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Nitrogen in Minnesota Ground Water
Executive Summary

INTRODUCTION

The Minnesota Pollution Control Agency and the Minnesota Department of Agriculture have
completed a comprehensive study examining existing data and literature related to nitrogen in the
state's ground water. The report was required by the Minnesota Legislature as part of the Ground
Water Protection Act of 1989. Other collaborators in the study included the Minnesota Board of Water
and Soil Resources and the University of Minnesota Agricultural Experiment Station.
Recommendations made by local governments in comprehensive local water plans were also
considered for this report.

Nitrogen is one of the most widely distributed elements in nature and is present virtually everywhere
on the earth’s crust in one or more of its many chemical forms. Nitrate (NO,), a dominant and mobile
form of nitrogen, is commonly found in ground and surface waters throughout the country. Its source
can be natural or the result of human activities.

There are increasing concerns over nitrate concentrations and, to a lesser degree, other forms of
nitrogen, found in the state’s water resources. The decline in ground water quality in many areas of the
United States has paralleled increased nitrogen usage in plant nutrition and/or increased discharge from
other human activities. There are no substitutes for nitrogen in plant nutrition: this fact makes the
problem unique. The most practical way to approach nitrogen issues is through careful management.

Most of the report fits into two main sections. The first part examines current Minnesota ground water
nitrogen conditions and trends. The second section investigates nitrogen contributors, their importance
and effect on ground water, and the effectiveness of related management practices for minimizing
nitrogen contamination. Other parts of the report review human and animal health and the
environmental consequences of elevated nitrogen in ground water, options for communities and
homeowners with wells contaminated by nitrates, and local, state and federal programs. This
information will help policy makers, researchers, and local water planners who work with nitrogen-
related issues.

The Executive Summary gives an overview of the report’s contents and conclusions. For additional
details, explanation, or references, the reader is encouraged to refer to the full report. The highest
priority recommendations follow the Executive Summary.



Many of the findings of the Nitrogen Fertilizer Task Force (NFTF) were incorporated throughout
pertinent sections of this report. The task force was established by the Legislature as part of the
‘Ground Water Protection Act of 1989. Its purpose was to design a program to reduce nitrate loading
into Minnesota water resources resulting from agricultural activities. The NFTF's membership
included a diverse group of representatives from the agricultural community, environmental groups,
local and state government. Voluntary Best Management Practices (BMPs), specific for unique
combinations of soils, climatic conditions, and cropping systems, were designated as the cornerstone of
the NFTF's educational campaign. A regulatory response was also developed by the NFTF.

The Minnesota Department of Agriculture (MDA) is developing and implementing many of the
NFTF's recommendations. The BMPs proposed by the group have been adopted by the MDA and
promoted by MDA, the University of Minnesota, local, state and federal agencies and private
organizations and companies. Other measures, including responses to local nitrate contamination
problems, BMP demonstrations, and periodic reviews of new research findings and technologies, are
under development. The report to the Commissioner of Agriculture by the NFTF is included as an
appendix to this report.

ENVIRONMENTAL AND HUMAN HEALTH EFFECTS

Nitrate is the dominant form of nitrogen in water. The only verified human health concemn associated
with exposure to nitrate is methemoglobinemia, commonly known as "blue baby syndrome.” This
disease, which generally affects only infants, affects the ability of the blood to carry oxygen. The
Minnesota Recommended Allowable Limit (RAL) and the federal Maximum Contaminant Level
(MCL) for nitrate in water are both set at 10 mg/L nitrate-N. Most documented methemoglobinemia
cases in Minnesota occurred prior to 1950. Three cases, one fatal, have been documented in South
Dakota, Minnesota and lowa since 1979. The number of reported cases may underestimate actual
events since most states, including Minnesota, do not have a methemoglobinemia registry established.

Two additional health effects have been postulated to be associated with exposure to nitrate in drinking
water: a) esophageal and gastric cancer and b) central nervous system birth defects. Neither of these
health effects have been adequately substantiated by experimental evidence.

Animals are also susceptible to methemoglobinemia. Ruminants (cows, sheep and goats) are
potentially more susceptible than other animals. In determining a safe nitrate-N drinking water
concentration for animals, the nitrate contribution from feed must also be considered. In general, the
literature indicates that water containing less than 100 mg/L nitrate-N can be considered safe for
livestock and poultry.

Nitrate can also contribute to increased algae and weed growth in surface waters. The ammonia and
ammonium hydroxide forms of nitrogen are directly toxic to fish.



NITROGEN IN GROUND WATER--
'EXISTING CONDITIONS AND TRENDS

Ground water monitoring results of four nitrogen compounds were examined for this report: nitrate
(NO,), nitrite (NO,), ammonium (NH,) and organic nitrogen. Nitrate was the compound most
frequently found at elevated concentrations in ground water and is the focus of much of the discussion

in this report.

Nitrite, ammonium and organic nitrogen concentrations, measured in over 350 wells throughout the
state by four agencies, were generally quite low. Average nitrite-N concentrations in 367 wells were
0.02 mg/L.. Elevated ammonium is occasionally found in ground water, most often in association with
mismanagement of human, animal or industrial waste.

The nitrate concentration in any given sample of well water is the result of numerous factors, including
surrounding land use and management, ground water flow hydraulics, ground water residence time,
climatic conditions, ground water chemistry, well depth in relation to geologic stratigraphy and water

table elevation, type of well sampled and well construction.

Nitrate data sets

Minnesota does not have a statewide ground water monitoring program that is designed specifically to
assess the extent and trends of nitrate concentrations. Nitrate data have been collected in Minnesota
through various federal, state and local programs, with most of the information generated since the late
1970s. For this report, 16 data sets were examined to better understand the degree of the nitrate
problem in Minnesota and trends related to nitrate differences across the state. There are major
differences between existing data sets in sampling purpose, field and laboratory methodologies, areas
sampled, years and frequency of sampling, data management, and documented well location and
construction information. EPA-approved methods were used to produce data in 14 data sets
representing a total of 26,340 wells. Computerized data from seven of these data sets were obtained,
evaluated and described in this report. A brief description and summary statistics were included for
nine other data sets. Three data sets also provided limited information regarding nitrate differences

between aquifers and changes in nitrate concentration with time.

Degree of problem

The data summarized in this report clearly illustrate that nitrate contamination of ground water
resources is a problem in many areas of Minnesota. Major differences in groundwater nitrate
conditions are found when comparing results from the 16 data sets. Data sets created by targeting
mostly shallow wells in geologically sensitive areas under agricultural production showed a relatively
high percentage (27 to 44%) of wells exceeding 10 mg/L nitrate-N. Sampling programs targeting
newly constructed wells or municipal wells showed a much lower percentage (1 to 4%) of wells with
nitrate-N exceeding 10 mg/L.. MPCA ambient monitoring program results from 484 wells in different
aquifers throughout the state showed nitrate-N exceeding 10 mg/L in 7% of the wells sampled. Results
from certain county sampling programs showed more than 20% of wells exceeding 10 mg/L nitrate-N,
yet other counties had less than 6% of wells exceeding 10 mg/L nitrate-N.



The degree of contamination is variable across the state. In many areas, there is very little information

to assess the situation. A majority of the nitrate data has been collected in the southern half of the

state, particularly southeastern Minnesota (including the Twin Cities). Limited data in northeastern

and northwestern Minnesota show a low percentage of wells with elevated nitrate. Central Minnesota ‘
appears to have a wide range of ground water nitrate conditions. Numerous wells in southeast and

southwest Minnesota have elevated nitrate levels; however, there is great variability in the degree of

nitrate contamination within these regions. South central and west central Minnesota show less

evidence of nitrate problems than southeast and southwest Minnesota, but both of these regions have

high nitrate wells in certain areas. Nitrate concentrations are variable in the seven-county metropolitan

area, but are generally higher towards the southeast.

Difference among aquifers

Three data sets had sufficient nitrate data collected from different aquifers to allow limited comparison
of nitrate among aquifers. In all three data sets, unconfined surficial sand aquifer wells generally had
higher nitrate levels than buried drift wells. Nitrate concentrations were consistently low in older
bedrock formation aquifers of the southeastern quarter of the state (St. Lawrence, Franconia, Ironton,
Galesville, Mt. Simon and Hinkley formations). Varying degrees of nitrate contamination are evident
in the other major bedrock aquifers in the southeastern quarter of the state, including the Cedar Valley-
Magquoketa-Dubuque-Galena, Decorah-Platteville-Glenwood, St. Peter and Prairie du Chien-Jordan.

Change with time

There are very few wells in Minnesota that have continuous nitrate sampling records sufficient for
time-trend analysis. Twenty-two monitoring wells have been sampled quarterly since 1986 by MDA.
Results showed some wells with increasing nitrate levels and other wells with decreasing nitrate levels.
In addition to the MDA well data analysis, 29 Minnesota Department of Health (MDH) municipal well
records were visually examined for this report. Criteria for selecting these 29 wells included 1)
elevated (>5 mg/L) nitrate-N during recent tests, and 2) at least five measurements taken over a 12- to
40-year period. The relatively small number of wells analyzed, inconsistency in trends, and
uncertainty of data integrity limits the usefulness of this data set in drawing regional or statewide

conclusions regarding long-term nitrate trends.

Relationship between age of ground water and nitrate

For this report, tritium and nitrate data were obtained for 302 ground water samples collected during
1990 by several different groups in many areas of the state. Tritium is a radioactive isotope that can be
used to help understand the age of ground water. Atmospheric concentrations of tritium increased
considerably during the mid to late 1950s due to nuclear testing. All wells (34) with nitrate-N above
10 mg/L withdrew water that had entered the ground since 1953. These results suggest that the current
nitrate problem is due to land use activities since 1953. From 77 different well water samples dated as
pre-1953 water, only one had nitrate-N in excess of 1 mg/L. The low nitrate levels in pre-1953 water
suggest either: 1) very little nitrate was entering ground water before 1953; 2) nitrate entering ground
water prior to the mid-1950s was lost through denitrification; or 3) a combination of the two.



Nitrate losses within aquifers

With the exception of plant uptake of nitrogen from areas of very high water tables and discharge to

- surface water, the only known ground water nitrate loss mechanism is through denitrification
(conversion of nitrate to gaseous nitrogen). Studies conducted in the United States and other countries
have shown denitrification to occur within aquifers when the chemical and biological conditions are
suitable (low dissolved oxygen, low redox potential, denitrifying bacteria present, and most
importantly, a source of organic carbon). While there is a potential for denitrification to occur in
Minnesota ground water, this issue has been examined in very few areas of the state and is extremely
difficult to assess.

Surface water nitrogen

Streams routinely monitored by the MPCA at 110 sites across the state from 1981 to 1990 generally
had nitrate-N levels below 3 mg/L.. Nine sites had nitrate-N levels exceeding 10 mg/L 10 percent of
the time. The same stream sites monitored for ammonium-N generally showed concentrations less
than 1 mg/L. Ammonia (NH,), which is toxic to fish, exceeded standards in eight of the 110 stream
sites 10 percent of the time. In lakes, nitrate-N is usually found at concentrations less than 0.1 mg/L
and ammonium-N is typically between 0.4 and 2 mg/L.. Since some lakes in southwest Minnesota are
reported to be nitrogen-limited, existing nitrogen in these areas may be controlling the amount of algae
produced. '

"NITROGEN CONTRIBUTORS AND
BEST MANAGEMENT PRACTICES

Cropland contributors

Yields have increased dramatically in the past 30 years as a result of a better understanding of plant
nutrition and improved plant varieties. One dilemma facing agriculture is that the application of
nitrogen, a critical component in increased crop production and profitability, will often have
detrimental effects on water quality if not optimally managed. Fortunately, when optimum nitrogen
management is used, adverse impacts on water quality can be minimized or eliminated. A variety of
management practices are currently available for crop production which are compatible with
minimizing nitrogen movement into water resources. Contributions and characteristics of all
Minnesota’s nitrogen sources must be considered when formulating an overall nitrogen strategy.

Total estimated annual inputs across the state’s cropland from agricultural activities contributed
approximately 773,000 tons of plant-available nitrogen (1987 estimate). Commercial fertilizers,
legumes, and manures contributed 75, 12 and 13% of this total and would equate to 53, 9, and 9 1b/
cropland acre, respectively, for these “applied” sources. Relative importance of each source varied
significantly across the state.

In addition, soil organic matter contributes a variable amount depending upon soil conditions.
Estimates are approximately 10 to 100 1b N/A/year. The reviewed literature clearly identified the need
to account for all sources of nitrogen in a management plan. Ground water nitrogen contributions from
agricultural activities can be dramatically reduced by accounting for these sources and matching the
inputs, both in terms of amounts and timing, to the physiological needs of the crop.

N



Commercial Fertilizer

Dependence on commercial fertilizer has grown tremendously in Minnesota agricultural production

~ since the early 1960s. Fertilizer sales in the past five years have now stabilized and have ranged from
550,000 to 650,000 tons nitrogen/year. In 1990, Minnesota ranked fourth nationally in nitrogen
fertilizer sales. Approximately 69% of the nitrogen was applied to corn (grain, silage, and sweet), 26%
applied to small grains, 2% to sugar beets, and the remaining to miscellaneous crops. The following
conclusions can be made about nitrogen fertilizers:

» The amount of available nitrogen (nitrate and ammonium), regardless of its source
(commercial fertilizer, manure, legume, or residual soil nitrate), is clearly the single most
important factor affecting leaching losses.

* Leaching losses can be greatly minimized by not exceeding the crop’s physiological need for
nitrogen; losses are commonly linear or curvilinear after the “threshold value” for a given
crop is exceeded. In corn production, it appears that the balance between nitrogen use
efficiency and yield falls somewhere between 90 and 95% of the maximum obtainable yield.

+ Leaching losses are highly dependent upon the amount of nitrogen left in the soil profile at
the end of the cropping season. Under most Minnesota cropping/climatic conditions, the
majority of leaching losses take place during the non-cropping season.

+  With specialty crops such as potatoes, it is not clear within the current literature what level of
yield reduction would be required to keep leaching losses at an acceptable level.

« The practice of fall nitrogen applications on fine-textured soils does not necessarily pose a
significant threat to ground water. Soils in southeast Minnesota are an exception. Fall
application is not recommended in this region due to high geological sensitivity. The
Nitrogen Fertilizer Task Force report clearly identifies regions where fall applications are
feasible.

» Sidedress applications in fine-textured soils can result in nitrogen which is “positionally
unavailable” resulting in reduced nitrogen use efficiency. Preplant or early sidedress
applications are highly recommended.

« Timing of nitrogen applications in coarse-textured soils is critical. Sidedressing, multiple
applications, and fertigation are instrumental management tools in reducing nitrate leaching

losses.

Manure

Manure is a vital and valuable nitrogen resource. In 1987, approximately 98,000 tons of plant-
available nitrogen was supplied by manure, which is equivalent to 9 1b/A when spread uniformly
across all of the state’s cropland. The significance of manure is tremendously variable with location;
the highest application rates (per area of cropland) are located in the central and southeast portion of



the state. On a county level, manures can account for 2 to 25% of the "applied” amounts (credits from
legumes, manures, and fertilizers) and averaged 12% across the state based on the 1987 data. Based on
- county level assessments of the relationships between crop nitrogen needs and manure-nitrogen, it
appears that sufficient cropland exists to adequately accommodate manure from existing animal

populations.

A number of complications arise when attempting to use manure as a nitrogen source. Vague
estimates of manure application rates, extreme nitrogen variability of the manure, variable gaseous
losses during storage and application, and uncertainties associated with the proportion available for
plant uptake are some of the most salient problems. This may explain why most state and federal
studies come to the same conclusion: traditionally, farmers fail to take the proper credit for manure.
Like any nitrogen source, the organic nitrogen in manure is eventually transformed to inorganic forms.
Accordingly, over-application of manure poses an environmental threat. The following conclusions
were made about manures and manure management.

» Information is sparse regarding how Minnesota farmers store, credit, and apply their manure.

+ The heaviest loadings of manure are occurring in the states’ most sensitive hydrogeologic
regions.

» Ground water contamination will likely occur if rates, regardless of the source, exceed crop
needs. Due to the slow nitrogen release from manure, the amount available for leaching at
any point in time is limited. Yet continual mineralization occurs after the crop needs are

_satisfied, and there is the potential for “off-season” leaching losses. Few studies have
examined these long-term effects.

« Storage and handling have a profound effect on the amount of nitrogen in manure by the time
it is distributed onto soil. Volatilization losses do not pose an immediate water quality
concern, but the lack of understanding of these losses makes it very difficult to properly credit
the portion of the nitrogen that eventually is applied to the field. For this reason, the Nitrogen
Fertilizer Task Force highly recommends periodic manure analysis.

+ The general consensus among researchers is that farmers need to be better educated about
manure management. An overall effort to educate farmers must take into account manure
and legume credits, as well as commercial fertilizers, if a ground water protection program is
to be successful.

Legumes

In 1987 legume crops supplied approximately 96,000 tons, or 12%, of the “applied” plant-available
nitrogen. This is equivalent to applying 9 1b/A across all of Minnesota’s cropland acres. Soybeans,
alfalfa, and clover are the biggest contributors and the University of Minnesota recommends crediting
20-40, 75-150 and 75 1b N/A for these respective crops. Existing literature suggests that alfalfa and
clovers are excellent scavengers for nitrate and beneficial to ground water quality. However, there are
some concerns once these crops are “plowed down” since elevated nitrate conditions can occur as a
result of the tremendous mineralization which follows. Conclusions and recommendations about

legumes follow.



+ Existing literature strongly suggests that plowing down or other methods of killing alfalfa
increases the potential for nitrate leaching losses during the next one to two cropping seasons.
Additional research is needed on the long-term effects of other legumes on water quality.

« High nitrogen use crops must be selected and other sources of nitrogen must be minimized
following legume crops. '

» The practice of applying manure before plowing down alfalfa or clover results in an
oversupply of nitrogen and a high potential for leaching loss.

Cropland management

The ultimate goal in nitrogen management is to maximize nitrogen use efficiency. The more
efficiently the producer can get nitrogen into the crop, the less that will be available for leaching
through the root zone and eventually into the ground water system. The effectiveness of a number of
nitrogen management strategies have been reviewed. Effects of yield goal selection, tillage,
nitrification inhibitors, timing strategies, irrigation management and other practices under Minnesota
conditions have been evaluated. Where necessary, related data from the state’s contiguous neighbors
were also used. The resulting conclusions, along with the recommendations from the Nitrogen
Fertilizer Task Force, provide a solid platform of management practices specific for Minnesota’s
diverse agricultural conditions.

Yield Goal Selection

+ Selection of yield goal and the subsequent nitrogen application rate has a profound effect on
ground water quality. Limited research has indicated that growers tend to set unrealistic
goals, commonly missing them by 10 to 30%, and as a result, application rates are higher than
necessary to maximize yields and maximize economic returns.

» The Nitrogen Fertilizer Task Force is strongly recommending the "running average" concept
for yield goal selection. Yield goals are based on the past five-year average, excluding the
worst year. This approach will provide a sound basis for a field-specific nitrogen rate that is
environmentally and agronomically sound.

» Tools such as soil testing, and to a lesser degree plant tissue sampling, play a valuable role in
determining application rates once a yield goal is established. Soil testing, in the appropriate
portions of the state, is highly recommended.

« Technology for farming soil types rather than fields is quickly becoming a reality and may
play an important role in the future of agriculture.

Irrigated Agriculture

« A number of state and national studies strongly indicate a direct correlation between
irrigation development and nitrate concentrations in ground water. There are a number of
contributing factors including: higher nitrogen rates; low soil moisture-holding capacities;
and increased leaching due to the additional water inputs. Yet the "cause and effect”
relationship is often poorly understood under grower-operated conditions.



Tillage

Irrigation, even on some of the coarse-textured soils of Minnesota, does not necessarily mean
a significant increase in subsurface drainage. Irrigation is good insurance that a healthy,
uniform stand of plants capable of high nitrogen uptake will be developed. Under careful
nitrogen management, the bulk of the leaching losses will occur during Minnesota's off-
season recharge period, not during the irrigation season.

Keeping losses of nitrogen to an acceptable level may be extremely difficult, requiring very
precise management in some of Minnesota’s very coarse-textured soils.

Irrigators need to be well educated in all facets of irrigation/nitrogen management. Efforts
must be made to keep irrigation an asset rather than an environmental liability. The potential
for environmental degradation under poor management is extremely high.

Fertigation is a valuable tool for minimizing the amount of available nitrogen in the soil
profile at any one time during the cropping season. Environmental and economic benefits of
fertigation generally outweigh the risks when proper safety equipment is used.

Percolation is higher under conservation tillage than conventional tillage due to: wetter
soil profiles caused by mulching effect of crop residue; more macropores; and possible
reduction of surface runoff.

Nitrate concentrations are commonly lower under conservation tillage, but because of the
increased percolation losses, the net leaching loads are commonly the same as conventional
tillage practices.

The volume of surface runoff can be reduced as much as 20 to 50% in comparison to
conventional tillage practices. However, nitrogen losses from surface runoff under any type
of tillage are generally minor in comparison to other avenues of loss.

Nitrogen management decisions such as rates and timings will generally have a much larger
impact on water quality than method of tillage in cropping systems reliant upon commercial
fertilizers. Tillage methods on soils following legumes or manure application can have a
major effect on mineralization rates.

Inhibitors

Effects of nitrification inhibitors have been highly variable under Minnesota’s diverse soils
and climatic conditions.

Under irrigated, coarse-textured soils, researchers have found that inhibitors can reduce the
potential for leaching. Factors such as selection of proper rates and efficient irrigation
management can commonly overshadow the differences that inhibitors make.

Inhibitor effects are most likely to be observed in yield performances when nitrogen is
limiting.



» Under conditions where high percolation of soil water (generally limited to coarse-textured
soils) or soils prone to extended saturated conditions (generally fine-textured soils), the use of
nitrification inhibitors should be encouraged.

+ Nitrification inhibitors can, under specific conditions, increase leaching losses by keeping the
nitrogen “positionally unavailable” during the nitrogen uptake period.

» Specific recommendations for the use of inhibitors are given for each region of the state in the
"Recommendations of the Nitrogen Fertilizer Task Force."

Feedlots

A rough estimate of the number of feedlots in Minnesota is 45,000 to 60,000. Manure nitrogen can
move into ground water below outdoor animal holding areas, manure storage areas, fields with applied
manure and abandoned feedlots.

A soil seal will usually develop under animal-holding areas that are continually used, preventing much
movement of water through the soil surface. Saturated conditions in the feedlot surface, coupled with
high amounts of organic carbon, makes a feedlot surface conducive for denitrification. This seal can
be broken and a number of investigators have found nitrate and ammonium moving through the soil
profile and into ground water below inactive feedlots. This is a common problem with abandoned
feedlots. In abandoned feedlot situations, manure scraping and removal followed by planting alfalfa or
other high nitrogen use crops will reduce the potential for nitrate leaching to ground water. Runoff
from active feedlots and subsequent infiltration has also been shown to be an important nitrogen
contributor to ground water.

Earthen manure storage basins installed in medium and coarse-textured soils without added liners have
been found to leak in the northern United States, resulting in nitrogen movement to ground water.

A number of other studies have shown earthen basins to effectively seal themselves, with minimal
ground water impacts. While the results regarding self-sealing are conflicting, it is generally believed
that earthen basin site, design and construction are important considerations in minimizing nitrogen
impacts to ground water.

The Minnesota Pollution Control Agency first developed rules to control pollution from animal waste
facilities in 1971. In 1979, the rules were changed to allow counties to process feedlot permits, and
since that time 25 counties have volunteered to participate in the program. Over 16,000 feedlot permit
applications have been reviewed in the last 20 years. Until a few years ago, the primary focus of the
feedlot program was on surface water protection. Ground water protection has received greater
attention from the feedlot program in recent years.

Septic Systems

Approximately 400,000 Minnesota households dispose of wastewater into septic systems. In many
cases, there is no other economical, environmentally acceptable alternative for treating these wastes.
Unfortunately, these systems are not designed to remove nitrogen. Nitrate is usually the contaminant
of greatest concern below a properly designed and constructed septic system. On the average, about 45
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gallons/person/day of wastewater with a total nitrogen concentration of about 50 mg/L is released into
soil from septic systems (7 lb of N/person/year).

Impacts of septic systems on ground water will primarily depend on the nitrogen loading to the aquifer,
diluting capacity of the aquifer, and the potential for denitrification in the soil below the system. The
diluting capacity of an aquifer is reduced when the density of systems increases.

From 66 individual septic systems monitored for ground water impacts in numerous studies in northern
U.S. and Canada, the following generalizations can be made about the nature of nitrogen contamination

from individual on-site wastewater treatment systems:

+ Nitrate-N concentrations are often between 10 and 40 mg/L at the surface of the water table
directly below septic absorption systems in coarse-textured soils.

» Nitrate concentrations are highest at the top of the water table near the points of effluent
release and decrease substantially with depth.

» Dilution and dispersion result in decreasing ground water nitrate concentrations down
gradient so that nitrate-N is usually below 10 mg/L within 50 to 100 feet from the absorption
field when background nitrate is low. In aquifers with a low potential for dispersivity, long
narrow plumes can result with sharp lateral and vertical boundaries.

» Highly elevated ammonium can be found in ground water below septic systems, where
systems do not conform with current siting and construction standards (e.g., high water

table).

While individual septic systems may not create obvious increases in well water nitrate concentrations,
the cumulative impact of multiple drainfields in a housing development are more noticeable. Aquifer
nitrate-N concentrations between 5 and 15 mg/L have often been found to exist in wells on the
downgradient side of high density developments. One of the critical factors affecting nitrate
concentrations is average lot size. When average lot sizes are less than 1 to 2 acres in a development
with numerous homes and coarse-textured soils, there is a great potential for shallow wells to have

elevated nitrate.

Several different types of systems have been developed which promote denitrification, resulting in
nitrogen losses of between 50 and 95 percent. Further testing and evaluation of these systems is

needed.

The amount of nitrogen in septage (liquid and solid material pumped during cleaning) generated in the
state is estimated to be about 360,000 pounds. While the total contribution of nitrogen statewide from
septage is very small, localized ground water nitrogen problems can result when improperly applied.

Turf

Information on applied nitrogen rates to Minnesota’s turf (lawns, golf courses and landscaped areas )
and its subsequent effect on ground water is very limited. However, research from other northern
states indicate that turf, when fertilized with reasonable rates, can be satisfactorily maintained yet
present little risk to ground water quality. Turf specialists from a number of universities are advocating
turf as an environmental benefit and fertilization may be more beneficial in protecting ground water
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than contaminating it. The following generalizations can be made about the nitrogen contamination
from turf:

» Potential environmental risks associated with nitrogen applied to turf appear to be minimal if
application rates do not exceed the turf’s physiological needs. Leaching losses are commonly
minimal because of prolific root development, increased moisture-holding capacity directly
below the thatch, and turf’s ability to utilize high rates of nitrogen. Risks of leaching losses
rapidly increase as application rate exceeds plant nutrient needs.

* Maximum amounts of required nitrogen were found to vary with management, residual soil
nitrogen, and varieties but in general, most research suggests that applied rates should not
exceed 160 to 175 Ib/A/year (3.6-4.0 1b/1000 ft2). Adequate nitrogen nutrition insures good
vigorous top growth, extensive root development serving as an effective filter, and a porous
protective covering capable of minimizing runoff.

*  Runoff volumes under turf tend to be minimal during the growing season. Existing studies
have concluded that nitrogen runoff losses are small in comparison to other avenues of
nitrogen loss. Losses could be a potential problem if runoff occurred immediately after

fertilization.

» Timing of nitrogen application, nitrogen source selection and proper rates are of critical
importance under very coarse-textured soils, particularly overlying shallow aquifers.

Municipal and Industrial Waste

Land application of wastewater through spray irrigation or rapid infiltration basins is permitted for
eight private domestic complexes, 46 municipalities and 30 industrial facilities. From very limited
data, applied municipal wastewater appears to have relatively low nitrogen concentrations. Industrial
wastewater can have very high nitrogen concentrations, sometimes exceeding 100 mg/L. Little is
known about industrial effluent nitrogen concentrations or the ground water nitrogen levels below
fields receiving industrial wastewater in Minnesota.

One hundred fifty-two communities regularly apply sewage sludge in Minnesota on a total of about
9000 acres of cropland. Research has shown that excessive sludge application can result in elevated
ground water nitrate concentrations. Municipal sewage sludge application is regulated by the MPCA
and application rates are usually based on nitrogen needs of the crop.

Excessively leaking wastewater treatment ponds have been shown to cause elevated nitrogen levels in
ground water. Criteria for pond design has become more stringent in recent years, thereby decreasing
the amount of leakage from newly constructed ponds.

During 1991, 575 municipal and 317 industrial facilities were permitted for discharge of treated
wastewater into surface water. Total nitrogen concentrations in this wastewater are often over

25 mg/L. MPCA sampling of 52 municipal wastewater treatment facilities with mechanical treatment
indicated a mean effluent total nitrogen concentration of 17 mg/L from all facilities.

Municipal and industrial waste is not a large part of nitrogen input to ground water statewide.
However, improperly designed, constructed or managed treatment systems do represent potential
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localized ground water threats. Nitrogen from these sources should always be accounted for when
managing cropping systems.

“Natural Sources

Nitrogen concentrations under natural forest and prairie conditions are generally very low, seldom
exceeding 3 mg/L.. Natural fires and forest clear cutting can increase leaching losses, but these
alterations are generally small.

Atmospheric deposition contributions throughout the state, as quantified from several monitoring
programs during the past 20 years, have determined that inorganic nitrogen amounts typically range
from 5-12 Ib/A/year. Depositional amounts in areas burning fossil fuels or immediately adjacent to
ammonium sources, such as feedlots, could be significantly higher.

Contribution of nitrogen from the decomposition of soil organic matter is extremely important, yet
little is known in terms of estimating the portion which will undergo mineralization. Tile drainage,
tillage, previous crop residue, and climatic conditions have a profound effect on mineralization rates.
Although the relative contribution from soil organic matter is less important in agricultural soils,
organic matter is estimated to supply 40 to 50% of the state’s inorganic nitrogen supply.

Various biological and chemical methods for estimating mineralizable nitrogen are available.
However, none of these tests currently appear to be universally accepted and reliable enough to warrant
routine use in soil testing laboratories.

RESPONSE OPTIONS FOR COMMUNITIES AND HOMEOWNERS

Options for communities with unacceptable nitrate levels include drilling a new well, blending high
and low nitrate water, installing a treatment system, or connecting to a rural water system. The latter
two options are often cost prohibitive and it is not always possible to drill to a deeper aquifer. The
preferable long term solution is pollution prevention. Implementation of wellhead protection is
advised.

Nitrate testing of public and domestic water supplies is necessary to promote public health protection.
Homeowners with high nitrate may have the following options: drilling a new well, installing
treatment systems that remove nitrate, purchasing bottled water or continuing to drink high nitrate
water. There are disadvantages with each of these options. The option most often recommended by
Minnesota Department of Health is drilling a new well.

STATE AND FEDERAL PROGRAMS

In response to a growing national concern about the ecological and health impacts of nitrogenous
compounds, the U.S. Environmental Protection Agency is developing a nitrogen action plan. The
nitrogen action plan work group has drafted recommendations that are organized into five categories,
including 1) develop a state nutrient management programs, 2) improve on-farm nitrogen management
to protect water quality, 3) improve public and private drinking water quality, 4) increase control of
point sources through current regulatory authority, and 5) research areas of uncertainty. The draft
federal nitrogen action plan would be implemented in two phases. Phase I emphasizes the use of
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current regulatory authorities, pollution prevention techniques, and research. Activities under Phase II
would begin if voluntary efforts and current legal authorities were insufficient.

Minnesota has a number of existing and developing programs that affect, or have the potential to
reduce nitrogen movement to ground water. The effect of these programs on ground water nitrogen
levels will not be known for many years. The only statewide effort that focuses specifically on nitro-
gen pollution prevention is the Minnesota Nitrogen Fertilizer Management Plan, which was developed
and recommended by the Nitrogen Fertilizer Task Force. Several programs exist that each deal with a
variety of contaminants from specific sources, such as feedlots, septic systems and municipal and
industrial waste. Other programs deal with multiple pollution sources, including the Minnesota Clean

Water Partnership Program, Wellhead Protection Program, and Comprehensive Local Water Planning.

Several other regional and local efforts are underway. These existing programs show promise for
minimizing nitrogen movement to ground water.

Prepared by:

Minnesota Pollution Control Agency
520 Lafayette Road

St. Paul, MN 55118

Minnesota Department of Agriculture

90 West Plato Boulevard
St. Paul, MN 55107

December 1991
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Nitrogen in Minnesota Ground Water
High Priority Recommendations |

The main objective of this report is to supply the Legislative Water Commission and other concerned !
policy makers with information and recommendations about how to minimize nitrogen in ground i
water. The conclusions and comments presented in the report are based on the review of existing data
and research. Nitrogen sources, relationships of those sources to ground water contamination
problems, and the effectiveness of best management practices are reviewed and summarized.

This study represents a significant effort to consolidate and evaluate the existing information on this
important economic and environmental issue. Despite this major undertaking, definitive solutions to
nitrogen management and water quality protection are not completely clear. As additional information :
is developed, improved nitrogen management systems should be evaluated and implemented. :

The report's recommendations are designed to improve statewide assessment of water quality status,
provide technical support for improved nitrogen management, and focus research and education
efforts. Implementation of the recommendations will be beneficial in reduction of nitrogen into ground
water and in further defining the nature of the nitrate problem. However, the time required to observe
the resulting effect on ground water quality is unknown because of the complex nature of this issue.
This report should be updated periodically to incorporate new information from the many ongoing
programs and research activities related to nitrogen.

The authors viewed the following recommendations as most important from a statewide perspective.
Issues and priorities may be quite different at the local level.

MONITORING AND DATA NEEDS

Long-term monitoring is needed to assess nitrate trends over time in the principal aquifers throughout
the state. In addition, long-term monitoring should be focused in high priority or problem areas to
evaluate the effectiveness of implemented Best Management Practices. This information is needed to
gauge progress in meeting the goals of the Ground Water Protection Act and to prioritize ground water
protection efforts. Long-term monitoring efforts should be incorporated into existing monitoring
programs, such as the MPCA Ground Water Monitoring and Assessment Program and MDA Pesticide
and Nutrient Monitoring Assessment Program. Strict sampling, analysis, and data management
standards are needed to produce reliable results.

Minnesota needs reliable, statewide information to identify areas and aquifers where nitrate

concentrations exceed or approach water standards. This information could be used to: 1) help set
county priorities regarding nitrogen management, 2) target programs such as the Nitrogen Fertilizer
Management Plan and Clean Water Partnership; and 3) provide an increased level of drinking water ;
protection for domestic water supply users.



To increase the usefulness of nitrate data, the following recommendations are made:
+ Establish statewide standards for collection and analysis of nitrate data.

« Maintain a statewide nitrate data registry for water quality results meeting established data
standards.

+ Enhance existing state programs to provide technical assistance to local and regional
monitoring efforts.

CROPLAND PRODUCTION AND FEEDLOTS

Commercial fertilizer, legumes, and manures supplied approximately 75, 12 and 13% of the applied
plant-available nitrogen statewide in 1987. Nitrogen contributions from each of these sources are
extremely diverse across the state. It is impossible to separate the direct effect on ground water from
these individual sources under normal farming practices. Yet the net effect of poor nitrogen
management is the same regardless of the source: nitrogen application in excess of crop needs poses a
potential ground water problem.

Sound nitrogen management could alleviate much of the nitrate contamination problem resulting from
current agricultural production levels and at the same time result in economically viable crop
production. The outcome of the extensive literature review within this report suggests that corn, the
crop that utilizes about 70% of the state’s commercial nitrogen, can be grown at economically viable
yields with minimal impacts on the state’s water resources. Environmental nitrogen problems
associated with agriculture will not be solved by focusing in on one specific nitrogen source or
management practice; it is absolutely essential that an overall nitrogen management plan is tailored to
specific characteristics associated with individual farming systems. Specific recommendations are

given below.

Yield goal selection

From a statewide perspective, acceptance and selection of a realistic yield goal may be the most
important single recommendation. Based on data from other Midwestern states, this could translate
into reductions of 10 to 30 Ib/A of nitrogen input under corn production with little effect on yield.

* An economic risk assessment of the "running yield goal" approach for Minnesota corn
production should be conducted. With this approach, yield goals are based on the past
five-year average, excluding the worst year. Similar efforts need to be made for small grains
where other factors, such as stored soil moisture and soil test values, confound the decision

making process.

« Localized information demonstrating the economic and environmental benefits resulting from
realistic yield goal selection using the "running yield goal" concept should be promoted.

+ Nutrient management specific to soil types and conditions within a field will become widely
available through grid soil sampling, on-the-go yield measurement, soil-specific fertilizer
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application and other new application technologies. The "running yield goal" concept should
be promoted as a component of nutrient management specific to soil types and conditions.

+ Research shows that dealers have the biggest influence on farmers in terms of nitrogen
management. Dealers, crop consultants, and others who advise farmers need to be better
educated on the balance between farm economics and the environment.

Manure management and feedlots

Contributions from manure are the heaviest in southeast and central Minnesota which are generally the
state’s most sensitive hydrogeologic regions. Even in these areas, nitrogen from manure is still only a
moderate contributor of plant-available nitrogen at a county level; however, critical overloading is
more than likely occurring in site specific situations. Clearly, the critical issue is not the amount of
manure generated in these and other areas of the state but how manure is managed. Manure
management has received less research and educational attention than commercial fertilizers. Specific
recommendations include:

+ Clearly the biggest need in manure management is to educate farmers to take the proper
credits for this valuable resource. Manure testing, ability of farmers to estimate application
rates, and keeping records are critical components of this process.

+ Additional information is needed regarding nitrogen leaching and surface losses under
recommended manure application rates. Effects of timing of applications, application
methods, interactions with tillage, and other management factors need to be better
understood. This type of information will help refine best management practices.

« Techniques for predicting nitrogen availability from manure in the application year and
subsequent years need to be improved.

+ Improved application equipment that enables more precise application rates and more
uniform field distribution is clearly needed. This would greatly improve farmer's confidence
in the use of manure as a source of nutrients.

» -Research is needed to obtain a better understanding of how Minnesota farmers store, credit
and apply their manure resources. Basic inventory information (such as types and numbers of
holding facilities, quantities of actual manure, etc.) is limited. This will help target
educational efforts.

+ The feasibility of manure exchange or transport programs for concentrated animal operation
areas must be explored.

« Nontraditional manure handling methods, such as composting, need to be assessed from both
economic and environmental perspectives.

+  Crediting relationships between manure and legumes and subsequent addition of fertilizer
nitrogen must receive greater attention. Research and government programs should address
the water quality aspects of toral nitrogen management.
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+ State funded incentive programs should be developed, training should be provided and
technical assistance should be increased to encourage counties to adopt and actively
administer the MPCA's Feedlot Rules (Chapter 7020). Counties should submit annual reports

describing program status.

» Local government, through local water planning, could make a valuable contribution by
collecting data pertaining to storage, crediting, and application of manure. Information on
abandoned feedlots should also be part of the data collection effort. Technical and financial
assistance will be necessary to design and evaluate inventories.

+ Cost sharing for the construction of adequate manure storage facilities should be
increased.

» Technical support from local, state and federal levels needs to be expanded in the areas of
facility construction/maintenance and manure management assistance.

Irrigated agriculture

Irrigation management, coupled with nitrogen BMPs, can minimize nitrate leaching. However, the
nature of most of Minnesota’s irrigated crop production is directly related to sensitive hydrogeologic
conditions. Problems result from the low moisture-holding capacity, increased nitrogen inputs in
response to higher yield goals, and specialty crops which require intense management. Intense rainfall
may cause some uncontrollable leaching despite optimum irrigation and nitrogen management.

» Localized crop coefficient curves should be developed so the irrigator can make accurate
estimates of crop water use and minimize percolation losses.

* Best Management Practices, specific for Minnesota’s outwash sand regions, need to be
developed for irrigated potatoes and other high nitrogen use crops. The BMPs must
incorporate the nitrogen/irrigation interactions.

+ Effects of irrigation scheduling schemes, such as deficit scheduling based on plant
phenology, need to be better understood in terms of nitrate leaching losses.

+ Information is limited in terms of how farmers actually perform their irrigation scheduling,
particularly in the eastern portion of the state. This type of information will help focus

educational efforts.

» Irrigators need to be educated in all facets of irrigation/nitrogen management. A voluntary
certification program, ideally administered through the irrigators themselves, should be

developed.



SEPTIC SYSTEMS

“Most septic systems currently in use do not effectively remove nitrogen. While the amount of nitrogen
generated is small in terms of statewide loading, septic systems can affect well water on the local level.

* The MPCA and University of Minnesota (working with the Individual Sewage Treatment
Advisory Committee and the State of Wisconsin), should further evaluate, test, develop and
promote denitrification systems. Each system should be evaluated for costs of installation
and maintenance, nitrogen reduction, other pollutant reduction, and overall system
performance. Based on the results of this work and on alternative system testing in other
states, recommendations should be made regarding the feasibility of using these systems on a
widespread basis in Minnesota.

+ Until septic systems that treat nitrogen are proven feasible and are commercially available,
minimum lot sizes for new housing developments should be set by each county so that ground
water impacts are minimized.

THE NITROGEN FERTILIZER TASK FORCE RECOMMENDATIONS

The Nitrogen Fertilizer Management Plan created by the Nitrogen Fertilizer Task Force in 1990
describes Best Management Practices (BMPs) which are appropriate for virtually every possible
condition across the state’s diverse soils and climate. The plan emphasizes education and, if required,
a regulatory response. Educational efforts through the University of Minnesota Agricultural
Experiment Station, Extension Service, and the Minnesota Department of Agriculture have already
begun. Extension agents, Soil and Water Conservation Districts, associated state agencies, and most
importantly—farmers—are currently being educated about the Nitrogen Fertilizer Management Plan.
Associated extension bulletins will be available in late 1991. Plans for training dealers and consultants
and others within the industry are also being prepared. The MDA, in association with organizations
and agencies, should continue to promote and coordinate the implementation of the plan.

Research is continually providing new information and technology applicable to nitrogen management.
Research is needed to address the problems identified throughout this report. Procedures and policies
must be developed to incorporate these new findings into the existing body of accepted BMPs. One
possible mechanism for achieving this would be a technical advisory group to the MDA. This group
would be responsible for the review of ongoing BMP development and would formulate
recommendations to the MDA regarding the technical aspects of BMP development.

In the review and development of the BMP recommendations, the task force identified aspects of
nitrogen management that required additional research. This research is necessary to further refine
BMPs and enable the nitrogen users to more precisely apply the optimum environmental and
agronomic nitrogen practices. Funds should be allocated for basic and field research on total nitrogen
management, especially that which incorporates water quality concerns. The following is a list of
some of the needs identified by the task force. This list is not meant to be inclusive, but rather serves

only to highlight some immediate needs.



« Nitrogen interactions and credits from non-fertilizer sources such as organic matter, legumes
and manure need to be more thoroughly understood. Attention should be directed to initial
and subsequent release of nitrogen and the impact on water quality.

» Development and verification of soil testing techniques to predict plant-available nitrogen in
humid conditions needs to be accelerated. Efforts to develop a “quick test” that meets
Minnesota needs and conditions should be supported.

+ Manure management research needs to be increased and accelerated because of the lack of
information available to guide sound environmental and agronomic decisions related to
manure management.

In areas where significant nitrate contamination from agricultural practices exists or levels are
increasing, and voluntary BMP adoption is unacceptable, the NFTF recommends a regulatory response.
The MDA is responsible for implementing the regulatory requirements. Many details of this response
still need to be addressed. The MDA is currently assessing the number of sites which may require a
response. The assessment and response to areas with intense nitrate contamination should proceed and
the MDA should continue to develop and implement as quickly as resources allow.

PUBLIC HEALTH PROTECTION

All parents of infants should know the nitrate concentrations in water used to mix formula for their
babies and be made aware of health concerns associated with drinking high-nitrate water. An
assessment should be made to ascertain the level of awareness that families expecting babies have
regarding their well water nitrate levels and methemoglobinemia. Adequate protection of infants, the
most vulnerable group of society to high nitrate levels, must be a high priority.

DEGRADATION PREVENTION GOAL

The Ground Water Protection Act of 1989 included a goal of degradation prevention for the state of
Minnesota. The language in the Act states:

"It is the goal of the state that ground water be maintained in its natural condition, free
from any degradation caused by human activities. It is recognized that for some human
activities this degradation prevention goal cannot be practicably achieved. However,
where prevention is practicable it is intended that it be achieved. Where it is not
currently practicable, the development of methods and technology that will make
prevention practicable is encouraged.”

Programs, policies, and activities to achieve this goal as it relates to nitrogen need to be developed and
implemented. The progress toward achievement of this goal also needs to be assessed continually.



PURPOSE AND SCOPE

This study was conducted in response to the 1989 Groundwater Bill (Chapter 103H,
Article 1, Section 12), which directed the Minnesota Pollution Control Agency
(MPCA) and the Minnesota Department of Agriculture (MDA) to prepare a report on
nitrate (NO,) and related nitrogen compounds in ground water. The report was
prepared in consultation with the Board of Water and Soil Resources and
Minnesota Experiment Station. Other agencies were also consulted during the

report writing and review process.

One of the primary objectives of this study was to examine and summarize
existing data and literature in order to provide legislators, federal, state,
and local water planners, and other policy makers the information necessary to
most appropriately respond to the issue of nitrogen (N) in ground water. This
comprehensive report was written with the intent of providing enough detailed
information and related references to satisfy those readers interested in
studying specific issues, yet focusing on the most pertinent and relevant
information needed to understand the situation in Minnesota.

An overview of N characteristics and health and environmental concerns
associated with N are provided in the background section. The body of the
report consists of two parts which are divided into twelve chapters. Part 1
(chapters A through E) provides information about: 1) background on health
related issues in humans and animals; 2) the current state of knowledge
regarding existing NO, conditions in Minnesota ground water, 3) changes in NO3
concentration with tifme, 4) fate of NO, in ground water, 5) concentrations of
nitrate, ammonium, and organic N in grgundwater, and 5) surface water N
conditions. A section on monitoring needs is also included within Part 1.

Part 2 (Chapter F, G, H, I, J, K, M) describes N inputs, causative factors of
NO, contamination and best management practices and policy associated with the
pr%mary nitrogen sources. A comparison was made to assess the relative
contributions from major N sources. Six chapters in Part 2 describe N
management and potential ground water impacts associated with crop production,
feedlots, septic systems, municipal and industrial waste, and turf. A
discussion of N from soil organic matter, forests, and prairies is presented in
Chapter L. Nitrogen impacts from landfills and N fertilizer manufacture and
handling is also included in this chapter.

Another objective of this study was to review federal, state and local response
to the issue of N in ground vater and make feasible recommendations for
improvement in state and local response (Chapter M). Recommendations are made
at the end of many chapters throughout the report with the highest priority
recommendations listed following the executive summary.

The Nitrogen Fertilizer Task Force report, completed in August 1990, is included
as an addendum to this report.
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NITROGEN CYCLE AND SOURCES1

LEAD AGENCY: MINNESOTA DEPARTMENT OF AGRICULTURE
CONTACT: BRUCE MONTGOMERY (612) 297-7178

THE NITROGEN CYCLE

Nitrogen (N) in the environment is governed by a complex of interrelated
chemical and biological transformations. These reactions are summarized in what
is termed the "Nitrogen Cycle" which describes the pathways, sinks and
transformations of N. Nitrogen can take on many different chemical valences and
the characteristics of the various forms vary tremendously. It is important
that the audience of this publication understands some of the basic processes
involved with this cycle. Sound N management decisions can then be made based

upon this understanding.

Processes summarized are biological, chemical or physical in nature. Figure A-1
depicts the major reactions of the cycle. Although there are numerous species
of N, the species of particular interest in the soil are nitrate (NO, ),
ammonium (NH +), and organic forms of N. Nitrate and ammonium are of particular
interest since these two inorganic species are the only forms which higher
plants can utilize for their nutritional needs. Characteristics of these

species are summarized:

Organic nitrogen: This is the predominant species within the
soil system and a common constituent of sewage and manure.
Amounts found in soil vary with the amount of organic matter
present. For Minnesota soils, amounts of organic N present
can range from 1,000 to 7,000 1b/A. Soils, as a general
rule, contain approximately 1000 1b/N per acre for each
percent of soil organic matter. Most of this is associated
with the upper 6 to 12" of the profile. Organic N is tightly
bound and must be transformed to inorganic forms by microbial
activity before plant uptake can occur. Organic N may be a
significant source of N in surface runoff but rarely
contributes to ground water contamination.

Nitrate (NO,): Nitrate is extremely soluble and its negative
chemical charge excludes it from adsorption to soil colloid
exchange sites (which also tend to be negatively charged).
Due to these characteristics, the NO, is highly mobile in the
soil profile. It is important to no%e that throughout the
publication, the authors express ground water concentrations
in the following form: NO,-N. This is the concentration, or
mass per volume of water, of N which is in the nitrate form.
Utilizing this terminology, the U.S. drinking water standard
is 10 mg/L of NO.-N. Some authors,particularly in Europe,
express the concgﬁfration to reflect the total mass of both
the N and the three associated oxygen molecules. This type of
expression is written simply as NO,. The U.S. drinking water
standard would then be 4.4 times gfeater and written as 44
mg/L of NO,. It is important that the reader understands the
difference between these two forms of expressions.

1. Taken and modified from MDA’s "Recommendations of the Nitrogen Task Force",
1990.
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Ammonium (NH,): Ammonium, due to its positive charge, is
tightly bouné to soil colloids surfaces and clay interlayers.
Unlike NO,, NH, seldom moves through the soil profile. The
most serigus eévironmental threat is to surface water though
soil erosion processes. Ammonia (NH,) is one of the gaseous
forms of N and is quickly converted %o NH, within the soil
system. Ammonia and based N fertilizers are the most

commonly used forms in United States.

Another form (although of much less importance in plant nutrition and ground
water contamination) which needs to be defined is nitrite.

Nitrite (NO,): Nitrite is an intermediate product in the
conversion 6f NH, to NO, in soil. It is of toxicological
concern in the human system. Although highly soluble, nitrite
is also very unstable and is rarely detected in ground water

except at very low levels.
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The primary chemical and biological processes of the N cycle include:

Mineralization: This is defined as the microbial degradation
of organic N to produce the inorganic forms of NH
(intermediate step is called ammonification) and ﬁOS.

Nitrification: The oxidation process of NH, to NO, to NO
Very specific bacteria are responsible for these two
conversion reactions.

3¢

Immobilization: The utilization of NO, by plants and
microbes producing various organic N sgecies. A related
is assimilation which is the utilization of NH4.

term

Denitrification: The biochemical reduction of NO3 and NO2 to
gaseous molecular N or an oxide of N. This can be a
significant loss mechanism in saturated soils and in some

aquifer conditions.

Volatilization: The loss of NH, to the atmosphere. This
occurs primarily when NH —basea or urea-based fertilizer or
manure are surface-applied without incorporation.

Leaching: The process of transport of solutes in water
percolating through the soil profile. Nitrate is the
principal N species susceptible to leaching. Leaching of NO3
is the primary avenue of N movement into ground water

systems.

NITROGEN SOURCES

Nitrogen is commonly termed as being ubiquitous meaning that it is seemingly
present everyvhere at the same time. It is interesting to note that there is 3
tons of N per square foot of the earth’s surface associated with the atmosphere.
Yet the most dominate source of the earth’s N supply is in the lithosphere
(97%); most occurs in association with igneous rocks of the earth’s crust and
NH4 held within the lattices of such primary minerals as mica and feldspar
(Stevenson, 1982). Most of the remaining 2% is found in the atmosphere. Amounts
found in the hydrosphere (oceans, etc.) and biosphere (living matter) account
for only 0.01% of the earth’s supply. Ironically, it is these seemingly
insignificant amounts of N associated with plant and animal activities that are

extremely important in terms of ground water quality.

The following sources of N have been identified as those having an impact on
ground water (MDA, 1990). Included is where within the document the reader can

obtain more information.



Agronomic Inputs:

1.

v s WwN
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a) Biological fixation by legumes
b) Atmospheric fixation
¢) Precipitation
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Soil organic matter

Crop residues
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Other External Sources:

1.
2.

Septic systems

Feedlots
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POTENTIAL HEALTH AND ENVIRONMENTAL EFFECTS OF NITROGEN CONTAMINATED
GROUND WATER

LEAD AGENCY: MINNESOTA DEPARTMENT OF AGRICULTURE
CONTACT: DEBORAH DeLUCA (612) 297-7283

Several potential adverse effects of N compounds on human and animal health and
the environment have been identified, although many of these have not been
verified. Methemoglobinemia is the only verified human health concern
associated with NO,. Other toxic effects postulated to be associated with NO
include central negvous system birth defects and carcinogenic effects. Anima
health effects associated with N include methemoglobinemia and general malaise.
Potential environmental effects of N include eutrophication of aquatic
ecosystems, aquatic toxicity (primarily associated with NH,), contribution to
acid deposition, and partial depletion of stratospheric ozone by nitrous oxide

(N02).
HUMAN HEALTH EFFECTS

Contamination of ground or surface water with NO, presents a potential health
threat to any human population which relies on that water resource as a source
of drinking water. However, drinking water is just one of several possible NO3
exposure routes for humans. Fruits, vegetables, cured meats, baked goods,

fresh meats, milk products and air can be potential NO, sources. Drinking water
becomes a significant component of total nitrate exposiire when NO,-N approaches
or exceeds the 10 mg/L drinking water standard. Figure 1 displays the estimated
contributions of the various NO, sources to the average adult total daily NO3
exposure under two drinking wateér N03—N scenarios (EPA, 1991).

Methemoglobinemia

The primary health concern associated with exposure to NO, is methemoglobinemia,
commonly known as the "blue baby disease". Infants of legs than three months of
age are most susceptible to this toxic effect (Craun et al., 1981), although
individual adults may display increased susceptibility due to various factors
(EPA, 1991). This condition occurs when NO, is reduced to nitrite (NO,) in the
stomach or oral cavity. Nitrite is absorbeé into the bloodstream from™the
gas££ointestinal (GI) tract. In the blood stream, N02+gxidizes ferrous iron
(Fe'”) of the hemoglobin heme group to ferric iron (F€ ~), converting hemoglobin
(Hb) to methemoglobin (metHb). Methemoglobin interferes with oxygen transport
by irreversibly binding oxygen so that it is not released to deoxygenated
tissues (Walton, 1951; Follet and Walker, 1989). If conditions are not
conducive to the reduction of nitrate to nitrite during digestion, nitrate is
metabolized and excreted without apparent adverse effect (Craun et al., 1981).

Increased susceptibility of infants to methemoglobinemia has several potential
contributing factors. The pH of the infant GI tract (pH 4.6 to 6.5) is higher
than that of adults (pH 2.0 to 5.0). Decreased stomach acidity (higher pH)
allows NO,-reducing bacteria to flourish in the stomach and upper intestine
(Adam, 1930). In addition, fetal Hb is more susceptible to oxidation by N02.
Fetal Hb comprises 60 - 80% of the Hb at birth and decreases to 20 - 30% by
three months of age (Adam, 1980). Adult red blood cells contain enzymes which
reduce metHb to Hb and thus maintain low blood metHb levels; these enzymes are



Figure A-2
Human Exposure to Nitrate Under Two Different Scenarios
From EPA (1991)
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reduced or lacking in infant red blood cells (Adam, 1980). Lastly, infants
consume most or all of their nourishment in fluid form, consequently, they
consume up to three times more fluid per body mass than adults. This high fluid
intake rate insures that an infant consuming water from a contaminated source
will experience a higher NO3 exposure than an adult drinking water from the same

source (Craun et al., 1980):

The affliction has dramatic symptoms in its acute stages. Freshly removed blood
is chocolate brown in color. Afflicted infants develop a bluish to lavender
color starting around the lips and extremities. Other symptoms are those
related to oxygen deprivation and cyanosis including breathing difficulties,

- central nervous symptom effects (from mild dizziness and lethargy to coma and
convulsions), cardiac disrythmias and circulatory failure (Walton, 1951).

Subacute effects of methemoglobinemia are not known. It has been postulated
that nervous system damage could result from a chronic oxygen-depleted condition
(Anonymous, 1988). However, adults with hereditary methemoglobinemia (with
blood metHb concentrations of 10 to 25%) display no apparent adverse health
effects, have uncomplicated pregnancies, and experience normal lifespans (EPA,

1991).

Reported methemoglobinemia incidence is fairly low. Between 1945 and 1974,
approximately 2,000 cases of infant methemoglobinemia were reported in world
literature (Shuval and Gruener, 1972); however, methemoglobinemia may often go
unreported or may be misdiagnosed (Johnson and Kross, 1990). Rosenfield and
Huston (1950) reviewed infant methemoglobinemia cases associated with increased
NO,-N in drinking water from private rural wells in Minnesota between 1947 and
1939. All affected infants had been fed either infant formula prepared with
NO,-contaminated water or cows’ milk diluted with contaminated water. Over this
th%ee year period, 146 cases were documented including 16 deaths. None of the
cases of infant methemoglobinemia occurred when the suspected drinking water
source contained less than 30 mg/L NO,-N. At the time of the study, awareness
of the affliction was increasing among the medical community and the population
at large. The authors witnessed a decrease in the number of cases during the
course of the study; for the last six months of 1949, no cases were recorded

(Rosenfield and Huston, 1950).

More recently, a single case of non-fatal infant methemoglobinemia occurred in
Iowa in 1979, a non-fatal case occurred in Minnesota in 1979, and a fatal case
occurred in South Dakota in 1986. 1In the Iowa case, the afflicted five-week old
infant had been fed formula prepared with water containing 285 mg/L NO,-N
(Rajogopal and Tobin, 1989). The Minnesota gase involved a 1 month 013 boy who
had been fed water containing 90 mg/L NO,-N.” In the South Dakota case, a six
week old infant had been fed infant formala prepared with water containing 150
mg/L NO3—N; the family physician failed to diagnose the problem (Johnson et al.,

1987).

In Minnesota, no registry is maintained for methemoglobinemia cases. Iowa has
maintained a methemoglobinemia registry sigce 1989; no cases had been reported
in the first two years of its maintenance.

2. Personal communication with Jim Feddema, Minnesota Department of Health,
St. Cloud, MN.

3. Personal communication with Russell Currier, Iowa Department of Health, Des
Moines, IA)
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Carcinogenic Effects

have not been classified by the EPA as to human carcinogenicity
(EPA, 1991). number of studies have suggested an association between NO
intake and gastric and esophageal cancer. Most of the studies have correlated
stomach cancer mortality or incidence against either national daily average NO3
intake data or against average NO, concentration in regional drinking water
sources. Many factors which are got accounted for in these studies may be
important in determining the role of NO, in cancer etiology. These factors
include age, smoking, medicinal use, digtary deficiencies of vitamins,
antioxidants, and trace elements, dietary excesses and acidity of the GI tract.
Other studies have actually reported a negative correlation between NO3 intake
and stomach cancer incidence (Follet and Walker, 1989).

Nitrate and NOK

It has been proposed that N-nitroso compounds may form in the acidic environment
of the stomach by reaction between NO, and secondary or tertiary amines. N-
nitroso compounds (nitrosamines and nitrosamides) have been classified by the
EPA as probable human carcinogens (EPA, 1991). Nitrosamines and nitrosamides
have possible human mutagenic, carcinogenic and teratogenic properties,

although these has never been verified (EPA, 1991). Several N-nitroso compounds
are proven animal carcinogens. Studies have also proven 77 of 100 N-
nitrosamines mutagenic (Rajagopal and Tobin, 1989).

The proposed mechanism of N-nitroso compound formation and subsequent
carcinogenic response in an exposed individual is a multi-step process. Nitrate
is ingested and reduced to NO, in the stomach or oral cavity. Nitrite reacts
vith secondary or tertiary amines in the stomach to form N-nitroso compounds.
Finally, the N-nitroso compound acts as a carcinogen at the target organ. These
several steps make it difficult to establish a definitive cause-and-effect
relationship between NO, in drinking water and cancer incidence (Follet and
Walker, 1989). Animal %eeding studies have shown tumor formation when animals
are fed NO, and secondary amines, but not when they are fed NO3 and secondary

amines (Ad%m, 1980).

In general, the available information on NO,, N-nitroso compounds and stomach
and esophageal cancer is inconclusive. The“World Health Organization and the
National Academy of Sciences have both concluded that the evidence implicating
NO,, NO, and nitrosamines in the development of gastric cancer in humans is
cigcums antial (Black, 1989). In summarizing the current state of knowledge on
carcinogenicity and NO, contaminated ground water, Black (1989) stated that "at
this time, one can say that a set of mechanisms is known by which nitrate and
nitrite may react in the body to cause stomach cancer. Whether the reactions
are of significance at the levels involved in practice remains to be

determined."

Central Nervous System Birth Defects

It has been proposed that NO,-N in the drinking water of pregnant women is
associated with central nervgus system (CNS) birth defects. This relationship
is based primarily upon the results of two recent epidemiological studies.

Dorsch (1984b), in a South Australia study, compared pregnant women receiving
drinking water from three sources. The drinking water sources were defined,
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according to estimated NO,-N as "low" (rainwater source, less than 1.1 mg/L NO,-
N), "medium" (surface wat%r/groundwater source, between 1.1 and 3.4 mg/L NO,-N
and "high" (> 3.4 mg/L NO,-N). Dorsch found a statistically significant th%ee
fold increase in risk of aNS and musculoskeletal malformations of the fetus for
women of the medium drinking water group and a statistically significant four
fold increase in the high drinking water group. Several problems exist with
this study. Perhaps the most important is that the observed correlation was
actually between birth defect incidence and drinking water source, not NO,-N
concentration since these were only estimated. It is very possible that other
differences existed between the water sources than nitrate concentrations.

- Dorsch, in a later paper, concluded that NO, contribution of the drinking water
was too small relative to the other dietary NO, sources to cause the observed
difference in birth defects between the two groups of women. Dorsch also
suggested that some other factor, correlated with the water source, may have
been responsible (Dorsch, 1284a as cited in Black, 1989). Dorsch stated in a
letter to Dr. Dennis Keeney that "given the reservations raised in the two
subsequent publications enclosed herewith, and the absence of substantiating
findings from other studies, I now believe the evidence for a causal association
(with nitrate) is tenuous at best" (Black, 1989).

Arbuckle et al. (1988) looked at clinical records of 130 CNS birth defect cases
in New Brunswick, Canada from an 11 year period. The authors noted a moderate,
but not statistically significant, increase in risk of CNS birth defect
incidence for women drinking 5.9 mg/L NO,-N wvater as compared to women drinking
0.02 mg/L NO,-N water. For municipal dr%nking wvater sources and private spring
drinking watér sources, an increase in N0, exposure was associated with a
decrease in risk of a CNS birth defect inZidence; the association was not
statistically significant. As in the Dorsch study, any association observed was
actually a correlation between drinking water source and CNS birth defect
incidence since the NO, concentrations were based upon analysis of a single
wvater sample collected from the mother’s prenatal address. Water samples were
collected at the time that the study was conducted (approximately 1986) while
the birth defect records came from between 1973 and 1983.

Since these two studies are the primary source of concern for the correlation
between NO, exposure via drinking water and central nervous system birth
defects, i% seems that no significant evidence exists for support of this
theory. At best, this is an area which warrants further research.

Derivation of Health Based Drinking Water Standard

The Environmental Protection Agency (EPA) has set the Maximum Contaminant Level
Goal (MCLG) and the Maximum Contaminant Level (MCL) for drinking water at 10
mg/L NO,-N. The MCLG, which is unenforceable, is established at the
concent%ation at which no known or anticipated adverse human health effects
occur and wvhich allows for an adequate margin of safety. The MCL is established
for public water supplies; it is based upon the MCLG, but also takes cost into
account (EPA, 1991). The current Minnesota NO,-N Recommended Allowable Limit
(RAL), an unenforceable, health-based standard; is also 10 mg/L.

The 10 mg/L standard is based on methemoglobinemia incidence in infants as
determined by a study conducted by the American Public Health Association

4, As cited in Black, 1989.
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(AMPHA). The AMPHA study compiled data from 49 states for the period of pre-
1945 to 1950. A total of 278 cases, including 39 fatal cases, was recorded. No
cases were associated with NO,-N concentrations below 10 mg/L; 2.3% of the cases
were associated with concentrations between 10 mg/L and 20 mg/L. As a result of
this study, the AMPHA recommended a 10 mg/L NO,-N standard but noted that most
methemoglobinemia cases were associated with cgncentrations greater than 40 mg/L
(Walton, 1951). 1In 1962, the U.S. Public Health Service set a limit of 10 mg/L
NO,-N for domestic water supplies; this is the standard adopted as the national
Pr%mary Drinking Water standard, later adopted as the MCL (Rajagopal and Tobin,
1989). In summary, the 10 mg/L drinking water standard was determined based
upon observations that no cases of infant methemoglobinemia have been observed

- below 10 mg/L.
ANIMAL (LIVESTOCK) HEALTH EFFECTS

Acute NO, toxicity in animals also takes the form of methemoglobinemia.
Ruminantg, such as cows, sheep and goats, are more susceptible to this
affliction than non-ruminants. In these animals, the rumen, which is capable of
digesting roughage, harbors NO,-reducing bacteria which convert NO, to N02. In
a healthy ruminant with an adejuate diet, NO, is converted to NH %hich may be
used to build protein. If ruminants ingest iarge quantities of ﬁO quickly, it
is possible for NO, to accumulate; this NO, may be absorbed througg the oral and
GI tracts into the“blood where it will rediice hemoglobin (Hb) to methemoglobin
(metHb). Studies have indicated that the rate of metHb formation is quicker
for ruminants than for man, horse, or pig (Follet and Walker, 1989).

In single stomach animals, such as swine, poultry and horses, the reduction of
NO, to NO2 is not as rapid or as efficient as it is in the rumen, thus making
nog—ruminants less susceptible than ruminants to methemoglobinemia. However, in
single stomach animals, NO,-reducing microbes are also less prevalent, so that
if NO, is produced, its cOnversion to NH, is less efficient than in ruminants.
Horses“are more susceptible than swine or poultry to methemoglobinemia due to
their large cecum which acts similarly to a rumen, digesting roughage and
converting NO3 to NO2 (Anderson et al., 1989).

Methemoglobinemia symptoms in animals include asphyxiation and labored
breathing, rapid pulse, frothing at the mouth, lack of coordination, labored
breathing, rapid heartbeat, abdominal pain and vomiting, convulsions, blue tint
to the mucous membrane, muzzle and eyes, and chocolate brown colored blood
(Anderson et al., 1989; Jackson et al., 1983). In pregnant cows, abortion may
result (Anderson et al., 1989).

Chronic NO, poisoning in animals is difficult. to diagnose because the clinical
symptoms a%e those related to impaired animal health in general. Clinical
symptoms include breathing difficulties, uneasiness, lowered blood pressure,
reduction of milk secretion, avitaminosis A, thyroid dysfunction, and abortion.
Other symptoms may include reduced rate of gain, poor growth, diarrhea,
digestive disturbances, loss of young animals, arthritic or related conditions,
abortions or still births (Ridder et al., 1974).

Just as for humans, water represents only one source of nitrate for animals. In
some situations, feed (hays, forages, and silage) may contribute greater amounts
of nitrate than drinking water (Bergsrud and Linn, 1990). For example, animals
ingesting silage or pastured forage containing NO,-N in excess of 0.2% will
contract methemoglobinemia regardless of drinking water N03—N concentrations

(0lson and Kurtz, 1982).
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Several factors must be considered in determining safe drinking water levels of
NO,-N for stock animals. Both dietary and drinking water NO, sources must be
cogsidered; other important factors include animal species, auantity of water
and feed ingested, and type of feed (Bergsrud and Linn, 1990). The National
Academy of Science recommends that, in general, drinking water may be
considered safe for livestock and poultry if it contains less than 100 mg/L NO3
N and less than 10 mg/L NOZ-N (Anderson et al., 1989; Bergsrud and Linn, 1990)°
Table 1 provides recommenddations on the use of water of varying N03-N

concentrations for stock animals.

Table A-1
Use of Water with Known Nitrate Content
(adapted from Bergsrud and Linn, 1990)

Recommendation

NO3-N concentration (mg/L)

Experimental evidence indicates
that water should not harm
livestock or poultry.

Less than 100

This water should not by itself
harm livestock or poultry. If
hays, forages or silage contain
high levels of nitrate, this water
may contribute significantly to a
nitrate problem in cattle, sheep or

horses.

100 to 300

This water should not be used; it
could cause methemoglobinemia in
cattle, sheep or horses. Because
this level of nitrate contributes
to the salts content in a
significant amount, the use of this
wvater for swine or poultry should
be avoided.

Over 300

Information on non-domesticated animals and NO, concentrations in drinking water
is not widely available. However, the informa%ion presented above for
non-ruminants may be considered as a point of reference for comparison.

ENVIRONMENTAL EFFECTS

Environmental effects of excess nitrogen to the environment are diverse.

Nitrate can contribute to the eutrophication of water bodies. The ammonia (NH3)
and ammonium hydroxide (NH,OH) forms of nitrogen are directly toxic to fish.
Nitrogen oxides may contriﬁute to stratospheric ozone depletion and, in the form
of acid deposition, cause general ecosystem and material damage (Anderson et

al., 1989; EPA, 1991).

Eutrophication is the increased rate of productivity in lakes, bays and slow
moving streams due to excess nutrient loadings. Symptoms of eutrophication
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include algal blooms, algal mats, luxuriant development of selected aquatic
macrophytes, and depletion of oxygen on lake bottoms (Anderson et al., 1989).

In general, for freshwater bodies, phosphorus is the limiting growth factor
rather than nitrogen. However, excessive loadings of N may, in certain cases,
stimulate the growth of algae and contribute to eutrophication. Waters affected
by urban activities tend to be N-limited; but overall, N-limited lakes are in

the minority (EPA, 1991).

The total nitrogen to total phosphorus (TN:TP) ratio can be more important in
determining eutrophication than the absolute nutrient loading. When the ratio
is less than 10:1 (when P is high relative to N), N tends to be the limiting
factor; in this case, any increased loading of N will enhance eutrophication.
However, the optimal N:P ratio varies among the algal species contributing to
eutrophication and ratios within a water body can vacillate naturally between
seasons (EPA, 1991). Additionally, several basin, water, and limnological
factors in addition to nutrient loadings may influence lake productivity
(Anderson et al., 1989). These factors make it difficult to declare a standard
concentration of N03-N below which no eutrophication will occur.

Ammonia gas dissolves in water to form ammonium hydroxide which dissociates to

ammonium ion (NH4) and hydroxide ion (OH). The distribution of these three
NH,O0H, and NHﬂ) for any given total concentration of NH,-N

species (NH,, 4
depends upoa temperature, pH, dissolved oxygen concentration and salinity.

Ammonium is generally the predominant species in lakes and streams at normal
physicochemical condition; it is usually rapidly taken up by aquatic plants and
is almost harmless to aquatic animals. However, NH, and NH,OH (referred to as
un-ionized NH,) are toxic to aquatic animals. Un—ignized Nﬁ , as a fraction of
total NH, -N, gncreases directly with temperature and pH. Thg degree of toxicity
of un-ionized NH, is both species and age dependent. Salmonids (trout and
salmon species) gre particularly susceptible; young rainbow trout fry are killed
if the total NH,-N content is 0.3 mg/L, even under normal physicochemical
conditions (pH 8—7, temperature 5-10 degrees Centigrade). Non-salmonids can
generally survive concentrations ten times greater than those which are fatal to
salmonids (Goldman and Horne, 1983). 1In general, in levels in excess of 1 mg/L
NH4~N are considered toxic to fish (EPA, 1991).

Nitrate is not toxic in the aquatic environment; warm water fish tolerate up to
90 mg/L NO,-N and up to 5 mg/L NO,-N; salmonids are more susceptible and can
only tolergte up to 0.06 mg/L N02—N (Anderson et al., 1989).
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NITRATE IN GROUND WATER - EXISTING CONDITIONS AND TRENDS

Lead Agency: Minnesota Pollution Control Agency
Contact: Dave Wall (612) 297-3847

INTRODUCTION

Minnesota does not have a statewide ground water monitoring program in place
designed specifically to determine the extent and trends of nitrate
concentrations. For purposes of this report, existing water quality monitoring
data sets were collected and examined. Nitrate results from individual wells
were obtained and analyzed from seven computerized data sets meeting minimum
criteria. Nine other data sets were examined and summarized from literature and
personal communication with representatives of groups collecting the data.

Upon casual examination, it would appear that there is an abundance of data to
make reasonable estimations of the current nitrate status in Minnesota. The
estimated number of permanent residence domestic wells in Minnesota is 410,000.
Nitrate data from nearly 50,000 wells is available from various data sets.
However, nearly half of this information was produced by questionable or unknown
analysis methods. Fourteen data sets, representing 26,340 wells, have EPA
approved laboratory analysis methods. Great differences exist between data sets
regarding sampling purpose, field methodologies, areas sampled, years and
frequency of sampling, data management, and documented well location and
construction information. These differences limit the utility of the data in

assessing statewide conditions.

1

Much of the data examined in this report is from domestic water supply wells,
commonly sampled through county or regional efforts. These wells are most
frequently tested to simply determine if the source is fit for human or animal
consumption at the time of sampling. Domestic water supply sampling for nitrate
is required following the completion of a new well. Data sets based on private
nev well construction will likely be biased towards lower nitrate
concentrations. Domestic water supply testing conducted as part of county
sampling programs usually tests wells with a variety of ages, depths,
construction techniques and locations. Biases may exist when using private well
data, rather than specially designed and installed monitoring wells, to assess
ground wvater quality. Poor construction, lack of maintenance, and nearby
pollution sources may lead to direct contamination of well water by surface or
interflow water. Domestic well owners may be more likely to commit the time,
effort and expense of having their wells tested if they suspect problems.
Similarly, counties with an active involvement in nitrate testing are more often
those with higher occurrences of contamination. On the contrary, well owners
suspecting problems may be reluctant to submit water samples through government

sampling programs.

There are many physical factors that will influence the nitrate concentration of
wvater obtained in a given well. Vertical and horizontal variability can be
extremely high. A very important variable controlling nitrate concentrations is
the geologic and hydrogeologic conditions of the area surrounding the well.

1Extrapolated from 1980 census information.



Several studies have been conducted to help us understand some of the geologic
complexities affecting nitrate in Minnesota. A discussion of factors and
complexities affecting nitrate concentrations precedes a description of existing
nitrate data sets and discussion of existing conditions and trends.

Despite the number of caveats, and keeping these fully in mind throughout the

interpretation process, a greater understanding of nitrate conditions in
Minnesota can be gained by examining the assembly of data sets.

FACTORS AND COMPLEXITIES AFFECTING NITRATE CONCENTRATIONS

A nitrate (NO,) level in any given sample of well water is the combined effect
of numerous factors, including surrounding land use, soils, hydrogeology,
climate, well location and construction. Therefore, the concentration of NO, in
any given well or group of wells may or may not represent the NO, conditions™of
an area. The number of wells needed to adequately assess ground water NO3
conditions will depend on the spatial and temporal variability of the
aforementioned factors. In studies of surficial sand aquifers in Benton and
Stearns counties, extreme variability of ground water NO, was found in areas of
about one square mile (Magner et al., 1990A and Magner e% al., 1990B).

Nitrate-N concentrations ranged from 0.01 to over 30 mg/l in each of these two

areas.
There are hundreds of studies from around the country that could be referenced

for each topic in the following discussion. Some examples from Minnesota
studies are included to help illustrate the complexities involved in assessing

nitrate conditions in ground water.

Land Use and Management

Land use and its associated N inputs can greatly affect ground water NO3
concentrations. The potential for various sources to impact ground watér is
discussed in chapters G, H, I, J, K, and L of this report. Both the land use in
the immediate vicinity of the well and the broad scale land use in the area of
the well can affect NO, concentrations. The dimension of the plume of NO
contamination also varies by land use. Land application of fertilizers can
produce a relatively wide plume of elevated NO, water. This plume may widen
somevhat as it moves away from the field. In these areas there will be less
chance of mixing of high and low NO, waters. Septic systems will produce a
relatively narrow plume that will gfadually widen with distance from the
drainfield. The further from the septic system that a well is, the greater
chance that high NO3 wvater has mixed with lower NO3 water and the plume has

diffused.

While land use in itself can affect NOa concentrations in ground water, more

important is the management of the lan In residential areas, the density of
septic systems is an important land management variable. In agricultural areas,
the crop type, irrigation management, nitrogen fertilizer and manure rates and
management are important variables affecting ground water quality.
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Ground Water Flow Hydraulics

Direction and rate of ground water flow in relation to the N source is an
important variable. Comparisons of NO,+NO,-N concentrations in major
agricultural areas in central Minnesota sand plain aquifers were made using 57
up-gradient and 46 down-gradient wells sampled in four counties (Myette, 1984).
County medians of wells up-gradient of agricultural fields ranged from 0.1 to
0.7 mg/l, whereas county medians of down-gradient wells were between 6.0 and 9.5

mg/l.

. The natural flow direction can be altered by pumping of wells. Magner et al.
(1990A) noted seasonal ground water flow direction reversals near an irrigation
well. Domestic wells and municipal wells can also create localized zones of

ground water flow reversal.

Ground water flow and hence contaminant transport is affected by such factors as
hydraulic gradient, aquifer thickness, hydraulic conductivity, and porosity.
These factors affect the degree of mixing or dilution of NO, enriched water with
other water, the penetration depth of a NO, plume and the rate of movement of
the NO, plume. The vertical flow componen% is a very important factor affecting
nitraté transport within aquifers and nitrate concentrations in well water.

Short Term Nitrate Fluctuations

A vell down-gradient of a major N source may not necessarily be impacted by NO3.
Depending on the relationship between the residence time of the water in the
well and the date of introduction of the N source, it is very possible that NO3
from an upgradient source will not be found in a well water analysis. Also,
seasonal releases of N can create pulses of high NO, water. Wells downgradient
of such sources can have great temporal variability”in NO, concentrations.

Short term temporal variability can be caused by non—cons%ant N releases,
seasonal climate changes, precipitation patterns, and complex relationships
between soil and aquifer-hydraulic characteristies. The degree of short term
nitrate fluctuations will vary greatly from well to well depending on the well
construction and aquifer characteristics, including the residence time of the
wvater in the well. Wall et al. (1989A) reported NO,-N concentrations in one Big
Stone County well to decrease from 30 to 18 to 5 mg;l in less than a year.
Nitrate-N concentrations in other wells in the same area varied by less than 0.2
mg/1l over that same time period. Anderson (1987) reported NO,-N concentrations
in a surficial sand aquifer well to decrease from 72 mg/l in aay 1983 to 18 mg/l

in May 1984.

Ground Vater Chemistry (Denitrification)

Nitrate losses through denitrification can occur when the ground water chemistry
is conducive for such a reaction. Important factors for denitrification are low
redox potential, low dissolved oxygen, and high organic carbon content.

Chemical conditions necessary for denitrification can vary greatly among
aquifers and can change along the flow path within an aquifer. Several studies
in Canada and the United States have shown denitrification to be responsible for
significant NO3 losses under certain ground water chemical conditions (see
Chapter C). I Winona County, Wall and Regan (1991) found lower NO3
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concentrations in wells showing a greater potential for denitrification compared
to wells with water chemistries indicating less of a potential for
denitrification.

Geologic Stratigraphy

The geologic zone from which water enters a well greatly influences NO, levels
in the well water. Layers of clay from glacial till deposits, shale units,
siltstone units and other lower permeability layers can greatly retard movement
of water, thereby protecting underlying aquifers from NO,. In Winona County,
Wall and Regan (1991) found lower NO, concentrations in areas under shale
~ formations and units of low permeabiiity siltstone compared to areas with no
shale or siltstone. In several studies throughout different areas in Minnesota,
NO, concentrations were found to be much lower below glacial till deposits than
ovérlying surficial aquifers (Magner et al., 1990A; Magner et al., 1990B; Wall
et al., 1989; Klaseus and Buzicky, 1988). At a nested monitoring well site
downgradient of an irrigated field, Wall et al. (1989A) found NO,-N
concentrations averaging 77 mg/l in five samples taken in a surficial sand
aquifer well. Below ten feet of till at the same site NO,-N concentrations
averaged 1.7 mg/l. Glacial stratigraphy can be quite complex and "protective"
till units are often localized. In areas where till does not exist, water can
move deeper into the aquifer and move laterally below nearby layers of clayey
till, thereby impacting water below this till.

Well Depth

There are a number of important factors associated with well depth that can
affect well water NO, levels, including the depth of casing, total well depth,
interrelationship be%ween well depth and stratigraphy and depth below the water
table. A deeper well will more often have a lower NO, concentration than a
shallowver well at the same location. This is often dile to the deeper well
penetrating a lower permeability unit. In addition, as water moves downward in
the aquifer dilution, dispersion and sometimes denitrification can contribute to
lower nitrate concentrations. However, well depth is less likely to correlate
vith nitrate in a region where topographic or stratigraphic variability is
great. Wall et al. (1989B) and Wall et al. (1991) observed no relationship
between NO, levels and well depth from bedrock aquifers in wells scattered
throughout western Winona County. Shallower wells located in valleys can often
penetrate deeper into aquifers than deeper wells located on ridgetops. Also, a
250 foot well in a karst area will be much more susceptible than a 250-foot well
in a glacial drift aquifer. In most cases, a 150 to 250-foot well in a glacial
drift aquifer well will penetrate at least one layer of clayey material, thereby
protecting the well from rapid transport of surface contaminants. In a karst
area, a 250-foot well may only penetrate shallow soils and fractured carbonate
bedrock offering very little protection from surface contaminants.

In unconfined aquifers, deeper wells have been shown to be more likely to have

lowver NO, than shallow wells at the same location. Two adjacent (nested) wells
screened at different depths in unconfined aquifers were sampled at nine sites

in central Minnesota (Klaseus et al., 1988). Average NO,-N concentrations were
7.4 and 1.9 mg/l for the shallow and deep wells, respectively. During a study

in Douglas, Pope, and Stearns counties, Anderson (1987) found higher NO3
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concentrations in eight out of eleven wells screened at the top of the water
table compared to wells screened ten feet below the water table. At the Staples
Irrigation Center, NO, concentrations were found to decrease quite dramatically
with increasing depth below the water table (Myette, 1984). The stratification
appeared to be greatest during periods of little recharge. Myette (1984)
sampled 106 wells in Hubbard, Morrison, Ottertail, and Wadena counties and found
that the mean NO,-N concentration was 15 mg/l at the top of the aquifer and 0.01
mg/1l at the bottom of the aquifer.

In some instances, NO, in deeper unconfined wells has been higher than shallow
wells. As NO, enriched water moves further from a source it will often move
. deeper into tge aquifer along with the movement of the ground water. Therefore,
deeper wells further down gradient from a source could have higher NO, than
shallover wells. In Benton County, Magner et al. (1990A) found two gomestic
wvells 50 and 60 feet deep to have average NO,-N concentrations of 26 and 23
mg/l, respectively. Shallower monitoring we%ls (20 and 39 ft.) placed next to
the domestic wells had average NO,-N concentrations of 2.4 and 1.6 mg/l. The
study concluded that ground water deeper within the aquifer was water which had
originated about a half mile away at the site of an irrigated field and water in
the upper part of the aquifer had recharged closer to the wells in areas of
trees and grass. In a nested well site along a lake in Stearns county, Magner
et al. (1990B) found NO,-N ranging from 23-27 mg/l in a deeper well (29 ft) and
8-10 mg/l in an adjacen% shallow well (19 ft). Lake/ground water interaction
(bank storage) and lower NO, inputs in the area surrounding the well was likely
responsible for the lower Na3 in the shallower well. Anderson (1987) noted that
where higher NO, was found i the deeper wells at nested well sites, the wells
vere located near intermittent ponds. Anderson proposed that these ponds may
drain rapidly through the sandy soils, displacing or mixing with higher NO3
wvater in the aquifer.

WVell Construction and Type of Well

A number of well construction factors can affect well water NO, levels. Wells
with no grout or a poor seal around the casing, holes in the casing, or uncased
wells provide direct conduits for water to move from the soil or upper parts of
the aquifer to points deeper within the aquifer. These conditions often exist
in older wells, and therefore the age of the well is an important factor. If an
old well is located near a N source (i.e. feedlot or septic system) water
quality problems in certain hydrogeologic settings will likely be further
exacerbated. This problem is more likely to occur with domestic wells. Some
of the other issues associated with sampling domestic wells were discussed in
the introduction to this chapter. A municipal or irrigation well withdraws
wvater from a larger area than monitoring wells and domestic wells. The distance
from wvhich a well draws in water may affect NO3 concentrations.

Community wells are monitored more frequently and are more likely to be replaced
if high NO3 is detected than most other wells.
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NITRATE RESULTS FROM EXISTING DATA SETS - CURRENT CONDITIONS

No sampling program has been undertaken to specifically assess statewide NO
conditions and trends. An abundance of ground water NO, data has been obtained
from numerous individual studies and sampling programs in Minnesota during past
years. A majority of this data has been collected since the late 1970’s. One
of the goals of this study was to summarize NO, results from most of the major
existing data sets generated in recent years. “Many of the data sets are stored
on computer data bases, but have not been recently examined or reported. Other
NO, data sets are not as readily accessible, but have been recently examined and

reported by others.

Ground water nitrate results from various data sets are described in three
sections of this report. The first section is a more in-depth analysis of
readily available data that also met certain other conditions. Raw data were
obtained and analyzed for this first section. The second section summarizes the
results from other data sets that either were 1) not readily accessible, 2) did
not meet the certain conditions or 3) were already described in recent reports.
Towards the end of this chapter, changes in NO3 concentration with time are

described for two data sets.

Great differences exist between these data sets regarding sampling purpose,
field methodologies, types of wells sampled, areas sampled, years and frequency
of sampling, data management, and documented well location and construction
information. Several of the data sets are from wells in geologically sensitive
agricultural areas. Other data sets are from newly constructed wells. Biases
exist with most of these data sets.

An Analysis of Nitrate Results from Seven Selected Data Sets

Nitrate data and associated well information were obtained and analyzed from
readily accessible data bases that met the following other conditions:

1. Analysis methods are EPA approved (cadmium-reduction, ion specific
electrode, ion chromatography, automated hydrazine or Brucine Sulfate - with
approved quality assurance/quality control) - an exception to this is the
County Well Index which may have some data generated by non-certifiable

methods.

2. Nitrate data were collected since January 1, 1978. (The MPCA ambient ground
vater monitoring program began in 1978. Also, data collected since this
date should be fairly reflective of recent conditions).

3. Site locations were identified to a minimum of township, range, and section.

4, WVells vere not part of a sampling program aimed at assessing water quality
around point sources of pollution.

Data from the following sampling programs and data bases met the above
conditions and will be discussed in this section of the report:

1. U.S. Geological Survey collected data stored in WATSTORE (USGS)
2. MPCA ambient ground water monitoring program (Ambient)
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County Well Index on file at Minnesota Geological Survey (CWI)

MPCA Nonpoint Source Studies (NPS)

U.S. Forest Service data stored in STORET (NFS)

Southeastern Minnesota Regional Laboratory (seven-county sampling program)
(SEMN)

MDA pesticide/nutrient monitoring program (MDA)

U W

~

Characteristics of Wells from the Seven Selected Data Sets

The number of analyses and wells, years of sampling, well location, age of well
. and well depth information is summarized for each of the seven data sets in

Tables Bl to B6. This section is followed by descriptions of each sampling
program and associated NO3 results.

Number of Analyses and Wells

The number of analyses and wells varied tremendously between sampling programs
(Table B-1). These data were provided to MPCA during the summer of 1990 and
thus information obtained since that time are not included in this analysis. The
township range and section (TRS) was known for most state and federal program
sampling sites. However, about one-third of SE MN sampling analyses did not
have associated TRS information and thus are not included in the summary of NO3
results.

Table B-1 Number of NO, analyses and wells with NO3 analyses for each
of the selected data sets

# NO3 # Analyses # Vells

AnalySes # Analyses Since 1978 Since 1978

Data Set Total Since 1978 TRS Known TRS Known

(as of 7-90)

County Well Index (CWI) 11,073 9,600 9,291 8,085
MDA Pest/Nutrient (MDA) 444 444 413 95
MPCA Ambient (Ambient) 1,032 990 990 484
MPCA Nonpoint Source (NPS) 384 384 384 71
U.S. Forest Service (NFS) 623 502 502 114
U.S. Geological Survey (USGS) 3,247 2,226 2,226 841
SE Minn. Reg. Lab (SEMN) 8,525 8,523 54727 4,728
Total 25,328 22,669 19,533 14,418

Since many wells were sampled more than once, the number of NO, analyses column
is greater than the number of wells column in Table B-1. Where more than one
NO.,, analysis was available for a given well, the average concentration was used
to represent that well for this study. The number of wells sampled varies



B-8

greatly by program. From the seven data sets, county Well Index (CWI) and S.E.
Regional Lab files are the two data sets with the greatest number of wells. The
MPCA-NPS and MDA data sets are relatively small.

Vell Locations by County

The number of wells in each county sampled by the various programs is listed in

Table B-2. Sixteen counties had at least 150 wells meeting the criteria and

seven counties each had over 1000 wells (Anoka, Brown, Blue Earth, Goodhue,

Nicollet, Olmsted, and Washington counties). The data from CWI are most

representative of six counties, each with NO, from over 600 wells. The MPCA

~ ambient and USGS sampled wells are more even%y distributed throughout the state.
There are, however, 29 counties with less than 10 wells included in the seven

data sets.

A map was generated to show the distribution of well locations from the combined
seven data sets (Figure B-1). A majority of the wells from these data sets are
in central Minnesota, the Twin Cities area, and southeastern Minnesota. Few
wells are located in Northern Minnesota. South-central and south western
Minnesota do not have many wells in the selected data sets, but do have county
sampling program results which are described later in this chapter.

Date of Sampling

The number of analyses found for each sampling program each year (1978 to 1990)
is shown in Table B-3. In general, more data were available for the period 1985

to 1989.

Table B-3 Number of samples collected each year since 1978 for the selected
data sets.

SAMPLE YEAR CVI MDA AMBIENT NPS NFS USGS SE MN  TOTAL

1978 365 138 44 10 1 558
1979 414 100 24 224 0 762
1980 348 61 42 456 0 907
1981 482 90 62 304 15 953
1982 436 94 63 83 53 729
1983 616 113 62 248 247 1,286
1984 740 149 64 244 31 1,228
1985 1,043 66 54 190 562 1,915
1986 2,717 63 59 95 503 3,437
1987 1,159 10 18 101 16 120 676 2,100
1988 660 153 60 248 12 108 1,576 2,817
1989 311 127 38 35 132 1,297 1,940
1990 123 o 3 766 892

Total 9,291 413 990 384 502 2,217 5,727 19,524
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Table B-2 Number of wells in each county from the seven selected data sets.

0, 400, MME VI WOA AMBIENT NPS NFS UGS SECDS TOTAL .. .CO #CD NAWE CVI MDA AMBIENT NS WES USGS SE COS  TOTAL
1 AITKIN 7 1 8 45 MARSHALL 2 2
2  ANOKA 1512 13 72 1597 46 MARTIN 1 3 4
3  BECKER 8 1 23 37 47  MEEKER 17 2 1 20
4 BELTRAMI 7 3 9 46 65 48 MILLE LA 37 2 39
5 BENTON 67 3 27 98 49 MORRISON 22 3 12 29 66
6 BIG STONE 3 16 4 23 50 MOWER 9 4 13
7 BLUE EARTH 22 3 4 29 51  MURRAY 2 2
8 BROWN 3 4 1 8 52 NICOLLET 14 1 2 17
9 CARLTON 8 3 26 37 53  NOBLES 1 5 6

10  CARVER 27 6 33 54 NORMAN 2 4
11  CASS 17 6 26 9 58 55 OLMSTED 883 4 1084 1971

12 CHIPPEWA 1 5 2 8 56 OTTERTA 7 7 8 38 60
13 CHISAGO 64 1 11 76 57 PENNINGTON 4 4

14  CLAY 3 3 6 58 PINE 17 5 14 36
15 CLEARWATER 1 14 15 59 PIPESTONE 2 2 4
16 COOK 3 5 21 29 60 POLK 2 1 10
17  COTTONWOOD 9 1 10 61 POPE 7 72 86
18 CROW WING 23 4 1 28 62 RAMSEY 23 25 48
19  DAKOTA 762 3 28 11 804 63 RED LAKE 1 1

20 DODGE 2 2 553 557 64 REDWOOD 3 3 10 3 19

21  DOUGLAS 7 2 1 14 24 65 RENVILLE 1 2 4 7

22  FARIBAULT 8 4 6 18 66 RICE 25 6 2 497 530

23  FILLMORE 50 28 1 834 913 67 ROCK 2 4 6

24  FREEBORN 1 3 4 68 ROSEAU 2 2

25 GOODHUE 132 21 3 1018 1174 69 ST. Loul 4 14 16 20 54

26  GRANT 1 3 4 70 SCOTT 972 8 2 982

27  HENNEPIN 638 25 62 725 71  SHERBURN 282 13 7 45 347

28  HOUSTON 19 1 6 131 157 72 SIBLEY 2 1 127 130

29  HUBBARD 13 5 8 44 70 73 STEARNS 265 6 3 15 53 342

30 ISANTI 78 3 4 16 101 74  STEELE 4 4 8

31 ITASCA 9 1 28 8 46 75  STEVENS 5 1 3 9

32  JACKSON 1 3 1 5 76 SWIFT 2 6 9 10 27

33  KANABEC 16 1 7 24 77  TODD 6 3 12 21

34 KANDIYOHI 17 2 2 20 41 78  TRAVERSE 1 1

35 KITTSON 1 1 79 WABASHA 95 3 2 679 779

36 KOOCHICHING 2 2 80 WADENA 1 7 15 45 68

37 LAC QUI PARLE 2 2 4 81 WASECA 3 3 6

38 LAKE 4 14 2 20 82  WASHINGT 1551 21 4 1576

39 LAKE OF WOODS 1 1 83  WATONWAN 3 1 4

40 LE SUEUR 6 2 6 14 84 WILKIN 1 2 3

41 LINCOLN 1 1 85 HWINONA 115 10 28 12 5 170

42 LYON 3 4 7 86 WRIGHT 242 4 1 247

43 MCLEOD 3 4 7 87 YELLOW M 2 3 i 6

44  MAHNOMEN 2 1 6 9 : -

ot-d



Aquifers

Aquifer information was known for many wells from CWI, MDA, Ambient, NPS, and
USGS data (Table B-4). A description of the major Minnesota aquifers is found
in Appendix A. The MDA, USGA and NPS wells were primarily from surficial drift
aquifers. CWI, Ambient, and USGS wells represent many different aquifers.
Aquifers/formations with the most data include glacial drift aquifers, Prairie
du Chien, Jordan, St. Peter and Franconia Formations.

Table B-4 Number of wells in various aquifers for each of the selected data
sets. Some wells were in aquifers not listed in this table.

AQUIFER CVI MDA AMBIENT NPS NFS  USGS SE MN TOTAL
Surficial Drift 379 79 96 51 363 1119
Buried Drift 517 1 79 8 60 680
Unspec.Glac.>50 Ft 26 26
Cretaceous 1 31 10 42
Cedar Valley-Maqu.

Dubuque-Galena 26 9 35
Decorah-Plattville-

Glenwood 111 2 17 126
Platteville-

St.Peter and

St. Peter Prairie 39 1 40
St. Peter 311 47 21 379
Prairie Du Chien 1118 13 22 3 1156
Prairie Du Chien- ,

Jordan 25 7 31 63
Jordan 492 1 43 4 6 546
St. Lawrence & .

St. Lawr-Franc. 68 5 1 74
Franconia-Ironton-

Galesville 229 29 2 260

Mt.Simon/Hinckley 13 28 13 55
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AQUIFER CVWI MDA AMBIENT NPS NFS  USGS SE MN  TOTAL

No. Shore ;

Volcanics 8 il 9

Bivabik Iron Fmt. 7 1 8

Sioux Quartzite 8 8

Precambrian Other 13 12 45

. Total 3304 94 470 70 0 713 0 4651
Age of Well

Approximately three-fourths of all wells in the seven data sets for which age
was reported were constructed since the well code went into effect in 1974
(Table B-5). Nitrate analyses in CWI tend to be mostly from wells constructed
since 1974. Fifteen percent of the wells analyzed by S.E. regional lab for
which the date of construction was known were constructed before 1945. It is
likely that well owners not knowing the date of construction have older wells i
general compared to the owners knowing the date of construction. Therefore,
actual distributions of well age probably have greater percentages of older
wells compared with the percentages shown in Table B-5.

Table B-5 Number of wells in various construction date categories for the
selected data sets.

YEAR CONSTRUCTED CVI MDA AMBIENT NPS NFS USGS SE MN  TOTAL
< 1945 36 21 257 314
1945-1959 108 93 1 237 439
1960-1974 327 124 4 468 923
> 1974 5,769 181 37 818 6,805
Total 6,240 0 419 42 0 0 1,780 8,481
Missing 1,865 95 65 29 114 841 2,948 5,957
Vell Depth

The distribution of well depths for the various data sets is listed in
Table B-6. The NPS, MDA, and USGS data sets each have over half of all wells,

less than 50 feet deep.



Table B-6

data sets.
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Number of wells in various well depth categories for the selected

WELL DEPTH (FT.) CWI MDA AMBIENT NPS NFS USGS SE MN
< 50 175 70 46 35 402 133

50 - 99 1,560 5 63 15 97 324
100 - 149 1,433 0 83 2 41 294
150 - 199 1,396 0 44 1 27 270
200 - 299 943 5 61 & 26 445
300 - 400 605 8 63 12 24 399
> 400 248 1 118 3 39 217
Total 6,360 89 448 68 656 2,144
Missing 1,725 6 36 3 185 2,584
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Descriptions and Results of Individual Data Sets

U.S. Geological Survey Collected Data

The United States Geological Survey (USGS) has been involved in over 25
Minnesota ground water studies, most of them conducted since the 1970's.
References are provided at the end of this chapter that list the reports where
these data and the associated geology are described. Sampling frequencies
varied by project, with most wells having been sampled several times over a
two-month to two-year period. Most of the data for the USGS studies were
collected in an effort to define hydrogeologic and water quality characteristics
of major aquifers throughout the state, focusing mostly on sand plain aquifers.

Observation wells were installed for many of the studies and were often
installed near the top of the water table. Other studies have utilized domestic
and public wells in order to obtain a general understanding of water quality
within a given area and aquifer. Wells were sampled in various land use
settings including agricultural, residential, and forested/grassland. Over
seventy percent of the wells are surficial drift aquifer wells, most of which

are less than 50 feet deep.

All laboratory analyses have been performed at the USGS Central Laboratory in
Denver, Colorado using cadmium reduction techniques. A total of 841 wells met
the data selection criteria.

The NO,-N concentrations from the USGS data set are presented in Table B-7 and
Figure™B-2.

Table B-7 Nitrate-N in USGS wells meeting selection criteria.

Mean’ Median® % Vells With NO,-N Conc. (mg/l)
Number Total # NO,-N NO5-N -
0f Wells Analyses mg/1 mg/1 0-1 1.01-5 5.01-10 > 10
841 2,226 35 0.2 61 18 10 11

Nitrate data from USGS is scattered around many areas of the state (64
counties), but is not found in southwestern and the very northwestern counties
in Minnesota. Clusters of data shown in Figure B-2 are primarily from
individual sand plain studies. From this data set, the percent of wells with
NO,-N exceeding 1, 10, 20, and 30 mg/l were 39, 11, 4 and 1.2 percent,

reSpectively.

Elevated NO, levels from the USGS wells are found throughout many counties in
the state, 0ften in clusters, such as in southern Hubbard County, central
Ottertail, eastern Pope and western Sherburne counties. Other areas show very
little NO3 (in USGS wells), such as in Beltrami, Clearwater and Swift counties.

1The mean is the same as the average concentration (i.e. the sum of all
concentrations divided by the number of wells).

2The median is the middle value (i.e. half of the wells have concentrations
greater than the median and half less than the median).
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Minnesota Pollution Control Agency
Ambient Ground VWater Quality Monitoring Program

The overall goal of the Minnesota Pollution Control Agency (MPCA) ambient ground
water quality monitoring program was to define the time and space variation of
water quality in the principal aquifers of the state. Samples have been
collected by trained MPCA staff using a stabilization procedure developed in
conjunction with the United States Geological Survey (USGS). The USGS, through
an October 1977 agreement, provided the MPCA with the design of the ambient
ground water quality monitoring network. Data from a total of 484 wells
(domestic, public, industrial and municipal) and springs sampled between 1978
and 1989 were obtained. Most of these stations have been sampled at least
twice, for a total of 990 analyses since 1978. Each of Minnesota’s 87 counties

is represented by at least one sampling station.

Stations were selected for the network on the basis of aquifer, well
construction, and separation from known or possible sources of ground water
contamination. All analyses were performed at the Minnesota Department of
Health laboratory which uses cadmium reduction with a detection limit of 0.01
mg/l. The individual stations’ water quality information is maintained in the
U.S. Environmental Protection Agency’s (EPA) computerized water quality data
base (STORET). The MPCA ground water ambient monitoring program was
re-evaluated during the 1989-91 biennium and significant changes were made in
the monitoring network design. The new name for the program is the "Ground

Vater Monitoring and Assessment Program."

All of the major aquifers in Minnesota are represented by at least two ambient
wells, with most major aquifers having at least 25 wells in the ambient data set
(see Table B-4). Over 30 percent of the ambient wells were constructed before
1960. There is a wide range and fairly even distribution of well depths in

ambient wells (Table B-6).

The NO,-N concentrations from the MPCA-ambient data set are presented in Table
B-8 ana Figure B-3.

Table B-8 Nitrate-N in MPCA-ambient wells meeting selection criteria.

Mean Median % Wells With NO.-N Conc. (mg/l)
Number Total # NO,-N N03—N -
0f Wells Analyses mg/1 mg/1 0-1 1.01-5 5.01-10 > 10
484 990 2.2 0.02 76 12 5 ¥

From this data set, the percent of wells with NO,-N exceeding 1, 10, 20 and 30
mg/l wvere 24, 7, 2 and 1 percent, respectively. “More than half of all wells had

N03—N at or below 0.02 mg/l.
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County Well Index

County Well Index (CWI) is a computerized data base of well location and
construction with associated water quality information for some wells. The
system, developed by the Minnesota Geological Survey, currently (1991) has over
130,000 well records that have been submitted to the state by well drillers. A
well record usually includes information about well depth and construction, but
does not contain water quality information. While most of the records are from
nev well construction, there are also numerous records from well repairs that

have been entered into CWI.

~ The water quality component of the system was added in 1987. Numerous NO
analysis results were recorded digitally between 1984 and 1987 and were tgen
input into CWI in 1987. A majority of CWI NO, data is from samples required by
the Minnesota Department of Health (MDH) to bé taken following the completion of
a new well. There have been three major efforts to input water quality results
from new well construction into the CVI system. Each of these three efforts are

described below.

1. During county geologic atlas preparation by the Minnesota Geological Survey,
well records and water quality data have been extracted from MDH paper files
and input into CWI. Completed county geologic atlases include Olmsted,
Winona, Scott, Dakota, Hennepin and Washington counties. Additional NO, and
bacteria data (other than new well construction) was added from county
records to the CWI files for Olmsted, Scott, and Winona counties. Results
from 177 Olmsted County wells from the SE Minnesota regional laboratory are

duplicated in CWI.

2. As part of a multi-agency study on ground water sensitivity funded through
the Legislative Commission on Minnesota Resources for the 1989-91 biennium,
MGS has mapped out the extent of the Prairie du Chien-Jordan aquifer and
analyzed existing NO, data for this aquifer. As part of the NO, analysis
effort, MGS added 1,000 new well construction NO, analyses from MDH paper
files into CWI for the 16 counties overlying the Prairie du Chien-Jordan
aquifer. The unique well number on the MDH well record file was matched
with existing well construction entries on CWI.

3. The MPCA, through this study, sought to include additional new well
construction data from counties where: 1) geologic atlases were not
developed, and/or 2) the Prairie du Chien-Jordan aquifer does not exist.
Therefore, for these other counties, 3,500 NO, records were computerized
from the MDH paper files of new wells constructed between 1980-1985. Nearly
3,000 of these wells were matched with existing CWI well location and
construction files. Many other new well construction NO3 analyses are on

file at MDH.

A total of 9291 analyses from 8085 wells met the data selection criteria from
CWI. Since a majority (70 to 90 percent) of the wells in CWI were constructed
after the well code went into effect in 1975, these data are likely to be biased
towards lower NO3 as compared to a random sample of wells. Most experienced
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well drillers have an idea of the depth and aquifer needed in order to be
reasonably sure of attaining acceptable water quality. Some drillers check the
NO, levels with quick test strips before completing the well. For these
reasons, this data set is likely to be further biased towards wells with low

N03.

While most of the data in CWI was generated by EPA approved laboratory methods,
it is likely that some of the data in CWI was produced by less reliable methods.

CVI is not biased towards shallow wells, and about three fourths of the CWI
~wells utilized in this study have a well depth between 50 and 300 feet (table

B-6). Vhile many aquifers are represented in the CWI data, the data are
largely from glacial drift, Prairie du Chien, and Jordan aquifer wells. Over
half of the samples were taken from 1985 to 1987. CWI NO, data represents
counties throughout the state, but nearly 80 percent of tge data is from
counties in the Twin Cities area and Olmsted County. The NO,-N data from CWI
are presented in Table B-9 and Figures B-4(a), B-4(b), B—4(c} and B-4(d).

Table B-9 Nitrate-N in CWI wells meeting selection criteria.

Mean Median Wells With NO,-N Conc. (mg/l)

Number Total # NO.,-N NO,-N -
Of Wells Analyses mg/1 mg/1 0-1 1.01-5 5.01-10 > 10
8085 9,291 21 0.5 67 21 8 4

From this data set, the percent of wells with NO,-N in excess of 1, 10, 20 and
30 mg/l were 33, 4, 1 and 0.3 percent, respectively.

CVI wells on the northwestern side of the Twin Cities (Hennepin and Anoka
counties) appear to have very low NO,. However, many wells with elevated NO
concentrations are found on the soutgeastern side of the Twin Cities (Dakota and
Washington counties). Elevated NO, CWI wells are also found scattered
throughout central and southeasternh Minnesota. Very few CWI wells with NO3 data
exist in western and northern Minnesota.
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U.S. Forest Service

The U.S. Forest Service (NFS) stores its water quality data on the national data
base STORET. This study utilized 502 NFS NO, analyses from 114 wells.
Twenty-eight wells were eliminated from the aata set (used for this study) due
to their association with monitoring wastewater spray irrigation sites or water
treatment plants. Selected wells are mainly potable water supply wells at U.S.
Forest Service area administrative sites, campgrounds, and picnic areas. Most
of the analyses were conducted at a U.S. Forest Service laboratory, Region 9
laboratory in Winton, Minnesota.

Aquifer and well depth information for many of these wells was not provided in
STORET. Several wells were analyzed for NH,, organic nitrogen, bacteria and
several other parameters. While not a large data set (114 wells), the U.S.
Forest Service information is important because it provides data for north
central and northeastern Minnesota, where NO, data are more scarce. All NFS
data are from six counties in north central and northeast Minnesota. Well age
and depth information were unavailable for this data set.

Nitrate data from NFS are presented in Table B-10 and Figure B-5. O0f the 114
wells sampled by the NFS, no wells had NO, exceeding 10 mg/l and only four
percent of all wells had average NO3—N in“excess of 1 mg/1.

Table B-10 Nitrate-N in U.S. Forest Service wells meeting selection criteria.

Mean Median % Wells With NO,-N Conc. (mg/1)
Number Total # N03—N NO.,-N -
Of Wells Analyses mg/1 mg/1 0-1 1.01-5 5.01-10 > 10
114 502 0.29 0.1 96 3 1 0

Minnesota Pollution Control Agency
Nonpoint Source Ground Water Studies

The Minnesota Pollution Control Agency has conducted four ground water
monitoring projects between 1987 and 1989 to help local governmental units
define nonpoint source (NPS) impacts on ground water and factors affecting their
ground water quality (see reference section). All sampling was conducted in Big
Stone, Benton, Stearns and Winona counties. Aquifers with elevated NO, were
known to exist previous to MPCA sampling in Benton and Winona county s%udy
areas. Therefore, these data will be biased towards higher NO, concentrations
compared to a random sampling in those two counties. A majori%y of the wells
vere surficial sand aquifer wells, with half of all wells less than 50 feet

deep.

A total of 71 wells (384 analyses) were included from the four counties. Most
of the wells were sampled two to seven times for NO, and once for NO,, NH,,
total Kjeldahl nitrogen, and organic nitrogen. The type of wells saipled
include primarily monitoring and domestic wells. Laboratory analyses were
performed at the Minnesota Department of Health and the University of Minnesota
Research Analytical Laboratory. All data are stored in the national EPA data

base STORET.
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The NO, data from NPS are presented in Table B-11. All four areas studied had
at leaSt a few wells above 10 mg/l. Each area also had at least a few wells
with less than 1 mg/l NOB-N. Thirteen wells had mean NOB-N above 20 mg/1.

Table B-11 Nitrate-N in NPS wells (mg/l).

Mean Median % Wells With NO,-N Conc. (mg/l)
Number Total # NO,-N NO,-N -
0f Wells Analyses mg/1 mg/1 0-1 1.01-5 5.01-10 > 10
71 384 10.2 6.8 21 17 18 44

' Hundreds of wells are currently being sampled for NO, and other NPS contaminants
through the MPCA administered Clean Water Partnership Program. These data were
not yet readily accessible for use in this study.

Southeastern Minnesota Regional Laboratory

Olmsted, Dodge, Houston, Goodhue, Fillmore and Wabasha counties formed a
regional well water testing program in 1983 to provide water quality data
testing services to area residents. The Olmsted County Health Department
offered to expand its county water laboratory to provide the regional laboratory
testing services of a few selected parameters to the other counties.

The regional laboratory at the Olmsted County Health Department has been
conducting NO,t5 analyses for the six southeastern Minnesota counties since 1983

and Rice County since 1988.

The purpose of conducting NO., and bacteria analyses in the regional lab is
primarily to provide a servite for southeastern Minnesota private residents and
community water supplies. The basis for having a regional lab rather than
county labs was to minimize laboratory equipment and personnel costs associated
vith running numerous labs, provide for more consistency in analyses, collect
regional information about the well location and construction, and make
region-wide ground water quality data available to local and regional decision

makers.

The individual counties are responsible for informing residents and businesses
of the service being provided by the regional laboratory. Participation levels
vary from county to county. Sample bottles and forms were provided to
interested well owners. Information on the county, owner’s name and address,
township name, section number, well depth, year drilled, distance between the
wvell and various pollution sources, date of sample collection, and reason for
taking the sample are noted. The sample is then mailed or hand delivered to the
laboratory in Rochester where the analyses are then conducted within 24 hours.
Laboratory methods for NO, analysis were cadmium-reduction for all data through
1987 and HPLC (high pressire liquid chromatography) for most samples submitted
between 1988 and 1990. Detection limits have varied, generally ranging between

0.1 and 0.4 mg/1.

The regional laboratory has been computerizing and managing the data and
currently enters all data on data base software. Township and range numbers
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vere determined by Olmsted County staff from the township name. Time and money
did not allow field verification of location data. A unique well number was not
assigned to each analysis. Therefore, multiple analysis wells were identified
in this study by matching the township, range and section information, the first
three letters of the owners last name, and the well depth.

This data set does not represent a random sampling and there are likely to be
biases in the data due to voluntary submission of samples and use of private

wvells.

A total of 4728 wells met the selection criteria from seven counties. Most
. analyses were conducted between 1985 and 1990. Many wells from this data set
were constructed before 1960 (see Table 5). Nitrate results from SE MN are

presented in Table B-12 and Figure B-6.

Table B-12 Nitrate-N from Southeastern Minnesota Regional Laboratory.

Mean Median %Z Wells With NO,-N Conc. (mg/l)
Number Total # NO,-N NOB—N -
0f Vells Analyses mg;l mg/1 0-1 1.01-5 5.01-10 > 10
Dodge 542 638 1.6 1.0 79 9 6.5 5.5
Fillmore 826 1005 6.5 4.4 30 23 23 24
Goodhue 1004 1189 4,2 2.0 42 28 17 13
Houston 131 154 5.5 3.1 40 23 22 15
Olmsted 1062 1355 2.2 1.0 67 17 10 6
Rice 490 567 1.9 <1.0