1) determine the depositional 
history (and by inference, the input history) of mercury in selected lakes 
of northeastern Minnesota by collection, dating and analysis of sediment 
cores; 2) determine flux rates for mercury from lake sediments to overlying 
lake water and evaluate mechanisms of recycling; and 3) evaluate extent of 
mercury contamination problem in a geographic context and determine whether 
contamination can be predicted by lake hydrologic type, land use 
characteristics of the surrounding watershed, and/or lake water chemistry. 

This study is part of a larger investigation coordinated by the Minnesota 
Pollution Control Agency and supported in part by the Legislative Commis
sion on Minnesota Resources (LCMR). 

Methodology: 

Sediment cores were collected from five lakes in northeastern Minnesota and 
one lake in north central Wisconsin (in lake districts where elevated 
mercury levels are widespread). Lakes were selected on the basis of 
information about fish burdens of mercury in the lake, hydrologic type, and 
watershed, land-use activity. Cores were collected with a piston corer to 
avoid compaction of sediment and disturbance of the sediment-water 
interface. Two or three cores (70- 80 cm long) were collected from the 
deepest parts of each lake and segmented into 0.5 to 2-cm thick strata in 
the field. The subsamp1es were stored on ice and returned to the 
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laboratory for dating by 210 Pb method and analysis for mercury content. 
Samples also were analyzed for basic physical-chemical characteristics: 
water content, dry weight, and organic content. In order to determine 
spatial variability in mercury and total sediment accumulation rates within 
each lake, we collected an additional 9 -13 short cores per lake and 
sectioned them in three parts: upper 2 cm, 20-40 cm, and> 40 cm. Mercury 
levels and 210Pb activity determined on the segments represent integrated 
values for the past -10-15 yrs (top sample), -10-150 yrs (mid sample), and 
pre-cultural conditions (>-150 yrs ago) (bottom sample). Analysis of the 
integrated core samples is underway, and, when completed, the results will 
allow us to calculate basinwide accumulation rates of mercury and sediment 
in each lake. 

Principal findings and significance: 

Figure 10 shows mercury profiles in the sediments of several lakes. Using 
the results of the 210 Pb dating, the intervals of the cores are ass igned 
dates corresponding to their depths. Results of the 210Pb analysis of the 
cores indicate negligible mixing in the sediments. I t is clear that 
mercury concentrations are lower in the older (deeper) sediments. The 
lower (or background) levels are in the range 50-100 ng Hg/g dry sediment. 
Differences in background concentrations among the lakes may represent 
differences in mercury loadings (inputs) to the lakes under pre-cultural 
conditions or may reflect varying degrees of mercury focusing from shallow 
areas of the lakes to the deeper areas represented by the detailed cores. 
This issue will be resolved when analyses of the integrated cores are 
completed and basinwide accumulation rates are calculated. 

Peak mercury concentrations are roughly three times the background levels. 
This suggests that increased loading of mercury has occurred to the lakes 
in the last century. The increase does not begin at the same time in all 
the lakes, however. This suggests that atmospheric deposition (which 
should be fairly homogeneous over the entire region) is not the sole cause 
of the increase and that watershed disturbances may contribute 
significantly to the increased mercury burdens in some lakes. However, 
other explanations are possible, and definitive conclusions cannot be given 
until analyses of all sediment cores are completed later this year. 

Sulfur metabolism and organic acids: Implications for the natural and 
anthropogenic acidification of peatlands and colored lakes. 

Steven J. Eisenreich, Dept. of Civil & Mineral Engineering, University of 
Minnesota, Minneapolis 

Starting date: November 1986 
Ending date: June 1988 

Problem and research objectives: 

The state of Minnesota has three million hectares of peatlands. These 
large areas are important in terms of wildlife habitat, vegetation pre
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serves, groundwater control, and chemical linkages with adj acent 
ecosystems. Runoff from these peatlands causes many lakes, streams and 
rivers to be highly colored and low in alkalinity. Many of these waters 
are naturally acidic, others may be susceptible to acidification from acid 
deposition. Because the water chemistry of these lakes is dominated by 
organic anions, they do not follow any of the empirical lake acidification 
models yet developed. Although acid deposition may be neutralized within 
some peatlands by sulfate reduction, the reduced sulfur may be re-oxidized 
later and released as a spike of acidic sulfate. To fully understand the 
process of natural acidification and the susceptibility of peatlands and 
colored lakes to acid rain, quantitative information is needed on several 
processes: organic acid export from peatlands, the acid-base chemistry of 
the organic acids, changes in organic acid export that accompany peatland 
development (succession), changes in export resulting from acid rain, and 
the fate of sulfate within peatlands. 

Many projects have been proposed to drain and exploit peatlands in northern 
Minnesota. It is critical to understand the effects such drainage may have 
on the export of organic matter and inorganic ions from peatlands and the 
associated acidification of drainage waters. Background information on 
these processes is needed before changes due to exploitation can be 
assessed. This study is a geochemical investigation of a peatland in 
northern Minnesota with four specific objectives: 1) determine the 
magnitude of acidity exported from a bog and a poor fen; 2) characterize 
the organic acids exported from these systems; 3) determine the forms of 
reduced sulfur and the rate at which sulfur is stored in peat; 4) construct 
a model of sulfur cycling in peatlands. 

Methods: 

Outflow from a bog (watershed S-2) and a poor fen (watershed S-6) in the 
Marcell Experimental Forest (north central Minnesota)(Figure 11) was 
monitored throughout one year. Samples for chemical analyses were 
collected biweekly and frozen until analyzed. Analyses included pH, 
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), organic 
acidity, and major-ion chemistry. 

To understand sulfate processing by peatlands, inputs, outputs and 
transformations of sulfur within the Marcell S-2 peatland were measured. 
Inputs include atmospheric deposition and upland runoff. The only output 
is by streamflow. Internal transformations include dissimilatory sulfate 
reduction, oxidation of reduced sulfur, plant uptake and return of sulfur 
in litter, putrefaction, and precipitation of metal sulfides. Atmospheric 
deposition was measured by the National Atmospheric Deposition Program 
(NADP) at a site 1 km from the bog. Atmospheric S02 was measured at the 
same site by the Minnesota Pollution Control Agency. Streamflow was 
monitored continuously at a v-notched weir by the U.S. Forest Service, and 
samples for chemical analyses were collected biweekly. Sulfate was 
measured in streamflow samples before and after photo-oxidation to 
determine organic-sulfur concentrations. Internal transformations of 
sulfur were examined by measuring rates of accumulation of sulfur species 
in peat cores and by measuring concentrations of sulfur in plant tissues. 
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Figure 11. The Marcell S-2 and S-6 peatland sites are located in 
the Marcell Experiment Forest in north-central Minnesota. 

In conjunction with previous studies of plant growth rates 1 ,2, these 
measurements allowed construction of a sulfur budget and cycle for this 
site 3 . 

Principal findings and significance: 

Six principal conclusions were obtained regarding the export of acidity 
from the peatlands4 • (1) Export of DOC from peatlands (90-430 kgfha-yr) is 
much greater than that reported for any other type of ecosystem. (2) 
Export of DOC from the poor fen, although characterized by lower 
concentrations (5-30 mg/L) than bog waters (30-70 mg/L) , is nearly double 
the export from the bog (430 vs. 276 kgfha-yr). (3) Annual variation in 
export of DOC and variation between peatland sites is explained largely by 
variations in water yield (Figure 12). (4) Export of organic acidity from 
both systems (168, 109 meq/m2-yr) is greater than the highest rates of acid 
deposition in this country. (5) Organic acids from each site show 
different chemical characteristics (mean acid strength, number of meq of 
acidic functional groups per mg DOC), and consequently, no single model of 
acid-base behavior can be applied to drainage from all peatlands. (6) A 
large fraction (10-40%) of the organic acids remain unprotonated at pH 4; 
consequently, current definitions of alkalinity are inappropriate for 
colored waters. 

These findings underscore the dramatic impact of peatlands on streams and 
lakes receiving peatland drainage. Concentrations of acidity in bog waters 
(100-600 ~eq/L) are higher than the alkalinity (acid-neutralizing capacity) 
of lakes deemed only moderately sensitive to acid deposition. In the pre
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Figure 12. 	 Variations in carbon export from peatlands are primarily a 
function of water yield (runoff). Carbon export from 
peatlands is much greater than export from swamps and upland 
watersheds with comparable water yields. Figure 1 from Urban 
et a1.4. Swamp and upland data from literature studies cited 
in Urban et a1.4. 

sence of acidic bog-water inputs, many colored-water lakes thus will 
exhibit lowered alkalinity and pH. In addition, the buffering capacity of 
bog waters at ambient pH is low. Thus peatlands and colored-water lakes 
are susceptible to further acidification by acid deposition. Drainage of 
peatlands is predicted to have a large acidification effect on receiving 
waters, but it is difficult to model this process or the effects of acid 
rain on colored-water lakes, because conflicting definitions and 
measurement techniques for alkalinity have been applied to these waters. 
Because it is difficult to measure the acid-neutralizing capacity (ANC) of 
the heterogenous mixture of natural organic anions and because much of this 
ANC is exerted at pH <4, it seems reasonable to replace conventional 
measurements of alkalinity with fixed, end-point titrations to pH 4. If 
inorganic and organic components of this well-defined measure of ANC are 
quantified, it will be possible to model the acidification of colored 
waters. 

This study also has explained the bimodal distribution of pH encountered in 
peatlands. Surveys of peatlands in North America and Europe have revealed 
that few peatlands have waters with pH between 4.5 and 5.5; bog waters have 
pH values < 4.5, and waters from fens have pH values > 5.5. Titration 
experiments indicate that this is a result of fens being buffered by 
bicarbonate (from ground water) and bogs being buffered by organic acids. 
In the pH range between 4.5 and 5.5, slight changes in relative 
concentrations of either buffer result in large changes in pH. 
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Consequently, few peatland waters have pH values in the region of unstable 
buffering. Our findings also suggest that the few existing poor fens with 
pH in this unstable domain are highly susceptible to acidification from 
acid deposition. 

Four maj or findings were obtained in this study with regard to sulfur 
cycling in peatlands. (1) A large portion (37%) of sulfate inputs are 
reduced and retained within the anaerobic peat of the bog (Figure 13). 
(2) Export of organic sulfur is a major component of the sulfur mass 
balance for bogs; this loss has been totally ignored in previous studies. 
(3) A dynamic cycle of reoxidation and recycling of sulfur within the bog 
exists that is equal in magnitude to the total annual input. (4) Inorganic 
(mineral) forms are minor storage forms for sulfur within peat, but fluxes 
though these pools remain poorly quantified. Although this study indicated 
that peat bogs are sinks for sulfur and thereby can neutralize sulfuric 
acid in acid rain, the work also revealed that there is a large readily
oxidizable pool of sulfur in peat. Drainage of peatlands will cause 
oxidation of the sulfur and formation of sulfuric acid. Integrity of the 
vegetative cover is essential for the sulfur-retaining capacity of 
peatlands. 

13. 	 Sulfur cycle for Marcell bog S-2: 
runoff is confined to the lagg. 

Atmospheric deposition provides only 47% of 
plant uptake. (Net uptuake of 0.3 kg ha- 1 

by 	trees not included in this figure.) The 
is provided by mineralization. 

2.7 kg ha- 1 yr- 1 • 37% of total inputs, 
accumulated in anaerobic layers of peat. 

0.6 
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An innovative process for inexpensive cyanide concentrations and recovery 
from dilute wastewater~ 

Michael J. Semmens, Dept. of Civil & Mineral Engineering, University of 
Minnesota, Minneapolis 

Starting date: July 1986 
Ending date: June 1988 

Problem and research objectives: 

This study addressed the important problem of treating metal plating wastes 
for the removal and recovery of metals and cyanide. Large quantities of 
dilute rinsewater streams that contain low concentrations of cyanide and 
metals such as zinc, cadmium, nickel, and copper are generated by the metal 
plating and finishing industry. In these waters the metals are complexed 
by cyanide, and this makes the treatment of the wastewaters difficult. 
Conventional treatment consists of treating the wastewater with chlorine 
under alkaline conditions to oxidize the cyanides, followed by 
precipi tation of the metals with lime. This process is expensive and 
generates a metal hydroxide 9ludge that must be landfilled. In addition, 
there is concern that some complexed cyanides such as ferricyanide, that 
are not broken down by chlorination may release low concentrations of free 
cyanide to the environment. 

Methodology 

For the above reasons we have evaluated an innovative alternative 
technology for the treatment of these wastewaters. The novel GM-IX process 
for recovering cyanide and metals from dilute rinsewaters containing 
complexed metal cyanides has been described in detail in a recent 
pUblication1 . The process, illustrated schematically in Figure 14, 
involves the use of anion exchange to concentrate free and complexed 
cyanides from the rinsewaters. The exhausted resin is regenerated with 10% 
sulfuric acid, and the cyanides are converted to HCN. The HCN is volatile 
and may be recovered across a gas permeable membrane into a concentrated 
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caustic solution. The process was demonstrated to be feasible and shown to 
be a less expensive than conventional alkaline chlorination treatment. Our 
analysis indicates that the GM- IX process costs less than half that of 
conventional alkaline chlorination. 

In early demonstrations of this technology, however, it was noted that 
certain metal cyanide precipitates such as Zn(CN)2 and CuCN formed during 
the regeneration step. Formation of these precipitates in the resin was 
apparently responsible for high metal leakage levels when the resin was 
returned to service. A study was conducted to evaluate the extent of 
cyanide recovery from solutions containing metal cyanide complexes as a 
function of pH and thus characterize the impact of precipitate formation. 

The experimental apparatus employed in this study is depicted schematically 
in Figure 15. The acidified metal cyanide solution was maintained at a 
fixed pH and recirculated through a module containing hollow fibers of 
microporous polypropylene membrane. With the acidic waste solution inside 
the fibers and concentrated NaOH solution outside the fibers, the HCN 
transferred across the membrane and was neutralized in the caustic 
stripping solution. The rate of cyanide recovery was monitored by 
measuring the accumulation of cyanide in the base with time. Depletion of 
cyanide in the acid solution was determined by mass balance. 

Figure 16 shows the observed removal of cyanide from acidified zinc cyanide 
solutions at pH 2.0, 5.0 and 8.0. The pK for HCN is 9.2 and therefore 
nearly all the free cyanide was in the protonated form (as HCN) throughout 
the pH range studies. The observed differences in rate between pH 2, 5 and 
8 thus must be caused by differences in zinc cyanide speciation. At pH 
values of 5 to 8, zinc cyanide precipitates as Zn(CN)2' and this reduces 
the effective HCN concentration. The rate of HCN removal at these high pH 
values therefore may be controlled either by chemical equilibria between 
the cyanide species or by zinc cyanide dissolution kinetics. 

To determine the rate controlling step, the cyanide recovery process was 
modeled and interfaced with a chemical equilibrium model, MINEQL. The 
combined model was employed to predict the cyanide recovery rates as a 
function of operating pH, and the predictions were compared with measured 
rates. The procedure followed is described by Chang2 , and typical results 
are depicted in Figure 17. In brief, the analysis demonstrated that the 
recovery of cyanide was controlled by chemical speciation and not by the 
kinetics of precipitate dissolution. Regeneration of the resin thus may 
accelerate by operating under more acidic conditions «pH 2), and metal 
leakage can be avoided by providing adequate regeneration time for complete 
cyanide removal. 

References: 
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2 Chang, Y., Selective Cyanide Recovery from Waste Water Containing Metal 
Cyanide Complexes, M.S. Thesis, University of Minnesota, 1988. 
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IV. INFORMATION TRANSFER AND TRAINING ACTIVITIES 


The Water Resources Research Center and Minnesota Groundwater Association 
(MGA) co - sponsored a workshop on nitrate contamination of groundwater in 
October of 1987 at the Earl Brown Conference Center on the St. Paul campus 
of the University of Minnesota. Organizers of the half-day meeting were 
Patricia Bloomgren, MGA (Minnesota Department of Health and Treasurer of 
the MGA) and Patrick Brezonik, Director of the WRRC. Over 150 persons from 
state and local agencies, consulting firms and academic institutions 
attended the workshop. Several speakers reviewed information on the extent 
of nitrate contamination of groundwater around the state, with emphasis on 
heavily agricultural southeastern Minnesota, where karst topography makes 
the aquifers especially vulnerable to contamination. Effects of nitrate on 
human health, mechanisms of contaminant transport from surface soils to 
groundwater, and a new technique to remove nitrate from drinking water were 
described by other speakers. 

The WRRC also organized and co-sponsored a large, statewide conference 
called Minnesota Water 1988 during the past year. The two-day meeting was 
held at a hotel in downtown St. Paul in mid-February, 1988, and attracted 
over 350 participants from all parts of the state. Included among the 
participants were more than 100 staff members of the main state agencies 
concerned with water management, over 50 representatives of local or 
regional water planning agencies, numerous faculty and students from state 
universities and colleges, moderate numbers of private consultants and 
employees of federal agencies, and several state legislators. The Minne
sota Environmental Quality Board co - sponsored the meeting on behalf of 
state agencies involved in water management; John Wells, staff director of 
the EQB-Water Resources Committee, was co-chair of the organizing commit
tee, and Patrick Brezonik was chair. Representatives of several state 
water agencies (MDNR. MPCA) , the University, and the District Chief of the 
U.S. Geological Survey served as members of the organizing committee. 

The conference consisted of a plenary session, concurrent technical 
sessions, a poster session, four computer workshop sessions, and two 
luncheons with invited speakers. The plenary session presented a broad 
overview by invited speakers on water issues in Minnesota and the nation. 
The opening address by M. Gordon Wolman (Johns Hopkins University) reviewed 
the subject of water quality from a national perspective, describing trends 
in water quality since the Clean Water Act of 1972 and proposing some 
principles and policies that should guide future actions. The text of that 
address is reprinted in Section VI. Other presentations in the plenary 
session described strategies being developed by the Minnesota EQB-Water 
Resources Committee for protection of the state's waters, legislative needs 
in water management, the role of engineering research in developing and 
managing water resources, and geological factors affecting Minnesota's 
groundwater resources. 

Eight half-day technical sessions focused on specific water issues and 
problems (Table 4a). The sessions were organized by state experts on these 
topics and included 6-7 25-minute presentations. A special effort was made 
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to include a diversity of speakers representing management issues, current 
research, and water user perspectives. A highly successful and well
attended poster session featured 35 presentations on recent or ongoing 
studies and projects on state water problems. A booklet of abstracts for 
the oral presentations and posters was distributed to conference attendees. 

Four computer workshops (Table 4b) were held during the morning of the 
poster session. Developers of recently-developed programs demonstrated 
user-friendly packages aimed at improving the technical capabilities of 
water managers and researchers to analyze a variety of water resources 
issues. 

Luncheon addresses by U.S. Senator David Durenberger and Minnesota Repre
sentative Willard Munger were among the highlights of the conference. 
Senator Durenberger addressed the audience on his philosophy for ground
water protection and used the occasion to announce comprehensive ground
water legislation that he introduced in the U.S. Senate a few days later. 
Representative Munger reminisced on many of the environmental issues in 
which he has been involved during his years in the Minnesota Legislature, 
especially efforts to protect Lake Superior and restore water quality in 
the St. Louis River and Duluth-Superior harbor. Representative Munger also 
described efforts that he led in the 1988 legislative session to develop an 
environmental trust fund for Minnesota, and he was presented with a plaque 
of appreciation from the Environmental Quality Board for his work in 
environmental protection in Minnesota. 

The Water Resources Research Center published several project completion 
reports during FY 1987 (see Table 4) and supported two projects with inter
nal funds that will result in publication in FY 1988. One of these 
projects compiled information on rate structures of water and sewage 
utilities throughout the state and compared these data with information 
gathered in a similar survey about 10 years ago. The report currently is 
being processed for publication in fall of 1988. A second WRRC-supported 
project reviewed lake restoration projects funded in the state during the 
past 12-14 years and developed a series of recommendations to improve data 
gathering and assessment phases of such projects. Results will be presen
ted at the annual conference of the North American Lake Management Society 
in November 1988, and a summary of the analysis will be published in early 
1989. 

Finally, the Center increased the frequency of publication of its newslet
ter, Minnegram, from quarterly to bimonthly during the past year. In addi
tion, its editorial content was expanded to include more news of state and 
university events and activities related to water resources and more 
nontechnical summaries of water research conducted on state problems. 

A total of 17 under-graduate and graduate students were employed and 
received training on the various projects. These included 5 undergraduate, 
4 master's degree candidates, 2 Ph.D. degree candidates, and 6 post 
doctoral fellows. Fields of study were civil and mineral engineering, 
environmental engineering, chemical engineering, agricultural engineering, 
ecology, geology and geography. 
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Table 4. Summary of technical program for Minnesota water 1988 

A. Oral Sessions 

Title 

Local water Planning 
Groundwater Contamination 
Lake Restoration 
Wetlands Issues 
Effects of Atmospheric 
Water Quality & Human Health 
Lake Level Management 
Nonpoint Source Pollution 

.l:"
N B. Computer Workshops 

Title 

MINLAKE, a program for 
lake quality management 

AGNPS, an agricultural 
non-point source runoff 
model 

WETASSESS, a methodology 
for assessing Minnesota's 
wetlands 

AEM, application of an 
analytical element ground
water flow model 

organizer Affiliation 

Henry W. Quade Mankato State University 
H.-Olaf Pfannkuch University of Minnesota 
Edward Swain University of Minnesota 
Carol A. Johnson University of Minnesota, Duluth 
Clifford Twaroski Minnesota Pollution Control Agency 
Raymond W. Thron Minnesota Department of Health 
Ronald Nargang Minnesota Department of Natural Resources 
Timothy Scherkenbach Minnesota Pollution Control Agency 

Organizer Affiliation 

Michael J. Riley st. Anthony Falls Hydraulic Laboratory 
& Heinz G. Stefan 

James Anderson Center for Water Quality Related to Agricultural 
Practices 

John Wells Enviornmental Quality Board 

Jeff Stoner U.S. Geological Survey, st. Paul 
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Table 5. MINNESOTA WRRC PUBLICATIONS IN FY 1987 

Technical Reports 

125. Program Report for Fiscal Year 1986, August 1987. 

126. Quinodoz, H.A.M., and P.K. 
Transmissivities, Heads and Velociti
Groundwater Modeling, May 1988. 

Kitanidis, 
es in Steady-S

Estimation 
tate 

of 

127. Goyal, 
Animal 

S.A., and R.A. Robinson, Grou
Enteric Viruses, June 1988. 

ndwater Pollution by Human and 

Misceallaneous Publications 

Minnegram, published bimonthy, Newsletter of the Water Resources Research 
Center 

Minnesota Water: 1988, Final program and abstracts. Conference proceed
ings, February 15-16, 1988. 

Publications and professional presentations: 

Almendinger, J. E., Groundwater Control of Closed-Basin Lake Levels: 1. 
Effect of Different Aquifer Recharge Rates Under Steady-State Conditions. 
(Submitted to Journal of Hydrology). Aug. 1988. 

Almendinger, J. E., Groundwater Control of Closed-Basin Lake Levels: 2. 
How River Proximity Changes the Effect of Evaporation and Direct Precipita
tion Under Steady-State Conditions. (Submitted to Journal of Hydrology). 
Aug. 1988. 

Almendinger, J. E., Lake and groundwater paleohydrology fo the early- to 
mid-Holocene in west-central Minnesota. (Abstract and poster), American 
Quaterwnary Association meeting, U. of Illinois, Champaign-Urbana. 1986. 

Almendinger, J.E., Groundwater control of sensitivity of paleo-lake levels. 
Geol. Soc. of America ABstracts 19(4):185-186. Presented at Geol. Soc. of 
America North-Central Section Meeting, St. Paul, MN. 1986. 

Almendinger, J.E., Lakes, groundwater, and climate 8000 years ago in west
central Minnesota. (Poster) Minneosta Water: 1988, February, St. Paul, MN 
sponsored by Minnesota Water Resources Research Center and Minnesota 
Environmental Quality Board. 1988. 

Engstrom, D.R. and E.B. Swain. 1986. The chemistry of lake sediments in 
time and space. Hydrobiologia. 143:37-44. 
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Kingston, J.C., E.B. Swain, and D.R. Engstrom. 1987. Paleolimnological 
analysis of human disturbance in a freshwater estuary on Lake Superior. 
Presented at IAGLR, May 11-14, 1987. Ann Arbor, Michigan. 

Swain, E.B. and R.A. Hoisve. 1988. Extraction of phytoplankton pigments: 
comparison of acetone and methanol. Presented at ASLO, June 1988. 
Boulder, Colorado. 

Urban, N. R., S. J. Eisenreich, and D. F. Grigal. II Sulfur cycling in a 
forested Sphagnum bog in northern Minnesota", Biogeochemistry, 1988. 

Urban, N.R., S.J. Eisenreich, and S.E. Bayley, "Export of Dissolved organic 
matter from peatlands", Water Resources Res., submitted, 1988. 

Urban, N.R., S. J. Eisenreich, "Export of organic acidity from peatlands", 
presented at 51st Annual Mtg., Soc. Limnol. and Oceanography, Boulder, CO, 
June 1988. 

Urban, N.R., S.J. Eisenreich, "Constraints on the Emissions of HzS from 
Northern Peatlands", presented at ACS meeting, New Orleans, September 4, 
1987. 

Warner, G.S., J.L. Nieber, 1.D. Moore, and R.A. Geise. Characterizing 
macropores in soil by computed tomography. Submitted in January 1988 for 
publication in the Soil Science Society of America Journal. Review 
received back in April 1988 and revised manuscript completed in August 
1988. 

Ph.D. Dissertation: 

Almendinger, J. E., Lake and groundwater paleohydrology: a groundwater 
model to explain past lake levels in wet-central Minnesota. Ph.D. thesis, 
University of Minnesota, 1988. 

Urban, N.R., The Nature and Origins of Acidity in Bogs, University of 
Minnesota. 

M.S. Thesis 

Chang, Y., Selective Cyanide Recovery from Waste Water Containing Metal 
Cyanide ComplexesUniversity of Minnesota, 1988. 
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V. ADMINISTRATIVE ARRANGEMENTS 


The Water Resources Research Center is located within the Office of 
Graduate Research and Education under the Dean of the Graduate School. 
This gives the Center a position from which it can coordinate interdis
ciplinary research among faculty and graduate students from a variety of 
colleges and institutes and centers. The Center has an Advisory Committee 
consisting of University and government agency representatives that meets 
annually to review Center activities and recommend future programs and 
policies. In addition the Center has several ad hoc committees that advise 
the director on specific activities. A research advisory committee reviews 
proposals received for the annual research program for technical merit and 
relevance to state needs and recommends projects for funding. A conference 
planning committee assists the director in planning and arranging confer
ences and workshops. In order to improve lines of communication among 
water faculty in various colleges and departments of the University, the 
WRRC and Sea Grant College Programs established a University-wide Water 
Resources Council in FY 1987. This Council includes directors of various 
water centers and programs and academic leaders in water disciplines at the 
University. It met quarterly during FY 1987 to exchange information on new 
initiatives and ongoing activities. Through the Advisory Committee and 
Water Resources Council and through participation in various public 
meetings, the director maintains contact with the needs, problems and 
priorities of various departments, centers, colleges, citizen groups, and 
state and local government agencies within Minnesota. 

Water Resources Research Center - Administration 

President of the University. 
Dean of the Graduate School. 
Director, WRRC 
Secretary..... 

Richard J. 
Robert T. 
Patrick L. 
Elizabeth 

Sauer 
Holt 

Brezonik 
Espointour 

Advisory Committee 

University: 

Signe Betsinger Assistant Director, Agricultural Experiment Station 
Dwight A. Brown Professor, Geography Department 
Robert T. Holt Dean, Graduate School (ex officio) 
Donald McNaught Director, Sea Grant College 
Joseph Shapiro Associate Director, Limnological Research Center 
Heinz Stefan Associate Director, St. Anthony Falls Hydraulic 

Laboratory 
James Anderson Director, Center for Agricultural Impacts on Water 

Quality 
Priscilla Grew Director, Minnesota Geological Survey 

State and Federal Agencies: 

Donald R. Albin District Chief, U.S. Geological Survey 
John Wells State Planning Agency, Environmental Quality Board 
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Sarah Tufford 

Marcel Jouseau 

Raymond Thron 

Curtis J. Sparks 

State Hydrologist, Minnesota Department of Natural 
Resources 
Manager, Natural Resources Program, Metropolitan 
Council 
Director, Environmental Health Division, Minnesota 
Department of Health 
Chief, Program Development Section, Water Quality 
Division, Minnesota Pollution Control Agency 

Research Advisory Committee, FY 1987 

Dwight A. Brown 
James Anderson 

Donald McNaught 
Donald R. Albin 
John Wells 

Prof., Dept. of Geography, Univ. of Minnesota 
Director, Center for Agricultural Impacts on Water 
Quality 
Director, Sea Grant College 
District Chief, U.S. Geological Survey 
Coordinator, Water Resources Committee, Environmen
tal Quality Board 

Conference Plannin~ Committee, FY 1987 

Patrick L. Brezonik 
John Wells 

Donald R. Albin 
Linda Bruemer 

Donald McNaught 
Sarah Tufford 

Water Resources Council 

Ira Adelman 
James Anderson 
Thomas Anding 
Roger Arndt 
Patrick Brezonik 
Robert Carlson 
Eville Gorham 
Priscilla Grew 
Satish Gupta 
Richard Hanson 
Donald McNaught 
Robert Naiman 
James Perry 
Joseph Shapiro 
Heinz Stefan 
Melbourne Whiteside 
Herbert Wright 

Director, Water Resources Research Center 
Coordinator, Water Resources Committee, Environmen
tal Quality Board 
District Chief, U.S. Geological Survey 
Assistant to the Commissioner, Minnesota Pollution 
Control Agency 
Director, Sea Grant College, Univ. of Minnesota 
State Hydrologist, Minnesota Department of Natural 
Resources 

- University of Minnesota 

Dept. of Fisheries &Wildlife 
Dept. of Soil Science 
Urban & Regional Affairs 
St. Anthony Falls Hydraulic Lab 
Water Resources Research Center 
Dept. of Chemistry, Duluth 
Dept. of Ecology & Behavioral Biology 
Minnesota Geological Survey 
Dept. of Soil Science 
Gray Freshwater Biological Institute 
Sea Grant College 
Natural Resources Research Institute, Duluth 
Dept. of Forest Resources 
Limnological Research Center 
Dept. of Civil & Mineral Engineering 
Dept. of Biology, Duluth 
Limnological Research Center 
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VI. NATIONAL WATER QUALITY CHANGING PRIORITIES AND POLICIES 


National Water Quality 

Changing Priorities and Policies 


M. Gordon Wolman 

The Johns Hopkins University 


Minnesota Water: 1988, February 15, 1988 


"Praise be Thou my Lord for Sister Water 

Who is very useful and humble, 


precious and chaste." 


Canticle of Brother Sun 1225 

St. Francis of Assisi 


Neither the citizens of Minnesota nor of the United States seem yet to have 
adopted the concepts of St. Francis. l It may yet be necessary to do so to 
achieve what we otherwise enunciate as environmental goals. The revolution 
in social thinking in the 1960s which encompassed the environment did include 
a bit of St. Francis in an otherwise utilitarian and technocratic world. 
Indeed, the Clean Water Act of 1972 which passed the U.S. Senate by a vote 
of 96 to 0, embodied the contradiction of ecological ends and technological 
means. I return later to this theme. 

Addressing water quality, my talk is in three parts: (1) a brief review of 
the principles underlying the Clean Water Act of 1972, (2) a look at what has 
actually happened to the waters of the country (and at the money) since that 
legislative milestone, and (3) a few principles and policies for coping with 
the future suggested by the retrospective look. 

The Clean Water Act of 1972 

Several assumptions underlay passage of the Clean Water Act of 1972. First, 
it was assumed, without proof, that pollution was getting worse. Some 
evidence supported such a contention, but proving decline or improvement in 
the environment is exceedingly difficult. For better or worse, this need 
not be a stumbling block to making environmental policy. (Although it does 
suggest some cautions.) Second, it was assumed that cleanup efforts were 
too slow and that the benefits of an accelerated effort would clearly exceed 
the costs of control. Ecological concepts in the legislation are reflected 
in the language of the objective of the Act "to restore the chemical, phy
sical, and biological integrity of the Nation's waters".2 Yet it was faith 
in technology that drove the forcing functions of the Act. Dissatisfaction 
with prior emphasis upon ambient water conditions and site by site efforts 
at cleanup prompted emphasis upon effluents and technology. Industrywide 
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technological standards for effluent control were coupled with precise dates 
for the attainment of successively higher standards. Excepting more stringent 
standards for very poor quality waters. emphasis was upon uniformity of 
approach throughout the country, and upon effluents from point sources as 
the pollutants most readily accessible to regulation. 

Large sums of Federal money and a much stronger Federal presence were presumed 
to be needed to surmount perceived problems. Lip service was paid to the 
states, but 99 of the 100 pages of the act focus upon the role of the Federal 
government. In sum, driven by dissatisfaction with what was, and what had 
been, the new legislation in 1972 represented a revolutionary, rather than 
an incremental, approach 
pollution. 

to solving the problem of environmental (water) 

Water Quality: 1972 and 1988 

What was the water like in 1972? Some observations are useful. You will 
recall that in the late 60s environmental awareness in the water field was 
blessed by a river on fire, and ominous announcements declaring the Great 
Lakes dead. The river ~ on fire, but the Great Lakes were not dead; rather 
there was too much life--the wrong kind. Nevertheless, rivers, lakes and 
estuaries, not to speak of groundwater, were probably getting worse, even 
though, at the same time, early evaluations by the National Committee on 
Water Quality, mandated by the Act in 1972, indicated that efforts of the 
1950s and 1960s were producing improvements in dissolved oxygen levels at a 
number of urban sites. 

What has happened in the decade since? First- -the Red Queen. As the economy 
grows effluents also grow unless controlled. Few things improve the envi
ronment like depressions and layoffs. This obvious fact means that even to 
maintain water quality, let alone improve it, demands money and effort. 
Like the Red Queen, we have to run to stay in place. This has been done in 
many places. In gross terms, while population increased by roughly 11%, 
oxygen demanding wastes from sewage treatment plants were reduced by 46%. 
Without control, an increase in effluents of nearly 200% would have been 
expected. 3 Effluents discharging oxygen demanding wastes to the Great Lakes, 
for example, were reduced by nearly 100% between 1967 and 1980 while pro
duction rose by 8 percent. 4 

Certainly reducing contaminated effluents moves in the right direction. 
But determining what the water actually looks like is another matter. Water 
quality has been continuously and carefully monitored only over the last 
several decades at roughly 500 stations throughout the country.5 Most of 
these stations show no change, for example, in dissolved oxygen, a traditional 
measure of the ability of a water body to support life. At 65, there has 
been improvement, at 44, decline. Some rivers such as the Potomac at Wash
ington have markedly improved. Dissolved oxygen levels have risen from 
near zero to half saturation levels in the summer. Although algae blooms 
still occur occasionally, submerged grasses have returned. (Incidentally, 
this represents a second cycle of degradation and improvement at Washington. 
The first improvement occurred in the 1930s when money was spent to improve 
sewage treatment plants, not for the purpose of improving water quality but 
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to prime the pump of economic life by expenditures for public works. The 
real purpose was not achieved but for a time the water improved. Other 
sites such as the Mississippi at St. Paul, or the Delaware of Philadelphia, 
have passed through the same cycle and recently improved.) 

The great Lakes are another successful beginning. PCB in fish flesh has 
declined; and the phosphorus load to Lake Erie has been reduced by over 50% 
accompanied by a similar decline in phosphorus concentrations, primarily 
because of sewage treatment. 6 But with improvement in the water column, 
phosphorus release from bottom sediments has increased, a not uncommon ex
perience slowing the rate of cleansing. For the country as a whole, phos
phorus concentrations at river monitoring stations have remained roughly 
constant; about 50 showing an increase and an equal number a decrease. 

In contrast to phosphorus, nitrogen, the other major nutrient, has increased 
at 100 widely scattered locations throughout the U.S. In many places this 
increase appears to be caused by nitrogen from the atmosphere, much of it 
perhaps from the burning of fossil fuels. Atmospheric sources are the same 
order of magnitude as those from fertilizers in agricultural areas. Nitrogen, 
however, is not the only significant contribution from the atmosphere as 
studies of acid deposition demonstrate. Recent studies at the University 
of Minnesota have shown that pesticides from agricultural operations, perhaps 
in Mexico, are falling upon the Great Lakes. These experiences once again 
confirm two environmental laws: the first environmental law is that water 
and air are connected, and the second, that countries are connected across 
international boundaries. These confirmations apparently continue to surprise 
some people. 

Only decades ago our primary concern was with organic pollutants reflected 
in dissolved oxygen levels. As control of these seemed apparently within 
our grasp (whether grasped or not), interest focused upon metals and upon 
synthetic toxic substances. We have a limited record of changes over the 
past 15 years. For example, at roughly 300 locations where arsenic and 
cadmium have been measured in the water, about 16% show an increase in both 
metals, and only 3% a decrease. In contrast, lead has declined at many 
river sites, roughly paralleling the control of lead from automobile exhausts. 
Mercury too has declined. The lead example is particularly important as it 
shows the dramatic impact of pollutant control at the source. 

These figures describe the water--we usually look there. However, family 
skeletons are being revealed below. Detailed studies on the Hudson River7 

and elsewhere reveal that while control of today's effluents may effectively 
reduce effluent discharges to river systems, the sins of the past -- metals 
and other toxic substances - - have accll.'lIulated on the bottom of rivers, 
lakes and estuaries. These materials seem blissfully unaware of current 
legislation. Reminders of a past when the environment was used with abandon 
for waste disposal, they raise significant policy issues. Do we wish to 
clean up the past? And, how clean is clean? 

Efforts of the past decade, as I noted earlier, have emphasized control of 
effluents from point, and not from non-point sources, traditionally meaning 
the land surface. However, even when PL92-500 was passed it was well known 
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that non-point sources from farms and cities contribute a major part of the 
oxygen demanding wastes, nutrients and toxic materials (in some instances). 
Control of these effluents, newly emphasized in the Water Quality Act of 
1987, is far more difficult and likely to be more expensive than control of 
effluents from pipes. It involves the habits of dispersed populations across 
political boundaries -- boundaries not recognized by water or St. Francis. 

Most of these improvements in water quality are only indirectly related to 
human health. Reductions in fecal bacteria have occurred and, of course, 
reduce risks to swimmers and serve as indicators of progress. Groundwater 
contamination is a potential risk in drinking water. Similarly, the discovery 
that chlorinated hydrocarbons in drinking water are potential carcinogens 
implies that improving the quality of raw water sources of drinking water 
may be desirable along with vigilance in removal of contaminants by treatment. 
The costs of doing so may not, however, be commensurate for the two. 

Some Costs 

The cost of playing Red Queen in most places and moving forward in some has 
not been trivial. From 1970 to 1984, the total cost was somewhere between 
100 and 200 billion dollars, about three- fourths from Federal, State· and 
local government primarily for public treatment works, and the other quarter 
from major industrial sources (in 1981 dollars). These are large sums, in 
accord with the third environmental law. Less well known are the operation 
and maintenance costs. For public and private activities together, these 
are perhaps 15 to 20% of total capital expenditures. The gift horse of 
Federal capital to local governments carries with it continuing higher costs 
for operation and maintenance. 

These are compliance costs for pollution control. We do not know the true 
social costs. One estimate suggests that while initially they were low, 
the social cost, that is, the full impact on the economy as a whole, of 
responses to regulation is likely to rise with time, perhaps reaching $200 
billion in 1990 for both air and water regulation. s 

These billions of dollars are costs, not benefits. Benefits are much more 
difficult to measure. In economic terms, the measurable economic benefits 
from water quality improvements in the nation's waters do not appear large. 
Benefits are primarily related to recreation, inasmuch as benefits to health 
from improved ambient water quality are small, compared for example with 
the very large values attributable to improving health from control of air 
pollution. One estimate placed water quality benefits at only $6 billion a 
year by 19859 , -- but I doubt that such figures measure the true value of a 
sustainable water environment forever. 

I have marched through some data because I think they are important to public 
policy. I must note, however, that the public may march to a different 
drummer. Thus one study clearly indicates that where water quality was bad 
in 1970 by any measure, the public perceived that it has improved over the 
past decade. In contrast, where water quality was certainly good, as in 
the Northwest of the U. S., the public perceived that the quality of the 
water has since declined. Neither regional perception accords with observed 
measures of water quality.10 
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Ignoring the discordance of perception and reality, we have made progress 
in some places - - with heroic efforts and large sums of money. The experience 
suggests a few lessons and directions for the future. 

Some Principles and Policies 

First, our major task is to hold, and not lose, environmental ground. Second, 
particularly where degradation could become irreversible, we must redress 
some of the degradation of the past and move forward no matter how slowly. 
President Reagan discovered that turning back from environmental concerns 
was no longer politically acceptable. On the world scene, even in the de
veloping nations, leaders no longer believe that environmental quality must 
be antithetical to economic growth. These are good omens (assuming they 
are deep-seated). Given the costs, and within the concept of a myriad of 
social demands, the task is how to move forward intelligently, effectively 
and efficiently. What will this entail? 

"New" pollutants such as those now dubbed "toxic" synthetics demand attention. 
But toilets continue to flush and sewage must be treated -- so new concerns 
must be added to, and not substituted for the old. Because these "new" 
substances disperse and behave differently in the natural environment, 
mechanisms for their control require different management; control must be 
at the source. In groundwater management and elsewhere, emphasis must be 
upon closed systems, recyclin&, compatibility of product composition and 
environment, and finally upon sequestering a minimum of residuals in the 
environment. 

Progress in controlling pollutants in the water column, illustrated by work 
on the Hudson, Lake Erie and on the lower Delaware River, has highlighted 
the significance of pollutants sequestered in bottom muds in rivers, lakes 
and estuaries. In some rivers these historical leftovers may naturally 
remobilize and move. Where this is unlikely, except in unique circumstances, 
we should let sleeping dogs lie. Burial by incoming sediment is preferable 
to removal and redeposition in landfills. Disturbing the biochemical en
vironment on the bottom often releases previously isolated pollutants, and 
finding new, safe burial grounds is likely to create more intractable hazards. 
The problem of accumulated pollutants in the environment extends especially 
to groundwater, this decade's new environmental passion. Emphasis must be 
place on controlling new discharges to the ground. A focus on the past, or 
Superfund, distorts our vision. Not only is selectivity required, but in 
cleaning up old landfills we must define clean. For some water bodies we 
must acknowledge both the impossibility of re-establishing "pristine" con
ditions and the undesirability of doing so as a matter of priority. Efficient 
mechanisms for maintaining a less than ideal environment continue to be 
required. Some decisions of this kind have already been made. For example, 
"fishable," a water quality goal in PL 92-500, presupposes a kind of fish-
from carp to trout. We need to look hard at where we want trout and where 
we might have to settle for carp. 

The emphasis on point source control of pollutants including the requirement 
of a minimum level of secondary treatment at many, if not all, places was 
clearly warranted. Progressive reduction of effluents from point sources, 
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however, magnifies the significance of the rema~n~ng pollutants from non
point sources. In broad areas of the country additional effort to reduce 
point sources of pollutants at this time is a waste of money. If non-point 
sources remain uncontrolled, water quality will not improve. This is equally 
true for Iowa farmland and Boston storm drains. Similarly, advanced waste 
treatment is likely to be a waste of money until pollutants from upstream 
have been controlled. I am aware of the argument that equity demands com
parable environmental controls of comparable activities. It has merit-
until efficiency is wholly neglected. In time the rest will have to be done. 

As the costs of achieving progressive increments in quality increase, concern 
for cost effectiveness must assume more importance. This requires a con
tinuing look at the demands of regulation in relation to the response of 
the environment. The uniformity of the 1970s legislation in the water quality 
field must move toward flexibility driven by a scarcity of dollars and the 
recognition of the rising costs of incremental improvements. This demands 
selective evaluation of water quality objectives in different geographic 
settings and over different periods of time. 

How clean is clean, a definition of fishable, evaluating the relative im
portance of non-point sources of pollution (whether from agriculture or 
from urban stormwater drains) and rising costs, all reflect the need to 
focus again upon ambient water quality. To some degree this can be seen in 
the language of the 1987 Water Quality Act concerned with new regulations 
for control of toxic substances which recognizes the possibility of no rea
sonable relationship between cost control and environmental improvement. 

Emphasis upon capital expenditures in the public sector for waste treatment 
has revealed gross inadequacies in operation and maintenance. Huge expend
itures for waste treatment plants, large and small, are of no value unless 
the plants operate effectively. Some, perhaps exaggerating, suggest that 
nearly half of the treatment plants in the U.S. are poorly operated; many 
do not meet their design standards. Instruction and supervision, not simply 
punishment, may be the key to improvement. Compliance with the conditions 
of discharge permits by the private sector presents similar problems. The 
tradeoff between enforcement effort and expenditures for control is complex, 
but not answerable simply by more law. 

The contribution of nutrients, sulfate and pesticides from air to water 
suggests that it is time for politics to acknowledge thermodynamics. To my 
knowledge, land, water and air are the only media available on this planet 
for the disposal of residuals. The notion that land, air, and water are 
unconnected is embodied in separate pieces of legislation. Selectively 
they forbid disposal of residuals in anyone of the three, theoretically 
preventing disposal anywhere. The battle to prevent incineration of toxic 
materials for fear of air and water pollution recognizes a reality, but 
fails to provide a decision. The thrust toward recycling, and more philo
sophically, rethinking a material society is environmentally sound. The 
pressures to control disposal are desirable, but at some point debilitating. 
The Islip garbage barge would be laughable if it wasn't a public and political 
disgrace. It represents a failure of leadership at an incredible variety 
of levels. We can and must reduce residuals requiring disposal in the en

52 



vironment at the source. But there will be residuals. Choices everywhere, 
aided by analyses structured to reveal alternatives among all, not one, 
medium must be made. 

Informed political decisions require information. As choices become more 
complex, and costs rise, the value of information, measured by reductions 
in wasteful expenditures and in damages from wrong decisions, also rises. 
Research is needed to guide expenditures of billions of dollars. Everyone 
knows this; research is a motherhood word (even when used as a cover). Yet 
the budget for environmental research has always been tiny relative to the 
demands of the decisions. Recently it has become disgraceful. Symptomatic, 
for example, is EPA's research budget: in 1987 approximately $22 million, 
reduced by several million from the preceding year. Environmental problems 
are complicated and complete knowledge of the workings of the environment 
unattainable. Decisions cannot be deferred until an unattainable millennia 
when all will be known, but environmental phenomena are not only complex, 
they involve long time scales. Unfortunately, these time scales bear no 
relation to political time. The scientific cry -- for more research -- is 
old but bears repeating in the current know-nothing scene. 

Last, the most ardent centralist recognizes that while guidelines, technical 
assistance, and enforcement are required at the Federal level, a vast country 
differing in physical, economic and social geography requires flexibility 
in effectively and efficiently managing environmental issues. The States 
are assuming additional responsibilities. Certainly many, vociferously 
arguing State's rights, will abdicate responsibility, if they can, for the 
environment as they have for half a century. At the same time, an alert 
public and local political leadership show signs of a willingness to grapple 
with complex environmental issues. 

None of these experiences since the early 1970s is unexpected. All are 
"predicted" in the legislative history of PL92-500. The semi-revolutionary 
model, what I would call the 2 x 4 model, has been used both to get the 
attention of the mule and to move him forward. Comparative studies of the 
"hare" approach adopted by the U.S. as opposed to the tortoise in Norway or 
Sweden are equivocal on whether the hare or the tortoise leads in the race 
for improved environmental quality. But forcing functions, as the envi
ronmentalists maintain, are necessary. Yet some relaxation of adversarial 
styles may be essential if tactics and hidden agendas are not to substitute 
for incremental steps to improve or maintain environmental quality. 

Although I've done my best to take a balanced view from a world-wide and 
even continental perspective, the environment is probably in worse shape 
than it was a decade or two ago. Yet we have made a fundamental advance-
recognition of the need to do something. In places positive results are 
striking; but the losses accumulate. Improvement in the waters of the country 
seems less than the demonstrated decline in urban air pollution. 

Polls suggest that public interest in the environment remains high. I hope 
so. Few candidates for public office look like St. Francis. This may be 
good because he probably couldn't be elected except maybe in Minnesota. I 
suspect, however, that few of us really accept an environmental ethic or 
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recognize that environmental management at a local and global level requires 
real changes in the way we do business, govern, and regulate. It is a finite 
earth, albeit a resilient one in many ways and unlikely to succumb to the 
most dire doomsday predictions. Still, we are losing land, plants, and 
animals. We need before us constantly the image fleetingly conveyed by the 
astronauts' picture of an isolated planet in space. We probably even need 
an outrageous group like Greenpeace to remind us that whales and seals are 
being murdered. For starters I suggest we recall the three environmental 
laws: you can't escape, you gotta organize, and you gotta pay. 

To offset gloom try Gramsci, the Italian revolutionary when he was in jail 
in the thirties. Gramsci wrote: 

"One is allowed pessimism of the intellect, but only optimism of the 
will. " 
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